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cognitive functions and to summarize the results to understand the influence of fatigue on these
functions. Attaining this goal provides evidence and guidance when dealing with patients and/or
healthy individuals in performing maximal or submaximal exercises.
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Introduction

Fatigue can be instigated by various mechanisms, ranging from
accumulation of metabolites within muscle fibers to generation
of an inadequate motor command in the motor cortex [1]. The
effect of fatigue on other domains as physical or cognitive
performance was not fully understood and it is still under
investigation. The purpose of this review was to search the lit-
erature pertaining to the association between fatigue and mus-
cle activity, proprioception, and cognition to help the health
professionals in their planning of a training program and/or
attempting to measure the performance in patient subjects

Fatigue is a common feature of many physical, neuro-
logical, and psychiatric disorders. Despite being commonly
identified as a sign or a symptom of a disease or side effect
of a treatment, fatigue has been considered as a subjective
experience. Great efforts have been made to conceptualize or
define it in a clear way to be at variance from normal experi-
ences such as tiredness or sleepiness [2].

“Fatigue” is a term used to describe a decrease in physical
performance associated with an increase in the real/perceived
difficulty of a task or exercise [3]. From another aspect, fatigue
is defined as the inability of the muscles to maintain the
required level of strength during exercises [4]. Alternatively,
it can be defined as an exercise induced reduction in muscle’s
capability to generate force. The term muscle fatigue was used
to denote a transient decreases in the muscle capacity to
perform physical activity [5]. Performing a motor task for long
periods induces motor fatigue, which is generally accepted as a
decline in a person’s ability to exert force [6]. Fatigue is reflect-
ed in the EMG signal as an increase of its amplitude and a
decrease of its spectral characteristic frequencies [7].

Fatigue occurs due to the impairment of one or several
physiological processes, which enable the contractile proteins
to generate force. This effect was known as task dependency
and was considered to be one of the principles that have been
emerged in this era, so far [8-10]. According to this principle,
there is no single cause of muscle fatigue [11]. The process of
fatigue is gradual and includes important physiological
changes, which occur before and during mechanical failure
[12]. Boyas et al. [13] have introduced several principles to
characterize the phenomena of muscle fatigue that occur in
response to physical activity, namely “‘exercise induced
fatigue”. These principles stress on the fact that there is no
single mechanism to induce fatigue, but it is a complex
mechanisms that may include organic central nervous system
(CNS) abnormalities (central fatigue), peripheral nervous sys-
tem dysfunction, or skeletal muscle disease [13]. The central
fatigue designates a decrease in voluntary activation of the
muscle (i.e. a decrease in the number and discharge rates of
the motor units (MUs) recruited at the start of muscle force
generation), whereas, peripheral fatigue indicates a decrease
in the contractile strength of the muscle fibers and changes
in the mechanisms underlying the transmission of muscle
action potentials. These phenomena occur at the nerve endings
and neuromuscular junction (NMJ) and are usually associated
with peripheral fatigue [14]. However, data on this phe-
nomenon are scarce and have only been gathered in animal
experiments. Notably, intracortical inhibition could also be
involved in the drop of muscle performance under fatiguing
conditions. McNeil et al. [15] suggested increases in the intra-
cortical inhibition as fatigue progressed, during 2-min maxi-
mum voluntary contraction (MVC) of the elbow flexors.
Lastly, motoneurons (mainly those in fast-twitch MUs) are
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inhibited by Renshaw cells, which are stimulated by the same
motoneurons and by the descending peripheral influence [16].
Using the indirect Hoffmann reflex method (a muscle response
induced by excitation of group Ia afferents during electrical
stimulation), several studies have suggested that intracortical
inhibition increases during maximal efforts [17], however, it
falls during submaximal contractions at 20% of the MVC,
when central fatigue occurs [18,19].

Fatigue and muscle activity

In this section, the effects of fatigue on muscle activities using
various methods, such as electromyography assessment, che-
mical biomarkers, and others are discussed [12,14].

Neuromuscular fatigue is a complex phenomenon involving
physiological processes occurring in structures, from the motor
cortex to muscle contractile proteins [13].

The motor unit denotes the basic functional element of the
CNS and muscle that produces movement. It comprises a
motor neuron in the ventral horn of the spinal cord, its axon,
and the muscle fibers innervated by this axon [20]. The CNS
controls muscle force by modifying the activity of motor units
in the muscle.

It is well known that skeletal muscle is highly organized at
the microscopic level, as can be seen from the incredible num-
ber and diversity of electronic micrographs and schematics of
muscle sarcomeres. Skeletal muscle is based on myosin heavy
chain (MHC) isoforms. The major types of muscle fiber are
type I, Ila, 1Ix, and IIb. Type I is the slowest; type Ila is inter-
mediate, and IIx/b is the fastest. Fast type II muscle fibers (also
known as non-fatigue resistant) generally have a lower oxida-
tive capacity than slow type I fibers (known as slow twitch or
fatigue resistant) [21].

Most of the studies performed to investigate the effect of
fatigue on the muscle activity patterns reported changes in
force generation amplitude; motor unit potential; or the synap-
tic discharge and motor neuronal output.

The central and peripheral mechanisms of fatigue have
typically been examined during isolated muscle contractions;
involving maximal [i.e., maximal voluntary contractions
(MVCs)] or submaximal (i.e., submaximal voluntary contrac-
tions) torques. In a sustained MVC, the torque produced is
the highest at the beginning of the contraction and progressive-
ly falls throughout the remainder of the contraction. Motor
unit recruitment and firing rates are greatest at the beginning
of MVC [22], subsequently de-recruitment occurs, and firing
rates decline [23]. During the application of fatigue tests
involving submaximal voluntary contractions, subjects are
typically required to perform a contraction at a specific sub-
maximal torque until they are no longer able to voluntarily
produce the required torque. The number of motor units
recruited at the beginning of a submaximal contraction
depends on the strength of the contraction; however, it increas-
es over time as the force developed by the initially recruited
motor units declines [24]. Hoffman et al. studied the corti-
cospinal responsiveness during a sustained submaximal con-
traction of lower limb muscles [12]. They reported that
inducing a motor evoked potentials (MEPs) and cervi-
comedullary motor evoked potentials (CMEPs) in the triceps
surae muscle during sustained planter flexion at 30% of the
MVC, would increase the amplitude of the MEPs over the

course of the fatiguing contractions, which indicate increases
in corticospinal responsiveness during sustained submaximal
exercise [12]. There was a difference between the growth of
the two responses, MEPs and CMEPs, during the fatiguing
contraction compared with non fatigue control responses.
Both of these responses showed central fatigue during the sus-
tained 30% MVC of triceps surae, which is typical in most sus-
tained submaximal voluntary contraction protocols [25-28].
Torque fluctuation was measured throughout the sustained
contraction to indicate that the central processes of torque
production were also affected. It is thought that increased exci-
tatory drive to the motor neuron pool leads to oscillations in
the stretch-reflex arc and bursts of motor unit firing, which
increased the fluctuations in torque production at ~8—10 Hz
[25,26,19]. Hoffman et al. [12] support the evidence that
MEP and CMEP amplitudes would increase during sustained
submaximal voluntary contractions, it is speculated that differ-
ences in spinal responsiveness between submaximal voluntary
contractions and MVCs could be attributed to the motor unit
recruitment and firing rate. In a sustained submaximal volun-
tary contraction, the number of motor units recruited at the
initiation of contraction is dependent on its force [29], which
increases over time as additional motor units were recruited
to compensate for a reduction in the force-generating capacity
of the originally active units. An increase in this increment (su-
perimposed twitch) signifies the central fatigue and means that
central processes proximal to the site of motor axon stimula-
tion are contributing to a loss of force. Some central fatigue
can be attributed to supraspinal mechanisms [30,31]. Testing
of motor neuron excitability during fatiguing contractions
shows that the slower firing rates are not due solely to a
decrease in excitatory input. During a sustained maximal
effort, the decrease in CMEP, measured in the electromyogram
(EMG) of the active muscle, suggests that the motoneurons
become less responsive to synaptic input [32-34]. Repetitive
activation may decrease the responsiveness of motoneurons
to synaptic input. The process known as late adaptation can
be demonstrated when motoneurons are given a sustained
input [19,35-37]. Initially the motoneurons fire repetitively,
but with time, some motoneurons slow their firing rate and
others stop [37,38]. The increase in excitatory input to the
motoneurons pool is evidenced by increased surface EMG,
which indicates that other motor units have been recruited
or are firing more these changes in inputs to motoneurons also
occur during fatiguing exercise. To estimate the extent to
which the EMG—force relation can be changed during fatigu-
ing contractions, Dideriksen et al. [38] developed a computa-
tional model based on an earlier model of motor unit
recruitment and rate coding. The adjustments in motor unit
activity during the fatiguing contractions were implemented
with a compartment-model approach as functions of the
metabolite concentration within each muscle fiber and in the
extracellular space [38]. The simulated concentrations were
related to decrease in conduction velocity of muscle fiber
action potentials, increase of inhibitory afferent feedback,
decline in twitch-force amplitude, and progressive inability of
the CNS to produce an output that matched the target force.
To determine the adjustments, which are responsible for the
depression of EMG amplitude when a low-force isometric con-
traction is sustained for as long as possible a computational
mode was used. The mode simulates the adjustments in motor
unit activity that were required to sustain isometric contrac-
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tions at target forces of 20%, 40%, and 60% of MVC force for
as long as possible [39]. The depression of EMG amplitude at
task failure of long-duration contractions was mainly caused
by a decrease in muscle activation i.e. number of muscle fiber
action potentials. This depression may be attributed to a
decrease in net synaptic input to motor neurons, with less of
an impact of the changes in the shapes of motor unit action
potentials and no contribution of amplitude cancelation [40].
Significantly, EMG amplitude during the simulated fatiguing
contractions was related to the number of muscle fiber action
potentials (muscle activation), but not consistently to the num-
ber of motor unit action potentials (neural drive to the
muscle).

Fatigue and proprioception

Proprioception accounts for the most misused term within the
sensorimotor system. It has been incorrectly used synony-
mously and interchangeably with kinesthesia, joint position
sense, somatosensation, balance, and reflexive joint stability.
In Sherrington’s [41] original description of the proprioceptive
system, proprioception was used to reference the afferent
information arising from proprioceptors located in the pro-
prioceptive field. The proprioceptive field was specifically
defined as that area of the body screened from the environment
by the surface cells, which contain receptors specially adapted
for the changes occurring inside the organism independent of
the interoceptive field (alimentary canal and visceral organs)
[42]. Denny-Browen et al. declared that proprioception has
been used for the regulation of total posture (postural equilib-
rium) and segmental posture (joint stability), as well as initiat-
ing several conscious peripheral sensations (‘“‘muscle senses’).
Four submodalities of “muscle sense” have been described:
(1) posture, (2) passive movement, (3) active movement, and
(4) resistance to movement [42,43]. These submodalities type
of sensations correspond to the contemporary terms joint posi-
tion sense (posture of segment), kinesthesia (active and pas-
sive), and the sense of resistance or heaviness. Thus,
proprioception correctly describes afferent information arising
from internal peripheral areas of the body that contribute to
postural control, joint stability, and several conscious sensa-
tions [44]. Depending upon the exact circumstances of a situa-
tion or task, sources contributing to conscious sensations of
proprioception i.e. joint position sense, could potentially
include the deeper receptors i.e., joint and muscle mechanore-
ceptors, mechanoreceptors conveying proprioceptive informa-
tion are often labeled as proprioceptors [41-45]. However, in
addition to mechanoreceptors located in Sherrington’s pro-
prioceptive field being referred to as proprioceptors, the term
has also been used for the mechanoreceptors located at the sur-
face of the body, and portions of the vestibular apparatus
responsible for conveying information regarding the orienta-
tion of the head with respect to gravity. The mechanoreceptors
responsible for proprioceptive information are primarily found
in muscle, tendon, ligament, and capsule [46-49] with the
mechanoreceptors located in the deep skin and fascial layers
traditionally associated with tactile sensations being theorized
as supplementary sources [48-52]. Mechanoreceptors are spe-
cialized sensory receptors responsible for quantitatively trans-
ducing the mechanical events occurring in their host tissues
into neural signals [49]. Although the process generally occurs

in a similar manner across the various mechanoreceptors, each
morphologic type possesses some degree of specificity for the
sensory modality to which it responds (light touch versus tissue
lengthening), as well as the range of stimuli within a sensory
modality [53].

Accurate sensory inputs regarding both internal and exter-
nal conditions of the body are of major importance to effective
motor control. Optimization of the performance of daily living
and physical activities necessitates adequate postural control.
Many studies reported changes in postural control during qui-
et standing after the performance of a fatiguing exercise.
Assuming that joint proprioception plays an important role
in maintaining the functional stability of the joint [54,55], dete-
rioration in proprioception as a result of physical or mental
fatigue may be a risk of ligamentous injury [56,57]. Muscle
fatigue has been shown to adversely alter joint proprioception
[58,59] and impair neuromuscular control in the lower extremi-
ties. Although many authors [56-60] have studied the changes
that occur in proprioception after fatigue, they have not estab-
lished what components in the proprioceptional pathway do
not function sufficiently after fatigue. Therefore, researchers
do not know whether muscle receptors, joint receptors, the
central nervous system, or other components are mainly
responsible for decrease in proprioceptive sense. In an attempt
to determine which component in the neuromuscular control
pathway may change after fatigue a study was conducted to
evaluate the effects of local and general fatigue loads on knee
joint proprioception [61]. Miura et al. hypothesized that the
difference between local fatigue and general fatigue affects
the changes in knee proprioception after exercise. The study
was done on knee joint as it is more sensitive to fatigue loading
regarding reproduction of joint angle than kinesthesia. There-
fore, joint position sense was used to evaluate knee propriocep-
tion in this study [61]. It was noted that only the general
fatigue load had a statistically significant effect on knee pro-
prioception. Skinner et al. [57] also found a decrease of knee
proprioception, with a 15% decrease of knee flexion and exten-
sion work output after general fatigue load.

The results of Miura et al. [61] were different from those of
Skinner et al. [57] in that muscle weakness of the knee could
not be seen. Proprioceptional decline without muscle weakness
of knee after general load suggests a change in the propriocep-
tional pathway without influence from muscle mechanorecep-
tors the decline in joint sense of position after general load may
be caused by deficiency of central processing of proprioceptive
signals, that is, caused by central fatigue processes. Central
fatigue may diminish precision of motor control; interrupt vol-
untary muscle-stabilizing activity to resist imparted joint forces
[62].

The proprioceptive impairment due to muscle fatigue could
be caused by changes in the discharge patterns of muscle affer-
ents due to metabolite build up leading to potential altered
muscle spindles information [63], altered central processing
of proprioception via group III and IV afferents [64] and
effects on the efferent pathways [65]. However, the relative
contribution of fatigue-related changes in mechanical proper-
ties and proprioception for postural stability remains to be
clarified. Studies [65-68] on the effect of muscle fatigue and
postural stability have repeatedly suggested that propriocep-
tion could be the primary mechanism explaining changes in
postural sway observed after fatigue. In their study to compare
the extent to which fatigue of ankle extensor (plantarflexor)
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and flexor (dorsiflexor) muscles versus fatigue of hip extensor
and flexor muscles affects postural sway in unipedal stance,
Vuillerme et al., reported that ankle and hip fatigue increased
sway variability and sway velocity in young healthy adults dur-
ing a unipedal stance in the fatigued plane, anteroposterior
(AP), whereas sway velocity in the non-fatigued plane,
mediolateral (ML) increased only after hip fatigue, suggesting
a greater decline in postural control with fatigue for this mus-
cle group, agreeing with several others [67-70] show that
fatiguing proximal muscles (hip and/or knee) have a greater
effect on postural control than distal (ankle) muscles.

Fatigue and cognition

Cognitive function impairment is a growing public health
problem and the relationship between physical activity and
cognitive function is peculiar and controversial. It is known
that physical activity has great benefit for the health and help
reducing the risk of many cardiovascular and pulmonary dis-
orders. However, until recently the relationship between acute
physical exercise and cognitive function was not that clear as
the literature on the topic seemed to provide somewhat contra-
dictory findings. While one of the studies indicated that short
periods of physical exercise improved cognitive functioning in
adults [71], others either did not find any benefits [72] or even
reported deterioration of cognitive function [73]. It has now
been more clearly demonstrated that the effect of physical
exercise on cognitive performance depends both on the inten-
sity and the duration of the exercise [74,75]. Much of the evi-
dence found in the literature suggests that the relationship
between acute physical activity and cognitive performance
has an inverted U shape. Some reported that physical exercise
of moderate intensity and duration appears to ameliorate
brain dysfunction. In fact, several studies found that immedi-
ately after an exercise session of sub-maximal intensity (i.e.,
heart rate of about 110—130 beats per minute) and a duration
of 2040 min, there is an improvement in sensori-motor and
cognitive performance [76,77]. While others reveled that
prolonged but sub-maximal physical exercise leading to dehy-
dration is associated with a reduction in cognitive perfor-
mance. For example, a two-hour run on a treadmill at 65%
of maximal oxygen uptake (VO2max) results in a significant
disruption of short-term memory, psycho-motor abilities,
and visual discrimination [73].

One of the essential component of daily activities is
maintaining a stable, upright stance, even though this is an
automated process, numerous studies using the dual-task para-
digm have shown that tasks like standing or walking require
some attentional resources [78]. An increase in attentional
demands can be concluded from a reduction in the perfor-
mance of a secondary task (usually a cognitive task) while
the performance on the primary (postural) task remains the
same. It is known that the attentional demands needed for con-
trol postural sway increase with the difficulty of the task
[79,80], with aging [81,82] and with the presence of pathology
[83.84], particularly when proprioceptive information is
reduced due to environmental constraints [85,86]. This is not
surprising since ankle proprioception is one of the primary
regulatory mechanisms for stabilization of the body [87,88].
In their study that was conducted to assess the effect of fatigue
on postural sway and attentional demand Bisson et al. [89]

asked the participants to focus on standing as still as possible
during all conditions (primary task), according to such dual-
task (DT) instructions (attentional task), it was expected that
no difference would be observed in sway area and sway
variability between the single task and dual-task, which was
confirmed. In contrast, a significant increase in AP and ML
sway velocity during the dual-task condition was noted. When
the difficulty of a task increases, more activity of the support-
ing musculature may be needed to remain in a stable posture.
Because participants did not sway more, the increase in sway
velocity during the dual-task condition suggests an increase
in corrective actions [89].

Tracey et al. [90] compared cognitive functions after physi-
cal exercise to vo2max and resting state. They suggested that
cognitive impairments on verbal memory composite scores
occur after a maximal exercise test and measured by Immedi-
ate Post-Concussion Assessment and Cognitive Testing
(ImPACT) test [90]. Examining the individual ImPACT test
modules that compile the verbal memory composite score
revealed a significant deterioration on both the immediate
and delayed recall tasks after exercise intervention. These
findings support those who showed deterioration on verbal
memory tasks after a bout of exercise. Cian et al. [91] attribut-
ed the deterioration in performance to dehydration, whereas
Frey et al. [92] suggested a decrease in performance on mem-
ory tasks resulted from changes in cortical activity in the brain
and hypoxia brought about by exercise.

Perspective

In this review we have outlined the complex mechanisms of
fatigue; how it occurs and what are the major sequels of fati-
gue. It was noted that fatigue is not a result of one mechanism
only but due to multiple factors. Fatigue process should be
considered as two way relationship when muscle fatigue occurs
muscle activity declines which hinder the proprioception func-
tion and vice versa; if the proprioception is affected muscle
does not function properly as was reported by Voight et al.,
that muscle fatigue adversely affects joint proprioception and
impairs neuromuscular control [58,59]. It is generally accepted
that the greatest contribution to position sense and kinesthesia
is from muscle receptors, primarily muscle spindles and Golgi
tendon organs. Since fatigue process would presumably affect
muscle tissue more than joint tissue, then diminished position
sense may conceptually be thought of as secondary to loss of
muscle receptor input [62].

In addition, the contribution of cognitive function to the
process of motor performance and the effect of fatigue on this
process should be considered. Many research studies had been
done regarding the relationship between physical fatigue and
cognitive impairment, most of these studies looked at the effect
of fatigue on cognitive functions and few examined the effect
of cognitive dysfunction on the physical performance. Execu-
tive cognitive functions considered as a key factor in locomo-
tor control and its deficits are associated with increased risk of
falling. Various dual task (DT) studies have affirmed that dif-
ficulty in assigning attention to each task simultaneously may
contribute significantly to increased motor dysfunction. The
altered prioritization between the two tasks could be the main
cause of Poor DT performance in either the motor or cognitive
task [93]. So it has now been more clearly demonstrated what
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Fig. 1 Exploratory framework of correlation of fatigue with
muscle activity, proprioception, and cognitive function.

effect physical exercise has on cognitive performance but the
effect of cognitive impairment on the physical performance
has not been clarified, so this should be further investigated.

So when planning a training or rehabilitation program for a
patient or for a healthy individual, a great consideration
should be taken. There are multiple factors that contribute
to the initiation and persistence of fatigue. These factors may
not be only damaging to the muscles and/or joints but also
could result in mental fatigue.

Conclusions

In this review an outline on the effect of fatigue on different
functions, muscle activity, Proprioception and cognitive func-
tions was presented in order to understand the underlying
mechanisms that lead to the deterioration of these functions
(Fig. 1). In summary, muscle fatigue causes decrease in muscle
activation pattern, which in turn affects the joint sense of
position leading to disturbed balance and an increase in the
risks of falls. Furthermore, fatigue appears to have an effect
on cognitive functions, regardless of the controversy found by
research, it can be safely said that a relation does exist between
the intensity and duration of physical activity and the cognitive
function.
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