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of Kinesiology, Kyungpook National University, Sangju, Republic of Korea, *Advanced Institute of
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This study aimed to investigate the progression of muscle fatigue during
submaximal efforts by examining alterations in muscle activation and oxygen
saturation, employing surface electromyography (sEMG) and near-infrared
spectroscopy (NIRS) measurements. Participants performed intermittent
voluntary isometric knee extension tasks at 50% of maximal voluntary
contraction to induce muscle fatigue. This was conducted consecutively until
they could no longer generate the target torque. Knee extension torque, sEMG,
and NIRS data from the vastus lateralis were collected. Torque variability, the
magnitude and frequency of the ;EMG signal, and NIRS-derived parameters
of the tissue oxygen saturation index (TSI) were analyzed. An increase in the
magnitude (p < 0.001) and a decrease in the spectrum (p < 0.001) of the ;EMG
signal were observed, followed by a rise in torque variability (p < 0.001), despite
the average magnitude of knee extension torque remaining constant across the
trials. The NIRS measurements indicated alterations in TSI parameters, reflecting
increased metabolic demand and diminished oxygen supply in the fatigued
muscle (p < 0.001). Furthermore, significant interrelationships were found
between changes in torque, sEMG, and NIRS variables due to the development
of muscle fatigue. Our findings provide a comprehensive understanding of
the development of muscle fatigue, highlighting the interconnectedness of
mechanical, electrical, and metabolic responses during submaximal efforts. The
reduction in force-generation capacity due to muscle fatigue is reflected in
the cEMG signal and manifests as an increase in motor variability. This study
identified changes in the EMG and NIRS parameters, and significant interrelation
between the two metrics during the process of fatigue accumulation. These
findings have the potential to provide crucial knowledge for the prediction of
fatigue from either EMG signal or hemodynamic signals of the muscles.
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1 Introduction

Muscle fatigue is commonly defned as an exercise-induced
reduction in the capacity to perform physical actions, ofen
evidenced by a decrease in maximal muscle force or joint
torque (Allen et al., 2008). It arises from impairments in various
physiological factors crucial for enabling contractile proteins to
generate mechanical output. Tese factors include alterations
in neural contributions, regulation of excitation-contraction
coupling, and various metabolic factors (Allen et al., 2008;
Kent-Braun et al., 2012). Interestingly, in tasks demanding
submaximal efort, which encompasses most activities of daily
living, these physiological fatigue processes begin to manifest
before any noticeable loss of force occurs (Gandevia, 2001;
Sogaard et al., 2006; Enoka and Duchateau, 2008). T e current study
focused on this process of fatigue accumulation before reduction of
mechanical output by examining changes during fatigue-inducing
contraction.

Te most evident phenomenon resulting from muscle fatigue
was an increase in torque variability, even in participants capable
of generating target torque (Contessa, Adam and De Luca,
2009). Furthermore, surface electromyography (;EMG) has been
used to assess muscle fatigue (Farina et al., 2014). Changes
in sEMG signals caused by muscle fatigue are measured in
both the time and frequency domains. In the time domain,
the integrated EMG (iIEMG) is a commonly analyzed variable,
refecting the intensity of electrical activity in the muscle. However,
the relationship between muscle force and EMG amplitude
is not invariably linear in the fatigued condition. Indeed, the
proportional relationship between muscle force and EMG amplitude
is not sustained in the presence of muscle fatigue, as evidenced
by the increase in EMG amplitude with diminished muscle
force (Tabasi et al., 2023). Tis increase may be caused by the
compensatory response to the reduced force-generation capacity
of muscle fhers such as recruiting high-threshold motor units
(Spiegel et al., 2012), synchronized activation of recruited motor
units (Danna-Dos Santos et al., 2010) and metabolic changes
in the fatigued muscle (Sahlin, 1992). In the frequency domain
analysis, a shif of the median and mean power frequencies toward
the lower band was observed (Cifrek, Medved, Tonkovic and
Ostojic, 2009).

Te functional role of the skeletal muscle as a physiological
structure can be described using the metaphor of a mechanical
motor that produces mechanical power while consuming gas and
producing heat (Hill, 1938). Te process of voluntary muscle
activation is infuenced by several factors, including neural drive,
regulation of excitation-contraction coupling, metabolic processes,
and heat, which is directly proportional to the mechanical work
of the activated muscles (Allen et al,, 2008; Kent-Braun et al.,
2012; Allen, Lamb and Westerblad, 2008; Kent-Braun et al., 2014).
Of particular relevance is the metabolic process within the
skeletal muscle, which relies on oxygen as an energy source.
Consequently, the near-infrared spectroscopy (NIRS) technique
has been employed to quantify local oxidative metabolism in
muscles during exercise. NIRS has been demonstrated to quantify
the index of tissue oxygen saturation (TSI) by evaluating the
proportion of oxygenated and deoxygenated hemoglobin within
the muscles. T is assessment has shown a reliable correlation to
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oxygen consumption, especially when the exercise intensity was
low to moderate (Lucero et al, 2018). It has been postulated
that several TSI parameters can refect the magnitude and
rate of oxygen desaturation during muscle contraction, as well
as the extent of recovery post-contraction. Tese parameters
have been demonstrated to provide reliably indicators of the
level of muscular efort, as evidenced by studies reporting
a correlation with joint torque (Sendra-Pérez C et al., 2023;
Muthalib et al., 2010). Te present study sought to address
this research questions, “Does the muscle require more or less
oxygen when the magnitude of the mechanical outcome is reduced
during the fatigue process?” Tis research question has been
partially addressed in previous studies. Specifcally, a decline in
the TSI and oxygenated hemoglobin levels during sustained force
production has been observed, suggesting its potential as an
indicator of the fatigue process (Keller et al., 2021; Keller et al.,
2022). Building upon the fndings of these earlier studies, the
present experiment had two primary distinct objectives. Firstly,
it sought to identify changes in NIRS parameters during the
progression of fatigue. Secondly, it examined the relationship
between NIRS parameters and other variables, such as torque
and ;EMG. Most previous studies utilizing NIRS to examine
muscle fatigue have focused on sustained torque production
tasks. Te results of such experiments provide only information
regarding the intensity or duration of the fatigue-inducing task.
However, in daily activities, rather than fatigue accumulating
due to sustained muscle contraction, it is more common for
fatigue to gradually build up through repetitive actions which
include both contraction and insufcient rest phases. A task in
which the contraction phase and insufcient rest phase occur
sequentially (Madeleine et al., 2002; Rashedi and Nussbaum, 2016),
ultimately leading to exhaustion, allows for the examination of the
fatigue and recovery process during repetitive torque production.
While prior studies have utilized intermittent torque production
protocol (Anders etal.,, 2021), the precise control of the rest
phase in these protocols has been lacking. Consequently, the
alternation in NIRS parameters during these repetitive rest phases
remain ambiguous.

Te purpose of this study is to investigate the changes in
joint torque variability, muscle EMG signal and oxygenation
during fatigue progression without a loss of mechanical
output. Our frst hypothesis was to confrm the induction of
fatigue as manifested in the task used in the current study.
We hypothesized that the development of muscle fatigue
would lead to an increase in torque variability, even if the
average torque magnitude remained constant. In addition,
we expected that fatigue would be refected by an increase
in the IEMG and a decrease in the MDF, as quantifed by
the EMG signals (Hypothesis 1). Te second hypothesis was
that the parameters of the TSI, measured by NIRS, would
change systematically in response to the development of
fatigue, refecting the changes in oxygen demand and supply
within the muscle tissue (Hypothesis 2). Te third hypothesis
focused on the relationship between mechanical outcomes,
<sEMG and NIRS variables. We postulated that these variables
would be interrelated during the development of muscle fatigue
(Hypothesis 3).

frontiersin.org


https://doi.org/10.3389/fphys.2025.1559893
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Song et al.

2 Materials and methods
2.1 Participants

Eleven male volunteers participated in this study. T eir average
age, weight, height, and thigh skinfold thickness were 26.74
+ 354 years, 7355 + 4.02kg, 175.14 + 3.76cm, and 10.9 +
2.1 mm respectively. All participants were right-leg dominance,
as determined by their preferred leg for kicking a ball. None of
the participants had a critical history of neuropathy or lower
extremity trauma. In addition, it was confrmed that all the
participants were able to perform the experimental task specifcally
designed for this study during participant screening procedures.
According to the regulation of the Seoul National University
Institutional Review Board, the experiment was conducted
upon the approval of the proposed human experiment afer
the committee review along with IRB approval code (IRB No.
1712/001-006).

2.2 Experimental procedure

Participants performed the intermittent voluntary isometric
knee extension tasks using an isokinetic dynamometer (Cybex
Humac Norm, CSMI, Stoughton, MA, USA) (Figure 1). Tey were
seated on the dynamometer with its axis of rotation aligned with
the right knee joint, using the lateral epicondyle of the femur as
an anatomical reference (Mafuletti et al., 2007; Kambic, Lains¢ak
and Hadzi¢, 2020). T e fully extended position of each participant’s
right knee was defned as 0°, and then adjusted to a 60° fexion
position. Te lever arm was positioned 2cm above the lateral
malleolus of the right leg. Te chest, hips, and thighs were
secured to the dynamometer chair with Velcro straps while the
side handle was held frmly to prevent excessive movement of
body segments that were expected to contribute signifcantly to
the measured knee extension value. T e rotation axis of the knee
was aligned with the mechanical axis of dynamometer, and the
lever arm was positioned 2 cm above the lateral malleolus of the
participants.

A wireless sEMG electrode (i.e,, sensor) (Trigno Wireless
EMG System, Delsys, Natick, MA, USA) and the NIRS sensor
specifcally designed to measure muscle oxygenation were used
to measure the EMG and hemodynamic changes in the knee
extensor muscle during the experimental protocol to induce
muscle fatigue (Figure 1). A portable, dual-wavelength (780 and
850 nm) continuous wave muscle oxygenation monitor (REPACE,
OBELAB, South Korea) was used to measure SmO, responses.
T e device employed two LED light sources and two photodiodes,
with multi source-detector distances (Choi and Han, 2019), and
the modifed Beer-Lambert law was used to account for light
scattering.

Te ;EMG electrodes were attached to the belly of the vastus
lateralis (VL) muscle of the right thigh using the manual palpation
and SENIAM guidelines (Lee et al., 2022; Finni and Cheng, 2009),
as the VL is known to be a primary representative muscle and shows
the strongest linear relationship with mechanical outcomes (i.e.,
outcome force due to muscle contraction) among the quadriceps
muscles (Alkner etal., 2000; Watanabe et al., 2018). T e NIRS device
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FIGURE 1
An illustration of the experimental setup. Participants positioned on the

dynamometer with their right knee joint flexed at 60°, gripping the side
handles firmly during the isometric knee extension torque production
task. A monitor in front of the them provided real-time visual feedback
on the knee extension torque. sEMG electrodes and NIRS sensors
were attached to the belly of the vastus lateralis muscle, ensuring the
measurement of joint torque, sEMG, and NIRS simultaneously.

was also attached to the VL, positioned more distally than the
sEMG electrodes, at 75% of the distance from the anterior superior
iliac spine to the lateral portion of the patella. Additionally, we
confrmed by preliminary test that there was no signal interference
between two devices. Knee extension torque, sEMG, and NIRS
data were sampled at frequencies of 100 Hz, 2000 Hz, and 10 Hz,
respectively, with all three measurement systems being physically
synchronized. We achieved synchronization by providing a trigger
pulse to three devices (force sensor, EMG, and NIRS) using the
customized LabVIEW program.

As a preliminary test, we frst measured the maximum knee
extension torque (MVICrq.,e) Of the participants’ right legs,
which was then used to determine the target torque level for each
participant to account for and normalize the diference in muscle
strength between participants. Te participants were required to
reach the maximum joint torque within 55, and they performed
two trials. We provided 3-min break between trials, and the average
of the peak values from two attempts was used as MVICrq.o,c.
Te (EMG signals from the VL muscle were also measured to
normalize the ;EMG signals from the main tasks. Afer completing
the MVIC. 0. task, the participants took a break of approximately
10 min, followed by the main tasks. A few participants requested
additional rest time, and we provided up to 30 min of rest.

Te intermittent voluntary isometric knee extension task was
to repeat the same magnitude of constant force production until
the participant’s force production profle was deviated from the
acceptable criteria. T e criteria were set such that the measurement
was stopped for a given episode if the torque generated by the
participant fell below 90% of the target torque and could not be
recovered within 5s (Taelman et al., 2011). Te level of target
torque (force) was set at 50% of the MVIC .. Note that multiple
episodes of steady-state force production were performed in a
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single trial, and the number of the episodes could vary between
the participants. Te computer screen was positioned 1.2 m in
front of the participant’s line of sight, displaying a horizontal bar
along the x-axis to represent the target torque level. When the
measurement began with the pop-up message on the computer
screen, the participants were instructed to reach the target torque
as accurately as possible within 1 s and to maintain the steady-state
torque for 30 s. Participants were able to monitor their produced
torque on the real-time feedback screen. Note that the measurement
was not stopped at the end of the frst episode, but the participants
was asked to rest while maintaining initial posture for approximately
30s. During the rest period, participants were instructed to relax
completely; therefore, zero torque should be observed during the
rest period. T'is duty cycle was determined through a preliminary
test to progressively induce fatigue while ensuring that participants
could sustain the task for multiple repetitions. T e initiation and
termination of each episode of force production was controlled
by the experimenter’s verbal cue. For example, afer 20s of rest,
the experimenter instructed participants to prepare for the next
episode of torque production episode. Te ;EMG and NIRS data
were collected simultaneously with the torque data during the
intermittent voluntary isometric knee extension tasks. Due to the
nature of the current experimental protocol, the total durations
of the experimental time were varied, but the time variation
between the participants was ho more than £10 min. Te entire
experiment, including orientation, experimental preparation, and
the main test, lasted approximately less than 40 min for most
participants.

2.3 Data analysis

Tree data sets, including torque, sEMG, and NIRS, were
analyzed ofFine using customized code written in MATLAB (Math
Works Inc., Natick, MA, USA). Within a single trial, multiple
episodes were identifed, with the understanding that the target
torque was to be maintained at a consistent level, and the produced
torque was to be larger than 90% of the target value on average over
each episode. Te frst episode that deviated from the predefned
criteria was classifed as a failed episode. It should be noted that
the data from these frst episodes, as well as the failed episodes for
each trial, were excluded from further analysis (see Figure 2A). In
particular, the average torque of the last episode was less than 90%
of the target torque, which was the criterion for ceasing the task.
On average across participants, the number of episodes selected for
the data analysis was 6.8 (+1.3 standard deviation, SD), ranging
from5to0 9.

2.3.1 Resampling over a percentage of time
Because the number of episodes varied across participants, the
following steps were taken to obtain comparable data set across
participants: 1) Data from multiple episodes within a single trial
from a given participant were aligned in chronological order. 2) Te
aligned data were resampled at 100 points (100% in time), excluding
data from the frst and last episode data. 3) Te resampled data
were divided into fve time phases, 0020, 20040, 40060, 60080,
and 80%0100%, and the average value within each phase was
computed, resulting in all participants having a data set with the
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same number of phases consisting of fve time sequence values.
Tis approach was adopted to examine the progressive changes
during the fatigue accumulation period in a normalized time
domain, regardless of the number of episodes performed by diferent
participants.

2.3.2 Torque data

Torque data were fltered using a zero-lag fourth-order low-
pass Butterworth flter with a 10 Hz cutof. For the analysis
segments of each trial, the average torque and the coefcient
of variation (CV) were calculated separately over fve phases for
each participant.

2.3.3 ;EMG data

Te primary analysis of the (EMG data was performed in
the frequency domain. T e data were frst notch Fltered at 60 Hz
and then band-pass fltered between 20 and 450 Hz. For every
20s of each trial, the fltered EMG signals were transformed
into a power spectrum, from which the median frequency (MDF)
was calculated by identifying the frequency at the midpoint of
the area under the power spectrum. In addition, the integrated
EMG (IEMG) was calculated as an indicator of muscle activation
intensity. T is involved full-wave rectifcation of the EMG signals
within each data set, followed by envelope detection using a
100 ms window moving average flter. Te resulting EMG data
were integrated over 100 ms time windows to calculate the iIEMG.
Each participant’s IEMG was then normalized to the peak IEMG
value obtained during the MVIC ..., tasks with the same
time windows. We assumed that the electromechanical delay was
about 50 ms (cf. Krishnamoorthy et al., 2003), and this value was
applied to all trials for all participants.

2.3.4 NIRS data

For the analysis of the NIRS data, spatially resolved spectroscopy
method was used to estimate the tissue oxygen saturation index
(TSI) (Baker et al., 2014; Song et al., 2020) (Equation 1).

k-HbO,

TSI = Hb0, +k-Arb

x 100 1)
where HbO,, HHb, and k are the oxygenated, deoxygenated
hemoglobin, and the constant scattering distribution respectively.
Figure 2C shows the typical TSI values in time series observed
in the current experiment. As shown in Figure 2C, the TSI
started to decrease rapidly when the muscle started its contraction,
indicating oxygen desaturation within the muscle. In contrast,
when the muscle was relaxed, the rate of the TSI recovery
(i.e,, the increase in TSI value) was relatively slow compared
to the TSI change during the muscle contraction. Te TSI-
related variables (Muthalib et al., 2010; Linnenberg et al., 2023)
included the changes in its magnitude (ATSI) during desaturation
(peSAT) and the saturation (SAT). Again, a larger ATSI of
desaturation represents a greater oxygen demand relative to
oxygen supply. Similarly, the amount of oxygen saturation during
a resting period, ATSI of saturation, was quantifed as the
diference between the minimum TSI value and its maximum
value at the end of the muscle contraction. Te ATSI of SAT
refects the recovery capacity of the muscle, with an increase in
ATSI of SAT indicating an increased oxygen supply relative to
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FIGURE 2

Representative data of (A) knee extension torque, (B) sEMG signal, and (C) tissue oxygen saturation index (TSI) from NIRS measurement during the
intermittent voluntary isometric knee extension tasks to induce muscle fatigue. The target torque was set at 50% of maximal voluntary contraction,
with participants generating a target torque for 30 s (shaded areas) followed by a 30 s rest period (non-shaded areas). The task was performed
consecutively until participants could no longer produce more than 90% of the target torque. The ATSI of HSAT represents the amount of oxygen
desaturation shown in the shaded area, and the ATSI of SAT indicates the amount of oxygen saturation during relaxation. The TSlg ope Was calculated as
the negative slope of the least squares regression line of TSI during the initial contraction period.

demand. Finally, TSlg opg, Which represents the rate of oxygen
desaturation in the initial contraction period, was calculated as the
negative slope determined by the coefcient of the least squares
linear regression.

2.4 Statistics

All descriptive statistics are presented as means with standard
errors. To assess the changes in the dependent variables over a
series of time phases, we performed one-way repeated measures
ANOVAs with a factor of Phase (fve levels: phase 1 0 5). Tese
analyses were applied separately to each variable, including mean
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torque, CV of torque, MDF, iEMG, and TSlg opg. For the statistical
analysis of ATSI, the factor of saturation and desaturation phases,
TSI-DS (two levels: SAT and pgSAT) was used for comparison
along with the factor of Phase, which was performed by a two-
way repeated measures ANOVA with factors of Phase and TSI-
DS). Mauchly’s sphericity test was used to confrm sphericity
assumptions, and violations were corrected by Greenhouse-Geisser
estimation. Pairwise comparisons with Bonferroni correction were
used for post hoc testing. T e efect size, partial eta-squared (np?),
was calculated for all ANOVA tests. In addition, Pearson correlation
analyses were performed to examine the relationships between
torque-, EMG, and NIRS-related variables as they changed over time
(phases). All statistical analyses were performed using SPSS version
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FIGURE 3

10.3389/fphys.2025.1559893

Changes in (A) the magnitude and (B) coefficient of variation (CV) of the knee extension torque across trials are represented by individual participant
data (gray dots), with the mean values shown as black bars. The asterisk indicates significant changes from initial values, as determined by post-hoc

analysis of the repeated-measures ANOVA.

25.0 (IBM, Armonk, NY, USA), and statistical signifcance was set at
p <0.05.

3 Results

In total, 11 participants were recruited for this experiment.
However, one participant was excluded from the analysis due to
muscle cramps during the experiment, and another participant
was excluded due to fewer episodes than the predefned range.
Terefore, the data from 9 participants were analyzed in
the results.

3.1 Phase profile of torque production

Te average torque magnitude across participants was nearly
unchanged throughout the phases (Figure 3A), meaning that the
outcomes of the other variables in the current analysis were
estimated assuming the same torque magnitudes for all fve phases.
In contrast to the unchanged pattern of the torque magnitude, the
CV of the torque increased at the later phase (Figure 3B). T ese
fndings were confrmed by a repeated-measures ANOVA, which
confrmed a signifcant main efect of Phase on CV (F[;4511.49)
= 17.61, p < 0.001, np? = 0.69). Subsequent post-hoc pairwise
comparisons confrmed the CV of phasel03 <4 <5 (p < 0.05).

3.2 Phase profile of EMG-related variables

Te two ;EMG variables, median power frequency (MDF) and
the integrated EMG (iEMG), showed opposite patterns of change
over phases (Figure 4). T e MDF showed the pattern of decrement
(Figure 4A), whereas the IEMG values increased (Figure 4B).
Repeated measures ANOVAs showed signifcant main efects of
Phase on both the MDF (F; 59127 = 25.9, p < 0.001, np? = 0.76)
and IEMG (Fy.¢915.97 = 32.35, p < 0.001, np? = 0.81). In addition,
post-hoc analyses confrmed the MDF of phase 1 02>3>4>5 (p
< 0.05) and the opposite pattern of the IEMG of phase 102 <3< 4 <
5 (p <0.05).
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3.3 Phase profile of NIRS-related variables

In general, ATSI of both saturation (SAT) and desaturation
(peSAT) decreased with the phases (Figure5). A signifcant
diference between the values of the phases was observed only
between the phase 1 and phase 5 (Figure 5A). Accordingly, the
signifcant diferences between ATSI of SAT and pSAT were also
observed in the phase 1 and phase 5, which was supported by a
repeated measures ANOVA with factors of Phase (fve levels) and
TSI-DS (two levels: SAT and peSAT), which showed a signifcant
main efect of Phase (Fp; 741394y = 17.32, p<0.001, np? =0.68) witha
signifcantinteraction of Phase x TSI-DS (F 2 05,1616) = 6.21, p =0.01,
np® = 0.44). Te signifcant factor interaction refected the fact that
the ATSI of SAT was larger than that of 5SAT at the phase 1 (p <
0.05), whereas this contrast was reversed at the phase 5 (p <0.05). In
contrast to the decreasing pattern of the ATSI of e SAT, the TSlg, ope
increased signifcantly with phase (Figure 5B). Repeated measures
ANOVA confrmed the signifcant main efect of Phase (F[; 75 14.05)
=6.77,p=0.011, np? = 0.46). Post-hoc pairwise comparison showed
that TSIg ope Of phase 1 <5 (p < 0.05).

3.4 Correlation analysis between the sets
of variables: torque-, EMG- and
NIRS-related variables

We further explored the relationship between changes in the
torque-, EMG-, and NIRS-related variables whose main efects of
Phase was signifcant. Changes in MDF showed a strong negative
correlation with changes in CV of torque (r = —0.95, p = 0.012,
Figure 6A). Te CV of torque appeared to increase with change in
IEMG, but this positive correlation was not statistically signifcant
(Figure 6B). Regarding the relationship between the NIRS-related
variables and CV of torque, ATSI changes were negatively correlated
with CV of torque for both saturation (SAT) and desaturation
(peSAT) conditions (ATSI of pSAT: r = -0.95, p =0.015, Figure 6C;
ATSI of SAT: r =-0.91, p = 0.033, Figure 6D). However, the changes
in TSlg ope did not show a signifcant relationship with the CV
of torque (Figure 6E).
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FIGURE 4

Alterations in (A) median frequency (MDF) and (B) integrated EMG (/EMG) throughout the successive fatiguing contractions. The data are represented as
individual values for each participant (gray dots), with mean values indicated by black bars. Significant changes from their initial values, identified
through post-hoc pairwise comparisons, are highlighted with an asterisk.

FIGURE 5

(A) Patterns of changes in the TSI (ATSI) across the trials. Each open and filled circle represents individual ATSI values of ;:SAT and SAT, respectively,
with the corresponding mean values indicated by open and filled bars. The asterisk denotes a significant change from the initial baseline. The daggers
in the first and fifth trials indicate significant differences between the two parameters. (B) Changes in the TSlg ope Over repetitive trials. Each gray dot
represents an individual participant’s value, and black bars indicate mean values. The asterisk indicates significant deviations from the initial value.

Te interrelationships between ;EMG and NIRS variables are
presented in Figure 7. Changes in the ATSI of both SAT and
peSAT conditions showed a signifcant positive correlation with the
changes in MDF over phases (ATSI of pgSAT: r = 0.99, p = 0.001;
ATSI of SAT: r = 0.97, p = 0.007, Figures 7A, B). Conversely, the
TSlg ope did not show a distinct correlation with MDF (Figure 7C).
Furthermore, both ATSI of SAT and pSAT negatively correlated
with changes in iIEMG (ATSI of peSAT: r = —0.94, p = 0.018; ATSI
of SAT: r = =0.92, p = 0.029, Figures 7D, E), while the TSlg opg
displayed a positive correlation with iIEMG variations (r = 0.9,
p =0.038, Figure 7F).

4 Discussion

Te main task of the current study was intermittent voluntary
isometric knee extension task, which was intended to induce
fatigue in the VL muscle, and its efect was expected to be
cumulative until the torque profle deviated from the constrained
condition. Note that the task was stopped at the episode (i.e.,
the last episode, not the sixth episode in Figure 2A) where
the magnitude of the torque decreased by more than 10% of
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the target torque, and these data were excluded from the data
analysis; therefore, the torque magnitudes of all fve phases were
expected to be the same, which was statistically confrmed.
Furthermore, the current research questions and interpretations
are at least independent from torque magnitudes. T e curiosity
underlying in the current hypotheses is whether fatigue is in the
form of a threshold-like response (i.e., existence of minimum
intensity of cumulative exercise required to induce muscle fatigue)
or whether the phenomenon can be seen as a cascade of
cumulative efects. T e experiments substantiated all three specifc
hypotheses formulated in the Introduction. Specifcally, the reverse
pattern of the increased iIEMG and the decreased MDF over
muscle fatigue accumulation was confrmed (Hypothesis 1). Te
second hypothesis was confrmed by the fnding that the TSI
of both saturation (SAT) and desaturation (pgSAT) decreased
with phases (i.e., fatigue cumulation). Te third hypothesis
was confrmed by the signifcant correlation between the NIRS
parameters and EMG variables. In the Discussion, we address the
implication of these fndings for a number of issues, including
the pattern of changes in muscle EMG signal and hemodynamics
parameters when the muscle fatigue was cumulated by repetitive
contraction.
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FIGURE 6

10.3389/fphys.2025.1559893

(A) and (B): Relationship between the coefficient of variation (CV) of torque and SEMG variables. (C-E): Relationship between the CV of torque and TSI
parameters. The data represent the mean and standard error across subjects, collected throughout the trials. For each scatter plot, best-fit linear
regression lines along with their correlation coefficients (r) are illustrated separately. The asterisk marks a significant correlation coefficient between the

variables.

4.1 Fatigue cumulation: cascading pattern
of changes in muscle EMG signal

Based on the current results, the gradual accumulation patterns
of the fatigue indices were observed. In fact, the variability of torque
production, i.e., the coefcient of variation, showed a non-parallel
change over the phases to its average magnitudes, which remained
almost unchanged. Tere are many studies that have reported the
increased variability with muscle fatigue (Enoka and Duchateau, 2008;
Garcia-Aguilar et al., 2022), so the current fndings are not very
new. However, we would like to highlight the current answer to the
question “when did these changes initiate?”. T e CV started to increase
signifcantly from about the fourth phase, about 30 0 60 s prior to
the visible drop in torque magnitude, until the end of the last phase.
Of course, the absolute time for this pattern would be diferent for
diferent skeletal muscles, in part due to the compositional diversity
of motor unit types within diferent muscles. T erefore, it would
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be a necessary and interesting future study to examine the timing
diference between a set of muscles. Although the timing values could
not be generalized without further investigation, we can now claim
that the gradual increase in the outcome variability, i.e., the CV, would
be considered as a precursor or monitoring index of muscle fatigue.
Note that both non-linear changes, as demonstrated in this study, and
linear changes of CV, as reported by Keller et al. (2021), have been
reported. T'is discrepancy may be attributed to the dissimilarity of
experimental setup and protocols between studies. Given that CV isa
straightforward yet conspicuous variable for detecting and monitoring
muscle fatigue, future studies must examine the causes of linear and
non-linear changes in CV during muscle fatigue.

Other results from the EMG-related variables were also consistent
with previous fndings from EMG data analysis (Ertl et al., 2016).
In particular, the median power frequency (MDF) and the integrated
EMG (iEMG) showed gradual changes before noticeable fatigue, while
the change patterns of the two variables were opposite, showing
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FIGURE 7

coefficient between the two variables.

(A-C): Relationship of the TSI parameters with median frequency (MDF) collected throughout the trials. (D-F): Relationship of the TSI parameters with
integrated EMG (/EMG) collected throughout the trials. Each scatter plot is presented in the order of the ATSI of SAT, ATSI of SAT, and TSlg ope, from
top to bottom. The best-fit linear regression lines with coefficients of correlation (r) are presented. The asterisk indicates a significant correlation

decreasing and increasing patterns of the median power frequency
(MDF) and the integrated EMG (IEMG), respectively. It has been well
reported that the spectral parameters of the SEMG shif towards a low
frequency band due to relatively slower muscle fher recruitmentand a
reduction in muscle fher conduction velocity during the accumulation
of muscle fatigue development (Farina, 2006).

To summarize the EMG-related variables with the performance,
as muscle force-generating capacity declines, it is highly likely that
the neuromotor system adapts by modulating the recruitment and
synchronization of motor units to maintain mechanical output
even when the muscle fatigue was accumulated by the repetitive
contraction (Pethick et al., 2021). T ese adaptations, as evidenced
by the volume of muscle activation, i.e., IEMG, and a decrease in
median frequency (MDF), support our frst hypothesis (Figure 4).
It was noted that signifcant changes in EMG variables preceded
the increase in the CV of torque, which became more pronounced
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just prior to task failure. Combined with the signifcant correlation
found between these variables (Figure 6A), the novel fnding of the
current experiment is that altered muscle activation patterns due to
cumulated fatigue could have a detrimental efect on the stability
of muscle force production (Cifrek et al., 2009). Furthermore, the
results observed in the torque and sEMG variables indicate that the
submaximal contraction task employed in this study successfully
induced muscle fatigue.

4.2 Fatigue cumulation: inversion patterns
of the TSI during oxygen saturation and
desaturation of the muscle

In the analysis procedure for the NIRS parameters, TSI-related
variables were mainly implemented, rather than oxygenated and
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deoxygenated hemoglobin data. Te inherent limitation of NIRS
measurement is that the measured oxygenated and deoxygenated
hemoglobin are not absolute values but relative values (i.e., changes),
which usually have large variability, leading to compromised
normality in data distribution. While the TSI values were also
estimated using relative values, it is crucial to note that the TSI value
was the normalized values with respect to the total hemoglobin.
T is modifcation ensures that the comparisons of TSI values across
conditions would be reliable in statistical analyses.

It appears that the tissue oxygen saturation index (TSI) measured
by the NIRS device showed a rapid decrease at the beginning of
the muscle contraction (see larger values at phase 1 in Figure 5A),
followed by relatively subtle changes until the end of the muscle
contraction (Figure 2). One possible interpretation of the TSI
change, i.e., decrease, during muscle contraction is that the restricted
blood fow associated with elevated intramuscular pressure by
muscle contraction may cause an imbalance between oxygen
supply and consumption such that the relatively increased oxygen
consumption compared to the resting state of the muscle under
the condition of limited oxygen supply (Rissanen et al., 2012;
Solsona et al.,, 2021; Song et al., 2020). Nevertheless, it must be
acknowledged that the NIRS device’s capacity to assess blood fow
is inherently constrained. Consequently, the present interpretation
remains provisional and is slated to be addressed in forthcoming
studies employing apparatus capable of more precise blood fow
estimation. It has been suggested that the hemodynamic changes
caused by muscle contraction represent an imbalance between
oxygen demand and supply, and there is experimental evidence that
this imbalance is critically linked to muscle fatigue (Yoshitake et al.,
2001). Our second hypothesis was that the parameters of the
TSI would change during repetitive contractions, refecting the
accumulation of muscle fatigue. We observed a decrease in ATSI
of peSAT and ATSI of SAT and an increase in the slope of
TSI (TSl opg) Over successive trials, although the magnitude of
torque was maintained (Figure 5). ATSI of pSAT and ATSI of
SAT refect the balance between oxygen supply and consumption
of muscle tissue during contraction and relaxation, respectively.
TSlg ope quantifes the rate of oxygen desaturation during the
initial phase of muscle contraction. It has been observed that these
parameters of TSI are highly correlated with the intensity of muscle
contraction (Felici et al., 2009; Muthalib et al., 2010; Song et al.,
2020). Terefore, it can be inferred that the gradual changes in
these parameters while maintaining the output torque could imply
a reduced force production capacity in the contracting muscle due
to reduced oxygen utilization and increased oxygen debt. T is could
potentially lead to energy replenishment via anaerobic glycolysis and
lactic acid accumulation, which might further exacerbate muscle
fatigue (Westerblad et al., 2002). Tis could result in the inversion
of the magnitudes of ATSI of SAT and SAT at the last phase
just before visible drop of torque production capability (phase 5 in
Figure 5A). However, the studies by Brooks G. et al. (2006) claimed
that the traditional view of the lactic acid as a cause of fatigue is not
always true. In other words, lactic acid could be a source of fuel by
transporting to other structure; thus, the causes of muscle fatigue
contain multifactorial components (Brooks et al., 2006). T erefore,
the aforementioned potential mechanism may not be a sole factor
for the muscle fatigue in the current experiment.
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4.3 Mechanism of muscle fatigue
cumulation

Te comparison of the indices of muscle fatigue between
the indices from the well-established approach, e.g., estimation
of changes in the MDF and iIEMG, and from the measurement
of hemodynamics during muscle contraction was not just for
examining signifcant relationship between two sets of measures
in statistics. Of course, a simple interpretation would presumably
provide useful information as to the possibility of “interoperability”
between the EMG and NIRS measures to identify the muscle
fatigue. In this regard, one of the notable observations was
the signifcant correlation observed between changes in NIRS
parameters and both torque variability and sEMG variables
(Figures 6, 7). Tis supported our third hypothesis and highlights
the interconnectedness of mechanical, electrical, and metabolic
responses during the development of muscle fatigue, suggesting
that NIRS parameters could be a possible indicator to evaluate the
fatigue process. Consequently, the two metrics from the muscle
activation would be commonly useful for monitoring the fatigue
process during sustained and repetitive contraction. It is imperative
to discern the distinguishing features between NIRS- and EMG-
related variables in order to efectively detect muscle fatigue. It is
well established that the hemodynamic and metabolic responses are
known to be slower than the EMG response, which can be attributed
to the disparate response times of electrical activity and metabolic
changes (Daniel et al., 2023; Sun et al., 2022; Yoshitake et al.,
2001). Te current results of early changes in EMG variables and
delayed changes in TSI parameters are consistent with previous
Tndings. Moreover, it is plausible to hypothesize that the observed
discrepancy between the two metrics in terms of response time can
be applied not only to the acute time scale (i.e., acute response) but
also to repetitive contraction in the relatively larger time scale.

Lastly, ATSI of peSAT and ATSI of SAT, which are related to
the magnitude of oxygen demand and supply, showed a higher
correlation with torque and sEMG variables compared to TSIg opg,
indicating that these parameters might serve as more appropriate
indicators of fatigue development. We further observed that SEMG
variables began to change early in response to fatigue accumulation,
whereas TSI parameters demonstrated signifcant alterations closer
to the phase of task failure (i.e., the Fh trial). Tis implies that
these parameters may serve as predictive markers for the point of
muscle exhaustion during submaximal efort. It should be addressed
in more detail in future research.

One of the primary limitations of this study is the relatively small
sample size, which may limit the generalizability of our fndings.
However, despite this limitation, we observed large efect sizes
in most key variables, suggesting meaningful trends in the data.
Nevertheless, future studies with larger sample sizes are needed to
further validate our fndings and strengthen the statistical reliability
of these results.

5 Conclusion

Tis study explored the progression of muscle fatigue during
submaximal eforts, examining changes in muscle activation and
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oxygen saturation through the integration of ;EMG and NIRS
measurements. We confrmed that fatigue-induced variations in the
magnitude and spectrum of ;EMG signals occurred prior to an
increase in torque variability, even as the average torque magnitude
was maintained. Tis could be a refection of compensatory
adjustments to the decreased capacity for muscle force production,
attributed to the accumulation of fatigue from repetitive torque
production tasks. It is interesting to note that TSI parameters,
as measured by NIRS, responded to the development of fatigue,
refecting adiminished oxygen utilization capacity in the contracting
muscle. Tis observation underscores the potential of these
parameters as indicators of muscle fatigue during intermittent
submaximal eforts. Te signifcant correlations found between
torque, sEMG, and NIRS variables shed light on the complex
nature of muscle fatigue. Overall, utilizing NIRS’s capability for
continuous monitoring of active muscles not only provides insights
into oxygen saturation but also presents a valuable tool for assessing
muscle fatigue development, including predicting potential muscle
exhaustion critical for injury prevention.

Data availability statement

Te raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Te studies involving humans were approved by Seoul
National University Institutional Review Board. T e studies were
conducted in accordance with the local legislation and institutional
requirements. Te participants provided their written informed
consent to participate in this study.

Author contributions

JS: Conceptualization, Data curation, Formal Analysis, Funding
acquisition, Investigation, Methodology, Project administration,
Resources, Sofware, Supervision, Validation, Visualization,
Writing — original draf, Writing — review and editing. Y-SC:
Conceptualization, Data curation, Formal Analysis, Investigation,

References

Alkner, B. A, Tesch, P. A, and Berg, H. E. (2000). Quadriceps EMG/force
relationship in knee extension and leg press. Med. Sci. Sports Exerc. 32(2) 459-463.
doi:10.1097/00005768-200002000-00030

Allen, D. G., Lamb, G. D., and Westerblad, H. (2008). Skeletal muscle
fatigue: cellular mechanisms. Physiol. Rev. 88 (1), 287-332. doi:10.1152/physrev.
00015.2007

Al-Mulla, M. R, Sepulveda, F, and Colley, M. (2011). A review of non-invasive
techniques to detect and predict localised muscle fatigue. Sensors 11 (4), 3545-3594.
doi:10.3390/s110403545

Baker, W. B., Parthasarathy, A. B., Busch, D. R., Mesquita, R. C., Greenberg, J. H., and
Yodh, A. G. (2014). Modifed Beer-Lambert law for blood fow. Biomed. Opt. Express 5
(11), 4053-4075. doi:10.1364/Boe.5.004053

Frontiers in Physiology

11

10.3389/fphys.2025.1559893

Methodology, Sofware, Validation, Visualization, Writing
— review and editing. SL: Data curation, Formal Analysis,
Investigation, Methodology, Sofware, Validation, Visualization,
Writing — review and editing. DP: Writing — review and editing.
JP: Conceptualization, Formal Analysis, Funding acquisition,
Methodology, Project administration, Resources, Sofware,
Supervision, Validation, Writing — original draf, Writing — review
and editing.

Funding

Te author(s) declare that fnancial support was received for
the research and/or publication of this article. Tis research was
supported in part by the Basic Research Program through the
National Research Foundation of Korea (NRF) funded by the MSIT
(2022R1A4A503404611).

Conflict of interest

Te authors declare that the research was conducted in the
absence of any commercial or fnancial relationships that could be
construed as a potential confict of interest.

T eauthor(s) declared that they were an editorial board member
of Frontiers, at the time of submission. T is had no impact on the
peer review process and the fnal decision.

Generative Al statement

Te author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their aFliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Brooks, A. G., Henderson, C. G., Hashimoto, T., Mau, T, Fattor, A. J,, Horning, A.
M., et al. (2006). Lactic acid accumulation is an advantage/disadvantage during muscle
activity. J. Appl. Physiology 100 (6), 2100-2101. doi:10.1152/japplphysiol.00213.2006

Choi, J, and Han, 1. (2019). Tomography-based multi-distance near-infrared
spectroscopy for measuring muscle oxygen saturation in real-time. Electron. Lett. 55
(13), 731-733. doi:10.1049/el.2019.1032

Cifrek, M., Medved, V., Tonkovic, S., and Ostojic, S. (2009). Surface EMG
based muscle fatigue evaluation in biomechanics. Clin. Biomech. 24 (4), 327-340.
doi:10.1016/j.clinbiomech.2009.01.010

Contessa, P, Adam, A, and De Luca, C. J. (2009). Motor unit control
and force fuctuation during fatigue. J. Appl. physiology 107 (1), 235-243.
doi:10.1152/japplphysiol.00035.2009

frontiersin.org


https://doi.org/10.3389/fphys.2025.1559893
https://doi.org/10.1097/00005768-200002000-00030
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.3390/s110403545
https://doi.org/10.1364/Boe.5.004053
https://doi.org/10.1152/japplphysiol.00213.2006
https://doi.org/10.1049/el.2019.1032
https://doi.org/10.1016/j.clinbiomech.2009.01.010
https://doi.org/10.1152/japplphysiol.00035.2009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Song et al.

Cooper, C. N., Dabbs, N. C., Davis, J., and Sauls, N. M. (2020). Efects of lower-body
muscular fatigue on vertical jump and balance performance. J. Strength and Cond. Res.
34 (10), 2903-2910. doi:10.1519/JSC.0000000000002882

Daniel, N., Sybilski, K., Kaczmarek, W., Siemiaszko, D., and Matachowski, J. (2023).
Relationship between EMG and fNIRS during dynamic movements. Sensors 23 (11),
5004. doi:10.3390/s23115004

Danna-Dos Santos, A., Poston, B., Jesunathadas, M., Bobich, L. R., Hamm, T. M.,
and Santello, M. (2010). Infuence of fatigue on hand muscle coordination and EMG-
EMG coherence during three-digit grasping. J. neurophysiology 104 (6), 3576—3587.
doi:10.1152/jn.00583.2010

Enoka, R. M. and Duchateau, J. (2008). Muscle fatigue: what, why and
how it infuences muscle function. J. Physiology-London 586 (1), 11-23.
d0i:10.1113/jphysiol.2007.139477

Ertl, P, Kruse, A, and Tilp, M. (2016). Detecting fatigue thresholds
from electromyographic signals: a systematic review on approaches and
methodologies. J. Electromyogr. Kinesiol. 30, 216-230. doi:10.1016/j.jelekin.
2016.08.002

Farina, D. (2006). Interpretation of the surface electromyogram in dynamic
contractions. Exerc. Sport Sci. Rev. 34(3) 121-127. doi:10.1249/00003677-200607000-
00006

Farina, D., Merletti, R., and Enoka, R. M. (2014). Te extraction of neural
strategies from the surface EMG: an update. J. Appl. physiology 117 (11), 1215-1230.
doi:10.1152/japplphysiol.00162.2014

Felici, F., Quaresima, V., Fattorini, L., Sbriccoli, P, Filligoi, G. C., and Ferrari,
M. (2009). Biceps brachii myoelectric and oxygenation changes during static
and sinusoidal isometric exercises. J. Electromyogr. Kinesiol. 19 (2), E1-E11.
doi:10.1016/j jelekin.2007.07.010

Finni, T., and Cheng, S. (2009). Variability in lateral positioning of surface

EMG electrodes. J. Appl. biomechanics 25 (4), 396-400. doi:10.1123/jab.
25.4.396
Gandevia, S. C. (2001). Spinal and supraspinal factors in human
muscle fatigue. Physiol. Rev. 81(4) 1725-1789. do0i:10.1152/physrev.2001.
81.4.1725

Garcia-Aguilar, F., Caballero, C., Sabido, R., and Moreno, F. J. (2022). Te use
of non-linear tools to analyze the variability of force production as an index of
fatigue: a systematic review. Front. Physiology 13, 1074652. doi:10.3389/fphys.2022.
1074652

Gates, D. H., and Dingwell, J. B. (2011). T e efects of muscle fatigue and movement
height on movement stability and variability. Exp. Brain Res. 209 (4), 525-536.
doi:10.1007/500221-011-2580-8

Gonzélez-1zal, M., Malanda, A. Gorostiaga, E., and lIzquierdo, M. (2012).
Electromyographic models to assess muscle fatigue. J. Electromyogr. Kinesiol. 22 (4),
501-512. doi:10.1016/j.jelekin.2012.02.019

Guo, W. C,, Sheng, X. J,, and Zhu, X. Y. (2017). “Assessment of muscle fatigue
by simultaneous SEMG and NIRS: from the perspective of electrophysiology and
hemodynamics,” in 2017 8th international ieee/embs conference on neural engineering
(ner), 33-36.

Herculano-Houzel, S., and Rothman, D. L. (2022). From a demand-based to a
supply-limited framework of brain metabolism. Front. Integr. Neurosci. 16, 818685.
doi:10.3389/fnint.2022.818685

Hill, A. V. (1938). Te heat of shortening and the dynamic constants of muscle.
Proc. R. Soc. Lond. Ser. B-Biological Sci. 126 (843), 136-195. doi:10.1098/rspb.
1938.0050

Kambi¢, T., Laind¢ak, M., and HadZi¢, V. (2020). Reproducibility of isokinetic knee
testing using the novel isokinetic SMM iMoment dynamometer. PLoS One 15 (8),
€0237842. doi:10.1371/journal.pone.0237842

Keller, J. L., Anders, J. P. V., Neltner, T. J, Housh, T. J, Schmidt, R. J., and
Johnson, G. O. (2021). Sex diferences in muscle excitation and oxygenation,
but not in force fuctuations or active hyperemia resulting from a fatiguing,
bilateral isometric task. Physiol. Meas. 42 (11), 115004. doi:10.1088/1361-6579/
ac3e86

Keller, J. L., Kennedy, K. G., Hill, E. C., Fleming, S. R., Colquhoun, R. J, and
Schwarz, N. A. (2022). Handgrip exercise induces sex-specifc mean arterial pressure
and oxygenation responses but similar performance fatigability. Clin. Physiology Funct.
Imaging 42 (2), 127-138. doi:10.1111/cpf.12739

Kent-Braun, J. A., Callahan, D. M., Fay, J. L., Foulis, S. A., and Buonaccorsi,

J. P. (2014). Muscle weakness, fatigue, and torque variability: efects of
age and mobility status. Muscle and Nerve 49 (2), 209-217. doi:10.1002/
mus.23903

Kent-Braun, J. A, Fitts, R. H., and Christie, A. (2012). Skeletal muscle fatigue. Compr.
Physiol. 2 (2), 997-1044. doi:10.1002/cphy.c110029

Krishnamoorthy, V., Goodman, S., Zatsiorsky, V. M., and Latash, M. L. (2003).
Muscle synergies during shifs of the center of pressure by standing persons:
identifcation of muscle modes. Biol. Cybern. 89, 152-161. doi:10.1007/s00422-
003-0419-5

Frontiers in Physiology

12

10.3389/fphys.2025.1559893

Lee, J, Song, J., Park, J, Lee, J, Song, J., and Park, J. (2022). Te efects of
external vibration on coordination strategies of multi-muscles during voluntary
isometric torque production. Exerc. Sci. 31 (2), 197-206. doi:10.15857/ksep.
2022.00115

Linnenberg, C., Reimeir, B., Eberle, R., and Weidner, R. (2023). Te infuence
of circular physical human-machine interfaces of three shoulder exoskeletons
on tissue oxygenation. Appl. Sciences-Basel 13 (18), 10534. doi:10.3390/
app131810534

Lucero, A. A, Addae, G., Lawrence, W, Neway, B., Credeur, D., Faulkner, J,
et al. (2018). Reliability of muscle blood fow and oxygen consumption response
from exercise using near-infrared spectroscopy. Exp. Physiol. 103 (1), 90-100.
doi:10.1113/EP086537

Madeleine, P, Jorgensen, L., Sggaard, K., Arendt-Nielsen, L., and Sjggaard,
G. (2002). Development of muscle fatigue as assessed by electromyography and
mechanomyography during continuous and intermittent low-force contractions: efects
of the feedback mode. Eur. J. Appl. physiology 87, 28-37. doi:10.1007/s00421-002-
0578-4

MaFuletti, N. A., Bizzini, M., Desbrosses, K., Babault, N., and Munzinger, U. (2007).
Reliability of knee extension and fexion measurements using the Con-Trex isokinetic
dynamometer. Clin. physiology Funct. imaging 27 (6), 346—-353. doi:10.1111/j.1475-
097X.2007.00758.x

Marco, G., Alberto, B., and Taian, V. (2017). Surface EMG and muscle
fatigue: multi-channel approaches to the study of myoelectric manifestations
of muscle fatigue. Physiol. Meas. 38 (5), R27-R60-R60. doi:10.1088/1361-6579/
aa60b9

Muthalib, M., Millet, G. Y., Quaresima, V., and Nosaka, K. (2010). Reliability of
near-infrared spectroscopy for measuring biceps brachii oxygenation during sustained
and repeated isometric contractions. J. Biomed. Opt. 15 (1), 017008. doi:10.1117/
1.3309746

Pethick, J., Casselton, C., Winter, S. L., and Burnley, M. (2021). Ischemic
preconditioning  blunts loss of knee extensor torque complexity with
fatigue. Med. and Sci. Sports and Exerc. 53 (2), 306-315. doi:10.1249/Mss.
0000000000002475

Rashedi, E., and Nussbaum, M. A. (2016). Cycle time infuences the
development of muscle fatigue at low to moderate levels of intermittent
muscle contraction. J. Electromyogr. Kinesiol. 28, 37-45. doi:10.1016/j.jelekin.
2016.03.001

Rissanen, A. P. E., Tikkanen, H. O., Koponen, A. S., Aho, J. M., Hagglund, H.,
Lindholm, H., et al. (2012). Alveolar gas exchange and tissue oxygenation during
incremental treadmill exercise, and their associations with blood O2 carrying capacity.
Front. Physiology 3, 265. doi:10.3389/fphys.2012.00265

Sahlin, K. (1992). Metabolic factors in fatigue. Sports Med. 13, 99-107.
doi:10.2165/00007256-199213020-00005

Sendra-Pérez, C., Sanchez-limenez, J. L., Marzano-Felisatti, J. M., Encarnacion-
Martinez, A., Salvador-Palmer, R., and Priego-Quesada, J. I. (2023). Reliability
of threshold determination using portable muscle oxygenation monitors during
exercise testing: a systematic review and meta-analysis. Sci. Rep. 13 (1), ARTN.
doi:10.1038/s41598-023-39651

Singh, T., Zatsiorsky, V. M., and Latash, M. L. (2013). Contrasting efects of fatigue on
multifnger coordination in young and older adults. J. Appl. physiology 115 (4), 456—467.
doi:10.1152/japplphysiol.00375.2013

Skovereng, K., Ettema, G., and van Beekvelt, M. (2016). Local muscle oxygen
consumption related to external and joint specifc power. Hum. Mov. Sci. 45, 161-171.
doi:10.1016/j.humov.2015.11.009

Sogaard, K. Gandevia, S. C. Todd, G., Petersen, N. T, and Taylor, J. L.
(2006). Te efect of sustained low-intensity contractions on supraspinal
fatigue in human elbow fexor muscles. J. Physiology-London 573 (2), 511-523.
doi:10.1113/jphysiol.2005.103598

Solsona, R., Berthelot, H., Borrani, F, and Sanchez, A. M. (2021). Mechanical,
cardiorespiratory, and muscular oxygenation responses to sprint interval exercises
under diferent hypoxic conditions in healthy moderately trained men. Front. Physiology
12, 773950. doi:10.3389/fphys.2021.773950

Song, J, Kim, K., Lee, S., Lee, J, Park, J, Song, J, et al. (2020). History-
dependence of muscle excitation and oxygenation during isometric knee
extension force production. Exerc. Sci. 29 (4), 385-393. do0i:10.15857/ksep.
2020.29.4.385

Spiegel, K. M., Stratton, J,, Burke, J. R., Glendinning, D. S., and Enoka, R.
M. (2012). Te infuence of age on the assessment of motor unit activation in
a human hand muscle. Exp. Physiol. 81 (5), 805-819. doi:10.1113/expphysiol.1996.
sp003978

Sun, J, Liu, G, Sun, Y. Lin, K., Zhou, Z., and Cai, J. (2022). Application of
surface electromyography in exercise fatigue: a review. Front. Syst. Neurosci. 16, 893275.
doi:10.3389/fnsys.2022.893275

Tabasi, A., Brouwer, N. P, Kingma, I., van Dijk, W,, de Looze, M. P, Moya-
Esteban, A., et al. (2023). Trunk extensor muscle endurance and its relationship
to action potential conduction velocity and spectral parameters estimated

frontiersin.org


https://doi.org/10.3389/fphys.2025.1559893
https://doi.org/10.1519/JSC.0000000000002882
https://doi.org/10.3390/s23115004
https://doi.org/10.1152/jn.00583.2010
https://doi.org/10.1113/jphysiol.2007.139477
https://doi.org/10.1016/j.jelekin.2016.08.002
https://doi.org/10.1016/j.jelekin.2016.08.002
https://doi.org/10.1249/00003677-200607000-00006
https://doi.org/10.1249/00003677-200607000-00006
https://doi.org/10.1152/japplphysiol.00162.2014
https://doi.org/10.1016/j.jelekin.2007.07.010
https://doi.org/10.1123/jab.25.4.396
https://doi.org/10.1123/jab.25.4.396
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.1152/physrev.2001.81.4.1725
https://doi.org/10.3389/fphys.2022.1074652
https://doi.org/10.3389/fphys.2022.1074652
https://doi.org/10.1007/s00221-011-2580-8
https://doi.org/10.1016/j.jelekin.2012.02.019
https://doi.org/10.3389/fnint.2022.818685
https://doi.org/10.1098/rspb.1938.0050
https://doi.org/10.1098/rspb.1938.0050
https://doi.org/10.1371/journal.pone.0237842
https://doi.org/10.1088/1361-6579/ac3e86
https://doi.org/10.1088/1361-6579/ac3e86
https://doi.org/10.1111/cpf.12739
https://doi.org/10.1002/mus.23903
https://doi.org/10.1002/mus.23903
https://doi.org/10.1002/cphy.c110029
https://doi.org/10.1007/s00422-003-0419-5
https://doi.org/10.1007/s00422-003-0419-5
https://doi.org/10.15857/ksep.2022.00115
https://doi.org/10.15857/ksep.2022.00115
https://doi.org/10.3390/app131810534
https://doi.org/10.3390/app131810534
https://doi.org/10.1113/EP086537
https://doi.org/10.1007/s00421-002-0578-4
https://doi.org/10.1007/s00421-002-0578-4
https://doi.org/10.1111/j.1475-097X.2007.00758.x
https://doi.org/10.1111/j.1475-097X.2007.00758.x
https://doi.org/10.1088/1361-6579/aa60b9
https://doi.org/10.1088/1361-6579/aa60b9
https://doi.org/10.1117/1.3309746
https://doi.org/10.1117/1.3309746
https://doi.org/10.1249/Mss.0000000000002475
https://doi.org/10.1249/Mss.0000000000002475
https://doi.org/10.1016/j.jelekin.2016.03.001
https://doi.org/10.1016/j.jelekin.2016.03.001
https://doi.org/10.3389/fphys.2012.00265
https://doi.org/10.2165/00007256-199213020-00005
https://doi.org/10.1038/s41598-023-39651
https://doi.org/10.1152/japplphysiol.00375.2013
https://doi.org/10.1016/j.humov.2015.11.009
https://doi.org/10.1113/jphysiol.2005.103598
https://doi.org/10.3389/fphys.2021.773950
https://doi.org/10.15857/ksep.2020.29.4.385
https://doi.org/10.15857/ksep.2020.29.4.385
https://doi.org/10.1113/expphysiol.1996.sp003978
https://doi.org/10.1113/expphysiol.1996.sp003978
https://doi.org/10.3389/fnsys.2022.893275
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Song et al.

using high-density electromyography. J.
doi:10.1016/j.jelekin.2023.102830

Taelman, J,, Vanderhaegen, J., Robijns, M., Naulaers, G., Spaepen, A., and Van Hufel,
S. (2011). Estimation of muscle fatigue using surface electromyography and near-
infrared spectroscopy. Oxyg. Transp. Tissue Xxxii 701, 353-359. doi:10.1007/978-1-
4419-7756-4_48

Watanabe, K. (2018). Region-specifc modulation of tendon refex along human
rectus femoris muscle. Human Movement Sci. 58, 224—230.

Westerblad, H., Allen, D. G., and Léannergren, J. (2002). Muscle fatigue:: lactic
acid or inorganic phosphate the major cause? News Physiological Sci. 17, 17-21.
doi:10.1152/physiologyonline.2002.17.1.17

Electromyogr. Kinesiol. 73, 102830.

Frontiers in Physiology

13

10.3389/fphys.2025.1559893

Wist, R. C., Grassi, B, Hogan, M. C., Howlett, R. A., Gladden, L. B., and
Rossiter, H. B. (2011). Kinetic control of oxygen consumption during contractions in
self-perfused skeletal muscle. J. physiology 589 (16), 3995-4009. doi:10.1113/jphysiol.
2010.203422

Xu, D., Shin, N., Lee, S., and Park, J. (2021). Frequency-dependent efects on
coordination and prefrontal hemodynamics during fnger force production tasks. Front.
Hum. Neurosci. 15, 721679. doi:10.3389/fnhum.2021.721679

Yoshitake, Y., Ue, H., Miyazaki, M., and Moritani, T. (2001). Assessment
of lower-back muscle fatigue using electromyography, mechanomyography, and
near-infrared spectroscopy. Eur. J. Appl. Physiology 84(3) 174-179. doi:10.1007/
s004210170001

frontiersin.org


https://doi.org/10.3389/fphys.2025.1559893
https://doi.org/10.1016/j.jelekin.2023.102830
https://doi.org/10.1007/978-1-4419-7756-4_48
https://doi.org/10.1007/978-1-4419-7756-4_48
https://doi.org/10.1152/physiologyonline.2002.17.1.17
https://doi.org/10.1113/jphysiol.2010.203422
https://doi.org/10.1113/jphysiol.2010.203422
https://doi.org/10.3389/fnhum.2021.721679
https://doi.org/10.1007/s004210170001
https://doi.org/10.1007/s004210170001
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Experimental procedure
	2.3 Data analysis
	2.3.1 Resampling over a percentage of time
	2.3.2 Torque data
	2.3.3 SEMG data
	2.3.4 NIRS data

	2.4 Statistics

	3 Results
	3.1 Phase profile of torque production
	3.2 Phase profile of EMG-related variables
	3.3 Phase profile of NIRS-related variables
	3.4 Correlation analysis between the sets of variables: torque-, EMG- and NIRS-related variables

	4 Discussion
	4.1 Fatigue cumulation: cascading pattern of changes in muscle EMG signal
	4.2 Fatigue cumulation: inversion patterns of the TSI during oxygen saturation and desaturation of the muscle
	4.3 Mechanism of muscle fatigue cumulation

	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

