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Abstract

Peripheral fatigue results from multiple electrochemical and mechanical events in the cell body and the muscle-tendon
complex. Combined force and surface electromyographic signal analysis is among the most widely used approaches to
describe the behaviour of a fatigued muscle. Advances in technologies and methodological procedures (e.g. laser diffrac-
tion, *'P magnetic resonance spectroscopy, shear-wave elastography, tensiomyography, myotonometry, mechanomyography,
and high-density surface electromyography) have expanded our knowledge of muscle behaviour before, during, and after a
fatiguing task. This review gives an update on recent developments in technologies for investigating the effects of peripheral
fatigue linked to skeletal muscle contraction and on mechanistic insights into the electrochemical and mechanical aspects of
fatigue. The salient points from the literature analysis are: (1) the electrochemical and mechanical events in the cell (altera-
tions in cross-bridge formation and function and in depolarization of the tubular membrane) precede the events taking place
at the muscle—tendon complex (decrease in muscle—tendon unit stiffness); (2) the changes in the fatigued muscle are not
homogenous along its length and width but rather reflect a functional compartmentalisation that counteracts the decline in
performance; (3) fatigue induces changes in load sharing among adjacent/synergistic muscles. A focus of future studies is to
observe how these regional differences occur within single muscle fibres. To do this, a combination of different approaches
may yield new insights into the mechanisms underlying muscle fatigue and how the muscle counteracts fatigue.
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Abbreviations sEMG Surface electromyography

EMD Electromechanical delay SWE Shear-wave elastography

HD-sEMG High-density surface electromyography TMG Tensiomyography

MF Mean frequency

MMG Mechanomyography

MRS Magnetic resonance spectroscopy Introduction

MTC Muscle—tendon complex

PCr Phosphocreatine Peripheral fatigue is defined as a reduction in force-gener-
Pi Inorganic phosphate ating capacity induced by skeletal muscle work (Gandevia
R-EMD Electromechanical delay during relaxation 2001; Fitts 2008; Place et al. 2010). It has been extensively
RMS Root mean square investigated: a literature search we conducted using the

keywords “peripheral fatigue” or “skeletal muscle fatigue”
retrieved 4584 studies in PubMed, 450 of which were
reviews published over the last 10 years up to December

Communicated by Michael Lindinger.

D4 Emiliano C& 2018.
emiliano.ce@unimi.it Peripheral fatigue affects the electrochemical and
! Department of Biomedical Sciences for Health (SCIBIS), me(?hamf:al mechanisms downs'tre.am of the neurorn'uscu-
Universita degli Studi di Milano, Via Giuseppe Colombo 71, lar junction to the force transmission at the tendon inser-
20133 Milan, Italy tion point (Allen et al. 2008; Fitts 2008; Westerblad 2016).
2 IRCCS Istituto Ortopedico Galeazzi, Via R. Galeazzi 4, Fatigue-induced alterations may occur locally at the cellular

20161 Milan, Italy

@ Springer


http://orcid.org/0000-0003-0691-3153
http://orcid.org/0000-0001-5806-8305
http://orcid.org/0000-0001-7246-2819
http://orcid.org/0000-0001-7523-9102
http://orcid.org/0000-0001-9510-1653
http://orcid.org/0000-0002-4420-2611
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-019-04264-w&domain=pdf

18

European Journal of Applied Physiology (2020) 120:17-39

level and the muscle—tendon complex (MTC). Among elec-
trochemical factors, the major mechanisms affected by the
development of peripheral fatigue are alterations in (1)
action potential synaptic transmission; (2) sarcolemmal
action potential propagation properties, and Ca** release
from the sarcoplasmic reticulum; and (3) excitation—con-
traction coupling, cross-bridge kinetics, and Ca®* re-uptake.
Among mechanical factors, peripheral fatigue seems to
influence the force transmission from the muscle to the ten-
don insertion point by altering the mechanical properties of
the MTC and other tissues surrounding a joint (e.g. altered
viscoelasticity and stiffness of the system). These electro-
chemical and mechanical events concur to generate afferent
feedback to the spinal cord, which then modulates motor
drive and final force output.

The physiology of peripheral fatigue has been inves-
tigated mainly in isolated muscles or intact/skinned fibre
models, which offer a very detailed description of the cel-
lular aspects of peripheral fatigue (Fitts 1994; Allen et al.
2008), and in vivo, to investigate fatigue in an ecologi-
cal environment (Kent-Braun et al. 2012). A widely used
method to investigate peripheral fatigue in vivo is by a
combined analysis of force and surface electromyographic
(sEMG) signals (Scherrer and Bourguignon 1959; Asmussen
1979; Bigland-Ritchie 1979; Moritani et al. 1982; Petrof-
sky and Phillips 1985; Merletti et al. 1990; Goonetilleke
et al. 1994). Advances in technologies and methodological
procedures, including laser diffraction (Udaka et al. 2011;
Nelson et al. 2014), *'P magnetic resonance spectroscopy
(*'P MRS) (Kent-Braun 1999; Bendahan et al. 2004), shear-
wave elastography (SWE) (Bercoff et al. 2004; Gennisson
et al. 2005; Hug et al. 2015), accelerometers [e.g. tensio-
myography (TMG) (Valenci¢ and Knez 1997; Dahmane
et al. 2005; Wang et al. 2017a), myotonometry (Bizzini and
Mannion 2003; Wang et al. 2017a, b), mechanomyography
(MMG) (Orizio et al. 2003; C¢ et al. 2015a)], and high-
density surface EMG (HD-sEMG) (Farina et al. 2008; Mer-
letti et al. 2008; Gallina et al. 2011; Jordanic et al. 2016)
have expanded our knowledge of the contribution of electro-
chemical and mechanical factors to force output impairment
during and after a fatiguing task.

In light of the new understanding provided by these recent
means, the present review gives an update on the effects of
peripheral fatigue linked to skeletal muscle contraction and
highlights mechanistic insights into the electrochemical and
mechanical aspects underlying peripheral fatigue.

Methods

We searched the electronic databases PubMed, Scopus, Web
of Science, Embase, and Google Scholar for relevant articles
published until October 2018 using the following key words:

@ Springer

laser diffraction, sarcomere; magnetic resonance spectros-
copy, MRS, *'P MRS; shear-wave elastography, SWE; ten-
siomyography, TMG, myotonometry, myoton, mechano-
myogram, mechanomyography, MMG; high-density surface
EMG, EMG matrix array, electromyography matrix array,
and HD-sEMG. All keywords were combined with: neuro-
muscular, skeletal muscle, stiffness, muscle, tendon, fatigue,
peripheral fatigue, using #AND and #OR Boolean operators.
Only articles (e.g. journal articles, conference proceedings,
and clinical reports) published in English were selected and
their bibliographies gleaned for potentially eligible studies
(Fig. 1).

The following sections describe the recent technolo-
gies that have helped to define new mechanistic insights
into peripheral muscle fatigue. The main parameters for
each technology are detailed: how they are measured, their
strengths and limitations, and the innovative contribution
each has provided to advancing our knowledge of peripheral
fatigue. The technologies will be presented starting from
investigation at the level of the muscle fibre (laser diffrac-
tion, 3'P MRS), followed by the mechanical events in the
whole muscle and the MTC (SWE, TMG, myotonometry,
MMG), and finally the changes in motor unit recruitment
strategies induced by peripheral fatigue (MMG, HD-sEMG).

Laser diffraction
Description

Laser diffraction is a well-established technique that meas-
ures sarcomere length and its variability within a given vol-
ume (Patel et al. 2004). The technique dates to the late 1960s
(Edman 1966; Kawai and Kuntz 1973) and was implemented
in the late 1980s (Goldman 1987). Briefly, the repetitive
pattern of actin and myosin filament arrays in skeletal mus-
cle creates a periodic distribution of light and dark bands
of different refractive indexes that can be detected using
a photodiode array (Fig. 2). When the helium—-neon laser
beam emitted by the electronic microscope hits a muscle
fibre sample, it is diffracted. The resulting periodical gradi-
ent of the refractive indexes produces a series of hyperbolic
diffracted lines that align with the axis of the major fibres
(Kawai and Kuntz 1973). The intensity and phase of the
diffraction lines are analysed by an operational amplifier
to obtain the average sarcomere length at a resolution of
50 A (Kawai and Kuntz 1973). The diffracted intensity is a
function of sarcomere length, angle of incidence, and fibre
contraction (Baskin et al. 1979, 1981).

Generally, laser diffraction has been used to assess the
relationship between sarcomere length and the force gener-
ated during fibre contraction (Edman et al. 1985; Rassier
and Macintosh 2002; Maclntosh 2017) and relaxation phases
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Fig. 1 Flow diagram of litera-
ture search and selection

Intensity (V)

Fig.2 Laser diffraction. a Motorized laser diffraction device. Two
motors move a stage holding a slide-mounted muscle section through
a laser beam path (red line). A photodiode array measures the dif-
fraction pattern at each sample location. b Example diffraction sig-
nal (black line) of intensity (volts) as a function of position along the
photodiode array. Custom software automatically identifies peak loca-
tions (red dots) and calculates sarcomere length (distance between
two consecutive red dots). ¢ Sagittal plane of longitudinal section of
a rat’s tibialis anterior muscle transilluminated with visible light in
which white light diffraction is largely apparent as a rainbow pattern
With permission from O’Connor et al. (2016)

(Edman and Flitney 1982). The length—tension relationship
of the sarcomere was also the focus of studies investigating

Records identified through database searching (n = 1118)
Additional records identified through other sources (n = 4)

| Records after duplicates removed (n = 291) I

Records excluded:
* Topic not relevant (n=104)

|Records screened (n = 187) |

| Full articles assessed for eligibility (n = 187) I

Records excluded:

Not clear in protocol, methods, and or data presentation (n = 78)

| Studies included in the review (n = 109) |

I

* lLaser diffraction (n= 3)

* Magnetic resonance spectroscopy (MRS, n = 17)
+ Shear-wave elastography (SWE,n=7)

* Tensiomyography (TMG, n = 10)

* Myotonometry (n =6)

* Mechanomyography (MMG, n = 56)

* High-density surface EMG (HD-sEMG, n = 10)

how and to what extent sarcomere length enhances contrac-
tile response (i.e. activity-dependent potentiation), a phe-
nomenon that has been ascribed to increased [Ca’*] sen-
sitivity due to the proximity of myofilaments (Rassier and
Macintosh 2002; MacIntosh 2017).

Strengths and limitations

Recent advances in the technique have enabled research-
ers to investigate muscle behaviour through the integration
of muscle structure and function, with the main advan-
tage of obtaining information about active force produc-
tion and stiffness in muscle fibre by measuring fibre length
(O’Connor et al. 2016). However, although up to 2000 sar-
comeres can be examined with this technique, it does not
provide any information about the entire muscle length,
particularly about the sarcomeres at the muscle extremities
(O’Connor et al. 2016). To address this issue, a new auto-
mated laser device that measures sarcomere length over a
large muscle area (O’Connor et al. 2016) generates a two-
dimensional map of the muscle (tibialis anterior), reveal-
ing systematic differences in sarcomere length between the
superficial and the deep muscles.

Contribution to peripheral fatigue
Laser diffraction can be used to determine relatively small

changes in the segment length of a single muscle fibre
and calculate its stiffness during fatiguing (e.g. tetanic)
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contractions (Edman and Lou 1990, 1992). When moder-
ate fatigue was induced in isolated frog’s muscle fibres by
tetanic stimulation every 15 s, tetanic force and stiffness
(25% and 9%, respectively), as well as the rate of increase
in force and stiffness were found to be differentially reduced.
Because muscle fibre stiffness is proportional to the num-
ber of active cross-bridges, these results suggest that the
fatigue-induced decrease in fibre force was only partially
due to a reduction in the number of active cross-bridges.
More likely, the major portion of the force decline could
be ascribed to a reduced average force output for each indi-
vidual cross-bridge (Edman and Lou 1990, 1992). However,
when severe fatigue was induced by applying single twitches
at 1-2-s intervals (Edman and Lou 1992), tetanic force and
stiffness decreased to a greater extent compared to the mod-
erate fatiguing protocol (—60% and —39%, respectively)
(Edman and Lou 1990, 1992). In a high-frequency stimula-
tion protocol, fatigue-induced reduction in maximum force
was suggested to be largely due to a reduction in the num-
ber of active cross-bridges, together with a reduced average
force output per single cross-bridge. A more recent study
conducted in rat muscle fibres, in which a fatigued state
was simulated by manipulating pH and Pi concentrations
(6.2 and 30 mM, respectively) at 30 °C, observed that the
reduction in muscle fibre peak power was not accompanied
by any alteration in stiffness (Nelson et al. 2014). A possi-
ble explanation for the reduction in fibre peak power is that
fatigue reduced the force per high-force cross-bridge and/or
increased the number of low-force cross-bridges rather than
altering the number of active cross-bridges (Nelson et al.
2014).

Magnetic resonance spectroscopy (MRS)
Description

MRS provides information on chemicals in tissue or metab-
olites based on the principle that the electron distribution
around an atom causes the nuclei of molecules to slightly
change magnetic orientation. This characteristic creates
small resonant frequencies, which, in turn emit a slightly dif-
ferent signal. Metabolite peaks are identified by their posi-
tion in the spectrum (i.e. their frequencies) and are expressed
as a shift in frequency relative to a standard (Qayyum 2009).
The nuclei commonly used for in vivo MRS are protons
(‘H), sodium (**Na), carbon (*Ca), and phosphorus (*'P).
When a radiofrequency pulse is emitted, the signal from the
tissue is measured and then Fourier transformed. In MRS,
the frequency (i.e. the position along the x-axis) is employed
to separate and describe the actual metabolites or chemicals
within a voxel (Qayyum 2009). Further chemical charac-
teristics of the tissue are obtained from the signal intensity
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(i.e. the position along the y-axis) and the line width. The
latter may be used to estimate the relative quantity of the
chemical (Qayyum 2009). Among the nuclei employed in
MRS analysis, >'P allows for non-invasive investigation of
muscle metabolism (Hoult et al. 1974). It has been used for
the evaluation of changes in high-energy phosphate com-
pound concentrations and intracellular pH. When a typical
31P MRS spectrum at rest is examined, different peaks cor-
responding to Pi, PCr, and the three ATP phosphate groups
(a-, B-, and y-ATP) can be detected (Fig. 3). Phosphomo-
noester and phosphodiester peaks may be also visible, and
intracellular pH can be measured from the chemical shift
of the Pi peak (Moon and Richards 1973). Moreover, 3p
MRS also allows estimation of ADP and AMP concentra-
tions (Roth and Weiner 1991).

Strengths and limitations

3IP MRS can be helpful in assessing the role of bioenergetics
in the development of muscle fatigue in health and disease
in vivo (Bendahan et al. 2004; Tonon et al. 2012). One of its
main limitations is that it does not allow estimation of sin-
gle fibre-type contribution to peripheral fatigue. Indeed, *'P
MRS provides values from a mixture of fibres with different
metabolic characteristics. A further limitation is the diffi-
culty to detect metabolite concentrations less than 0.5 mM.
Moreover, the procedure can be long, the data analysis is
time-consuming and requires expertise in physics and bio-
chemistry. Lastly, due to the high equipment costs and cost
of the exam itself, its availability is still limited.

Contribution to peripheral fatigue

One of the main contributions of *'P MRS to the study
of peripheral fatigue is the description of time-depend-
ent changes in Pi, PCr, and pH during a fatiguing proto-
col in vivo. Typically, the force decline observed during a
maximum and a submaximum sustained isometric (Miller
et al. 1987; Cady et al. 1989a, b; Kent-Braun 1999), an
intermittent isometric (Miller et al. 1988), and a dynamic
(Wilson et al. 1988) fatiguing protocol was accompanied by
an accumulation of Pi and/or its diprotonated form H,PO,~,
a decrease in PCr, and a decrease in pH (Miller et al. 1987,
1988; Nosek et al. 1987; Wilson et al. 1988; Cady et al.
1989a, b; Kent-Braun 1999). These findings posed the ques-
tion of whether or not Pi accumulation and/or intracellular
acidosis was responsible for the development of muscle
fatigue. As far as Pi is concerned, 3Ip MRS revealed that
its accumulation follows two phases: a rapid phase within
the 1st min of contraction followed by a slow phase, dur-
ing which [Pi] reaches a steady state (Degroot et al. 1993).
It has been hypothesized that Pi accumulation may inhibit
the transition from low-force to high-force cross-bridges,



European Journal of Applied Physiology (2020) 120:17-39

21

Fig.3 Magnetic resonance spectroscopy. a The sample is placed in
a magnetic field and the MRS signal is produced by excitation of the
nuclei by radio waves and converted into nuclear magnetic resonance,
which is detected by radio receivers. The intramolecular magnetic
field surrounding an atom changes the resonance frequency, thus giv-
ing details on the electronic structure of a molecule and its individual
functional groups. b Typical series of *'P magnetic resonance spec-

and/or reduce the force of high-force cross-bridges (Palmer
and Kentish 1994; Debold 2006). This is thought to occur
through disruption of ATP hydrolysis at myosin ATPase
(Wilkie 1986; Nosek et al. 1987; Wilson et al. 1988; West-
erblad and Allen 2003; Kent-Braun et al. 2012). However,
despite acknowledging their important role, other studies
in humans have questioned the direct effect of Pi and/or
H,PO,™ accumulation at the cross-bridge level on fatigue-
induced force decline (Kent-Braun 1999; Rico-Sanz 2003).
For instance, Kent-Braun (1999) showed a force decline
even when [Pi] and [H,PO, "] reached a steady level. Fur-
thermore, Rico-Sanz (2003) found that [Pi] decreased when
the number of bouts increased during repeated, intense,
dynamic exercise. These observations suggested that the
role of Pi and/or H,PO,™ accumulation may be mitigated by
other factors that contribute to force inhibition (Kent-Braun
1999; Rico-Sanz 2003; Bendahan et al. 2004). Indeed, as
demonstrated by previous in vitro studies, Pi may interfere
also with transient Ca>* released from the sarcoplasmic
reticulum (Fryer et al. 1997; Allen and Westerblad 2001;
Kent-Braun et al. 2002).

Regarding acidosis, *'P MRS has expanded our
knowledge of the role of H" accumulation in generating
a fatigued state. The relationship between pH lowering
during fatiguing contractions and force decline has been
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PCr phosphocreatine, a, f, y phosphate groups of ATP. Horizontal
axis shows the chemical shifts expressed in Hz With permission from
Bendahan et al. (2004)

well established by in vitro studies (Fitts 1994, 2016;
Kent-Braun et al. 2012). However, the question remains
open whether or not the fatigue-induced acidosis in mam-
malian muscle fibres at physiological temperatures has a
minor or a pivotal role in force decline during sustained
or intermittent contractions (Fitts 1994, 2016; Kent-
Braun 1999; Kent-Braun et al. 2012; Westerblad 2016).
3P MRS studies conducted in vivo in humans did not
consistently highlight such a relationship, questioning
the role of H" accumulation in the aetiology of periph-
eral fatigue (Fitts 2016; Westerblad 2016). For example,
some studies showed that fatigue-induced pH lowering
(as low as ~6.2) during fatiguing contractions was cor-
related with force decline in both sustained and intermit-
tent contractions (Taylor et al. 1986; Miller et al. 1988;
Wilson et al. 1988). According to the in vitro studies,
it seems that H* accumulation could interfere at several
sites involved in force generation (Fitts 2008). An exhaus-
tive examination of these aspects is beyond the scope of
the present review. Nonetheless, the main factors can be
summarised as follows: (1) a reduction in the number of
bridges and/or force per bridge generated from high-force
cross-bridges (Nocella et al. 2011); (2) a reduction in the
contraction velocity when pH is below 6.7 presumably
due to a decrease in the rate of ADP release (Fitts 2008);
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and (3) reduced myofibrillar Ca®* sensitivity (Fitts 1994,
2008, 2016). Furthermore, it is thought that pH provides
feedback signals to the central nervous system and alters
the central motor drive during the development of fatigue
(Wilson et al. 1988; Kent-Braun 1999; Bendahan et al.
2004). Conversely, other 3Ip MRS studies conducted in
humans demonstrated a dissociation between pH and
changes in force during the development of fatigue and
its recovery. It has been observed that minor intracellular
acidification or transient alkalinisation may be present,
and that the fatigue-induced force decline can recover
without a recovery of pH (Sahlin and Ren 1989; Degroot
et al. 1993; Kent-Braun 1999; Westerblad 2016). The
role of acidosis in explaining the fatigue-induced effects
on force decline in vivo in humans is still controversial.
Lowering of pH might have only minor direct effects on
the development of peripheral fatigue or act in an indirect
manner together with other factors involved in the devel-
opment of fatigue (Westerblad 2016).

Fig.4 Shear-wave elastography. Typical maps of shear elastic modu-
lus. The coloured region represents the shear elasticity map for the
rectus femoris (a), vastus lateralis (b), and vastus medialis (¢) mus-
cles (blue denotes soft and red denotes stiff). To obtain a represent-
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Shear-wave elastography (SWE)
Description

Elastography is a recently developed ultrasound technology
that started about 20 years ago. It is used for imaging tissue
stiffness (e.g., muscle) in either passive or active condition
(Fig. 4). Stiffness can be estimated from either analysis of
the strain in a tissue under stress (quasi-static methods) or
by imaging the mechanical waves (i.e., shear waves) propa-
gated in the direction of the tissue stiffness (Gennisson et al.
2013).

Supersonic shear imaging, the most recent among elas-
tography techniques (Gennisson et al. 2013; Bercoff et al.
2004), measures reliable quantitative passive and active tis-
sue stiffness rapidly (Hug et al. 2015). Mechanical perturba-
tions are created by a focused ultrasonic beam (i.e., “pushing
beam”) to the tissue; muscle elasticity is then measured by
calculating the velocity of the shear waves. The velocity
is directly related to the shear modulus of the tissue, i.e.,

0

ative value, the shear elastic modulus (in kPa) is averaged over the
greatest muscle area (white rectangles), avoiding hypoechoic regions
and aponeurosis With permission from Bouillard et al. (2014)
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propagation of the shear wave will be faster in stiffer tissues
than in more compliant tissues. Shear modulus is defined
by the formula:

_ 2
”_pvsv

where p is the modulus in kPa, p is the muscle density
(1000 kg m™), and V, is the shear-wave velocity in m s™'.
The shear modulus is mapped onto a B-mode ultrasound
image within a region of interest, with a coloured scale
depicting its gradation from deep blue (most compliant) to
dark red (most stiff). As a representative value, the shear
modulus is averaged over the whole map.

The technique has been recently validated by directly
comparing the shear modulus and Young’s modulus in ani-
mal muscles (Eby et al. 2013). The study also highlighted
the sensitivity of SWE in characterising the anisotropic
properties of muscle tissues (Eby et al. 2013). Besides mus-
cle stiffness, shear-wave modulus is also linearly related
to both passive (Maisetti et al. 2012; Koo et al. 2013) and
active forces (Bouillard et al. 2012). SWE can therefore
be used to indirectly infer changes in force due to passive
stretching and active muscle contraction.

Strengths and limitations

One of the main strengths of SWE is that the shear-wave
modulus is a mechanical property; so it is less likely to be
influenced by neuromuscular fatigue than sSEMG, which
is affected by electrophysiological parameters such as the
velocity of motor unit action potential propagation. This
characteristic makes SWE a very interesting technique for
observing the changes in force, active muscle stiffness, and
load sharing among synergistic muscles during and after
fatiguing contractions, as well as passive muscle stiffness
after a fatiguing task. Moreover, SWE allows investigators
to separate the muscle contribution of MTC stiffness from
the other components. One of the disadvantages of SWE is
the high cost of the ultrasound equipment. From a methodo-
logical point of view, the modulus depends mainly on probe
orientation and the pressure applied to the skin surface by
the transducer; the technique requires experienced opera-
tors for reliable performance. A further limitation is that
SWE does not directly quantify force but rather measures
the changes in force.

Contribution to peripheral fatigue

SWE has been employed to observe possible fatigue-induced
alterations in the shear-wave modulus of the muscle itself
(Nordez et al. 2009; Bouillard et al. 2012, 2014; Nair et al.
2016; Akagi et al. 2017; Sadeghi et al. 2018). Some stud-
ies reported a decrease in modulus during (Bouillard et al.

2012, 2014) and immediately after (Nordez et al. 2009) a
fatiguing protocol based on isometric contractions. Simi-
lar results were also found at 1 h (Andonian et al. 2016)
and at 24 h (Sadeghi et al. 2018) after a prolonged running
task. The authors hypothesized that the changes in modulus
may reflect the changes in intrinsic mechanical properties
of muscles and their ability to transmit force to the tendon
(Nordez et al. 2009; Bouillard et al. 2012, 2014; Andonian
et al. 2016; Sadeghi et al. 2018). However, when assessing
fatigue-induced changes in shear wave in synergistic mus-
cles, modulus did not follow a common pathway between
the plantar flexors (Akagi et al. 2017) and the knee extensor
muscles (Bouillard et al. 2012, 2014). For instance, gastroc-
nemius medialis shear-wave modulus was increased within
2 min after a prolonged, low-intensity isometric contrac-
tion, whereas the soleus and gastrocnemius lateralis were
decreased and unchanged, respectively (Akagi et al. 2017).
Similarly, changes in non-uniform shear-wave modulus
direction were also observed in the vastus lateralis, vastus
medialis, and rectus femoris muscles during low-intensity
sustained (Bouillard et al. 2012) or intermittent (Bouillard
et al. 2014) isometric contractions. These results provided
evidence for fatigue-induced changes in load-sharing strat-
egies between synergistic muscles. Nevertheless, since the
technique is quite recent, further studies are needed to under-
stand possible fatigue-induced changes in muscle mechani-
cal properties during and after a fatiguing protocol.

Tensiomyography (TMG)
Description

TMG is a non-invasive technique developed in the last
15 years to assess the mechanical properties of skeletal
muscle (Dahmane et al. 2001, 2005; PiSot et al. 2008; Car-
rasco et al. 2011; Hunter et al. 2012; de Paula Simola et al.
2015). It is based on the radial deformation of the muscle
belly and the time that the deformation takes during a single
twitch (Valenci¢ and Knez 1997). Two surface electrodes are
placed proximal and distal to the sensor tip of a magnetic
transducer pressed against the muscle belly perpendicularly
to the skin. Incorporated in the transducer is a built-in spring
(maximum backward force of 4.2 N) that provides initial
controlled pressure on the surface of the muscle belly. After
a single electrical stimulation, the muscle belly enlarges, and
the sensor tip measures the radial displacement associated
with the time of contraction (Fig. 5).

The following parameters are retrieved from the signal
analysis: displacement (mm), maximum radial deforma-
tion of the muscle belly during contraction; delay time (ms)
calculated from the onset of the electrical stimulus to 10%
of maximum radial displacement; contraction time (ms)
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time (ms]

Fig.5 Tensiomyography. a Tensiomyography system positioning dur-
ing rectus femoris measurement. b Signal analysis from the radial
twitch responses as a function of time in muscle mechanical proper-
ties: (1) D,,, maximum radial deformation of the muscle belly; (2)
T,, delay time calculated from the onset of electrical stimulus to 10%
D,; (3) T, contraction time calculated from 10 to 90% D,; (4) T,
sustained time calculated as the time between 50% D, during muscle
contraction and relaxation; and (5) 7}, relaxation time calculated from
time from 90 to 50% D,, With permission from de Paula Simola et al.
(2015)

calculated from 10 to 90% of maximum displacement; sus-
tained time (ms) defined as the time between 50% of maxi-
mum displacement during a muscle contraction and 50% of
maximum displacement during a muscle relaxation phase;
and half-relaxation time (ms) calculated from the time
from 90 to 50% of maximum displacement during muscle
relaxation. The two most informative TMG parameters are
displacement and contraction time. Displacement is com-
monly considered an indirect measure of active MTC stiff-
ness (§imunié et al. 2011; Garcia-Garcia et al. 2013, 2015)
and muscle fibre activation (Carrasco et al. 2011; Hunter
et al. 2012; de Paula Simola et al. 2015), whereas contrac-
tion time is an indirect marker of muscle fibre contraction
time (de Paula Simola et al. 2015).

TMG has been used to investigate the effects of strength
tasks (Garcia-Manso et al. 2012; Hunter et al. 2012; de Paula
Simola et al. 2015), endurance exercises (Garcia-Manso
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et al. 2011), and bed rest (PiSot et al. 2008) on the mechani-
cal properties of skeletal muscle. It has also been employed
to indirectly estimate the proportion of fibre types within a
muscle (Dahmane et al. 2005; Simunié et al. 201 1) and to
monitor changes in passive tension associated with changes
in muscle length (Ditroilo et al. 2011). Interestingly, TMG
has also been used to measure changes in displacement
and contraction time associated with peripheral fatigue as
an index of changes in fatigue-induced muscle mechani-
cal properties (Garcia-Manso et al. 2011; Macgregor et al.
2016).

Strengths and limitations

TMG is a rapid, non-invasive technique operators can use
to examine muscle contractile properties by means of a
portable device (de Paula Simola et al. 2015). The super-
ficial bellies of synergistic muscles can be assessed indi-
vidually (Garcia-Garcia et al. 2015). TMG measurements
do not require dedicated post-processing analysis or filtering
(Krizaj et al. 2008) and may be only marginally affected
by longitudinal tendon, ligament, serial connective tissue
compliance, joint friction, and extremity inertia (Dahmane
et al. 2005). A limitation is that TMG parameters differ in
reliability, i.e. displacement and contraction time are more
reliable than the other parameters, depending on the test-
ing condition (Tous-Fajardo et al. 2010; Simuni¢ 2012;
Ditroilo et al. 2013; Macgregor et al. 2018). Moreover, TMG
parameters seem to be less sensitive to fatigue detection after
high-intensity interval (Wiewelhove et al. 2017) or intensive
endurance training (de Paula Simola et al. 2016).

Contribution to peripheral fatigue

To date, the effects of peripheral fatigue evaluated by
TMG have been described in four articles. Three studies
reported an increase in maximum displacement of the mus-
cle belly (Carrasco et al. 2011; Garcia-Manso et al. 2011;
Giovanelli et al. 2016), regardless of the muscle examined.
An increased displacement was found in the biceps femoris
(Garcia-Manso et al. 2011) and the vastus lateralis (Gio-
vanelli et al. 2016) within 15 min after ultra-endurance
races, as well as in the rectus femoris immediately after a
2-min cycling trial at a power corresponding to maximum
oxygen uptake (Carrasco et al. 2011). These results were
explained by a fatigue-induced reduction in muscle stiffness
(Carrasco et al. 2011; Garcia-Manso et al. 2011; Giovanelli
et al. 2016; Macgregor et al. 2018). However, when periph-
eral fatigue was induced by electrical stimulation of the gas-
trocnemius medialis (Macgregor et al. 2016), the maximum
muscle belly displacement was decreased. The reasons for
the discrepancy in previous results may be attributable to
the type of fatiguing protocol and the possible contribution
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of central fatigue, which was not elicited in the study by
Macgregor et al. (2016).

Myotonometry
Description

A myotonometer is a small, hand-held, non-invasive
device that incorporates a triaxial accelerometer that
indirectly measures muscle mechanical properties, such
as tone, passive muscle stiffness and elasticity (Bizzini and
Mannion 2003; Viir et al. 2007; Aird et al. 2012; Marusiak
etal. 2012). The probe is held perpendicularly against the
skin surface above the targeted muscle. Besides the con-
trolled pre-load of 0.18 N, an additional mechanical force
of 0.40 N lasting 15 ms is automatically generated that
induces damped or decaying natural oscillation of the tis-
sue. The time of the exerted mechanical force is operator
set to avert neural reaction and non-elastic deformation of
the tissue (Viir et al. 2007). The accelerometer measures

the peak acceleration of the natural oscillation. Velocity
is calculated by the first integration of the acceleration
signal, while displacement is calculated by the second
integration (Fig. 6). After signal acquisition, the mechani-
cal parameters can be estimated. Analysis of oscillation
frequency provides an indirect estimation of muscle tone
(i.e., intrinsic tension), with high-frequency oscillation
related to high muscle tone. Passive stiffness is the resist-
ance opposing the applied external force. Passive stiffness
can be calculated with the formula:

Xa
Al

Stiffness = n

where m is the 0.18 N pre-load of the probe, a is the maxi-
mum amplitude of oscillation in the acceleration signal, and
Al is the amplitude of the displacement signal at the end of
the impulse time. Elasticity refers to the ability of a muscle
to recover its initial shape after a perturbation. It is estimated
by calculating the logarithmic reduction in a muscle’s natu-
ral oscillation, with a small reduction associated with high
muscle elasticity.
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Fig.6 Myotonometry. a Myotonometer positioning on the rectus
femoris muscle. With permission from Aird et al. (2012). b Accelera-
tion (upper), velocity (middle), and displacement (lower) curves as a

Time (s)

function of time from myotonometer signal output With permission
from Nair et al. (2016)
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Strengths and limitations

Studies have reported high reliability intraclass correlation
coefficient> 0.80) for myotonometric parameters in differ-
ent muscles (Bizzini and Mannion 2003; Zinder and Padua
2011; Aird et al. 2012; Liu et al. 2018; Van Deun et al.
2018). The main advantages are its accessible costs, port-
ability, and velocity of measurement. Conversely, a major
limitation is the lack of depth of perturbation on the skin
(2 cm) (Nair et al. 2016), which means that the mechani-
cal properties can be assessed only in superficial muscles.
Another limitation is the interference during measurements
from the subcutaneous tissue over the muscle of interest
(Kelly et al. 2018). In body areas with thick subcutaneous
tissue, measurement validity and reliability may be reduced
and the mechanical signal may be related more to the proper-
ties of the subcutaneous tissue than to the muscle.

Contribution to peripheral fatigue

Studies using myotonometry to evaluate fatigue-induced
changes in passive stiffness (Wang et al. 2017a, b) have
found muscle stiffness to be increased immediately after
fatiguing protocols, such as prolonged and isokinetic con-
centric/eccentric contractions (Wang et al. 2017b), running
(Wang et al. 2017b), and cycling (Wang et al. 2017a). The
explanation was possible mechanisms linked to (1) acidifi-
cation occurring during fatigue (Curtin and Edman 1989;
Edman and Lou 1990; Zhang and Rymer 2001); (2) reduc-
tion in cross-bridge detachment rate causing slower muscle
relaxation (Allen et al. 2008; Fitts 2008), possibly contrib-
uting to increased passive tension and resting muscle stiff-
ness (Akagi et al. 2017); and (3) increase in motor drive and
resultant rise in the firing rate and/or recruitment of motor
units, possibly triggered by the accumulation of fatigue-
induced intramuscular metabolites (Amann and Dempsey
2008; Decorte et al. 2012). The assessment approach (i.e.,
SWE vs. TMG vs. myotonometry) and the type of fatigu-
ing protocol more likely explain the discrepancies in muscle
stiffness changes across studies using different technologies
to investigate this variable.

Mechanomyography (MMG)
Description

MMG is used to non-invasively study mechanical activity
in skeletal muscle (Orizio 1993; Orizio et al. 2003; C¢ et al.
2015a). The MMG signal is detectable at the skin surface
via dimensional changes of active muscle fibres during
contraction. The fibres generate pressure waves due to their
cyclic shortening when voluntarily activated or electrically
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evoked. These waves can be detected superficially by spe-
cific transducers that record the muscle oscillations related
to the mechanical activity of motor units (Orizio et al. 2003;
Ce et al. 2015a). Several types of transducers can be used,
such as piezo-electric contact sensors, microphones, laser
distance sensors, electric condenser microphones, and accel-
erometers, which are the most widely used types of sensor
for MMG.

The time-domain (MMG peak-to-peak, root mean square,
and averaged rectified value) and the frequency-domain
parameters (mean frequency, mean power—frequency, and
median frequency) are calculated from analysis of the
MMG signal (Fig. 7). MMG peak-to-peak is the maximal
transverse oscillation of the muscle belly induced by short-
ening of the contractile elements during the on phase of
a muscle contraction (Longo et al. 2014). MMG peak-to-
peak is generally associated with whole muscle activation,
i.e. the greater the muscle activation, the wider the MMG
amplitude. The MMG root mean square and the averaged
rectified value calculated from oscillation during the force
plateau indirectly reflect both the number of active motor
units (Orizio et al. 2003) and the mechanical characteristics
of the contractile and viscoelastic components during mus-
cle contraction (Longo et al. 2014). The MMG frequency
characteristics indirectly mirror the mean firing rate of the
pool of motor units recruited during muscle contraction
(Orizio et al. 2003). Analysis of the MMG signal provides
an indirect characterization of the neuromuscular strategies
adopted by the contracting muscle to activate and modulate
force output during muscle contraction (Orizio 1993; Orizio
et al. 2003; Ce et al. 2015a).

Analysis of the MMG signal in combination with sSEMG
and force signal detection allows for a more detailed identi-
fication of the electromechanical delay (EMD) components
(Ceetal. 2013, 2014, 2015b, 2017; Rampichini et al. 2014;
Longo et al. 2016, 2017; Smith et al. 2017a, b). A delay
exists between the onset of muscle activation and the begin-
ning of force development, and between the end of muscle
activation and the return of the force output toward pre-acti-
vation values. These time lags are termed EMD (Cavanagh
and Komi 1979) and relaxation EMD (R-EMD), respectively
(Viitasalo and Komi 1981; Ferris-Hood et al. 1996). They
are calculated from the onset of the SEMG and of the force
signal (for determining EMD) and from the offset of the
sEMG signal to the return of the force signal to baseline (for
determining R-EMD). Analysis of the MMG signal allows
for partitioning of EMD and R-EMD into a “mainly” electro-
chemical component and a “mainly” mechanical component.
In the EMD, the electrochemical component principally
includes the events linked to excitation—contraction coupling
and pressure wave transmission to the skin surface detected
at the onset of the MMG signal. The mechanical compo-
nent reflects the time needed to take up the muscle—tendon
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Fig.7 Mechanomyography. a Sensor (microphone/accelerometer)
positioning for mechanomyographic signal detection. b Upper graph:
time- and frequency-domain analysis of mechanomyographic signal
during voluntary (left column) and electrically evoked contraction
(right column). RMS root mean square, ARV averaged rectified value,

unit slack before force transmission becomes effective at
the tendon insertion point (Hufschmidt 1985; Esposito et al.
2011; Sasaki et al. 2011; Ce et al. 2013) (Fig. 8). During the
relaxation phase, the electrochemical component comprises
mainly (1) cessation of action potential propagation of the
motor unit; (2) Ca>* re-uptake by the sarcoplasmic reticulum
and blocking of acto-myosin interaction by troponin and tro-
pomyosin; and (3) cross-bridge switch from a strongly to a
weakly bound status. The mechanical component comprises
the return of sarcomeres to their resting length and release
of the series elastic components that were stretched during
contraction.

Strengths and limitations

MMG adds information complementary to data from SEMG
signal analysis during muscle contraction. The main advan-
tages are that application of the MMG transducer is less
sensitive to sweat, hydration, and skin temperature; moreo-
ver, no specific skin preparation is needed. A major limita-
tion when interpreting the results of MMG signal analysis is
that attention should be paid to possible confounding factors

p-p peak-to-peak, MF mean frequency, MPF mean power—frequency,
MNF median frequency. (Lower graph) force signals during voluntary
(left column) and electrically evoked contraction (right column) With
permission from C¢ et al. (2015a)

(e.g., intramuscular pressure, muscle temperature). Differ-
ences in intramuscular pressure and muscle temperature
(cooling in particular) have been reported to significantly
alter both MMG signal amplitude and frequency content
(Yoshitake et al. 2001; Blangsted et al. 2005; Vedsted et al.
2006; Ce et al. 2013). Moreover, differences in MMG signal
characteristics and relative behaviour of the amplitude and
the frequency content during fatigue in the lumbar erector
spinae, deltoideus anterior and medialis, and the upper trape-
zius were reported to depend on accelerometer location and/
or the length at which the muscles were tested (Madeleine
et al. 2002a, 2007; Mamaghani et al. 2002; Madeleine and
Farina 2008; Madeleine 2010).

Contribution to peripheral fatigue

Early studies on MMG and peripheral fatigue date to the late
1980s (Orizio et al. 1989; Goldenberg et al. 1991; Zwarts
and Keidel 1991; Orizio 1992; Orizio and Veicsteinas 1992;
Rodriguez et al. 1996; Esposito et al. 1998).The authors drew
their conclusions about fatigue-induced alterations in motor
unit recruitment strategy from analysis of the MMG signal.
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Fig. 8 Electromechanical delay. a Diagram of the experimental setup
for tibialis anterior (left panel) and vastus lateralis (right panel) mus-
cle assessment. Positioning of the participant on the ergometer, the
electromyographic (EMG) linear array electrodes, accelerometer,
stimulation electrodes, and force transducer. With permission from
Esposito et al. (2016). b EMG, mechanomyographic (MMG), force
(F) signals and delays in a representative participant. Contraction
phase (left panel): the solid, dotted, and short dashed lines indicate
the onset of EMG, MMG, and F signals, respectively. Relaxation
phase (right panel): the solid, dotted, short dashed, medium dashed,
and dashed and dotted lines indicate the EMG signal offset, the
beginning of F decay, the beginning of maximum displacement of
the MMG signal (MMGp_p), the duration of MMGp_p and the return
of F signal to baseline, respectively. Partitioning of the total elec-

During low-intensity exhaustive effort, the MMG ampli-
tude and its frequency content increased continuously. This
behaviour was related to the recruitment of additional motor
units and the synchronization/grouping of active motor units
(Shinohara et al. 1998; Madeleine et al. 2002b, 2006; Blang-
sted et al. 2005). During medium-intensity effort, the MMG
signal initially increased in amplitude and frequency content
until it plateaued, followed by a decrease in both param-
eters. This suggests that at the beginning of an exhaustive
medium-intensity contraction, the number of active motor
units and their mean firing rate increased in the attempt to
maintain force output stable. Thereafter, the MMG ampli-
tude diminished until exhaustion. This has been ascribed to
enlargement of mechanical twitching, with better fusion of
the mechanical events between one motor command and the
next, and possibly attributable to an increase in the intra-
muscular pressure that impairs changes in active muscle
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tromechanical during contraction (Delayrqr): (1) Az EMG-MMG,
mainly electrochemical component, from the onset of EMG to the
onset of the MMG complex; and (2) At MMG-F, mainly mechani-
cal component, from the MMG complex to F onset. Partitioning of
the total electromechanical during relaxation (R-Delay qy): (1) R-At
EMG-F, mainly electrochemical component spanning from EMG

cessation to the beginning of F decay; (2) R-A¢ F—MMGp_p, first the
mainly mechanical component, from the beginning of F decay to
the beginning of gross lateral movement of the muscle at the end of
contraction (R-); (3) R-At MMGp_p, second mainly mechanical com-
ponent from the beginning to the end of maximum displacement of
the MMG signal; and (4) R-Ar MMG-F_,,, third mainly mechanical
component from the end of maximum displacement of the MMG sig-
nal to F return to baseline With permission from Longo et al. (2017)

fibre dimension. In addition, the MMG mean frequency
was shown to decrease, suggesting an overall reduction in
the mean firing rate of the pool of recruited motor units
(Sggaard et al. 2003; Kimura et al. 2004; Beck et al. 2007,
2009; Jaskolski et al. 2007; Hendrix et al. 2010). During
a high-intensity effort to exhaustion, the MMG amplitude
diminished from the beginning of muscle contraction, while
the mean frequency increased over the first few seconds.
This was hypothesized to reflect the attempt to activate fast
fatigable-type motor units. The MMG mean frequency then
decreased, suggesting an overall reduction in the mean firing
rate of the recruited motor units from here on (Esposito et al.
1998; Blangsted et al. 2005; Al-Zahrani et al. 2009; Yang
et al. 2009; Limonta et al. 2016). Although with some excep-
tions (Xie et al. 2009; Yang et al. 2009; Stock et al. 2013),
similar results were also found by studies that investigated
post-fatigue muscle behaviour under isometric (Shinohara
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et al. 1998; Esposito et al. 1998, 2003; Kouzaki et al. 1999;
Madeleine et al. 2002b, 2006; Orizio et al. 2003; Sggaard
et al. 2003; Beck et al. 2004; Kimura et al. 2004; Blangsted
et al. 2005; Jaskolski et al. 2007; Kawczyiski et al. 2007; Al-
Zahrani et al. 2009; Hendrix et al. 2010; Camic et al. 2013;
Smith et al. 2016) or isokinetic (Perry-Rana et al. 2002;
Kawczynski et al. 2007; Ebersole and Malek 2008; Camic
et al. 2014) conditions, as well as during incremental aerobic
cycling exercise (Shinohara et al. 1997; Bull et al. 2000;
Housh et al. 2000; Kimura et al. 2008; Zuniga et al. 2010).

Regarding determination of the electromechanical delay,
measurement of EMD and R-EMD before and after periph-
eral fatigue evidenced an overall lengthening of both the
electrochemical and the mechanical components with a
prevalent alteration of the latter. These findings suggest
that after a fatiguing task the decrease in force output and
the following lengthening in the time needed to return to
baseline may have been influenced by the fatigue-induced
mechanical alterations in the in-series elastic component
characteristics (e.g., decreased stiffness). This was reported
for electrically evoked (Ce et al. 2014, 2017; Rampichini
et al. 2014; Esposito et al. 2016, 2017), isometric (Ce et al.
2013, 2015b; Esposito et al. 2016), and dynamic voluntary
muscle contractions (Smith et al. 2017a, b). Interestingly,
during a fatiguing protocol based on isometric contractions,
some recent studies found an earlier alteration in the EMD
and the electrochemical R-EMD (C¢ et al. 2017; Esposito
et al. 2017; Smith et al. 2017a), with postponed modifica-
tions in the mechanical components. In contrast, Smith
et al. (2017a) reported earlier changes in the mechanical
EMD compared to the electrochemical components during
dynamic fatiguing contractions. In any case, the changes in
the mechanical components had an important role in EMD
and R-EMD lengthening during the fatiguing protocol.
Moreover, during the recovery phase, the mechanical vs.
electrochemical components took longer to be fully restored.
Though the combination of sSEMG, MMG, and force signal
analysis does not accurately determine the event/s affected
by ongoing peripheral fatigue, the findings suggest that the
mechanical alterations occurring at the in-series elastic ele-
ment could play an important role in the decrease in muscle
force output during and after fatigue.

High-density surface EMG (HD-sEMG)
Description

sEMG is a non-invasive technique that measures electri-
cal muscle activity by means of surface electrodes placed
on the skin over a muscle or muscle group (Hermens et al.
1999; Drost et al. 2006). It uses a single bipolar signal from
two electrodes placed on one muscle and extracts limited

information about muscle excitation. With the development
of SEMG equipment to record the input of multiple elec-
trodes placed over a single muscle (i.e., HD-sEMG), the
characteristics of single motor units can now be measured
(Merletti et al. 2003; Zwarts and Stegeman 2003), accord-
ing to new spatiotemporal parameters concerning the motor
units area of excitation and recruitment strategies (Rau
and Disselhorst-Klug 1997; Stegeman et al. 2000; Zwarts
and Stegeman 2003; Drost et al. 2006; Kleine et al. 2007).
HD-sEMG is used (Fig. 9): (1) to observe the position of
motor points within the same muscle (Hermens et al. 1999;
Merletti et al. 2003) and to identify the best SEMG signals
from multiple muscle areas; (2) to check for differences in
muscle excitation in areas within the same muscle and/or in
synergistic/adjacent muscles (Farina et al. 2008); and (3) to
estimate the number of recruited motor units during muscle
contraction (i.e., HD-sEMG signal decomposition) (Kleine
et al. 2007; Merletti et al. 2008).

For example, analysis of HD-sEMG maps has shown that
the spatial distribution of SEMG amplitude is inhomoge-
neous (Holtermann et al. 2005), underlining heterogeneity
in either motor units distribution within a muscle or motor
units recruitment strategy (Holtermann et al. 2005). This
could be seen as a kind of functional muscle compartmen-
talization, a characteristic that seems particularly convenient
in muscles with highly diversified biomechanical functions,
like the upper trapezius (Farina et al. 2008; Troiano et al.
2008; Gerdle et al. 2010; Samani et al. 2017) and the erec-
tor spinae (Tucker et al. 2009; Hu et al. 2010; Abboud et al.
2014, 2016; Ringheim et al. 2014).

Strengths and limitations

This relatively new technique is under development. A very
high-quality signal is needed to obtain valid and reliable
data. This implies the recruitment of a high number of par-
ticipants in a study and repetition of the test over time.

Contribution to peripheral fatigue

Studies using HD-sEMG have reported that, during sus-
tained muscle contractions up to fatigue, a spatial adapta-
tion of muscle excitability takes place, as seen in activ-
ity response by non-homogenous motor units in different
areas within the same muscle and between synergistic/
adjacent muscles (Gallina et al. 2011; Watanabe et al.
2013; Abboud et al. 2014; Mista et al. 2014; Ringheim
et al. 2014). Two hypotheses have been proposed to
explain these heterogeneous spatial muscle adaptations:
(1) restricted location of the most fatigable motor units in
different regions; and/or (2) a dissimilar increase in motor
unit activity in multiple compartments of the same muscle
(Gallina et al. 2011; Watanabe et al. 2013; Abboud et al.
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Fig. 9 High-density surface

EMG. a Multi-channel surface
electromyography electrodes A
placed over the rectus femoris
muscle. b Representative mean
normalized root mean square of
multi-channel surface electro-
myography as shown by the
colour map for knee extension
(upper panel) and hip flexion
(lower panel). Root mean square
values are normalized by the
initial value of the contraction
for each channel. Dark blue
denotes the initial value of the
contraction for each channel
and dark red the higher value
relative to the initial value With
permission from Watanabe et al.
(2013)
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2014; Mista et al. 2014; Ringheim et al. 2014). Type II
fibres are known to be most susceptible to fatigue (Fitts
2008; Piitulainen et al. 2010). In addition, histologic
findings revealed that type II fibres are homogeneously
distributed throughout the cross-sectional area of a mus-
cle (Dahmane et al. 2005). It follows then that fatigue-
induced differences in spatial adaptations over time would
most likely be found in a cranial-caudal rather than in a
medial-lateral direction (Watanabe et al. 2013). Moreo-
ver, fatigue-induced alterations in the load sharing among
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synergistic muscles has been advanced as a possible expla-
nation for spatial adaptation (Tucker et al. 2009; Hu et al.
2010; Abboud et al. 2014, 2016; Jordanic et al. 2016).
From a functional point of view, variation in the distribu-
tion of motor unit activity within the same muscle or group
of related muscles (i.e., spatial distribution) is an important
factor in modulation of motor output when muscle fatigue
is present (Farina et al. 2008). This mechanism might
avert overload of muscle fibres during prolonged contrac-
tion, especially in muscles commonly exposed to sustained
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excitation, such as the lumbar erector spinae (Hu et al. 2010;
Ringheim et al. 2014; Abboud et al. 2016).

Conclusion and perspectives

Peripheral fatigue involves changes at the cellular level and
in the MTC. This review presents recent technologies and
methodological procedures that researchers can apply to
better understand the physiological mechanisms underlying
peripheral fatigue (Fig. 10).

Laser diffraction indirectly estimates the number of active
cross-bridges by measuring muscle fibre stiffness during
fatiguing contractions. When moderate fatigue was induced,
the major portion of the decrease in force was ascribed to
a reduced average force output of individual cross-bridges.
In contrast, when severe fatigue occurred, the reduction in
maximum force was largely attributed to a reduction in the
number of active cross-bridges, together with a reduced
average force output per single cross-bridge. More recently,
it has been suggested that fatigue may reduce the force per
high-force cross-bridge and/or increase the number of low-
force cross-bridges, without influencing the total number of
active cross-bridges.

The in vivo 3!P MRS studies have corroborated some
results of the in vitro investigations and expanded our knowl-
edge about the metabolic aspects of peripheral fatigue via a
more “ecological” approach. Within a muscle cell, the accu-
mulation of Pi and/or H,PO, and a decrease in pH seem to
act directly or indirectly to: (1) reduce the number of cross-
bridge formations and force per bridge; (2) slow the rate
of ADP release with a likely reduction in cross-bridge dis-
sociation velocity; (3) reduce myofibrillar Ca** sensitivity,
Ca** flux release and re-uptake from and to the sarcoplasmic
reticulum. However, the role of a reduction of intracellular
pH induced by peripheral fatigue is still debated. While it is
generally agreed that a lower pH could result in a decrease
in muscle fibre force and power, in light of the role attrib-
uted to decrease in pH in skinned muscle fibres, the question
remains open whether or not a reduction in pH could play a
role in contractile function in intact muscle fibres at physi-
ological temperatures.

The use of SWE, TMG, and myotonometry has revealed
important alterations in muscle mechanical character-
istics, which reflect muscle stiffness during and after a
fatiguing protocol in response to voluntary or electrically
elicited contractions. Some studies that used SWE and
TMG reported a reduction in modulus and muscle belly
displacement, respectively, indirectly mirroring a reduc-
tion in muscle stiffness. In contrast, others reported either
no change or an increase in stiffness-related parameters.
By means of SWE, a fatigue-induced redistribution of
modulus (i.e., load sharing) among synergistic muscles

was also shown. Additionally, investigations using myo-
tonometry reported an increase in muscle belly stiffness
after fatiguing protocols. So, the procedures need to be
improved to accurately detect fatigue-induced changes in
muscle mechanical characteristics.

MMG signal analysis in the time and the frequency
domain allows for making inferences about the changes in
motor unit recruitment strategies during fatiguing protocols
at different intensities and paradigms. At low intensity, both
MMG signal amplitude and frequency content increase con-
tinuously, possibly reflecting the recruitment of additional
motor units and their synchronization. At medium intensity,
MMG amplitude and frequency content begin to increase
before plateauing, and then decrease. This was associated
with initial attempts to maintain force output stable, fol-
lowed by a reduction in motor drive to the fatigued muscle.
At high intensity, MMG amplitude diminishes starting from
the beginning of muscle contraction, while the mean fre-
quency increases in the first few seconds, before decreasing
subsequently. This behaviour was hypothesized to reflect the
attempt to activate fast fatigable motor units followed by a
reduction in the mean firing rate of recruited motor units.
Additionally, when the MMG signal was detected in com-
bination with the SEMG and force signals, fatigue-induced
alterations in both EMD and R-EMD were reported. These
alterations indicate that the decrease in force output and the
longer time that the force output needs to return to baseline
are likely influenced by fatigue-induced mechanical altera-
tions in the series elastic component characteristics (e.g., a
possible decrease in stiffness).

Finally, studies investigating fatigue-induced alterations
in myoelectric activity by means of HD-sEMG reported a
non-homogenous response in motor unit activity in differ-
ent areas within the same muscle and between synergistic/
adjacent muscles. Possible explanations are a restricted loca-
tion of the most fatigable motor units in different regions,
a dissimilar increase in motor unit activity within different
muscle compartments, and alterations in load sharing among
synergistic muscles.

From a technical and methodological point of view, some
technologies now provide a detailed description of fatigue-
induced changes in muscle fibres (e.g., laser diffraction).
Others offer a wider view at the regional and whole muscle
level (e.g., 3lp MRS, SWE, TMG, myotonometry, MMG,
HD-sEMG) and depict inhomogeneous behaviour of muscle
portions during peripheral fatigue. A future area of focus
would be to combine various approaches and then observe
how these regional differences are reflected at the level of
single muscle fibres. This could advance our understand-
ing of the mechanisms underpinning muscle fatigue and the
strategies adopted by the neuromuscular system to coun-
teract it.
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«Fig. 10 Diagram of the known mechanisms underlying peripheral
fatigue without (Panel A) and with the contribution of recent technol-
ogies (Panel B). The black arrows indicate the mechanisms constitut-
ing afferent feedback, while the white arrows indicate the changes in
motor drive. MTC muscle-tendon complex, MRS magnetic resonance
spectroscopy, SWE shear-wave elastography, TMG tensiomyography,
MMG mechanomyography, HD-sEMG high-density surface electro-

myography
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