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Abstract 

This review explores the use of shear wave elastography (SWE) to assess muscle shear modulus during 
neuromuscular fatigue. Fatigue generally leads to a decrease in muscle stiffness, as measured by SWE, 
though responses vary across different muscles and fatigue protocols. Quadriceps muscles consistently 
show decreased stiffness post-fatigue, while hamstrings, plantar flexors, and trunk muscles exhibit more 
variable responses. These findings suggest that SWE could be a valuable non-invasive tool for monitoring 
muscle condition and recovery, with potential applications in optimizing training programs and preventing 
overuse injuries. However, the variability in findings indicates a need for further research to standardize 
SWE protocols and clarify the mechanisms underlying changes in muscle stiffness during fatigue. 
Understanding these mechanisms could enhance the application of SWE in both clinical and sports settings. 
This review also underscores the importance of accounting for fatigue as a confounding factor in studies of 
muscle stiffness measurements and highlights future research directions to expand the utility of SWE in 
assessing neuromuscular function. 

Keywords: Muscle Stiffness, Fatigue Assessment, Neuromuscular Fatigue, Shear Wave Elastography, 

Neuromuscular Function 

INTRODUCTION	

Fatigue is characterized by decreased performance, often involving both physical and mental 

aspects, and is often accompanied by increased actual or perceived difficulty in performing tasks 

or exercises (Abd-Elfattah et al., 2015). In the context of muscle activity, fatigue is defined as the 

inability to maintain the required level of force (Edwards, 1981). While it is often associated with 

a sudden inability to continue the task, several neurophysiological mechanisms are altered 

beforehand, sometimes serving as early indicators of fatigue. Neuromuscular fatigue refers to any 

exercise-induced reduction in force or power, regardless of whether the task can still be sustained 
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(Bigland‐Ritchie & Woods, 1984). It is a complex, multifactorial phenomenon influenced by task-

specific characteristics such as the type and duration of exercise, as well as the speed and duration 

of muscle contractions. These factors can be modified in research settings to standardize fatigue 

induction or adjusted in training programs to optimize performance outcomes (Bigland-Ritchie 

et al., 1986; De Luca, 1984; Fallentin et al., 1993; Hägg, 1992). In electromyography (EMG) signals, 

fatigue is indicated by an increase in amplitude and a decrease in spectral frequency 

characteristics (Kallenberg et al., 2007). The changes in the EMG signal reflect compensatory 

motor-unit recruitment, slowed conduction velocity due to metabolic stress, and altered neural 

control strategies. These changes help maintain force output for as long as possible but ultimately 

signal the onset of muscle exhaustion (Bigland-Ritchie et al., 1986; De Luca, 1984; Fallentin et al., 

1993; Hägg, 1992).  

Muscle fatigue has been identified as a potential factor of muscle stiffness (Descarreaux et al., 

2010; Morisada et al., 2006). This is partly due to the development of resting tension when muscles 

are unable to fully relax during fatigue (Gong et al., 2000, 2003). Since muscle tension is known to 

increase muscle stiffness (Dresner et al., 2001), it is reasonable to infer that muscle fatigue elevates 

resting muscle stiffness. However, some studies found a decrease in muscle stiffness after fatigue, 

which is possibly explained by fatigue-induced changes in muscle fiber recruitment (e.g., 

increased reliance on less stiff fast-twitch fibers), a possible creep response in tendons leading to 

shorter muscle length, and a rise in muscle temperature, which can reduce stiffness by causing 

the unfolding of myosin and collagen (Vatovec et al., 2022).  

The stiffness of muscle is influenced by both its cross-sectional area and its material mechanical 

properties. However, for most research purposes, it is more appropriate to focus on measures of 

material properties alone, since muscle cross-sectional area tends to remain relatively stable in the 

short term (Dieterich et al., 2017; Eby et al., 2015). Shear wave elastography (SWE), an ultrasound-

based technique, assesses tissue elasticity by analyzing the speed of propagation of shear waves 

that are remotely induced (Bercoff et al., 2004; Chen et al., 2009; Palmeri et al., 2008). Unlike 

traditional ultrasound elastography, SWE does not rely on manual compression or tissue 

displacement (García-Manso et al., 2011), resulting in more reliable data when conducted with an 

appropriate experimental setup. SWE determines tissue stiffness based on measurements of shear 

wave propagation velocity (m/s), which is then converted to shear modulus (in kPa). This 

technique is non-invasive, quantitative, and provides real-time diagnostic imaging, making it 
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particularly suitable for in vivo studies of skeletal muscle. When applied under controlled 

conditions that ensure reproducibility, SWE has proven to be a reliable method for exploring 

muscle biomechanical properties (Dubois et al., 2015; Gennisson et al., 2010; Koo et al., 2014; Kot 

et al., 2012). 

Combining SWE with traditional methods, such as evoked torque/force measurements, could be 

valuable in examining the relationship between the degree of fatigue in each synergist muscle 

(Akagi et al., 2017). This review aims to summarize the existing research on how the muscle shear 

modulus, as measured by SWE, changes during periods of neuromuscular fatigue, thereby 

addressing critical gaps in our understanding of muscle stiffness and its modulation by fatigue. 

Understanding this relationship is crucial in research settings where fatigue may be one factor 

influencing stiffness measurements. Moreover, shear-wave elastography could be further 

investigated as a marker of fatigue. 

METHODS 

This narrative review followed a systematic approach to gather, assess, and synthesize relevant 

literature on the assessment of muscle shear modulus using SWE to assess the effects of 

neuromuscular fatigue. The primary focus was on studies that employed SWE to obtain muscle 

stiffness in human subjects under conditions of induced neuromuscular fatigue. 

Literature Search 

A comprehensive literature search was conducted using electronic databases including PubMed, 

Scopus, and Web of Science. The search strategy was designed to identify studies published up 

until December 2024. Keywords and search terms included combinations of the following: 

"muscle stiffness," "shear wave elastography," "muscle shear modulus," "neuromuscular fatigue," 

and "fatigue protocol." Boolean operators (AND, OR) were used to refine the search. 

Inclusion and Exclusion Criteria 

Studies were included if they met the following criteria: (1) original research articles published in 

peer-reviewed journals, (2) studies involving human participants, (3) use of SWE to measure 

muscle shear modulus, (4) protocols inducing neuromuscular fatigue, and (5) availability of full-

text articles in English. Exclusion criteria were: (1) studies involving animals or in vitro models, 

(2) articles not directly measuring muscle shear modulus or not inducing fatigue, and (3) reviews, 

meta-analyses, conference abstracts, or case studies. In addition to the criteria listed above, we 
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excluded studies in which fatigue could not be clearly distinguished from exercise-induced 

muscle damage, such as prolonged running or multi-hour endurance events. These protocols 

introduce confounding mechanical and inflammatory processes that prevent the isolation of 

fatigue-specific effects on shear modulus. We also excluded studies that reported elastography 

outcomes not expressed as shear modulus or shear-wave velocity, and studies in which stiffness 

was measured only at the tendon without accompanying muscle measurements. 

Data Extraction and Synthesis 

Data were extracted from each included study regarding study design, sample characteristics, 

muscles studied, fatigue protocols, and main outcomes related to changes in muscle shear 

modulus. The studies were then synthesized qualitatively, focusing on the differences and 

similarities in methodologies, outcomes, and interpretations. Special attention was given to how 

different fatigue protocols influenced the shear modulus and how these findings varied across 

different muscle groups. Due to the variability in the study designs, muscles tested, and fatigue 

protocols, a meta-analysis was not feasible. Instead, a narrative synthesis approach was used to 

describe trends, highlight consistent findings, and identify areas where results were inconclusive 

or conflicting. The synthesis aimed to identify gaps in the literature and suggest directions for 

future research. The included studies varied in the muscle groups assessed, the contraction modes 

used to induce fatigue, and the specific shear-wave elastography parameters reported; these 

aspects were documented systematically to ensure that differences in study content were 

accounted for during the qualitative synthesis. 

The included studies were published between 2017 and 2024 (Table 1). All studies used SWE and 

included a minimum of 9 to a maximum of 54 participants. Seven studies monitored the stiffness 

of knee extensors muscles (Akagi et al., 2019; Andonian et al., 2016; Chalchat et al., 2020; Chwała 

& Pogwizd, 2021; Hill et al., 2022; Morel et al., 2019; Siracusa et al., 2019), four studies included 

knee flexors muscles (Evangelidis et al., 2023; Mendes et al., 2018, 2020; Pimenta et al., 2023), three 

studies included plantar flexion muscles (Akagi et al., 2017; Chwała & Pogwizd, 2021; Lall et al., 

2022) and two studies monitored trunk muscles (Kumamoto et al., 2021; Vatovec et al., 2022). 

Other muscles and structures included in studies were hip extensors, Achilles tendon, and 

abductor digiti minimi (Chwała & Pogwizd, 2021; Hill et al., 2022; Morel et al., 2019; Pimenta et 

al., 2023). The fatigue protocol varied between studies. Most studies involved varying numbers of 

muscle contractions between 10 and 60 % maximal voluntary contraction (MVC), maximal 
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voluntary isometric contraction (MVIC) or maximal voluntary torque (MVT) and tasks until 

failure. Other fatigue protocols in the studies included ultra-distance running trail, the Biering - 

Sorensen test, and drop jumps. 

RESULTS 

Three studies investigating knee flexor muscle stiffness found that the active stiffness of the 

semitendinosus (ST) muscle after fatigue was higher than that of the long head of biceps femoris 

(BFlh) and the other hamstring muscles, or that the stiffness of the BFlh did not change 

significantly after fatigue (Mendes et al., 2018, 2020; Pimenta et al., 2023). In two studies, the 

semitendinosus displayed the most pronounced stiffness response to fatigue, showing the highest 

active stiffness at 20% MVIC compared with the biceps femoris long head and other hamstring 

muscles  (Mendes et al., 2018; Pimenta et al., 2023). A study examining MVT of the knee flexors 

under different conditions found that the average relative torque maintained during the task was 

lower at CON than at ISO and ECC, but the absolute torque was similar. On average, the BFlh-

SWV tended to increase under ISO conditions, while it decreased under ECC conditions. The ST-

SWV decreased in CON, while it remained unchanged in ISO and ECC. SM-SWV decreased in 

CON but was unchanged in ISO and variable in ECC (Evangelidis et al., 2023). In one study, the 

focus was on between-participant differences, and it was unclear whether stiffness changed as a 

consequence of fatigue (Pimenta et al., 2024). 

In all studies in which the knee extensor muscles were examined, there was a statistically 

significant decrease in the shear modulus of the quadriceps muscle after fatigue (Akagi et al., 2019; 

Andonian et al., 2016; Chalchat et al., 2020; Chwała & Pogwizd, 2021; Hill et al., 2022; Morel et al., 

2019; Siracusa et al., 2019). In one study comparing the effects of fatigue on muscle stiffness 

between men and women, the fatigue-induced decrease in maximum muscle strength was more 

pronounced in men than in women. Only VL shear modulus increased in men after the fatigue 

task, and a gender difference was observed in the percentage change in VL shear modulus before 

and after the fatigue task. The fatigue-induced decrease in evoked torque was greater in males 

than in females, but not in VA% (Akagi et al., 2019). The opposite was found in a study (Hill et 

al., 2022) in which fatiguing exercise produced similar reductions in muscle torque, dynamic 

balance, and VL stiffness at rest in men and women. The use of vibration treatment to enhance 

muscle relaxation after exercise significantly reduced post-exercise muscle stiffness scores and 

proved more effective than passive rest. In the DB group, the recovery of muscle stiffness scores 
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from pre-exercise was significantly slower than in the DW group (Chwała & Pogwizd, 2021). 

Studies with plantar flexor muscles showed that the percentage change in shear modulus before 

and after the fatigue task and the alternating muscle activity during the fatigue task were 

significantly higher in MG than in SOL. The contraction-induced change in shear modulus and 

the alternating muscle activity of the LG, which showed the lowest muscle activation of all plantar 

flexors during the fatigue task, did not differ significantly from those of the other muscles (Akagi 

et al., 2017). The comparison of the MG and LG muscles shows that the resting stiffness of both 

the MG and LG increased significantly immediately, 24 hours, and 48 hours after muscle fatigue, 

while during the MVC, the stiffness of the MG decreased, and that of the LG showed no change. 

When the stiffness of the MG and LG was compared before and after MFP, the changes in MG 

stiffness were significantly greater than those in LG (Lall et al., 2022). Another study found a 

decrease in MG stiffness following intermittent submaximal contractions, with the magnitude of 

the decline correlated with the decline in MVF (Vincent et al., 2024).  

Different fatigue effects were found in two studies examining the trunk muscles. MVF decreased 

after fatigue and passive shear modulus was significantly decreased after fatigue in the MF 

muscle, but not in the ES muscle. The active shear modulus at low contraction was not affected 

by fatigue, while it decreased at high contraction in both muscles. The shear modulus of the ES 

muscle was significantly decreased in men but not in women, while the shear modulus of the 

superficial MF muscle was statistically significantly decreased in women but not in men (Vatovec 

et al., 2022). In the second study, combining isometric fatiguing and back extension exercises, the 

shear modulus of the multifidus muscle was significantly lower after the standing back extension 

exercise in the fatigue + exercise group compared to the fatigue-only group (Kumamoto et al., 

2021).  

The authors of a study examining the abductor digiti minimi muscle also concluded that active 

muscle stiffness decreased following fatiguing exercise with intermittent submaximal isometric 

contractions (Morel et al., 2019). While hip extension and knee flexion exercises appear to have a 

different active shear modulus response pattern to a submaximal isometric contraction at 20% of 

MVIC. The hip extension task produced a similar behaviour across all hamstring muscles, and the 

knee flexion task resulted in a Δ decrease of the ST, an Δ increase of the BFlh and a similar Δ of 

the semimembranosus, which showed that the active shear modulus pattern is changed with a 

submaximal isometric fatigue protocol (Pimenta et al., 2023). 
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Table 1 
Details of Included Studies 

Authors/Reference 
Participant’s characteristics 

Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus Age in years 
(mean ± SD) Sex (m/f) 

Siracusa et al., 2019 n = 15 29.0 ± 2.5 Only 
males 

Knee 
extensors 
(VL) 

60 
repetitions 
of 5-s MVC 

MVC, EMG, 
Evoked Torque 

MVC: -38.4 ± 12,6% 
VLµ: from 10th MVC -12.4 ± 7.7 
to end -34.7 ± 6.7%; p < 0.001 
MVC: -38.4 ± 12,6% 
VLµ: from 10th MVC -12.4 ± 7.7 
to end -34.7 ± 6.7%; p < 0.001 

Progressive decrease in resting VLµ 
during fatiguing exercise may 
contribute to peripheral fatigue by 
reducing force transmission 
efficiency.  

Chalchat et al., 2020 n = 12 29.0 ± 4.5 Only 
males 

Knee 
extensors 
(VL) 

6 sets × 10 
repetitions 
of 5-s 
MVIC 

Voluntary and 
evoked torque, 
MVC 

Voluntary, evoked torque: -37%; 
P < 0.01 
Resting VLµ: -57.9 ± 5.4%; P < 
0.001 
Resting VLη: +179.0 ± 123%; P < 
0.01 
Active muscle stiffness index 
decreased with fatigue (P < 0.05) 
20 min post-fatigue: no 
significant differences from the 
pre- exercise VLη and active 
muscle stiffness index, contrary 
to the resting VLµ. 

Fatigue significantly reduces VL 
muscle stiffness, both at rest and 
during activity, leading to increased 
muscle compliance and viscosity. 
The observed shear wave dispersion 
highlights the importance of 
frequency-dependent changes in 
muscle tissue mechanics.  

Andonian et al., 2019 n = 50  43.0 ± 9.1 46/4 

Knee 
extensors 
(RF, VL, 
VM, 
global) 

330 km-
long ultra-
distance 
running 
trail 

Blood biomarker 
levels 

QMµ decrease (global): finish: 
3.31±0.61 kPa, p<0.00;  
baseline: 3.56±0.63 kPa; +48 h 
after: 3.45±0.6 kPa, p = 0.002 
RFµ decrease: p = 0.003; VMµ: p 
= 0.033; VR: p = 0.001 

SWE effectively tracks changes in 
muscle stiffness under extreme 
mechanical stress, providing 
insights into muscle mechanics. 
Despite prolonged ECC contractions 
during an ultra-long race, muscle 
damage and inflammation remained 
moderate, aligning with previous 
findings. 
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Table 1 (Continued) 

Authors/Reference 

Participant’s characteristics 
Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus Age in years 
(mean ± SD) 

Sex 
(m/f) 

Akagi et al., 2019 n = 41  18/23 
Knee 

extensors 
(VL) 

Sustained 
contraction 
at 20% peak 

torque 
during 

MVIC of 
KE until the 
endurance 

limit 

Evoked torque, 
voluntary 

activation, MVC 

RFµ: −3.4 ± 19.6% (m), −4.6 ± 
18.6% (w) 
 VLµ: 21.7 ± 32.4% (m), 0.4 ± 
20.4% (w) 
VMµ: 1.6 ± 16.5% (m), −0.8 ± 
14.2% (w) 
Significant muscle × sex 
interaction (P = 0.024, ηp2 = 
0.092)  
% change in the VLµ 
significantly higher than other 
muscles µ for men (RF vs VL: P 
< 0.001; RF vs VM: P = 1.000; VL 
vs VM: P = 0.020), no significant 
difference in % changes in µ for 
women (RF vs VL: P = 0.922; RF 
vs VM: P = 1.000; VL vs VM: P = 
1.000) 
The fatigue-induced decreased 
ratio was greater for men than 
for women in evoked torque, 
but not in VA% 

Men experience a greater fatigue-
induced decline in maximal muscle 
strength than women, primarily due 
to a larger increase in VLµ and 
greater peripheral fatigue. While 
both central and peripheral fatigue 
contributed to strength reduction in 
both sexes, the observed sex 
differences were mainly attributed 
to variations in peripheral fatigue of 
the VL muscle. 

Morel et al., 2019 n = 9 24.0 ± 4.0 Only 
males 

Knee 
extensors 

(VL), 
abductor 

digiti 
minimi 

15 min 
intermittent 

submax, 
isometric 

contractions 
at 60% 

MVC (4s 
on, 4s off) 

MVC 

MVC VL, ADM: -22% ± 7% and -
32% ± 15%; P < 0.001 
VLµ: -12% ± 15%; P < 0.03 
ADMµ: - 44% ± 19%; P < 0.001 

Active muscle stiffness decreases 
following a fatiguing task involving 
intermittent submaximal ISO 
contractions, observed in both VL 
and ADM muscles. 
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Table 1 (Continued) 

Authors/Reference 

Participant’s characteristics 

Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus 

Age in 
years 

(mean ± 
SD) 

Sex (m/f) 

Hill et al., 2022 n = 16 24.8 ± 5.0 Only 
males 

Knee 
extensors 
(VL), 
plantar 
flexors 
(LG), 
achilles 
tendon 

Five sets of 
20-drop 
jumps 

MVC, muscle 
torque, dynamic 
balance 

Reductions in muscle torque 
after fatigue: d=0.45–0.80 (m); d 
= 0.46–0.52 (w) 
Dynamic balance: d = 0.45–0.74 
(m); d = 0.47–0.79 (w) 
Resting VLµ: d = 0.46 (m); d = 
0.36 (w) (all p < 0.05) 
Quiet standing balance, fatigue 
induced an increase in postural 
sway metrics: d = 0.64–1.28 and 
reduction in resting GLµ: in m: d 
= 0.40 (both p < 0.001); w: p > 
0.05 

Similar changes in dynamic stability, 
muscle torque, and VL stiffness in 
men and women after repeated 
maximal effort contractions. 
However, men exhibited increased 
postural sway and reduced LG 
stiffness, unlike women.  

Chwala et al., 2021 n = 42 20-24 Only 
males 

Knee and 
hip 
extensors 
and flexor 
plantaris 

20x 
alternate 
flexion and 
extension of 
lower limbs 
joints on 
the leg 
press at 
75% MVC 
without rest 

 

EG (vibration massage 
recovery): significantly lower 
levels of µ after each stage of 
post-exercise regeneration 
compared to CG (passive rest)  
1. regeneration stage: -16% 
Δσ_r1-s; p < 0.05 in EG 
2. regeneration stage: -14% 
Δσ_r2-s; p < 0.005 in EG 

Vibration treatment significantly 
enhances post-exercise muscle 
relaxation, reducing muscle stiffness 
more effectively than passive rest. 
Recovery of pre-exercise stiffness 
was notably slower in the CG. 

Pimenta et al., 2023 n = 15  23.3 ± 3.5 Only 
males 

Knee 
flexors 
(SM, ST, 
BFlh, 
BFsh) and 
gluteus 
maximus 

Knee 
flexion, hip 
extension 
task until 
failure 

Joint Torque 
during MVIC 

Active µ: task × muscle 
interaction (p = 0.002; η2p = 
0.401); muscle contribution: 
BFlh-SM: p = 0.006; d = 1.10; 
BFlh-ST: p = 0.001; d = 1.35; SM-
ST: p = 0.020; d = 0.91 
Between task comparison: SM: p 
= 0.025; d = 0.60; ST: p = 0.026; d 
= 0.60; BFlh: p = 0.062; d = 0.46 

Hip extension and knee flexion 
exercises elicit different active shear 
modulus response patterns in the 
hamstring muscles during 
submaximal isometric contractions. 
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Table 1 (Continued) 

Authors/Reference 

Participant’s characteristics 
Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus Age in years 
(mean ± SD) 

Sex 
(m/f) 

Mendes et al., 2018 n = 12  24.5 ± 8.63 9/3 
Knee 
flexors 
(ST, BFlh) 

15-s knee 
flex. 
isometric 
contraction 
(10, 20, 30, 
40, 50 and 
60% MVC) 

MVIC, EMG 

µ at 20% MVIC: STµ (80.6 ± 21.1 
kPa), BFµ (63.2 ± 21.6 kPa, d = 
0.81, p = 0.022), SMµ (54.6 ± 16.7 
kPa, d = 1.36, p = 0.005), BFlhµ 
(48.5 ± 15.5 kPa, d = 1.73, p = 
0.001) 
Between limbs comparison: p = 
0.12 

Ultrasound-based SWE provides 
reliable and repeatable 
measurements of hamstring muscle 
stiffness during submaximal ISO 
contractions. A high correlation was 
found between shear modulus and 
myoelectric activation in the BFlh, 
but not in the ST, possibly due to 
methodological factors. The study 
also highlights a nonlinear response 
in muscle stiffness, with the BFlh 
showing higher stiffness during 
higher contraction intensities, 
potentially explaining its higher 
injury rate in activities like sprinting.  

Mendes et al., 2020 n = 12  23.3 ± 2.1 Only 
males 

Knee 
flexors 
(ST, BFlh) 

Submaximal 
isometric 
knee flexion 
at 20% of 
MVIC until 
exhaustion 

MVIC, knee 
flexor torque 

Time to exhaustion: day 1: 443.8 
± 192.5 s; day 2: 474.6 ± 131.7 s; p 
= 0.323 
Active STµ: 40% of the task time 
to exhaustion: -2.2 to -13.3%, p = 
0.027; end of the task: -16.1 to -
22.9%, p = 0.012; (BFlh: p = 0.77); 
immediately after: − 11.8 to − 
17.8%, p < 0.001; (BFlhµ: p = 
0.551) 

Sustained knee flexor ISO 
contraction at 20% of MVIC alters 
the hamstring muscles' active 
stiffness pattern, with consistent 
inter-individual responses across 
sessions. ST stiffness decreased 
midway through the fatigue task, 
while BFlh remained unchanged.  
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Table 1 (Continued) 

Authors/Reference 

Participant’s characteristics 
Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus Age in years 
(mean ± SD) 

Sex 
(m/f) 

Evangedelis et al., 2023 n =  9 21.8 ± 4.2 Only 
males 

Knee 
flexors 

(ST, SM, 
BFlh) 

99 
contractions 
of 5 s at 50% 

MVT 

MVT, SWV, MRI 
- T2 

MVT: − 18.4 to − 33.6%, all 
conditions  
Average relative torque 
sustained during the task: lower 
in CON than ISO and ECC, 
absolute torque was similar 
BFlh SWV: ISO: +0.4 m/s, 4.5%, 
p = 0.064; ECC: -0.8 m/s, -7.7%, 
p < 0.01 
ST SWV: CON: -1.1 m/s, − 9.0%, 
p < 0.01, unchanged in ISO and 
ECC 
SM SWV: CON: -0.8 m/s, -8.1%, 
p < 0.01, unchanged in ISO, 
variable in ECC 

ECC fatigue primarily affects BFlh, 
potentially explaining its high strain 
injury risk, while BFlh remains the 
least fatigued during ISO tasks. 
CON knee flexions induce the most 
significant mechanical and 
metabolic changes, mainly 
impacting ST and SM.  

Akagi et al., 2017 n = 19 22.0 ± 1.0 Only 
males 

Plantar 
flexors 

(MG, LG, 
SOL) 

1-h 
sustained 

contraction 
at 10% peak 

torque 
during 
MVIC 
plantar 
flexion 

MVC, EMG, 
Evoked Torque 

% change in µ before/after 
fatigue: MG: 16.7 ± 12.0%, SOL: 
−4.1 ± 13.9% 
Alternate muscle activity during 
fatigue task (MG: 33 [20–51] 
times, SOL: 30 [17–36] times) 
were significantly higher in MG 
than in SOL. 
The contraction-induced change 
in µ (7.4 ± 20.3%) and the 
alternate muscle activity (37 [20–
45] times) of LG with the lowest 
magnitude of muscle activation 
during the fatiguing task among 
the plantar flexors were not 
significantly different from those 
of the other muscles 

Increase in muscle shear modulus 
during prolonged contraction 
corresponds to the frequency of 
alternate muscle activity, 
particularly in the later stages of 
fatigue. The findings indicate that 
MG exhibits more frequent alternate 
activity than SOL due to its greater 
fatigue progression. 
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Table 1 (Continued) 

Authors/Reference 

Participant’s characteristics 
Muscles 
included Fatigue 

Fatigues 
analysis/Tasks 

performed 
Outcome measures Main findings 

Numerus Age in years 
(mean ± SD) 

Sex 
(m/f) 

Lall et al., 2022 n = 35  20/15 
Plantar 
flexors 

(MG, LG) 

3 sets of 50 
eccentric 

contractions 
of the calf 
muscles 

(dominant 
leg) 

MVC 

Resting MGµ, LGµ increased: 
immediately, 24 h, 48 h after 
fatigue (p < 0.05) 
MGµ during MVC decreased (p 
< 0.05); LGµ no change (p > 0.05) 
Comparison MGµ and LGµ 
before/after MFP: greater 
changes in MG (p < 0.05). 

MG stiffness decreased after 
eccentric exercise, while LG stiffness 
showed no change. Resting stiffness 
increased immediately, 24 h, and 48 
h after exercise, and active stiffness 
during maximal voluntary 
contraction decreased only in the 
MG. 

Kumamoto et al., 2021 n = 33 23.5 ± 6.6 Only 
males 

Trunk 
muscles 

(multifidus) 

Biering- 
Sorensen 
test - 60-s, 

followed by 
5 sets of 

extension 
exercise 

 

Extension exercise caused 
reductions in µ after prior 
fatigue; however, the effect of 
fatigue alone cannot be 
discerned from the available 
data. Between-group differences 
before exercise suggest that 
fatigue increased µ. 

Performing repeated SBEE exercises 
can improve the elastic modulus of 
fatigued multifidus muscles, 
potentially helping to prevent 
fatigue-related LBP. 

Vatovec et al., 2022 n = 22 20-40 11/11 

Trunk 
muscles 
(Erector 
spinae, 

superficial, 
deep 

multifidus) 

2x6 min + 
1x3 min 

intermittent 
submax. 

trunk 
extensions 

MVF 

MVF: -8.64%; p = 0.003 
Passive MFµ: p = 0.006–0.022; d 
= 0.40–46; ESµ: p = 0.867 
Active µ low-level contr.: p = 
0.697–0.701; high-level: p = 
0.011; d = 0.29–0.34 

ISO fatigue can reduce both passive 
and active shear moduli in trunk 
extensor muscles. While the 
underlying mechanisms remain 
unclear, fatigue should be accounted 
for as a confounding factor in 
muscle stiffness research. 
Additionally, observed sex-specific 
responses highlight the importance 
of considering sex differences in 
future studies. 
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Table 1 (Continued) 

Authors/Reference 
Participant’s characteristics 

Muscles 
included 

Fatigue 
Fatigues 

analysis/Tasks 
performed 

Outcome measures Main findings 
Numerus 

Age in years 
(mean ± SD) 

Sex 
(m/f) 

Pimenta et al., 2024 n = 54 23.5 ± 3.6  
Knee flexors 

(ST, SM, 
BFlh, BFsh) 

10 × 30 m 
repeated 

sprint 
protocol 

 

No significant differences were 
observed in active hamstring 
shear modulus changes 
between competitive levels 
and positions among soccer 
players, with unclear main 
time effect. 

It was not possible to distinguish football 
players from different competitive levels 
and positions when analysing the sprint 
performance, hamstring shear modulus and 
peak torque after a repeated sprint task. 
However, there was a lack of main effect of 
fatigue in this study. 

Vincent et al., 2024 n = 12 27.3 ± 5.5  
Plantar 

flexors (MG) 

60 isometric 
contractions 
4-s with a 1-

s rest 
interval) 

 

A decline was observed in 
active stiffness and peak 
torque. Furthermore, 
significant correlation was 
identified between the 
decrease of the peak torque of 
PF and the active stiffness of 
the GM (r = 0.6; p < 0.05). 

Isometric fatiguing exercises modify the 
mechanical properties of both the 
contractile and elastic components. The 
decline in stiffness was positively 
correlated with decline in peak torque, 
supporting the utility of SWE in fatigue 
assessment. 

Note. VL = vastus lateralis, MVC = maximal voluntary contraction, EMG = electromyography, MVF = maximal voluntary force , RF = rectus femoris, 

VM = vastus medialis, µ = shear wave modulus, SM = semimembranosus, ST = semitendinosus, BFlh = biceps femoris long head, BFsh = biceps femoris 

short head, MVIC = maximal voluntary isometric contraction, F-Ex = fatigue-exercise, F-nEx = fatigue-non-exercise, nF-Ex = non-fatigue-exercise, MG = 

medial gastrocnemius, LG = lateral gastrocnemius, SOL = soleus, KE = knee extensors, VA = voluntary activation, MVT = maximal voluntary torque, 

SWV = shear wave velocity, MRI - T2 = magnetic resonance imaging T2 sequence, CON = concentric, ECC = eccentric, ISO = isometric, w = women, m 

= men, EG = experimental group, CG = control group, ADM = abductor digiti minimi, SBEE = Standing back extension exercise, LBP = low back pain. 
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DISCUSSIONS  

This review aimed to summarize the current research on assessing muscle shear modulus using 

SWE during neuromuscular fatigue. The main findings indicate that muscle stiffness, as measured 

by shear modulus, generally decreases following fatiguing tasks, with notable variations across 

muscle groups and fatigue protocols. While quadriceps muscles consistently exhibited a decrease 

in stiffness post-fatigue, the responses in hamstring, plantar flexor, and trunk muscles were more 

heterogeneous. Given these findings across different muscle groups and protocols, further 

research is needed to clarify the conditions under which SWE can reliably serve as a non-invasive 

marker for monitoring muscle condition during and after fatiguing exercise. 

The underlying mechanisms responsible for changes in muscle shear modulus during fatigue are 

complex and not fully understood. One possible explanation involves the redistribution of load 

between synergistic muscles during fatiguing contractions, as seen in lower limb muscles, which 

might reduce the shear modulus in some muscles while leaving others unaffected or even 

increasing their stiffness (Mendes et al., 2020; Morel et al., 2019). Additionally, the fatigue-induced 

decrease in shear modulus could be attributed to tendon creep, resulting in a shorter muscle 

length and a consequent decrease in shear modulus (Koo & Hug, 2015; Pearson et al., 2007). 

However, given the relatively short tendons in some muscles, such as the multifidus and erector 

spinae, this mechanism may not fully account for the observed changes. 

Moreover, muscle fiber type composition could play a significant role, as slow-twitch fibers are 

typically stiffer than fast-twitch fibers (Goubel & Marini, 1987; Kovanen et al., 1984). Fatigue could 

lead to a greater recruitment of fast-twitch fibers as slow-twitch fibers become fatigued, but this 

would only reduce the active shear modulus during contraction, while it does not explain why 

the passive shear modulus also decreases. Additionally, it is important to note that muscle fiber 

stiffness can change independently of muscle tension (Bernabei et al., 2020), suggesting other 

factors, such as muscle temperature, could contribute to the observed reductions in stiffness. For 

instance, an increase in muscle temperature due to prolonged contractions may cause unfolding 

of myosin and collagen, leading to a decrease in both passive and active shear modulus (Nocella 

et al., 2013; Tornberg, 2005). However, given the relatively modest temperature changes likely to 

occur in vivo, temperature changes alone may not fully explain the decrease in shear modulus 

observed in fatigued muscles. Finally, Ca2+ depletion during fatigue could reduce the number of 
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attached cross-bridges, thereby decreasing the noncontractile stiffness contributed by titin and 

other passive structures within the sarcomere (Colombini et al., 2016; Nocella et al., 2012). 

While the majority of studies suggest that shear modulus, obtained by SWE, tends to decrease 

following fatiguing tasks, some evidence points towards situations where muscle stiffness might 

increase instead. This counterintuitive response could be associated with the onset of muscle 

damage, which often occurs alongside or as a result of fatigue. When muscles undergo intense or 

unaccustomed exercise, especially eccentric contractions, they can sustain microtrauma that leads 

to increased passive stiffness (Ličen & Kozinc, 2022). The damage-induced increase in stiffness is 

primarily attributed to inflammatory processes and to the disruption of structural proteins such 

as titin and desmin, which contribute to the muscle's passive elastic properties (Lieber & Fridén, 

1993; Proske & Morgan, 2001). Muscle damage may lead to cytoplasmic calcium accumulation, 

which can enhance titin binding to actin filaments, thereby increasing muscle stiffness (Labeit et 

al., 2003). Additionally, edema resulting from muscle damage can contribute to increased stiffness 

by expanding the muscle tissue and increasing intramuscular pressure (Chleboun et al., 1998). 

This dual effect of fatigue and damage might explain the variability in shear modulus changes 

across different muscles and fatigue protocols, with some studies reporting increases in stiffness 

under specific conditions, such as following high-intensity eccentric exercise or during the early 

recovery phase, when muscle damage is predominant. 

Another explanation for the heterogeneous findings is that SWE reflects local muscle properties 

rather than the stiffness of the whole muscle or muscle-tendon unit. Region-specific responses 

may have occurred and could be undetected with a single-point measurement. Many studies have 

demonstrated muscle-specific and even muscle-region-specific differences in shear modulus in 

response to muscle-damaging exercise protocols (Lacourpaille et al., 2014, 2017). Additionally, 

SWE has been shown to be more sensitive to detecting muscle damage when muscles are assessed 

in a lengthened position (Goreau et al., 2022; Lacourpaille et al., 2017; Xu et al., 2019), likely due 

to the increased mechanical strain on passive structures such as titin and collagen fibers. It could 

be that the effect of fatigue on muscle stiffness varies by muscle region, as some areas may 

experience greater mechanical strain, metabolic stress, or preferential recruitment of specific fiber 

types. Furthermore, variations in the ultrasound probe's position, even within the same muscle, 

could contribute to discrepancies in stiffness measurements (Pałac & Linek, 2022). These factors 
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suggest that future research should consider multi-site SWE assessments and standardized 

measurement locations to enhance the reliability of fatigue-induced stiffness changes. 

Limitations 

Several limitations should be acknowledged when interpreting the findings of this review. First, 

the available studies show substantial heterogeneity in fatigue protocols, including differences in 

contraction mode, intensity, task duration, and criteria for task failure. This variability limits the 

comparability of results across studies and may partly explain the inconsistent stiffness responses 

observed in certain muscle groups. Second, the evidence base is unevenly distributed, with the 

quadriceps and hamstring muscles examined more frequently than the plantar flexors or trunk 

muscles, which restricts the generalizability of conclusions across the entire musculoskeletal 

system. Third, most studies assessed stiffness at a single anatomical location per muscle, despite 

known regional variations in shear modulus, which may obscure localized fatigue responses. 

Fourth, because SWE measurements are influenced by joint position, probe orientation, and 

muscle activation level, minor methodological discrepancies across studies may have contributed 

to variability in reported stiffness changes. Finally, the cross-sectional nature of most existing 

studies precludes strong inferences about causal mechanisms underlying fatigue-related stiffness 

changes. 

CONCLUSION 

In conclusion, SWE shows promise as a non-invasive method for monitoring muscle stiffness and 

neuromuscular fatigue, with potential applications in optimizing training programs and 

preventing injuries. By assessing muscle readiness and recovery, SWE could inform decisions 

about training load and rehabilitation timing. However, the variability in responses across 

different muscles and fatigue protocols highlights the need for further research. Future studies 

should focus on standardizing SWE protocols, exploring the mechanisms underlying changes in 

muscle stiffness, and investigating sex-specific responses. This research will enhance the utility of 

SWE in both clinical and athletic settings. 

PRACTICAL IMPLICATIONS 

The findings of this review suggest several practical applications of SWE in both sports and 

clinical settings. First, SWE could serve as a supplementary tool for monitoring neuromuscular 
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fatigue in athletes, providing objective, real-time information about muscle mechanical state that 

complements traditional performance measures such as force output or perceived exertion. Given 

that quadriceps stiffness consistently decreases following fatiguing tasks, serial SWE 

measurements of the vastus lateralis or rectus femoris could help practitioners track accumulated 

fatigue during training blocks or tournament schedules, and inform decisions about training load 

adjustments or recovery interventions. Second, SWE may support return-to-sport and 

rehabilitation decisions by offering a non-invasive means of assessing whether muscle mechanical 

properties have returned to baseline following intense exercise. This could be particularly relevant 

in injury-prone muscle groups such as the hamstrings, where fatigue-induced changes in the 

relative stiffness of individual synergists may have implications for strain injury risk. Finally, 

researchers should account for fatigue as a potential confounding factor when using SWE to assess 

baseline muscle stiffness, as even moderate prior physical activity may meaningfully alter shear 

modulus values. Standardizing measurement conditions — including time since last exercise, 

joint position, and probe placement — will be essential for ensuring the reproducibility and 

interpretability of SWE data across studies and clinical assessments. 
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