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Objective: To determine the effects of lower limb muscle fatigue on spatiotemporal gait pa-
rameters and turning difficulty characteristics during the extended Timed Up and Go (extend-
ed TUG) test in individuals with different severity stages of Parkinson's disease (PD).
Methods: Forty individuals with PD, classified as Hoehn and Yahr (H&tY) stages 2 and 3 par-
ticipated in this pre- and post-experimental study design. The participants performed a con-
tinuous sit-to-stand task from a chair based on 30 cycles/min set-up to induce lower limb
muscle fatigue. They performed extended TUG test immediately before and after completing
the fatigue protocol. Spatiotemporal gait parameters and turning difficulty characteristics
were recorded using two GoPro® Hero 4 Silver cameras. Data were subjected to a repeat-
ed-measure ANOVA.

Results: Individuals with PD experience significant changes in spatiotemporal gait parame-
ters, specifically stride velocity and length, under conditions of lower limb muscle fatigue
(p=0.001). These changes were more pronounced in individuals with PD in the H&Y stage 3
group. Additionally, both PD groups exhibited difficulty with turning, requiring more than five
steps to complete a 180° turn and taking more than 3 seconds to accomplish it.

Conclusion: These findings highlight the impact of muscle fatigue on gait performance in PD
and suggest that individuals in later stages of the disease may be particularly affected. Fur-
ther research is needed to explore interventions that can mitigate these gait impairments and
improve mobility in individuals with PD.
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the need for a complex integration among different motor con-

trol mechanisms [1]. Turning task requires the central nervous

Turning during walking is a challenging locomotor task due to
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system to coordinate several body components to help change
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the direction while preserving the postural stability in the me-
dio-lateral direction and continuing the ongoing step cycle [2].
A turn changes the direction of walking with a top-down coor-
dination that begins with head rotation, followed by the trunk,
pelvis, and feet, with body parts moving toward the inner side
of the turn [3]. Difficulty in turning is one of the early gait ab-
normalities in individuals with Parkinson’s disease (PD). These
individuals suffer from several gait challenges during straight
walking and turning while walking, which are even more chal-
lenging in the early stages of the disease [1,4]. As the disease
progresses, individuals with PD present with reduced gait speed
followed by shuffling gait and shorter steps, diminished arm
swings bilaterally, and slower “en-bloc” turns, making it difficult
to navigate turns or change in direction [5]. This phenomenon
can result in falls due to losing balance when the patient sud-
denly stops moving or becomes unsteady.

Gait performance is influenced by age, gait speed, depres-
sion, fatigue, motor severity, executive function, and attention.
These factors can exacerbate motor symptoms like bradyki-
nesia, rigidity, and postural instability, leading to difficulty
initiating and maintaining a steady gait [6]. Fatigue can further
impair gait function in individuals with PD. Muscle strength
and coordination may decrease, leading to increased difficulty
initiating and maintaining a steady gait [7]. Furthermore, lower
limb muscle fatigue among individuals with PD may limit their
ability to pass or cross an obstacle [8]. A new segmental organi-
zation is required to maintain motor performance, as indicated
by changes in spatiotemporal gait parameters during muscle
fatigue [9]. Therefore, individuals with PD may demonstrate
further spatiotemporal gait adjustments due to greater muscle
fatigue and deterioration in motor control mechanisms [10].

Muscle fatigue among individuals with PD has gained in-
creasing attention. An earlier study demonstrated no clear as-
sociation between gait and gait-related activities and fatigue in
people with PD [11]. By contrast, individuals with PD showed
increased stride length and speed, reduced stride duration, and
vertical braking impulses [12]. Another study found that lower
limb muscle fatigue has contributed to slower walking speed
among individuals with PD [13]. However, no significant de-
cline in gait characteristics has been reported following lower
limb muscle fatigue [14]. The discrepancies in existing studies
may be due to differences in inducing fatigue protocols, out-
come measures used, group of muscles measured, and patient
characteristics. To date, no study has investigated the effects of
lower limb muscle fatigue on spatiotemporal gait parameters
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during the turning of individual with PD. Therefore, the effects
of fatigue conditions on gait parameters should be investigated
to gain further insights into gait recovery in PD.

The Timed Up and Go (TUG) test has been widely used as a
clinical measure of balance and mobility [15]. This reliable test
determines the ability and time needed to perform basic func-
tional mobility tasks. The TUG test compromises fundamental
activities of daily living, such as standing up, walking for 3 m,
turning around, and sitting back [16-19]. The walking distance
increased from 3 m in the classical TUG to 7 m in the extend-
ed TUG test to improve the ability to capture balance and gait
impairments [20]. The reliability of the extended test was good
[21]. The extended TUG test has a good association with gait
speed and lower limb strength.

A previous study used the TUG test to capture the character-
istics of turning difficulty in the older person [3]. They iden-
tified four indicators of turning difficulty: staggering, absence
of pivoting, taking five or more steps, and taking 3 seconds or
longer to achieve a turn. The characteristics of the TUG test
make it a good tool for determining the effects of muscle fa-
tigue conditions on gait parameters during walking and turning
among individuals with PD. Exploring the characteristics of
turning difficulty due to lower limb muscle fatigue is important
to guide the development of a management plan for individuals
with PD who are at high risk of falling. Therefore, this study
aimed to determine the effects of lower limb muscle fatigue on
spatiotemporal gait parameters during the straight walking and
turning phases of the extended TUG test in individuals with
PD. Another goal was identifying the turning difficulty charac-
teristics after lower limb muscle fatigue. We hypothesized that
lower limb muscle fatigue would lead to a greater effect on gait
parameters for individuals with PD with higher severity than
those with lower severity by using Hoehn and Yahr (H&Y) clas-
sification.

METHODS

Participants

Forty individuals with PD were recruited from a selected gov-
ernment-funded hospital with established services for neurolog-
ical conditions. The effect size was calculated from a previous
study [12]. The estimated sample was 40 participants to provide
90% power, with a risk of type 1 error of 0.05. All participants
signed an informed consent form approved by the Research
Ethics Committee, Universiti Teknologi MARA (REC/44/18)
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and Medical Research Ethics Committee (MREC), Ministry of
Health, Malaysia (NMRR-17-3490-39360 IIR).

The inclusion criteria were as follows: (1) diagnosis of PD
with stages 2 or 3 based on H&Y classification confirmed by a
neurologist; (2) Mini-Mental State Examination score>24; (3)
ability to walk 5 minutes without assistance or use of any aids;
and (4) age between 45 and 80 years at the time of recruitment.
Participants were excluded from the study if they presented
visual field defects based on confrontation technique, had other
diseases or injuries that could potentially disturb gait, or had ar-
tificial joints or orthotic devices and unstable co-existing medi-
cal conditions.

Outcome measures

This study used a modified TUG test, referred to hereafter as
an extended TUG test. The extended TUG protocol with 7 m of
walking may have been chosen to provide a longer distance for
assessing gait performance and capture more gait cycles [22].
Furthermore, the 7 m distance may have been considered suffi-
cient for evaluating functional recovery and mobility in certain
populations, such as individuals with PD [23]. The reliability of
the extended TUG test in the estimation of turn and turn-to-sit
was high (p>0.75). A previous study suggested that the extend-
ed TUG test performance is a useful indicator of cognition, mo-
tor function, and quality of life among individuals with PD [20].

Procedures

The participants were instructed not to perform strenuous
physical activity for 48 hours before the testing date. All assess-
ments were conducted with patients in the “on” status, with par-
ticipants taking their medications one hour before the assess-
ment. The assessment procedure was completed within 2 hours
to ensure participants were in the “on” status. The experiment
was conducted in a hospital-based physiotherapy gymnasium.
Participants’ demographic and medical data were collected be-
fore testing. After the clinical assessment, the participants were
asked to perform the extended TUG test [24].

Before testing, the researcher explained and demonstrated
the procedures to the participants. They were required to stand
up from a sitting position (without using their arms) and then
walk at the marked distance of 7 m in a straight line at their
comfortable self-selected speed. At the end of 7 m, the partici-
pants were required to make a 180° turn and then return to the
starting chair and sit. The tester used a stopwatch to measure
the total time needed to complete the extended TUG task. The
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participants were allowed to carry out a one-time practice trial
before the real test, the result of which was not used for analysis.
The participants performed walking tasks thrice at their self-se-
lected speed before the lower limb muscle fatigue protocol.
The average time to complete the test was taken as the baseline
measurement. The participants were allowed to wear their usual
footwear. The layout for the extended TUG test was marked on
the floor (7 m and turning areas), and these marks were clearly
shown to the participants.

The lower limb muscle fatigue protocol was adopted from a
previous study, in which the participants performed a continu-
ous sit-to-stand task from a chair with arms across the chest re-
gion to induce lower limb muscle fatigue [12]. A standard chair
without armrests was used in this task (43 cm in height, 41 cm
in width, and 42 cm in depth). A metronome with 30 cycles/
min set-up was used to control the frequency of the sit-to-stand
movement. The instructions to the participants were as follows:
“with the beat of a metronome, please stand up into an upright
position and then sit down; and repeat the task until you can
no longer perform the task” Initially, the tester demonstrated to
the participants the whole procedure, and the participants were
allowed a one-time trial as familiarization. During the fatigue
protocol, the assessor verbally encouraged the participants to
continue the task until they felt too exhausted to do more repe-
titions. The participants were stopped from continuing the task
when they met one of the following criteria: the task frequency
was less than 30 cycles/min after encouragement, after 30 min-
utes of the sit-to-stand task, or when the participants indicated
their inability to continue. The time needed to feel muscle fa-
tigue was recorded using a digital stopwatch.

Given the possibility that this lower limb muscle fatigue pro-
tocol could exacerbate fatigue perception among the partici-
pants, the Borg Rating of Perceived Exertion was used to ensure
that the participants did not indicate their perception of fatigue
as their lower limb muscle fatigue. If the participants indicated
their perception of fatigue before the lower limb muscle became
fatigued, then they were allowed to rest. The lower limb mus-
cle fatigue protocol was started again once their perception of
fatigue was recovered. While the participants were performing
the sit-to-stand task, their oxygen saturation level was moni-
tored using a pulse oximeter. A small decrement in oxygen sat-
uration level was allowed to stay at 294% throughout the fatigue
protocol to ensure that the participants did not indicate their
poor exercise tolerance as lower limb muscle fatigue. The asses-
sor encouraged the participants to continue the sit-to-stand task



if they were notified that their lower limbs had reached fatigue
condition, but the oxygen saturation level was still above 94%.
The walking task was carried out immediately after the fatigue
protocol. The participants performed the extended TUG test
immediately after the lower limb muscle fatigue protocol. The
participants performed the walking task in less than 3 minutes
after the fatigue protocol to prevent the full recovery of muscles.

Spatiotemporal gait parameters were captured using two
digital video cameras. Two GoPro® Hero 4 Silver (GoPro Inc.)
cameras were placed in the sagittal plane and used to capture
data at 120 fps on a “normal” lens setting. Previous studies have
suggested that digital video cameras, including GoPro cameras,
can offer accurate and dependable measurements for gait anal-
ysis [25,26]. The video cameras were positioned on the right
side of the participants at 5 m in the sagittal plane pathway. One
video camera was positioned in the middle of the 7 m walking
pathway, and another was set up at the turning area. The video
cameras were mounted on a tripod to reduce the parallax error.
The position of the video cameras was unaltered for the whole

data collection process.

Data analysis

The recorded video was analyzed using a previously reported
method [27]. Kinovea 0.8.15 (Kinovea.org) software was used
to analyze the videos and determine step length and time.
Stride length, stride time, and stride velocity were calculated
using the following derived formulas: (1) stride length=left step
length+right step length, (2) stride time=left step time+right
step time, and (3) velocity=stride length/stride time.

The recorded videos were viewed and analyzed by two phys-
iotherapists (mean years of working experience >9) with expe-
rience in gait evaluation of neurological patients to determine
gait characteristics. A methodology published previously was
used to describe the 180° turning characteristics [3]. The eval-

uators were given a form containing category definitions and

Table 1. Demographic data of the participants
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descriptions for each level. The principal investigator discussed
and clarified the keyword with the evaluators. The principal
investigator also viewed the sample video with the evaluators
to ensure it was analyzed according to category definitions and
descriptions. The evaluators viewed the recorded video individ-
ually in random order to prevent bias. The analyses were orga-
nized according to (1) the time and number of steps taken to
complete the extended TUG test and (2) the time and number
of steps taken to accomplish the turning phase of the extend-
ed TUG test. Turning difficulty characteristics were evaluated
according to (1) the presence or absence of staggering during
the turn; (2) the type of turn or strategy used to accomplish the
turn; (3) the number of steps or weight shifts taken during the
turn; and (4) the amount of time taken to accomplish the turn.
If the disagreement persists after discussion, a third reviewer
or an expert in the field is brought in to independently evaluate
the indicators of turning difficulty. The intra-rater reliability of
the turning difficulty in our sample was determined to be good,
with intraclass correlation coefficients ranging from 0.83 to 0.88.

Statistical analysis was conducted using IBM SPSS statistical
version 26.0 (IBM Corp.). Descriptive statistics were calcu-
lated, and tests for normality were conducted for all outcome
variables. Repeated-measures ANOVA was used to analyze gait
parameters across condition (pre- and post-lower limbs fatigue
protocol) and group (H&Y 2 and 3). Post-hoc Bonferroni com-
parison was performed when the repeated-measure ANOVA
test revealed a significant difference (p<0.05).

The turning difficulty characteristics were calculated in per-

centage.

RESULTS

The characteristics of the participants are presented in Table 1.
A total of 40 individuals with PD participated in this study, with
20 participants in H&Y stage 2 and 20 participants in H&Y

Hoehn and Yahr group

Description Stage 2 (n=20) Stage 3 (n=20) p-value
Age (yr) 68.9+6.97 69.85+6.18 0.651
Disease duration (mo) 15.2+6.06 20.35+5.08 0.006
Height (m) 1.64+0.05 1.63+0.06 0.687
Weight (kg) 68.91+4.16 68.69+3.61 0.862
Body mass index (kg/m?) 25.25+1.53 28.85+1.05 0.337
Time to muscle fatigue (s) 199.85+30.22 186.8+38.30 0.239

Values are presented as mean+tstandard deviation.
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stage 3. Out of the 40 participants, approximately 82.5% identi-
fied as male. No statistical differences were found in age, disease
duration, height, weight, body mass index, and time to fatigue
of the lower limb muscles between the two groups.

As shown in Table 2, individuals with PD in the H&Y stage
3 group required a longer time and a higher number of steps
to complete the walking task (group effect, both p=0.001). The
time and the number of steps to complete the extended TUG
task significantly increased after lower limb muscle fatigue
(condition effect, both p=0.001). The effect was similar for both
groups (conditionxgroup interaction, p>0.05).

Individuals with PD in the H&Y stage 3 group presented sig-
nificantly shorter stride length, longer stride time, and slower
stride velocity during the walking task after lower limb muscle
fatigue condition (group effect, all p=0.001) compared with
those in the H&Y stage 2 group. Significant increases were
found in the stride length, decreased stride time, and reduced
stride velocity during the walking task after lower limb mus-
cle fatigue (condition effect, all p=0.001). The effect on stride
length and stride time was similar for both groups (condi-
tionxgroup interaction, p>0.05). However, significant interac-
tion effect was detected for stride velocity between both groups

Table 2. Spatiotemporal gait parameters during extended TUG test

Muscle Fatigue Alters Gait and Turning in Parkinson’s Disease

(conditionxgroup interaction, p=0.001).

Individuals with PD in the H&Y stage 3 group required sig-
nificantly longer time and more steps to accomplish the turn
during the extended TUG test (group effect, both p=0.001). The
time and number of steps to accomplish turning the during ex-
tended TUG test significantly increased after lower limb muscle
fatigue (condition effect, both p=0.001). The effect was similar
for both groups (conditionxgroup interaction, p>0.05).

As shown in Table 3, only two to three participants for each
group showed staggering during the turn. Individuals with
PD in the H&Y stage 3 group were presented with an absence
of pivoting during the turn (80.0%) compared with those in
the H&Y stage 2 group (35.0%). Both groups took more steps
and time to accomplish the turn, indicating turning difficulty
(100%).

DISCUSSION

This study aimed to determine the effects of lower limb muscle
fatigue on spatiotemporal gait parameters and turning difficulty
indicators during the extended TUG test among individuals
with PD in H&Y stages 2 and 3. We found several important

Stage 2 (n=20) Stage 3 (n=20) p-value
Variable Pre Post Pre Post V\]iﬂ;;rcltgrr oup Betwft:l iltlogrr oup Interaction
Extended TUG time (sec) 25.91+3.06 29.69+3.36 34.30+3.03 37.94+3.13 0.001* 0.001* 0.527
Extended TUG NOS 38.4+6.70 35.75+6.73 41.5+3.25 38.45+3.15 0.001* 0.001* 0.159
Stride length (cm) 116.36+9.71 120.97+9.84 90.14+7.9 95.06+8.37 0.001* 0.001* 0.343
Stride time (s) 1.95+0.62 1.51+0.45 3.21+0.77 2.95+0.54 0.001* 0.001* 0.681
Stride velocity (cm/s) 65.41+£20.87 86.34+24.45 29.4616.67 33.29+6.91 0.001* 0.001* 0.001*
Turning time (s) 3.78+0.76 5.24+0.86 5.53+0.64 7.60£1.22 0.001* 0.001* 0.074
Turning steps 4.55+0.51 7.15%£1.35 6.5+0.83 8.00+0.92 0.001* 0.001* 0.374
Values are presented as meantstandard deviation.
TUG, Timed Up and Go; NOS, number of steps.
*The significance level was set at p<0.05.
Table 3. Indicators of turning difficulty
H&Y group
Category Pre-fatigue Post-fatigue
H&Y 2 (n=20) H&Y 3 (n=20) H&Y 2 (n=20) H&Y 3 (n=20)
Staggering during the turn 2(10.0) 3(15.0) 2(10.0) 3(15.0)
Absence of pivoting during the turn 5(25.0) 10 (50.0) 7(35.0) 16 (80.0)
Using 5 or more steps or weight shift to accomplish the turn 11(55.0) 12 (60.0) 20 (100) 20 (100)
Taking 3 seconds or longer to accomplish the turn 11 (55.0) 12 (60.0) 20 (100) 20 (100)

Values are presented as number (%).
H&Y, Hoehn and Yahr.
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findings. First, the PD groups showed significant spatiotem-
poral gait parameter changes under lower limb muscle fatigue
conditions. Second, the stride velocity and length significantly
increased after lower limb muscle fatigue. Third, the fatigue-re-
lated gait changes were more remarkable in individuals with PD
in the H&Y stage 3 group. Lastly, both groups presented with
turning difficulty; that is, they had nearly more than five steps
to accomplish a 180° turn, and it took them more than 3 sec-
onds to accomplish.

Individuals with PD in H&Y stages 2 and 3 experienced
fatigue-related changes in spatiotemporal gait parameters,
including increased stride length, decreased stride time, and
reduced stride velocity during the walking task after lower limb
muscle fatigue. This finding is possibly due to general hip and
knee weakness and decreased ankle torque generation in the
ankle among individuals with PD compared with controls [28].
These gait parameter changes could be an attempt to improve
balance control in the anterior-posterior direction. The anterior
margin of safety is negative during walking, which would cause
a forward fall if the base of the support is not shifted forward
by taking a further step [29]. Furthermore, increasing the step
length during gait may retain the center of mass on the base of
the support by decreasing the magnitude of the negative mar-
gin, making it easier to stop in a single step and avoid falling
forward [29,30]. Similar changes in stride length after lower
limb muscle fatigue were found in related studies [31,32]. Al-
though the increase in stride length was small (~4 cm), it is still
clinically relevant to individuals with PD. The possible explana-
tion for this finding is that longer strides require more muscle
activation, which could be a problem due to muscle weakness
in this population [10].

Interestingly, the results reveal that the stride velocity and
length significantly increased after lower limb muscle fatigue.
The results are in line with the previous study that found both
healthy individuals and patients with PD increased stride length
and velocity after lower limb muscle fatigue [12]. Additionally,
muscle fatigue decreased stride length in young adults and in-
creased stride length in older adults [33]. This could be due to
the fact that the body often employs compensation mechanisms
to overcome muscle fatigue and maintain performance. These
compensatory strategies may involve recruiting additional mus-
cles or modifying movement patterns to generate the necessary
force and velocity. Fatigue can also alter the biomechanics of
movement, potentially leading to a stiffer and more propulsive
gait pattern, allowing for a faster stride velocity. Additionally,
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muscle fatigue can decrease the ability of lower limb muscles to
absorb and dissipate forces during the stance phase of gait, lead-
ing to a compensatory adoption of a stiffer and more propulsive
gait pattern [34].

The interaction between the PD stage and fatigue can indeed
have a significant impact on stride velocity. PD is a progres-
sive neurodegenerative disorder that affects the motor system
responsible for controlling movement. Fatigue is a common
symptom experienced by individuals with PD, which can
further exacerbate the motor difficulties associated with the
condition [35]. Additionally, the slow and shuffling gait in PD
is associated with an inability to generate an appropriate stride
length, while the cadence remains normal or increased to reach
a normal gait velocity. Fatigue in PD can further contribute to
gait dysfunction, as patients with PD are more susceptible to
muscle fatigue, which can damage their gait [12]. Therefore,
the PD stage and fatigue combination can significantly impact
stride velocity in individuals with PD.

In this study, individuals with PD in the H&Y stage 3 group
were presented with shorter stride lengths than those in the
H&Y stage 2 group. This finding is expected because quadriceps
muscle strength and activation deficits correlate strongly with
PD severity [10]. Although the fatigue protocol used is most
likely to affect the entire leg muscles and not specific muscles,
it could affect mainly the quadriceps muscles. As reported in a
previous study using a similar fatigue protocol, the knee exten-
sion strength was reduced after the lower limb muscle fatigue
protocol [36]. Another study that used a similar fatigue proto-
col reported a marked decrease in lower limb muscle strength
among individuals with PD in a fatigued state [37]. Therefore,
small adjustments are clinically essential to avoid falls during
walking under the fatigued muscle condition.

The stride time decreased with lower limb muscle fatigue.
Previous work reported similar trends, in which individuals
with PD had reduced stride time while walking in a fatigued
state [12]. The stride time decreased under external perturba-
tions [38]. Furthermore, reducing the parameter would enhance
the center of mass control and promote postural control in the
anteroposterior and mediolateral directions, which appear to be
the preferred strategy to deal with balance threats [38].

Increased stride length and reduced stride duration con-
tributed to increased walking speed, possibly leading to more
gait stability [39]. This finding broadly supports the work of
another study; however, the mean stride velocity in the present
study was considerably slower than that in a previous study
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(132.26+22.85) [12]. In line with the present findings, the gait
speed with muscle fatigue increased in healthy older people [33].
Increased gait speed is associated with an increased risk of falls.
However, the changes in stride length and duration are more
critical in balance control than the resulting gait speed [38], and
the stability of the gait pattern may be improved with a higher
gait speed [39].

A significant increase in the number of steps and a longer
time to complete the turning were observed among individuals
with PD in this study. Similarly, previous work reported that
the dynamic stability of individuals with PD was significantly
smaller during fast turning. Thus, more time is taken for more
dynamic stability during turning [40]. The same study reported
that individuals with PD can turn more accurately at slow and
preferred speeds. Another research indicated that individuals
with early untreated PD can have a normal duration of the TUG
test even though the 180° turn within the test was significantly
slower than normal [4].

The timing deficit among the PD population is caused by
faulty control of bilateral coordination [41]. Furthermore, a lon-
ger time to complete a turn is linked with freezing episodes [42].
However, none of the individuals with PD in the present study
showed freezing episodes during walking and turning. Above
all, the slower turning speeds of individuals with PD during
turning angles might reflect a compensatory strategy to prevent
dynamic postural instability [40]. Another study highlighted
that the typical gait features of PD are more pronounced during
turning than forward walking, especially in confined environ-
ments [43].

This study found that individuals with PD have been ob-
served to experience increased turning difficulty following fa-
tigue-induced fatigue simulation. Several studies have reported
that fatigue can exacerbate motor symptoms in individuals with
PD, including difficulties with turning [44,45]. They significant-
ly took =5 steps to accomplish a turn under lower limb muscle
fatigue conditions. Consistently, previous findings showed that
individuals with PD without lower limb muscle fatigue took >4
steps to complete a turn [46]. The same study reported that in-
dividuals with PD have a longer turn time (>2 seconds) without
being influenced by lower limb muscle fatigue. Moreover, indi-
viduals with PD in this study took 23 seconds to complete the
turning task under lower limb muscle fatigue condition.

Although the results are relevant, this study has certain lim-
itations that should be addressed. Several methodological fac-
tors should be considered because they can limit the capacity of
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the study to compare the findings with previous articles. First,
the lack of control groups may hinder some statements about
whether changes occur due to the fatigue protocol or another
uncontrolled factor (i.e., learning effect or the time duration of
experimental procedures). Practice learning effects may have
occurred before or after testing. Second, the reduced time for
individuals with PD to perform the lower limb muscle fatigue
protocol may have limited the ability to draw meaningful con-
clusions. The reduced time could have led to an exacerbated
fatigue perception and may not have been sufficient to cause
muscle overload and induce metabolic fatigue. PD-related apa-
thy or fear of post-exercise soreness or tiredness was a strategy
that enabled them to achieve lower limb muscle fatigue more
quickly during the fatiguing session without providing the re-
searcher with a clear indication that they were acutely fatigued.
Third, other lower limb muscles may be involved and have been
fatigued. Even though the protocol most likely affected the en-
tire legs and not just the specific muscles, the fatigue of other
leg muscles, e.g., ankle muscles (triceps surae muscle), might
have other (more pronounced) effects. Fourth, the study’s use of
a GoPro camera instead of a force plate and three-dimensional
camera may not adequately capture the complexities of gait
patterns and mechanics, making applying the study's results to
broader contexts challenging.

In conclusion, lower limb muscle fatigue affects spatiotem-
poral gait parameters among individuals with PD. Both groups
demonstrated gait parameter changes that could be viewed as
an attempt to improve balance and walking safety following
lower limb muscle fatigue. Results indicated that individuals
with PD in the H&Y stage 3 group had more difficulty turning
while walking under lower limb muscle fatigued states than in
the H&Y stage 2 group. These findings indicated an attempt to
preserve balance and safety, probably to counteract the adverse
effects of lower limb muscle fatigue. However, the gait adjust-
ments could expose individuals with PD to a high risk of fall-
ing. Furthermore, the findings, coupled with a study reporting
on the potential alteration of postural control in fatigued states
among individuals with PD, strongly indicate that lower limb
muscle fatigue has a measurable clinical effect on stability and
potentially on the risk of falls among individuals with PD.
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