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Introduction: Neuromuscular fatigability impairs motor performance in both
healthy and neurological populations. Corticomuscular coherence (CMC),
derived from EEG and EMG recordings, reflects the brain-muscle interaction
during movement. However, the impact of neuromuscular fatigability on CMC in
healthy and neurological populations remains unclear.

Methods: A systematic search of PubMed, Web of Science, and Embase was
conducted up to 02/02/2026. Eligible studies investigated CMC changes related
to fatiguing tasks in healthy or neurological participants. Two reviewers
independently screened, extracted data, and assessed the risk of bias.

Results: Fifteen non-randomized experimental studies were included, comprising
predominantly neurologically healthy adults (n= 174) and a limited number of
individuals with neurological conditions (n= 14). Fatiguing tasks varied widely in
muscle group, contraction type, mode, and intensity. Across studies,
neuromuscular fatigability was associated with heterogeneous changes in CMC,
most commonly involving reductions in beta band coherence as fatigue
progressed. However, preserved or increased beta band CMC was also
reported in both upper- and lower-limb tasks, particularly during sustained or
low- to moderate-intensity contractions. Alpha and gamma band CMC were less
reported across the included studies. No consistent or limb-specific pattern of
CMC modulation emerged, with observed responses depending on task
demands, contraction intensity, muscle group, and stage of fatigue. Evidence
from neurological populations was sparse but suggested generally lower CMC
magnitude and greater disruption during fatiguing tasks compared with
healthy controls.

Discussion: These findings indicate that fatigue-related changes in CMC do not reflect
a uniform loss of corticomuscular coupling but rather task- and context-dependent
adaptations in brain—muscle communication. Reductions in CMC may reflect
diminished efficacy of corticospinal synchronization, whereas preserved or increased
coherence may represent stabilization to maintain motor output with fatigue.
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By synthesizing how neuromuscular fatigability reshapes CMC across different
experimental contexts and highlighting key methodological limitations, this review
provides a framework to inform the design of future rehabilitation or neuromodulation
trials targeting fatigability in both healthy and neurological populations.

KEYWORDS

corticomuscular coherence, electroencephalography, electromyography, fatigability,

neurophysiology

1 Introduction

Fatigue is a common phenomenon that can impair motor
performance in both healthy and clinical populations. It is generally
classified into state fatigue, which refers to the temporary sensation
of tiredness arising from activity or exertion, and trait fatigue, a
more persistent, chronic feature (Van Geel et al., 2020). State fatigue
can be quantified through performance decline and is often de-
scribed as fatigability, which encompasses both cognitive and motor
domains (Kratz et al., 2019). Within motor fatigability, neuromus-
cular fatigability specifically refers to the progressive loss of force-
generating capacity due to impairments in neural drive and/or
muscle function (Kratz et al, 2019). This phenomenon is com-
monly divided into central (often referred to as “neural”) and
peripheral (or “muscular”) components, both of which significantly
impair motor function and rehabilitation outcomes (Carroll et al.,
2017; Welch and Kutlubaev, 2020; Juarez-Belainde et al., 2021;
Royer et al., 2022).

Neuromuscular fatigability can impair the performance of
essential activities of daily living, even in healthy individuals.
Studies have shown that following fatiguing exercises of the hips
and/or knees, individuals exhibit greater sway variability while
standing, indicating diminished postural control and increased
fall risk (Gribble and Hertel, 2004; Vuillerme et al., 2006; Salavati
et al., 2007; Bizid et al,, 2009). Beyond balance, fatigue disrupts
fundamental aspects of motor control, such as muscle coordination
and timing (Wilder et al., 1996; Corcos et al., 2002), slows reaction
time (Lorist et al., 2002), and reduces movement accuracy (Jaric
et al., 1999). For instance, during repetitive elbow flexion-extension
tasks, fatigue of the extensors leads to consistent undershooting of
the target position (Jaric et al,, 1999). These fatigue-induced
alterations in muscle performance and coordination disrupt task
execution, contributing to larger movement errors, impaired sen-
sorimotor integration, and hindered motor adaptation (Gates and
Dingwell, 2008; Pethick and Tallent, 2022; Nardon et al., 2024).

While these effects are observed in healthy populations, neuro-
muscular fatigability can emerge more rapidly and with greater
functional impact in individuals with neurological conditions
(Sogaard et al., 2006; Anton et al., 2008), such as stroke (Romani,
2008; Kotwani et al., 2018), multiple sclerosis (Royer et al., 2022), or
spinal cord injury (Anton et al., 2017). This stems from central and
peripheral pathophysiology, including reduced voluntary drive,
disrupted motor unit recruitment, and inefficient cortical activation
that often requires greater neural effort to perform basic motor
tasks. Peripheral changes like muscle atrophy, fiber-type shifts, and
impaired neuromuscular transmission further exacerbate functional
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decline (Dobkin, 2008). Although patients may continue to perform
functional activities like walking or standing, motor performance is
frequently sustained through compensatory strategies, reflected in
increased energy cost, slower pace, intermittent rest periods, and
reliance on compensatory motor strategies (Dobkin, 2008). Such
impairments are particularly critical in neurological rehabilitation,
where efficient and adaptive motor performance is necessary for
meaningful functional recovery (Juarez-Belatnde et al., 2021).
Despite extensive work characterizing the behavioral and mus-
cular consequences of fatigue (Abd-Elfattah et al., 2015; Patejdl and
Zettl, 2022; Casamento-Moran et al,, 2023), considerably less is
known about how the nervous system adapts its control strategies
at the level of brain-muscle communication when motor output
becomes compromised. Corticomuscular coherence (CMC), the
frequency-specific coupling between cortical activity (measured by
electroencephalography (EEG)) and agonist muscle activation (mea-
sured by electromyography (EMG)), offers a unique, non-invasive
marker of this brain-muscle interaction (Gerloff et al., 2006; Tecchio
et al., 2006; Tecchio et al., 2008; Airaksinen et al., 2015). This
synchrony reflects functional coupling within the descending corti-
cospinal pathways, capturing how oscillatory synchronization be-
tween brain and muscle is modulated to support motor performance,
making it particularly suited to study neuromuscular fatigue, a
condition in which motor control becomes progressively challenged.
CMC has emerged as a promising biomarker of motor perfor-
mance (Maura et al., 2023), displaying differences between healthy
individuals and individuals with a neurological disorder (Fang et al.,
2009; Pichiorri et al., 2023). In healthy individuals, CMC is typically
strongest in the beta band (13-30 Hz) during steady contractions
and in the gamma band (>30 Hz) during dynamic, high-intensity
tasks (Liu et al., 2019). Whereas the alpha band CMC (8-12 Hz) is
related to the precise control of movements and muscle readiness
(Omlor et al., 2011; Stokkermans et al., 2023). Compared to healthy
individuals, individuals with stroke exhibit reduced beta and
gamma band CMC during movement compared to controls
(Fang et al., 2009; Gao et al., 2024), and individuals with amyotro-
phic lateral sclerosis demonstrate diminished beta band coherence
even under light loads (Proudfoot et al., 2018). Recovery of CMC
strength has also been found to be linear with improvements in
motor function following stroke (von Carlowitz-Ghori et al., 2014).
Similarly, in Parkinson’s disease, CMC amplitude is reduced in
unmedicated patients (Pollok et al., 2012). Together, these findings
highlight that CMC is sensitive not only to motor impairment but
also to changes in motor control strategies and recovery processes.
Importantly, neuromuscular fatigability represents a condition in
which the corticospinal system is progressively stressed, potentially
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requiring adaptive or compensatory reorganization of neural control.
As fatigue develops, maintaining motor performance may involve
altered cortical synchronization, increased reliance on alternative
frequency bands, or redistribution of control toward subcortical and
spinal mechanisms. Characterizing these adaptations is particularly
relevant for rehabilitation, where interventions aim not only to restore
strength but also to promote efficient and sustainable motor control.
However, existing studies (Yang et al., 2009; Tuncel et al., 2010; Yang
et al., 2010; Ushiyama et al., 2011; Ushijima et al., 2017; Igasaki et al.,
2018; Qiu et al, 2018; Igasaki et al, 2019; Martinez-Aguilar and
Gutierrez, 2019; Wang et al, 2020; Forman et al, 2022; Hsu et al,
2023; Correia et al.,, 2024; Magnuson et al., 2024; Bedard et al., 2025)
report heterogeneous findings; some showing increases in coherence,
others reporting decreases, and others indicating dynamic shifts
depending on factors such as task characteristics, muscle group, or
stage of fatigue. This variability suggests that fatigue-related changes in
CMC may reflect adaptive neural strategies rather than a unidirectional
loss of motor drive, underscoring the need for a systematic synthesis
of literature.

The research question of this systematic review is therefore to
investigate how neuromuscular fatigability influences CMC between
brain-EEG activity and muscle-EMG activity in both healthy individ-
uals and individuals with neurological disorders. By integrating
evidence across tasks, contraction intensities, and populations, this
review aims to clarify whether and how changes in CMC reflect
compensatory neural mechanisms that support motor performance as
fatigue develops during task performance. Addressing these questions
will advance our understanding of the neurophysiological adaptations
associated with neuromuscular fatigability in both healthy and clinical
populations. These insights have the potential to inform novel
strategies for rehabilitation, neuromodulation, and fatigue manage-
ment in individuals with neurological disorders. A deeper under-
standing of these interactions will advance our knowledge of the
neurophysiological adaptations associated with neuromuscular fatiga-
bility and may inform the design of future rehabilitation and
neuromodulation trials, help identify neural targets sensitive to fatigue,
and guide the selection of task parameters that optimally challenge or
support motor control in both healthy and clinical populations.

2 Methods

This systematic review was registered on PROSPERO (ID:
CRD42024622358) and follows the guidelines of the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis state-
ment (PRISMA) (Moher et al., 2009). As no new data were collected
from human participants, ethical approval was not required in
accordance with institutional and international research
ethics guidelines.

2.1 Literature search

MEDLINE (via PubMed interface), Web of Science, and Embase
(via embase.com interface) were searched for relevant studies published
until 02/02/2026. The same set of keywords was used across all three
electronic databases to construct the search string (Appendix 1).
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2.2 Selection criteria

The eligibility of the studies for inclusion in this systematic
review was evaluated by two double-blinded researchers (S.A.O. &
C.M.). All articles were screened using Rayyan (Ouzzani et al,
2016), a free web-based software tool that streamlines the process of
conducting systematic reviews by facilitating the detection and
elimination of duplicate and irrelevant articles and the selection
of appropriate studies (Ouzzani et al., 2016). Conflicts were resolved
by consensus or after consulting a third independent re-
searcher (M.F.).

2.2.1 Inclusion and exclusion criteria

Studies were included if they met the following criteria: partic-
ipants were human adults aged 18 years or older, included either
healthy individuals or individuals with a neurological disorder,
assessed neuromuscular fatigability using both peripheral fatigabil-
ity metrics derived from EMG and central fatigability metrics
derived from EEG, and reported changes in CMC measures in
response to fatigue. In this review, neuromuscular fatigability refers
specifically to the exercise- or task-induced reduction in the
muscle’s ability to generate force, due to changes within the central
and/or peripheral nervous system (Enoka and Duchateau, 2016).
This excludes other forms of fatigue, such as psychological or
cognitive fatigue. Only peer-reviewed, full-text original experimen-
tal studies published in English were considered for inclusion,
including within-subject, repeated-measures, or crossover designs
that investigated CMC during fatiguing tasks. Studies were excluded
if they involved athletes defined as individuals engaged in regular,
structured, high-frequency training for competitive purposes or
performance-based recognition, as such training is known to alter
motor unit behaviour and neuromuscular and corticospinal adap-
tations (Moscatelli et al., 2016; Maeo et al., 2021; Skarabot et al.,
2024). Additional exclusions applied to studies: focused only on
other forms of state fatigue (e.g., cognitive or mental fatigue) or trait
fatigue (e.g., post-stroke fatigue or multiple sclerosis-related fa-
tigue); measured central fatigability using solely other methods (e.g.,
near-infrared spectroscopy, functional magnetic resonance imag-
ing) or peripheral fatigability through measures such as force output
or dynamometry; reporting directional or nonlinear coupling
metrics (e.g., transfer entropy, partial directed coherence, mutual
information) without coherence-based CMC measures; involved
participants with comorbidities as musculoskeletal injuries, or
severe metabolic or cardiopulmonary conditions; employed com-
bined modalities or interventions, such as resistance exercises,
electrical stimulation, or pharmacological interventions.

2.3 Quality assessment

The risk of bias in included studies was assessed independently
by two reviewers (S.A.O. and A.D.) using the ROBINS-I tool (Risk
of Bias in Non-randomized Studies of Interventions) version 2. This
tool evaluates the risk of bias due to confounding, selection of
participants into the study, classification of interventions, devia-
tions from intended interventions, missing data, measurement of
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outcomes, and selection of the reported results (Sterne et al., 2016).
Each domain was rated as low, moderate, serious, or critical risk of
bias. Disagreements between reviewers were resolved through
discussion or consultation with a third reviewer (M.F.).

2.4 Data extraction

The following data were extracted from each article: author,
year of publication, study design, subject characteristics, fatiguing
task characteristics, outcome measures, and key findings regarding
the changes of CMC measures related to neuromuscular fatigability,

including p-values.

3 Results

A total of 3,279 studies were screened after deduplication; 59
studies were selected based on title and abstract, and 15 were finally

10.3389/fphys.2026.1719722

included after full-text screening. Details can be found in the
flowchart (Figure 1).

3.1 Characteristics of included studies

A total of 15 non-randomized trials examining the relationship
between neuromuscular fatigability and CMC were included. Only one
of the included studies involved a neurological population (adults with
cerebral palsy), while the remaining were healthy. Across studies, 188
participants were enrolled: 174 neurologically healthy adults (137
males, 37 females) and 14 individuals with neurological conditions (7
males, 7 females). Overall, participants were predominantly healthy
young to middle-aged males, with reported mean ages ranging from
22.7 to 48.2 years (Table 1). Considerable heterogeneity existed across
studies in terms of fatiguing task characteristics, fatigue assessment
timepoints, and CMC analysis methods (Tables 1, 2). Existing studies
examining fatigue-related alterations in brain-muscle communication
in neurological populations were largely not included in the present
review because they did not meet the predefined inclusion criteria of
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FIGURE 1
PRISMA flow diagram depicting the study selection process.
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investigating experimentally-induced neuromuscular fatigue, focusing
solely on neuromuscular fatigability (state fatigue), or tracking the
modulation of CMC with respect to fatigability (e.g., pre-post
task assessment).

3.2 Quality analysis

Out of the included studies, four were rated as having a low risk
of bias across all ROBINS-I domains (Yang et al., 2010; Martinez-
Aguilar and Gutierrez, 2019; Hsu et al., 2023; Bedard et al., 2025).
These studies demonstrated minimal concern for confounding or
missing data. The remaining studies (Yang et al., 2009; Tuncel et al.,
2010; Ushiyama et al.,, 2011; Ushijima et al., 2017; Igasaki et al.,
2018; Qiu et al., 2018; Igasaki et al., 2019; Wang et al., 2020; Forman
etal., 2022; Correia et al., 2024; Magnuson et al., 2024) were rated as
having a moderate risk of bias. Common methodological limita-
tions included limited generalizability due to male-only samples or
potential biases in outcome measurement (Supplementary Material,
Figure 2). Nevertheless, these studies retained sufficient methodo-
logical integrity to contribute meaningfully to the synthesis. No
studies were rated as having a serious or critical risk of bias.

3.3 CMC analysis

Across the included studies, alpha band CMC was most com-
monly defined as 8-12 Hz (Martinez-Aguilar and Gutiérrez, 2019;
Wang et al,, 2020; Hsu et al, 2023; Magnuson et al., 2024), with
broader definitions also reported, including 6-15 Hz (Forman et al,,
2022) and 8-13 Hz (Bedard et al., 2025); the beta band generally
spanned 13-35 Hz, most frequently 15-35 Hz (Yang et al., 2009; Yang
et al,, 2010; Igasaki et al., 2018; Igasaki et al., 2019; Wang et al., 2020;
Magnuson et al., 2024), with narrower or shifted ranges such as 13-29
Hz (Martinez-Aguilar and Gutierrez, 2019), 13-30 Hz (Ushiyama
et al., 2011; Ushijima et al., 2017; Qiu et al,, 2018; Hsu et al., 2023;
Bedard et al., 2025), 16-35 Hz (Forman et al., 2022), and 15-30 Hz
(Tuncel et al., 2010); and the gamma band covered approximately 30—
60 Hz, commonly 35-60 Hz (Igasaki et al., 2018; Igasaki et al., 2019;
Wang et al., 2020), with alternative definitions including 36-60 Hz
(Forman et al., 2022), 30-60 Hz (Tuncel et al., 2010; Ushijima et al.,
2017), 30-50 Hz (Hsu et al., 2023; Bedard et al., 2025), 30-45 Hz (Qiu
et al., 2018), and 35-50 Hz (Yang et al., 2010).

CMC was predominantly calculated between EEG electrodes over
the sensorimotor cortex and surface EMG signals recorded from task-
relevant muscles of the active limb. Upper-limb studies typically
assessed CMC between contralateral central electrodes (mostly C3)
and elbow, forearm, or hand muscles. Lower-limb studies primarily
computed CMC between Cz or neighboring central electrodes and
knee or ankle muscles. Some studies extended the analysis to multiple
scalp regions (frontal, central, and parietal) to capture distributed
corticomuscular interactions (Yang et al, 2009; Yang et al.,, 2010;
Ushijima et al., 2017; Qiu et al, 2018; Martinez-Aguilar and
Gutiérrez, 2019; Forman et al., 2022) (Table 2).

3.3.1 Frequency-domain CMC analysis

Across 11 included studies (Yang et al., 2009; Ushiyama et al.,
2011; Ushijima et al., 2017; Igasaki et al., 2018; Qiu et al., 2018;
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Igasaki et al.,, 2019; Martinez-Aguilar and Gutierrez, 2019; Wang
et al., 2020; Forman et al.,, 2022; Hsu et al., 2023; Magnuson et al.,
2024), CMC was computed using Fourier-based magnitude-
squared coherence derived from EEG-EMG cross-spectral densities
averaged over time windows. These studies typically assume signal
stationarity within the analyzed segment and report outcomes such
as mean CMC values (Yang et al., 2009; Igasaki et al., 2018; Qiu
et al., 2018; Wang et al, 2020; Magnuson et al., 2024), peak
coherence value (PCV)/coherence maximum (Cohmax)
(Ushiyama et al,, 2011; Ushijima et al., 2017; Igasaki et al., 2018;
Igasaki et al., 2019; Martinez-Aguilar and Gutiérrez, 2019), peak
coherence frequency (PCF) (Yang et al., 2009; Ushiyama et al,, 2011;
Ushijima et al., 2017; Igasaki et al., 2018; Igasaki et al., 2019;
Martinez-Aguilar and Gutiérrez, 2019; Wang et al., 2020), or the
area of coherence (Coharea) (Ushiyama et al., 2011; Qiu et al., 2018;
Wang et al.,, 2020; Forman et al., 2022; Hsu et al,, 2023) exceeding a
statistical threshold (95% confidence limit) (Table 2). CMC values
range between 0 and 1, with 0 indicating no linear relationship
between EEG and EMG at that frequency and 1 indicating a perfect
linear relationship. The 95% confidence limit is applied to this 0-1
range to identify which coherence values are statistically significant.
Under this framework, fatigue-related changes are interpreted as
net pre-to-post or early-to-late differences. Across these studies,
CMC between an EEG signal x(f) and an EMG signal y(t) was
computed as:

1S4 (N) I
Sulf) Sy (f)
where S, (f) represents the cross-spectral density between EEG

and EMG at frequency f, and S,,(f) and S, (f) represent their
respective auto-spectral densities.

COMC,(f) =

3.3.2 Time—frequency CMC analysis

Four studies extended the Fourier-based framework into the
time—frequency domain (Tuncel et al, 2010; Yang et al., 2010;
Correia et al., 2024; Bedard et al., 2025), allowing coherence to vary
dynamically over the course of fatiguing tasks. These studies
reported outcomes such as band-mean coherence (Bedard et al.,
2025), the summed or averaged area of significant coherence above
a statistical threshold (Tuncel et al., 2010; Correia et al., 2024), or
wavelet coherence (Yang et al.,, 2010) within predefined frequency
bands, capturing transient changes that occur during non-station-
ary muscle activity (Table 2). Similar to frequency-domain CMC,
coherence values ranged from 0 to 1, with 0 indicating no linear
relationship and 1 indicating perfect linear coupling between EEG
and EMG at a given time—frequency point. Statistical significance
was determined using a 95% confidence limit.

3.4 Changes in CMC related to
neuromuscular fatigability

3.4.1 Changes in alpha band CMC (~8-12 Hz)

Alpha band CMC was only reported in four studies, with
inconsistent modulation from pre- to post-fatigue states or across
task stages. Specifically, no fatigue-related differences in alpha CMC
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TABLE 1 Summary of findings.

Participants

Sex

Fatiguing task

CMC
Cortical area

Timepoints

Key findings

Age + SD Intensity Type Muscle
(Bedard et al., 2025) 143,59 Handgrip Isometric | Intermittent C3 Across (pre-NMF& post-NMF) & |« mean B & Y CMC no sign. diff. post- vs pre-NMF (p > 0.05)
50% MVC within 8 blocks * B & yCMC sign. 1 within blocks (p < 0.05)
44+13y R FCR,, & ECR,,
(Correia et al., 2024) 1938 Knee extension Isotonic | Intermittent C3 Early, mid, late NMF *  early vs. late NMF: Coharea sign. | across all muscles (p < 0.05)
&
259464y = R VL,, RE,, VM,,,
flexion ’
BF,, & ST,
(Magnuson et al., 2024) 83,892 Elbow Flexion Isometric Sustained Cz Pre-NMF, Post-NMF . mean o0 CMC sign. 1 post NMF
280443y 20% MVC BB,, *  mean B CMC no sign. diff. post- vs pre-NMF (p > 0.05)
(Hsu et al., 2023) 73, 69 Handgrip Isometric | Intermittent C3 Pre-NMF, Post-NMF . Coharea: B CMC sign. 1 post- vs pre-NMF (p < 0.05)
253125 3x 60% MVC + 1x R EDS *  Coharea: Yy CMC: no sign. diff. post- vs pre-NMF
o EEY 100% MVC ™
(Forman et al., 2022) Cerebral Palsy: Dorsiflexion Isometric Sustained FC/C/CP Pre-NMF, Post-NMF CP & NI :
73,792 30- 60% MVC *  AUC B CMC: sign. | post-NMF (p < 0.05): CP < NI (p < 0.05)
376 £ 10.1y *  AUC a & y CMC: no sign. diff. (all p’s > 0.05)
Control: R & L TA,
48, 6%
354+ 103y
(Igasaki et al., 2019) 78 Dorsiflexion Isometric Sustained Cz 5 epochs *  10-30% MVC: PCF: sustained § CMC but | PCV over time
10-60% MVC (every 127, incl. pre- and post- *  240% MVC: early PCF: Yy CMC but later PCF: p CMC
2Bxly R GCpy
NMF)
(Wang et al., 2020) 128 Elbow Extension Isometric Sustained C3 Pre-NMF, Post-NMF . Coharea CMC observed in o, B &y
0, . i - -
2375+ 249y 20% MVC R TB,, Y CMC sign. | post- vs pre-NMF (p < 0.05)
(Martinez-Aguilar and 53, 59 Pedalin: Isotonic Intermittent F3, Fz, F4, C3, Cz, C4, Pre-NMF, Post-NMF . PCV oo CMC: no sign. diff. post- vs pre-NMF
Gutiérrez, 2019) 5 TF P3, Poz, P4 *  PCV B CMC: sign. diff. post- vs pre-NMF across subjects
268 +34y L VL,
(Igasaki et al., 2018) 538 Dorsiflexion Isometric Sustained Cz 5 epochs (every 127, incl. pre- e 10-30% MVC: PCF: sustained p CMC, | PCV over time
10-60% MVC and post-NMF) *  40-60% MVC: no sign. PCF CMC (sign y CMC: first 12” only)
Bxly R TA, R, T
* no sign. diff. in PCV or PCF across time divisions in any
frequency band (all p’s > 0.05)
(Qiu et al., 2018) 188 Shoulder Abduction | Isometric Sustained C3, C4, CP5, CP6 Pre-NMF, Post-NMF * vy Coharea sign. | post-NMF (all p’s < 0.05)
53y 0-3kg R D, *  no sign. effect of force load on CMC in any frequency band (p >

0.05)
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TABLE 1 Continued

Participants Fatiguing task CMC Timepoints Key findings
Sex Cortical area
Age + SD Intensity Type Mode Muscle
(Ushijima et al., 2017) 118 Dorsiflexion Isometric Sustained 19 scalp electrodes 5 epochs (every 127, incl. pre- * B PCV sign. 1 with post-NMF (p < 0.05)
2514 10-30% MVC RTA and post-NMF) * 7 CMC no sign. diff. post-NMF (p > 0.05)
s m *  PCF: remained mostly in B (p > 0.05)
(Ushiyama et al., 2011) 73 Dorsiflexion Isometric Sustained Cz + 20mm L Pre-NMF, Post-NMF * B CMC sign. 1 post-NMF (Cohmax p < 0.05; Coharea: p < 0.05)
30-50% MVC
27+16y R TA,
(Tuncel et al., 2010) 103 Elbow Flexion Isometric | Intermittent C3-C4 Early, mid, late NMF At early and mid-NMF:
4kg *  sign. p & Y CMC mean values
£33y R BB At late-NMF:

*  YCMC & | B & Y CMC mean values

(Yang et al., 2010) 73, 19 Handgrip Isometric | Intermittent C3, C4, Cz, Fz, Pz 150 trials (incl. pre-NMF and . mean B & y CMC sign. | post- vs pre-NMF
200 x 100% MVC post-NMF)
327+77y R FDP,, & FDS,,
(Yang et al., 2009) 33, 62 Elbow Flexion Isometric Sustained F3, Fz, F4, C3, Cz, C4, Minimal & *  PCV B CMC sign. | with severe NMF (p < 0.05)
30% MVC P3, Pz, P4 Severe NMF . PCF remained in  with NMF
482+ 148y R BB,

Y, years; MVC, Maximum Voluntary Contraction, L, Left; R, Right; C3, Left Motor Area; C4, Right Motor Area; Cz, Central Region; F3, Left Frontal Cortex; Fz, Midline Frontal Cortex; F4, Right Frontal Cortex; P3, Left Parietal Cortex; Poz, Midline Parietal Cortex; P4, Right
Parietal Cortex; CP5, Left Centro-Parietal Regions; CP6, Right Centro-Parietal Regions; FCR,,, Flexor Carpi Radialis; ECR,,, Extensor Carpi Radialis muscle; VL,,, Vastus Lateralis muscle; RFm, Rectus Femoris muscle; VM,,,, Vastus Medialis muscle; BF,,, Biceps Femoris
muscle; ST, Semitendinosus muscle; BB,,,, Biceps Brachii muscle; FDS,,,, Flexor Digitorum Superficialis muscle; TA,,, Tibialis Anterior muscle; GC,,, Gastrocnemius muscle; TB,,, Triceps brachii muscle; D,,, Deltoid muscle; FDP,,, Flexor Digitorum Profundus muscle; NMF,
Neuromuscular Fatigue; PCV, Peak Coherence Value; PCF, Peak Coherence Frequency; Cohmax, Coherence Maximum; Coharea, Coherence Area; AUC, Area Under the Curve; diff, difference; o, Alpha Band; B, Beta Band; Y, Gamma Band; sign., Significant; 1, Increase; |,
Decrease; CMC, Corticomuscular Coherence, p, Statistical Significance.
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TABLE 2 Different corticomuscular coherence outcomes reported across
the studies.

Outcome Definition

Peak The maximum level of synchronization or correlation observed
Coherence between two signals within a specified frequency range (Yang
Value (PCV) et al,, 2009; Ushiyama et al., 2011; Ushijima et al., 2017; Igasaki
/ et al., 2018; Igasaki et al., 2019; Martinez-Aguilar and Gutiérrez,
Coherence 2019)
Maximum
(Cohmax)

Peak The exact frequency within a band where CMC reaches its
Coherence maximum value (PCV) between EEG and EMG (Yang et al.,
Frequency 2009; Igasaki et al., 2018; Igasaki et al., 2019; Martinez-Aguilar

(PCF) and Gutiérrez, 2019)

Coherence The total coherence between two signals across a specified
Area frequency range, calculated as the integral of the coherence
(Coharea) / spectrum (Tuncel et al., 2010; Ushiyama et al., 2011; Qiu et al.,
Area under | 2018; Wang et al,, 2020; Forman et al,, 2022; Hsu et al., 2023;

the curve Correia et al., 2024)
Mean CMC | Average coherence across all frequency bins within a specified
frequency range (Yang et al., 2010; Bedard et al., 2025)
Wavelet Quantifies the linear correlation between two time series (e.g.,
Coherence EEG and EMG signals) in the time-frequency domain (Yang
et al., 2010)

were observed during cyclic knee movements (Martinez-Aguilar
and Gutiérrez, 2019) or during sustained ankle dorsiflexion in both
neurologically intact individuals and individuals with cerebral palsy
(Forman et al., 2022) (all p’s > 0.05). Similarly, Wang et al (Wang
et al,, 2020) reported the presence of alpha band CMC during elbow

10.3389/fphys.2026.1719722

extension tasks, but no significant alpha band modulation with
fatigability, despite observing significant changes in other frequency
bands. In contrast, Magnuson et al (Magnuson et al., 2024) reported
a significant increase in alpha band CMC with neuromuscular
fatigability during a sustained contraction (p < 0.05). Overall,
alpha band CMC was either unchanged or only partially affected
by fatigability, with significant effects reported in isolated task
conditions rather than consistently across studies.

3.4.2 Changes in beta band CMC (~13-35 Hz)

Beta band CMC showed non-uniform modulation with neuro-
muscular fatigability. Apparent inconsistencies largely reflect dif-
ferences in fatiguing tasks, fatigue assessment timepoints, CMC
analysis method, and population studied. Recent work by Bedard
et al (Bedard et al., 2025) demonstrated that beta band CMC
increased transiently within individual task blocks (repetitions),
with positive and significant slopes in nearly all blocks (p < 0.05).
However, this increase did not persist across blocks, as the average
beta CMC amplitude did not change over the course of the task (p >
0.05), showing short-term adjustments rather than cumulative
increases. This within-block modulation aligns with earlier studies
reporting increases in beta band CMC during or immediately after
fatiguing contractions, such as those by Hsu et al (Hsu et al.,, 2023),
Ushijima et al (Ushijima et al, 2017), and Ushiyama et al
(Ushiyama et al., 2011), who observed higher beta band CMC in
post-fatigue or late-fatigue states (p < 0.05).

In contrast, studies focusing on later phases of prolonged or
repetitive tasks consistently report reductions in beta CMC. Correia

0 Bz ., 8 8 s Z, 2
S <8 Q8 8EE B EsS 9¢2 of bias

Bedard et al., wl @] @] @ [ J @ O o LOW
Correia et al., 2024 o [ ) o O o MODERATE
Magnuson et al., 2024 [ © [ ] o O o MODERATE

Hsuetal,2023 @ | @ | @ o O O O LOW
Formanetal,2022 @ | @ | @ o o ® | MODERATE
Wang et al., 2020 ® | O o o @® | MODERATE
Igasaki et al., 201 | O o @ o @® | MODERATE
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FIGURE 2
Risk of bias and overall quality for individual studies.
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et al (Correia et al., 2024) showed a significant decrease in the area
of significant CMC during the second half of the task across
multiple muscles (all p < 0.05), a pattern also observed by Wang
et al (Wang et al., 2020), Aguilar & Gutiérrez (Martinez-Aguilar and
Gutiérrez, 2019), Tuncel et al (Tuncel et al., 2010), and Yang et al
(Yang et al.,, 2009; Yang et al., 2010), where beta band CMC was
stronger early and declined as fatigue developed (p < 0.05).
Consistent with this pattern, Igasaki et al. demonstrated that beta
band CMC was dominant during weak contractions (10-30%
MVCQC) (Igasaki et al., 2019) but declined over time (Igasaki et al.,
2018), whereas during stronger contractions (40-60% MVC), beta
band CMC was less significant. Importantly, Magnuson et al
(Magnuson et al., 2024) reported no significant pre-to-post changes
in beta band CMC during a sustained 10-min contraction (p >
0.05). Evidence from a single neurological population (Forman
et al.,, 2022) reported a significant reduction in beta band CMC
with neuromuscular fatigability (p < 0.05), with individuals with
cerebral palsy showing lower beta CMC than neurologically intact
controls (p < 0.05).

3.4.3 Changes in gamma band CMC (~30-60 Hz)

Gamma band CMC appears less variable than beta band CMC
and shows relatively more consistent modulation with fatigability.
Recent evidence from Bédard et al (Bedard et al., 2025). indicates
that gamma band CMC can increase transiently within task blocks,
mirroring the same within-block behavior observed in the beta
band. However, these transient increases did not translate into
significant changes across blocks, as block-averaged gamma band
CMC amplitude remained stable despite the progressive develop-
ment of fatigue. This finding aligns with several earlier studies
reporting no significant pre-to-post or time-dependent changes in
gamma band CMC (Ushijima et al., 2017; Hsu et al., 2023),
including Forman et al (Forman et al., 2022), who observed no
significant differences in the cerebral palsy group in association with
neuromuscular fatigability (all p’s > 0.05).

Compared with this, multiple studies documented significant
reductions or disappearance of gamma band CMC as fatigue
progressed (Tuncel et al., 2010; Yang et al,, 2010; Igasaki et al.,
2018; Qiu et al, 2018; Igasaki et al, 2019; Wang et al,, 2020),
particularly during prolonged or stronger contractions (Tuncel
et al., 2010; Igasaki et al., 2018; Igasaki et al., 2019), with gamma
coherence often appearing only briefly at task onset and declining as
fatigue increased.

3.4.4 Limb-related CMC changes with
neuromuscular fatigability

The studies included were further grouped by limb and muscle
group. Different fatigue-related CMC changes were observed across
the upper- (Yang et al,, 2009; Tuncel et al., 2010; Yang et al., 2010;
Qiu et al., 2018; Wang et al., 2020; Hsu et al., 2023; Magnuson et al.,
2024; Bedard et al, 2025) and lower- (Ushiyama et al., 2011;
Ushijima et al., 2017; Igasaki et al., 2018; Igasaki et al., 2019;
Martinez-Aguilar and Gutiérrez, 2019; Forman et al., 2022;
Correia et al., 2024) limb tasks.
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Upper-limb fatiguing tasks (8 studies) showed heterogeneous
CMC responses across shoulder, elbow, and hand/forearm muscles.
During shoulder abduction involving the deltoid, gamma band
CMC decreased significantly with neuromuscular fatigability, with
no effect of force load on coherence in any frequency band (Qiu
et al., 2018). For the biceps brachii muscle, mixed results were
reported: alpha band CMC increased post-fatigue, while beta band
CMC showed either no significant pre-to-post fatigue change
(Magnuson et al., 2024) or significant reductions with greater
neuromuscular fatigability (Yang et al., 2009) along with gamma
band CMC (Tuncel et al., 2010). Whereas only the gamma band
CMC decreased for the triceps brachii muscle (Wang et al., 2020).
For hand and forearm muscles, block-designed handgrip task
showed no significant beta or gamma band CMC differences pre-
to-post fatigue (Bedard et al., 2025), whereas sustained handgrip
demonstrated either significant increases in beta band CMC (Hsu
et al,, 2023) or significant reductions in both beta and gamma band
CMC across flexor digitorum superficialis and profundus (Yang
et al,, 2010). For lower-limb muscles (7 studies), fatigue-related
CMC changes were more consistently characterized by reductions
in coherence across fatigue assessment timepoints and contraction
intensity. During knee flexion-extension tasks involving the vastus
lateralis, rectus femoris, vastus medialis, biceps femoris, and
semitendinosus muscles, a significant decrease in CMC was ob-
served from early to late fatigue across all recorded muscles (all p’s
<0.05) (Correia et al., 2024). In a pedaling fatiguing task assessing
the vastus lateralis muscle, alpha band CMC showed no significant
pre-to-post fatigue change, whereas beta band CMC differed
significantly between subjects with different levels of fatigability
(Martinez-Aguilar and Gutierrez, 2019). For the tibialis anterior
muscle, results varied with contraction intensity: during low-inten-
sity contractions (10-30% MVC), significant beta band CMC was
observed but declined over time, while high-intensity contractions
(40-60% MVC) showed no sustained CMC, with gamma band
coherence present only transiently during the initial seconds
(Igasaki et al., 2018). Only two studies reported significant post-
fatigue increases in beta band CMC irrespective of contraction
intensity, with coherence frequency remaining in the beta range
(Ushiyama et al., 2011; Ushijima et al,, 2017). In the clinical
population, beta band CMC decreased significantly after a fatiguing
dorsiflexion task for the tibialis anterior muscle, with lower coher-
ence values in individuals with cerebral palsy compared with
neurologically intact controls (Forman et al.,, 2022). For the gas-
trocnemius muscle, weak contractions (10-30% MVC) showed
sustained beta band CMC, whereas stronger contractions (240%
MVC) were initially dominated by gamma band CMC that declined
over time (Igasaki et al., 2019).

3.4.5 Task-related CMC changes: contraction
type, mode, and intensity

CMC responses to neuromuscular fatigability varied according
to task characteristics, particularly contraction type, mode,
and intensity.

Studies using fatiguing intermittent or block-designed isometric
tasks reported mixed CMC responses. Bedard et al (Bedard et al.,
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2025) found no significant pre-to-post fatigue changes in block-
averaged beta or gamma CMC (p > 0.05), whereas Hsu et al (Hsu
et al., 2023). reported a significant increase in beta band CMC post-
fatigue (p < 0.05) with no change in gamma band CMC. Yang et al
(Yang et al., 2010) reported significant post-fatigue reductions in
both beta and gamma band CMC compared with pre-fatigue values.
Similarly, Tuncel et al (Tuncel et al., 2010) observed significant beta
and gamma band CMC during early and mid-fatigue stages,
followed by a reduction in both bands during late fatigue, with
gamma band coherence remaining significant. Two studies using
cyclic isotonic fatiguing contractions reported no changes in CMC.
Aguilar & Gutiérrez (Martinez-Aguilar and Gutierrez, 2019) re-
ported no significant pre-to-post fatigue changes in alpha band
CMC and significant differences in beta band CMC, but the
direction (increase vs decrease) varied between individuals. In
contrast, Correia et al (Correia et al.,, 2024) demonstrated a
significant decrease in CMC from early to late fatigue stages
across all recorded muscles (all p’s < 0.05).

In studies using isometric tasks, including handgrip (Yang et al.,
2010; Hsu et al., 2023; Bedard et al., 2025), elbow flexion/extension
(Yang et al., 2009; Tuncel et al., 2010; Wang et al., 2020; Magnuson
etal., 2024), and ankle dorsiflexion (Ushiyama et al., 2011; Ushijima
et al., 2017; Igasaki et al., 2018; Igasaki et al., 2019; Forman et al.,
2022), significant fatigue-related changes in beta band CMC were
frequently reported. During low-intensity sustained contractions
(10-30% MVC), results were mixed. Ushijima et al (Ushijima et al.,
2017) reported significant increases in beta band CMC with
fatigability, whereas other studies at similar force levels observed
significant reductions in beta band CMC (Yang et al., 2009; Igasaki
et al,, 2019) and gamma band CMC (Qiu et al., 2018; Wang et al.,
2020) during later task stages. Magnuson et al (Magnuson et al.,
2024) found no significant changes in beta band CMC, with only
alpha band CMC showing an increase. During higher intensity or
prolonged contractions to task failure (40-60% MVC or repeated
maximal efforts), beta band CMC showed generally attenuated
responses with fatigability. Ushiyama et al (Ushiyama et al., 2011)
reported a significant increase in beta band CMC post-fatigue at 30—
50% MVC (Cohmax and Coharea, both p’s < 0.05), with beta
frequencies present both pre- and post-fatigue. Conversely, Forman
et al (Forman et al, 2022) observed a significant post-fatigue
reduction in beta band CMC (p < 0.05), with lower values in
individuals with cerebral palsy compared with neurologically intact
controls (p < 0.05), while alpha- and gamma band CMC showed no
significant changes. Igasaki et al (Igasaki et al., 2019) reported that
strong contractions (240% MVC) were characterized by an initial
gamma band CMC that decreased over time, whereas in their earlier
work (Igasaki et al., 2018) no significant sustained CMC at high
intensities (40-60% MV C) was found, with gamma band coherence
present only transiently during the first 12 s.

4 Discussion

This systematic review included 15 non-randomized studies
investigating how neuromuscular fatigability affects brain-muscle
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synchronization. The primary outcome was changes in CMC
associated with neuromuscular fatigability. According to the re-
viewed studies, alpha, beta (most prominent), and gamma bands
CMC demonstrated divergent patterns as fatigue developed, influ-
enced by several key factors. Variations in frequency band defini-
tions did not seem to systematically affect outcomes, as similar
trends were reported despite differences in band boundaries, a
common methodological challenge in EEG research (Newson and
Thiagarajan, 2019). In contrast, the choice of analysis approach
(frequency-domain vs. time-frequency domain) may have contrib-
uted to some variability, particularly in handgrip paradigms, where
different findings were noted in the beta and gamma bands, similar
to alpha band results (all derived from frequency-domain analyses).
A pronounced source of heterogeneity concerned the definition of
fatigue phases. Studies employed a wide range of approaches,
including within-task temporal segmentation, pre—post compari-
sons, and multi-stage fatigue classifications, often without stan-
dardized terminology or clearly defined criteria, limiting direct
temporal comparisons and precluding subgroup analysis.
Although research in this area is expanding, the heterogeneity of
findings among the methodologies limits generalizability, and
studies involving neurological populations remain notably scarce,
with only one out of the 15 included studies examining a neuro-
logical population (adults with cerebral palsy).

4.1 Reconsidering cortical involvement:
Does increased cortical activity support
sustained motor performance with
neuromuscular fatigability?

Beta band CMC is widely interpreted as a marker of effective
corticospinal communication during steady force output and pre-
cision control (Engel and Fries, 2010; Reyes et al., 2017), and its
fatigue-related modulation appears to depend on when and how
fatigue was induced, as well as task characteristics and the EEG-
EMG coupling analysis method employed (Liu et al., 2019) Because
beta band CMC was the most examined frequency band and yielded
the most interpretable fatigue-related effects, the following section
exhaustively focuses on beta band CMC findings, which can be
firsthand grouped by task type (dorsiflexion, handgrip, elbow
flexion). In dorsiflexion studies, contraction intensity emerged as
a key differentiating factor. Low- to moderate-intensity sustained
contractions (=10-30% MVC) as in Ushijima et al (Ushijima et al.,
2017) and Ushiyama et al (Ushiyama et al., 2011) were associated
with significant increases in beta CMC post-fatigue, which may
reflect increased cortical engagement to stabilize force as peripheral
fatigability emerges. This aligns with evidence that beta coherence
can increase during mild fatigue, when the motor system prioritizes
precision and steadiness (McManus et al., 2016). By contrast,
Igasaki et al (Igasaki et al., 2018; Igasaki et al., 2019), who examined
a higher intensity range up to 60% MVC using several fatigue
epochs, found that beta band CMC was either reduced or dimin-
ished over time at high-intensity force levels. These findings suggest
that increasing force demands as fatigue develops may overwhelm
corticomuscular synchrony within beta coupling, leading to a
reduced ability of the motor cortex to synchronize its output with
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muscle activity, a pattern consistent with reports of weakened beta
coherence under high metabolic and central constraints (Tecchio
et al,, 2006; Pethick and Tallent, 2022). The findings by Forman et al
(Forman et al., 2022) provide further support for this interpretation.
The observation that neurologically intact controls also showed a
reduction in beta CMC after fatigue may indicate that such a
decrease represents a broader response to severe fatigue. The
larger reduction reported in cerebral palsy may therefore reflect
an added vulnerability associated with pre-existing alterations in
corticomuscular connectivity (Meng et al., 2009; Salomon, 2024).
Similar divergent patterns were observed in handgrip and elbow
flexion studies, where the fatigue assessment timepoints and CMC
analysis approach emerged as additional critical determinants of
reported beta band CMC changes. In handgrip paradigms, Hsu et al
(Hsu et al., 2023) reported increased beta band CMC when
assessing only pre-to-post fatigue changes using frequency-
domain analysis, whereas Bedard et al (Bedard et al., 2025)
observed no net pre-to-post change despite transient within-block
increases captured with time-frequency methods. However, Yang
et al (Yang et al, 2010), using also time-frequency analysis with
broader montage (C3, C4, Cz, Fz, Pz), reported decreases in beta
band CMC, underscoring that the analytic approach (frequency vs
time-frequency) may influence the detection of fatigability dynam-
ics (Liu et al, 2019). Moreover, although differences in EEG
montages (Cz vs multi-electrode arrays) may modulate the sensi-
tivity to beta band CMC changes, this factor is more likely to
influence the magnitude rather than the direction of the observed
effects (Mima and Hallett, 1999) and is unlikely to account for the
direction of fatigue-related changes reported in this review.
Similarly, within the elbow flexion studies (Yang et al., 2009;
Tuncel et al, 2010; Wang et al.,, 2020; Magnuson et al., 2024),
reductions in beta band CMC were consistently observed despite
differences in contraction mode (sustained vs intermittent), sug-
gesting that contraction continuity alone does not fully determine
the direction of beta CMC modulation as fatigue develops.
Gamma band CMC was less reported than beta band CMC
across the included studies and showed predominantly no signifi-
cant change or progressive reductions as fatigue develops across
tasks. In sustained dorsiflexion paradigms, gamma band CMC was
largely absent or unchanged across fatigue stages, although tran-
sient increases in gamma coupling have been reported during early
phases of high-intensity or dynamic contractions; these effects
appear short-lived and are not consistently captured in pre-post
fatigue comparisons (Igasaki et al., 2018; Igasaki et al., 2019).
However, in intermittent handgrip tasks, gamma band CMC
decreased as contraction intensity increased (Yang et al., 2010),
while it remained unchanged at lower intensity levels (Hsu et al.,
2023; Bedard et al., 2025). This finding appears counterintuitive, as
gamma-band CMC is typically linked to dynamic, high-force motor
control and rapid sensorimotor integration (Gwin and Ferris, 2012).
Importantly, gamma band CMC is inherently more challenging to
detect reliably due to the lower signal-to-noise ratio (He, 2014),
owing to the relatively spatially restricted generators of gamma
oscillations, and their tendency to occur in brief bursts rather than
sustained rhythms. Consequently, the detection of gamma activity
and its associated connectivity structure is technically more
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demanding (Buzsaki and Wang, 2012), potentially contributing to
reduced sensitivity and a higher likelihood of null findings. In
addition, the type of motor task influences the frequency band in
which CMC is most prominent: isotonic contractions tend to shift
corticospinal oscillatory coupling toward the gamma range, whereas
isometric contractions more consistently favour beta band coher-
ence (Gwin and Ferris, 2012). Given that most included studies
employed isometric contractions, this methodological characteristic
may have further limited the detection of gamma band CMC.
Therefore, the limited findings in the gamma band in this review
are likely reflect methodological and task-related constraints rather
than an absence of physiological involvement.

Crucially, weakening in beta or gamma band CMC during
neuromuscular fatigability should not be interpreted as solely a
loss of motor drive, as it may signify an adaptive reorganization to
maintain motor performance (Peng et al., 2024). Though CMC is
widely interpreted as a reflection of descending corticospinal drive
(Liu et al,, 2019), it is important to recognize that afferent feedback
also influences this coupling within the sensorimotor system
(Airaksinen et al.,, 2015). Fatigue-induced changes in peripheral
afferent input, particularly from proprioceptive feedback and group
III/IV muscle afferents, can modulate cortical excitability and
inhibitory circuits (Sidhu et al., 2018), thereby influencing cortico-
spinal output and its synchronization with muscle activity. These
afferent-driven mechanisms provide a plausible pathway through
which peripheral fatigue contributes to the observed changes in
CMC. Fatiguing tasks may induce task-specific adjustments in
neural gain and excitability across multiple levels of the corticospi-
nal system, including both cortical and spinal components
(Boonstra, 2017; Weavil and Amann, 2018). The corticospinal
pathway, considered the primary conduit for voluntary motor
control in humans, may exhibit task-specific alterations in excita-
bility during exercise (Weavil and Amann, 2018), reflecting a
dynamic balance between excitatory and inhibitory influences at
the motor cortex and spinal motoneuron levels. As corticospinal
pathways become less effective due to fatigue, the nervous system
may reallocate control to subcortical structures such as the basal
ganglia and cerebellum, as well as to spinal networks. Functional
magnetic resonance imaging studies (Liu et al., 2003; van Duinen
et al., 2007; Jiang et al., 2016) have reported increased connectivity
between the motor cortex and subcortical structures during fatigu-
ing tasks, suggesting that subcortical regions increasingly support
motor performance as primary cortical circuits become fatigued.
Additionally, reduced CMC with fatigability is often accompanied
by enhanced intermuscular coherence among synergistic muscles
(Boonstra et al., 2008), pointing to a greater reliance on spinal-
mediated muscle coordination. Spinal interneurons, which organize
rhythmic and synergistic muscle activations, provide a more auto-
mated mode of control when precise cortical regulation becomes
inefficient (Giszter, 2015). These findings challenge the simple
assumption that sustained or elevated cortical activity solely sup-
ports motor performance under fatigue. Instead, neuromuscular
fatigability may trigger a reorganization of the motor control
hierarchy, where cortical involvement may increase initially but
diminishes as subcortical and spinal mechanisms take over. Future
models of neuromuscular fatigability may consider this adaptive
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redistribution of motor control rather than focusing solely on
cortical output escalation. This shift allows the nervous system to
preserve motor output through more automated or synergistic
control pathways. Therefore, interventions aiming to support
motor performance under fatigue (e.g., brain stimulation protocols)
can consider not only enhancing cortical activity but also facilitating
the transition to efficient downstream (subcortical/spinal) control.

Alpha-band CMC has received limited attention, being exam-
ined in only four of the fifteen studies included. A plausible
explanation for this may be that alpha oscillations play a more
prominent role during movement preparation, attentional engage-
ment, or early task phases (Deiber et al., 2012; Jensen and
Bonnefond, 2026), whereas fatigability studies typically focus on
steady-state or end-task epochs, potentially overlooking transient
alpha-related dynamics.

4.2 Upper- vs. lower-limb muscles: should
we expect distinct adaptations in
neuromuscular fatigability?

The evidence in this review does not show a consistent differ-
ence between upper- and lower-limb muscles in their CMC re-
sponses during neuromuscular fatigability. Instead, the reviewed
studies reveal substantial within-limb heterogeneity, with CMC
adaptations varying as a function of task demands, contraction
intensity, muscle group, and stage of neuromuscular fatigue. When
considering task design, upper-limb studies were evenly split
between sustained (4 studies) and intermittent (4 studies) contrac-
tions, including handgrip, elbow flexion/extension, and shoulder
abduction, whereas lower-limb studies were dominated by sus-
tained dorsiflexion (5 studies), with only one intermittent knee
extension/flexion study and one pedaling task. This distribution
indicates that differences in task type may contribute to within-limb
variability and could partly explain heterogeneity in CMC out-
comes, rather than limb identity alone. From a neurophysiological
perspective, limb-dependent differences in fatigability are often
attributed to variations in cortical representation, functional role,
and relative reliance on corticospinal versus subcortical or spinal
pathways (Luft et al, 2002). Several studies highlight distinct
neuromuscular fatigability responses between the upper- and
lower-limbs’ muscles. Temesi et al (Temesi et al., 2019) and
Vernillo et al (Vernillo et al., 2020) demonstrated that sustained
voluntary contractions led to reduced motor drive, essential for
initiating and sustaining muscle contractions, in the biceps brachii
and elbow flexors but remained unchanged in knee extensors,
suggesting different recovery patterns between limbs. A reduction
in this drive may imply that more effort or compensatory input is
required to maintain motor output. In a related study, Vernillo et al
(Vernillo et al., 2018) observed greater neuromuscular fatigability in
the knee extensors, primarily due to central fatigability, which refers
to impairments in the CNS to drive the muscle. In contrast, the
elbow flexors exhibited more pronounced peripheral (muscular)
fatigability, indicating failure at or beyond the neuromuscular
junction or within the muscle itself, along with increased cortico-
spinal inhibition, suggesting a stronger reduction in the excitability
of the motor pathways from brain to muscle. Boccia et al (Boccia
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et al, 2017) reported that during the fatiguing task, the knee
extensors exhibited a larger reduction in maximal force output,
while the elbow extensors showed a greater decline in the rate of
force development. These differences highlight that fatigability
affects muscle groups in distinct ways, depending on their func-
tional roles and neuromuscular characteristics. However, such
mechanisms do not translate into a straightforward or predictable
pattern of CMC modulation across upper- and lower-limbs, where
the relationship between neuromuscular fatigability and CMC may
be better interpreted in terms of how oscillatory coupling reflects
adaptive changes in motor control strategies (Reyes et al., 2017).
Consistent with earlier observations, reductions in beta or gamma
band CMC with fatiguing contractions may reflect diminished
corticospinal synchronization. Importantly, this does not necessar-
ily indicate reduced overall neural drive, but rather a possible
redistribution of control toward subcortical and spinal circuits
that can support motor output as fatigue develops. While preserved
or increased beta band CMC, reported in both upper- and lower-
limb tasks, might indicate a compensatory stabilization strategy,
whereby the nervous system enhances oscillatory coupling to
maintain force output during sustained contractions.

4.3 Task characteristics: do they affect
brain-muscle communication during
neuromuscular fatigability?

The present synthesis indicates that CMC responses with
neuromuscular fatigability are shaped by task characteristics, par-
ticularly contraction type, mode, and intensity. Although beta band
coherence was most often reported to change during fatiguing tasks,
the direction and magnitude of these changes varied widely
across studies.

Intermittent or block-designed paradigms often yielded reduced
or stable block-averaged coherence despite within-block modula-
tion (Hsu et al., 2023; Bedard et al., 2025). Evidence from studies
examining fatigability indicates that periodic recovery during in-
termittent contractions preserves motor unit firing behaviour,
maintains reflex excitability, and limits central drive deterioration
compared with sustained efforts (Bigland-Ritchie et al.,, 1986;
Christensen and Fuglsang-Frederiksen, 1988; Duchateau et al,
2002). Such recovery phases may permit partial restoration of
corticospinal timing precision between blocks. This intermittent
re-stabilization of neural drive could counteract progressive
desynchronization, thereby masking cumulative declines in brain-
muscle coherence (Bakken et al., 2024). Consequently, the absence
of net CMC changes in block-based designs may reflect preserved or
dynamically restored synchronization. On the other hand, sustained
contractions impose continuous metabolic and neural stress, pro-
moting progressive alterations in afferent feedback and corticospi-
nal excitability that may more strongly influence coherence
magnitude (Hunter et al., 2016). In low-intensity sustained isomet-
ric contractions, increased synchronization likely reflects tempo-
rally structured descending input contributing to stable force output
(Mima and Hallett, 1999; Conway et al., 2004). During low-
intensity sustained tasks, increases in coherence observed in some
studies may indicate a reinforcement of temporal coupling within
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corticospinal circuits as the muscular contractile efficiency declines
and greater precision of descending timing is required to maintain
force (Peng et al., 2024). However, as fatigue progresses, several
mechanisms may weaken this coupling. Accumulation of metabo-
lites activates group III/IV afferents, altering spinal excitability and
supraspinal drive (Amann et al., 2015); motor unit discharge
becomes more variable (Christie and Kamen, 2009); and the
intracortical inhibitory-excitatory balance is modified (Hunter
et al., 2016). Each of these factors can degrade the temporal
alignment necessary for strong oscillatory synchronization, poten-
tially explaining reductions in coherence during later stages of
fatigue. At higher contraction intensities or during tasks performed
to failure, coherence responses were more frequently attenuated or
transiently broadened. Strong contractions recruit larger motor
units (Milner-Brown et al., 1973) and increase overall cortical
activation (Wang et al, 2023), yet an increased drive may not
necessarily translate into stronger oscillatory synchronization
(Boonstra, 2017). Experimental work, along with findings from
included studies (Igasaki et al., 2018; Igasaki et al., 2019), has shown
that high-force outputs can reduce beta-range synchronization
despite elevated motor cortex activity (Andrykiewicz et al., 2007),
suggesting that intense descending input may alter the spectral
distribution of corticospinal signals (from beta band CMC to
gamma band CMC) rather than reinforce specific-band rhythmic
coupling. As fatigue increases under these conditions, reductions in
voluntary activation and altered corticospinal excitability may
further compromise the stability of oscillatory transmission along
descending pathways.

4.4 Future Research: toward terminological
and methodological consistency in
neuromuscular fatigability research

One major barrier to synthesizing findings across studies is the
inconsistent and often unclear use of terminology and assessment
timepoints related to CMC and neuromuscular fatigability. Terms
such as “rest,” “pre-fatigue,” and “post-fatigue” are frequently used
without standardized definitions. For example, “rest” may refer
either to a true baseline prior to movement or to low-intensity
contractions performed before higher levels of fatigue have devel-
oped. Similarly, “post-fatigue” may capture a wide range of phys-
iological states, from early signs of fatigue to severe exhaustion or
even recovery, making it difficult to interpret what phase of fatigue
is being assessed. An additional challenge to this is the variation in
how studies divide time periods for analysis (epochs). Some studies,
such as Ushijima et al (Ushijima et al, 2017) and Igasaki et al
(Igasaki et al., 2018; Igasaki et al., 2019), divide contraction periods
into fine-grained epochs (e.g., 12-second segments), while others
use broader stages, e.g., early vs. late fatigue in Yang et al (Yang
et al,, 2009) or block-level analysis in Yang et al (Yang et al., 2010).
Others still, like Wang et al (Wang et al., 2020), rely on a simpler
pre- vs. post-fatigue comparison, which makes it harder to capture
the dynamic progression of neuromuscular fatigability. Without a
standardized framework for defining fatigue phases and coherence
measurement windows, cross-study comparisons remain difficult,
and conclusions about the temporal evolution of CMC with
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fatigability may be misinterpreted. Future research should adopt
consistent terminology and explicitly report the criteria used to
define fatigue states and segment coherence data, facilitating better
and more interpretable analyses. Furthermore, future studies could
complement coherence analysis by employing non-invasive brain
stimulation (NIBS) techniques, such as transcranial magnetic stim-
ulation (TMS) or transcranial alternating current stimulation
(tACS), to investigate the causal role of cortical excitability and
rhythmic activity in neuromuscular fatigue. These approaches may
help clarify whether observed CMC changes reflect central mech-
anisms of fatigue or compensatory processes, offering a deeper
understanding of the neurophysiological mechanisms involved.

4.5 Limitations

A major limitation of the current review is the scarcity of studies
conducted in neurological populations. Despite the clear clinical
relevance of neuromuscular fatigability in conditions such as stroke,
multiple sclerosis, and spinal cord injury, and the importance of
CMC as a marker of corticospinal communication, only one
included study involved participants with a neurological disorder
(cerebral palsy). Importantly, this scarcity is not only due to a lack
of research but also reflects specific methodological mismatches
between existing clinical studies and the inclusion criteria of this
review. Many studies in neurological populations were excluded
because they did not employ experimentally induced neuromuscu-
lar fatigability (e.g., focusing instead on perceived or trait fatigue),
did not include concurrent EEG-EMG recordings required to assess
CMC, or did not quantify fatigue-related changes within a defined
pre-post or during-fatigue framework. In addition, some studies
focused on resting-state or non-fatiguing paradigms, which do not
capture state-dependent changes in corticospinal coupling. As a
result, most of the evidence summarized in this review is derived
from studies conducted on healthy individuals. Although these
findings provide valuable insights into the neurophysiological
mechanisms underlying fatigability, their direct generalization to
neurological populations is not possible. The scarcity of such
studies likely reflects ethical constraints and practical challenges
of inducing fatigue during experimental tasks in clinical popula-
tions, particularly those with pathological fatigue or progressive
neuromuscular decline (e.g., multiple sclerosis), limiting the imple-
mentation of high-intensity fatiguing protocols. These challenges
may arise from several factors, including reduced task tolerance due
to motor impairment, variability related to lesion location and
disease severity, and neurological deficits such as spasticity, im-
paired sensory feedback, and altered corticospinal integrity, all of
which may independently affect EEG, EMG, and CMC measures.
Furthermore, comorbidities, medication use, and cognitive impair-
ments may further complicate experimental design and interpreta-
tion of fatigue-related neurophysiological changes in these
populations. While the limited neurological evidence in this
review precludes condition-specific recommendations for task/
study design, the methodological heterogeneity identified across
included studies allows us to propose a minimum reporting and
design framework applicable across populations. Future studies
should consider standardizing task characteristics (e.g., contraction
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type, intensity, and duration), clearly defining fatigue crite-
ria, phases, assessment time points, and coherence computation
methods to improve reproducibility and facilitate cross-
study comparisons.

This review has several other limitations that also highlight key
areas for future research. Namely, the 15 included studies exhibited
substantial methodological heterogeneity, including task type, in-
tensity, contraction mode, targeted muscle(s) and limbs, assessment
timepoint, and coherence analysis methods, which limits compa-
rability across studies. Second, inconsistent terminology (e.g., vary-
ing definitions of “pre-fatigue” and “post-fatigue”) complicates data
synthesis and should be consistently adopted and clarified in future
work. Finally, the existing literature is biased toward young to
middle-aged adults (29.9 + 5.9 years), despite evidence that aging
independently alters CMC, leaving age-related differences in fa-
tigue-induced CMC alterations unexplored (da Silva Costa et al.,
2024). Addressing these gaps may not only enhance the under-
standing of fatigue mechanisms but also inform targeted interven-
tions in both healthy and clinical populations.

5 Conclusion

Across the 15 included studies, beta band CMC emerged as the
most consistently reported and interpretable frequency range, yet its
modulation with neuromuscular fatigability was not uniform.
Transient increases in beta coherence were observed during early
or within-task phases in some paradigms, whereas progressive
reductions were more commonly reported during prolonged,
high-intensity, or later stages of fatigue. Alpha band CMC was
infrequently examined and showed minimal or inconsistent mod-
ulation. Gamma band CMC often appeared transiently during task
initiation or high-force conditions and diminished as fatigue
accumulated. Collectively, these findings indicate that fatigue-re-
lated changes in CMC are context-dependent rather than stereo-
typed and should not be interpreted as a simple proxy for loss of
motor drive. This review advances the literature by showing that
CMC modulation with fatigability may depend on when fatigue is
assessed, how CMC is analyzed, and the characteristics of the
fatiguing task. The synthesis also identifies important methodolog-
ical and conceptual gaps, including inconsistent definitions of
fatigue-related states, limited use of time-resolved analyses, and a
near-absence of studies in neurological populations (only one study
in cerebral palsy).
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