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General muscle fatigue changed joint regulations
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This study was aimed at investigating the joint regulations and body sway after general muscle fatigue during tasks that involve both
static and dynamic balance. This cross-sectional study used motion analysis to ascertain the kinematic changes in twelve healthy young
individuals before and after running-induced fatigue. Six linear and nonlinear stability metrics were calculated to assess the whole body
and joint-related variations. Significant instabilities were observed in the hip and specifically in the knee mechanisms and the whole body
during the static condition. Velocity path length and approximate entropy for knee (p = 0.019, p = 0.027) and hip (p = 0.016, p = 0.042)
were significantly greater after fatigue. These parameters for the whole body center of mass were also higher after fatigue (p = 0.013,
p = 0.013). General muscle fatigue did not significantly affect the ankle during static and dynamic standing (p > 0.05). Dynamic stand-
ing did not reveal the effects of fatigue either on local joint regulations or on the whole body except for the nonlinear metrics of the
proximal joints. The knee and hip were adversely affected by fatigue while the ankle strove to compensate for the fatigue-induced

instability.
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1. Introduction

Postural control plays a vital role in both daily and
sports activities [37]. Postural stability refers to the
ability to regulate the center of mass (CoM) within
the base of support to avoid falling in relation to the
supporting base [25], which is not so simple even for
healthy people when faced with internal or external
perturbations [31]. The central nervous system needs
to combine sensory inputs from the visual, vestibular
and somatosensory systems to uphold postural sta-
bility [17]. The literature has made a distinction be-
tween static and dynamic postural balance control.
Static balance control refers to the ability to maintain
balance in a stable environment, such as standing still
on a solid surface [30]. On the other hand, dynamic

balance control refers to the ability of human neuro-
muscular system to adjust the body segments in re-
sponse to sudden changes in environmental conditions.
These changes may include physical perturbations like
movement of the base of support, sensory perturbations
like elimination of visual or somatosensory feedback or
inducing any defect in adequate and prompt muscle
activation [31]. The latter may be induced by some
neuromuscular disorders or by fatigue [26].

Fatigue is defined as a reduction in the ability of
muscles to produce force, which is crucial in postural
control [24]. Apart from the diminished efficiency of
the muscular system, muscle fatigue can also impair
the transmission and/or integration of sensory pro-
prioceptive and environmental information into the
central nervous system [21]. Also, fatigue can disrupt
the transmission of neural signals to the muscles [33]
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or adversely affect neural excitations [38], leading to
postural instability [35]. There are a significant num-
ber of studies exploring the relationship between mus-
cle fatigue and interference with postural stability [23].
These studies have demonstrated that fatigue causes an
increase in postural sway and reduces lower extremity
reaching or weight-shifting performance (i.e., dynamic
balance).

Muscular fatigue may be induced locally or gen-
erally. Local muscle fatigue refers to a reduction in
force generation ability in a specific muscle group that
contributes to standing. Researchers have investigated
the effects of local fatigue on balance, often inducing
fatigue through exercises or isokinetic tasks and then
examining its effect on balance under different condi-
tions such as elimination of vision, and uni-pedal stance
[20], [24]. The literature, however, found no consensus
on the greater effects of fatigue in local muscle groups
on balance [21], [13].

In contrast, general muscular exercises such as
running, cycling or rowing involve multiple joints and
result in spatial movement of the entire body during
standing [10], [32]. General fatigue, regardless of the
cause, can impair the central nervous system’s ability
to regulate exercise and heighten the chances of mus-
cle and bone injuries [27]. To the authors’ knowledge,
there are limited studies that have examined the im-
pact of general fatiguing exercises on postural control.
Zech et al. Investigated the effect of general muscle
fatigue on static and dynamic balance in a series of
athletes and found that fatigue has an impact on static
postural control, but dynamic balance control in healthy
athletes remains largely unaffected [40]. Fatigue, on the
other hand, may affect afferent nerves via decreased
sensory perception, impaired reflexes, increased sensi-
tivity, slowed nerve conduction, increased risk of over-
use injuries, and, of more importance, altered muscle
control by reducing proprioceptive acuity [9], [36].

Maintenance of the balance either in static or in
dynamic modes of postural control needs a prompt
joint work between the neural feedback and muscle
contractions not only in a certain joint but also in all
lower limb muscles and even in the core region. Fa-
tigue of the wide range of muscles by general proto-
cols may have a different impact on the body balance
comparing specific local muscle fatigue conditions.
Therefore, the goal of the present study was to exam-
ine how general muscle fatigue affects the regulation
of lower limb joints and overall stability in both static
and dynamic support surfaces. It was hypothesized
that general muscular fatigue reduces postural stability
by altering typical joint mechanisms that guarantee
the maintenance of balance.

2. Materials and methods

Twelve (six males and six females) healthy adults
(aged 26.5 + 4.1 years, weight of 69.1 + 5.7 kg, and
height of 169 &+ 6 cm) volunteered to participate in this
study. They were recruited from the university and its
dormitories by paper and electronic flyers. The inclu-
sion criteria were age between 18 and 40 years, no
history of nervous, cardiac, muscular or joint-related
disorders, recent injury or surgery and diabetes. The
exclusion criteria were consumption of alcohol or
smoking, professional or college athletic training and
having insomnia the night before the test. The partici-
pants were all students and university staffs. The proto-
col of the test was prepared based on the Declaration of
Helsinki, which was approved by the Committee of
Ethics in medical research of Tarbiat Modares Univer-
sity. The participants received both verbal and written
information and signed the consent form.

The participants were asked to stand in two static
(ST) and dynamic (DY) support surface conditions. In
the ST condition, the participants were asked to stand
quietly on a firm support. The DY condition, how-
ever, used an unstable support which has been formed
by a 40 cm x 45 cm Plexiglas plate that is fixed on
a horizontal semi-ellipse (minor axis radius = 10 cm)
and supported by two similar springs (k = 3.4 kN/m).
The participants, again, were asked to stand barefoot
with legs apart equal to the shoulders width, cross
their arms in front of their chest, look forward and
keep their balance to prevent falling. These balance
tests were performed in two pre- and post-fatigue
conditions. Each test was repeated in three 30-second
trials. The reasons behind the use of this type of dy-
namic conditions referred to the fact that standing on an
unsteady surface causes increased muscular activation
and movement. Such surfaces necessitate a substan-
tially larger increase in lower-leg muscular activation
when standing than a firm floor and it is a difficult
physical task to do even for the healthy young indi-
viduals. The degree of support sway in such perturba-
tions is mutually dependent on the ability of the indi-
viduals which mandates use of more muscles and
standing strategies.

General muscular fatigue was induced for each
participant by an aerobic physical exercise. The par-
ticipants were asked to run on a treadmill for 21 min-
utes with a speed ascending from 2.7 to 9.6 km/h ac-
cording to the Bruce protocol for fatigue (Fig. 1). This
protocol had been compared to other similar ones in
terms of different fatigue indices like the rate of oxy-
gen intake, maximum heart rate, blood pressure, etc. It
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3 x 30-second trials
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Fig. 1. Graphical flowchart of the test. Lighted points on the model illustrate the markers on 5th metatarsal,
lateral malleolus, lateral femoral condyle, greater trochanter and acromion process.
ST (static), DY (dynamic) support surface

was found that there is no significant difference be-
tween the Bruce protocol of fatigue and the others
[34]. The heart rate of the participants was visually
monitored to be greater than 60% of their maximum
rate for the last 10 minutes of the running to assure that
the general muscle fatigue is fulfilled [28]. The maxi-
mum rate of the participants was measured a week
earlier than the test day.

Joint kinematics were registered using motion cap-
ture. A high-speed camera (Casio™ EX-ZR20, Tokyo,
Japan) recorded the motions of the markers at
120 frames/s sampling frequency. Five active LED
markers were attached to the bone landmarks of the
joints (fifth metatarsal, lateral malleolus, lateral femo-
ral condyle, greater trochanter and acromion process)
to determine the joint angles during postural control.
Since the body uses definite joint strategies in main-
taining stability, these markers can properly ascertain
the kinematic changes in postural adjustment [1], [18].
The captured videos were analyzed by a customized
planar image processing code. The extra details about
the motion analysis system are illustrated in Fig. 1.
Although the reliability of planar motion analysis was
previously assessed [11], intra-class correlation coef-
ficients were calculated to show excellent to good
reliability of the present data acquisition.

Having extracted the joint angles, anterior-posterior
displacements of the CoM were calculated by weighted
averaging between the body segments for each partici-
pant. A wide range of metrics including linear and non-
linear metrics was calculated based on the CoM excur-
sions and the joint variations in the lower extremities in
MATLAB (MathWorks Inc., MA, USA). These met-
rics were root mean square (RMS), path length (PL),

velocity path length (VPL), variability (Var), phase
plane portrait (PPP) and approximate entropy (ApEn).
More information about the definitions of these pa-
rameters is developed in papers [2], [7], or Table Al
in the appendix. The body’s CoM was calculated based
on Eq. (1):

CoM =—L——, (1)

where m and x are segmental mass and center of mass
for i = 1, 2 and 3 representing shank, thigh, and trunk
segments. These values were adopted based on the
anthropometric tables [8].

Paired-sampled #-test was used to compare balance
outcomes before and after fatigue in static and dynamic
standing conditions if the distribution of data was normal
based on Shapiro—Wilk test of normality. The signifi-
cance level was set at 0.05 for all statistical analyses.

3. Results

In Table 1, calculated metrics for all test cases based
on the ankle, knee and hip rotations, and the CoM ante-
rior-posterior excursion are presented. Comparison of
the CoM metrics as a global measure of stability with
the local multi-joint coordination unveils the overall
effects of fatigue and support and the possible com-
pensatory mechanisms of the neuro-musculoskeletal
system.
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Table 1. Statistical details (mean + SD) for six metrics of stability in the lower limb joints and CoM
before and after the fatigue in two static and dynamic standing conditions

Before After
Parameter
ankle knee hip CoM ankle knee hip CoM
Static
RMS 29+34 8.8+9.7 2.8+3.5 62+55 2.0+24 9.1+10.3 33+4.1 4.7+2.38
Var 05+04 05+04 04+04 3.1+22 0.5+03 0.6+04 0.5+03 3.1+1.7
PL 08+13 04+0.3 03+0.2 0.1+0.1 0.7+0.7 0.7+04 0.5+03 02+0.1
VPL 04+0.6 02+0.1 02+0.1 .04 +.04 04+0.5 02+0.2 02+0.1 0.1+0.1
PPP 7.5+9.0 48+2.6 43+1.5 1.2+09 84+49 6.7+2.8 57+ 1.7 1.8+0.9
ApEn 02+0.2 0.2=+0.1 02+0.1 0.2=+0.1 0.3+0.1 04+0.1 0.3+0.1 03+0.1
Dynamic
RMS 34+4.1 82+9.6 34+3.7 7.0+£3.5 3.0+£32 7.6+8.8 3.1+£3.1 7.5+2.7
Var 1.0£0.9 1.1£1.0 1.0+£1.2 43+28 1.2+1.2 0.9+0.7 09+0.6 4.7+2.5
PL 14+£13 0.9+0.5 0.6+0.3 02+0.2 19+14 1.0£04 0.7+0.3 03+0.1
VPL 04+03 0.3+0.2 02+0.1 0.1£0.1 04+03 03+0.2 0.3+£0.1 0.1+0.1
PPP 12.0+9.2 83+£34 7.1£2.6 22+1.2 15.6 £8.5 8.8+3.0 7.0£1.9 24+1.1
ApEn 03+0.2 0.3+0.1 03+0.1 0.3+0.1 03+0.2 0.4=+0.1 04+£0.1 03+0.1

Static standing condition

The ankle mechanism in quiet standing cases was
not affected by general muscle fatigue (p > 0.05). Al-
though not significant, the ApEn mean values for the
ankle rotations during quiet standing were more different
(p = 0.069). The same outcomes were achieved in the
dynamic cases of standing, in which none of the postural
metrics showed significant difference before and after
imposing general muscle fatigue (p > 0.184). Statisti-
cal details are presented in Table 2.

Table 2. Statistical comparison between postural metrics
in static and dynamic standing conditions before and after
general muscle fatigue in terms of p-values.

The bold-faced values denote significant effects (p < 0.05)

Fatigue effect p-value
Parameter
ankle ‘ knee | hip ‘ CoM
Static
RMS 0.240 0.454 0.152 0.303
Var 0.876 0.037 0.205 0.868
PL 0.791 0.016 0.051 0.013
VPL 0.555 0.019 0.016 0.013
PPP 0.898 0.027 0.083 0.012
ApEn 0.069 0.027 0.042 0.013
Dynamic
RMS 0.535 0.631 0.598 0.339
Var 0.210 0.404 0.405 0.094
PL 0.308 0.318 0.277 0.322
VPL 0.810 0.156 0.249 0.290
PPP 0.184 0.359 0.845 0.197
ApEn 0.222 0.044 0.006 0.403

The knee mechanism, however, showed a signifi-
cant increase in the postural metrics of stability while
participants stood quietly. Only the RMS values before
and after the fatigue remained unchanged (p = 0.454). In
contrast, variability (p = 0.037, t = -2.37, d = 0.69),
path length (p = 0.016, ¢ = -2.85, d = 0.82), velocity
path length (p = 0.019, t = -2.75, d = 0.79), phase
plane portrait (p = 0.027, t = -2.56, d = 0.74), and
approximate entropy (p = 0.027, t = -2.56, d = 0.74)
were all increased after fatigue. In the dynamic condi-
tion, on the other hand, merely approximate entropy
showed a significant increase (p = 0.044, t = —2.27,
d = 0.65). Other postural metrics were unchanged
after fatigue (p > 0.156).

Local stability metrics related to hip joint rotations
showed increases in velocity path length (p = 0.016,
t = -2.83, d = 0.81) and approximate entropy (p =
0.042, t = -2.29, d = 0.66). Other metrics like vari-
ability, path length, RMS and PPP showed same re-
sults before and after general muscle fatigue (p >
0.051). Dynamic standing on the unstable platform
showed insignificant changes in postural metrics (p >
0.150) unless approximate entropy (p = 0.006, t =
-3.43,d=10.99).

The CoM of the participants’ body in the static
standing condition showed significant increases in
path length (p = 0.013, ¢t = -2.97, d = 0.85), velocity
path length (p =0.013, t=-2.97, d = 0.85), PPP (p =
0.012, t = -2.99, d = 0.86), and approximate entropy
(p=0.012, t =-2.99, d = 0.86). Variability and RMS
of the CoM remained unchanged (p > 0.303). Never-
theless, all postural metrics in the dynamic condition
of standing showed insignificant changes ( p > .094).
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4. Discussion

Postural control requires joint regulations to con-
fine the vertical projection of the center of mass
within the base of support based on the appropriate
muscular recruitment. Depending on postural, envi-
ronmental or sensory conditions, the central nervous
system decides to adjust posture in response to possi-
ble perturbations [2], [6], [16]. Postural adjustment,
which involves a set of changes in body joint posi-
tions commanded by the CNS to reduce CoM move-
ment, may vary depending on the conditions. Standing
in upright, quiet postures may require reducing joint
rotations to limit CoM excursions by inducing more
muscle co-activation. In contrast, standing in a per-
turbed case, such as standing on a narrowed or unsta-
ble support, may require more regulations of the joints
in order to align the horizontal position of the CoM
with the point of rotation [19]. Although the overall
variations of the CoM in these cases may be inher-
ently greater than in quiet or unperturbed conditions,
increasing joint stiffness may not be the right or, at
least, the only strategy at play since the body transfers
the support movement as a rigid body motion to the
center of mass. This may cause a sudden and large
movement of the CoM out of the base of support,
leading to instability or a fall. Therefore, the decisions
of the CNS are closely dependent on the tasks and
situations. The rationale behind selecting two different
support surface conditions in the present study was to
investigate the possible strategies for enhancing body
stiffness during static tasks and adapting postures
during dynamic activities.

Fatigue can affect postural control through disrup-
tion of proprioception and muscle weakness [22],
[33]. It is important to note that fatigue is not task-
dependent, as per its definition [4]; however, its ef-
fects may vary among the conditions. Since the fa-
tigue in this study is generally induced by an aerobic
exercise, the CNS is not forced to adjust the posture to
compensate for local fatigue consequences. Therefore,
the regulations of the joints after general fatiguing
may be more crucial to identify the multi-joint coordi-
nation of the posture after fatigue.

Ankle Joint was surprisingly not affected after the
fatigue. Neither the static nor the dynamic standing con-
dition showed significant changes in all six metrics of
stability. The average ApEn values for ankle move-
ments during quiet standing suggested a tendency for
increased variability, but this distinction did not reach
statistical significance. This finding is not consistent
with the theory proposed by some researchers who

found that inducing fatigue in ankle muscles led to an
increase in postural sway and can considerably impair
the lower joints’ proprioception [3] leading to postural
instability [14]. The primary finding of this study per-
tains to the lack of significant difference in the response
of the CoM to fatigue in the dynamic condition. It dis-
closed that the young participants could overbear the
neural and muscular effects of the fatigue. However, it
did not mean that the body stood firmly. The prosper-
ous limitation of the CoM movements as an index of
stability was fulfilled by considerable adjustment of the
posture. The linear metrics of the stability remained
unchanged during dynamic standing but the nonlinear
one, i.e., approximate entropy was significantly in-
creased in the knee and hip mechanisms. It meant less
regularity in joint rotations. Regarding the same linear
metrics, it might disclose that maintaining the balance
in dynamic conditions is hardly provided.

In this research, we discovered that the knee mecha-
nism had an impact on various metrics related to static
balance, excluding RMS. Following fatigue in the
lower extremities, a significant contrast was observed
between pre-fatigue and post-fatigue states in the knee
and hip mechanisms. There were several studies that
compared proximal muscle fatigue (like hip or lumbar
muscles) with distal ones (like ankle tibialis anterior
and calf muscles) indicating that, during the static
balance tests, the effects of proximal muscles are
greater and the joint regulations are closely dependent
on the task [5]. Li et al. examined the effects of fa-
tigue in badminton athletes. They observed that fa-
tigue was more pronounced in the muscles surround-
ing the knee joint compared to other joints. They
speculated that during fatigue, the nerves activated
additional muscle units to sustain body balance [23].
In another study, Negahban and her colleagues con-
ducted a study to explore the impact of fatigue on the
dynamic balance of individuals suffering from patello-
femoral pain syndrome (PPS). Interestingly, their
findings align closely with our own research [29].
Additionally, Ghram et al. demonstrated in another
study that knee muscle fatigue has a more pronounced
effect on postural control compared to ankle fatigue
[12]. Moreover, Vuillerme et al. suggested that after
fatigue sets in, the central nervous system's reliance
on the ankle may decrease [39]. The similarity in re-
sults between the aforementioned studies and our own
can be attributed to the understanding that the proxi-
mal muscles of the lower extremity play a crucial role
in maintaining balance, especially in challenging
static conditions [15], [35]. Results of the present
study, although in the kinematic framework, were in
coincidence with them.
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This study faced some limitations. First, the par-
ticipants were only entered from the university people
(students and staffs) that their sedentary life styles
should be considered during interpretation of the re-
sults. Second, the participants’ static or dynamic bal-
ance were not assessed before the test, which it had
better to be considered in inclusion criteria. The ex-
aminers supposed that the young healthy adult have
no balance disorder.

5. Conclusions

The present study showed that many features meas-
uring the local joint stabilities or the whole body stability
consistently reveal the vulnerability of the knee and hip
to general muscle fatigue regarding balance maintenance
in static standing. The dynamic standing needed more
joint efforts so that the effects of fatigue were concealed.
However, the nonlinear approximate entropy showed
knee and hip strives to keep the balance.
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Table Al. Definition of the stability metrics used in the study for the generalized parameter x
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Appendix

Parameter Definition Formula Dimension
Root mean square . . %, x}
(RMS) Arithmetic mean of the squares - cm or deg

T —\2
Variability Standard deviation (o) of the parameter Zi(—X)" cm or deg
(Var) n
Path length (PL) Length of the path that a parameter (x) curve owns X — x| cm or deg
Velocity path Path length of the parameter’s first time derivative . .
Yolx., —X
length (VPL) vs. time 1% =% | cm/s or degfs
Phase plane portrait P}anar Sta?dard deviation (a3, ;) of the phase plane R cm or deg
(PPP) (x vs. x diagram) * v
Approximate Amount of regularity and unpredictability of In ref [R1] B
Entropy (ApEn) fluctuations over time-series data
Short-term response| Half of the slope in the linear regression before 1 (Ax%) 2 2
— At < CP.

slope (SRD) the critical point (CP) a @ * em'’s or deg'/s

[R1] PiNcus S.M., GLADSTONE .M., EHRENKRANZ R.A., 4 regularity statistic for medical data analysis, Journal of Clinical Monitoring

and Computing, 1991, Oct. 1, 7 (4), 335-345.
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Fig. Al. Polar representation of the stability metrics for the ankle, knee, and hip rotations and the CoM anterior-posterior excursion.
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The analysis includes nine metrics: a) RMS: The root mean square, b) Var: variability, ¢) PL: path length,

d) VPL: velocity path length, ¢) PPP: phase plane portrait, f) ApEn: the approximate entropy
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