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Background: Individuals with Chronic Ankle Instability (CAl) exhibit increased
injury potential and impaired movement performance, which may be associated
with adaptations in the central nervous system (CNS). However, conventional
CAl rehabilitation primarily concentrates on peripheral interventions, with
limited emphasis on CNS-targeted therapies. Research has shown that
transcranial direct current stimulation (tDCS) is a CNS intervention with the
potential to improve functional deficits among individuals with CAIl. This study
aims to investigate the additional effects of concurrent tDCS based on Bosu
ball training (BBT) on injury potential and movement performance during side-
cutting among individuals with CAl.

Methods: Forty participants with CAl were recruited and randomly divided into
two groups, and received the tDCS + BBT or BBT interventions for 6 weeks, with
three 20-min sessions per week. Before and after the intervention, kinematic and
kinetic data during side-cutting were measured using a twelve-camera motion
capture system and a force plate. Two-way ANOVA with repeated measures was
used to analyze data.

Results: Significant group-by-intervention interactions were detected in the
ankle maximum inversion (p = 0.018, ;72p = 0.162) and internal rotation (p = 0.023,
qu = 0.151) angles, they decreased in both groups from week 0 to week 7, and
the changes were greater in the tDCS + BBT group compared to the BBT group.
Significant main effects of the intervention were shown in the take-off velocity (p
= 0.002, #°, = 0.271), jumping displacement (p < 0.001, 4, = 0.478), and push-
off impulse (p < 0.001, qu = 0.770), they increased in both groups from week
0 to week 7.

Conclusion: Concurrent tDCS based on BBT intervention has additional
effects in reducing injury potential but not in enhancing movement
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performance during side-cutting among individuals with CAIl. Our study
provides new insights for clinically reducing the injury potential among

individuals with CAl.

KEYWORDS

tDCS, injury potential, exercise performance, functional ankle instability, unstable
surface training, cutting movement

1 Introduction

Ankle injuries constitute a prevalent category among sports-
related injuries, accounting for roughly 40% of total occurrences
(Doherty et al., 2014), with lateral ankle sprains (LAS) specifically
comprising a substantial proportion of up to 80% within this
category (Fong et al., 2007). Approximately 70% of individuals
experiencing an acute, incident LAS may progress to develop
chronic ankle instability (CAI) (Gribble et al., 2016), a condition
marked by recurrent ankle sprains, diminished movement
performance, decreased proprioceptive sensitivity, and persistent
symptoms such as pain and inaccurate sensations (Konradsen et al.,
2002; Tropp, 2002; Delahunt et al, 2010; Xue et al., 2021).
Furthermore, an alarming 70% of CAI individuals exhibit
degenerative changes in the ankle joint, including the development
of osteoarthritis (Han et al., 2022; Zhang et al., 2023).

Notably, up to 30% of LAS occur during side-cutting maneuvers
(McKay et al., 2001). Compared with individuals without CAI,
those with CAI exhibit greater ankle inversion and internal
rotation angles during side-cutting maneuvers (Kim et al., 2019;
Simpson et al., 2020). In sports, various factors contribute to a
heightened injury potential (Meeuwisse, 1991). Individuals with
CAI are vulnerable to injuries, especially during side-cutting
maneuvers, due to an increased tendency for ankle inversion and
internal rotation (Li et al., 2019; Zhu et al., 2025). Movement
performance plays a crucial in sports, as it reflects the body’s ability
to meet physical demands through the coordination of take-off
velocity, jump displacement, and push-off impulse (Suchomel et al.,
2016). Specifically, take-oft velocity reflects an individual’s agility
(Morin et al.,, 2015); jump displacement quantifies jumping ability
(Whitting et al., 2013); and push-off impulse reflects lower limb
explosive strength and power output efficiency. In individuals with
CAI common performance impairments include reduced take-off
velocity, shorter jump displacement, and lower push-off impulse,
suggesting impaired force generation and neuromuscular control
(Claudino et al., 2017). These changes directly impair functional
movement abilities, making actions such as running, jumping, and
rapid direction changes difficult to perform (Dos'Santos et al., 2019),
which subsequently impacts daily activities (e.g., stair climbing)
and sports participation. Moreover, long-term abnormal movement
patterns and compensatory strategies may further contribute to
secondary musculoskeletal disorders, such as knee pain and lower
back pain (Terada et al., 2014).

Traditional rehabilitation programs for CAI are typically
symptom-oriented and have been shown to improve issues
associated with CAI, such as weak muscle strength and impaired
proprioception (Alahmari et al., 2021; Wang et al., 2022). However,
studies have shown that traditional interventions have limited
effectiveness in reducing injury potential and improving movement
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performance (Han and Ricard, 2011; Hall et al., 2015). One reason
for the limited clinical effects of traditional interventions may be
the alterations in the central nervous system (CNS) of individuals
with CAI, and this alteration may be a contributing factor to
their functional impairments. The CNS changes among CAI are
primarily due to peripheral mechanoreceptor damage following
recurrent ankle sprains, which triggers abnormal afferent signals.
These signals lead to multilevel neural adaptive reorganization
through the spinal cord-cerebellum-cortex pathway, ultimately
resulting in sensory-motor integration dysfunction and the
consolidation of maladaptive movement patterns (Ward et al,
2015; Needle et al., 2017). Specifically, compared to those without
CAI, individuals with CAI exhibited reduced excitability in the
primary motor cortex (M1) (Needle et al., 2017). Pietrosimone
etal. demonstrated through transcranial magnetic stimulation
(TMS) that individuals with CAI exhibit significantly higher
resting motor thresholds in bilateral peroneus longus muscles
compared to those without CAI, suggesting a reduced cortical motor
excitability among individuals with CAI (Pietrosimone and Gribble,
2012). Nanbancha et al. measured using TMS and observed that,
compared to those without CAI, CAI individuals exhibited reduced
excitability of the M1 (Nanbancha et al., 2019). Additionally, CAI
individuals showed delayed transmission of corticospinal tract
motor signals (Nanbancha et al., 2019). Therefore, there is an urgent
need to develop rational and effective interventions targeting the
CNS among individuals with CAI to promote functional recovery.
Transcranial direct current stimulation (tDCS), a non-invasive
neuro-modulatory technique, stands as a premier approach for
CNS intervention (de Moura et al., 2019). A recent study suggests
that tDCS targeting the M1 may enhance cortical excitability
and muscular activation among individuals with CAI, thereby
facilitating motor function (Bruce et al., 2020). A key consideration
in the application of tDCS is the selection of an appropriate
motor task to pair with it, as the primary purpose of tDCS is to
function as an adjunctive therapy to enhance task learning outcomes
(Stagg and Nitsche, 2011). Bruce et al. investigated the effects of
combined tDCS with eccentric ankle strength training over ten
sessions during a 4-week period, which showed that the tDCS
and eccentric ankle strength training intervention significantly
improved cortical excitability, functional performance, and patient-
reported function among individuals with CAI compared to the
sham stimulation group (Bruce et al., 2020). Similarly, Ma et al.
observed that tDCS combined with short-foot exercise improved
dynamic balance and proprioception among individuals with CAI
(Ma et al., 2020). However, ankle sprains typically occur during
physical activity or under conditions of postural instability, whereas
most previous studies have combined tDCS with motor tasks
performed in a stable body position. Therefore, combining tDCS
with unstable surface training, such as Bosu ball training (BBT),
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may yield better outcomes in improving functional impairments
associated with CAI In addition, studies have found that BBT is
effective in reducing the injury potential among individuals with
CAL A prospective controlled study conducted by Verhagen et al.
demonstrated that BBT could significantly reduce the incidence
of ankle sprains in volleyball players (Verhagen et al., 2004).
Sepasgozar et al. also found that BBT could improve the postural
control during jumping and landing among individuals with CAI
(Sepasgozar Sarkhosh et al, 2024). Huang etal. demonstrated
that a 6-week combined intervention of tDCS and BBT was
more effective than BBT alone in reducing injury potential
after drop-landing on a simulated ankle inversion device among
individuals with CAI (Huang et al., 2024). However, drop-landing
may not fully replicate the complex, multi-directional forces
experienced in real-world scenarios. Side cutting requires the
individual to quickly change direction, which places a greater
emphasis on the ankle’s ability to provide stability during rapid
lateral movements, which may better simulate the dynamic
movements and stresses encountered during sports and daily
activities, providing a more comprehensive assessment of ankle
injury potential.

The effects of tDCS on injury potential and movement
performance during side-cutting among individuals with CAI
remain unclear. The purpose of this study is to investigate the
additional effects of concurrent tDCS based on BBT on injury
potential and movement performance during side-cutting among
individuals with CAL We hypothesize that ® both the tDCS +
BBT and the BBT interventions will reduce ankle inversion and
internal rotation angles during side-cutting, and the decreases will
be greater with the tDCS + BBT intervention compared to the
BBT intervention alone; @ both the tDCS + BBT and the BBT
interventions will increase take-off velocity, jumping displacement
and push-offimpulse, and the increases will be greater with the tDCS
+ BBT intervention.

2 Materials and methods

This study was conducted in strict accordance with
the ~ CONSORT-Outcomes 2022  Extension to ensure
the standardization and accuracy of the reporting of

research results (Butcher et al., 2022).

2.1 Participants

An a priori power analysis (G*Power Version 3.1) indicated that
a total of at least 28 participants was needed to obtain an alpha level
of 0.05 and a statistical power of 0.95 based on a previous report,
which compared the peak ankle inversion angular velocity before
and after tDCS + BBT vs. BBT interventions among individuals with
CAI (712p = 0.118) (Huang et al., 2024). Considering the potential
sample loss, a total of 40 individuals with CAI were recruited for
this study.

Utilizing posters and electronic flyers as recruitment strategies, a
comprehensive eligibility assessment was conducted on 75 potential
participants from a local university. Adherence to the International
Ankle Consortium guidelines (Gribble et al., 2016) ensured rigorous
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inclusion and exclusion criteria were established. The inclusion
criteria encompassed: (O experiencing at least one severe ankle
sprain within the past year, accompanied by symptoms like pain,
swelling, and an inability to engage in normal activities for over a
day; @ encountering at least two episodes of ankle “giving way” in
the preceding 6 months; ® persistent sensations of ankle instability
and functional limitations during daily activities; (® achieving a
Cumberland Ankle Instability Tool (CAIT) score below 24 points.
Conversely, exclusion criteria excluded individuals with: @ a history
of lower limb fractures or surgical interventions; @ acute injuries,
such as sprains, to the lower limbs within the last 3 months; ®
bilateral chronic ankle instability (CAI); (® a history of epilepsy.

After a meticulous eligibility assessment, 40 participants with
CAI were recruited. Subsequently, the simple randomization
grouping method was adopted. The participants were numbered
from 1 to 40 according to the recruitment order, and random
numbers were generated through Excel software to divide them
into the tDCS + BBT group and the BBT group. Participants in
the tDCS + BBT group underwent concurrent tDCS therapy and
BBT, whereas participants in the BBT group received sham tDCS
during their BBT sessions, spanning a 6-week period. Each week
comprised three sessions of 20-min (Huang et al., 2024) (Figure 1).
No statistically significant differences were observed in age, body
height, body mass, or CAIT scores between the two groups. Prior
to participation, all participants provided their written informed
consent, which had been approved. Human participation in this
study was granted ethical approval by the Ethics Committee of
Exercise Science, Shandong Sport University (approval number:
2022047), and adhered to the principles outlined in the Declaration
of Helsinki.

2.2 Protocol

2.2.1 Bosu ball training (BBT)

Before performing BBT (Bosu ball, Yottoy, 58 cm diameter,
China), participants were instructed to complete a 10-min warm-
up, which included single-leg static standing and single-leg vertical
jumps. The warm-up was specifically targeted at the body parts that
would be involved in the subsequent training.

The participants engaged in a structured, progressive training
program for the BBT in a barefoot condition. The initial 2 weeks
focused on foundational exercises, including single-leg stance,
single-leg stance with forward-backward leg swing (within a 30°-45°
range), single-leg stance with medial-lateral leg swing (within
a 20°-30° range), and single-leg squats. In the subsequent 2-
week period (weeks 3-4), the program escalated in complexity,
incorporating the swallow balanced stance (The swallow balanced
stance is a dynamic one-leg support balance posture, characterized
by a stable supporting leg, with the other leg and upper body forming
a horizontal line, simulating the posture of a swan spreading its
wings during flight), as well as increasing the range of motion for
the forward-backward and medial-lateral leg swings to 45°-60° and
30°-45° respectively, and incorporating single-legged squat take-
ups. During the final 2 weeks (weeks 5-6), the program further
intensified, introducing the additional challenge of catching a ball
while maintaining single-leg stance, and integrating bending over
to touch the edge of the BBT while balancing on one leg, alongside
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Assessed for eligibility (n=75)
Excluded (n=35)
P Not meeting criteria (n=23)
Declined to participant (n=12)
—_— tDCS+BBT group (n=20)
week 0, (n=40)
— = BBT group (n=20)
Excluded (n=6)
- .
Poor compliance (n=6)
> tDCS+BBT group (n=18)
week 7, (n=34)
EEm— BBT group (n=16)
FIGURE 1
Participant flow chart. A flow chart depicting participation from week 0 to week 7 indicates that the final analysis encompassed data from 34
participants. Out of the original 75 participants assessed, 41 were excluded for various reasons.

the previously established exercises with enhanced leg swing ranges
(Huang et al., 2024) (Figure 2). To prevent participants from being
injured during the training (such as falling or spraining an ankle),
we have arranged for testers to provide protection around them
during the BBT training. Additionally, we have placed support
bars in front of the Bosu ball and informed the participants that
they can grab the support bars to stabilize their bodies in case
of instability.

Each movement was executed for a duration of 30 s, with each
exercise repeated five times, interspersed with a 30-s rest period
between each movement. The cumulative duration of each training
session approximated 20-min.

2.2.2 Transcranial direct current stimulation
(tDCS)

An advanced 8-channel high-precision transcranial direct
current stimulation (StarStim8, NE transcranial direct current
stimulator, Spain) was utilized for the administration of direct
current stimulation to the CNS during the BBT. Prior to application,
the conductive electrode pads were saturated with a 0.9% saline
solution to ensure optimal conductivity. The input electrode,
serving as the anode, was strategically positioned over the
M1 region (Cz), adhering to the internationally recognized
10-20 electrode placement system. Subsequently, four return
electrodes were systematically placed at Fz, C4, Pz, and C3, each
maintaining a standardized distance of 7.5 cm from the Cz area
(Villamar et al., 2013) (Figure 3).

For the tDCS + BBT group, the stimulation protocol commenced
with a gradual increase in current from 0 mA to 2mA over a
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period of 30 s, maintaining this intensity for a duration of 19-
min to ensure optimal therapeutic effect. Following this, the current
was gradually reduced back to 0 mA over another 30-s period. In
contrast, for the BBT group, a sham tDCS was delivered. While the
current initially ramped up to 2 mA within 30 s, it was immediately
reduced to 0 mA and remained at this level for the remainder of
the session, acknowledging that sensations associated with direct
current, such as itching or mild discomfort, typically subside
within the initial 30 s of tDCS application, thereby preserving the
integrity of the single-blind study design (Nitsche et al., 2003;
Paulus, 2003).

2.3 Side-cutting test

Prior to the commencement of the side-cutting test, participants
conducted a structured warm-up routine consisting of 10-
min of jogging and stretching. Following the warm-up, each
participant executed five consecutive side-cutting trials, with the
aim of mitigating the potential influence of learning effects on
the results.

The participants stood at a standardized distance of 50% of their
body height from the central position of a force platform (AMTI,
AMTT Inc., Watertown, MA, United States). Upon receiving a cue
from the tester, the participants executed a double-leg jump forward
and upward, landing with their test leg accurately positioned
within a circle (15 cm in diameter) marked on the force platform.
Immediately after landing, they performed a maximum 45-degree
side-cutting jump to achieve the farthest possible distance, followed
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FIGURE 2
Illustrations of the Bosu ball training movements. (a) Single-leg stance, (b) single-leg squat, (c) single-leg stance with forward-backward leg swing, (d)

single-leg stance with medial-lateral leg swing, (e) swallow balanced stance, (f) bending over to touch the edge while single-leg stance. (g) Catching a
ball while single-leg stance, and (h) single-legged squat take-ups.

Anterior

0 mA 2mA
E— S ——

FIGURE 3
Illustration of transcranial direct current stimulation electrode

placemen. Colors with warmer shades indicate the larger value of the
modeled electric field normal component, and colors with cooler
shades represent the smaller value of the same component.

Frontiers in Physiology

by a sprint over a distance of approximately 3 m. The cutting angle
was marked on the ground with tape to visually represent the
proper 45° angle that participants were required to make. Five side-
cutting trials were recorded for each participant at both week 0
and week 7 of the study. To ensure optimal recovery and prevent
fatigue, a minimum rest period of 1 min was allowed between
consecutive trials (Figure 4).

Forty-three reflective markers were meticulously positioned
on the participants’ bony landmarks to ensure accurate tracking
during data acquisition. Utilizing a motion analysis system
equipped with twelve high-speed cameras at 200 Hz (Vicon,
Oxford Metrics Ltd., United Kingdom) and the force platform at
1,000 Hz, comprehensive kinematic and kinetic data were collected
throughout the test.

2.4 Data reduction

The determination of initial contact was achieved by identifying
the instant when the vertical ground reaction force (GRF) surpassed
a threshold of 5N, marking the commencement of the side-
cutting process. Similarly, the endpoint was established when the
vertical GRF declined below 5 N, signifying the cessation of force

frontiersin.org


https://doi.org/10.3389/fphys.2025.1595844
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Gao et al. 10.3389/fphys.2025.1595844
FIGURE 4
Side-cutting test. Participants stood at 50% body height from a force platform’s center, executed a double-leg jump landing on a 15 cm circle, then
performed a 45-degree side-cutting jump for max distance, followed by a 3-m sprint.

transmission between the test leg and the force plate. The raw
kinematic and kinetic data were imported into the V3D software
(C-Motion, Germantown, MD, United States). Kinematic data were
filtered using a fourth-order low-pass Butterworth filter with a cut-
off frequency of 15 Hz (O'Connor and Bottum, 2009). A cut-off
frequency of 100 Hz was applied to the kinetic data (Nigg et al.,
2009), which was normalized to body mass.

2.5 Variables

The period between 130-180 ms following a side-cutting foot
strike is particularly susceptible to ankle injuries (Parenteau et al.,
1998; Kristianslund et al.,, 2011). Therefore, we measured the
maximum inversion and internal rotation angles of the ankle joint
during this phase. The ankle inversion angle was defined as the
maximum Euler angle of the foot relative to the tibia in the
coronal plane, the ankle internal rotation angle was defined as
the maximum Euler angle of the foot relative to the tibia in the
horizontal plane, from the initial contact to the endpoint. Take-
off velocity was defined as the velocity of the body’s center of
mass at the moment when the heel of the testing foot left the
force plate, reflecting an individuals agility (Morin et al., 2015).
Jumping displacement was defined as the distance between the
coordinates of the heel marker of the test foot at the moment of
contact with the force plate and the coordinates of the heel marker
of the opposite foot at the moment of landing. This measure was
used to quantify jump performance (Whitting et al., 2013). Push-off
impulse (Im) was defined as the force-time integral during the side-
cutting push-off process (Cabarkapa et al., 2023). This parameter
is also a critical factor affecting jump performance (Lis et al.,
2022). It was calculated as the area under the force-time curve
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in the anterior-posterior (XIm), medial-lateral (YIm), and vertical
directions (ZIm) during the side-cutting push-off phase, by th
e following formula:

Im = [(XIm? + YIm? + ZIm?)]%?

The push-off phase was defined as the period from the second
rise of the vertical GRF to the moment when the toe of the testing
foot leaves the ground.

2.6 Statistical analysis

Statistical analysis was performed using SPSS (26.0, IBM, New
York, United States). The Shapiro-Wilk test was used to examine
the normality of the data distribution. A two-way analysis of
variance with repeated measures was used to determine the effects
of intervention and grouping, and their interactions on each of
the outcome variables. A Bonferroni-adjusted post hoc analysis
was conducted when intervention-group interaction was detected.
The Partial eta squared (nzp) was used to represent the effect
size of the main or interaction effects in the two-way repeated
measures analysis of variance, which can reflect the proportion
of the total variability in the outcome that can be explained by
a particular factor (e.g., intervention, group, or their interaction).
The thresholds for Partial eta squared were as follows: 0.01-0.06
small; 0.06-0.14 = medium; >0.14 = large (Pierce Ca and
Aguinis, 2004). Cohen’s d was used to represent the effect size of
the pairwise comparisons in the post-hoc analysis. The thresholds
for Cohen’s d were as follows: 0.20-0.50 = small, 0.50-0.80 =
medium, >0.80 = large (Cohen, 2016). The significance level was
setat p < 0.05.
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3 Results

The Shapiro-Wilk test confirmed the normal distribution of all
dependent variables. According to the pre-set exclusion criteria,
six participants were excluded from the final analysis due to time-
schedule conflicts, which led to insufficient intervention compliance
(with a training completion rate of less than 80%). Consequently,
18 participants in the tDCS + BBT group and 16 in the BBT group
completed the post-intervention tests (Figure 1).

Figure 5 presents the descriptive statistics and subgroup
comparisons for the variables. Significant intervention-by-group
interactions were observed for both ankle inversion (p = 0.018,
’12p = 0.162, large effect) and internal rotation (p = 0.023, ’12p =
0.151, large effect) angles, indicating differential responses to the
interventions. From week 0 to week 7, significant decreases were
found in both angles within the tDCS + BBT group (ankle inversion:
p < 0.001, d = 0.710, medium effect; internal rotation: p < 0.001, d
= 1.576, large effect), and within the BBT group (ankle inversion:
p = 0.016, d = 0.299, small effect; internal rotation: p = 0.001, d
= 0.712, medium effect). At week 7, the internal rotation angle of
the tDCS + BBT group was significantly smaller than that of the
BBT group (p = 0.004, d = 1.035, large effect), suggesting a greater
reduction in internal rotation in the combined intervention group.
Furthermore, significant main effects of the interventions were
detected on take-off velocity (p = 0.002, qu = 0.271, large effect),
jumping displacement (p < 0.001, 112P = 0.478, large effect), and
push-offimpulse (p < 0.001, qu =0.770, large effect). These variables
increased in both groups from week 0 to week 7, suggesting overall
improvements across both groups.

4 Discussion

The results supported hypothesis #1 and rejected hypothesis
#2. Specifically, the combination of tDCS and BBT intervention
demonstrated greater efficacy than BBT alone in reducing maximum
ankle inversion and internal rotation angles, indicating a decrease
in injury potential. Furthermore, both groups exhibited comparable
improvements in take-off velocity, jumping displacement, and push-
off impulse, emphasizing an overall enhancement in movement
performance across both interventions.

4.1 The effects of BBT training on
side-cutting in CAls

Our findings indicate that BBT significantly reduces the
maximum angles of ankle inversion and internal rotation, while
also enhancing take-off velocity, jumping displacement, and push-
off impulse during the side-cutting jump step. We speculate that
BBT may lower the injury potential during side-cutting and improve
movement performance among individuals with CAI The previous
studies confirmed our speculation. Verhagen etal. conducted a
prospective controlled study involving 116 volleyball teams (1,127
players). The intervention group underwent BBT training, while
the control group received standard training. Over the 36-week
period, the intervention group showed a significant reduction in
the incidence of ankle sprains (Verhagen et al., 2004). Wester et al.
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conducted a study in which 48 individuals with CAI were divided
into a BBT group and a control group. The participants underwent
12 weeks of BBT training or conventional training respectively.
Follow-up over 230 days after the intervention revealed that the
recurrence rate of ankle sprains was significantly lower in the BBT
training group compared to the control group, and there was a
notable reduction in the number of individuals with ankle instability
(Wester et al., 1996). Nam et al. observed that BBT could bring about
positive changes in the gait velocity and balance ability of healthy
adults (Nam et al., 2016). Furthermore, BBT interventions have
been proven beneficial for older adults, which could significantly
improve dynamic balance and reduce fall concerns (Piraud et al.,
2019). However, our results diverge from those reported by Cressey
et al., who caution against applying unstable surface training to elite
athletes due to potential variability in responses based on population
characteristics (Cressey et al., 2007). This discrepancy may stem
from the differing functional capabilities between CAI individuals
and elite athletes, with the latter potentially experiencing a ceiling
effect during training.

The mechanism by which BBT reduces injury potential
and enhances movement performance may be attributed to its
improvement of proprioception and muscle strength around the
trunk and ankle joints. Studies have indicated that BBT could
enhance proprioception around the trunk and ankle joints, enabling
individuals with CAI to better perceive the position of the ankle
joint during side-cutting and make timely adjustments to prevent
injury (Alizamani et al., 2023). Additionally, BBT could improve
muscle strength around the trunk and ankle joints (Cug et al.,
2016; Gibbons and Bird, 2019), with weaker trunk muscle strength
being associated with an increased lower limb injury potential,
particularly in activities involving jumping, leaping, and rapid
running. Moreover, Bouillon et al. observed that BBT could activate
the peroneus longus (Bouillon et al., 2020), which responds
defensively to sudden ankle inversion, helping to prevent LAS
(Tashiro et al,, 2021). The improvement in both muscle strength
and proprioception of the trunk and ankle joints also contributes
to maintaining optimal posture during physical activity, reducing
unnecessary energy expenditure (Liu et al., 2024), enhancing the
efficiency of force transmission between the limbs, and improving
overall body coordination, thereby leading to enhanced movement
performance. Additionally, BBT can increase muscle activation,
enhance the maximum strength and explosive power of the
lower limbs, and consequently improve movement performance
(Kohler et al., 2010; Hall et al., 2018).

4.2 The additional effects of tDCS
combined with BBT intervention in CAls

Our study has revealed that the combined intervention of tDCS
with BBT exhibits greater effectiveness in reducing the maximum
angles of ankle inversion and internal rotation among individuals
with CAI compared to BBT alone. Therefore, we speculate that
the combination of tDCS and BBT is more effective in reducing
the injury potential among individuals with CAI Notably, there is
a dearth of previous studies specifically investigating the impact
of tDCS on injury potential in this population. Some previous
studies shown that tDCS, when combined with functional training,
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could elicit additional benefits (other than injury potential) among
individuals with CAI, as well as among individuals without
CAI and older adults. Bruce etal. observed that a program
combining tDCS with eccentric training led to improved cortical
excitability, functional performance, and patient-reported outcomes
among individuals with CAI (Bruce et al., 2020). Notably, these
improvements were not sustained in the eccentric training-only
group, emphasizing the added value of tDCS.

The mechanism of the additional effects of tDCS may be
attributed to the following two aspects: Firstly, the M1 plays a
pivotal role in motor learning and consolidation (Muellbacher et al.,
2002) making it an attractive target for motor rehabilitation
and motor learning (Reis and Fritsch, 2011). By modulating
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MI1 excitability with tDCS, which may help to facilitate the
recruitment of neurons essential for motor skill acquisition,
thereby optimizing the effectiveness of training. In addition, tDCS
promotes neural plasticity by regulating synaptic connections and
functions, thereby enhancing motor learning (Madhavan and Shah,
2012) In our study, participants performed functional training on
an unstable surface, requiring continuous ankle adjustments to
maintain stability. We deduced that concurrent M1 tDCS could
enhance this learning process, and this effect was consolidated
over the 6-week intervention period, leading to a reduced injury
potential. Previous research has also demonstrated that tDCS can
facilitate motor learning and the long-term consolidation of skills
(Reis et al., 2009; Stagg et al., 2011).
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Our results indicate that tDCS combined with the BBT did
not yield additional benefits in enhancing movement performance
compared to BBT alone among individuals with CAI. Notably, most
previous studies have focused the effect of tDCS specifically on
movement performance on healthy individuals rather than CAL
Hu conducted a systematic review aimed at exploring the effects
of tDCS on upper limb muscle strength and endurance in healthy
participants. The review found that tDCS had no significant effect
on improving upper limb muscle strength, but it significantly
enhanced upper limb endurance performance, particularly on the
non-dominant side (Hu et al, 2022). Similarly, Romero etal.
reported that tDCS does not improve jump performance in young
healthy men (Romero-Arenas et al., 2021). Shyamali suggested that
the effects of tDCS on performance may depend on the type of task.
They conducted a meta-analysis and found that tDCS can improve
endurance performance in cyclists, but it does not enhance sprint
performance (Shyamali Kaushalya et al., 2022).

The observed lack of additional benefits in improving movement
performance with tDCS can be attributed to its uncertain
effectiveness in enhancing the explosive power of lower limb
muscles. Previous research has demonstrated that tDCS does not
augment maximum force and explosive power (Alix-Fages et al.,
2019; Holgado et al., 2019). Since these factors are directly
associated with take-off velocity, jumping displacement, and push-
off impulse during side-cutting movements (Peterson et al., 2006;
Barr et al.,, 2014; Hertel and Corbett, 2019), this provides a plausible
explanation for our result. In addition, several studies have proven
that there is a positive correlation between the effects of tDCS
and the intervention period (Talimkhani et al., 2019). However,
due to the relatively short training period (6 weeks) in our study,
the improvement in movement performance by tDCS was not
satisfactory.

4.3 Clinical implications

To facilitate clinical translation of our findings, we propose
the following evidence-based recommendations for implementing
tDCS and BBT interventions in rehabilitation programs targeting
CAL Our findings indicate that distinct therapeutic strategies should
be adopted for individuals with CAI based on different treatment
objectives: For reducing injury potential, we recommend combining
tDCS (2 mA over M1 cortex) with BBT for 3 sessions/week over 6
weeks, as this protocol significantly reduced the maximum ankle
inversion and internal rotation angles. For enhancing movement
performance, BBT alone (same frequency/duration) is sufficient, as
tDCS provided no additional benefit. However, as the underlying
mechanisms of tDCS remain unclear, it currently does not meet
the requirements for widespread clinical application in this field.
Further research is needed to establish standardized protocols
and to determine long-term effects. In addition, when applying
tDCS clinically, it is necessary to comprehensively understand
the patients condition. For individuals with conditions such as
metallic implants in the skull, epilepsy, and severe heart disease, the
use of tDCS is prohibited. Future research should involve larger
sample sizes to further investigate the underlying mechanisms
of tDCS and BBT in treating functional impairments among
individuals with CAI. Additionally, follow-up assessments following
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the intervention should be conducted to provide a more robust
theoretical foundation for the widespread application of combined
tDCS and BBT treatments in clinical practice. Future studies
are encouraged to compare outcomes across different types of
athletes to determine whether sport-specific demands influence
the effectiveness of these interventions. Additionally, studies using
functional near-infrared spectroscopy and functional magnetic
resonance imaging have found that, compared to individuals
without CAI, those with CAI exhibit greater standard deviations
in oxygenated hemoglobin levels in the supplementary motor
area. Furthermore, activation changes were observed in the
ipsilateral superior temporal gyrus, precuneus, supplementary
motor area, superior frontal gyrus, and contralateral postcentral
gyrus (Rosen et al., 2019; Li et al., 2024). Future research could
further apply tDCS to stimulate different brain areas, and compare
the resulting functional improvements.

4.4 Limitations

Our study has several limitations. Firstly, although the
sample size (n = 34) was determined based on calculations from
previous similar studies, it remains relatively small, which may
limit the generalizability of the findings. Secondly, no follow-up
assessment was conducted after the 6-week intervention, leaving
the long-term effects of the intervention uncertain. Thirdly, there
is a lack of in-depth exploration of the mechanisms of tDCS
and BBT; we remain unclear about how tDCS reduces injury
potential and improves movement performance, and the study
does not explore the mechanisms through which BBT enhances
performance and reduces injury potential. Fourthly, the study did
not incorporate self-reported outcome measures from individuals
with CAI, making it difficult to gauge the extent of improvement
in their actual lives due to the intervention. Fifthly, as tDCS
was administered in combination with BBT, the effect of tDCS
alone in treating individuals with CAI remains unclear. However,
the primary purpose of incorporating tDCS was to serve as an
adjunctive therapy aimed at enhancing the efficacy of task-specific
motor learning rather than functioning as a sole intervention.
Sixth, the study lacks individualized stimulation guided by
neuroimaging.

5 Conclusion

Compared with the BBT, the tDCS combined with the BBT
intervention was more effective in reducing injury potential, but
did not yield any additional benefits in enhancing movement
performance during side-cutting among individuals with CAL
Our study provides new insights for clinically reducing the injury
potential among individuals with CAI.
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