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Objective: Though multicomponent exercise training was found beneficial in improving the physical
functionality, the effects of multicomponent exercise training on muscle oxygenation are still unclear.
The purpose of this study was to investigate the effects of multicomponent exercise training on muscle
oxygenation in young and older participants.
Methods: In this study, 17 young adults (Y) and 18 healthy older adults (E) were recruited to receive a
multicomponent exercise training for 12 weeks, 2e3 sessions per week. Muscle oxygenation, muscle
strength, and electromyography data were collected and compared pre- and post-training. Muscle ox-
ygen saturation (SpO2) during isometric knee extension tests involving voluntary contraction (VOL) and
electrical stimulation (ES) was measured by near-infrared spectroscopy. The SpO2 kinetics in the
contraction and recovery phases were calculated using a tangential model to extract DSpO2 and in-
flection time (IF).
Results: Muscle strength significantly increased in the post-training (234.31 ± 83.2 N$m, p < 0.05). The
post-training DSpO2 of the ES in the Y (8.43 ± 5.35%) significantly increased and was higher than that in
the E (2.78 ± 3.03%, p < 0.05). In the recovery phase, the post-training IF of VOL (7.07 ± 3.31s) was
significantly shorter than that of the pre-training period (8.73 ± 4.46s, p < 0.05). Additionally, the median
frequency of electromyography significantly decreased in the post-training period (103.84 ± 21.75 Hz,
p < 0.05).
Conclusion: The multicomponent exercise training improved the muscle strength, neuromuscular per-
formance, and muscle aerobic function irrespective of age. The primary adaptation of the muscles to the
multicomponent exercise training between the two groups varied.

© 2022 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommo

ns.org/licenses/by-nc-nd/4.0/).
1. Introduction

A multicomponent exercise training is an effective method for
improving and maintaining the physical function and performance
in older adults, specifically when the aerobic and resistance exer-
cises are combined.1,2 Evidence suggests that multicomponent
training has positive effects on muscle mass, muscle strength, and
cardiorespiratory fitness in older adults.3 The exercise training type
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is the key factor that influences the adaptation of the intramuscular
oxygenation performance.4,5 Aerobic exercise training improves
the muscle oxidative capacity,1 whereas resistance training in-
creases the oxygen demand of the contracting muscles.6 However,
the influence of multicomponent exercise training on the muscle
metabolism is still not completely understood.

A decline in the muscle oxidative capacity during exercise is
directly associated with age-related changes in muscle composi-
tion.7,8 Muscle performance, measured on the basis of the oxidative
metabolism, is influenced by the preferential atrophy of type II fi-
bres usually associated with aging.9 Furthermore, changes in the
muscle composition affect the microvascular O2 pressure, thereby
decreases or increases O2 extraction in the contracting muscles.8,10
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Compared with young adults, older adults require considerably
more recovery time for muscle reoxygenation during the recovery
phase, whereas their muscle deoxygenation is faster during the
exercise phase11,12; moreover, age influences the oxygenation
performance.11,13

The recruitment pattern of the human skeletal muscles during
an electrical stimulation (ES) is nonselective.14 Therefore, fast mo-
tor units can be activated at relatively low force levels.14 The
composition and recruitment of the fast muscle fibers is indirectly
reflected through the neuromuscular ES.15 During such stimulation,
the recruitment of the fast motor units increases the oxygen de-
mand of the contracting muscles and enhances the oxygen satu-
ration (SpO2) level in the recovery phase.16,17 Evaluating the ES-
induced muscle metabolic change can provide a comprehensive
understanding of the muscle function.18 Moreover, a study on
neuromuscular changes reported a significant reduction in the
threshold value of the motor unit recruitment following a short-
term muscle strengthening training.19 Therefore, an increase
could be observed in the oxygen demand during the ES-induced
muscle contraction following a short-term exercise training
because of the decreased threshold of the motor unit recruitment.

Various approaches, including the transcutaneous oxygen
measurement, pulse oximetry, and functional magnetic resonance
imaging,20,21 have been used for examining tissue oxygenation
caused by oxygen utilization in the skeletal muscles. Near infrared
spectroscopy (NIRS) is a recently developed, noninvasive optical
technique that has been used for evaluating the hemodynamics of
the muscle tissues.22e24 The different wavelengths of near infrared
light were used for estimating the light absorption of oxygenated
and deoxygenated hemoglobin that can reflect oxygenation per-
formance in contracting muscle.25 Furthermore, one advantage of
NIRS compared to other techniques is its ability to measure the
instantaneous oxygenation response in a less restricted environ-
ment.26 Thus, NIRS is extensively used for monitoring the muscle
oxygenation performance during dynamic exercises22 and is a valid
and reliable technique reflecting the adaptation of exercise
training.20 Furthermore, it was suggested that the application of
NIRS is suitable for aging related issues. Research are needed to
further investigate the influence of different exercise training mo-
dalities on muscle oxygenation for older adults.5

Most studies have investigated the influence of single compo-
nent exercise training by including one or several age-based groups
at a time4,6; however, few studies have examined the metabolic
adaptation of muscle oxygenation after multicomponent exercise
training.5 Notably, no study has yet compared the adaptation of
muscle oxygenation after multicomponent exercise training be-
tween young and older adult groups. To bridge this gap, this study
examined the effects of a 12-week multicomponent exercise
training regimen on the adaptation of muscle oxygenation through
NIRS and compared them between young and older participants.
The influences of multicomponent exercise training regimen on the
muscle oxygenation kinetics was investigated in the muscle
contraction and recovery phases, which included voluntary
contraction (VOL) and ES-induced contraction. Furthermore, the
effects of training on neuromuscular changes were determined on
the basis of the surface electromyographic data, which was quan-
tified using the median frequency (MF) of the frequency spectrum.

2. Methods

2.1. Participants

Seventeen young adults (10 females and 7 males, 19.70 ± 1.59
years) and 18 healthy, community-dwelling older adults (11 fe-
males and 7 males, 61.57 ± 5.02 years) participated in the study. No
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participants had any cardiac and musculoskeletal diseases. After
being fully informed of the procedures, the participants gave their
written consent. The experiments were approved by the Human
Experiment and Ethics Committee of National Cheng Kung Uni-
versity Hospital, Taiwan (B-ER-100-404).

2.2. Experimental design

Fig. 1. shows the experimental design of this study. The young
(Y) and older adult (E) groups received a supervised multicompo-
nent exercise training regimen in 2e3 sessions per week for 12
weeks, prior to which they had no exercise training experience.
Data on the maximal muscle strength during isometric knee
extension, muscle oxygenation, and electromyography collected
from pre- and post-assessments were compared.

2.3. Multicomponent exercise training regimen

Table 1 shows the multicomponent exercise training regimen of
this study that is comprised of aerobic exercise and resistance
training. All participants performed a 45-min aerobic exercise after
30 min of resistance training. The resistance training consisted of
lower and upper body exercises was performed on weight ma-
chines. The lower limb exercises included seated leg extensions,
double-leg presses, and leg curls. The upper limb exercises included
vertical bench presses, seated latissimus pull downs, tricep push-
downs, and bicep curls. The training intensity was 15 repetitions
maximum (RM) with two sets per exercise throughout the 12-week
training period and the repetition tempo was required for 2 s
eccentric phase and 1 s concentric phase, respectively. According to
the overload principle, when 15 repetitions of the subscribed ex-
ercise were accomplished for three consecutive training days, the
load was increased by 1.5e10 kg based on the upper or lower body
as well as the participant's physical condition.

The aerobic exercise included 5e10 min of warm-up, a 30-min
aerobic dance training session, and a 10 to 15-min cool-down
period. The aerobic dance exercise included walk in place, run in
place, heel steep, jumping jacks, knee jumps, grapevine, V step and
other combined exercises. A rating of perceived exertion (RPE) scale
was used for determining the intensity of the aerobic dance exer-
cise. The Borg scale is the most frequently used RPE scale utilizing a
rating range of 6e20.27 In this study, the exercise intensity of the
aerobic dance training was set to and controlled at the RPE scales of
13e15 for each participant. In addition, all exercise sessions were
supervised for ensuring correct lifting and landing techniques and
for monitoring the appropriate durations of the exercise and rest
intervals.

2.4. Evaluation of muscle oxygenation through NIRS

Instantaneous muscle oxygenation measurements were esti-
mated noninvasively by using the frequency domain NIRS
(Imagent, ISS Inc., Champaign, IL, USA). NIR light of two wave-
lengths (690 and 830 nm) were used for estimating the optical
parameters of hemoglobin; they were delivered to the muscle tis-
sue by an emitter.28,29 Because of the light scattering effect, NIR
light travels through the muscle tissue and is collected by the de-
tector. The changes in the absorption and scattering coefficients at
two wavelengths can be used to estimate the oxygenated hemo-
globin (HbO2) and deoxygenated hemoglobin (Hb) concentra-
tions,29 following which the blood volume (total hemoglobin
concentration, [tHb] ¼ [HbO2]þ[Hb], mM) and the SpO2
(100 � [HbO2]/[tHb], %) were derived.28 The SpO2 reflects the dy-
namic balance between the oxygen delivery and oxygen con-
sumption in the investigated skeletal muscle tissue. A study



Fig. 1. Schematic of the experimental design. The maximal muscle strength during isometric knee extension, muscle oxygenation, and electromyography data of the vastus lateralis
muscle for both groups were collected and compared at the pre- and post-training periods.

Table 1
Multicomponent exercise training regimen.

Duration Training content Intensity Time Frequency

12
Weeks

Resistance training

15 repetitions
maximum

30 min

2e3 days per week

1. The lower limb exercises: seated leg extensions, double-leg presses, and leg curls.
2. The upper limb exercises: vertical bench presses, seated latissimus pull downs, tricep
pushdowns, and bicep curls.
3. Number of sets: 2 sets per exercise.
4. Rest interval between set: 1e2 min

Aerobic exercise

Weeks 1e4:
RPE 13
Weeks 4e8:
RPE 13-14
Weeks 9e12:
RPE 13-15

45 min
1.Exercise content: 5e10 min of warm-up, a 30-min aerobic dance training session,
and a 10 to 15-min cool-down period.
2. Warm-up: walking on treadmill.
3. The aerobic dance exercise: walk in place, run in place, heel steep,
jumping jacks, knee jumps, grapevine, V step and other combined exercises.
4. Cool-down: muscle stretching

RPE, rating of perceived exertion.
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reported that the SpO2 can be an indirect indicator of the muscle
oxygen demand, and a considerable decrease in the SpO2 indicates
a higher oxygen demand in the contracting muscle.30 In this study,
the SpO2 data were collected from the vastus lateralis (VL) muscle
by using a multidistance probe at a 5-Hz sampling rate.

The skin was first cleaned and abraded with alcohol to remove
contamination before taking measurements. To reduce motion ar-
tefacts, the NIRS probe was firmly placed on the skin overlying the
middle part of the VL and was secured using an adhesive tape and
elastic wrap. The NIRS multidistance probe has four emitter posi-
tions with emitteredetector distances ranging from 1.95 to 3.53 cm.
The thicknesses of the adipose tissue at the site of the probe,
measured using a skinfold calliper (Slim Guide, Creative Health
Products, Plymouth, MI, USA), were 7.89 ± 3.48 and 6.77 ± 2.16 mm
in the Y and E groups, respectively. Because the adipose tissue
thickness was less than half the sourceedetector distance,31 the
penetration depth of the NIRS signal thus reasonably reflected the
hemodynamic change in the VL muscle. Moreover, the multiple-
distance probe was applied to minimize the effect of individual
adipose tissue thickness on effective optical signals.32 For the pre-
training measurements, the optimal light intensity with effective
optical coefficients was estimated using an NIRS device for each
participant. The recorded optimal light intensity was used for the
post-training measurements for reducing variations between the
two oxygenation measurements. The measurements of muscle
oxygenation were recorded throughout the examination
comprising 30-s rest and isometric contraction phases and a 120-s
recovery phase.
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2.5. Muscle oxygenation measurement during the voluntary and
ES-induced isometric contractions

To collect the NIRS data during the voluntary isometric
contraction, all participants performed an isometric knee extension
test by using a custom-made isometric strength device, as
described elsewhere.6 The torque value (N$m) of the knee exten-
sion was displayed on a monitor placed in front of the participant
performing the test for real-time visual feedback. An external
triggerwas used for synchronizing the NIRS and torque acquisitions
during the isometric knee extension test. In addition to the
voluntary contraction, participants from both groups performed an
ES-induced isometric knee extension test for acquiring muscle
oxygenation data (Fig. 2). A commercial biphasic electrical stimu-
lator (ZMI Inc., Taiwan) was used with a 20 Hz stimulus frequency
and 300 ms pulse width for recording the neuromuscular ES. The
electrodes (10 � 4.5 cm2) were positioned such that the cathode
was over the motor point of the quadriceps and the anode was
positioned center-to-center at 20 cm distal to the cathode. The start
and end of the neuromuscular ES were controlled using a stimu-
lation controller.

At pre-training, the maximal voluntary contraction (MVC) of
isometric knee extension was evaluated using a Biodex System 3
PRO dynamometer (Biodex Medical Systems Inc., Shirley, NY, USA),
and the torque value of 20% MVC was set as the target level for the
voluntary isometric knee extension test. After the MVC test, the
participants were asked to perform isometric knee extension test
by using a custom-made isometric strength device under two
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conditions: (1) an ES at 50 mA for 30 s and (2) a VOL at a relative
exercise intensity (20% MVC) for 30 s. To avoid muscle fatigue, the
participants were given sufficient time to rest between the tests.
During the two types of isometric knee extension tests, the start
and end of the exercise were signaled to the participants by visual
and audio cues. Moreover, some instructed trials were provided for
all participants for familiarizing with isometric knee extension at
the target torque level. After completing the 12 weeks of training,
both groups repeated the ES-induced and voluntary isometric
contraction tests at the same exercise intensities as pre-training for
additional muscle oxygenation measurements.
2.6. Surface electromyography measurement during the voluntary
isometric contraction

The surface electromyographic (sEMG) activity was recorded
continuously during the voluntary isometric contraction by using a
Biopac MP100 data acquisition system with EMG 100C amplifier
(Biopac Systems Inc., Santa Barbara, CA, USA). The VL muscle sEMG
activity was monitored using two surface AgeAgCl circular elec-
trodes positioned 2 cm apart over the distal half of the muscle belly
and aligned longitudinally along the muscle fibers. The ground
electrode was placed over the bony medial epicondyle area of the
femur. The sEMG signals were amplified at a gain of 500 and then
sampled at 2 k$Hz for further processing. Before positioning the
electrodes for measurements, the skin was abraded for reducing
the skineelectrode impedance values to less than 5 kU.
2.7. Data analysis

A hyperbolic tangent equation was used to fit the muscle tissue
oxygenation curves (Y) measured during the isometric contraction
and recovery phases as a function of time (t) for determining the
SpO2 kinetics:

Y¼ a� tanhðb� t� cÞ þ d

In the contraction phase, the DSpO2 was estimated using the
maximum and minimum SpO2 values by using the parameters d�a
and dþa, respectively, and the DSpO2 was used as an indirect in-
dicator of the muscle oxygen demand.6 The coefficients derived in
the recovery phase, the IF and c/b, represent the time required for
yielding a range of 50% of the change. The IF reflects the half-
reoxygenation time of the SpO2 in the recovery phase and was
Fig. 2. Experimental setup. The participant sat on a custom-made isometric torque
measurement device with an electrical stimulator. An electrical stimulator is used to
generate an electrical current into the right quadriceps for stimulating muscle. A
multidistance optical probe was placed on the vastus lateralis muscle for acquiring the
muscle oxygenation data during the isometric contraction. A/D: analogue to digital
converter, NIRS: near infrared spectroscope, PC: personal computer.
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used for evaluating the effect of exercise training on the muscle
aerobic function.28

In addition to the SpO2 kinetics data, frequency spectrum
analysis was conducted for evaluating the sEMG data. The raw
sEMG signals were processed using a band-pass filter (bandwidth:
10e400 Hz) and detrended prior to performing the fast Fourier
transform. The MF was then calculated for determining the distri-
bution of the sEMG frequency content. All data analyses were
performed using Matlab (Version 7.6, The MathWorks Inc., Natick,
MA, USA).

2.8. Statistical analyses

The data on the physical characteristics of the participants,
namely the age, height, body weight, body mass index, adipose
tissue thickness at the site of the NIRS probe, and maximal muscle
strength during isometric knee extension, the SpO2 kinetic pa-
rameters, namely DSpO2 and IF, and the MF of the sEMG are pre-
sented as the mean ± standard deviation (SD). The adipose tissue
thickness, muscle strength, SpO2 kinetics, and MF data were
analyzed using the two-way analysis of variance (ANOVA) for the
mixed design, and a post hoc test was conducted for assessing the
effects of age (as an inter-participant factor) and training (as an
intra-participant factor) on the measured variables. When an
interaction was observed, the differences for each measured vari-
able between the pre- and post-training periods were compared
using the paired t-test. The differences between the groups for each
measured variable were compared using the independent t-test.
The statistical analyses were performed using SPSS software
(Version 17.0, SPSS Inc., Chicago, IL, USA). The results were
considered statistically significant at p < 0.05.

3. Results

3.1. Participant characteristics

Baselines for the physical characteristics of the participants are
given in Table 2. No significant difference in the adipose tissue
thickness at the site of the NIRS probe between the two groups was
observed. The two-by-two factorial ANOVA revealed significant
effects of training and age on themuscle strength. The post-training
muscle strength in both Y and E groups was significantly higher
(234.31 ± 83.2 N$m) than was the pre-training muscle strength
(210.07 ± 87.11 N m) (F ¼ 5.470, p ¼ 0.026, h2 ¼ 0.154). However,
the muscle strength of the E group at both pre- and post-training
periods was significantly lower (185.85 ± 50.23 N m) (F ¼ 6.875,
p ¼ 0.014, h2 ¼ 0.186) than that of the Y group at both training
periods (258.15 ± 88.05 N$m).

3.2. Oxygen saturation kinetics

Fig. 3 shows the representative SpO2 kinetics at the pre- and
post-training periods recorded during the VOL test performed by
the participants from both groups. The SpO2 decreased in all par-
ticipants from the beginning of the isometric contraction. After the
12 weeks of training, the DSpO2 did not significantly increase or
decrease in either group. However, the decreased IF in the recovery
phase at the post-training period was more apparent in the E group
than in the Ygroup. Fig. 4 shows the representative SpO2 kinetics at
the pre- and post-training periods recorded during the 50 mA ES
test for both groups; the DSpO2 of the Y group but not the E group
increased in the post-training tests.

Table 3 shows the SpO2 kinetics data of the voluntary and ES-
induced contractions recorded during the muscle contraction and
recovery phases. The two-by-two factorial ANOVA revealed a
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significant age and training and the DSpO2 of the ES (F ¼ 5.009,
p ¼ 0.032, h2 ¼ 0.132). The results of the paired t tests showed that
the DSpO2 of the ES increased significantly in the Y group
(p ¼ 0.034) after the 12 weeks of training. The independent t tests
showed that the post-training DSpO2 of the ES was significantly
higher in the Y group than in the E group (p ¼ 0.000).

The IF was analyzed in the recovery phase. The two-by-two
factorial ANOVA revealed significant effects for training and age.
The post-training IF of the VOL in both Y and E groups was signif-
icantly shorter (7.07 ± 3.31s) than the pre-training IF (8.73 ± 4.46s)
(F¼ 4.398, p¼ 0.044, h2¼ 0.118). The IF of the VOL of the E group in
the pre- and post-training periods was significantly longer
(9.25 ± 4.49s) (F ¼ 8.240, p ¼ 0.007, h2 ¼ 0.200) than that of the Y
group at both training periods (6.47 ± 2.78s).

3.3. MF of the surface electromyographic frequency spectrum

Fig. 5 shows a representative frequency spectrum of the sEMG.
The MF decreased in the post-training period in both the older and
young participants; however, the decrease was higher among the
young participants. The results of the two-by-two factorial ANOVA
revealed significant effects for training. The post-training MF value
in both Y and E groups was significantly lower (103.84 ± 21.75 Hz)
than the pre-training MF value (115.23 ± 22.15 Hz) (F ¼ 5.809,
p ¼ 0.022, h2 ¼ 0.154).

4. Discussion

To further investigate the influence of a multicomponent exer-
cise training on the skeletal muscles, the oxygen demand of the
working muscles and the muscle aerobic function were evaluated
through NIRS, and neuromuscular changes were estimated through
the sEMG. The major findings of this study are as follows: (1) The
multicomponent exercise training improved the muscle perfor-
mance irrespective of age. (2) A considerable increase in themuscle
strength observed in the young participants was possibly because
of the improvements in the neuromuscular performance, whereas
the older participants showed an evident decrease of reoxygena-
tion time in the recovery phase.

4.1. DSpO2 in the VOL and ES-induced contraction phases

To avoid a severe blood flow occlusion,6 muscle oxygenation
was evaluated at a low isometric contraction intensity. The DSpO2
during the VOL isometric contraction showed no significant dif-
ference at the pre-training period between the two groups, and the
DSpO2 for both groups did not significantly increase after the 12
weeks of training regimen (Table 3). Exercise training increases the
capillary density, oxidative capacity, and mitochondrial density,
thus increasing oxygen extraction from arterioles and capillaries in
the skeletal muscles.4 Multicomponent exercise training has
Table 2
Physical characteristics of the participants (mean ± SD).

Age (years) 61
Height (cm) 15

Body weight (kg) 63
BMI (Body weight/height2) 24

pre-training post-training

Adipose tissue thickness (mm) 6.94 ± 2.59 6.70 ± 2.48
Maximal muscle strength (N$m) 181.60 ± 44.98 190.10 ± 53.1

BMI, body mass index; E, older group; NIRS, near infrared spectroscopy; Y, young group
Two-by-two factorial ANOVA results (p < 0.05): xmain effect for age; ※main effect for tr
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beneficial effects on the aerobic capacity.1 A study on resistance
training indicated that a long-term training regimen increases the
oxygen demand of the working muscles in both young and older
participants.6 However, in this study, the multicomponent exercise
training regimen did not increase the DSpO2 during muscle
contraction. Although the muscle strength significantly increased
in the post-training period (Y group, þ 16.76%; E group, þ 4.68%),
the metabolism requirement of the working muscle based on the
oxygen demand did not change. By contrast, an earlier study indi-
cated that exercise training increases the motor unit recruitment,
firing rate, and synchronization.33 The related neural alterations
can be observed as a decrease in the frequency of the sEMG signal
or an increase in the sEMG amplitude.33 In this study, the post-
training MF in both Y and E groups was significantly lower than
at the pre-training MF, and the Y group showed a larger decrease
(�12.82%) than the E group (�6.74%) did. Therefore, the sEMG and
DSpO2 data of the contraction phase suggested that the increased
muscle strength following the multicomponent exercise training
regimen was accompanied by the neuromuscular changes but did
not show a significant increase in the metabolic requirements
during the VOL.

In contrast to the E group, the DSpO2 of ES in the Y group
significantly increased at the post-training period. The influence of
the adipose tissue thickness on the ES was limited because no
significant difference was observed in the thickness between the
two groups. The recruitment patterns of the human skeletal mus-
cles during the ES are different to those during the VOL. The ES can
be used to preferentially activate the fast motor units at relatively
low force levels.14 Studies on the ES evaluated the level of muscle
oxygenation and indicated that preferentially activating the fast
motor units increases the oxygen demand.17,30 Moreover, studies
have indicated that the force development and neural drive of the
skeletal muscles can be enhanced through resistance training.34

Specifically in young adults, an enhanced muscle strength
following a training regimen is accompanied by a reduction in the
motor unit recruitment thresholds.19 According to the results of this
study, the 12-week multicomponent training regimen significantly
increased the muscle strength. Thus, the resistance training of the
multicomponent training regimenmight have decreased the motor
unit recruitment threshold for the Y group, enhancing the recruit-
ment of the fast motor units during the ES and resulting with a high
oxygen demand. However, the DSpO2 of the ES did not increase in
the E group, suggesting a significant difference in the training
adaptation between the older and young participants. Specifically,
the primary muscle adaptation to the multicomponent exercise
training regimen in the older participants may not reflect the
improvement in the motor unit recruitment.

4.2. IF in the recovery phase

The IF of the VOL in the recovery phasewas longer in the E group
E group Y group

.50 ± 5.15 19.82 ± 1.59
9.61 ± 8.09 166.11 ± 7.80
.76 ± 9.56 62.54 ± 10.51
.89 ± 2.69 22.61 ± 3.10

pre-training post-training Main effects

7.81 ± 3.65 7.81 ± 3.59 e

238.54 ± 86.88 278.52 ± 86.18 x※p < 0.05

.
aining; ＃interaction effect; � no main effect or interaction effect.



Fig. 3. Typical oxygen saturation (SpO2) data during the voluntary contraction (VOL). The SpO2 kinetics data (mean ± SD) measured during the voluntary contraction at pre- (…)
and post- (d) trainings in the young (a) and older (b) groups. Vertical dashed lines represent the beginning (at 30 s) and the end (at 60 s) of the isometric contraction.
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(9.25 ± 4.49s) than in the Y group (6.47 ± 2.78s). Ichimura et al.
suggested that the half-recovery time of muscle oxygenation in
older adults is longer because of the impaired muscle aerobic
function.12 The results of this study are consistent with the afore-
mentioned result, showing that the decline in the muscle aerobic
function in the older participants delayed the recovery time of
muscle oxygenation. Moreover, the IF of the VOL in both groups
decreased following the 12 weeks of training regimen, and the
decrease was higher in the E group (�26.45%) than in the Y group
(�6.57%). Aerobic exercise training can enhance the muscle aerobic
function in both young and older people.35 Coggan et al. reported
that older participants who underwent an exercise training
regimen showed a higher muscle oxidative capacity and muscle
blood flow than did untrained participants.36 Exercise training can
reduce the reoxygenation time because of the improved oxygen
delivery to the working muscles.12 However, Lin et al. reported that
the muscle aerobic function (i.e., reoxygenation time) in older
participants did not significantly improve even after a long-term
resistance training regimen.6 This result suggests that the
improved muscle aerobic function of the E group observed in this
study could be attributed to the aerobic exercise training of the
multicomponent exercise training regimen. Although the older
participants did not exhibit a higher enhancement in the muscle
strength than the young participants did, a considerable
143
improvement in the muscle aerobic function in the older partici-
pants was observed following the 12 weeks of training.

Although the IF of the VOL in the E group reduced considerably
in the post-training period, the IF of the ES did not vary significantly
considering the effects of training and age. In addition, the IF of the
ES in the Ygroup did not increase or decrease significantly after the
12 weeks of training regimen. The half-recovery time of muscle
oxygenation after the voluntary contraction was used for evalu-
ating the muscle aerobic function.12 Hamaoka et al. indicated that
muscle reoxygenation is considerably correlated to phosphocrea-
tine resynthesis.37 Phosphocreatine is resynthesized through the
creatine kinase reaction.38 However, McNeil et al. showed that the
ES-induced muscle contraction enhances the skeletal muscle
metabolism through the glycolytic pathway, leading to a consid-
erable production of anaerobic metabolites (i.e., lactate).16 During
recovery after an ES, the accumulated blood lactate may decrease
phosphocreatine resynthesis.39 However, a study suggested that
the increased blood flow (i.e., rapid reoxygenation) in the skeletal
muscles during recovery after an ES was for the removal of anaer-
obic metabolites,16 and the evaluation of the muscle oxidative ca-
pacity could be affected by the abundant amount of lactate.
Therefore, further investigation is required for a comprehensive
understanding of the influence of the ES on muscle oxygenation
when using an ES for assessing the effects of training regimens.



Fig. 4. Typical oxygen saturation (SpO2) data during the electrical stimulation (ES). The SpO2 kinetics data (mean ± SD) measured during a 50 mA electrical stimulation at the pre-
(…) and post- (d) trainings in the young (a) and older (b) groups. Vertical dashed lines represent the beginning (at 30 s) and the end (at 60 s) of the isometric contraction.

Table 3
SpO2 kinetics and median frequency of sEMG (mean ± SD).

E (pre-training) E (post-training) Y (pre-training) Y (post-training)

Contraction phase Interaction
DSpO2 (VOL) 4.03 ± 2.61 3.72 ± 2.13 4.04 ± 1.43 5.21 ± 5.28 e

DSpO2 (ES) 3.11 ± 3.42 2.78 ± 3.03 4. 91 ± 3.63 d＆8.43 ± 5.35 cp < 0.05
Recovery phase Main effects

IF (s) (VOL) 10.66 ± 4.82 7.84 ± 3.76 6.69 ± 2.99 6.25 ± 2.63 a,bp < 0.05
IF (s) (ES) 8.27 ± 5.93 7.96 ± 4.85 7.49 ± 5.17 12.21 ± 8.11 e

Contraction phase Main effects
MF (Hz) 111.41 ± 25.02 103.90 ± 26.20 119.06 ± 18.83 103.79 ± 17.01 bp < 0.05

E, older group; ES, electrical stimulation; IF, inflection time; MF, median frequency; sEMG, surface electromyography; SpO2, oxygen saturation; VOL, voluntary contraction; Y,
young group.
Two-by-two factorial ANOVA results (p < 0.05):

a main effect for age;
b main effect for training;
c interaction effect; � no main effect or interaction effect; ＆significant difference compared with the pre-training period;
d significant difference compared with the E group at the post-training period.
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5. Conclusion

In the current study, the muscle oxygenation data acquired
through NIRS was used for investigating the muscle metabolism.
The increase ES-induced DSpO2 and lower MF in the young
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participants suggest neuromuscular adaptations following the 12
weeks of training regimen, which may have caused an increase in
the muscle strength rather showing any improvements in the
muscle metabolism. Although the older participants did not show a
significant enhancement in the VOL- or ES-induced DSpO2 during



Fig. 5. Typical surface electromyographic frequency spectrum (sEMG) data. The sEMG data measured during the voluntary contraction (VOL) at the pre- and post-trainings in the
young (a) and older (b) participants. Vertical solid lines represent the median frequency at the pre- and post-trainings.
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muscle contraction, they showed a more evident improvement in
themuscle aerobic function because of the considerable decrease in
the reoxygenation time than the young participants did. The cur-
rent study considered age and training effect but was delimited to
gender differences. The gender differences can be investigated in
future research. The results suggest that the 12-week multicom-
ponent exercise training regimen used in this study enhanced the
muscle strength, neuromuscular performance, and muscle aerobic
function with variations in the young and older participants.
6. Practical applications

According to this study, it was shown that NIRS was suitable for
investigating the muscle metabolism not only during exercise but
also in the recovery phase. Additionally, the multicomponent ex-
ercise training has a benefit to improve muscle function with
different aspects.
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