PLOS ONE
RESEARCH ARTICLE

Motor strategy during postural control is not
muscle fatigue joint-dependent, but muscle
fatigue increases postural asymmetry
Tiago Penedo ID1, Paula Favaro Polastri2, Sérgio Tosi Rodrigues2, Felipe
Balistieri Santinelli ID1, Elisa de Carvalho Costa1, Luis Felipe Itikawa Imaizumi1, Ricardo
Augusto Barbieri3,4, Fabio Augusto Barbieri ID1*

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

1 Department of Physical Education, Human Movement Research Laboratory (MOVI-LAB), Graduate
Program in Human Movement, School of Sciences, São Paulo State University (UNESP), Bauru, São Paulo,
Brazil, 2 Department of Physical Education, Laboratory of Information, Vision and Action (LIVIA), Graduate
Program in Human Movement, School of Sciences, São Paulo State University (UNESP), Bauru, São Paulo,
Brazil, 3 Centro Universitário Estácio de Ribeirão Preto, Ribeirão Preto, São Paulo, Brazil, 4 Graduate
Program in Physical Education and Sport at School of Physical Education and Sport of Ribeirao Preto
(EEFERP), University of São Paulo (USP), Ribeirão Preto, São Paulo, Brazil
* fabio.barbieri@unesp.br

OPEN ACCESS
Citation: Penedo T, Polastri PF, Rodrigues ST,
Santinelli FB, Costa EdC, Imaizumi LFI, et al. (2021)
Motor strategy during postural control is not
muscle fatigue joint-dependent, but muscle fatigue
increases postural asymmetry. PLoS ONE 16(2):
e0247395. https://doi.org/10.1371/journal.
pone.0247395
Editor: Gayle E. Woloschak, Northwestern
University Feinberg School of Medicine, UNITED
STATES
Received: February 13, 2020
Accepted: February 6, 2021
Published: February 25, 2021
Copyright: © 2021 Penedo et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.
Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.
Funding: This study was funded by The National
Council for Scientific and Technological
Development (CNPq) (#445438/2014-2) and partly
by Coordenação de Aperfeiçoamento de Pessoal de
Nı́vel Superior - Brasil (CAPES) - - Finance Code
001.

Abstract
The aim of this study was to investigate the effects of ankle and hip muscle fatigue on motor
adjustments (experiment 1) and symmetry (experiment 2) of postural control during a quiet
standing task. Twenty-three young adults performed a bipedal postural task on separate
force platforms, before and after a bilateral ankle and hip muscle fatigue protocol (randomized). Ankle and hip muscles were fatigued separately using a standing calf raise protocol
(ankle fatigue) on a step and flexion and extension of the hip (hip fatigue) sitting on a chair,
at a controlled movement frequency (0.5Hz), respectively. In both experiments, force, center of pressure, and electromyography parameters were measured. The symmetry index
was used in experiment 2 to analyze the postural asymmetry in the parameters. Our main
findings showed that muscle fatigue impaired postural stability, regardless of the fatigued
muscle region (i.e., ankle or hip). In addition, young adults used an ankle motor strategy
(experiment 1) before and after both the ankle and hip muscle fatigue protocols. Moreover,
we found increased asymmetry between the lower limbs (experiment 2) during the quiet
standing task after muscle fatigue. Thus, we can conclude that the postural motor strategy
is not muscle fatigue joint-dependent and a fatigue task increases postural asymmetry,
regardless of the fatigued region (hip or ankle). These findings could be applied in sports
training and rehabilitation programs with the objective of reducing the fatigue effects on
asymmetry and improving balance.

Introduction
Muscle fatigue is recognized as a serious social problem [1, 2] affecting daily living activities. A
relevant experimental framework has been indicated to investigate the capacity of the central
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nervous system to adapt in response to changes in muscle capacity [3]. For example, ankle
muscle fatigue has been used successfully to increase knowledge about the mechanisms of postural control in bipedal posture [4]. Muscle fatigue is characterized by a decrement in the production of maximal force or power by the muscles [5]. Muscle fatigue develops gradually soon
after the onset of the sustained physical activity, such as when an individual performs an interrupting exercise in a submaximal effort and is not able to maintain the intensity of the exercise,
reducing the capacity to generate the force that the exercise requires. Therefore, muscle fatigue
can decrease performance at work and in daily activities [6], which leads to a decrease in productivity, as well as leading to errors in activities that require good static or dynamic postural
control [7], increasing the number of falls [6]. Understanding the consequences of muscle
fatigue could bring new insights into how motor strategies are used by the motor system after
perturbation, such as changes in joint strategy or increased asymmetry during postural
control.
Previous studies have indicated that muscle fatigue of different muscular regions of the
body, such as ankle [2, 3, 8–12], knee [8, 10, 13], hip [9, 14, 15], and lumbar and neck [8, 16],
deteriorated postural control in young adults. The effects of muscle fatigue on postural control
can be explained by the following [5, 17, 18]: i) an alteration in proprioception (muscular, tendon, joint, and cutaneous receptors) that affects the neuromuscular junction, causing peripheral fatigue; ii) inadequate central integration of sensory information that modifies the body
schema; iii) impairments in neuromuscular control and, consequently, in motor response,
deteriorating the muscular contraction (i.e., decreased muscle excitability by action potential,
which slows down the conduction of afferent inputs, reducing the propagation velocity of the
motor output [5]). To compensate the effects of muscle fatigue during a postural task, new
motor units are recruited, which requires reorganization of muscle activation and control of
the movement to compensate the deficits caused by muscle fatigue [10–14]. Previous studies
used electromyographic activity (EMG) to characterize movement strategies (e.g., postural
strategies) during postural control [19]. EMG indicates the strategies of the central nervous
system to maintain balance according to the mechanical demands of the task [19]. This muscle
reorganization may result in changes in both strategy and postural asymmetries during postural control.

Hip and ankle muscle fatigue and postural control strategy
Quiet standing posture needs to be adjusted under muscle fatigue. Previous studies have indicated that body sway increased after proximal joint muscle fatigue (e.g., hip joint) compared to
distal joint muscle fatigue (e.g., ankle) in young adults [14, 15, 20]. This finding shows that
postural control under muscle fatigue has a higher dependency on the proximal joint [14, 15].
Ankle muscles are not used primarily to control the quiet standing posture in young adults
under muscle fatigue, changing the main strategy to control body sway [21]. Thus, the literature seems to indicate that changes in strategy in postural control (i.e., hip or ankle strategy)
are muscle fatigue joint-dependent [20].
After ankle muscle fatigue, young adults used a hip strategy to control posture [9]. Although
the hip joint plays an important role in proprioceptive feedback during the quiet standing posture [22], a hip strategy corresponds to greater body sway. In addition to CoP movements, previous studies have used electromyographic activity (EMG) to characterize movement
strategies (postural strategies) during postural control [19]. The central nervous system
chooses the best strategy to maintain balance according to the mechanical demands of the task
[19], which can be influenced by the internal disturbance caused by muscle fatigue. For example, when the hip muscles are fatigued, a similar adjustment occurs with non-fatigued muscles,
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increasing the ankle and knee muscle activity to control posture [14, 15]. Vuillerme and collaborators [3] explain the change in postural control strategy after muscle fatigue through two
hypotheses. The first indicates that fatigued muscles are less responsive to mechanical vibrations, changing the activity of muscle spindles under muscular fatigue, due to a decrease in the
gamma drive, which is used to adjust the sensitivity of the spindles [23]. Possibly due to the
influence of several metabolites and inflammatory substances or via the modulation of reflex
pathways originating from small-diameter muscles afferents, the sense of position and movement are altered in the fatigued muscular region [23]. The second hypothesis proposes that
muscle fatigue reduces the reliance of the central nervous system on proprioceptive information originating from fatigued muscles, forcing the central nervous system to use more trustworthy sensory inputs for regulating postural sway. However, Boyas and collaborators [2]
investigated the postural strategy after ankle muscle fatigue and showed that the ankle strategy
remains dominant even after the fatigue of these muscles. This finding seems to be contrary to
the hypothesis that the strategy to control posture is muscle fatigue joint-dependent. Furthermore, changes in postural strategy as a consequence of muscle activity have not been analyzed
in previous studies, which makes it difficult to understand the adjustments in postural control
strategy according to the joint muscle fatigued. Checking the modulation of muscle activity of
both agonist and antagonist muscles during postural control could help us to understand the
changes in postural strategies after inducing muscle fatigue considering focal and non-focal
joints (e.g., after ankle muscle fatigue: focal joint—ankle; non-focal joint—hip).

Postural control (a)symmetry and muscle fatigue
Postural control asymmetry raises postural instability due to the increase in body mass over
one lower limb [24], which can occur as a result of weight-bearing transfer from one leg to
another [25], and has been used as a reliable measure to diagnose postural control impairments [25, 26]. From the biomechanical point of view, maintaining greater symmetrical posture can lead to reduced body sway, which facilitates balance control [25, 27, 28], maintaining
both the center of mass (CoM) and center of pressure (CoP) more distant from the limits of
stability [1, 21]. This improved postural control is especially interesting under muscle fatigue
due to the negative effects of muscle fatigue on postural control.
Muscle fatigue may affect postural control symmetry [29]. The contribution of each lower
limb during a quiet standing posture can increase or decrease when the individual is under a
fatigued state. Vuillerme and collaborators [30] indicated that there is an increase in the preferred limb contribution to postural control after muscle fatigue, which generates postural
control asymmetry. Despite this relevant study, the motor adjustments that cause postural control asymmetry are poorly understood, especially when different joints are fatigued. As postural control strategies and adjustments may be muscle fatigue joint-dependent, the effect of
muscle fatigue on postural control symmetry could also be joint-dependent.

Study purposes and hypothesis
The overall purpose of this study was to investigate the effects of ankle and hip muscle fatigue
on motor adjustments and postural control symmetry during an upright standing task. Two
experiments were conducted. Young adults performed several quiet standing postural tasks
before and after ankle and hip muscle fatigue. The first experiment compared the postural control and muscular control strategy (ankle and hip motor adjustments) during a quiet standing
posture between bilateral ankle and hip muscle fatigue in young adults. We hypothesized that:
i) muscle fatigue would impair postural control due to the decreased muscle strength and proprioceptive deficits caused by fatigue (fatigue effects); ii) ankle muscle fatigue would impair
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postural control more than hip muscle fatigue because the ankle joint is the main joint used to
control body oscillation in young adults; iii) after bilateral ankle muscle fatigue, the hip muscular strategy would be adopted, increasing the muscular activation of the proximal muscles
(hip), and after bilateral hip muscle fatigue, young adults would continue to use the ankle muscles (primary strategy) to control posture. The second experiment analyzed the effects of ankle
and hip muscle fatigue on postural control symmetry. We expected that muscle fatigue, independent of the joint fatigue protocol, would increase postural control asymmetry, which
would be more evidenced after hip muscle fatigue as the hip joint is a structure responsible for
grosser and wider adjustments to control body stability [15].

General methods
Participants
This study was approved by the Ethical Committee of School of Science at São Paulo State University (#48439015.0.0000.5398). Twenty-three young male adults were invited to participate
in this study. Prior to any experimental procedures, participants were informed about the procedures of the study and signed a written informed consent form. After reading the consent
form, one individual did not agree to participate in the study. The inclusion criteria were: not
practicing any physical activities in the 48 hours preceding the experimental protocols; not
presenting self-reported cardiorespiratory, musculoskeletal, or neuromuscular illness within
the 6 months before the procedures; not taking medicines which interfere in postural control
tasks; not presenting any disturbances of balance; and uncorrected vision.

Experimental setup
Two protocols were performed on two different days: one day for the bilateral ankle muscle
fatigue protocol and another day for the bilateral hip muscle fatigue protocol. The order of
muscle joint fatigue was randomized and balanced between participants. The protocols were
performed at the same time of the day to avoid environmental (e.g., temperature) and individual interference (e.g., daily routine). The protocols were performed from 5 to 10 days apart to
allow full recovery from the previous experimental protocol (e.g., delayed onset muscle soreness). Prior to the first day, the participants were instructed not to perform any physical activity in the 48-h before each evaluation. The participants performed a warm-up, including
walking and stretching for 5 min, before starting the experimental protocol. The following
sequence of tasks was performed on the two protocol days: 1) postural control protocol; 2) Isometric maximum voluntary contraction (MVC) protocol; 3) ankle or hip muscle fatigue protocol; 4) postural control protocol immediately after fatigue protocol; 5) MVC protocol.

Postural control protocol
The participants performed quiet standing in a bipedal stance, barefoot, on two 50 cm × 50 cm
force plates (AccuGait, Advanced Mechanical Technologies Inc.—AMTI, Boston, MA), positioned 5 cm apart, with a sample rate of 200 samples/s. They placed one foot parallel to each
force platform side-by-side and shoulder-width apart. The same feet position was maintained
for all trials. The contour of the feet was drawn on a Kraft paper sheet to record the location.
Participants were instructed to remain as still as possible in an upright standing position, with
arms extended and relaxed at the side of the trunk, and with the gaze directed at a target positioned one meter away at eye level. Two 60-s trials, before and after muscle fatigue, were performed. In addition, the muscular electrical activity (EMG) through 8-channel surface
electromyography (Miotool Wireless, Miotec Equipamentos Biomédicos Ltda., Porto Alegre,
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Brazil), was recorded, with a sample rate of 2000 samples/s. Surface electrodes were placed on
the tibialis anterior (TA), gastrocnemius medialis (GM), rectus femoris (RF), and biceps femoris (BF) of both lower limbs, in accordance with the Surface ElectroMyoGraphy for the NonInvasive Assessment of Muscles (SENIAM) guidelines [31].

Maximum voluntary isometric contraction protocol
The MVC was performed in a custom-made leg press device for ankle plantar flexion (Fig 1A–
upper left and right) and hip flexion (Fig 1B–bottom left and right). Two load cells with a precision of 0.98 N were used in combination with a signal amplifier (CSA/ZL-100Kgf–MK Control–São Paulo–SP-Brazil) to collect the MVC of each leg. The load cell data were acquired
using LabVIEW software (National Instruments Inc, Austin, TX). For the ankle plantar flexion, the participants were seated in a backward inclined chair, with the hip joint at 90˚ (180˚ is
full extension), knee joint at full extension (180˚), and feet in a neutral position. Only the anterior part of the feet (metatarsals) stayed in contact with the leg press platform to guarantee that
the MVC was performed by the calf muscles. The position of the feet was marked in the leg
press to guarantee the same position during the trials. The body was firmly secured with velcro
straps fastening the legs and trunk, so the participants could perform ankle plantar flexion by
pressing the leg press platforms forward. For the hip flexion, the participants were seated in
the chair, with knees and hips flexed at 90˚ and feet in a neutral position and supported on a
base at the bottom of the equipment. The upper body was firmly secured with velcro straps fastening trunk and ankles, fixed to the legs of the chair and free to move up. Velcro straps
attached to steel cables connected to the load cells were fixed just above the participants’ knees,
so that they could perform hip flexion by pushing upwards. In both protocols, the restraint
devices (velcro straps) were used to minimize the contribution of other parts of the body to
produce force during MVC. The joint angles were determined by a mechanic goniometer. On
both visits, the participants underwent familiarization with the Leg Press equipment. They performed the tasks with both legs, with the instruction to produce maximum force as fast as possible and maintain the force for 5 s. Participants performed two attempts before and after the
ankle and hip muscle fatigue protocols, with a 60 s rest between attempts. The participants
were verbally encouraged to perform maximum efforts. Prior to the experimental procedure
(on the same day as the experimental data collection), participants performed three to five

Fig 1. Equipment used to perform the MVC protocol. A–Leg Press adapted to perform bilateral ankle plantar flexion
(upper left and right). B–Chair adapted to perform bilateral hip flexion in the seated position (bottom left and right).
https://doi.org/10.1371/journal.pone.0247395.g001
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trials of plantar flexion or hip flexion MVC protocols for familiarization (according to the protocol on that day).

Twitch interpolation technique
A neuromuscular electrical stimulation was applied by Twitch Interpolation (TI) technique
once during MVC and three times after MVC with muscle relaxed. The TI was performed
using a portable constant current electro stimulator (Bioestimulador, Insight Ltda., Ribeirão
Preto, Brazil), with 3 cm diameter circular self-adhesive electrodes (Valutrode, Arktus, Brazil).
The TI technique enables involuntary reproduction of a movement, through electrical stimulation at a motor point. For this, the most sensitive site of the motor nerve on the participants’
skin was found [32, 33], applying a 2-4mA continuous electrical current. Next, the electrodes
were positioned according to the movement to be reproduced: for the ankle plantar flexion,
the electrodes were positioned in the popliteal fossa (cathode) and longitudinally in the tibial
nerve (anode); for the hip flexion, the electrodes were positioned in the L2 portion of the femoral nerve (cathode) at the abdomen, and at the gluteal fold (anode). To determine the intensity
of the supramaximal electrical stimuli during MVCs, prior to the protocol and at each visit, the
maximum response threshold (MRT) for TI was determined through the application of consecutive stimuli with an increment of 10mA in the relaxed muscle until the determination of an
intensity at which, with the increment, there was no increase in the force produced by the
relaxed muscle or until the voluntary limit of the participant’s sensation of discomfort [33].
During the MVC protocol, TI values 20% higher than those found in the MRT were applied
[34] to guarantee the efficacy of the stimulus. In all evaluations, the plateau of force was
reached. Thus, the entire TI protocol consisted of the application of four electrical stimuli (3
doublets and 1 single) for each MVC attempt. The first electrical stimulus was a doublet with a
frequency of 100Hz (Db100sup– 1 ms pulse duration, 10 ms interval between pulses) applied
during the peak of force (approximately 3 s after the MVC begins). The other stimuli occurred
with the muscles relaxed at moments 5, 10, and 15 s after the end of the MVC: a doublet with a
frequency of 100Hz (Db100–1 ms pulse duration, 10 ms interval between pulses), a doublet
with a frequency of 10Hz (Db10–1 ms pulse duration, 100 ms interval between pulses), and a
single with a frequency of 100Hz (Tw– 1 ms pulse duration) [33], respectively. In all attempts,
the participants were verbally encouraged to perform maximum efforts. To assess the central
fatigue, the standard technique consists of determining the level of maximal voluntary activation (VA) [35] superimposing the twitch to MVC and comparing this response to the potentiated response in relaxed muscle [36]. Stimulation of the motor nerve, when the muscle is
relaxed, allows investigation of the peripheral changes through the low- and high-frequency
fatigue from the decrease in the Db100 and Db10, and investigation of the type of peripheral
changes from the ratio of the mechanical response at low- and high-frequency.

Ankle and hip muscle fatigue protocols
Muscle fatigue was induced by the following tasks: i) ankle–standing calf raise exercise (Fig
2A) on a step [37]; ii) hip–flexion and extension of hip (Fig 2B) sitting on the chair [38]. In
both protocols, the participants performed a period of familiarization to adapt to the movement and velocity of the task. Subsequently, the participants were instructed to repeatedly perform the task, keeping the movement frequency at 0.5Hz (30 beats/min), controlled through a
metronome, with the highest range of motion. During the ankle muscle fatigue protocol, participants were allowed to keep their hands in contact with a support positioned in front of
them, as lightly as possible, without holding it, to help maintain balance, while in the hip muscle fatigue protocol, the participants were allowed to hold the chair to improve the hip
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Fig 2. Schematic representation of the muscle fatigue induction protocol by standing calf raise exercise on a step (A),
and hip flexion and extension sitting on a chair (B).
https://doi.org/10.1371/journal.pone.0247395.g002

movement. The participants were verbally encouraged, and reported the perception of effort
through the Borg scale [39] before and immediately after the fatigue protocol. The exercise was
interrupted when the participants reported they were no longer able to perform any repetitions, or when they reduced the range of motion compared to the beginning of the protocol
(determined based on visual inspection) for five consecutive movements, or when they did not
maintain the movement frequency for five consecutive metronome beats.

Experiment 1: Postural control strategy and muscle fatigue
Parameters and statistical analysis
Twenty-two volunteers participated in the experimental protocol. After the first visit, two participants declined to participate in the study, and their data were excluded from the analysis.
Thus, the data of 20 participants (1.73±0.06 m, range: from 1.60 to 1.86 m; 74.8±12.9 kg,
range: from 57.9 to 108.9 kg; 23±3 years old, range: from 20 to 33 years old) who performed
both muscle fatigue protocols were included in the analysis. The following parameters were
calculated to analyze the postural and muscular control strategy during the quiet standing posture between bilateral ankle and hip muscle fatigue:
1) fatigue parameters: time to fatigue protocol–measured by the time to fatigue of both
ankle and hip protocols; MVC parameters–a) force during MVC trial (determined as the highest value reached immediately before force plateau in each attempt for each lower limb) was
calculated by the sum of the force of both lower limbs (N). Force data on the ankle and hip
MVC were filtered by a 4th order low-pass Butterworth digital filter with a cut-off frequency
of 3Hz. The order and cut-off frequency values of the filter were defined based on a residual
analysis [40] of the data performed in MATLab software; b) central fatigue was calculated by
the percentage of VA (%VA) [41]; c) peripheral fatigue was calculated by the force amplitude
evoked by each Db100 and Db10 stimuli, and the relation between the evoked force during
Db10 and Db100 (Db10 / Db100) [34].
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2) center of pressure (CoP) parameters: the resultant CoP signals for each force plate were
combined to analyze the body sway (average values). The first 10 s of each recording were
ignored to avoid potential disturbances resulting from delayed stabilization after the participant stepped onto the force plates. The data were filtered with a 4th order low-pass Butterworth filter with a cutoff frequency of 5 Hz, defined based on a residual analysis [40]. The
following parameters of CoP in the anterior-posterior (AP) and medial-lateral (ML) directions
were calculated: displacement (the length of the CoP trajectory on the support base); mean
velocity (the displacement of the total CoP sway divided by the total duration of the trial); the
root mean square (RMS − the CoP variability around the mean CoP trajectory); and median
frequency of sway. The last parameter was calculated by employing spectral analysis of the
position time series separately in each movement direction (Matlab software version 7.10,
Mathworks). In addition, the area of sway (area of an ellipse containing 95% of the CoP data
across both AP and ML directions) was calculated. We chose to use these parameters because
they indicate global analysis, which numerically expresses the “size” of the sway patterns and
each parameter provides one piece of information on postural control, for example, RMS indicates the variability of the system and mean velocity provides information about postural corrections in COP [42, 43]. In addition, we chose the classic posturography parameters, which
are most commonly found in the literature and the analysis is biased by the underlying
assumption of the CoP signal as a movement [44].
3) EMG parameters: The muscle activity signals were filtered by a 6-500Hz band-pass Butterworth filter and 4th order low-pass Butterworth filter with a 10Hz cut-off frequency, rectified and amplified (1000-fold gain). The order and cut-off frequency of the filter was defined
based on a residual analysis [40]. The following EMG parameters of the preferred limb were
calculated during the postural control protocol: root mean square (RMS—values recorded
during the MVC in the non-fatigued condition were used to normalize the RMS of TA, GM,
RF, and BF obtained during other trials (in percentage—%RMSmax) [43]; median frequency;
and the co-contraction index (CI), which was analyzed through pairs of TA / GM and RF / BF
muscles and determined using Eq 1 [45]. For the CI, muscle activation was integrated (iEMG)
and normalized by the baseline iEMG (non-fatigued) [45].
CI ¼

iEMG of the antagonist
� 100
iEMG of the agonist

ð1Þ

The parameters were statistically analyzed with SPSS 22.0 and the significance alpha level was
set at 0.05. The data were tested using the sphericity Mauchly’s test and the variance equality
Levene’s test. The MVC parameters and time to fatigue protocol were compared through oneway ANOVA with repeated measures, considering fatigue (before and after muscle fatigue)
and joint (ankle and knee joint) as factors, respectively. The CoP and EMG parameters during
posture were compared through two-way ANOVAs with factors fatigue and joint, with
repeated measures for both factors. Tukey’s Post hoc test was used to find the differences
among levels. Partial eta-squared (η2) was reported to measure effect size and interpreted as
small (effect size> 0.01), moderate (effect size> 0.06), or large (effect size> 0.14) [46].

Results of Experiment 1
Fatigue parameters. The ANOVA indicated large effects of muscle fatigue for time to
fatigue (F(1,19) = 5.72; p<0.02; η2 = 0.23). The participants performed the ankle muscle fatigue
protocol (mean±SD:270±188s) for longer than the hip muscle fatigue protocol (mean±SD:183
±107s). In both muscle fatigue protocols, the participants reported effort perception higher
than 15 (ankle muscle fatigue: 18±1; hip muscle fatigue: 17±1).
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The MVC parameters before and after muscle fatigue are presented in Fig 3. Ankle muscle fatigue produced large reductions of 16.74% in force (F(1,19) = 33.63, p<0.001, η2 = 0.63),
9% in VA (F(1,19) = 17.33, p<0.001, η2 = 0.47), 13% in Db100 (F(1,19) = 11.25, p<0.003, η2 =
0.37), and 17% in Db10 (F(1,19) = 31.22, p<0.001, η2 = 0.62). Hip muscle fatigue produced
large decreases of 18% in force (F(1,19) = 14.35, p<0.001, η2 = 0.43), 14% in VA (F(1,19) =
29.91, p<0.001, η2 = 0.61), 54% in Db100 (F(1,19) = 27.43, p<0.001, η2 = 0.59), and 67% in
Db10 (F(1,19) = 9.61, p<0.006, η2 = 0.33). In addition, the ratio of the mechanical response
(Db10/Db100) was 1.10 for ankle muscle fatigue, characterizing a low-frequency fatigue,
and 0.75 for hip muscle fatigue, characterizing a high-frequency fatigue. However, the
reduction in force between the protocols did not present differences (F(1,19) = 1.97, p = 0.17,
η2 = 0.09).
CoP and EMG parameters during quiet standing posture. The two-way ANOVA
showed a main effect of fatigue and joint, and a fatigue� joint interaction for both CoP (Fig 4)
and EMG parameters (Fig 5). The F, η2 and p values are shown in Table 1.
Regarding CoP parameters (Fig 4), there were moderate increases in AP displacement and
AP median frequency, and large increases in AP and ML mean velocity, and area after muscle
fatigue. The main effect of joint indicated that the ankle muscle fatigue moderately increased
the AP displacement and median frequency, and area, and largely increased the AP RMS. The
fatigue� joint interaction occurred for AP and ML displacement, AP and ML mean velocity,
AP RMS, area, and AP median frequency. After muscle fatigue, Tukey’s post hoc indicated
large increases in AP and ML displacement (p<0.001 and p<0.001, respectively), AP mean

Fig 3. Means and standard deviations of fatigue parameters before and after ankle and hip muscle fatigue. A–
Force (N); B–Voluntary activation (%); C–Db100 (N); D–Db10 (N); � –Main effect of muscle fatigue.
https://doi.org/10.1371/journal.pone.0247395.g003
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Fig 4. Means and standard deviations of CoP parameters during the postural control task according to joint
fatigued before and after muscle fatigue. A–AP displacement; B–ML displacement; C–AP mean velocity; D–ML
mean velocity; E–AP RMS; F–ML RMS; G–Area; H–AP median frequency; I–ML median frequency; CoP–center of
pressure; AP–anteriorposterior; ML–medial-lateral; RMS–root mean square; � –main effect of fatigue; ¥–main effect of
joint; Ɨ–fatigue x joint interaction.
https://doi.org/10.1371/journal.pone.0247395.g004

velocity (p<0.04), AP RMS (p<0.05), and area (p<0.003), and moderate decreases in ML
mean velocity (p<0.04) and AP median frequency (p<0.01) in the ankle muscle fatigue condition compared to hip muscle fatigue condition. Furthermore, there were increases in AP and
ML displacement (p<0.001 and p<0.001), AP and ML mean velocity (p<0.001 and p<0.001),
AP RMS (p<0.02), and area (p<0.001) during the ankle muscle fatigue condition, and in AP
median frequency during the hip muscle fatigue condition (p<0.003) after muscle fatigue
compared to before muscle fatigue.
For EMG parameters (Fig 5), there were moderate decreases in RF median frequency and %
RMSmax after muscle fatigue. The main effect of joint indicated a large increase in RF median
frequency compared to the hip muscle fatigue condition during the ankle muscle fatigue condition. The fatigue� joint interaction occurred for RF %RMSmax, TA median frequency, and BF
median frequency. During the hip muscle fatigue condition, Tukey’s post hoc revealed a moderate decrease in TA (p<0.001) and a large decrease in BF (p<0.007) median frequency, as
well as a moderate decrease in RF %RMSmax (p<0.002) during the ankle muscle fatigue condition after muscle fatigue compared to before muscle fatigue.
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Fig 5. Means and standard deviations of EMG parameters during the postural control task according to joint
fatigued before and after muscle fatigue. A–TA RMS; B–GM RMS; C–RF RMS; D–BF RMS; E–TA median
frequency; F–GM median frequency; G–RF median frequency; H–BF median frequency; I–TA-GM CI; J–RF-BF CI;
EMG–electromyography; RMS–root mean square; TA–tibialis anterioris; GM–gastrocnemius medialis; RF–rectus
femoris; BF–biceps femoris; CI–co-contraction index; � –main effect of fatigue; ¥–main effect of joint; Ɨ–fatigue x joint
interaction.
https://doi.org/10.1371/journal.pone.0247395.g005

Discussion of Experiment 1
We hypothesized that muscle fatigue would impair postural control and that the muscular
control strategy would be fatigue joint-dependent (ankle muscle fatigue causes hip strategy,
and hip muscle fatigue causes ankle strategy). Our findings from Experiment 1 corroborated
with our first and second hypotheses; both muscle fatigue protocols changed postural control
and when the ankle muscle was fatigued the postural control was more impaired (e.g.,
increased AP displacement, AP mean velocity, AP median frequency, and area) compared to
when the hip muscle was fatigued. However, our third hypothesis for this experiment was partially confirmed. Although there was no change in muscular control strategy after the ankle
muscle fatigue protocol, the young adults continued to use the ankle muscles to control posture after hip muscle fatigue. In the following paragraphs, we provide interpretations about the
effects of the muscle fatigue protocol and explanations for the higher effect of ankle muscle
fatigue on postural control and no-change in muscular control strategy after both ankle and
hip muscle fatigue.
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Table 1. ANOVA F-, η2- and p-values of the CoP and EMG parameters during the postural control task are shown for the main effect of fatigue (before x after) and
joint (ankle x hip), and interaction between factors.

EMG parameters

CoP parameters

Fatigue

Fatigue� Joint interaction

Joint

F(1,38) values

η values

p values

F(1,38) values

η values

p values

F(1,38) values

η2 values

p values

AP displacement

3.92

0.09

0.05

4.41

0.10

0.04

17.48

0.31

0.001

ML displacement

ns

ns

ns

ns

ns

ns

10.54

0.21

0.002

AP mean velocity

44.66

0.54

0.001

ns

ns

ns

8.61

0.18

0.006

ML mean velocity

15.02

0.28

0.001

ns

ns

ns

4.32

0.10

0.04

ns

ns

ns

9.19

0.19

0.004

11.35

0.23

0.002

AP RMS
ML RMS

2

2

ns

ns

ns

ns

ns

ns

ns

ns

ns

Area

1.57

0.14

0.01

4.09

0.10

0.04

12.61

0.24

0.001

AP median frequency

4.13

0.09

0.04

4.25

0.09

0.05

5.63

0.12

0.02

ML median frequency

ns

ns

ns

ns

ns

ns

ns

ns

ns

TA RMS

ns

ns

ns

ns

ns

ns

ns

ns

ns

GM RMS

ns

ns

ns

ns

ns

ns

ns

ns

ns

RF RMS

4.79

0.11

0.03

ns

ns

ns

6.01

0.13

0.01

BF RMS

ns

ns

ns

ns

ns

ns

ns

ns

ns

TA median frequency

ns

ns

ns

ns

ns

ns

3.64

0.09

0.05

GM median frequency

ns

ns

ns

ns

ns

ns

ns

ns

ns

RF median frequency

4.52

0.10

0.04

6.83

0.15

0.01

ns

ns

ns

BF median frequency

ns

ns

ns

ns

ns

ns

7.01

0.15

0.01

TA-GM CI

ns

ns

ns

ns

ns

ns

ns

ns

ns

RF-BF CI

ns

ns

ns

ns

ns

ns

ns

ns

ns

CoP–center of pressure; AP–anterior posterior; ML–medial-lateral; RMS–root mean square; TA–tibialis anterioris; GM–gastrocnemius medialis; RF–rectus femoris;
BF–biceps femoris; CI–co-contraction index.
https://doi.org/10.1371/journal.pone.0247395.t001

Muscle fatigue protocol and the effects on postural control. The muscle fatigue protocols decrease the muscle’s ability to generate force, regardless of the muscle joint (ankle or
hip). The muscle fatigue protocols caused similar force reductions (16% after ankle muscle
fatigue protocol and 18% after hip muscle fatigue protocol). In addition, the participants
reported a higher perception of effort after muscle fatigue than before muscle fatigue, which
confirms that the exercise was strenuous. A reduction in muscle strength of the lower limbs
reduces the ability to produce or sustain the force output for joint stabilization [7, 47]. These
effects, in our study, seem to originate from both peripheral and central factors. The use of the
twitch interpolation technique during MVC showed that there was a reduction in both the
Db100 and Db10 after both muscle fatigue protocols. These factors are highly related to
peripheral fatigue [48] and can be explained by a reduction in action potential transmission
along the sarcolemma, Ca++ release, and excitability of sarcolemma and T-tubules, resulting in
lower capacity to depolarize fibers and, consequently, to produce force [48]. The exercise time
can also explain the peripheral fatigue. The muscle fatigue induction protocols of our study
were relatively short and of moderate to high intensity (ankle around 4min and 30s and hip
around 3min), corroborating with previous findings in the literature [43, 49] that suggested
the presence of peripheral fatigue after exercise at these intensities”. However, the presence of
central fatigue must not be ruled out. Our results demonstrated a reduction in VA after muscle
fatigue, a factor related to central fatigue [35], which reduces the firing rate of the pool of
motoneurons at spinal levels, impairing the signal of muscular activation [43]. Thus, both central and peripheral fatigue affect the production of muscle force, and may reflect directly on
the control of postural stability.
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Ankle muscle fatigue increased body sway and impaired muscle activity, affecting postural control more than when hip muscles were fatigued in young adults. The failure of a
central processor to integrate sensory information used by the motor system to correct
/adjust the motor command [4], could explain the negative effects of muscle fatigue on postural control, which affects the input of proprioceptive information to the postural control
system due to perturbations in the neuromuscular system [13]. In addition, muscle fatigue
contributes to changing the firing rating discharges of the motor units [50], modifying the
output of muscle strength [14, 15, 25]. These changes impair motor control, increasing the
risk of falls in fatiguing conditions [12]. However, the higher effect of ankle muscle fatigue
on postural control is contrary to the literature, which indicates higher body sway after hip
muscle fatigue, suggesting greater dependence on the proximal joint (i.e., hip) for the control of posture in young adults [1, 22, 24]. The differences in the protocols applied by previous studies and the current study possibly explain the divergences between the study
results. For example, previous studies only examined the effects of unilateral fatigue and
unipedal support, without confirming the similar (or not) effects of the ankle and hip muscle fatigue protocols, as occurred in our study. The greater effect of ankle muscle fatigue on
postural control can be explained in two ways: i) the ankle is a monoarticular joint, and
after fatigue, impairs postural control compensation for reduced mechanical interaction,
unlike hip fatigue, which, as it is biarticular, does not interfere in the control of the posture
of young adults, who can compensate the body oscillation with other regions of the body
and; ii) young adults mainly use the ankle muscles to control bipedal posture [21], since the
plantar flexors play a key role in the post-corrective adjustments in the anterior-posterior
plane [51], and because it is a more reliable structure to adjust posture.
Postural strategy after muscle fatigue. The adjustments in the postural motor strategy
were not muscle fatigue joint-dependent in young adults. To mitigate the effects that muscle
fatigue causes to the postural control system, people can use different postural strategies,
making motor adjustments. Classically, Winter [21] and Nashner and McCollum [52] classify two main motor strategies for the control of static bipedal posture: ankle and hip strategies. The ankle joint plays a major role in postural control and young adults rely on this
joint to maintain balance. However, the use of these strategies is dependent on the difficulty
of the upright stance task and, under the effect of muscle fatigue (i.e., greater difficulty),
young adults tend to prioritize the hip strategy [6, 14, 17, 22]. After bilateral muscle fatigue
of the plantar flexors (i.e., ankle joint), individuals presented reduced RF electrical activity
and did not change the TA-GM co-contraction, which seems to be a prioritizing strategy to
use the ankle joint in the posture adjustments. A possible explanation is that co-contraction
between agonist and antagonist muscles is usually associated with increased joint stiffness,
restricting joint movement [53] and, due to faults in the somatosensory input system [22,
24], decreasing the power production capacity and neural transmission [54]. In addition, it
is necessary to consider that i) although muscle fatigue largely reduced the individual’s muscle force (Fig 3A), the stabilizing muscles of the ankle joint could not be fatigued to the
point that they would need to increase their co-contraction (Fig 5I) to maintain postural
control. Previous studies indicated that a reduction of, at least, 25 to 30% of force is necessary to affect postural control [17]. We found a reduction of approximately 18%; ii) the postural task proposed in our study did not threaten postural control to the point where
changing strategies was required. The postural task, standing in a bipedal condition, can be
considered an easier task for young adults even after muscle fatigue [1]. Therefore, even
with impaired postural control after bilateral ankle muscle fatigue, the primary ankle motor
strategy was performed by subjects, without performing the co-contraction. This result corroborates with Boyas and collaborators [2] who indicated that the ankle strategy remained
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dominant even after being fatigued. Moreover, after bilateral hip muscle fatigue, the patterns (behavior) were initially maintained, indicating that the ankle strategy was used. One
point to be considered is that, in performing a task such as controlling bipedal posture,
greater muscle activation and/or involvement of more active muscles may increase energy
expenditure and favor the onset of fatigue [55], contributing to an increased risk of falls. In
this way, it seems unreasonable to maintain greater activation and consecutively greater
muscle contraction. Thus, other adjustments should be made to mitigate the negative effects
of muscle fatigue on postural control.

Experiment 2: Postural control asymmetry and muscle fatigue
Symmetry parameters and statistical analysis
The force during MVC, CoP, and EMG parameters calculated in Experiment 1 were calculated
separately for both lower limbs (right and left lower limb) during the MVC and postural task.
In order to investigate the effects of ankle and hip muscle fatigue on postural control symmetry, we calculated the symmetry index (SI–Eq 2) [56] between preferred and non-preferred
lower limbs for each parameter. An index value of zero indicates that there is no difference
between sides. For all parameters, we used the absolute value of the SI, with higher percentage
values indicating higher asymmetry. We were not interested in understanding which lower
limb caused the asymmetry, but whether the asymmetry increased or not after muscle fatigue.
SI ¼

preferred limb non preferred limb
� 100
preferred limb þ non preferred limb

ð2Þ

Prior to calculation of the SI, the participant’s foot preference was determined through the test
of kicking a ball, with the lower limb used for balance during the test considered the preferred
limb for postural control [57].
The data were tested using the Mauchly’s sphericity test and the variance equality Levene’s
test. The SI of force, CoP, and EMG parameters were compared through two-way ANOVAs
(fatigue x joint), with repeated measures for both factors. Tukey Post hoc tests were used to
find the differences among levels. Partial eta-square was calculated and interpreted as in
Experiment 1.

Results of Experiment 2
The ANOVAs indicated a main effect of fatigue and joint (Fig 6). The participants showed a
large increase in SI of force (F(1,38) = 6.90, p<0.01, η2 = 0.15), moderate increases in SI of RF
RMS (F(1,38) = 3.81, p<0.05, η2 = 0.09) and GM median frequency (F(1,38) = 3.87, p<0.05, η2 =
0.09), a large decrease in SI of AP and ML velocity (F(1,38) = 20.18, p<0.001, η2 = 0.34 and
F(1,38) = 6.27, p<0.01, η2 = 0.14, respectively), and moderate decreases in SI of ML displacement (F(1,38) = 5.52, p<0.02, η2 = 0.12), RF median frequency (F(1,38) = 4.23, p<0.04, η2 =
0.10), and TA-GM co-contraction (F(1,38) = 5.12, p<0.02, η2 = 0.11) under muscle fatigue. The
hip muscle fatigue condition (main effect of joint) showed large increases in SI of force (F(1,38)
= 15.62, p<0.001, η2 = 0.29) and TA median frequency (F(1,38) = 7.04, p<0.01, η2 = 0.15), and
a moderate increase in SI of GM RMS (F(1,38) = 4.32, p<0.04, η2 = 0.10) compared to the ankle
muscle fatigue condition.
Statistical analysis also indicated a fatigue� joint interaction for force (F(1,38) = 5.39, p<0.02,
2
η = 0.12), AP mean velocity (F(1,38) = 3.79, p<0.05, η2 = 0.09), and TA RMS (F(1,38) = 6.09,
p<0.01, η2 = 0.13). Tukey’s post hoc revealed, after muscle fatigue, a moderate increase in SI of
force (p<0.001) for the hip muscle fatigue condition compared to the ankle muscle fatigue
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Fig 6. Means and standard deviations of symmetry index (%) of Force, CoP, and EMG parameters according to the conditions
before (black bars) and after (white bars) muscle fatigue protocol. A–MVC Force; B–CoP Displacement; C–CoP Mean velocity; D–
CoP RMS; E–CoP Median frequency; F–CoP Area; G–EMG RMS; H–EMG Median frequency; I–EMG Co-contraction index; MVC–
maximum voluntary isometric contractions; CoP–center of pressure; EMG–electromyography; AP–anterior-posterior; ML–mediallateral; RMS–root mean square; TA–tibialis anterior; GM–gastrocnemius medialis; RF–rectus femoris; BF–biceps femoris; � –main effect
of fatigue; ¥–main effect of joint; Ɨ–fatigue x joint interaction.
https://doi.org/10.1371/journal.pone.0247395.g006
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condition. Furthermore, under ankle muscle fatigue, a moderate decrease in SI of AP mean
velocity (p<0.008) was observed, while under the hip muscle fatigue condition, moderate
increases in SI of force (p<0.001) and TA RMS (p<0.03) were observed after muscle fatigue
compared to before muscle fatigue.

Discussion of Experiment 2
The second experiment investigated the effects of ankle and hip muscle fatigue on postural
control symmetry. Our hypothesis was that muscle fatigue, independent of the joint fatigue
protocol, would increase postural control asymmetry, which was corroborated by our findings.
However, although we found an increase in force asymmetry in MVC in the hip muscle fatigue
protocol, our results indicated that ankle and hip muscle fatigue increased postural control
asymmetry similarly. The fatigue� joint interaction did not show muscle fatigue joint-dependence for postural control asymmetry, which was against our hypothesis that postural control
asymmetry would be more evidenced after hip muscle fatigue. There were only punctual differences in the postural control asymmetry between the muscle fatigue protocols (ankle muscle
fatigue decreased SI of AP mean velocity and hip muscle fatigue condition increased SI of TA
median frequency). In the next paragraphs we suggest interpretations for the similarly
increased postural control asymmetry after both ankle and hip muscle fatigue.
Postural control asymmetry is not muscle fatigue joint-dependent, but muscle fatigue
increases postural control asymmetry. This finding could be explained by the increase in force
asymmetry, which has been indicated as a component associated with posture and walking
asymmetry in different populations [47, 58]. However, as this only occurred after the hip muscle fatigue protocol, it is not possible to affirm that the postural control asymmetry presented
after both ankle and hip muscle fatigue protocols was due to force asymmetry. Another possible explanation is that due to muscle fatigue effects on postural control (see Study 1), the
young adults adopted a conservative strategy using the most reliable limb to control posture
after muscle fatigue, reducing the sway of one leg and allowing the other leg to find a way to
adjust the balance, which increases postural control asymmetry. Although the symmetry in
postural control plays a key role from a biomechanical point of view in maintaining body stability, facilitating balance control [25, 27, 28], it is possible that to compensate complex conditions, such as during muscle fatigue, it would not be a bad idea to specialize one leg for weight
support and the other to control sway to avoid unbalance, injuries, and falls [13]. In a previous
study performed by our group, non-faller people with PD compensated for the motor asymmetries caused by disease by increasing the contribution of the least-affected limb to control a
complex standing task (i.e., tandem posture), which did not happen in faller individuals [59].
This seems to be an effective and protective strategy to avoid falls during complex conditions.
Muscle fatigue appears to require a similar strategy, using functional behavior to compensate
the deleterious effects of muscle fatigue on posture (e.g., impaired somatosensory pathway and
central and peripheral effects). Thus, it seems to be a good strategy to "specialize" one leg to
control balance and another to support weight in a fatigued condition. However, this strategy
would not be appropriate in the long term since previous studies have indicated injuries due to
unilateral overuse during sports practice [60, 61].

General discussion and conclusion
The effects of bilateral ankle and hip muscle fatigue were investigated on both postural strategies and postural control symmetry in young adults during an upright standing task. Our findings allowed us to conclude that ankle and hip muscle fatigue increased body sway, but the
strategy to mitigate the muscle fatigue effects on postural control was not muscle fatigue joint-

PLOS ONE | https://doi.org/10.1371/journal.pone.0247395 February 25, 2021

16 / 21

PLOS ONE

Motor strategy and asymmetry of posture after muscle fatigue

Fig 7. Summary of main findings of Experiments 1 and 2, and possible explanations for the strategies used to deal
with postural control asymmetry.
https://doi.org/10.1371/journal.pone.0247395.g007

dependent, as the ankle strategy was used in both fatigue conditions to control posture. In
addition, we can conclude that the fatigue task increased postural control asymmetry, regardless of the region that was fatigued (hip or ankle). These results can contribute to sports and
health professionals (pathologies). Since different fatigued regions produce the same effects on
postural control asymmetry and do not change the postural strategy, coaches could use these
results to create programs or strategies to reduce fatigue effects on asymmetry. For example,
increasing the contribuition of the preferred-leg to maintain balance while accomplishing a
bipedal task (for example, free throw in basketball), leading to an increase in performance. In
the same line, the findings could be applied in rehabilitation programs with the objective of
increasing balance or preventing falls, increasing the participation of the preferred-leg less
affected by fatigue. However, we suggest further studies investigate whether increasing the
contribution of the preferred-leg after a muscle fatigue protocol in different regions, is a good
and safe strategy.
Fig 7 explains the findings of the two experiments together and provides interpretations of
the strategy used by young adults to deal with the effects of muscle fatigue on postural control.
Bilateral ankle and hip muscle fatigue affected the peripheral and central systems and impaired
proprioception, but no changes were observed in muscle activation, especially the co-contraction muscular pattern. Therefore, these fatigue effects increased body sway, which can cause
injuries and falls. One possible strategy to deal with these effects is to change the strategy (joint)
that controls posture, for example, under ankle muscle fatigue, individuals adopt the hip muscular strategy to control posture, increasing the muscular activation of the proximal muscles (hip),
and under hip muscle fatigue, the ankle muscles are used to control posture. However, this
change in strategy did not occur. The adjustments were not muscle fatigue joint-dependent.
The individuals preferred to maintain the same strategy that they used before muscle fatigue.
The participants continued using the ankle strategy, which is a safer and more reliable strategy
to control posture. On the other hand, they increased postural control asymmetry, which was a
preferred strategy to deal with the higher body sway caused by muscle fatigue. This behavior
seems to suggest that postural control was controlled by the reliable limb, reducing the use
(sway) of the other limb. Therefore, the reliable limb adjusted balance, increasing postural control asymmetry, but reducing the risk of falls (less risky strategy). However, it is important to
consider that asymmetric behavior could be caused by increased body sway, and was not a strategy to deal with muscle fatigue. Thus, muscle fatigue increased postural asymmetry, which is
harmful for posture control [25, 27, 28] and can cause falls and injuries.
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The findings of the present study could deepen and advance scientific contributions to
understanding the motor behavior and biomechanics of young adults when they are challenged to maintain a static bipedal posture after bilateral muscle fatigue. However, the study
has some limitations. The level of physical activity and participants’ experience with the protocols were not measured, which could influence, mainly, the application of force during the
MVC and resistance to the discomfort during the muscular fatigue protocol, postponing the
end of the exercise. However, we tried to reduce these effects by allowing a period of adaptation in the MVC test. Second, during the standing calf raise exercise (ankle muscle fatigue) an
upper body posture must be maintained. Ankle muscle recruitment was greater during exercise, but we cannot guarantee that other muscles were not recruited to perform the task
required. Third, we did not analyze which lower limb was used to control posture (preferred
or non-preferred limb). Although this was not related to our question, it could be an important
aspect to consider in future studies. Fourth, we only analyzed the bipedal quiet stance. More
challenging postural conditions, such as tandem or single leg support, may show different
results and require different joint-strategies to modulate postural control. Finally, the reduction in force levels after muscle fatigue could be an explanation for the changes in COP variables. Thus, we suggest that future studies test this hypothesis.
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Corbeil P, Blouin JS, Bégin F, Nougier V, Teasdale N. Perturbation of the postural control system
induced by muscular fatigue. Gait Posture. 2003; 18:92–100. https://doi.org/10.1016/s0966-6362(02)
00198-4 PMID: 14654212

13.

Paillard T, Chaubet V, Maitre J, Dumitrescu M, Borel L. Disturbance of contralateral unipedal postural
control after stimulated and voluntary contractions of the ipsilateral limb. Neurosci Res. 2010; 68:301–6.
https://doi.org/10.1016/j.neures.2010.08.004 PMID: 20723569

14.

Gribble PA, Hertel J. Effect of hip and ankle muscle fatigue on unipedal postural control. J Electromyogr
Kinesiol. 2004; 14:641–6. https://doi.org/10.1016/j.jelekin.2004.05.001 PMID: 15491838

15.

Gribble PA, Hertel J. Effect of lower-extremity muscle fatigue on postural control. Arch Phys Med Rehabil. 2004; 85:589–92. https://doi.org/10.1016/j.apmr.2003.06.031 PMID: 15083434

16.

Madigan ML, Davidson BS, Nussbaum MA. Postural sway and joint kinematics during quiet standing
are a affected by lumbar extensor fatigue. Hum Mov Sci. 2006; 25:788–99. https://doi.org/10.1016/j.
humov.2006.04.004 PMID: 16884800

17.

Paillard T. Effects of general and local fatigue on postural control: A review. Neurosci Biobehav Rev.
Elsevier Ltd; 2012; 36:162–76. https://doi.org/10.1016/j.neubiorev.2011.05.009 PMID: 21645543

18.

Thedon T, Mandrick K, Foissac M, Mottet D, Perrey S. Degraded postural performance after muscle
fatigue can be compensated by skin stimulation. Gait Posture. 2011; 33:686–9. https://doi.org/10.1016/
j.gaitpost.2011.02.027 PMID: 21454076

19.

Almeida GL, Carvalho RL, Talis VL. Postural strategy to keep balance on the seesaw. Gait Posture.
2006; 23:17–21. https://doi.org/10.1016/j.gaitpost.2004.11.020 PMID: 16311190

20.

Ritzmann R, Freyler K, Werkhausen A, Gollhofer A. Changes in Balance Strategy and Neuromuscular
Control during a Fatiguing Balance Task—A Study in Perturbed Unilateral Stance. Front Hum Neurosci.
2016; 10:1–11. https://doi.org/10.3389/fnhum.2016.00001 PMID: 26858619

21.

Winter DA. Human balance and posture control during standing and walking. Gait Posture. 1995;
3:193–214.

22.

Talis VL, Grishin AA, Solopova IA, Oskanyan TL. Asymmetric leg loading during sit-to-stand, walking
and quiet standing in patients after unilateral total hip replacement surgery. Clin Biomech. 2008;
23:424–33. https://doi.org/10.1016/j.clinbiomech.2007.11.010 PMID: 18164792

23.

Allen TJ, Leung M, Proske U. The effect of fatigue from exercise on human limb position sense. J Physiol. 2010; 588:1369–77. https://doi.org/10.1113/jphysiol.2010.187732 PMID: 20194123

24.

Marigold DS, Eng JJ. The relationship of asymmetric weight-bearing with postural sway and visual reliance
in stroke. Gait Posture. 2006; 23:249–55. https://doi.org/10.1016/j.gaitpost.2005.03.001 PMID: 16399522

25.

Anker LC, Weerdesteyn V, Nes IJW Van, Nienhuis B, Straatman H, Geurts ACH. The relation between
postural stability and weight distribution in healthy subjects. Gait Posture. 2008; 27:471–7. https://doi.
org/10.1016/j.gaitpost.2007.06.002 PMID: 17644336

PLOS ONE | https://doi.org/10.1371/journal.pone.0247395 February 25, 2021

19 / 21

PLOS ONE

Motor strategy and asymmetry of posture after muscle fatigue

26.

Blaszczyk JW, Raiche M, He H. Effect of ageing and vision on limb load asymmetry during quiet
stance. J Biomech. 2000; 33:1243–8. https://doi.org/10.1016/s0021-9290(00)00097-x PMID:
10899333

27.

Rougier PR, Genthon N. Dynamical assessment of weight-bearing asymmetry during upright quiet
stance in humans. Gait Posture. 2009; 29:437–43. https://doi.org/10.1016/j.gaitpost.2008.11.001
PMID: 19070493

28.

Genthon NA, Rougier P. Influence of an asymmetrical body weight distribution on the control of undisturbed upright stance. J Biomech. 2005; 38:2037–49. https://doi.org/10.1016/j.jbiomech.2004.09.024
PMID: 16084204

29.

Ament W, Verkerke GJ. Exercise and fatigue. Sport Med. 2009; 39:389–422. https://doi.org/10.2165/
00007256-200939050-00005 PMID: 19402743

30.

Vuillerme N, Sporbert C, Pinsault N. Postural adaptation to unilateral hip muscle fatigue during human
bipedal standing. Gait Posture. 2009; 30:122–5. https://doi.org/10.1016/j.gaitpost.2009.03.004 PMID:
19403311

31.

Stegeman DF, Hermens H. Standards for suface electromyography: The European project Surface EMG
for non-invasive assessment of muscles (SENIAM)”. Enschede Roessingh Res Dev. 2007;108–12.

32.

Taylor JL, Olsen HB, Sjøgaard G, Søgaard K. Voluntary activation of trapezius measured with twitch
interpolation. J Electromyogr Kinesiol. 2009; 19:584–90. https://doi.org/10.1016/j.jelekin.2008.01.001
PMID: 18296068

33.

Milioni F, Vieira LHP, Barbieri RA, Zagatto AM, Nordsborg NB, Barbieri FA, et al. Futsal Match-Related
Fatigue Affects Running Performance and Neuromuscular Parameters but Not Finishing Kick Speed or
Accuracy. Front Physiol. 2016; 7:1–10. https://doi.org/10.3389/fphys.2016.00001 PMID: 26858649

34.

Millet GY, Martin V, Martin A, Vergès S. Electrical stimulation for testing neuromuscular function: from
sport to pathology. Eur J Appl Physiol. 2011; 111:2489–500. https://doi.org/10.1007/s00421-011-1996-y
PMID: 21590274

35.

Gandevia SC. Spinal and Supraspinal Factors in Human Muscle Fatigue. Physiol Rev. 2001; 81:1725–
89. https://doi.org/10.1152/physrev.2001.81.4.1725 PMID: 11581501

36.

Allen GM, Gandevia SC, McKenzie DK. Reliability of measurements of muscle strength and voluntary
activation using twitch interpolation. Muscle Nerve. 1995; 18:593–600. https://doi.org/10.1002/mus.
880180605 PMID: 7753121

37.

Barbieri FA, Lee Y, Gobbi LTB, Pijnappels M. The effect of muscle fatigue on the last stride before stepping down a curb. Gait Posture. 2013; 37:542–6. https://doi.org/10.1016/j.gaitpost.2012.09.015 PMID:
23062731

38.

Rybar MM, Walker ER, Kuhnen HR, Ouellette DR, Berrios R, Hunter SK, et al. The stroke-related
effects of hip flexion fatigue on over ground walking. Gait Posture. Elsevier B.V.; 2014; 39:1103–8.
https://doi.org/10.1016/j.gaitpost.2014.01.012 PMID: 24602975

39.

Borg G. Psychophysical bases of perceived exertion. Med sci Sport Exerc. 1982; 14:377–81.

40.

Yu B, Gabriel D, Noble L, An KN. Estimate of the optimum cutoff frequency for the Butterworth low-pass
digital filter. J Appl Biomech. 1999; 15:318–29.

41.

Neyroud D, Vallotton A, Millet GY, Kayser B, Place N. The effect of muscle fatigue on stimulus intensity
requirements for central and peripheral fatigue quantification. Eur J Appl Physiol. 2014; 114:205–15.
https://doi.org/10.1007/s00421-013-2760-2 PMID: 24197080

42.

Prieto TE, Myklebust JB, Hoffmann RG, Lovett EG, Myklebust BM. Measures of postural steadiness:
Differences between healthy young and elderly adults. IEEE Trans Biomed Eng. 1996; 43:956–66.
https://doi.org/10.1109/10.532130 PMID: 9214811

43.

Boyas S, Remaud A, Rivers E, Bilodeau M. Fatiguing Exercise Intensity Influences the Relationship
between Parameters Reflecting Neuromuscular Function and Postural Control Variables. PLoS One.
2013; 8:1–10. https://doi.org/10.1371/journal.pone.0072482 PMID: 23991115

44.

Baratto L, Morasso PG, Re C, Spada G. A new look at posturographic analysis in the clinical context:
sway-density versus other parameterization techniques. Motor Control. 2002; 6:246–70. https://doi.org/
10.1123/mcj.6.3.246 PMID: 12122219

45.

De Freitas PB, Knight CA, Barela J. A. Postural reactions following forward platform perturbation in
young, middle-age, and old adults. J Electromyogr Kinesiol. 2010; 20:693–700. https://doi.org/10.1016/
j.jelekin.2009.11.009 PMID: 20060318

46.

Cohen J. Statistical power analysis for the behavioral sciences - 2nd ed. 1988.

47.

Guadagnin EC, Barbieri FA, Simieli L, Carpes FP. Is muscular and functional performance related to
gait symmetry in older adults? A systematic review. Arch Gerontol Geriatr [Internet]. Elsevier; 2019;
84:103899. Available from: https://doi.org/10.1016/j.archger.2019.103899

PLOS ONE | https://doi.org/10.1371/journal.pone.0247395 February 25, 2021

20 / 21

PLOS ONE

Motor strategy and asymmetry of posture after muscle fatigue

48.

Borji R, Zghal F, Zarrouk N, Sahli S, Rebai H. Individuals with intellectual disability have lower voluntary
muscle activation level. Res Dev Disabil. Elsevier Ltd.; 2014; 35:3574–81. https://doi.org/10.1016/j.ridd.
2014.08.038 PMID: 25241117

49.

Blangsted AK, Sjøgaard G, Madeleine P, B. OH, Søgaard K. Voluntary low-force contraction elicits prolonged low-frequency fatigue and changes in surface electromyography and mechanomyography. J
Electromyogr Kinesiol. 2005; 15:138–48. https://doi.org/10.1016/j.jelekin.2004.10.004 PMID:
15664144

50.

Enoka RM. Muscle fatigue–from motor units to clinical symptoms. J Biomech. 2012; 45:427–33. https://
doi.org/10.1016/j.jbiomech.2011.11.047 PMID: 22197185

51.

Schieppati M, Nardone A. Group I1 spindle afferent fibers in humans: their possible role in the reflex
control of stance. Prog Brain Res. 1999; 123:461–72. https://doi.org/10.1016/s0079-6123(08)62882-4
PMID: 10635742

52.

Nashner LM, McCollum G. The organization of human postural movements: A formal basis and experimental synthesis. Behav Brain Sci. 1985; 8:135–72.

53.

Laughton CA, Sla M, Katdare K, Nolan L, Bean JF, Kerrigan DC, et al. Aging, muscle activity, and balance control: physiologic changes associated with balance impairment. Gait Posture. 2003; 18:101–8.
https://doi.org/10.1016/s0966-6362(02)00200-x PMID: 14654213

54.

Qu X, Nussbaum MA, Madigan ML. Model-based assessments of the effects of age and ankle fatigue
on the control of upright posture in humans. Gait Posture. 2009; 30:518–22. https://doi.org/10.1016/j.
gaitpost.2009.07.127 PMID: 19726189

55.

Mian OS, Thom JM, Ardigó LC, Narici M V, Minetti AE. Metabolic cost, mechanical work, and efficiency
during walking in young and older men. Acta Physiol. 2006; 186:127–39.

56.

Herzog W, Nigg BM, Read LJ, Olsson E. Asymmetries in ground reaction force patterns in normal
human gait. Med Sci Sport Exerc. 1989; 21:110–4. https://doi.org/10.1249/00005768-19890200000020 PMID: 2927295

57.

Zverev YP. Spatial parameters of walking gait and footedness. Ann Hum Biol. 2006; 33:161–76. https://
doi.org/10.1080/03014460500500222 PMID: 16684690

58.

Drijkoningen D, Caeyenberghs K, Linden C Vander, Herpe K Van, Duysens J, Swinnen SP. Associantions between muscle strenght asymmetry and impairments in gait and posture in young brain-injured
patients. J Neurotrauma. 2015; 9:1–9.

59.

Barbieri FA., Carpenter MG., Beretta VS., Orcioli-Silva D., Simieli L., Vitório R., et al. Postural control,
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