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Abstract

Background: Inclined walking requires more cardiopulmonary metabolic energy and muscle strength than flat-
level walking. This study sought to investigate changes in lower-limb muscle activity and cardiopulmonary
metabolic energy cost during treadmill walking with different inclination grades and to discern any correlation
between these two measures in older adults.

Methods: Twenty-four healthy older adults (n = 11 males; mean age: 75.3 ± 4.0 years) participated. All participants
walked on a treadmill that was randomly inclined at 0% (condition 1), 10% (condition 2), and 16% (condition 3) for
five minutes each. Simultaneous measurements of lower-limb muscle activity and cardiopulmonary metabolic
energy cost during inclined treadmill walking were collected. Measured muscles included the rectus abdominis
(RA), erector spinae (ES), rectus femoris (RF), biceps femoris (BF), vastus medialis (VM), tibialis anterior (TA), medial
head of the gastrocnemius (GCM), and soleus (SOL) muscles on the right side.

Results: As compared with 0% inclined treadmill gait, the 10% inclined treadmill gait increased the net
cardiopulmonary metabolic energy cost by 22.9%, while the 16% inclined treadmill gait increased the net
cardiopulmonary metabolic energy cost by 44.2%. In the stance phase, as the slope increased, activity was
significantly increased in the RA, RF, VM, BF, GCM, and SOL muscles. In the swing phase, As the slope increased
activity was significantly increased in the RA, RF, VM, BF, and TA muscles. SOL muscle activity was most relevant to
the change in cardiopulmonary metabolic energy cost in the stance phase of inclined treadmill walking. The
relationship between the increase in cardiopulmonary metabolic energy cost and changes in muscle activity was
also significant in the VM, GCM, and RF.
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Conclusion: This study demonstrated that changes in SOL, VM, GCM, and RA muscle activity had a significant
relationship with cardiopulmonary metabolic energy cost increment during inclined treadmill walking. These results
can be used as basic data for various gait-training programs and as an indicator in the development of assistive
algorithms of wearable walking robots for older adults.

Trial registration: Clinical trials registration information: ClinicalTrials.gov Identifier: NCT04614857 (05/11/2020).

Keywords: Aged, Walking, Oxygen consumption, Electromyography, Lower extremity

Background
The proportion of the population aged 65 years or older has
increased dramatically in recent decades, increasing from 6%
globally in 1990 to 9% in 2019. This proportion is projected
to rise further to 16% by 2050 [1]. Therefore, the increase in
the proportion of older adults is emerging as an important
social issue worldwide, which has led to greater interest in
the health characteristics of these individuals.
Aging involves the gradual degeneration of the struc-

ture and function of the physical body with time. Phys-
ical changes due to aging, exposure to chronic diseases,
lifestyle changes, and reduced activity deteriorate the
body and gait functions [2–4]. Normal individuals move
their bodies forward by alternating stance and swing
phases with a rhythmic gait cycle and periodic, repetitive
gait movement. To support normal gait, good postural
control, weight-bearing, efficient rhythmic movement
pattern, and selective timing of muscle activity during
repeated gait cycles are required [5]. Among older
adults, gait function is important for daily life tasks, and
changes in gait function can predict clinical abnormal-
ities [6]. The typical gait of an older person is character-
ized by a slower speed, short stride, and reduced range
of motion relative to young adults; however, the relative
activation of lower limb muscles during walking is
greater in older people [7]. Furthermore, older adults re-
quire greater muscle activity compared to young adults
to maintain a fast walking speed [8]. According to a pre-
vious study, lower-limb muscle activity increases during
walking with advancing age, and there is a correlation
between increased lower-limb muscle activity and an in-
ability to balance the body [9].
In older adults, walking ability gradually decreases and

energy consumption increases when encountering envir-
onmental obstacles such as slopes during activities of
daily living. Older adults are at greater risk of injury than
younger adults due to kinematic differences between
older and younger adults when walking uphill [10]. In-
clined walking requires more muscle strength and en-
ergy than flat-level walking. Older adults show much
more muscle activity when walking on an incline relative
to younger adults [11]. While walking on a flat surface
or uphill for a given distance, older adults spend 7 to
20% more metabolic energy than younger adults [7]. In a

previous study of young adults, the pattern of muscle ac-
tivity during inclined walking was different from that of
flat-level walking, and increased muscle activity was as-
sociated with a rise in cardiopulmonary metabolic en-
ergy consumption [12]. However, the relationship
between muscle activity pattern and cardiopulmonary
metabolic energy cost under inclined gait conditions in
older adults has not been studied sufficiently.
This study aimed to confirm the correlation between

the activity of lower limb muscles and the cardiopulmo-
nary metabolic energy cost in older adults during in-
clined treadmill walking by measuring both the
cardiopulmonary metabolic energy cost and lower-limb
muscle activity simultaneously. In addition, we aimed to
identify the activity of individual muscles that show a
strong correlation with cardiopulmonary metabolic en-
ergy cost during inclined walking as the specific muscles
involved would be potential targets for intervention to
improve the gait efficiency of older adults. There are
three main hypotheses as follows: (1) inclined treadmill
gait induces changes in the cardiopulmonary metabolic
energy cost in older adults according to the slope, (2)
lower-limb muscle activity change during inclined tread-
mill gait in older adults according to the slope, and (3)
there is a correlation between cardiopulmonary meta-
bolic energy cost and lower-limb muscle activity during
inclined treadmill gait in older adults.

Methods
Participants
Twenty-four healthy older adults who met the following
inclusion criteria were enrolled in this study: (1) age of
65 to 84 years with no history of central nervous system
disease, (2) the ability to walk on a 16% slope, and (3)
moderate performance score of eight points or higher
on the Short Physical Performance Battery (SPPB) test
[13]. Study exclusion criteria were (1) uncontrolled se-
vere high blood pressure or diabetes, (2) history of un-
controlled cardiovascular disease, (3) acute injury such
as fracture or prior orthopedic surgery such as artificial
joint replacement within the 6 months preceding the
study, (4) severe dizziness that might lead to a fall, and
(5) cognitive disorders that hinder the ability to under-
stand or comply with study instructions. Study
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participants’ general characteristics are summarized in
Table 1. All subjects provided informed consent before
participating in this study and the study protocol was
approved by the institutional review board of Samsung
Medical Center, Seoul, Korea (no. 2020-08-147).

Experimental protocol
Prior to the experimental trial, basic physical details
(age, gender, height, body weight, and blood pressure),
medical history, and pain level were recorded; also, the
physical performance abilities of study participants were
measured with the SPPB to ensure compliance with the
inclusion criteria. Then, the cardiopulmonary metabolic
energy cost and muscle activation of all participants
were evaluated on an inclined treadmill at 0% (condition
1), 10% (condition 2), and 16% (condition 3) for five mi-
nutes each in a random order. Randomization sequences
were generated using an onl ine websi te (www.
randomization.com) to determine sequences of the in-
clined treadmill gait conditions. Participants’ self-
selected gait speed was determined after walking for
three minutes on a 0% inclined treadmill. Adequate rest
for 10 min was given between each walking condition;
an additional five minutes was allowed if the participant
requested more rest time (Fig. 1). A harness that did not
provide weight support was used as a safety device to
prevent falls. In addition, safety personnel and physical
therapists supervised the study to ensure immediate
availability in the event of an emergency. For the simul-
taneous measurement of muscle activity and cardiopul-
monary metabolic energy cost during inclined treadmill
gait, a multichannel surface electromyography (sEMG)
system and a portable metabolic analyzer were used.
Metabolic energy expenditure was measured using a
portable cardiopulmonary metabolic system (K5;
COSMED, Rome, Italy) based on actual breathing during
each inclined treadmill gait condition. Muscle activity
was measured using an sEMG system (TeleMyo Desktop
DTS; Noraxon, Scottsdale, AZ, USA) during each in-
clined treadmill gait condition.

Measurement equipment
Portable cardiopulmonary metabolic system
The COSMED K5 wearable metabolic system was used
to measure metabolic energy expenditure during each
inclined treadmill gait condition. The COSMED K5
wearable metabolic system works using combined
breath-by-breath technology to measure oxygen con-
sumption (VO2) and carbon dioxide production (VCO2)
for physical performance and clinical diagnosis. This de-
vice analyzes the amount, flow, and proportions of oxy-
gen and carbon dioxide in the exhaled gas. As expired
gas is discharged through the turbine, the device senses
the volume of respiration that is transmitted to the in-
side of the device through a sampling line connected to
the turbine; information is analyzed by sensors inside
the device. To ensure proper operation of the COSMED
K5 analyzer device, the flow turbine and gas analyzer
were calibrated using a 3-l calibration syringe, gas, and
regulators prior to each experiment.

sEMG system
The sEMG system (TeleMyo Desktop DTS) was used to
measure muscle activity during each inclined treadmill
gait condition. The sEMG system is a noninvasive option
for measuring physiological muscle signals that are de-
tected by an electrode attached to the skin surface over
the muscle of interest. These electrodes measure the
bioelectrical signals generated by muscle movement. The
signal is measured by synthesizing the motor-unit action
potentials generated in the muscles around the surface
electrodes. A potential difference is formed between the
surface electrode and the spatial distance of the motor
units, which is passed through the amplifier and the sur-
face EMG signal is measured and recorded.

Data collection and analysis
Cardiopulmonary metabolic energy cost
Prior to starting inclined treadmill gait measurements,
the COSMED K5 portable cardiopulmonary metabolic
system was attached to the participant’s upper body.
The participant wore a face mask for breath analysis that
prevented exposure to outside air. The net metabolic
cost during standing and during each inclined gait was
calculated using Brockway’s eq. [14]. Baseline values
were obtained for all participants by measuring cardio-
pulmonary metabolic energy cost during a comfortable
standing position for three minutes. Then, the cardiopul-
monary metabolic energy cost while in gait for five mi-
nutes in each of the three incline conditions was
measured. The net cardiopulmonary metabolic cost
(mL·kg− 1·min− 1) was calculated by subtracting the last-
minute gait data from the baseline. The net energy ex-
penditure measurement (EEm) (Kcal/min) was calcu-
lated in the same way.

Table 1 Characteristics of the study participants

Characteristics Value

Gender (male/female) 11/13

Age (years) 75.33 (4.03)

Height (cm) 160.38 (7.04)

Weight (kg) 61.38 (8.79)

Body mass index (kg/m2) 23.77 (2.11)

Short Physical Performance Battery (total score: 12 points) 11.33 (0.91)

Treadmill speed (km/h) 2.22 (0.19)

Continuous values are presented as mean (standard deviation)
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Lower-limb muscle activity
To evaluate lower-limb muscle activation, the percent-
age of maximum voluntary contraction (MVC) of differ-
ent muscles during inclined walking was measured prior
to starting the inclined treadmill gait. The MVC is the
most common method to normalize EMG signals. All
participants performed the MVC measurement to obtain
the peak value of EMG signals in the trunk and lower-
limb muscles before gait assessment. Participants were
instructed to push against the examiner as hard as they
could, and examiner counteracted that force with both
hands for five seconds. To normalize the sEMG signal
amplitude, measurements of MVC were collected over
five seconds for each muscle to determine the MVC
value per muscle for each participant. Electrodes were
placed on the right side of the rectus abdominis (RA),
the erector spinae (ES), rectus femoris (RF), biceps
femoris (BF), vastus medialis (VM), tibialis anterior
(TA), medial head of the gastrocnemius (GCM), and so-
leus muscles (SOL) according to the recommendations
of the Surface Electromyography for the Noninvasive
Assessment of Muscles Project [15]. In addition, two
switch sensors were placed on the right plantar toe
and heel surface to record the stance and swing
phases during the gait cycle. The stance phase of gait
begins when the foot first touches the ground and
ends when the same foot leaves the ground. The
stance phase makes up approximately 60% of the gait
cycle. The swing phase begins when the foot first
leaves the ground and ends when the same foot
touches the ground again. The swing phase makes up
the other 40% of the gait cycle [16]. Muscle activity
was measured using the Myo Research XP Master
Edition software (Noraxon). The sEMG signal sam-
pling rate was set to 1000 Hz with frequency filtering
of 10 to 350 Hz by a band-pass filter. For analysis, a
sliding 100-ms window was used to calculate the root
mean square value of the signal by gait condition. In-
clined walking was normalized to the MVC data ob-
tained during level walking [17].

Statistical analysis
All data were analyzed using the SPSS version 22.0 pro-
gram (SPSS Inc., Chicago, IL, USA). Results were calcu-
lated as mean and standard deviation values. A one-way
analysis of variance was used to compare cardiopulmo-
nary metabolic energy cost and muscle activation ac-
cording to incline gradient among participants, and the
Bonferroni post-test was performed. After normality
testing for all variables, the correlation between cardio-
pulmonary metabolic energy cost and each muscle’s ac-
tivity in each incline condition was analyzed using
Pearson’s correlation analysis. Standardized β-
coefficients in the linear regression analysis were used to
investigate the relationship between changes in the per-
centage of MVC of lower limb muscles and the increase
in the cardiopulmonary metabolic energy cost according
to the degree of treadmill inclination. The significance
level was set to p < 0.05.

Results
Cardiopulmonary metabolic energy cost
The obtained measurements confirmed a significant dif-
ference among net cardiopulmonary metabolic energy
costs (mL·kg− 1·min− 1) under the three inclined gait con-
ditions (Fig. 2). As compared with a 0% inclined tread-
mill gait (8.83 ± 2.16 mL·kg− 1·min− 1), the 10% inclined
treadmill gait (10.85 ± 2.14 mL·kg− 1·min− 1) increased the
net cardiopulmonary metabolic energy cost by 22.90%
(p < 0.01), while the 16% inclined treadmill gait (12.57 ±
2.40 mL·kg− 1·min− 1) increased the net cardiopulmonary
metabolic energy cost by 44.20% (p < 0.01). As compared
with the 10% inclined treadmill gait, the 16% inclined
treadmill gait increased the net cardiopulmonary meta-
bolic energy cost by 15.87% (p < 0.01) (Fig. 2). As the
slope increased, the net cardiopulmonary metabolic en-
ergy cost also rose, and all increases were statistically
significant. EEm (Kcal/min) values also showed signifi-
cant differences among three inclined gait conditions
(Fig. 2): relative to the 0% inclined treadmill gait (2.54 ±
0.60 Kcal/min), the 10% inclined treadmill gait was

Fig. 1 a) Experimental protocol. b) Measured muscles. RA, rectus abdominis; ES, erector spinae; RF, rectus femoris; BF, biceps femoris; VM, vastus
medialis; TA, tibialis anterior; GCM, medial head of the gastrocnemius; SOL, soleus
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24.08% greater (p < 0.01) (3.16 ± 0.72 Kcal/min) and
the 16% treadmill gait was 45.33% greater (p < 0.01)
(3.70 ± 0.83 Kcal/min). In addition, as compared with
the 10% inclined treadmill gait, the 16% inclined
treadmill gait increased the net EEm by 17.13% (p <
0.01). As the slope increased, both the net cardiopul-
monary metabolic energy cost and net EEm increased
according to a linear regression model (net cardiopul-
monary metabolic energy cost ~ inclination + subject
ID, p < 0.001; Net EEm ~ inclination + subject ID,
p < 0.001).

Lower-limb muscle activity
In all measured muscles, as the inclination increased,
muscle activity also tended to increase. However, the
statistically significant increase in muscle activation with
increasing slope was different for each muscle (Fig. 3). In
the stance phase, relative to the 0% inclined treadmill
gait (10.89 ± 3.97%MVC), RA muscle activity increased
by 44.08% during the 10% inclined treadmill gait
(15.69 ± 6.08%MVC) and by 47.84% during the 16% in-
clined treadmill gait (16.10 ± 6.80%MVC) (p < 0.01). In
the swing phase, as compared with the 0% inclined

Fig. 2 Comparison of average net cardiopulmonary metabolic energy cost and net energy expenditure measurement during 0, 10, and 16%
inclined conditions

Fig. 3 Changes in the percentage of MVC during the gait cycle according to treadmill inclination; RA, rectus abdominis; ES, erector spinae; RF,
rectus femoris; BF, biceps femoris; VM, vastus medialis; TA, tibialis anterior; GCM, medial head of the gastrocnemius; SOL, soleus (*p < 0.05,
* *p < 0.01)
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treadmill gait (10.78 ± 3.95%MVC), RA muscle activity
increased by 45.18% during the 10% inclined treadmill
gait (15.65 ± 6.48%MVC) and by 49.44% during the 16%
inclined treadmill gait (16.11 ± 6.73%MVC) (p < 0.01).
The ES muscle activity was significantly increased by
49.68% during the 16% inclined treadmill gait (30.40 ±
9.13%MVC) in the stance phase of the gait cycle (p <
0.01). In the swing phase of the gait cycle, as compared
with during the 0% inclined treadmill gait (22.81 ±
8.85%MVC), ES muscle activity was increased by 31%
during 10% inclined treadmill gait (29.88 ± 11.28%MVC)
(p < 0.05) and by 56.55% during 16% inclined treadmill
gait (35.71 ± 11.98%MVC) (p < 0.01). RF muscle activity
was significantly increased during 16% inclined treadmill
gait in the stance and swing phases of the gait cycle (p <
0.05). In the stance phase of the gait cycle, muscle activ-
ity for VM, BF, and GCM did not increase significantly
in the 10% inclined treadmill gait relative to 0%. How-
ever, muscle activity in 16% inclined walking increased
significantly (p < 0.01). In the SOL stance phase, muscle
activity increased statistically significantly during the 10
and 16% inclined treadmill gait as compared with during
the 0% inclined treadmill gait (25.65 ± 6.45%MVC). SOL
muscle activity was increased by 44.08% during the 10%
inclined treadmill gait (32.58 ± 8.74%MVC) and by
47.84% during the 16% inclined treadmill gait (34.82 ±
10.22%MVC) (p < 0.01).
According to a linear regression model (%MVC ~ in-

clination + subject ID) (Table 2), in the stance phase, as
the slope increased, the increase in muscle activity was
significant in the RA, ES, RF, VM, BF, GCM, and SOL.
In the swing phase, the increase in muscle activity was
significant in the RA, ES, RF, VM, BF, and TA. Also, the
degree of change in each muscle’s activity with increas-
ing inclination was investigated using standardized β-
coefficients of a linear regression model. The ES activity
showed the greatest increase in the stance and swing
phases as the slope increased.

Relationship between cardiopulmonary metabolic energy
cost and lower-limb muscle activity
A correlation between net cardiopulmonary metabolic
energy cost and lower-limb muscle activity was investi-
gated during three inclined treadmill gait conditions
(Fig. 4). The most significant positive correlation be-
tween net cardiopulmonary metabolic energy cost and
muscle activity was seen in the SOL muscle in the stance
phase during the 16% inclined treadmill gait (r = 0.487;
p < 0.025). In addition, significant positive correlations
were observed between net cardiopulmonary metabolic
energy cost and muscle activation level in the GCM (r =
0.459; p < 0.0.036), RF (r = 0.443; p < 0.045), and VM
(r = 0.436; p < 0.048) during the 16% inclined treadmill
gait. The SOL, GCM, and VM muscle activity showed a
positive correlation with the net cardiopulmonary meta-
bolic energy cost at the relatively small inclination of
10% treadmill gait. In the swing phase, there were no
muscles that exhibited a correlation with the net cardio-
pulmonary metabolic energy cost.
Muscles showing a significant relationship with an in-

crease in the net cardiopulmonary metabolic energy cost
during inclined walking were investigated using a linear
regression model (net cardiopulmonary metabolic en-
ergy cost ~ %MVC + inclination + subject ID) (Table 3).
In the stance phase, the SOL muscle activity change
demonstrated the most significant relationship with an
increase in the net cardiopulmonary metabolic energy
cost. The VM, GCM, and RF muscle activity also dis-
played a significant relationship with an increased net
cardiopulmonary metabolic energy cost.

Discussion
This study examined changes in the net cardiopulmo-
nary metabolic energy cost and muscle activity patterns
and assessed the relationship between changes in muscle
activity and net cardiopulmonary metabolic energy cost
among older adults for three inclined treadmill

Table 2 Changes in percentage of MVC of lower limb muscles according to increasing treadmill inclination

Muscle Stance phase Swing phase

ß Std. Error t p R2 ß Std. Error t p R2

RA 0.370 0.788 3.306 0.002** 0.137 0.371 0.803 3.317 0.001** 0.138

ES 0.475 1.132 4.445 0.000*** 0.234 0.474 1.453 4.434 0.000*** 0.234

RF 0.311 1.445 2.718 0.008** 0.097 0.324 1.313 2.843 0.006** 0.106

VM 0.297 1.281 2.593 0.012* 0.096 0.252 1.085 2.182 0.033* 0.082

BF 0.446 1.272 4.161 0.000*** 0.220 0.244 1.295 2.200 0.031* 0.148

TA 0.189 0.697 1.700 0.094 0.163 0.257 1.276 2.193 0.032* 0.066

GCM 0.326 1.318 2.849 0.006** 0.147 0.161 1.244 1.364 0.177 0.035

SOL 0.427 1.137 4.033 0.000*** 0.227 0.231 1.245 1.971 0.053 0.054

RA rectus abdominis, ES erector spinae, RF rectus femoris, BF biceps femoris, VM vastus medialis, TA tibialis anterior, GCM medial head of the gastrocnemius,
SOL soleus
*p < 0.05, **p < 0.01, ***p < 0.001
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conditions. The results of this study revealed that net
cardiopulmonary metabolic energy cost and most lower-
limb muscle activity increased in this population as
treadmill inclination increased. In particular, the RA, ES,
RF, VM, BF, GCM, and SOL muscle activity was in-
creased in the stance phase and the RA, ES, RF, VM, BF,

and TA muscle activity was increased in the swing
phase. Among the measured muscles, the ES activity
showed the greatest increase in the stance and swing
phases as the slope increased. There was a relationship
between several types of muscle activity and the net car-
diopulmonary metabolic energy cost. Specifically, the

Fig. 4 a) Correlation between the net cardiopulmonary metabolic energy cost and percentage of MVC in the stance phase of the gait cycle
during inclined treadmill walking (*p < 0.05). b) Correlation between net cardiopulmonary metabolic energy cost and the percentage of MVC in
the swing phase of the gait cycle during inclined treadmill walking. RA, rectus abdominis; ES, erector spinae; RF, rectus femoris; BF, biceps femoris;
VM, vastus medialis; TA, tibialis anterior; GCM, medial head of the gastrocnemius; SOL, soleus (*p < 0.05)
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SOL muscle activity change showed the most significant
correlation with an increase in the net cardiopulmonary
metabolic energy cost.
Cardiopulmonary metabolic energy cost is an import-

ant variable in daily life and has been studied extensively.
Also, the cardiopulmonary metabolic energy cost has be-
come an important clinical tool for evaluating human
exercise capacity and for predicting outcomes [18, 19].
The results of this study are consistent with those of
previous studies showing that net cardiopulmonary
metabolic energy cost expenditures increased signifi-
cantly as the treadmill slope increased [7, 12]. In this
study, walking under different slope conditions changed
the net cardiopulmonary metabolic energy cost in older
adults. Relative to the 0% inclined treadmill gait, the 10%
inclined treadmill gait increased the net cardiopulmo-
nary metabolic energy cost by 22.9%, while the 16% in-
clined treadmill gait increased the net cardiopulmonary
metabolic energy cost by 44.2%.
In the previous studies of young adults, statistically

significant changes were reported in the SOL and GCM
muscle activities during inclined gait compared to flat
gait [11, 12]. In contrast, elderly person demonstrated
significant changes in the RF, VM, and BF in addition to
the SOL and GCM muscles in our study. These results
indicate that the elderly seems to use more lower-limb
muscles than young adults during inclined gait. In
addition, trunk and thigh muscles, such as RA and ES,
were additionally measured in our study. Both muscles
also showed significant changes during inclined gait
compared to flat gait. Among the measured muscles, the
ES activity showed the greatest increase in the stance
and swing phases as the slope increased. Among the
measured muscles, the ES activity showed the greatest
increase in the stance and swing phases as the slope in-
creased. Older subjects rely more strongly on excessive
activity of their back muscles to regulate energy transfer

during gait [9]. Previous studies have reported that back
extensor muscle strength affects dynamic balance and
postural control in older adults [20, 21]. Greater ES
muscle activity in this study may imply that back muscle
activity is increased during the whole gait cycle in older
people so as to stabilize the trunk and to maintain a dy-
namic balance in accordance with increased treadmill
inclination.
All measured muscles except TA showed significantly

increased activity in the stance phase during inclined
treadmill gait. In the swing phase, muscle activity was
significantly increased in all measured muscles except
GCM and SOL. Muscles whose activity did not signifi-
cantly increase during a specific phase of the gait cycle
did not have a primary function during the correspond-
ing gait phase. From the mid-stance to terminal-stance
stage, the calf muscle, SOL, and GCM showed signifi-
cantly enhanced activity. Calf muscles have been fre-
quently shown to be sources of strength in the trailing
leg during the late-stance phase, used to propel the
body’s center of mass anteriorly and to initiate swing in
the anterior leg [22, 23]. In older adults, the plantar
flexor power is weaker, causing weaker ground reaction
force in this late-stance phase [24, 25]. In this study,
walking under treadmill inclination conditions required
older adults to display greater plantar flexor power as
the treadmill inclination increased.
Muscular efficiency is one of the key determinants of

the net cardiopulmonary metabolic energy cost of walk-
ing [26–28]. The results of this study showed high posi-
tive correlations between SOL and GCM activity and net
cardiopulmonary metabolic cost. The correlations ob-
served between net cardiopulmonary metabolic energy
cost and ankle plantar flexor muscles in this study were
similar to those reported in previous studies of young
adults [11, 12, 29, 30]. In addition, the VM activity
showed a positive correlation with the net

Table 3 Relationship between the increase in net cardiopulmonary metabolic energy cost and changes in the percentage of MVC
of the lower limb muscles during inclined treadmill walking

Muscle Stance phase Swing phase

ß Std. Error t p R2 ß Std. Error t p R2

RA 0.206 0.037 2.156 0.035* 0.377 0.084 0.047 0.820 0.415 0.377

ES 0.036 0.034 0.324 0.747 0.362 0.127 0.026 1.142 0.258 0.373

RF 0.164 0.026 1.648 0.104 0.395 0.121 0.029 1.202 0.234 0.384

VM 0.330 0.027 3.558 0.001** 0.469 0.108 0.035 1.085 0.282 0.381

BF −0.088 0.030 −0.805 0.424 0.371 0.048 0.029 0.464 0.644 0.373

TA 0.017 0.055 0.159 0.874 0.378 0.018 0.030 0.181 0.857 0.378

GCM 0.318 0.028 3.216 0.002* 0.466 0.219 0.029 2.321 0.023* 0.417

SOL 0.375 0.030 3.774 0.000*** 0.480 0.159 0.030 1.640 0.106 0.395

RA rectus abdominis, ES erector spinae, RF rectus femoris, BF biceps femoris, VM vastus medialis, TA tibialis anterior, GCM medial head of the gastrocnemius,
SOL soleus
*p < 0.05, **p < 0.01, ***p < 0.001
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cardiopulmonary metabolic energy cost. The VM forms
a larger angle of insertion than the other muscles and
provides medial stability to the patella [31]. Although
the two knee extensors responded similarly under in-
clined treadmill gait conditions, we observed a more
pronounced increase in VM than in RF activity with a
steeper uphill grade. As compared with the biarticular
RF, the uniarticular VM can be recruited more effect-
ively as the knee extensor to selectively extend the knee
during the initial contact to the mid-stance phase of in-
clined walking [32]. From initial contact to the mid-
stance phase, an increase in VM activity seemed to lead
to knee extension, which stabilized the knee joint as the
slope increased.
Even though ES muscle activity was greatly increased

in both the stance and swing phases during inclined
treadmill gait, ES muscle activity was irrelevant in rela-
tion to the change in net cardiopulmonary metabolic en-
ergy cost. In contrast with the dynamic actions of the
SOL, GCM, and VM muscles, the ES muscle showed
isometric actions. These findings may support the notion
that dynamic muscle actions consume more oxygen than
isometric actions due to a large change in muscle length
with contraction and relaxation [33]. In this study, the
key muscles showing a high correlation with increased
net cardiopulmonary metabolic energy cost during in-
clined treadmill gait were the SOL, GCM, and VM. To
reduce the net cardiopulmonary metabolic energy cost
and improve the efficiency of inclined walking, strength-
ening and ensuring efficient use of these muscles are
very important in older adults.
One limitation of this study is a possible lack of robust

generalizability due to our small sample size. Another
limitation is that we did not include other gait parame-
ters such as joint angle and moment in the analysis. Fu-
ture studies are needed to confirm correlations between
various gait parameters and net cardiopulmonary meta-
bolic costs during inclined walking. Nevertheless, the re-
sults of this study can be used as basic data for
designing walking-related training program and for the
development of algorithms of wearable walking-assist
robots for older adults.

Conclusions
This study demonstrated that net cardiopulmonary
metabolic cost and lower-limb muscle activity increase
under inclined treadmill conditions in older adults. The
key muscles showing a significant relationship with in-
creased net cardiopulmonary metabolic energy cost dur-
ing inclined treadmill gait were the SOL, GCM, and VM
muscles. These muscles seemed to be important keys to
controlling the net cardiopulmonary metabolic energy
cost under inclined gait conditions in older adults.
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