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Effects of different support
surfaces on postural stability and
sensorimotor cortex activation
among individuals with chronic
ankle instability

Yurui Shen’, Mengyu Liu’, Ting Lai', Jingkun Zhang', Chen Yang’
and Liangliang Zheng™*

!College of Sports and Health, Shandong Sport University, Jinan, China, 2College of Sports and Health,
Nanjing Institute, Nanjing, China

Objectives: Chronic ankle instability (CAl) is characterized by recurrent ankle
sprains and impaired postural control, which are particularly evident on unstable
surfaces. Evidence indicates that the central nervous system undergoes adaptive
plastic changes; however, the specific cortical mechanisms involved remain
unclear. Therefore, this study aimed to investigate postural stability and cortical
activation in individuals with CAl, especially on unstable surfaces, in order to
identify compensatory cortical strategies underlying impaired postural control.
Methods: Seventeen people with CAl and seventeen without CAIl were recruited.
Static postural control was measured under two experimental conditions: a
stable surface and an unstable surface simulated by a foam pad. Static
postural control was measured during single-leg standing and was
represented by the root mean square (RMS) of the plantar center of pressure
(COP). Cerebral cortex oxyhemoglobin concentration (AHbO,) was measured
using functional near-infrared spectroscopy (fNIRS). Two-way mixed ANOVA
(between group: CAIl vs. non-CAl, within group: stable vs. unstable surface)
was used to analyze data.

Results: Across different support surfaces, distinct patterns of between-group
differences were observed. Under the stable surface condition, CAl group
exhibited significantly lower sample entropy in the mediolateral direction of
the center of pressure (SampEn_ML) compared with the non-CAI group. In
contrast, under the unstable surface condition, the between-group
differences were primarily reflected in increased COP sway magnitude and
cortical activation. Moreover, during single-leg standing on the unstable
surface, the CAl group demonstrated a significantly larger 95% confidence
ellipse area (95%Area), greater root mean square of anteroposterior COP
displacement (COP_RMS_AP), and higher AHbO, levels in the primary
somatosensory cortex (S1), somatosensory association cortex (SAC), and the
premotor and supplementary motor area (PMC & SMA) than the non-CAI group.
Conclusions: Individuals with CAl exhibit impaired postural stability, particularly
on unstable surfaces, accompanied by increased activation in the primary motor
cortex, primary sensory cortex, somatosensory association cortex, and the
premotor and supplementary motor area. These findings suggest a
compensatory neural strategy, highlighting the critical role of cortical
mechanisms in maintaining postural control in this population.

KEYWORDS

ankle sprains, cerebral cortex activation, postural control, single-leg stance, unstable
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1 Introduction

Ankle sprains are among the most common musculoskeletal
injuries in daily activities, and the risk of recurrent injury
increases sixfold following an initial sprain (1). Approximately
20%-75% of affected individuals experience persistent symptoms
and subsequently develop chronic ankle instability (CAI) (2). CAI
is a sensorimotor dysfunction characterized by proprioceptive
deficits, reduced postural stability,
control, and recurrent sprains (3, 4). It can also lead to early-
onset osteoarthritis in up to 70% of patients (5). Additionally,

impaired neuromuscular

ankle sprains account for an estimated $6.2 billion in medical
costs among high school athletes in the United States (6).
Understanding the pathogenesis of CAI is essential for

developing targeted rehabilitation strategies that enhance
postural stability and reduce the risk of recurrent sprains. Prior
research has shown that individuals with CAI exhibit

diminished postural stability due to
receptors (7). This instability becomes more evident during

single-leg stance, as indicated by shortened time to boundary

impaired peripheral

(TTB) values and increased center of pressure (COP) excursions
(8, 9). Moreover, compared with individuals without CAI, those
with unilateral CAI require more time to achieve postural
stability in the anteroposterior direction on both the affected
and contralateral sides (10). However, peripheral mechanisms,
such as damage to ligamentous mechanoreceptors, alone cannot
fully account for these findings. Recent work suggests that
sensorimotor deficits in CAI may arise not only from damaged
ligamentous mechanoreceptors but also from adaptive changes
within the central nervous system (11).

The sensorimotor cortex plays a central role in maintaining
postural stability, and repeated ankle sprains in individuals with
CAI may induced changes in cortical activation. Studies have
reported increased activation in the primary sensory cortex (S1)
during single-leg stance in individuals with CAI (12), as well as
greater activation variability in the supplementary motor area
(SMA) (5). However, Ma et al. found no significant differences
in SI activation levels between individuals with and without
CAI (13), a discrepancy likely related to the stable support
surface used in their protocol. Stable surfaces are comparatively
less challenging and may fail to reveal subtle alterations in
cortical activity. Conversely, tasks performed on unstable
surfaces with multidirectional perturbations heighten postural
demands (14), and offer deeper insights into how central
regulatory mechanisms control in
individuals with CAL

Accordingly, this study aims to examine differences in

contribute to postural

postural control and sensorimotor cortex activation between
individuals with and without CAI during single-leg stance on
surfaces of varying stability. The findings are expected to
support the
rehabilitation programs that incorporate cortical activation
patterns and instability-based evaluations. The hypotheses of

development of assessment systems and

this study are as follows: (1) In both groups, postural stability
during single-leg stance is lower on an unstable surface than on
a stable surface, and an unstable surface requires greater
sensorimotor cortical activation. And (2) compared with
individuals without CAI, those with CAI are expected to
demonstrate a greater reduction in postural stability and a
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greater increase in sensorimotor cortical activation when

standing on an unstable surface.

2 Materials and methods
2.1 Participants

An a priori power analysis (G*Power 3.1) was used to
determine the sample size. To the best of our knowledge, no
previous study has investigated the effects of different support
surfaces on sensorimotor cortical activation during single-leg
stance in individuals with or without CAIL Although some
studies have examined the effects of different support surfaces
on the center of pressure under the foot, they did not report
effect sizes that could be used for sample size estimation.
Therefore, a medium effect size (partial #2 p=0.06), an alpha
level of 0.05, and a statistical power of 0.90 were adopted in the
present study, indicating that a total of 30 participants was
required (15). To account for potential sample loss, 17 CAI
participants and 17 non-CAI participants were recruited for this
study (Table 1).

The inclusion criteria for participants with CAI followed the
guidelines of the International Ankle Consortium and the
experimental design (16), which included: (1) age between 18
and 25 years; (2) a history of at least one severe ankle sprain
accompanied by pain,
symptoms that resulted in an inability to participate in normal

swelling, and other inflammatory
daily activities for more than one day; (3) the most recent ankle
sprain occurring at least six months prior; (4) at least two
episodes of ankle “giving way” within the past six months; and
(5) a Cumberland Ankle Instability Tool (CAIT) score of less
than 24 or a positive anterior drawer test. For people without
CAl the criteria required matching individuals with CAI in
gender, age (+3 years), height (+5cm), and weight (£5 kg),
having a CAIT score of 24 or higher (17), and the absence of
any history of ankle sprain or instability.

TABLE 1 Participant information (mean + SD).

CAl Non-CAl

group (o] gelV]¢]

(n=17) (n=17)
Age (years) 20.1+15 209+1.9 1.396 0.172
Height (cm) 173.4+7.8 172.8 8.5 0.209 0.835
Weight (kg) 67.9+16.9 67.5+12.4 0.081 0.936
Gender (male/ 10/7 10/7 - -
female, n)
CAIT score (points) 16.4+4.4 28.1+1.2 —11.647 <0.001
Dominant side/non- 12/5 12/5 - -
dominant side
History of ankle Yes NO

injury (yes/no)

CAIT, Cumberland Ankle Instability Tool; CAI group, chronic ankle instability group; Non-
CAI group, non-chronic ankle instability group.
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The exclusion criteria for both groups were (16): (1) a history
of lower limb fracture or surgery; (2) an acute lower limb injury,
such as a sprain, within the past three months; (3) the presence
of neurological conditions that significantly impair motor
function, including epilepsy; (4) bilateral CAIL and (5) Pes
planus (flat feet). This study was approved by the Ethics
Committee of Shandong Sport University (No. 2025046). All
participants provided written informed consent form before
the experiment.

2.2 Procedures

A three-dimensional force platform (AMTI, Inc. Watertown,
MA, United States) was used to collect the COP displacement
data during the balance task at a sampling rate of 1,000 Hz. To
simulate an unstable support surface during the task, the
(density = 108 kg/m?,
50 cm x 40 cm x 5 cm) was used to simulate an unstable support

medium-density memory foam pad

surface (14). This setup is widely used for the analysis of center
of pressure and balance-related variables (18, 19). While COP
data were being recorded using the force platform, a portable
near-infrared imaging system (LIGHTNIRS, Shimadzu Corp,
Kyoto, Japan) was used to measure the hemodynamic signals of
the sensorimotor cortex during the single-leg stance task. The
wavelengths were 780, 805, and 830 nm, with a sampling
frequency of 13.3 Hz (20). Participants carried fNIRS while
performing balance tasks and wore a whole-head fiber holder
with standard head landmarks determined according to the
international 10-20 system for EEG (21). The Cz electrode was
located at the intersection of the line between the preauricular
points and the line from the nasion to the inion. This
configuration primarily targeted the primary motor cortex (M1),
primary sensory cortex (S1), somatosensory association cortex
(SAC), and the premotor and supplementary motor area
(PMC&SMA) (22).

Participants completed the single-leg stance tasks to assess
postural stability. Each participant performs two tasks: standing
directly (stable surface) on the force platform and standing on a
5cm thick foam pad (unstable surface) placed on the force
platform on the affected limb, with their hands on the iliac
crests, gaze fixed forward. The unaffected leg was flexing 45
degrees of knee flexion and 30 degrees of hip flexion. The order
of testing conditions was randomized to minimize learning
effects. Each trial began with a 60 s seated rest period to
establish the baseline, followed by a 30 s single-leg stance task.
Participants were given only one practice trial prior to the
formal measurement to minimize any practice or learning
effects (23). Three successful trials for each balance test were
averaged for analysis. The time interval for breaks was 1-min
seated rest between trials to minimize the potential influence of
fatigue on postural performance. The trial was discarded and
repeated if participants (1) shifted or hopped on the supporting
leg, (2) hands moved from hips, or (3) made contact with the
force platform using the contralateral limbs.

a 3D digitizer (FASTRAK,
Polhemus, Vermont) was used to determine the positions of the

Following data collection,

optodes. Channel coordinates were then registered to the

Montreal Neurological Institute (MNI) space using the

Frontiers in Sports and Active Living

10.3389/fspor.2026.1754699

-
L —
~

.
~
.

FIGURE 1

Schematic diagram of channel coordinates and corresponding brain
regions of functional near-infrared brain imaging system. Different
colors in the figure represent different brain region channels: the
red channel is PMC&SMA; the yellow channel is M1; the green
channel is S1; the blue channel is SAC.

NIRS_SPM spatial probability registration toolkit (24), and the
corresponding brain regions was identified (Figure 1).

2.3 Data reduction
2.3.1 Center of pressure
The COP data were low-pass filtered with a Butterworth filter

(cut-off frequency of 12 Hz) (9). The parameters were calculated
based on the mathematical formula as follows (25):

2

COPRMS.AP = | 2= =2 1(\3; ’jlx) (1)
2

COP_RMS_ML — Zg%ly) )

where x; and y; represent of COP coordinates in anteroposterior
(AP) and mediolateral (ML) directions, while x and y represent
the average position of the COP in the AP and ML directions,
and N represent number of points of the signal.

TOTEX = Z \/ Kpsr — X)) 4 (Yopy — Yy)? (3)
COP_Vel_Total = TOTEX/T (4)

where TOTEX represent total excursion length of the COP path,
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while T represent total duration of the signal (47).

N-1
95% Area = 2™ X —— X F, _
0 ™ N—2 0.95,2,N—2

x VRMS_ML? x RMS_AP*> x COV2 (5)

where 95% Area represent the 95% confidence ellipse area of the
COP, while Fygs,n-» denote the 0.95-quantile of the Fisher
distribution with 2 and n - 2 degrees of freedom, and COV
represent the covariance (25).

The nonlinear index sample entropy (SampEn) was calculated
for both AP (SampEn_AP) and ML (SampEn_ML) directions.
Sample entropy reflects the dynamic adaptability of the posture
control system to task and environmental changes. Lower
sample entropy values generally indicate increased attentional
demands and reduced automaticity in postural control. The
calculation formulas are as follows (48):

Step 1. Select two consecutive point sequences of length m from a

vector Xy = {x1, X2..., xn}.
Xm()) = {xi, xiym—1}andxm() = {xj  xiym—1}Hij € [LN—ml, i # j} (6)
Step 2. Calculate the maximum distance:

dXin (D), Xim ()] = max(|x; g, % gl] (7)

Then compared it with the tolerance r of the repetitive sequence
count:

AlXm @, Xm(D] < r(k € [0, m —1],7 > 0) (8)
Step 3. For the sequence X (i), its count is defined as B/"(r).

B!"(r) is the average amount of B"(r), for i € [1, N — m].
A™(r) is the average of B""!(r).

B™(r)
W {Am(r)}
B™(r) ©)
(N—m—1)"" SN " gl (r)
(N —m)~ 305" Br(r) }

Step 4. SampEn(m, r, N) = }]1511 {fln {A (r)} }

=—In

Here, the parameters m and r are fixed values, where m
represents the length of the sequence during comparison,
and r is the tolerance for accepting a match. In this
study, the recommended parameter values are (26): m=2 and
r=0.2 * standard deviation.

2.3.2 Hemodynamics

HbO, data were preprocessed using the Homer2 toolbox,
which is based on MATLAB (R2013b, MathWorks Inc, Natick,
United States). The raw data were first converted to optical
density signals, after which cubic spline interpolation correction
was applied to correct the data and interpolate artifact-affected
segments (27). Most systemic hemodynamic components were
removed using a band-pass (0.01-0.1 Hz) filter (28), including
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fluctuations associated with Mayer waves (0.1 Hz), heart rate
(1.6-1.8 Hz) and respiration (0.2-0.3 Hz) (22, 29). A differential
path length factor (DPF) of 6 was used to account for the
effective optical path between the source and detector. The
optical density data were then transformed into changes in
(AHbO,) and (HbR)
concentrations using the modified Beer-Lambert law (30).The
mean AHbO, value within the last 5s of each sitting was

oxygenated deoxyhemoglobin

selected as a baseline for correction, which was used to compute
changes in oxyhemoglobin concentration (AHbO,) (31, 32).

For each condition, fNIRS time series were segmented from
5 to 30s after stimulus onset for the three valid trials. These
segments were temporally aligned and averaged to emphasize task-
related hemodynamic responses while reducing non-task-related
fluctuations. Using the modified Beer-Lambert law, optical
density was converted to blood oxygen concentration, including
oxyhemoglobin  concentration  (HbO,),  deoxyhemoglobin
concentration (HHb), and total hemoglobin concentration (HbT).
Consistent with prior fNIRS research, brain activation was indexed
using the integral of the HbO, hemodynamic response function
(HRF) (33). Spatial patterns of cortical activation were visualized
using the BrainNet Viewer toolbox in MATLAB.

2.4 Statistical analysis

All data were analyzed in SPSS 26.0 (IBMS, NY, USA) and
presented as mean +SD. The Shapiro-Wilk test was used to
data
demographic characteristics were analyzed using independent

assess normality. Group differences in baseline
samples t-tests. Two-way mixed-design ANOVAs, including the
between-group factor (CAI vs. non-CAI) and the within-group
factor (stable vs. unstable), were conducted to examine the main
effects of conditions and group, as well as their interaction.
Tests of simple main effects were conducted for any significant
interaction between groups and support surface conditions.
Bonferroni’s post-hoc tests were performed to identify significant
differences for significant main effects. For the near-infrared
spectroscopy data, p-values were adjusted using the Benjamini-
Hochberg procedure to control the false discovery rate (FDR)
(29, 34). Partial eta squared (#2 p) was reported as the effect
size for main and interaction effects for ANOVA results. The
thresholds for #2 p were: 0.01-0.06 for small, 0.06-0.14 for
medium, and greater than 0.14 for large effect sizes. The level of
significance was set at P < 0.05.

3 Results
3.1 COP parameters

As shown in Table 2, significant group-by-condition
interactions were detected in 95% Area (P =0.023, 72 p=0.152),
RMS_ML (P =0.004, #2 p=0.228) and SampEn_ML (P =0.015,
72 p=0.172). post-hoc tests indicated that 95% Area was greater
in the CAI group than in the non-CAI group on both the stable
surface (P<0.001) and the unstable surface (P=0.035). Within
the non-CAI group, the 95% Area was also higher on the
unstable surface than on the stable surface (P=0.001). For
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RMS_ML, the non-CAI group showed higher values on the
unstable surface than on the stable surface (P<0.001), and the
CAI group exhibited greater RMS_ML than the non-CAI group
on both the stable (P <0.001) and unstable surfaces (P=0.017).
Additionally, SampEn_ML was lower in the CAI group than in
the non-CAI group on the stable surface (P <0.001), whereas
SampEn_ML was higher on the unstable surface than on the
stable surface (P<0.001). Significant surface condition effects
were found in both the CAI and non-CAI groups for
COP_Vel_Total (P<0.001, 2 p=0.600) and RMS_AP
(P<0.001, #2 p=0.344), as the unstable condition exhibited
greater COP_Vel_Total and RMS_AP than the stable condition.
And significant group effect was found in RMS_AP (P <0.001,
#2 p=0.341), as the CAI group exhibited greater RMS_AP than
the non-CAI group. For SampEn_AP, no significant group-by-
condition interaction was observed (P=0.610, #2 p=0.008). In
addition, neither the main effect of surface condition (P = 0.058,
#2 p=0.108) nor the main effect of group (P=0.083, %2
p =0.091) reached statistical significance.

3.2 Cortical activation parameters

As shown in Table 3, significant group-by-condition
interactions were detected in channels 7 (P=0.020, 72
p=0254),10 (P=0.030, 72 p=0220), 11 (P<0.001, 52
p=0.522) and 13 (P=0.030, #2 p=0.212). Figure 2 illustrates
the between-group comparisons of AHbO, under stable and
unstable surface conditions at channels 7, 10, 11, and 13. post
hoc tests indicated that AHbO, in the CAI group was higher on

the stable surface than in the non-CAI group at channels 10

TABLE 2 Results of COP parameters during single-leg stance on different support surfaces.

10.3389/fspor.2026.1754699

(P=0.016) and 13 (P=0.003). Additionally, the CAI group
showed higher AHbO, on unstable surface than the non-CAI
group at channels 7 (P<0.001), 10 (P<0.001), 11 (P<0.001)
and 13 (P<0.001). Within the CAI group, AHbO, on the
unstable surface was also higher than on the stable surface at
these channels (channel 7: P=0.003, channel 10: P=0.009,
channel 11: P=0.003, channel 13: P=0.003). Significant surface
condition effects were found in channels 6 (P=0.005 #2
p=0.464), 9 (P=0.030, #2 p=0.189), and 15 (P=0.005, %2
p =0.380), as the unstable condition exhibited greater AHbO, at
these channels than the stable condition. And significant group
main effects were observed for all channels, as the CAI group
exhibited greater AHbO, than the non-CAI group at all channels.

4 Discussion

This study compared the postural stability and sensorimotor
cortex activation between individuals with and without CAI
during single-leg stance on different surfaces. Compared with
the stable surface, the unstable surface resulted in higher
COP_Vel_Total and RMS_AP during single-leg stance. Other
postural stability measures, including RMS_ML, 95% Area, and
SampEn_AP, did not show consistent differences between
surface conditions across both groups. In addition, increases in
AHbO, were observed in the sensorimotor cortex during the
These findings partially supported
Hypothesis 1. Compared with the non-CAI group, the CAI
group  demonstrated lower SampEn_ML and  higher
COP_Vel_Total and RMS_AP, indicating reduced postural
stability. Differences in 95% Area and RMS_ML between groups

unstable  condition.

Indicator Surface condition CAl group Non-CAIl group Condition Group Interaction
effect effect
P n2 p P n2 p n2 p
COP_Vel_Total/ (nm/s) | Stable 25.80+6.15 21.63 +3.54 <0.001 | 0.600 0.055 0110 | 0.264 | 0.039
Unstable 29.48 +5.85 26.76 £ 5.55
95% Area/ (um?) Stable 1,459.04 + 670.90* 789.27 + 193.88 - - - - 0023 | 0.152
Unstable 1,494.33 + 325.17* 1,224.15 + 386.60°
RMS_ML/ (mm) Stable 8.25 + 1.40° 6.06 % 1.00 - - - - 0004 | 0228
Unstable 8.61 +0.86" 7.75+1.63"
RMS_AP/ (um) Stable 10.37 +2.57 7.90 +1.23 <0.001 | 0344 | <0001 | 0341 | 0348 | 0.028
Unstable 11.32+1.27 9.43+1.78
SampEn_ML Stable 7.27 £1.11° 875+ 1.11 - - - - 0015 | 0.172
Unstable 8.87+1.79° 8.89 + 1.63
SampEn_AP Stable 583+ 1.46 6.50 + 1.64 0.058 0.108 0.083 0.091 | 0610 | 0.008
Unstable 535+ 1.06 6.21+127

COP_Vel_Total, Total velocity of the center of pressure (COP); 95% Area, The 95% confidence ellipse area of the COP trajectory; RMS_ML, Root mean square of COP displacement in the
mediolateral (ML) direction; RMS_AP, Root mean square of COP displacement in the anteroposterior (AP) direction; SampEn_ML, Sample entropy of the COP signal in the mediolateral
(ML) direction; SampEn_AP, Sample entropy of the COP signal in the anteroposterior (AP) direction. Surface condition, the type of support surface used in the test (stable and unstable),
representing different standing surface conditions; CAI group, The group of participants with chronic ankle instability. Non-CAI group, The group of participants without chronic

ankle instability.
“Indicates significant difference compared with the non-CAI group.
*Indicates significant difference compared with the stable surface condition, P < 0.05.
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FIGURE 2
Comparison of cerebral cortex activation level between two groups of people when performing single-leg standing task under different support
surfaces. The warmer the color (red), the greater the concentration of AHbO, and the higher the level of brain activation; the colder the color
(blue), the smaller the change in the concentration of AHbO, and the lower the level of brain activation. (A) Non-CAl group—stable surface; (B)
non-CAl group—unstable surface; (C) CAl group—stable surface; (D) CAl group—unstable surface.

were more evident during the unstable surface condition.
SampEn_AP did not differ significantly between groups. In
addition, the CAI group showed greater AHbO, in multiple
sensorimotor cortical regions, with between-group differences
being more apparent during the unstable task. Compared with
the non-CAI group, the CAI group demonstrated lower
SampEn_ML and SampEn_AP, as well as higher 95% Area,
RMS_ML, RMS_AP, and AHbO, across both surface conditions,
with these differences being more pronounced on the unstable
surface. These findings partially supported Hypothesis 2.

The study showed that individuals with CAI exhibited
significantly poorer postural control than those without CAI a
difference that was more pronounced on the unstable surface.
Impaired postural control is recognized as a critical factor in the
progression from acute ankle sprain to CAI. Consistent with
previous research, the CAI group showed larger RMS and 95%
Area values under both surface conditions and a higher
COP_Vel_Total on the unstable which indicated
impaired postural control (18). Recurrent sprains may lead to

surface,

neuromuscular deficits that hinder the ability of individuals with
CAI to maintain a single-leg stance, resulting in greater body
sway than in healthy controls, particularly on unstable surfaces
where these deficits may be further amplified, leading to poorer
postural control performance manifested as larger postural
oscillations. Notably, SampEn_ML was significantly higher in
the CAI group on the unstable surface compared with the stable
surface. Although higher SampEn is typically interpreted as
reflecting increased system complexity and adaptability, lower
SampEn is generally associated with a more rigid control
strategy (35). In the present study, the elevated SampEn_ML on
the unstable surface may reflect the heightened sensorimotor
demands of instability. When attempting to compensate for
proprioceptive deficits, individuals with CAI may experience
impaired central information processing, which may reduce the
accuracy of lower-limb spatial perception (36), and manifest in
elevated SampEn alongside a compensatory strategy marked by
larger and faster sway. Thus, the presence of sample entropy
differences exclusively in the ML direction likely reflects a
higher sensitivity of ML postural control to changes in
neuromuscular coordination, while RMS captures amplitude-
related changes in both directions. In summary, unstable
surfaces impose greater demands on postural stability in
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individuals with CAI, yet their limited compensatory capacity is
inadequate to overcome existing control deficits. Clarifying these
differences may enhance understanding of the regulatory
mechanisms underlying postural control in CAL

The sensorimotor cortex plays a central role in postural
control, and its activation varies with task difficulty (37), with
increased task demands typically accompanied by increased
activation of the PMC and SMA (38). In the present study, the
CAI group exhibited significantly greater activation of SI and
PMC/SMA than the non-CAI group under both surface
conditions, and displayed an additional increase in SAC
According to the
compensatory neural circuit utilization hypothesis (24), when

activation on the unstable surface.
primary sensorimotor pathways are compromised, the central
nervous system may engage secondary or cross-regional circuits
to maintain or restore motor function. Anatomical evidence
further suggests that, compared with M1, the SMA possesses
denser interhemispheric connections, making it is a key cortical
hub for mediating neural interactions between the limbs (39).
Previous research also indicated that S1 activation during
balance control is substantially lower in individuals with CAI
than in copers (13), implying that increased S1 activation may
contribute to better functional recovery in copers and that
unstable surfaces may offer a potential strategy for central
modulation in individuals with CAI. Although no significant
interaction between surface condition and group was observed
for M1 activation in this study, M1 tended to exhibit increased
activation on the unstable surface. This pattern likely reflects the
mechanisms of motor regulation and sensory integration during
postural control, in which sensory inputs are continuously
reweighted according to task demands (40), and aligns with the
view that M1, as a key node of the direct motor pathway, is
more strongly engaged during automatized motor tasks. Overall,
suggest that individuals with CAI exhibit
sensorimotor cortical

these findings
enhanced activation during postural
control, potentially reflecting a compensatory adaptation of the
central nervous system.

Our findings indicate that individuals with CAI differ from
those without CAI in the neural mechanisms supporting
postural control. This observation has important implications
aimed at

for the design of brain-targeted interventions

mitigating postural deficits. Previous studies suggest that anodal
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transcranial direct current stimulation may improve postural
control by modulating cortical excitability (41); however, the
variability of its effects across cortical regions underscores the
need for more precise, region-specific modulation strategies in
rehabilitation (42). In the present study, we found that
participants with CAI showed distinct patterns of cortical
activation and postural performance across different surface
conditions in primary sensory and motor areas, the superior
parietal region, and the PMC&SMA. Although brain-behavior
relationships were not directly examined, the concurrent
alterations in cortical activation and postural control identify
these areas as potential neural substrates of postural control
impairment in CAI and highlight them as promising targets for
future therapeutic approaches (43). Integrating cortical-targeted
interventions with neuromuscular training may therefore offer
an effective strategy for
individuals with CAL

Our findings observed that individuals with CAI place greater

enhancing postural stability in

demands on cortical resources for motor control and sensory
feedback to maintain balance. These finding provide new
insights into the development of rehabilitation and assessment
strategies for CAI First, they underscore the importance of
balance training under unstable surface conditions, as
maintaining postural stability during more challenging tasks
may require greater neural engagement (44), thereby promoting
sensorimotor integration and neural adaptation. Accordingly, we
propose incorporating unstable support surfaces into both
balance assessments and rehabilitation programs for individuals
with CAIL Second, prior research suggests that non-invasive
brain stimulation represents a promising treatment strategy (45).
By accentuating postural deficits
conditions, the present study identifies region-specific neural

control under unstable
characteristics associated with balance control, thereby offering a
theoretical framework for future non-invasive brain stimulation
interventions targeting these regions. Third, our results indicate
that balance assessments conducted across different support
surface conditions, particularly those involving high-difficulty
tasks such as landing onto an unstable surface, may more
effectively detect postural control deficits in individuals with CAI

This study has several limitations that should be considered
when interpreting the findings. The sample consisted solely of
18-25
generalizability of the results to broader populations with CAI,
including older adults, adolescents, and individuals with diverse

university  students  aged years, limiting the

occupational or activity backgrounds (46). In addition, we
focused exclusively on brain regions associated with sensation
and motor processing and did not assess whole-brain activity;
therefore, we cannot fully characterize differences in global
neural function between individuals with CAI and healthy
controls during single-leg stance. Finally, the cross-sectional
design precludes causal inference. Although individuals with
CAI demonstrated greater brain activity during unstable surface
stance, it remains uncertain whether this pattern reflects
beneficial adaptation, a compensatory mechanism, or a
modifiable response to training. Future longitudinal intervention
studies are needed to determine whether training on unstable
surfaces can produce durable changes in brain function and
functional

enhance symptoms and

this population.

performance  in
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5 Conclusion

Individuals with CAI exhibit impaired postural stability,

particularly on unstable surfaces, and showed increased
activation in the primary motor cortex, primary sensory cortex,
somatosensory association cortex, and the premotor and
supplementary motor These findings

compensatory neural mechanism, underscoring the essential

areas. indicate a
contribution of cortical processes to the maintenance of postural
control in this population.
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