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Abstract: This study is a cross-sectional study and aims to determine the differences in lower limb
muscle activation and variability at preferred, slow, and fast walking speeds according to age and
fall risk. We divided 301 participants into groups based on fall risk (fall-risk vs. non-fall-risk). We
measured muscle activation and its coefficients of variation (CV) for the rectus femoris (RF), biceps
femoris (BF), tibialis anterior (TA), and medial gastrocnemius muscle (GCM) at speeds 20% slower,
20% faster, and 40% faster than the preferred speed (PS). When compared by fall risk, fall-risk older
adults had significantly lower GCM activity and higher CVs of RF, BF, TA, and GCM in PS. With
changes in gait speed, fall-risk older adults had significantly increased CVs of RF, BF, and GCM. Our
findings provide new evidence that variability rather than muscle activity increases with walking
speed in older adults at risk of falls, highlighting the importance of decreasing muscle activity
variability in preventing fall risk.
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1. Introduction

In an aging society, reducing the risk of falls, which can diminish physical function,
independence in daily living, and quality of life in older adults, has emerged as a major
issue. The ability to walk safely is an essential physical ability required to minimize the
risk of falls and maintain physical independence [1]. Gait and balance abilities are closely
related and are crucial factors in predicting quality of life and mortality rates [2]. Age-
related loss of muscle mass can alter muscle activity patterns and lead to decreased gait
and balance abilities [3]. In particular, muscle strength and activation in the lower limbs
can affect walking [4], balance ability [5,6], and fall risk [7].

Promsri et al. [8] reported that lower scores on the Short Physical Performance Battery
(SPPB), which measures fall risk, are associated with increased gait instability and, conse-
quently, a higher risk of falls. Gait instability refers to a deterioration in the consistency
of gait and is represented by variability; higher gait variability indicates worse walking
consistency [9], making variability a key indicator of gait consistency strongly associated
with fall risk [9]. Among older adults, gait variability is more pronounced in those with
greater muscle activation variability and can be closely related to walking speed [10].

Recent studies have emphasized the importance of identifying changes in lower limb
muscle activity to predict and prevent falls in older adults [11]. Furthermore, older adults
exhibit greater muscle activation variability than younger adults do when performing rapid
repetitive movements [12]. As people age, not only can lower limb muscle strength and
activation decrease, but the variability in lower limb muscle activation during walking
can also increase; this is closely related to fall risk [13]. Therefore, age-related decreases in
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lower limb muscle activation may lead to increased muscle activation variability as walking
speed increases, and this increased variability in response to changes in walking speed
could be closely related to fall risk.

Previous studies have identified the muscles involved in response to changes in speed
in both young and older adults [14], demonstrated a correlation between balance ability
and gait variability [15], and identified specific lower limb muscles related to fall risk [16].
However, there is a relative lack of research analyzing the activation and variability of
specific lower limb muscles in response to age-related changes in walking speed with an
increase in age in older adults. It is particularly important to investigate changes in muscle
activation and variability with changes in walking speed in older adults at risk of falls.

We hypothesized that fall-risk older adults would exhibit decreased muscle activation
and greater variability in lower limb muscle activity as walking speed increases compared
to non-fall-risk older adults. Therefore, we aimed to identify differences in lower limb
muscle activation and variability at preferred, slow, and fast walking speeds between
fall-risk and non-fall-risk older adults among community-dwelling older adults based on
fall risk. Additionally, we sought to identify the patterns of muscle activation in response
to changes in walking speed among older adults at risk of falls.

2. Materials and Methods
2.1. Design and Ethical Considerations

To determine the variability of muscle activity at different walking speeds, all older
adults were randomly assigned to walk at different walking speeds. This cross-sectional
study recruited study recruited 301 older adults between September 2023 and January
2024. Before commencing the experimental process, detailed information about the study
procedure and safety was provided to the participants, who subsequently signed a written
informed consent form. This study was approved by the Institutional Review Board
of Gachon University (Clinical trial registration number: KCT0009118) and conducted
in accordance with the Declaration that participants were assigned to different speed
conditions in Helsinki (as revised in 2013).

2.2. Participants and Procedures

The participants were 301 community-dwelling older adults (aged 70–90 years) re-
cruited through posters in community centers and based on telephone interviews, according
to the following criteria. We included older adults (1) aged ≥70 years who were able to
perform activities of daily living with or without assistive devices; (2) not currently ex-
periencing orthopedic problems in the lower extremities or neurological disorders, such
as cerebral infarction; and (3) who had not undergone surgery within 6 months due to
musculoskeletal diseases of the lower limb. Individuals who had a Mini-Mental State
Examination score < 24 or difficulty in walking on a treadmill and those who did not per-
form the measurement procedures were excluded. At the beginning of the study, 368 older
adults were recruited. However, 11 older adults did not meet the inclusion criteria, and
56 were unable to perform the measurement procedures because of difficulty in walking
on a treadmill.

All participants were asked to complete a questionnaire about their health status
and experience of falling, and their lower-extremity strength and balance ability were
measured. Subsequently, lower limb muscle activity and variability were measured using
electromyography while the participants walked on a treadmill. In gait, variability is an
indicator of decreased motor control, and at least 40 steps should be taken to determine
variability [17]. Treadmills can be used to assess gait kinematics in physically active
older adults [18]. In this study, treadmill walking was chosen to minimize measurement
errors that may occur due to natural acceleration and deceleration when walking on the
ground and to ensure the collection of more than 40 steps at a constant speed. Before
performing treadmill walking, all participants walked 14 m to measure their preferred
walking speed. To minimize errors in measuring the average preferred walking speed
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caused by acceleration and deceleration, the time taken to walk the middle 10 m was used
after excluding the time taken to walk the initial and final 2 m. Treadmill walking generally
has a slower preferred speed than overground walking [18]. Participants acclimated to
treadmill walking at their PS obtained from overground walking measurements. Therefore,
in this study, PS when walking on a treadmill was adjusted to ±0.1 km/h during the
treadmill acclimation period. After determining the PS, the participants took a 2-min
rest before walking on a treadmill. They then walked at speeds 20% slower, 20% faster,
and 40% faster than their PS for 90 s each, with a rest period of approximately 1 min
between trials. Muscle activity was measured for approximately 60 s, starting 20 s after the
participant began walking on the treadmill.

All participants had their lower limb muscle activity measured at their PS and were
then randomly assigned to one of the three speed sequences (20% slower, 20% faster,
40% faster; 20–40% faster, 20% slower; and 40% faster, 20% slower, 20% faster) to have their
lower limb muscle activity measured again. The order of assignment was determined using
a randomization website (http://www.randomization.com (accessed on 25 September
2023)). To ensure fairness and objectivity, the randomization process was conducted by a
researcher who was not directly involved with the study (Figure 1).
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All data were collected from a university laboratory and a community center. The
researchers were aware of the purpose of the study, but the outcome assessors were not.
G*Power 3.1.9 software was used to calculate the required sample size for the study, and
power = 0.8, α = 0.05, and effect size = 0.5 were determined based on a two-tailed test. The
calculated sample size was 128.

http://www.randomization.com
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2.3. Data Collection
2.3.1. Fall Risk

The SPPB score is a useful clinical tool for assessing fall risk for older adults that can
distinguish fall risk from non-fall risk [19,20]. SPPB (0–12 points) was used to measure
physical performance, and it consisted of balance, a 4-meter walk, and five-timed chair
stand tests. In the balance test, the participants were asked to maintain their feet in an
aligned position, then in a semi-aligned position, and finally, in a side-by-side position for
10 s each. The 4-m walk involved walking at a usual pace. For the timed chair stand test,
a pre-test of five trials was conducted. The participants were asked to stand up from a
chair with their arms crossed over their chests, and the time from the first sitting position
to the last standing position was measured in seconds during the fifth stand. The SPPB
score was calculated according to a previous study [21]. Because an SPPB score ≤ 9 is
related to fall risk [20,22], in this study, participants with SPPB scores of 9 or below were
classified as the fall-risk group, while those with scores of 10 or above were classified as the
non-fall-risk group.

2.3.2. Lower Limb Muscle Activity and Variability

Surface electromyography (sEMG) equipment (Ultium ESP, Noraxon, AZ, USA) was
used to measure the activation of the lower limb muscles during walking on a treadmill.
The settings for the EMG signal collection were as follows: sampling rate of 2000 Hz,
band-pass filter of 10–500 Hz, and notch filter of 60 Hz. Before electrode placement, the
participant’s skin was shaved and cleaned with alcohol. Disposable dipole electrodes
(Ag/AgCl) were attached to the skin of the participants at the midline of the muscle belly,
and electrode placement was performed according to sEMG (surface EMG for non-invasive
assessment of muscles) guidelines [23]. The sEMG data were collected from four lower-
extremity muscles: the rectus femoris (RF), tibialis anterior (TA), biceps femoris (BF), and
gastrocnemius muscle (GCM) [24]. Using the root mean square (RMS) to measure muscle
activation in older adults is effective, and the correlation between RMS values and muscle
strength makes this test reliable to assess age-related muscle changes [25,26]. Therefore, in
this study, to analyze differences in lower limb muscle activation at different gait speeds,
sEMG signals were processed by calculating the RMS values, which are used to quantify
the magnitude of EMG signals and muscle contraction intensity, and the unit is µV. The
variability in the measured muscle activity was calculated as the coefficient of variation
(CV), which was expressed as the ratio of the standard deviation to the mean (standard
deviation/mean × 100) of each muscle activity and presented as a percentage [27].

2.3.3. Statistical Analysis

SPSS 26.0 software (IBM, Armonk, NY, Watson, USA) was used for statistical analyses.
Frequency and descriptive statistics were analyzed to assess the general characteristics of
the participants.

Participants were stratified according to fall risk (fall-risk older adults, n = 141; non-
fall-risk older adults, n = 160). A comparison of lower limb muscle activity at the preferred
walking speed based on fall risk was conducted using an independent t-test. A one-way
repeated-measures analysis of variance (ANOVA) was used to evaluate the differences in
lower limb muscle activity at the PS and at the three different speeds within each group.
A two-way repeated-measures ANOVA was used to examine changes between groups
according to fall risk. To examine the effect of gender on lower extremity muscle activation
and variability, we performed ANOVAs with gender as a covariate. The effect sizes of the
interaction effect were calculated using eta-squared (η2), with effect sizes defined as up to
0.02 for small changes, 0.13 for moderate changes, and 0.26 for large changes. All data were
expressed as mean ± standard deviation. The level of significance was set at α < 0.05.
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3. Results

A total of 301 participants (135 men, 166 women) were included in the study. In the
fall-risk classification, there were 141 older adults in the fall-risk group and 160 in the
non-fall-risk group (Table 1).

Table 1. General characteristics of subjects according to age and fall risk level.

Fall-Risk Older Adults
(n = 141)

Non-Fall-Risk Older Adults
(n = 160) t p

Sex (male/female) 47/94 72/88

Age (years) 79.97 ± 5.69 78.81 ± 5.13 1.857 0.064

Weight (kg) 59.27 ± 9.51 61.23 ± 10.08 −1.726 0.085

Height (cm) 155.62 ± 8.05 159.33 ± 8.14 −3.956 <0.001

SPPB (score) 7.74 ± 1.87 11.47 ± 0.70 −23.326 <0.001

SPPB: Short physical performance battery.

Comparing fall-risk and non-fall-risk older adults walking at the PS, we found that
fall-risk older adults had significantly lower GCM activity and significantly higher CV for
RF, BF, TA, and GCM activities than non-fall-risk older adults. Changes in muscle activity
and the CV with gait speed showed significant differences in RF (p < 0.001, η2 = 0.206), BF
(p < 0.001, η2 = 0.204), TA (p < 0.001, η2 = 0.155), and GCM (p < 0.001, η2 = 0.157) activities in
fall-risk older adults compared with non-fall-risk older adults. Compared to the PS, in the
fall risk group, muscle activity of RF (p < 0.001, η2 = 0.206), BF (p < 0.001, η2 = 0.204), TA
(p < 0.001, η2 = 0.155), and GCM (p < 0.001, η2 = 0.157) significantly decreased as the speed
was 20% slower, and muscle activity significantly increased as the speed was 40% faster
in the fall risk group. The CV for RF (p = 0.002, η2 = 0.033) and GCM activities (p < 0.003,
η2 = 0.033) were also significantly reduced at a 20% slower speed and significantly increased
at 40% faster speed. In non-fall-risk older adults, there were significant differences in RF
(p < 0.001, η2 = 0.232), BF (p < 0.001, η2 = 0.239), TA (p < 0.001, η2 = 0.209), and GCM
(p < 0.001, η2 = 0.298) activities, with a significant decrease in muscle activity at 20% slower
speed and a significant increase in muscle activity at 40% faster speed. There was also
a significant difference in the CV for TA (p < 0.001, η2 = 0.044) and GCM (p = 0.004,
η2 = 0.027) activities, with a significant decrease in the CV as speed increased. The CV
for RF activity was also significantly reduced at a 40% faster speed; however, it was not
significantly different in non-fall-risk older adults. Comparisons between the two groups
showed that fall-risk older adults had significantly greater increases in the CV for RF
(p = 0.002, η2 = 0.016), BF (p = 0.047, η2 = 0.009, and GCM (p < 0.001, η2 = 0.022) activities at
40% faster speed, compared with non-fall-risk older adults. Moreover, in fall-risk and non-
fall-risk older adults, gender did not affect lower extremity muscle activation or variability
(Tables 2 and 3) (Figures 2 and 3).
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Table 2. Comparison of muscle activity and CV between fall5risk older and non-fall-risk older adults.

Fall Risk Older Adults Non-Fall Risk Older Adults

PS −20% Speed 20% Speed 40% Speed PS −20% Speed 20% Speed 40% Speed

RF activity (µV) 32.69 ± 16.13 28.38 ±15.23 b 35.85 ± 19.78 b 39.38 ± 23.82 b 31.02 ± 15.85 26.16 ± 13.88 b 31.81 ± 16.05 36.38 ± 17.93 b

RF CV (%) 15.88 ± 10.28 a 14.07 ± 7.39 b 16.97 ± 9.42 16.86 ± 9.52 13.22 ± 6.66 12.45 ± 5.85 12.84 ± 7.02 11.64 ± 5.29 b

BF activity (µV) 46.15 ± 21.97 40.04 ± 19.96 b 48.35 ± 24.24 b 51.82 ± 24.83 b 47.20 ± 21.14 39.40 ± 19.42 b 46.55 ± 21.72 51.02 ± 23.76 b

BF CV (%) 14.12 ± 6.18 a 14.25 ± 7.16 14.68 ± 8.01 15.66 ± 10.09 b 12.34 ± 8.72 11.80 ± 4.30 11.32 ± 4.16 11.53 ± 6.42

TA activity (µV) 55.27 ± 23.96 49.37 ± 22.57 b 54.34 ± 24.52 56.57 ± 23.29 60.00 ± 24.67 52.54 ± 22.00 b 58.24 ± 23.04 b 62.24 ± 23.66 b

TA CV (%) 15.31 ± 8.81 a 15.64 ± 7.72 14.78 ± 7.35 15.80 ± 7.53 12.68 ± 4.79 13.66 ± 5.94 b 12.09 ± 4.71 11.78 ± 4.41 b

GCM activity (µV) 50.36 ± 20.96 a 44.17 ± 20.92 b 51.45 ± 20.78 56.31 ± 25.67 b 64.34 ± 25.61 56.33 ± 26.04 b 63.18 ± 26.00 70.90 ± 27.77 b

GCM CV (%) 14.69 ± 6.30 a 14.99 ± 6.46 15.15 ± 6.00 16.88 ± 7.73 b 11.78 ± 4.07 12.78 ± 5.18 11.56 ± 4.42 11.50 ± 4.43

PS: preferred speed, RF: Rectus femoris, BF: Biceps femoris, TA: Tibialis anterior, GCM: Gastrocnemius medialis, CV: coefficient of variation. a p< 0.05 statistical analysis for PS
comparison between two groups using independent t-test. b p < 0.05, a significant difference compared to PS using one-way repeated ANOVA.

Table 3. Statistical analysis of muscle activity and variability within and between groups in fall-risk and non-fall-risk older adults.

Fall-Risk Older Adults a Non-Fall-Risk Older Adults a Between Groups c

F p η2 adj b F p η2 adj b F p η2 adj b

RF (µV) 36.504 <0.001 0.206 0.912 48.029 <0.001 0.232 0.200 1.108 0.365 0.004 0.510

RF CV (%) 4.867 0.340 0.008 0.455 2.712 0.0.437 0.006 0.694 4.876 0.003 0.015 0.311

BF (µV) 36.026 <0.001 0.204 0.495 49.823 <0.001 0.239 0.413 1.218 0.302 0.004 0.175

BF CV (%) 2.137 0.095 0.015 0.461 1.086 0.355 0.007 0.413 2.664 0.029 0.010 0.415

TA (µV) 25.850 <0.001 0.155 0.100 41.947 <0.001 0.209 0.488 1.605 0.187 0.005 0.159

TA CV (%) 0.866 0.459 0.006 0.897 7.335 <0.001 0.044 0.310 2.321 0.074 0.008 0.957

GCM (µV) 26.356 <0.001 0.157 0.662 67.642 <0.001 0.298 0.135 1.334 0.262 0.004 0.195

GCM CV (%) 4.849 0.003 0.033 0.280 4.438 0.004 0.027 0.179 6.624 <0.001 0.022 0.058

RF: Rectus femoris, BF: Biceps femoris, TA: Tibialis anterior, GCM: Gastrocnemius medialis, CV: coefficient of variation. a Statistical analysis was performed using one-way
repeated-measures ANOVA. b Adjusted p-value, statistical analysis was performed by adjusting gender as a covariate. c Statistical analysis was performed using the two-way
repeated-measures ANOVA.
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indicates a significant difference within the group.
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Figure 3. Comparison of variability within and between groups in fall-risk and non-fall-risk older adults. RF: Rectus femoris, BF: Biceps femoris, TA: Tibialis anterior,
GCM: Gastrocnemius medialis. * p < 0.05 indicates a significant difference in preferred speed between fall-risk and non-fall-risk older adults. † p < 0.05 indicates a
significant difference within the group. ‡ p < 0.05 indicates a significant difference between fall-risk and non-fall-risk older adults.
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4. Discussion

We compared lower limb muscle activity and variability according to walking speed
between fall-risk and non-fall-risk groups to identify muscle activation in response to
changes in speed and to quantitatively analyze the specific effects of increased walking
speed on muscle activity variability. Fall-risk older adults had lower GCM activation at
their preferred speed compared to non-fall-risk older adults, with increased CV for RF,
BF (hamstrings), TA, and GCM activities. Furthermore, as walking speed increased, the
CV in non-fall-risk older adults decreased, while it increased in fall-risk older adults, with
significant differences, particularly in the CV for RF and GCM activities.

In fall-risk older adults, the activation of the RF, BF, and GCM increased significantly
at speed 40% faster than the PS, similar to that in non-fall-risk older adults. However,
the TA was not significantly activated in fall-risk older adults. Lim et al. [28] found that
stroke patients with reduced balance showed greater cortical input to the RF than to the
TA on the paretic side during walking, which increased gait variability. This indicates that
inadequate activation of the TA with an increase in walking speed can lead to decreased
balance or an increased risk of falls. Moreover, older adults at risk of falls had decreased
GCM activation as walking speed increased, compared with older adults who were not at
risk of falls. These results suggest that the increased RF muscle activation with walking
speed represents a compensatory mechanism for weakened GCM muscles during walking,
whereas the reduced GCM muscle activation is associated with higher fall risk [29,30].
Therefore, older adults with decreased balance ability may exhibit inefficient lower limb
muscle activation patterns to maintain walking stability as walking speed increases, which
may affect their ability to walk, particularly at higher speeds [10].

Walking variability is a sensitive indicator of abnormal walking [31]. Aging affects
muscle strength and force control, increases force output variability, and decreases motor
performance in older adults [32]. Older adults with higher variability in lower-extremity
muscle activation have greater gait variability at different walking speeds, which increases
the risk of falls [10]. Our results showed that fall-risk older adults had higher CVs for
RF, BF, TA, and GCM activities at their PS than non-fall-risk older adults. In addition, in
non-fall-risk adults, the CV decreased when walking speed increased, whereas fall-risk
older adults had significantly higher CVs for RF and GCM activities.

Recently, a study [33] reported a significant correlation between muscle activation
variability measured by EMG and task performance and variability in RF activity increases
during walking with age [34]. This suggests that increased muscle activation variability
during repetitive movements may lead to difficulty in task performance and that increased
variability in RF activity in older adults may lead to walking difficulties. Lim et al. [28] also
found that, in patients with impaired balance ability, the RF had greater activation than
the TA, which led to increased gait variability. Therefore, variability in RF activity is more
important than TA activation in maintaining a stable gait.

Additionally, our results showed that variability increased in fall-risk older adults
compared to non-fall-risk older adults when walking 20% slower and 40% faster than their
preferred speed (PS). This finding is consistent with previous studies that showed muscle
activity variability increases as walking speed decreases [35]. Therefore, additional caution
is needed when training at slower walking speeds [36]. Furthermore, when walking speed
increased by 40% above PS, the CV decreased in non-fall-risk older adults, whereas it
increased in fall-risk older adults, with significant differences, particularly in RF and GCM
activities. Reducing variability may help achieve stable walking and reduce the risk of
falls [37]. These results suggest that muscle activity stability decreases as walking speed
increases, indicating that the muscle control mechanisms in older adults function differently
depending on their fall-risk status. This implies that abnormal walking and fall risk can be
identified not only through spatiotemporal variability but also through variability in RF
and GCM muscle activity. Therefore, identifying changes in variability at 40% faster than
PS may be a key factor in detecting balance issues and fall risk in older adults.
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This study has some limitations. First, only older adults who were able to walk on
a treadmill in a laboratory setting were included. This may not fully reflect walking in
daily life and may have potential differences from real walking. Second, some older adults
were unable to perform the study procedures because of fear of walking on a treadmill,
and muscle activation may be affected by psychological factors such as fear [38,39]. Third,
muscle activity was assessed using sEMG; however, direct measurements of muscle strength
were not performed, and muscle coordination was not evaluated through time-dependent
EMG analysis, which could have provided insights into muscle coordination during gait.
Additionally, this study did not consider that a 40% increase in walking speed might be
excessive for some older adults.

Despite these limitations, this is the first study to systematically analyze muscle activity
and variability according to changes in walking speed based on fall risk. We identified
the characteristics of muscle activation during walking in older adults at risk of falls and
provided foundational data for fall prevention. By further understanding the mechanism of
the muscle response according to changes in walking speed, it will be possible to improve
walking safety in older adults. Future research should include analysis of walking in
real-life environments and verification of the effects of specific rehabilitation programs
aimed at improving lower limb muscle activation and variability.

5. Conclusions

This study identified lower limb muscle activation and variability during walking
according to fall risk and found that in older adults at risk for falls, muscle activation
variability increased with changes in walking speed. In particular, in fall-risk older adults,
variability, rather than muscle activation itself, increased more significantly as walking
speed increased. These findings suggest that muscle activation variability, rather than
muscle activation itself, is more closely related to fall risk. Therefore, reducing muscle
activation variability may be an important strategy for fall prevention in at-risk older adults.
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