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Abstract

To determine how lateral shuffling/lateral shuffle (LS) -induced
fatigue affects ankle proprioception and countermovement jump
(CM]J) performance. Eighteen male college athletes performed 6
modes of a repeated LS protocol with 2 distances (2.5 and 5 m)
and 3 speeds (1.6, 1.8, and 2.0 m/s). After LS, ankle inversion
proprioception (AIP) was measured using the active movement
extent discrimination apparatus (AMEDA). CMJ, blood lactate
(BLa), heart rate (HR) and rating of perceived exertion (RPE)
were measured before and after LS. The number of changes of
direction (CODs) in each protocol was recorded. LS-induced fa-
tigue was evident in BLa, HR and RPE (all p < 0.05), increasing
with shorter shuffle distance and faster speed. RM-ANOVA
showed a significant distance main effect on both AIP (p <0.01)
and CMJ (p < 0.05), but the speed main effect was only signifi-
cant for CMJ (p < 0.001), not AIP (p = 0.87). CMJ performance
was correlated with BLa, HR and RPE (r values range from —0.62
to -0.32, all p <0.001). AIP was only correlated with CODs (r =
-0.251, p < 0.01). These results suggested that in LS, shorter dis-
tance, regardless of speed, was associated with worse AIP,
whereas subsequent CMJ performance was affected by both LS
distance and speed. Hence, AIP performance was not related to
physiological fatigue, but CMJ performance was. Results imply
that LS affects processing proprioceptive input and producing
muscular output differently, and that these two aspects of neuro-
muscular control are affected by physiological fatigue to varying
degrees. These findings have implications for injury prevention
and performance enhancement.
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Introduction

The lateral shuffle (LS), in which requires athletes to shuf-
fle quickly to move laterally over short distances, change
direction, and perform high-intensity start-stop actions, is
a common movement pattern in sport activities (Subrama-
nium et al., 2021). A previous study demonstrated that soc-
cer players engage in LS for approximately 3.9-4.5% of to-
tal game time, while basketball players engage in LS for
approximately 18.1-42.1% of game duration, highlighting
the importance of LS in these games (Taylor et al., 2017).
In addition, studies have noted more than 300 instances of
LS occuring in a single basketball game, and each high-
intensity LS may cover distances ranging from 2.28 to 4.24
meters (Scanlan et al., 2011; Taylor et al., 2017). During

LS, athletes need to effectively control their center of grav-
ity with varying shuffle speed and distance, so as to cope
with different situations in the field (Wu et al., 2022). The
intense LS associated with a high number of CODs usually
causes varying degrees of fatigue in athletes, which may
affect their neuromuscular control, resulting in increased
injury risk and impaired sports performance (Taylor et al.,
2017).

Fatigue is a multifaceted phenomenon, encompass-
ing a decline in muscular force and a reduction in physio-
logical and psychological function (Bestwick-Stevenson et
al., 2022). Understanding of the mechanism of fatigue and
its effects on neuromuscular control, including processing
proprioceptive input and making muscular output, has im-
portant implications for successful injury prevention and
sport performance enhancement (Thorpe et al., 2017).
Some previous research has investigated the effects of fa-
tigue on lower limb proprioception (Voight et al., 1996;
Miura et al., 2004; Ribeiro et al., 2011), however, the find-
ings are not consistent. For instance, Ribeiro et al., found
knee joint proprioception was significantly decreased after
volleyball game-induced fatigue (Ribeiro et al., 2008). Mo-
hammadi and Roozdar et al., similarly found that evertor
fatigue caused a decline in ankle proprioception in soccer
players (Mohammadi and Roozdar, 2010). In contrast,
Chang and colleagues’ reported that neither knee or ankle
proprioception were affected by treadmill running-induced
fatigue in half marathon runners (Chang et al., 2022b).
There are some possible reasons for these inconsistent find-
ings. Notably, the fatigue protocols used in different stud-
ies have varied. Specifically, some employed a relatively
uncontrolled fatiguing protocol, such as a game or match
(Clarke et al., 2015); while others used more controlled
protocols, such as muscle isometric contraction, or tread-
mill running to a certain distance (Chang et al., 2022a).
Second, the level of fatigue was controlled differently.
Some studies used subjective measures, such as rating of
perceived exertion (RPE) (Thorpe et al., 2015), while oth-
ers used more objective markers, such as blood lactate
(BLa) (Chang et al., 2022b). Further, the differing demands
of different sports may serve as a reason. For example, vol-
leyball players often engage in multiple jumps during
matches, which could be a contributing factor to decreased
proprioception in the knee joint (Ribeiro et al., 2008). More
importantly, the proprioception assessment methods
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employed have varied between studies (Han et al., 2016).
For measuring proprioception, threshold to detection of
passive motion, joint position reproduction, and active
movement extent discrimination assessment (AMEDA) are
commonly used (Han et al., 2016). The first two methods
require participants to be placed on an isokinetic dyna-
mometer system to sense the applied ankle position, with
vision and audition blocked (Han et al., 2016). However,
these methods have been criticized for their limited ecolog-
ical validity (Han et al., 2016). By contrast, the AMEDA
has become a more widely used assessment for sports per-
formance due to its ease of use and greater similarity to
normal movements, or ecological validity. It produces
scores that have been found to be sensitive to injuries at the
ankle that affect active proprioception (Han et al., 2014).
Evidence has suggested that the results from these different
testing methods are not correlated (Han et al., 2016), im-
plying that the neurophysiological process underlying
these proprioceptive tests may be distinct. Therefore, in or-
der to better understand the effect of fatigue on propriocep-
tive ability, the testing method selected should be the most
sensitive one available.

In terms of the effect of fatigue on muscular output,
neuromuscular indicators such as maximal voluntary con-
traction force, peak power, vertical jump performance, and
action speed have all been found to be significantly de-
creased after fatigue (Raeder et al., 2016). The counter-
movement jump (CMJ), a fundamental movement in a
wide range of sports (Gathercole et al., 2015; Alba-Jimé-
nez et al., 2022), has often been used as a way of detecting
neuromuscular output function, due to its straightforward
and rapid testing process, and high practicality (Thorpe et
al., 2017). However, the effect of fatigue caused by differ-
ent modes of exercise on CMJ is not well understood.

LS involves a continuous engagement of the lower
limb muscles in the stretch-shortening cycle (SSC) (Nicol
et al., 2006). Studies indicate that SSC movements could
induce neuromuscular fatigue (NMF) (Wadden et al.,
2012), as characterized by a reduction in maximal volun-
tary contraction force or an inability to generate an ex-
pected force or power (Gandevia, 2001; Boyas and Guével,
2011; Place and Millet, 2020). In several team and racket
sports, the amount of changes of direction, cutting, and
shuffling can cause severe NMF in athletes (Thorpe et al.,
2017; Alba-Jiménez et al., 2022), potentially elevating in-
jury risk, particularly to the ankle joint (Herbaut and Delan-
noy, 2020). Currently, there is little research exploring the
effects of LS-induced fatigue on neuromuscular control,
including both the processing of proprioceptive input and
muscular output aspects. Although LS can vary in both
speed and distance with the movement control require-
ments in different sports, how these two factors in combi-
nation affect neuromuscular control is largely unknown.

Accordingly, the current study included LS-induced
fatigue protocols using different distances and speeds. The
primary objectives of this study were 1) to assess the im-
pact of LS-induced fatigue at varying speeds and distances
on AIP and CMJ; and 2) to explore the relationships be-
tween fatigue and AIP, and fatigue and CMJ performance.
We hypothesized that 1) both AIP and CMJ performance

would significantly decrease with LS-induced fatigue, re-
gardless of distance and speed conditions; and 2) both AIP
and CMJ performance would be correlated with degree of
LS-induced fatigue.

Methods

Participants

Eighteen young male college athletes (age 21.3 + 1.8 yrs,
body mass 72.8 + 8.5 kg, height 177.4 £ 5.8 cm, mean +
SD) participated. They included six basketball, six soccer
and six tennis players, as previous research has shown that
LS is a common way of moving in these sports (Kovacs,
2009; Taylor et al., 2017). Inclusion criteria were as fol-
lows: 1) to have maintained regular training at least three
times per week over the past four weeks; 2) to be in good
health and not have had any lower limb injuries in the past
six months; 3) to have agreed to do the tests for the exper-
iment and signed the informed consent. All participants
provided the informed consent documents before the for-
mal test and indicated that they understood the whole test
protocol.  Research  Ethics  approval  number:
102772023RT104.

Procedures

Considering that the practical distances used in LS, and the
subtle variations in speed within LS that may lead to a
higher level of difficulty, six distinct lateral movement
(LS) modes were used, characterized by three different
speeds, at two distances (5m, 2.0m/s; Sm, 1.8 m/s; Sm, 1.6
m/s; 2.5m, 2.0 m/s; 2.5m, 1.8 m/s; 2.5m 1.6 m/s). To induce
fatigue, each mode lasted for 3 minutes. The LS mode was
randomly assigned, and to ensure that participants received
adequate rest and to avoid learning effects, there was a
minimum of 48 hours between each test session. The for-
mal test was conducted on a plastic track in an indoor field.
Fatigue indicators were blood lactate (BLa), heart rate
(HR) and rating of perceived exertion (RPE). Neuromus-
cular performance was assessed by the CMJ. AIP was as-
sessed with the AMEDA, and tested after LS. Before the
test, there was a 10-minute standardized warm-up, includ-
ing jogging, dynamic stretching, and three submaximal
CMJs. HR was monitored throughout LS. BLa, CMJ and
RPE were measured before and after the exercise.

The protocol included three speeds at two distances.
Participants modulated their movement speed based on au-
dio prompts and engaged in repeated horizontal move-
ments between two lines (Figure 1). They were required to
move when the audio signal sounded, ensuring that their
body center reached one of the two lines. The prescribed
action involves maintaining a stance where both feet align
with the shoulders, with the knees flexed approximately
60° (Wu et al., 2022). Throughout, testers reminded the
participants to sustain this angle of their knee joints. If par-
ticipants failed to perform the LS according to the protocol
for more than three consecutive times, the test was to be
invalidated. To induce fatigue, the exercise duration was
set at 3 minutes. Given the constrained pace and duration
at each LS distance, longer distances in LS involved more
shuffles and fewer CODs, while faster speeds result in a
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Figure 1. The steps of the repeated lateral shuffle movement. (A) 2.5m lateral movement;
(B) 5m lateral movement; (1) shuffle; (2) cutting; (3)180° change of direction.

higher frequency of CODs. For example, the COD frequen-
cies in 2.5m LS modes are twice those in 5Sm LS modes
when the speed is the same. The number of CODs in the
different lateral movement conditions are as follows: 57
(5m, 1.6 m/s), 64 (5m, 1.8 m/s), 72 (5m, 2.0m/s), 115 (2.5m
1.6 m/s), 129 (2.5m, 1.8 m/s) and 144 (2.5m, 2.0 m/s).

A capillary blood sample was collected from the
participant’s earlobe both before and after LS, and BLa was
analyzed with an EKF lactate analyzer (Biosen S_line,
EKF Diagnostic, Magdeburg, Germany). HR was moni-
tored throughout the LS process (Polar H9, Polar Electro,
Kempele, Finland). Perception of fatigue was evaluated by
the reported RPE (according to Borg’s 6 - 20 scale) (Gao
et al., 2022), using numbers to represent the level of fa-
tigue. RPE was requested and recorded both before and af-
ter the LS.

The average height of CMJs was used to evaluate
NMF. A meta-analysis of 151 studies on CMJ as a means
of detecting NMF found that using the average height of
CMIJ (ES = 0.74) as a fatigue indicator was more sensitive
than using the greatest height (ES = 0.33) (Claudino et al.,
2017). CMJ was measured using a phone app (MY
JUMP2) which has been proven as a reliable tool when
used to measure vertical jump performance [r = 0.99; ICC
= 0.99] (Balsalobre-Fernandez et al., 2015). In the 10-mi-
nute warm-up, participants performed 3 maximal CMIJs
with 30 seconds rest between efforts both before and im-
mediately after LS (Clarke et al., 2015). The loss of aver-
age height of CMJs between the pre-test and post-test
(CMlJioss) was used in the analysis.

The AMEDA was used for assessing ankle proprio-
ception in a free-standing, weightbearing position. Previ-
ous studies have shown that the proprioception ability of
the dominant side is poorer, so only the dominant foot (Wa-
terloo Footedness Questionnaire) was tested (Yang et al.,
2018). A stationary platform and a movable testing plat-
form comprise the AMEDA. The movable testing platform
is equipped with a board that can rotate along the central
axis of the foot and generate an inclined angle, with four
possible angle positions (position 1 = 10°, position 2 = 12°,
position 3 = 14°, position 4 = 16°). Participants perform an

inversion movement with the test foot, determine the inver-
sion depth after reaching the test position, report the appro-
priate number, and return to the starting position (Figure
2). During the formal testing process, participants were re-
quired to stand barefoot on the platform and look straight
ahead. The middle toe of the test foot was aligned with the
axis of the movable testing platform to determine the posi-
tion of the ankle joint. Prior to the formal testing, partici-
pants were shown the four inversion positions of the ankle
joint, for a total of three rounds. Subsequently, during the
test, the four inversion positions were randomly presented
to participants, with each position being judged 10 times.
No feedback as to the correctness of judgments was pro-
vided.

AmyWA

AMEDA -

(b) one of the testing position

Am\W A

AMEDA -

(a) starting position

Figure 2. Ankle inversion proprioception assessed by the
AMEDA. Abbreviation: AMEDA, active movement extent discrimina-
tion apparatus.

Statistical analysis

The descriptive data are presented as mean + standard de-
viation (SD). Normality of the data distribution and homo-
geneity of variance were assessed using the Shapiro-Wilk
and Levene methods, respectively. The area under the re-
ceiver operating curve (AUC) was used to determine AIP.
The mean of 3 pair-wise AUC scores was calculated for the
total score, which represents ability to discriminate be-
tween adjacent positions on the test. AUC values can range
from 0.5 (chance responding) to 1.0 (perfect discrimina-
tion). Repeated Measures Analysis of Variance (RM-
ANOVA) was conducted to compare the effects of varying
distances (2.5m and 5m) and speeds (1.6, 1.8, and 2.0m/s)
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and sports (basketball, soccer, and tennis) on ankle propri-
oception scores. Partial Eta Squared (13) was calculated as
the effect size index. Pearson correlation analysis was em-
ployed to examine the relationship between HR, BLa,
CMlJioss, RPE, and AIP. The magnitude of the correlation
between test indicators was categorized as follows: < 0.1
(trivial); 0.1 - 0.3 (small); 0.3 - 0.5 (moderate); 0.5 - 0.7
(large); 0.7 - 0.9 (very large) and 0.9 - 1.0 (almost perfect).
The paired sample t-test was used to compare the AUC
score measured between 5Sm and 2.5m distance at different
speeds. Statistical significance was set at p < 0.05. All sta-
tistical analyses were conducted using IBM SPSS software
version 26.0 (IBM, Armonk, New York, USA).

Results

The data revealed a relative increase in BLa, HR, and RPE
with escalating speed, indicating evident physiological and
perceived fatigue. CMJjoss demonstrated that all LS proto-
cols induced NMF (Figure 3). NMF became progressively
more severe with increasing speed, and the 2.5m protocol

induced more pronounced NMF than the 5m protocol at the
same speed. Paired t-test results indicated no significant
difference in ankle proprioception after LS at the Sm or
2.5m distances, at any speed (all p > 0.05).

RM-ANOVA showed a significant distance main
effect for acuity of ankle proprioception (F = 7.351, p <
0.01,n5 = 0.178) and CMJess (F = 5.265, p < 0.05,n5 =
0.134). There was a significant speed main effect for BLa
(F =23.109, p < 0.001, ny= 0.405), HR (F = 4.575, p <
0.05, 12 = 0.119), CMJioss (F = 5.265, p < 0.001, n2 =
0.273), and RPE (F = 8.426, p < 0.001, ng = 0.199), with
no interaction effect between distance and speed for all in-
dicators (all p > 0.05). Sports was not a factor associated
with significant differences in ankle proprioception (all p >
0.05).

Pearson correlation analysis showed that BLa, HR,
CMlJiss, RPE, and CODs were significantly correlated with
each other (all p < 0.05). AIP was not correlated with HR,
BLa, CMlJ,uss, and RPE (all p > 0.05), but AIP was nega-
tively correlated with number of CODs (r = -0.251, p <
0.01).
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Figure 3. Bla, HR, CMJioss, RPE, and AIP with different COD speeds in the Sm and 2.5m distance. Abbreviation: BLa, blood lactate
concentration (mmol-L™"); HR, heart rate (bpm); CMlJ,.s, the loss of height of countermovement jumps between pre-test and post-test (cm); RPE, rating
of perceived exertion; AUC, area under the receiver operating characteristic curve (AU).

Discussion

The findings of the current research suggest that lateral
shuffle-induced fatigue affects ankle proprioception and
CM]J performance to varying degrees depending on shuf-
fling speed and distance. Specifically, acuity of ankle pro-
prioception was only affected by LS distance, not speed,
while CMIJ performance was affected by both distance and
speed. Therefore, our initial hypotheses have been partially
supported by the results.

From Figure 3 it is clear that all LS protocols suc-
cessfully induced fatigue, as indicated by the rising trend
with higher speeds for all fatigue-related indicators. How-
ever, the ankle proprioceptive AUC scores did not change
correspondingly with changes in speed during LS at the
same distance. In addition, the AUC score was not corre-
lated with any fatigue indicator. This lack of correlation
between BLa, HR, and RPE and the AUC proprioceptive
acuity score is consistent with findings by Chang et al.,
(Chang et al., 2022b). They found that despite the presence
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of noticeable fatigue after segmented long-distance run-
ning, proprioceptive AUC scores did not correspondingly
decrease and even exhibited a slight increase. This suggests
that the relationship between fatigue and proprioception
may be influenced by factors such as training history and
the adaptability of the nervous system (Chang et al.,
2022b). In addition, we did not find any differences in an-
kle proprioceptive acuity among participants across differ-
ent sports. This was consistent with previous research find-
ings (Han et al., 2015), which showed that there was a cor-
relation between ankle proprioception and different com-
petition levels, but indicated there was no significant dif-
ference in ankle proprioception among athletes from dif-
ferent sports.

A novel finding from the current study is that di-
minished ankle proprioception was significantly correlated
with the number of CODs in each LS protocol, which may
be related to fatigue of specific muscles associated with
CODs. The preliminary function of the peroneus longus
muscle is to evert the ankle, and it plays an important role
in maintaining ankle stability in the process of LS (Otis et
al., 2004). Increased CODs mean more inversion move-
ments of the ankle joint, which may lead to fatigue in the
peroneus longus muscle. This argument is supported by the
evidence that isometric muscle contraction-induced fatigue
can impair ankle proprioception (Mohammadi and Rooz-
dar, 2010). Therefore, our results, together with previous
research, suggest that ankle proprioceptive acuity may not
be affected by physiological fatigue, but can be negatively
affected by repeated ankle inversion movement control,
causing peroneus longus muscle fatigue. This finding high-
lights the importance of peroneus longus muscle strength-
ening in ankle proprioception (Han et al., 2022) and has
implications for ankle sprain prevention in sport. In partic-
ular, more than 300 lateral movements in one basketball
game have been reported (Taylor et al., 2017), partially ex-
plaining the high incidence of lateral ankle sprains in this
sport (McKay, 2001). In addition, previous study has sug-
gested that ankle proprioception might be considered as a
factor in talent identification, not only in adult athletes
(Han et al., 2015), but also in adolescent players (Shi et al.,
2023). Similarly, in the current study we found ankle pro-
prioception was significantly associated with CODs, high-
lighting its importance in sport performance. However,
longitudinal study is needed to determine the validity of
ankle proprioception in talent identification. Thus, as-
sessing and monitoring ankle proprioception change asso-
ciated with fatigue and performance development may be
important in both sport training and talent identification.

Another important finding of our study was that
CM]J performance was significantly correlated with all fa-
tigue indicators, and the decline of CMJ performance was
reflected in all of them. Research has shown that the reflex
input of intramuscular receptors during fatigue may lead to
a decrease in motor unit discharge rate which could de-
crease muscle power output (Gandevia, 2001). The strong
correlation found in this study also supports the use of CMJ
performance as an alternative physiological measure (Wat-
kins et al., 2017).

Our results showed no significant correlation
between AIP and CMJ performance. This is presumably

because CMJ movement performance relies on the large
muscle groups around the hip and knee joints (Suchomel,
Nimphius and Stone, 2016), controlling the joints to move
in the sagittal plane, while the inversion of the ankle joint
is performed in the frontal plane. The lack of correlation
suggests that AIP and CMJ performance may be two dis-
tinct aspects of lower limb neuromuscular control, high-
lighting the need for comprehensive assessments and con-
sidering the unique aspects of each test to gain a more ac-
curate picture of neuromuscular performance and fatigue
levels.

There are some limitations of this study. First, fe-
males were not included because pilot testing showed that
few female athletes could complete the current LS proto-
cols. Future research needs to establish valid testing proto-
cols for female athletes. Second, only three speeds and two
distances were included in our design. However, the speed
and distance of LS in real sports training are often unpre-
dictable and may vary in different sports. Future research
can explore a wider range of speeds and distances in spe-
cific sports to provide more detailed data that inform ath-
letic training. Third, we did not account for changes in joint
work distribution due to fatigue to the knee and hip, and we
were unable to control and assess the actual fatigue experi-
enced by each participant. Future research can use addi-
tional methods to assess fatigue and testing proprioception
in more joints to explore the effects of fatigue on proprio-
ception.

Conclusion

Findings here suggest that physiological fatigue induced by
different LS protocols affects CMJ performance but not an-
kle inversion proprioceptive acuity. In contrast, acuity was
affected by the number of CODs. Therefore, similar move-
ments with varying modes seem to affect processing of
proprioceptive input and muscular output differently, and
these two aspects of neuromuscular control are affected by
physiological fatigue to varying degrees. Monitoring ankle
proprioception for ankle injury prevention may be crucial
in training and competition sports with numerous CODs.
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Key points

ceptive acuity.

ently.

e Repeated lateral shuffle with shorter distance, regardless of
speed, was associated with worse ankle inversion proprio-

e Similar movements with varying modes seem to affect pro-
cessing of proprioceptive input and muscular output differ-

e Ankle inversion proprioceptive acuity was not related to
physiological fatigue, but countermovement jump perfor-
mance was fatigue-affected.
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