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Effects of Plantar Flexor Muscles Fatigue
on Postural Control during Quiet Stance
and External Perturbation in Healthy
Subjects

Rojhani-Shirazi Z."2, Amiri Z.*?, Ebrahimi S."?*

ABSTRACT

Background: The maintenance of postural control is a key component in dy-
namic physical activity, especially during muscle fatigue and against external forces.
Despite many studies in this field, there is no consensus regarding the effects of plan-
tar flexor muscles fatigue on postural control during different postural tasks.

Objective: To evaluate the effects of plantar flexor muscles fatigue on postural
control during quiet stance and external perturbation in healthy subjects.

Material and Methods: Twenty four healthy individuals (20-35 years) partic-
ipated this interventional study. The foot center of pressure data was measured using
a single force platform, and then the postural control parameters, including the center
of pressure displacement and velocity in the anterior-posterior and medial-lateral
direction and also path length calculated under two conditions; quiet and perturbed
stance, before and after plantar flexor muscles fatigue.

Results: The statistical analysis demonstrated that mean displacement and veloc-
ity of the center of pressure in the anterior-posterior direction and also path length
increased after the fatigue protocol in the perturbed condition. However, fatigue had
no significant effects on postural control parameters in the quiet standing condition.

Conclusion: These results indicated that the effects of muscle fatigue on pos-
tural control depend on the difficulty of the task and the relevance of proprioceptive
information. The postural control system appears to use distinct control strategies in
different situations such as quiet and perturbed stance conditions, and these strate-
gies may be differentially altered by fatigue. In conclusion, due to the potential risk
of loss of balance, it is important to take the role of plantar flexor muscle fatigue into
account during more difficult postural tasks.

Keywords

Center of Pressure, Perturbation, Fatigue, Plantar flexor, Balance

Introduction

he ability to maintain stable upright stance is vital in sports and

daily living activities. To this end, the postural control system

must integrate and reweight information received from the vi-
sual, vestibular, and somatosensory systems, and must often react
quickly in response to an external perturbation [1]. These perturbations
result from external forces and torques elicited by rapid changes in the
distribution of body mass, which may lead to losing the balance and
increasing the incidence of falling [2]. Ankle response is sufficient to
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counteract minor perturbations during normal
stance, and it is believed that in unperturbed
conditions, ankle proprioception is one of the
primary mechanisms for establishing an in-
ternal reference to organize and plan motor
responses [3]. Previous studies have shown
that the plantar flexor muscles play a signifi-
cant role in postural corrections, especially in
the sagittal plane [4-7]. Moreover, it has been
shown that bipedal stance control is impaired
when proprioceptive information from the an-
kle joints is degraded by vibratory stimulation
[3], an unstable or moving support surface [8]
or ankle muscle fatigue [9].

Muscle fatigue is common during strenuous
dynamic physical activities. In order to under-
stand the mechanism of fatigue, it is important
to determine the type of fatigue generations
involved central or peripheral. Peripheral fac-
tors in fatigue generation mainly include met-
abolic inhibition of the contractile process and
excitation-contraction coupling failure. On the
other hand, central fatigue is one of the prima-
ry limiting factors in sustained contractions,
and is associated with decreased recruitment
of new motor units, reduced firing frequency
of the motor units, or both [10-12]. It has been
reported that muscle fatigue may affect neuro-
muscular performance. Typical fatigue-related
changes in performance include a decline in
maximal torque or power output, altered affer-
ent proprioceptive inputs, altered central pro-
cessing of proprioception, and decreased abil-
ity to respond to perturbations [13-15].

Several studies have shown that ankle plan-
tar flexor muscles fatigue can impair postural
control during static standing [6, 9, 16, 17].
However, some studies have shown that exer-
cise inducing fatigue in these muscles had no
effects on postural control [18-20], and some
research concluded that ankle plantar flexor
muscles fatigue impairs postural control only
when visual information is removed [21].
Overall, in spite of the many studied carried
outin this field, there is no consensus regarding
the effects of plantar flexor muscles fatigue on

postural control. Furthermore, existing studies
on plantar flexor muscles fatigue have focused
somewhat narrowly on the effects of external
perturbation on postural control. Since pertur-
bation and plantar flexor muscles fatigue con-
ditions can separately alter the maintenance
of upright stance [3], we hypothesized that
muscle fatigue combined with postural per-
turbation might lead to even larger increases
in postural sway. Therefore, the present study
was designed to investigate the sudden effects
of plantar flexor muscles fatigue on postural
control during quiet standing and after a sud-
den unexpected external perturbation.

Material and Methods

Participants

Twenty four healthy female students at
Shiraz University of Medical Sciences par-
ticipated in this study (mean age: 24.8+2.9
years; mean body weight: 54.8+5.3 kg; mean
height: 1634+4.3cm). The participants were ex-
cluded if they had any history of surgery in
their trunks and lower limbs, motor problems,
neurological diseases, deformity in the spines
or lower limbs and vestibular impairment. The
current research was conducted at the Reha-
bilitation Sciences Research Center, Shiraz
University of Medical Sciences, and Shiraz,
Iran. A detailed explanation of the procedure
was provided and all the participants signed an
informed consent form approved by the uni-
versity ethics committee.

Experimental Procedure

At first, the maximal voluntary isometric
contraction (MVC) of the ankle plantar flexor
muscles was determined with a digital dy-
namometer (MIE® Ltd., Leeds, UK). Three
maximum isometric contractions of the plan-
tar flexors were measured and the largest iso-
metric plantar-flexion contraction value was
recorded as the MVC. Then, the foot center of
pressure (COP) data was collected using a sin-
gle force plate (Kistler®, Winterthur, Switzer-
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land) and QTM software (Proreflex, Qualisys
Track Manager® Ltd., Sweden) at a sampling
rate of 120 Hz under four different conditions:
pre-fatigue static standing, pre-fatigue per-
turbed standing, post-fatigue static standing
and post-fatigue perturbed standing. Each par-
ticipant was tested in 8 trials (each of the four
conditions twice) in upright stance and in each
trial the participant stood barefoot on the force
platform. The order of the static and perturbed
conditions was varied randomly among par-
ticipants. Each trial lasted 30 seconds with a
rest period of at least 60 seconds between two
consecutive trials.

Pre-fatigue

In the static condition, the participants main-
tained bipedal stance for 30 seconds on the
force plate with their eyes open. They were
then instructed to keep their arms at their
sides, stand straight with their feet shoulder-
width apart and look directly ahead. This test
was done twice.

In the perturbed condition, the participants
stood on the force plate with their eyes open,
their gaze directly ahead, their right shoulder
in 90 degrees of flexion and their right palm
upward. The participants kept their left arm
relaxed at their side. A unidirectional force
delivered rapidly and unexpectedly by the ex-
perimenter to the subjects’ right side at shoul-
der level (on the right palm), as a load from
a fixed distance away from the subjects’ right
hand. The weight of the applied load was nor-
malized to 2.5% of each individual’s weight.
The load was held 20 cm above the partici-
pant’s right palm and released suddenly in an
unspecified time between 1 to 10 seconds. To
standardize the experimental conditions, the
participant and the experimenter were separat-
ed by a dark curtain so that participants would
not know when the load would be delivered
(Figure 1). Each trial lasted 30 seconds with a
rest period of at least 60 seconds between two
consecutive trials.

Fatigue Protocol

During the plantar flexor muscle fatigue pro-

Figure 1: Schematic representation of sub-
jects position during applying the external
perturbation.

tocol, the participants sat on a bed with their
hips and legs extended in front of them and
their trunks upright at a 90-degree angle. One
end of the dynamometer strap was fastened
to a fixed bar behind them, and the other end
was looped around the soles of both their feet
(Figure 2). Once MVC was established, the
subjects were instructed to look at a graph on
a monitor and maintain 60% of their MVC

Figure 2: Schematic representation of sub-
jects position during applying the fatigue
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by contracting their plantar flexor muscles to
stretch the dynamometer strap. The fatigue
protocol was stopped (i.e., the plantar flexor
muscles were assumed to be fatigued) when
the participants were unable to continue the
task or when they no longer maintained the
target degree of contraction and could not re-
sume the intended force level in 5 seconds.
The time between the fatigue protocol and the
postural trials (<7 minutes) was assumed to be
shorter than the time needed for full recovery
[22].

Post-fatigue

Immediately after the fatigue protocol, the
tests in static and perturbed standing condi-
tions were carried out as in the pre-fatigue
protocol.

Data analysis

The COP data were used to calculate five
postural control variables: mean medial-later-
al (ML) COP displacement (mm), mean ML
COP velocity, mean anterior-posterior (AP)
COP displacement (mm), mean AP COP ve-
locity (mm/s), and mean COP path length.

It should be stated that the AP and ML coor-
dinates of COP were derived from the filtered
data (4™ order Butterworth low-pass filter with
a cut-off frequency of 10 Hz) using Visual 3D
motion analysis software (C-Motion®, Rock-
ville, MD, USA).

Statistical Analysis

The statistical analyses were done by SPSS
software (version 21). One-way analysis of
variance (ANOVA) with repeated measures
was used for both factors, i.e. the two postural
conditions (static vs. perturbed standing) and
the two fatigue conditions (pre vs. post). Paired
t-tests were used to compare COP parameters
before and after the fatigue protocol in trials
of static and perturbed standing. A P-value of
<0.05 was considered statistically significant.

Results

The statistical analysis demonstrated that
the AP COP displacement (p=0.01), COP
path length (p<0.001) and AP COP veloc-
ity (p<0.001) were significantly greater after
plantar flexor muscles fatigue in the perturbed
condition (Table 1, Figure 3A, 4, 5A). How-
ever, no significant differences were found in
ML COP displacement (p=0.08) and ML COP
velocity (p=0.15) after plantar flexor muscle
fatigue in the perturbed condition (Table 1,
Figure 3B, 5B). Moreover, no significant
changes were observed in postural control pa-
rameters during the static condition (Table 1,
Figures 3-5). The statistical analysis showed
that the changes in ML and AP displacement,
path length and AP velocity after the fatigue
protocol differed significantly between the
static and perturbed conditions (Table 2).

Table 1: The comparison of mean postural control parameters before and after plantar flexor
muscles fatigue in the static and perturbed standing conditions (mean + SD).

Dependent measures

Static standing

Perturbed standing

Before fatigue  After fatigue

ML displacement (mm) 2.84£0.70 262 +0.65
AP displacement (mm) 1.64 £0.79 1.74 £ 0.71

Path length (m) 2189+1.62 22.24+1.60

ML velocity (mm/s) 4.68 +1.06 456 +1.42
AP velocity (mm/s) 3.54+0.79 3.87 £1.00

ML: medial-lateral, AP: anterior-posterior, *Significant at p<0.05

P-value Before fatigued  After fatigue P-value
0.17 3.89+0.56 418 £0.62 0.08
0.34 290 +0.71 3.45+0.79 0.01*
0.07 2340+164 2587 +155 <0.001*
0.59 6.37 £1.22 6.84 +1.40 0.15
0.15 5.48 +1.01 6.89 +1.16 <0.001*
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Figure 3: Mean anterior-posterior (A) and medial-lateral (B) displacement (mm) during static
and perturbed standing conditions before and after plantar flexor muscle fatigue.
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Figure 4: Mean sway path length (m) during static and perturbed standing conditions before
and after plantar flexor muscle fatigue.
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Figure 5: Mean anterior-posterior (A) and medial-lateral (B) velocity (mm/s) during static and
perturbed standing conditions before and after plantar flexor muscle fatigue.
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Table 2: The comparison of mean postural
control parameters differences (after fa-
tigue-before fatigue) between the static and
perturbed conditions.

Differentiation
value comparison

Static diff ~ Perturbed diff ~ P-value
ML displacement (mm) 0.22+0.76 0.30 £0.74 0.02*
AP displacement (mm) 0.10+£0.51 0.55+0.54  <0.001*

Dependent
measures

Path length (m) 035+021 247+0.82 0.03*
ML velocity (mm/s) ~ 0.12+1.04 047 +148 0.11
AP velocity (mm/s)  0.32+0.99 140+073 <0.001*

ML: medial-lateral, AP: anterior-posterior, *Significant at
p<0.05

Discussion

The obtained COP parameters were affected
by localized plantar flexor muscles fatigue in
the perturbed standing condition but not in the
quiet standing. Our results demonstrated that
in the perturbed stance condition, AP postural
control was significantly impaired. This find-
ing is consistent with the results of studies
which showed that the plantar flexor muscles
are more involved in sagittal plane movements
than in movements in the other planes [4-7].
For example, Gimmon et al. found that during
plantar flexor muscle fatigue, sway parameters
were affected mainly in the AP direction and
less in the ML direction [6].

Moreover, the results indicated that the plan-
tar flexor muscles fatigue had no significant
effects on the postural control parameters dur-
ing bipedal static standing. The results showed
that the muscle fatigue affected the postural
control mainly in the more difficult standing
tasks, whereas it had negligible effects during
quiet standing. These findings are consistent
with the results published by Adlerton et al.,
who reported that isometric exercise-induced
fatigue of the plantar flexor muscles did not
affect postural control during quiet standing
[18]. Nevertheless, several studies have report-
ed that plantar flexor muscle fatigue impaired

postural stability in static conditions [6, 9, 16,
17]. Overall, most studies found impaired pos-
tural control mainly when the individuals were
not able to use visual sensory inputs, somato-
sensory inputs from the ankle or haptic cues
from the fingers in the quiet standing condi-
tion [23]. They suggested that the effect of in-
duced fatigue in the plantar flexor muscles is
greater under more challenging conditions of
postural control, which is consistent with our
findings [23].

Multiple sensory systems and motor syner-
gies of the nervous system are integrated in
postural control. In addition, the central ner-
vous system (CNS) concurrently adjusts the
relative contributions of sensory inputs to
maintain a stable stance [24]. When fatigue
is induced to the plantar flexor muscles, the
CNS may be able to more readily compen-
sate for the impaired ankle proprioception by
relying on other sensory inputs, and conse-
quently providing more reliable information
to regulate body sway, as suggested by the re-
weighting theory [25]. Previous studies have
suggested that when the muscles are fatigued,
the decreased ankle joint control can be com-
pensated by increasing the reliance on other
sensory inputs (visual, plantar sole sensation
and vestibular) or other motor outputs [5, 16,
26]. Paillard recently suggested that proprio-
ceptive information from peripheral struc-
tures in the ankle joints was discarded by the
postural regulatory system at a central level,
and that this strategy facilitates the use of the
sensory information from the peripheral struc-
tures of other joints [26]. This was further sup-
ported by Pinsault and Vuillerme, who found
that during quiet standing after plantar flexor
muscle fatigue, young male college students
relied more on the vestibular information and
somatosensory inputs from the neck for pos-
tural control [23].

When the plantar flexor muscles are fa-
tigued, the common drive of motor units of
previously inactive muscles around the ankle
joint increases and results in more joint stiff-
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ness through the co-activation of antagonist
muscles or the activation of medial-lateral sta-
bilizers in the ankle (ankle invertors and ever-
tors) to reduce postural sway [18, 26]. The par-
ticipants in our study were young and healthy,
therefore a more rigid strategy may have been
used to maintain their stability. The use of a
simple coordination pattern in younger adults
during quiet standing may be associated with
sufficient torque production by the ankle mus-
cles. However, this hypothesis is not always
supported by the results obtained under pertur-
bation conditions. During double-limb stance,
information from plantar flexor muscles may
not be essential to determine COP position,
and the effect of other muscles or joints may
be more important.

Another aim of the present study was to in-
vestigate the effects of muscle fatigue on pos-
tural control after perturbations. According to
our findings, sway was significantly greater in
the AP direction after muscle fatigue compared
to the non-fatigued condition. These results
are in agreement with the findings of Boyas et
al., who reported that differences in postural
control were seen only in a more complex task
[7]. In the other words, we hypothesized that
under more difficult and challenging condi-
tions in the postural task, the effect of fatigue
on the ankle joint would be greater. The in-
creased COP displacement following muscle
fatigue may be the result of changes in the pro-
prioceptive postural control strategy, which in
turn may reflect corrective reactions in other
muscles or joints. Adlerton et al. reported that
after plantar flexor muscle fatigue, the pos-
tural control strategy changed from ankle to
hip [27]. This was also supported by the obser-
vations of Salavati et al., who found that dur-
ing dynamic balance tests, their participants
(healthy men) used a hip strategy to maintain
stability, especially after the fatigue protocol
[17]. Of course, further kinematic analyses are
needed in order to determine the effects of lo-
calized muscle fatigue on the segmental strate-
gies used to maintain postural control.

Our comparison of the effects of plantar
flexor muscle fatigue in quiet and perturbed
stance conditions showed that reliance on
proprioceptive signals from the fatigued joint
decreased when quiet standing was perturbed.
In the quiet standing condition, the CNS can
effectively control posture even if the calf
muscles are fatigued [18]. Small oscillations
in quiet standing probably stimulate stretch
reflex responses in the ankle joints, which are
not controlled by high-level centers. In fact,
in the quiet standing condition, anti-gravity
muscles in the lower limbs reportedly require
little activity [28]. Moreover, according to
the re-weighing theory, the postural control
system can compensate for the effects of fa-
tigue. Nevertheless, it appears that under more
complex conditions, the muscular response to
perturbation is beyond the stretch reflex, and
as a result the high-level centers are engaged
[29]. Furthermore, intense fatigue is believed
to affect the central motor drive as well as the
motor output [30]. In the present study, the
muscles were fatigued by high-intensity iso-
metric contractions, and consequently the ef-
fects of fatigue appear to be related mostly to
central mechanisms of fatigue. Therefore, the
fatigue protocol apparently changed the cen-
tral processing of the orders related to muscle
responses, and consequently changed the mo-
tor strategies. Under difficult conditions such
as dynamic postural activities, the attentional
demands on the postural control system for
regulating and correcting postural responses
are probably greater [31]. On the other hand, in
the static condition the decrease in ankle joint
proprioception may not be sufficient to affect
postural control when other sensory informa-
tion is available. However, the presence of this
information is not sufficient to compensate for
the effects of fatigue induced in and around
the ankles on the control of perturbed stance.

By assessing the effects of muscle fatigue
on postural control regulation in two differ-
ent conditions, additional information has
been obtained on how sensorimotor integra-
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tion optimizes postural control in humans. We
propose three hypotheses to explain our find-
ings: (1) the CNS uses different combinations
of sensory and motor strategies to maintain
postural control depending on the difficulty
of the postural task, (2) external perturbations
increase the attentional demands for regulat-
ing body sway, and (3) ankle proprioception
plays a smaller role in movement strategies
after plantar flexor muscle fatigue, especially
in postural tasks carried out under perturbed
conditions.

There were several limitations in the current
study. The participants were all young women
who were not good and complete indicators for
the community subjects. Moreover, the fatigue
was not measured with an accurate method
such as electromyography. In addition, joint
kinematics and ankle proprioception have not
been evaluated in this investigation. Howev-
er, this study evaluated the effects of plantar
flexor muscles fatigue on the postural control
during a challenging condition (unexpected
perturbation), i.e. in an experimental situation
that has not been used in many previous stud-
ies.

Conclusion

The present experiments showed that per-
turbation can increase postural sway when the
plantar flexor muscles are fatigued. In the fa-
tigue condition, the CNS may decrease its reli-
ance on proprioceptive information from the
ankles in more difficult postural tasks, and the
use of other sensory inputs as well as motor
outputs to provide a more reliable strategy to
regulate postural sway.
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