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Abstract

(1) Background: Chronic ankle instability (CAI), a common outcome of ankle sprains,
involves recurrent sprains, balance deficits, and gait impairments linked to both periph-
eral and central neuromuscular dysfunction. Dual-task (DT) demands further aggravate
postural control, especially during stair descent, a major source of fall-related injuries.
Yet the biomechanical mechanisms of stair-to-ground transition in CAI under dual-task
conditions remain poorly understood. (2) Methods: Sixty individuals with CAI and age-
and sex-matched controls performed stair-to-ground transitions under single- and dual-
task conditions. Spatiotemporal gait parameters, center of pressure (COP) metrics, ankle
inversion angle, and relative joint work contributions (Ankle%, Knee%, Hip%) were ob-
tained using 3D motion capture, a force plate, and musculoskeletal modeling. Correlation
and regression analyses assessed the relationships between ankle contributions, postural
stability, and proximal joint compensations. (3) Results: Compared with the controls, the
CAI group demonstrated marked control deficits during the single task (ST), characterized
by reduced gait speed, increased step width, elevated mediolateral COP root mean square
(COP-ml RMS), and abnormal ankle inversion and joint kinematics; these impairments
were exacerbated under DT conditions. Individuals with CAI exhibited a significantly
reduced ankle plantarflexion moment and energy contribution (Ankle%), accompanied by
compensatory increases in knee and hip contributions. Regression analyses indicated that
Ankle% significantly predicted COP-ml RMS and gait speed (GS), highlighting the pivotal
role of ankle function in maintaining dynamic stability. Furthermore, CAI participants
adopted a “posture-first” strategy under DT, with concurrent deterioration in gait and
cognitive performance, reflecting strong reliance on attentional resources. (4) Conclusions:
CAl involves global control deficits, including distal insufficiency, proximal compensation,
and an inefficient energy distribution, which intensify under dual-task conditions. As
the ankle is central to lower-limb kinetics, its dysfunction induces widespread instability.
Rehabilitation should therefore target coordinated lower-limb training and progressive
dual-task integration to improve motor control and dynamic stability.
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1. Introduction

With the promotion of national sport plans and increasing public awareness of physical
exercise, physical activity has become part of daily life. However, this trend is accompanied
by a higher incidence of sports-related injuries, particularly those involving the lower-limb
joints [1].

The ankle, as a key weight-bearing joint essential for locomotion and balance, is
especially vulnerable, with acute sprains occurring in approximately 2.15 individuals per
1000 annually [2—4]. A major sequela is chronic ankle instability (CAI), which develops in
up to 46% of sprain cases and is clinically defined by recurrent sprains, persistent “giving
way”, and self-reported dysfunction [5,6]. Crucially, CAl is no longer viewed as a purely
peripheral disorder of ligament laxity. Evidence now underscores central neuromuscular
impairments, including proprioceptive deficits and altered sensorimotor integration, as core
components of its pathophysiology [7,8]. Neuroimaging studies corroborate this, showing
reduced cortical activation in individuals with CAI, which suggests that incomplete neural
adaptation underpins their persistent functional deficits [9,10].

Considering the persistent sensorimotor deficits in individuals with CAI, dual-task
(DT) paradigms are particularly well suited to probing the interaction between cognitive
processing and motor control. Foundational theories, such as the capacity-sharing model
propose that attentional resources are limited and must be allocated across concurrent
tasks [11]. By simulating real-world scenarios that require divided attention (e.g., walking
while talking), DT paradigms can directly measure the attentional resources necessary for
maintaining stability. In individuals with CAI, gait and postural control already demand
increased conscious oversight due to impaired proprioception and altered sensorimotor
integration; the additional cognitive load may exceed the available attentional capac-
ity, resulting in reduced gait stability, increased variability, and compensatory strategies,
thereby revealing latent deficits [12-15]. Recent empirical studies support this notion,
demonstrating that DT conditions significantly increase gait variability, postural sway, and
compensatory joint strategies compared to single-task conditions [11,16-18]. Over the past
five years, a growing body of evidence has consistently confirmed that DT paradigms effec-
tively expose central control deficits in CAI during complex gait tasks [19,20]. Consequently,
the DT paradigm serves as a critical methodological bridge for quantifying the central con-
tributions to functional instability. Meanwhile, increasing academic attention has focused
on gait cycle instability, elevated postural fluctuations, and reduced neuromuscular drive
efficiency in CAI individuals under DT conditions [21,22]. Furthermore, existing studies
have demonstrated that DT training can effectively enhance postural control and dynamic
balance in CAI patients and even promote cortical neuroplasticity and optimization of
motor coordination mechanisms [23-25]. We specifically selected an arithmetic task as
the cognitive load because it represents a common, ecologically valid attentional demand
in daily life (e.g., talking while walking, mental calculation while moving). Such a task
reliably engages working memory and central executive function, which are critical for
allocating attention to motor control. Many previous studies have adopted arithmetic
tasks in dual-task paradigms because they reliably engage working memory and central
executive functions, which are essential for attention allocation to motor control [19,26,27].
This makes it particularly suitable for revealing central control deficits in CAI, which are
otherwise masked under single-task conditions.
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Many deficits become evident during dynamic actions such as stair descent and the
transition from stairs to ground, highlighting the greater postural control demands of these
tasks [28]. But stair descent is a common daily activity with a high fall risk, placing greater
demands on lower-limb muscle control and central nervous system integration [29,30].
Research indicates that 75% of stair-related fall incidents occur during the descent, particu-
larly during the transition from stairs to flat ground, where a more significant decline in
movement stability is observed [31-33]. Although some studies have focused on the stair
descent gait characteristics of CAI patients, such as changes in ankle joint moments during
the support phase and hip—knee compensation mechanisms [34,35], research on the critical
“stair-to-ground transition” phase remains relatively limited. Recent studies further show
that CAI patients performing dual-task activities during landing or stair descent demon-
strate altered ankle inversion angles, increased angular velocity, and higher injury risk,
highlighting the importance of examining this transition phase under cognitive load [20,36].
At this stage, the supporting leg must precisely control the redirection of the body’s center
of mass, requiring greater central nervous system integration, especially under dual-task
loads, making functional deficits more likely to appear [37]. Moreover, dual-task training
can improve both static and dynamic postural stability in CAI, suggesting cognitive-motor
interventions may enhance gait control and neuromuscular coordination [19,25].

In summary, this study introduced an arithmetic cognitive task during the stair-to-
ground transition phase, using a dual-task paradigm to comprehensively examine gait
stability, postural control, and joint compensatory patterns in individuals with CAI under
concurrent cognitive and motor demands, thereby quantifying central control deficits. Com-
bining the dual-task paradigm with the stair-to-ground transition represents a substantial
challenge for individuals with chronic ankle instability who already exhibit neuromuscular
impairments. Compared to single-task or level-ground gait studies, this design is not only
more ecologically valid but also scientifically justified, directly allowing for the investiga-
tion of how dual-task interference affects motor performance deficits and compensatory
mechanisms in CAL

The purpose of the study was to objectively examine the deficits of control and
compensatory movements of CAI during dual-task transitions between stairs and the
ground. Specifically, the objectives are to (a) quantify differences in balance and stability
between individuals with CAI and healthy controls using measures such as gait speed
(GS) and step width (SW) and center of pressure (COP) parameters, in combination with
dual-task cost (DTC); (b) to determine joint work contributions via inverse dynamics,
together with joint angles, range of motion (ROM), joint moments, and statistical parametric
mapping (SPM), thereby revealing the patterns of energy redistribution and compensatory
strategies in CAL (c) to examine the correlations between ankle contribution (Ankle%)
and COP, spatiotemporal gait measures, and proximal joint contributions, as well as
the relationships between DTC indices, in order to elucidate the role of ankle deficits in
overall postural control and highlight CAI’s sensitivity to dual-task interference; and (d)
to integrate multidimensional metrics to identify the control deficits and compensatory
mechanisms of CAl under single- and dual-task conditions, providing quantitative evidence
for rehabilitation and targeted intervention strategies.

Based on the interplay between central resource allocation and motor performance,
we hypothesize the following: (a) Compared to healthy controls (CON), the CAI group
will demonstrate reduced gait speed, increased step width, and greater mediolateral COP
displacement, with these deficits exacerbated under a DT. (b) The CAI group will exhibit
reduced ankle plantarflexion moments and work contribution (Ankle%), with compen-
satory increases in knee and hip contributions (Knee%, Hip%). (c) A significant negative
correlation will exist between Ankle% and mediolateral COP displacement in the CAI
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group, underscoring the ankle’s pivotal role in dynamic stability. (d) The participants with
CAI will adopt a “posture-first” strategy under the DT, manifesting as a greater dual-task
cost on cognitive performance compared to that for CON.

2. Materials and Methods
2.1. Participants

A total of 60 male participants were recruited, including 30 individuals with chronic
ankle instability (CAI group: age = 22.23 + 1.72 years; weight = 77.96 £ 8.51 kg;
height = 177.63 & 6.31 cm) and 30 healthy controls (CON group: age = 22.70 £ 1.58 years;
weight = 78.30 & 8.89 kg; height = 178.17 £ 6.29 cm). Leg dominance was determined by
asking the participants which leg they would use to kick a ball, and all were identified as
right-leg-dominant. The inclusion criteria for the CAI group required (1) an independent
stair walking ability; (2) no history of neurological disorders; (3) no previous lower-limb
injuries other than right ankle sprains; (4) a history of multiple ankle sprains, with the initial
sprain classified as severe (brace use >1 week or immobilization >3 days; (5) self-reported
functional impairment (Cumberland Ankle Instability Tool score <28); and (6) the most
recent sprain occurring at least six weeks prior to testing. The study protocol was approved
by the Ethics Committee of Ningbo University (Approval Code: TY202455), and written
informed consent was obtained from all participants.

2.2. Protocol

Participants wore standardized tight-fitting attire to reduce marker occlusion. Stature
and body mass were recorded, followed by a 10 min warm-up (light jogging, practice
stair descent, and arithmetic rehearsal). Thirty-eight retroreflective markers were placed
according to the OpenSim 2392 model, as shown in Figure 1A. A static calibration trial was
collected in the anatomical position to scale the model and serve as a baseline for dynamic
analyses. Before stair descent testing, the participants performed a seated ST arithmetic
task involving serial subtraction of three from a randomly presented three-digit number.
Subsequently, each participant completed both ST and DT stair descents combined with the
arithmetic task, as shown in Figure 1B, and the red ellipses indicate the stance phase of the
stair-to-ground movement, which was the focus of the biomechanical analysis in this study.
A three-step staircase was built in accordance with national residential standards (step
height: 17 cm; tread depth: 29 cm; total height: 0.51 m; slope ~ 30°), as shown in Figure 1B,
representing a typical stair-to-ground transition. In the ST condition, the participants
descended the stairs at a natural pace, leading with the right foot and landing on a force
platform before continuing forward walking to a 1.5 m mark [13]. In the DT condition,
the same procedure was performed concurrently with the arithmetic task. Kinematic and
kinetic data were recorded throughout. Each participant performed five valid trials per
condition, with a 30 s rest between trials and a 5 min rest between conditions [38]. The
order of the conditions was randomized, and trials were repeated if force platform contact
failed or marked gait deviations occurred. A safety observer monitored all sessions to
prevent falls.
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Figure 1. An overview of the data collection and the model. (A) An illustration of the reflective marks’
positions on the musculoskeletal model used in the experiment, from left to right: anterior, lateral,
and posterior views. (B) Decomposition composition of the stair descent task, staircase dimensions,
and the placement of the force platform in the laboratory. The red ellipses indicate the stance phase
of the stair-to-ground movement, which is the focus of the biomechanical analysis in this study.
(C) Flowchart of the experimental procedure and preliminary data processing. Abbreviations: CAI,
chronic ankle instability; CON, control; ST, single-task; DT, dual-task.

2.3. Data Collection and Processing

As shown in Figure 1C, motion data were acquired in the laboratory using a Vicon
3D motion capture system (Oxford Metrics Ltd., Oxford, UK; 200 Hz) synchronized with
an AMTI force platform (Advanced Mechanical Technology Inc., Watertown, MA, USA;
1000 Hz). Marker trajectories were processed in Vicon Nexus1.8.5 (Oxford Metrics Ltd.,
Oxford, UK) for labeling, denoising, gap-filling, and smoothing. Missing marker trajecto-
ries were handled using a cubic spline interpolation method in Vicon Nexus. Gaps shorter
than 10 consecutive frames were interpolated directly. For gaps longer than 10 frames,
trajectories were reconstructed based on adjacent marker data and segment kinematics to



Bioengineering 2025, 12, 1120

6 of 24

ensure continuity [39]. This process utilizes algorithms such as Woltring (Quintic spline),
Pattern, and Rigid Body, depending on the nature of the missing data. For gaps with
sufficient surrounding valid frames, the Woltring algorithm was applied to generating a
quintic spline interpolation. For gaps lacking adequate surrounding data, the Pattern or
Rigid Body method was used, where the Pattern method interpolates based on a donor
trajectory, and the Rigid Body method assumes the movement of the trajectory as part
of a rigid body, filling the gaps accordingly. The stance phase of the transition step was
defined from initial contact (vGRF > 20 N) to toe-off (VGRF < 20 N). Processed C3D files
were converted in MATLAB R2023a (The MathWorks, Natick, MA, USA) and imported into
OpenSim 4.4 (SimTK, Stanford, CA, USA). The Gait 2392 musculoskeletal model [40] was
scaled to individual anthropometrics, and inverse kinematics (IK) and inverse dynamics
(ID) were performed to compute the joint angles and moments. To ensure scaling accuracy,
the model was visually inspected in OpenSim to verify marker alignment at all anatomical
landmarks after scaling. Joint center locations were compared between the scaled model
and experimental marker trajectories (<5 mm deviation). In addition, inverse kinematics
residuals were checked to remain below 2° for all joints, confirming acceptable kinematic
fidelity for subsequent joint work estimation. Furthermore, to ensure the dynamic consis-
tency crucial for joint work calculation, a residual analysis was conducted. The normalized
root mean square (RMS) of the residual forces and moments was verified to be within
acceptable limits (<20 N and <30 Nm, respectively) throughout the simulation. Kinematic
and kinetic data were subsequently filtered (Butterworth, 20 Hz and 50 Hz, respectively)
and time-normalized to 101 points per trial for analysis [29]. Spatiotemporal parameters
(gait speed, step width) and the arithmetic task score (ATS) were computed. The ATS
was used to evaluate cognitive performance during single-task (ST) and dual-task (DT)
conditions. In the ST condition, the ATS was calculated as the number of correct responses
during a 10 s seated trial, divided by 10 to obtain the number of correct responses per
second. In the DT condition, the ATS was normalized by the walking duration, with the
calculation period defined from the auditory cue “start” until the participant had walked
1.5 m beyond the last step of the stair descent. This yielded the number of correct responses
per second during the dual-task walking trial, ensuring comparability between the ST and
DT conditions [41]. Postural stability was evaluated using center of pressure (COP) metrics:
(1) total medial-lateral COP displacement (COP-ml), calculated as the cumulative sum of
successive sample-to-sample differences across the gait cycle, and (2) medial-lateral COP
variability, expressed as the root mean square (COP-ml RMS), representing the standard
deviation of the COP relative to its mean position.

N
COPyyj = ) |COPyi —COPpyy 51| )
=
1N 2
COPNYS = N Y (COP i — COPpy) )
in=1

Kinematic variables included the sagittal-plane ranges of hip, knee, and ankle motion,
as well as the frontal-plane angles of ankle inversion (INV), knee varus, and hip abduction
(ABD). Kinetic parameters comprised maximum hip flexion and extension moments (Hip
FM, Hip EM), the first and second peak knee extension moments (KE M1, KE M2), and the
first and second peak ankle plantarflexion moments (PF M1, PF M2), along with joint work
and power.

P, = M| X w, 3)

2
Wpos = Y Ptap > 0 4)
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2
Wheg = Ptop < 0 (5)
t1
Whet = Wpos + Wneg (6)
. W i o
Contjpint = — — — x100% (7)
’WHip + ’W Knee| + ’WAnkIe|

To evaluate the effect of cognitive interference on motor performance, the DTC was
calculated for the primary outcome.
DT —ST
DTC(%) = |87T| %100 8)
Finally, to investigate differences across the entire joint motion cycle, statistical para-
metric mapping (SPM1d) was applied. Angle and moment trajectories were normalized to
the full gait cycle and analyzed with a two-factor design (group: CAI vs. CON; task: ST vs.
DT). Significance was assessed using random field theory, with « set at 0.05.

2.4. Statistical Analysis

All statistical analyses were performed using SPSS 26.0 and Python 3.9 For discrete
biomechanical outcomes, parametric assumptions were systematically evaluated: normality
was tested using the Shapiro-Wilk test, and homogeneity of variance was tested using
Levene’s test. For the mixed-design repeated-measures ANOVA, when both assumptions
were satisfied, parametric testing was conducted, with the F-values, p-values, and partial
n? reported (0.01 = small; 0.06 = medium; 0.14 = large). When the data violated these
assumptions (p < 0.05), a rank-transformed non-parametric mixed-design ANOVA was
performed, and the F-values, p-values, and partial n? (rank-based) were reported. For
all simple-effects analyses following a significant interaction, Bonferroni correction was
applied (a = 0.0125 for four pairwise comparisons). Effect sizes were reported as Cohen’s
d for parametric pairwise comparisons and r for non-parametric analyses (0.1 = small,
0.3 = medium, 0.5 = large). In the dual-task cost (DTC) analysis, the normality (the Shapiro-
Wilk test) and homogeneity of variance (Levene’s test) of all variables were first assessed.
According to the data characteristics, independent-samples ¢-tests were applied when the
data were approximately normal with equal variances, Welch’s ¢-tests were applied when
the variances were unequal, and Mann-Whitney U tests were applied when normality was
not satisfied or only partially met.

For kinematic and kinetic time-series data, statistical parametric mapping (SPM) was
applied to the ankle, knee, and hip joint angles and moments. Within-group comparisons
(single-task vs. dual-task) used paired t-tests, and between-group comparisons (CAI vs.
CON) used independent-sample t-tests, all performed in the SPM framework. Time-series
data were normalized to the stance phase (0-100%), and the family-wise error rate across
the time series was controlled using random field theory (RFT) correction. Significant
time regions are reported with their time intervals (% gait cycle), peak t-values, corrected
p-values, and descriptive information from mean trajectories.

Pearson’s correlation and linear regression analyses were conducted to examine the
relationships among joint contributions (Ankle%, Knee%, Hip%), COP-ml RMS, gait speed,
step width, ankle inversion kinematics, and dual-task costs (DTC Ankle%, DTC COP-ml
RMS). Correlation coefficients (r), regression coefficients ([3), coefficients of determination
(R?), 95% confidence intervals, and p-values are reported, with the significance set at
p < 0.05. The residuals from all regression models were visually inspected and tested for
normality.
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3. Results
3.1. Balance and Stability

Normality was tested using the Shapiro-Wilk test and homogeneity of variance us-
ing Levene’s test. When both assumptions were satisfied, a parametric mixed-design
repeated-measures ANOVA was conducted, with the F-values, p-values, and partial n?
reported. When the data violated these assumptions (p < 0.05), a rank-transformed non-
parametric mixed-design ANOVA was performed, and the F-values, p-values, and par-
tial n? (rank-based) are reported in Table 1. For all simple-effects analyses following a
significant interaction, Bonferroni correction was applied (x = 0.0125 for four pairwise
comparisons). The detailed normality and homogeneity tests for all variables are provided
in Tables Al and A2.

Table 1. Comparison of center of pressure (COP) and spatiotemporal gait measures during stair-to-
ground transition across task (single-task vs. dual-task) and group (CAI vs. CON) conditions.

CAI CON

Indicator P1 F1 n21 P2 F2 322 P3 F3 123
ST DT ST DT

ATS 0.59 + 0.51 + 0.59 + 0.64 +

(point) 0.05 0.06 0.05 0.07 <0.001 4038 041 011 260 0.04 <0.001 4471 044

COP.m 3054 101.31 94.04 96.63

(mm) (73.77, (81.51, (81.59, (87.48, 047 053 0009 <0.001 7517 056 <0.001 1440 0.20
94.07) 109.49) 99.67) 109.92)

COP-ml 6.15 6.31 5.62 6.30

RMS (5.40, (5.48, (4.22, (4.98, 026 131 0.02 <0.001 3604 038 003 495 0.08

(mm) 7.60) 8.69) 6.91) 8.28)

Gs 0.862 0.74 0.89 0.91

(m/s) (0.73, (0.62, (0.76, (0.68, 020 1.69 0.03 <0.001 168.05 0.74 <0.001 118.16 0.67
1.07) 0.87) 1.11) 1.08)
6.15 6.31 5.62 6.30

SW (m) (5.40, (5.48, (4.22, (4.98, 068 017 0.003 <0.001 139.14 0.71 064 022 0.004
7.60) 8.69) 6.91) 8.28)

Values are presented as mean & SD for parametric analyses and median (Q1, Q3) for non-parametric (rank-
transformed) analyses. P1 refers to the main effect of group (F1, p1, partial n?1/pseudo-n?1); P2 refers to the
main effect of task (F2, p2, partial n22/pseudo-n?2); P3 refers to the group x task interaction (F3, p3, partial
n%3/ pseudo-n23). Abbreviations: CAI, chronic ankle instability; CON, control; ST, single-task; DT, dual-task;
COP-ml, total mediolateral displacement of center of pressure; COP-ml RMS, mediolateral RMS of COP; GS, gait
speed; SW, step width; ATS, arithmetic task score.

The center of pressure mediolateral root mean square (COP-ml RMS) was analyzed
using non-parametric methods due to the severe normality violation in the CAI group
under DT conditions. Significant task and interaction effects were observed, with no
significant group effect. The parametric ANOVA yielded consistent results. Simple effect
analyses showed that in the CON group, COP-ml RMS was higher under the DT than
the ST (w = 14.00, z = 4.49, p < 0.001, r = 0.58), while the group with CAI showed a
significant difference (w = 24.00, z = 4.28, p < 0.001, r = 0.55). No group differences were
found under either task, indicating that the DT increased postural sway in both groups.
COP mediolateral excursion (COP-ml) was analyzed non-parametrically due to moderate
heterogeneity under DT conditions. Significant task and interaction effects were found,
with no group effect. The parametric ANOVA results were consistent. Simple effects
showed that the DT increased COP-ml in both the CAI (w = 118.00, z = 2.36, p = 0.02,
r = 0.30) and CON (w = 5.00, z = 4.68, p < 0.001, r = 0.60) groups, with no significant
group differences, suggesting a consistent DT-induced lateral displacement in the COP
across groups. Step width (SW) was analyzed non-parametrically due to severe normality
violations. The task effect was significant, whereas group and interaction effects were not.
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The parametric ANOVA confirmed these results, showing that the DT increased SW in both
groups. Gait speed (GS) was analyzed using non-parametric methods due to moderate
violations of parametric assumptions. Significant task and interaction effects were observed,
with no group effect. Simple effects indicated that GS decreased under the DT compared
with that under the ST in CAI (W =0.00, Z =4.78, p < 0.001, r = 0.62), whereas CON showed
no significant difference. No group differences were found under either task, suggesting
that the DT specifically impaired GS in the CAI patients. Arithmetic task score (ATS) was
analyzed parametrically. Significant group and interaction effects were found, with no
task effect. Simple effect analyses revealed that the ATS decreased under the DT compared
with that under the ST in CAI (t(29) = 5.42, p < 0.001, d = 1.47), whereas it increased in
CON (t(29) = —3.95, p < 0.001, Id| = 0.85). Under DT conditions, the CAI group scores
were significantly lower than those in CON (t(58) = —8.48, p < 0.001, |d | =2.19), with no
significant group difference under the ST (t(58) = —0.30, p = 0.77, d = 0.08). These results
suggest that the DT selectively impaired arithmetic performance in the CAI patients while
enhancing it in the healthy controls.

3.2. Joint Kinematics and Kinetics

Normality was tested using the Shapiro-Wilk test and homogeneity of variance using
Levene’s test. When both assumptions were satisfied, parametric mixed-design repeated-
measures ANOVA was conducted, with F-values, p-values, and partial n? reported. When
the data violated these assumptions (p < 0.05), a rank-transformed non-parametric mixed-
design ANOVA was performed, and F-values, p-values, and partial n? (rank-based) were
reported in Table 2. The detailed normality and homogeneity tests for all variables are
provided in Tables A1 and A2.

Significant differences in lower-limb joint range of motion (ROM) were observed in both
the sagittal and frontal planes. For ankle ROM, severe heterogeneity under DT conditions
warranted non-parametric analyses. Group and task main effects were significant, with
no interaction. The CAI group exhibited a greater ankle ROM than that in CON, and the
ROM in the DT was increased relative to that under the ST. Knee ROM met the parametric
assumptions, showing a significant group effect without task or interaction effects. CAI shows
a greater knee ROM than that in CON. Hip ROM required non-parametric analyses due to
normality violations in CON; group, task, and interaction effects were significant. Simple
effects indicated a reduced hip ROM under the DT in CAI (W = 0.001, Z = 4.78, p < 0.001
r = 0.62), no task difference in CON, and a lower ROM for CAI than CON under the DT
(U =69.00, Z =5.63, p <0.001, r = 0.73) but not the ST, suggesting a DT-specific reduction
in CAL In the frontal plane, ankle inversion showed significant group, task, and interaction
effects, with the inversion in CAI greater under the DT than the ST (W =0.001, Z =4.78,
p <0.001, r = 0.62) and higher than that in CON in both the ST (U = 847.00, Z = 5.87, p = 0.001,
r=0.76) and the DT (U = 893.00, Z = 6.55, p = 0.001, r = 0.85). Knee varus exhibited a significant
task and interaction effect; CAI showed increased varus under the DT (W =95.00, Z = 2.83,
p = 0.004, r = 0.37), with no group differences. Hip abduction showed a significant group
effect, with greater abduction in CAI than that in CON.

For the joint moments, Hip FM required non-parametric analyses due to normal-
ity /variance violations; task and interaction were significant, with simple effects showing
that the DT increased Hip FM only in CON (W = 13.00, Z = 4.52, p < 0.001, r = 0.58) and
no group differences. Hip EM met the parametric assumptions; task and interaction were
significant, showing a decreased EM under the DT in both groups, with no group differences.
KE M1 showed task and interaction effects, with a higher KE M1 under the DT for CAI
(W=23.00,Z=4.72,p <0.001, r = 0.61) and CON (W =7.00, Z = 4.64, p < 0.001, r = 0.60), with
no group differences. KE M2 showed only a task effect, which was higher under the ST. PF
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M1 showed significant group, task, and interaction effects; PF M1 in CAI decreased under the
DT (W =1.00,Z=4.76, p < 0.001, r = —0.62) and was lower than that in CON under the DT
(U =162.00, Z =4.26, p = 0.001, r = 0.55), with no significant ST difference. PF M2 showed
group and interaction effects; in CON, PF M2 increased under the DT (W =50.00, Z = 3.75,
p <0.001, r = 0.49), while in CAlI it remained lower under both conditions (ST: U = 148.00,
Z=447,p<0.001,r=0.58; DT: U = 58.00, Z = 5.80, p < 0.001, r = 0.75).

Table 2. Comparison of lower-limb joint kinematics and kinetics during stair-to-ground transition
across task (single-task vs. dual-task) and group (CAI vs. CON) conditions.

CAI CON
Indicator p DT ST DT P1 F1 n21 P2 F2 n22 P3 F3 123
Ankle 38.41 4345 30.75 34.47
ROM (36.14, (41.37, (28.78, (32.03, <0.001 3988 041 <0.001 33468 085 007 345 006
40.18) 44.45) 34.01) 41.17)
Knee 3642+ 3692+ 34.08 + 3513 +
ROM 380 o i1y o 004 463 007 012 251  0.04 057 032  0.006
Hi 26.50 23.70 26.828 27.39
ROII\D/[ (25.77, (22,52, (26.04, (25.99, <0.001 3248 036 <0001 1380 019  <0.001 2404 029
27.34) 2521) 27.97) 28.28)
6.80 8.37
AnkleIn-—— "oy (6.96, 4.83 5.02 <0.001 18548 076 0002 1057 015 0003 970 0.4
version (4.23,5.44) (4.44,5.50)
7.19) 9.09)
1.15 229
Knee 2.18 2.09
(0.88, (1.98, 023 145 002 0004 892 013 0.01 672 0.10
Varus 1.87) 3.07) (1.57,2.80)  (1.71,2.51)
. 6.42 8.01
Hip Ab- 467 4.60
! (2.95, (3.29, 0.03 504  0.08 0.52 042 0007 037 084 001
duction 798) 9.38) (3.22,6.80)  (2.29, 8.38)
0.32 033 034 035
Hip FM (0.23, (0.26, : : 048 051 0009 <0.001 6015 051 0006 811 0.2
(0.25,0.37)  (0.27,0.40)
0.36) 0.39)
. 0.65 + 051 + 0.60 + 052 +
Hip EM 010 007 009 o1l 0.37 080 001 <0001 10032 063 0003 993 0.5
0.27 0.52 035 0.43
KE M1 (0.15, (0.31, : - 0.46 056 001 <0.001 15090 072 0002 593  0.009
(0.30,0.42)  (0.40, 0.55)
0.44) 0.65)
0.10 0.08 0.09 0.08
KE M2 (0.07, (0.06, : : 0.69 017 0003 <0.001 11663 0.67 043 063  0.01
(0.08,0.11)  (0.07,0.10)
0.14) 0.09)
118 1.127 1.30 1.256
PF M1 (1.15, (L0741 11"l 4s) (19,14 <0001 1380 019 0002 109 016 0004 885 013
1.25) 1.191) e 2 L
1.13 1.04 129 140
PF M2 (1.09, (0.92 125.141) (135,146 <0001 9299 062 041 070 001 <0.001 1733 023
1.27) 1.169) <2 L 09 L
. 1349 + 1420+ 1141 + 12.94 +
Hip% 508 196 508 g <0.001 1715 0.3 0.02 530  0.08 0.41 069 001
77.02 80.13 64.59 71.68
Knee% (74.14, (78.45, (62.39, (66.63, <0.001 7477 056 0001 1199 0.17 095 0004 720
79.78) 83.24) 73.93) 75.21)
8.53 5.34 22.62 14.33
Ankle% (5.29, (2.30, (18.11, (11.82, <0.001 9583 062 <0001 1567 021 0.61 056  0.004
13.61) 7.16) 26.30) 20.50)

Values are presented as mean £ SD for parametric analyses and median (Q1, Q3) for non-parametric (rank-
transformed) analyses. P1 refers to the main effect of group (F1, p1, partial n%1/ pseudo—nzl); P2 refers to the
main effect of task (F2, p2, partial n2/pseudo-n?2); P3 refers to the group x task interaction (F3, p3, partial
n23/ pseudo-n23). Abbreviations: CAI, chronic ankle instability; CON, control; ST, single-task; DT, dual-task;
ROM, range of motion; Ankle%, relative ankle work contribution; Knee%, knee joint; Hip%, hip joint.
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The results of the comparison of lower-limb joint angle and moment in sagittal plane
during stair-to-ground tran-sition both across task (ST vs. DT) and group (CAI vs. CON)
conditions using SPM are shown in Figure 2.
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Figure 2. Cont.



Bioengineering 2025, 12, 1120

12 of 24

CAl: ST vs DT CAl: ST vs DT CAl: ST vs DT
— ST Significant ranges: 075 o7 Significant ranges:
0.0t __ oy - 39.4~79.6%: p=0.000 - 4.5-18.9%: p < 0.001
96.8-99.0%: p=0.044 96.3-99.0%: p = 0.044 0.25
Gl S Cl
4 S S
< X 0.00
E -05 £ £
z z £-025
K .0
= 2 2
c T T
-1.0 =
< -0.25 0.50
Significant ranges:
-0.50 -0.75 15.6-34.1%: p = 0.009
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (%) Time (%) Time (%)
- =005 T =098 »:5 T 25 =005 =288
§ oo —— g < oo /\
o o o
® -5 » »n-25
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
CON: ST vs DT CON: ST vs DT CON: ST vs DT
- ST Significant ranges: —_— Significant :
0.0y [s)T 56.1-78.1%: p=0.000 061 g.:: 0.0-2'9&9;:1) Sobor
97.5-99.0%: p=0.048 76.5-83.6%: p = 0.020 0.25
5] = 91.3-96.6%: p = 0.030
% g o ] ;6 0.00
=z E 02 E
> &
Y 4 £ 025
= 8 00 e
5 < £ o
-0.2 -0.50 11.9-25.0 .
54.4-60.9
—04 ~0.75 89.1-91.4%
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60
Time (%) Time (%) Time (%)
= cs =005t =3.072 A = 5//\ z0.05:.L.=3.077.
H ) o \
# # /] i | 4
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
ST: CAl vs CON ST: CAlvs CON ST: CAlvs CON
i 3 0.6
— CAl Significant ranges: —— CAl — CAl
0.0 0.0-3.0%: p=0.043
—— CoN 20.5-90 6% p=0.000 0.4{/—jcoN 0.25§ — CON
K )
£ g 02 0.00
z z
P 5 00 -0.25
'E g Significant ranges:
< x-02 -0.50 1.3-5.6%: p = 0.043
23.6-29.7%: p = 0.036
04 49.4-90.2%: p < 0.001
-0.75 96.0-99.0%: p = 0.046
0 20 40 60 80 100 0 20 40 60 80 100
Time (%) Time (%)
10
g g 2 g A
§'5 2=0.05"53.004. §‘ 0.0 s a=0.9&: t=2.897
o
&o & 25 » 0
\S
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 8 100
DT: CAl vs CON DT: CAl vs CON DT: CAl vs CON
Significant ranges: 0.75{ __ cal Significant ranges: 0.4, — cAl
i X 0.0-1.1%: p = 0.049
~—JGCN 6.9-16.8 007
= ~ 0.50 24.0-37.0 002 0.2
g g Rigatim)| 3
£ E 025 Sl U $ 00
z z 5
= 5 Z 02
2 & 0.00 e
< g T
< -0.4
-0.25 Significant ranges:
~06 33.8-44.8%: p = 0.020
- 57.4-99.0%: p < 0.001
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Time (%) Time (%) Time (%)
10 _ a=0.05: £ .=3.038 10
s m\ £o / \ VAR | i .[m\
& o 2 & o
5 &
0 20 40 60 8 100 0 2 40 60 8 100 0 20 40 60 80 100

Figure 2. Comparison of lower-limb joint angle and moment in sagittal plane during stair-to-ground
transition across task (ST vs. DT) and group (CAI vs. CON) conditions using SPM. Time-normalized
kinematic and kinetic waveforms for the ankle, knee, and hip joints during the stair-to-ground
transition. The solid lines represent mean trajectories, and the shaded bands represent +1 SD.
“*” indicates a significant difference (p < 0.05) and gray shaded areas along the x-axis indicate time
intervals where statistically significant differences (p < 0.05) were found between the CAI and CON
groups under single-task (ST) conditions, the CAI and CON groups under dual-task (DT) conditions,
ST and DT conditions within the CAI group, and ST and DT conditions within the CON group.
Abbreviations: CAI, chronic ankle instability; CON, control; ST, single-task; DT, dual-task; SPM,
statistical parametric mapping.
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The results of the joint contribution are shown in Figure 3 and Table 2, and the detailed
normality and homogeneity tests for all variables are provided in Tables A1 and A2. hip
contribution was analyzed parametrically, as the data met the assumptions. The results
revealed significant main effects of group and task, with a non-significant interaction.
These findings indicate that hip contribution was higher in CAI than that in CON, and
DT conditions consistently increased the hip contribution compared with that in the ST.
Knee contribution was analyzed non-parametrically due to violations of normality and
homogeneity of variance. The results showed significant main effects of group and task,
with no significant interaction. The parametric ANOVA yielded consistent conclusions.
These results indicate that knee contribution was higher in CAI than that in CON, and
DT conditions consistently increased the knee contribution across groups. Ankle contri-
bution was analyzed non-parametrically due to severe normality violation and moderate
heterogeneity of variance. Significant main effects of group and task were observed, with a
non-significant interaction. The parametric ANOVA results were consistent. These findings
indicate that ankle contribution was lower in CAI than that in CON, and DT conditions
consistently the reduced ankle contribution compared with that in the ST.

Joint Contribution — Triangular Radar (Mean £ SD)
Hip

= CAI-ST

==+ CAI-DT
CON-ST

==+ CON-DT

Knee Ankle

Figure 3. Relative joint work contributions at the ankle, knee, and hip. The stacked bar charts
show the percentage contribution of each joint to the total lower-limb positive work during the
stair-to-ground transition for the chronic ankle instability (CAI) and control (CON) groups under
single-task (ST) and dual-task (DT) conditions. Abbreviations: CAI, chronic ankle instability; CON,
control; ST, single-task; DT, dual-task; Ankle%, relative positive work contribution of the ankle joint;
Knee%, knee joint; Hip%, hip joint.

3.3. Predictive Relationships Between Ankle% and Lower-Limb Biomechanics

Correlation analyses between Ankle%, COP-ml RMS, dual-task cost (DTC), and other
lower-limb biomechanical variables are shown in Figure 4. Several significant associations
were identified. In the CAI group, Ankle% was significantly and negatively correlated with
the COP-ml RMS under both ST and DT conditions. Regression analysis confirmed that
Ankle% was a significant predictor of COP-ml RMS (ST: § = —0.28, R? = 0.96; DT: 3 = —0.50,
R? = 0.47), whereas no significant associations were observed in the CON group. Additionally,
Ankle% was positively correlated with gait speed (GS) under the DT in the CAI group, with
the regression analysis demonstrating significant predictive power (3 = 0.03, R? = 0.53). In
contrast, in the CON group, Ankle% showed significant positive correlations with GS under
both ST and DT conditions (ST: § = 0.02, R? = 0.61; DT: § = 0.02, R? = 0.26). Moreover,
Ankle% was strongly and negatively correlated with Knee% in both conditions for the CAI
group, and regression analysis confirmed its predictive effect (ST: p = —0.87, R? = 0.85; DT:
B = —0.88, R = 0.82). Similar strong negative correlations were also found in the CON group
(ST: B = —0.88, R? = 0.84; DT: p = —0.96, R? = 0.88). In addition, COP-ml RMS was positively
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Ankle% vs COP-m| RMS

correlated with ankle inversion (Ankle INV) in the CAI group, with regression models
supporting its predictive effect (ST: p = 0.27, R? = 0.43; DT: § = 0.19, R? = 0.23), whereas no
such relationship was evident in the CON group. COP-ml RMS was also positively correlated
with ankle range of motion (ROM) in the CAI group, with significant predictive value (ST:
B =155, R? = 0.54; DT: § = 0.63, R? = 0.57), but no significance was observed in the CON
group. Furthermore, DTC Ankle% was significantly and negatively correlated with DTC
COP-ml RMS in both groups, with regression analyses indicating significant predictive effects
(CAL B = —0.55, RZ = 0.26; CON: 8 = —0.34, R? = 0.44).
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Figure 4. Relationships between ankle work contribution (Ankle%) and key biomechanical variables.
Scatter plots with regression lines illustrate the correlations between Ankle% and the mediolateral
center of pressure variability (COP-ML RMS), gait speed (GS), and knee work contribution (Knee%)
for the chronic ankle instability (CAI) and control (CON) groups under both single-task (ST) and dual-
task (DT) conditions. Pearson’s correlation coefficient (r) is reported for each significant relationship.
Abbreviations: COP-ml RMS, mediolateral root mean square of center of pressure displacement; GS,
gait speed; CAI chronic ankle instability; CON, control.

3.4. Dual-Task Cost

Descriptive statistics for each outcome are summarized in Table 3. Values are presented
as the mean £ SD for parametric analyses and the median (Q1, Q3) for non-parametric
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(rank-transformed) analyses, and detailed normality and homogeneity tests for all variables
are provided in Tables A3 and A4. In the dual-task cost (DTC) analysis, the normality (the
Shapiro-Wilk test) and homogeneity of variance (Levene’s test) of all variables were first
assessed. According to the data characteristics, independent-samples ¢-tests were applied
when the data were approximately normal with equal variances, Welch's t-tests when the
variances were unequal, and Mann—-Whitney U tests when normality was not satisfied or
only partially met. The results showed that there were no significant differences between
the CAI and CON groups in ankle inversion angle and step width (SW) DTCs (U = 486.50,
p=0.59,r=0.07, U=2350.00, p =0.14, r = —0.19), whereas the gait speed (GS) DTC was
significantly higher in the CAI group than that in the CON group (t = 6.69, p < 0.001,
d = 1.723). COP-ml DTC was significantly higher in the CAI group (t = 7.62, p < 0.001,
d = 4.22), while COP-ml RMS DTC showed no significant difference (U = 332.00, p = 0.08,
r = 0.23). The ankle contribution (Ankle%) and arithmetic task score (ATS) DTCs were
significantly higher in the CAI group (U = 645.00, p = 0.004, r = 0.37; U = 604.00, p = 0.02,
r = 0.29), whereas the knee (Knee%) and hip (Hip%) contribution DTCs were significantly
lower than in the CON group (Welch t: t = —9.11, p < 0.001, d = —1.66; U = 67.50, p < 0.001,
r=—0.73; Welch t: t = —6.11, p < 0.001, d = —1.25; U = 132.00, p < 0.001, r = —0.61). PFM1
DTC showed no significant difference (U = 400.00, p = 0.46, r = —0.10), while PFM2 DTC
was significantly higher in the CAI group (t = 3.63, p = 0.001, d = 2.64). The KEM1 and
KEM2 DTCs were both significantly higher in the CAI group (U = 713.00, p = 0.001, r = 0.50;
U =623.00, p = 0.011, r = 0.33). The Hip FM and Hip EM DTCs showed no significant
differences (U = 564.00, p = 0.093, r = 0.22; U = 461.50, p = 0.87, r = 0.02). The ankle range of
motion (ANKLE ROM) DTC did not differ significantly between groups (t = —0.08, p = 0.94,
d = —0.02), whereas the knee (KNEE ROM) and hip (HIP ROM) range of motion DTCs
were significantly higher in the CAI group (U = 644.00, p = 0.004, r = 0.30; U = 595.00,
p=0.03,r=0.28).

Table 3. Comparison of dual-task cost (DTC) in spatiotemporal, stability, and lower-limb biomechani-
cal indicators between CAI and CON groups during stair-to-ground transition.

Indicator CAI CON
Ankle inversion DTC 23.07 (9.99, 25.61) 16.12 (9.69, 28.33)
SW DTC 10.10 (8.51, 11.05) 11.82 (8.57, 13.00)
GS DTC 14.83 £ 4.00 7.68 £4272
COP-ml DTC 17.94 + 8.65 5.21 +£3.022
COP-ml RMS DTC 7.95 (1.83,14.92) 14.36 (10.03, 19.84)
Ankle% DTC 44.05 (36.16, 49.02) 33.22(22.53,35.12) 2
Knee% DTC 1.24 (1.19,1.26) 7.95 (4.75,10.23) 2
Hip% DTC 4.995 (2.51, 9.66) 16.33 (11.92,22.17) 2
ATS DTC 14.295 (10.09, 22.08) 8.05 (3.46,20.12) 2
PF M1 DTC 5.435 (4.78, 6.63) 8.69 (2.12, 13.09)
PF M2 DTC 15.37 = 10.92 790 +2832
KE M1 DTC 78.02 (48.09, 95.07) 24.19 (17.15, 33.50) 2
KE M2 DTC 21.01 (13.67,29.97) 13.10 (11.26, 14.61) 2
Hip FM DTC 8.44 (3.74, 11.60) 6.28 (2.35, 8.34)
Hip EM DTC 22.18 (20.04, 23.45) 22.23(18.98, 23.33)
Ankle ROM DTC 12.17 £ 3.43 12.26 £+ 5.50
Knee ROM DTC 5.62 (3.57, 14.32) 2.63 (1.36,5.03) 2
Hip ROM DTC 9.94 (8.16, 12.45) 7.45(2.81,11.37)2

Values are presented as mean + SD for parametric analyses and median (Q1, Q3) for non-parametric (rank-
transformed) analyses. “a” indicates a significant difference between CAI and CON groups (p < 0.05). Abbrevia-
tions: CAI chronic ankle instability; CON, control; DTC, dual-task cost; COP, center of pressure; ATS, arithmetic
task score; GS, gait speed. SW, step width; PF M1, First peak ankle plantarflexion moment; KE M1, First peak
knee extension moment; FM, flexion moment; EM, extension moment; ROM, rang of motion.
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4. Discussion

This study examined the compensatory movement patterns and neuromuscular con-
trol in individuals with chronic ankle instability (CAI) during stair-to-ground transitions,
focusing on the influence of dual-task (DT) demands. By integrating spatiotemporal param-
eters, center of pressure (COP) data, joint mechanics, and cognitive performance, distinct
postural control deficits and compensatory strategies were identified. The participants
with CAI exhibited diminished ankle function and increased reliance on proximal joints,
especially under DT conditions, resulting in reduced movement efficiency and stability.
These outcomes confirm our hypotheses: (a) a slower gait speed and greater step width,
(b) reduced ankle and increased knee/hip contributions, (c) negative associations between
ankle work and COP stability, and (d) cognitive decline under the DT reflecting a posture-
first strategy. Collectively, the results highlight both peripheral and central mechanisms
underlying CAI and suggest that dual tasking exposes hidden instability not observable
during simple walking.

4.1. Postural Stability and Attentional Demands Under Dual-Task Conditions

The spatiotemporal, COP, and cognitive data consistently revealed impaired postural
control in CAI, which further deteriorated under DT conditions. The slower gait and wider
step width observed even under single-task (ST) conditions indicate a conservative gait
pattern adopted to enhance stability [8,42,43]. Under DT conditions, these adaptations
were amplified, and the increased dual-task cost reflected limited gait automatization and
greater reliance on conscious control [11,16,44]. Greater mediolateral COP displacement
and variability further confirmed compromised frontal-plane stability. Such deficits likely
arise from delayed peroneal activation and altered corticospinal modulation [42,45,46]. The
pronounced instability under the DT supports the hypothesis that individuals with CAI rely
heavily on attentional resources to maintain balance, consistent with the capacity-sharing
model [18,47-49]. Cognitive performance outcomes reinforce this interpretation. While
the controls (CON) slightly improved under the DT, the participants with CAI exhibited
marked performance declines, confirming a posture-first trade-off [14,18,50]. For CON,
moderate motor demand may enhance arousal and attention; for CAI, excessive attentional
resources are devoted to maintaining balance [11,41]. This difference underscores that CAI
involves not only peripheral deficits but also central limitations in attentional resource
allocation [10,51,52].

4.2. Distal Suppression and Proximal Compensation

The biomechanical results revealed a clear distal-to-proximal redistribution of the
joint work in CAI Reduced ankle contribution (Ankle%) and increased knee and hip work
confirm the compensatory cascade predicted in hypothesis (b), which intensified under
DT conditions. This redistribution likely reflects a protective strategy to minimize distal
instability [42,53-55]. Early plantarflexion and persistent inversion patterns indicate altered
sensorimotor control and impaired propulsion [18,45].

Increased knee flexion and hip abduction may lower the center of mass and widen
the base of support, improving stability but increasing proximal joint loading [56,57]. Such
compensations may help task completion yet elevate overuse risk at the knee or the hip.
Importantly, the negative correlation between the dual-task cost of Ankle% and COP
stability suggests that maintaining the distal contribution requires attentional resources—
when divided, compensatory mechanisms weaken [34,35,58,59].
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4.3. Regulatory Role of Ankle Function in Motor Control

The regression results confirmed the ankle’s central role in maintaining gait stability
and efficiency. Reduced Ankle% correlated with larger COP-ml RMS, demonstrating that
ankle mechanical output directly influences mediolateral control [42,60]. The positive
relationship between Ankle% and gait speed links impaired ankle propulsion to a slower,
cautious gait. The inverse correlation between Ankle% and Knee% reflects energy redistri-
bution along the kinetic chain [34,61], which may increase proximal stress and contribute
to patellofemoral pain [59,62]. Additionally, the association between COP-ml RMS and
ankle inversion suggests a feedback loop: poor proprioceptive control leads to abnormal
positioning, amplifying instability further [10,51]. The correlation between ankle work and
dual-task cost highlights that distal control deteriorates under cognitive load, reinforcing
the need for dual-task-oriented rehabilitation [22,25].

4.4. Clinical Implications

These findings have clear clinical implications. The amplified deficits under the DT
suggest that dual-task assessments can reveal functional instability better than single-task
evaluations. Confirming all four hypotheses (a-d), our results emphasize that rehabilitation
should target both distal control and cognitive-motor coordination. Quantifying proximal
compensations during stair tasks may also inform individualized interventions.

Rehabilitation should progress from restoring local ankle sensorimotor function to
retraining coordinated ankle-knee-hip energy transfer. Incorporating DT paradigms in
advanced stages—supported by evidence of DT training efficacy [23,25,63]—can enhance
automaticity and prepare patients for real-world multi-tasking.

4.5. Limitations and Future Directions

Several limitations should be acknowledged. The sample included only young males,
limiting the generalizability. The modest sample size (N = 30 per group) may have reduced
the statistical robustness. Uncontrolled variables such as fatigue and limb dominance may
have introduced variability. The three-step staircase restricted task duration and may have
underestimated sustained compensatory adaptations. Upper-body and neurophysiological
data were not recorded, preventing direct interpretation of central control mechanisms.
Although the arithmetic task is widely used, population-specific validation is lacking, and
potential learning effects cannot be excluded. Finally, injury severity was not stratified,
which may have influenced individual responses [64].

Future research should include larger and more diverse samples, extended stair
descent tasks, and multimodal approaches (e.g., EMG, EEG, fNIRS). Meanwhile, finite
element analysis has been extensively applied in sports biomechanics to studying the
internal biomechanical behavior of human tissues [65-67]. Future research should combine
finite element analysis with high-resolution medical imaging to obtain individualized
data for CAI and develop high-fidelity ankle models. Such progress would facilitate a
more thorough exploration of internal biomechanical responses in CAI during diverse
movements, thereby offering deeper insights into the mechanisms of injury.

5. Conclusions

In this cohort of young male participants, this study investigated neuromuscular con-
trol in individuals with chronic ankle instability (CAI) during a stair-to-ground transition,
revealing key deficits that were systematically exacerbated under dual-task conditions.
The findings demonstrate that CAI is characterized by a guarded gait pattern, a robust
“distal-to-proximal” compensatory strategy, and a marked reliance on attentional resources
for postural control, as evidenced by the adoption of a “posture-first” strategy.



Bioengineering 2025, 12, 1120

18 of 24

Theoretically, by integrating an ecologically valid motor task with a cognitive chal-
lenge, this work provides behavioral evidence consistent with models of disrupted central
sensorimotor integration and resource allocation in CAI The observed performance deteri-
oration under cognitive load, without direct neural measures, offers compelling indirect
support for the involvement of higher-order cognitive processes in CAI pathophysiology.

Clinically, the results highlight the potential value of incorporating dual-task assess-
ments and kinetic chain evaluations to identify functional deficits better. The proposed
staged rehabilitation framework—progressing from local ankle recovery to inter-joint coor-
dination and finally to cognitive-motor integration—offers a rational approach for future
intervention studies to validate.
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Abbreviations

The following abbreviations are used in this manuscript:

CAI Chronic ankle instability

CON Controls

ST Single-task/single task

DT Dual-task/dual task

DTC Dual-task cost

COP-ml Total mediolateral displacement of the center of pressure
COP-mIRMS  Root mean square of mediolateral Center of Pressure displacement
GS Gait speed

SW Step width

ROM Range of motion

Ankle% Relative joint work contribution of the ankle

Knee% Relative joint work contribution of the knee

Hip% Relative joint work contribution of the hip

Ankle INV Ankle inversion angle
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Hip ABD Hip abduction
Hip FM Hip flexion moment
Hip EM Hip extension moment
KEM1 First peak knee extension moment
KE M2 Second peak knee extension moment
PF M1 First peak ankle plantarflexion moment
PF M2 Second peak ankle plantarflexion moment
ATS Arithmetic task score
SPM Statistical parametric mapping
Appendix A
Table A1. Shapiro-Wilk test of normality for 2 x 2 mixed-design ANOVA outcomes.
Indicator CAI-ST CAI-DT CON-ST CON-DT
w 0.98 0.93 0.96 0.94
Ankle ROM P 0.81 0.05 0.25 0.11
w 0.96 0.98 0.98 0.95
Knee ROM P 0.30 0.86 0.82 0.20
. w 0.97 0.97 0.95 0.97
Hip ROM P 051 0.59 0.15 0.001
Ankde . W 0.96 0.92 0.92 0.98
nide mversion P 0.32 0.02 0.02 0.83
Knee i . w 0.86 0.94 0.96 0.90
€€ mversion P 0.001 0.08 0.40 0.01
. . w 0.93 0.92 0.92 0.92
Hip abduction P 0.04 0.03 0.03 0.03
w 0.96 0.96 0.93 0.97
PF M1 p 0.40 035 0.06 0.64
w 0.96 0.87 0.94 0.94
e P 0.28 0.002 0.08 0.09
w 0.96 0.94 0.94 0.92
KE M1 P 0.26 0.08 0.09 0.03
w 0.97 0.95 0.97 0.95
KE M2 P 0.50 0.17 0.51 0.18
. w 0.92 0.96 0.94 0.93
Hip FM P 0.03 0.38 0.11 0.06
. w 0.92 0.96 0.94 0.93
Hip EM P 0.03 038 0.11 0.06
w 0.93 0.94 0.98 0.96
COP-ml P 0.05 0.07 0.89 0.40
w 0.96 0.87 0.97 0.97
COP-ml RMS P 0.40 0.002 0.58 0.64
s w 0.90 0.94 0.97 0.95
P 0.01 0.08 0.48 0.13
W w 0.96 0.97 0.88 0.95
P 0.35 0.55 0.003 0.22
w 0.99 0.99 0.98 0.98
ATS P 0.98 0.94 0.81 0.84
Hin% w 0.98 0.98 0.97 0.95
p P 0.92 0.78 0.42 0.18
— w 0.98 0.90 0.88 0.9
nee’o P 0.86 0.005 0.003 0.31
X w 0.97 0.84 0.96 0.96
Ankle% P 0.4 0.001 0.40 0.40
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Table A2. Levene’s test for homogeneity of variance for 2 x 2 mixed-design ANOVA outcomes.

Indicator ST DT
Ankle ROM b 8:;8 0().680%
Knee ROM 11z 8;18 Sﬁ
Hip ROM f) éﬁ ggg
Ankle inversion f) 3?(2) (1)108?
Knee inversion ’ 02 0001
P 0.62 0.001

Hip abduction Ilj E)LZZ 823
PEMI }i 000 002
PFM2 11—2 8:;2 (1).3631

KE M1 112 é:;i (1);2

KE M2 f, 0599055 882
HIP FM b 028 o001
HIP EM f) (1):5213 (1).20‘82
COPm ; 055 002
COP-ml RMS IE 0(596054 8233
Gs b 007 00s
sw p 052 002
ATS > 8;8 8:?2
Hip% f) 2:2; 8:;1;
Knee% 11: (1)2481 382
Ankle% . o 005




Bioengineering 2025, 12, 1120 21 of 24

Table A3. Shapiro-Wilk test for normality of independent samples (DTC).

Indicator CAI CON
Ankle inversion w 0.86 0.79
DTC p 0.001 0.001
SW DTC vly 8:3(1) 0969005
GS DTC > 015 009
COP-ml DTC I " 028
COP-ml RMS DTC I oior 0005
Ankle% DTC N 002 o0t
Knee% DTC VIY 0%8031 8?;1
Hip% DTC VPV 8:(9)2 828
ATS DTC Vly Sj?)f; 0%9061
PF M1 DTC v oo o1
PF M2 DTC A 010 006
KE M1 DTC VIY 8:3; 0%6000
KE M2 DTC vly 00.'05010 0967050
Hip FM DIC W o008 03
Hip EM DTC VIY 0%7000 0%8061
Ankle ROM DTC I 0 01
Knee ROM DTC VIY 83213 0690011
Hip ROM DTC VIY 82—8 0%1511
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Table A4. Levene’s test for homogeneity of variance of independent samples (DTC).

Indicator F P

Ankle inversion DTC 2.89 0.009
SW DTC 2.39 0.13

GS DTC 0.32 0.57
COP-ml DTC 15.30 0.001
COP-ml RMS DTC 4.64 0.004
Ankle% DTC 0.41 0.52
Knee% DTC 72.27 0.001
Hip% DTC 8.25 0.006
ATS DTC 0.13 0.72
PF M1 DTC 44.31 0.000
PF M2 DTC 35.83 0.000

KE M1 DTC 0.27 0.60
KE M2 DTC 1.58 0.21
Hip FM DTC 5.84 0.02
Hip EM DTC 1.60 0.21
Ankle ROM DTC 2.70 0.11
Knee ROM DTC 5.33 0.02
Hip ROM DTC 4.44 0.04

References

1.  Chang, H.; Cen, X. Can running technique modification benefit patellofemoral pain improvement in runners? A systematic
review and meta-analysis. Int. ]. Biomed. Eng. Technol. 2024, 45, 83-101. [CrossRef]

2. Huang, D.; Zhang, C.; Song, W.; Gao, J.; Tian, H.; Li, H.; Ke, X,; Jiang, C.; Lin, Z. Gait variability and biomechanical distinctions in
individuals with functional ankle instability: A case-control study based on three-dimensional motion analysis. Eur. J. Med. Res.
2025, 30, 493. [CrossRef]

3. Doherty, C.; Bleakley, C.; Hertel, J.; Caulfield, B.; Ryan, J.; Delahunt, E. Recovery from a first-time lateral ankle sprain and the
predictors of chronic ankle instability: A prospective cohort analysis. Am. J. Sports Med. 2016, 44, 995-1003. [CrossRef]

4. Herzog, M.M.; Kerr, Z.Y.; Marshall, SW.; Wikstrom, E.A. Epidemiology of ankle sprains and chronic ankle instability. J. Athl.
Train. 2019, 54, 603-610. [CrossRef] [PubMed]

5. Gribble, P.A. Evaluating and differentiating ankle instability. J. Athl. Train. 2019, 54, 617-627. [CrossRef] [PubMed]

6.  Gribble, P.A.; Delahunt, E.; Bleakley, C.; Caulfield, B.; Docherty, C.; Fourchet, F.; Fong, D.; Hertel, J.; Hiller, C.; Kaminski, T.
Selection criteria for patients with chronic ankle instability in controlled research: A position statement of the International Ankle
Consortium. J. Orthop. Sports Phys. Ther. 2013, 43, 585-591. [CrossRef]

7. Chamorro-Moriana, G.; Perez-Cabezas, V.; Benitez-Lugo, M. Effectiveness of functional or biomechanical bandages with athletic
taping and kinesiotaping in subjects with chronic ankle instability: A systematic review and meta-analysis. EFORT Open Rev.
2024, 9, 94-106. [CrossRef]

8. Witchalls, ].B.; Waddington, G.; Adams, R.; Blanch, P. Chronic ankle instability affects learning rate during repeated proprioception
testing. Phys. Ther. Sport 2014, 15, 106-111. [CrossRef]

9.  Jolman, S.; Robbins, J.; Lewis, L.; Wilkes, M.; Ryan, P. Comparison of magnetic resonance imaging and stress radiographs in the
evaluation of chronic lateral ankle instability. Foot Ankle Int. 2017, 38, 397-404. [CrossRef]

10. Ghanavati, T.; Salavati, M.; Karimi, N.; Negahban, H.; Takamjani, I.E.; Mehravar, M.; Hessam, M. Intra-limb coordination while
walking is affected by cognitive load and walking speed. . Biomech. 2014, 47, 2300-2305. [CrossRef] [PubMed]

11.  Abernethy, B. Dual-task methodology and motor skills research: Some applications and methodological constraints. J. Hum. Mov.
Stud. 1988, 14, 101-132.

12.  Beurskens, R.; Bock, O. Age-related deficits of dual-task walking: A review. Neural Plast. 2012, 2012, 131608. [CrossRef] [PubMed]

13. Vallabhajosula, S.; Tan, C.W.; Mukherjee, M.; Davidson, A.]J.; Stergiou, N. Biomechanical analyses of stair-climbing while
dual-tasking. J. Biomech. 2015, 48, 921-929. [CrossRef]

14. Lempke, L.B,; Oh, J.; Johnson, R.S.; Schmidt, J.D.; Lynall, R.C. Single-versus dual-task functional movement paradigms: A
biomechanical analysis. J. Sport. Rehabil. 2021, 30, 774-785. [CrossRef]

15. Hamacher, D.; Hamacher, D.; Schega, L. A cognitive dual task affects gait variability in patients suffering from chronic low back
pain. Exp. Brain Res. 2014, 232, 3509-3513. [CrossRef] [PubMed]

16. Kahneman, D. Attention and Effort; Prentice-hall: Englewood Cliffs, NJ, USA, 1973.


https://doi.org/10.1504/IJBET.2024.138706
https://doi.org/10.1186/s40001-025-02736-8
https://doi.org/10.1177/0363546516628870
https://doi.org/10.4085/1062-6050-447-17
https://www.ncbi.nlm.nih.gov/pubmed/31135209
https://doi.org/10.4085/1062-6050-484-17
https://www.ncbi.nlm.nih.gov/pubmed/31161943
https://doi.org/10.2519/jospt.2013.0303
https://doi.org/10.1530/EOR-23-0129
https://doi.org/10.1016/j.ptsp.2013.04.002
https://doi.org/10.1177/1071100716685526
https://doi.org/10.1016/j.jbiomech.2014.04.038
https://www.ncbi.nlm.nih.gov/pubmed/24861632
https://doi.org/10.1155/2012/131608
https://www.ncbi.nlm.nih.gov/pubmed/22848845
https://doi.org/10.1016/j.jbiomech.2015.02.024
https://doi.org/10.1123/jsr.2020-0310
https://doi.org/10.1007/s00221-014-4039-1
https://www.ncbi.nlm.nih.gov/pubmed/25059910

Bioengineering 2025, 12, 1120 23 of 24

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

Zhong, C.; Luo, X,; Gao, H.; Zhang, T.; Zhu, X.; Huang, X.; Shen, P. Effects of dual-task paradigm on the injury potential during
landing among individuals with chronic ankle instability. Front. Physiol. 2024, 15, 1473844. [CrossRef] [PubMed]

Woollacott, M.; Shumway-Cook, A. Attention and the control of posture and gait: A review of an emerging area of research. Gait
Posture 2002, 16, 1-14. [CrossRef]

Choi, J.Y.; Yoo, T.; Burcal, C.J.; Rosen, A.B. Dual-task differences in individuals with chronic ankle instability: A systematic review
with meta-analysis. Gait Posture 2023, 106, 28-33. [CrossRef]

Yang, ].; Yan, S.; Cao, C. Different Dual-Task Paradigm Reduce Postural Control Ability and Dynamic Stability of Healthy Young
Adults during Stair Descent. Appl. Bionics Biomech. 2024, 2024, 9942042. [CrossRef]

Springer, S.; Gottlieb, U. Effects of dual-task and walking speed on gait variability in people with chronic ankle instability: A
cross-sectional study. BMC Musculoskelet. Disord. 2017, 18, 316. [CrossRef]

Watson, E.L.; Bearden, A.C.; Doughton, ].H.; Needle, A.R. The effects of multiple modalities of cognitive loading on dynamic
postural control in individuals with chronic ankle instability. Gait Posture 2020, 79, 10-15. [CrossRef]

Kwak, K.-I.; Choi, B.-J. Effects of dual task training on balance and functional performance in high school soccer players with
functional ankle instability. J. Korean Phys. Ther. 2016, 28, 254-258. [CrossRef]

Asai, T.; Misu, S.; Doi, T.; Yamada, M.; Ando, H. Effects of dual-tasking on control of trunk movement during gait: Respective
effect of manual-and cognitive-task. Gait Posture 2014, 39, 54-59. [CrossRef]

Wang, L.; Yu, G.; Chen, Y. Effects of dual-task training on chronic ankle instability: A systematic review and meta-analysis. BMC
Musculoskelet. Disord. 2023, 24, 814. [CrossRef]

Goh, H.-T.; Pearce, M.; Vas, A. Task matters: An investigation on the effect of different secondary tasks on dual-task gait in older
adults. BMC Geriatr. 2021, 21, 510. [CrossRef] [PubMed]

Zhang, X.; Wang, Q.; Li, Q.; Liu, H.; Wan, X. Comparative effects of arithmetic, speech, and motor dual-task walking on gait in
stroke survivors: A cross-sectional study. Front. Hum. Neurosci. 2025, 19, 1587153. [CrossRef] [PubMed]

Wang, X.; Wang, Z.; Adams, R.; Ganderton, C.; Lyu, J.; Han, J. Ankle inversion proprioception measured during stair descent can
identify chronic ankle instability. Musculoskelet. Sci. Pract. 2024, 72, 102958. [CrossRef] [PubMed]

Nadeau, S.; McFadyen, B.J.; Malouin, F. Frontal and sagittal plane analyses of the stair climbing task in healthy adults aged over
40 years: What are the challenges compared to level walking? Clin. Biomech. 2003, 18, 950-959. [CrossRef]

Protopapadaki, A.; Drechsler, W.I; Cramp, M.C.; Coutts, FJ.; Scott, O.M. Hip, knee, ankle kinematics and kinetics during stair
ascent and descent in healthy young individuals. Clin. Biomech. 2007, 22, 203-210. [CrossRef]

Templer, J. The Staircase: Studies of Hazards, Falls, and Safer Design; MIT Press: Cambridge, MA, USA, 1995; Volume 2.

Chou, L.-S.; Lee, H.-J. Balance control during stair negotiation. J. Biomech. 2007, 40, S207. [CrossRef]

Wang, X.; Wang, Z.; Adams, R.; Gao, Y.; Lyu, J.; Han, J. Effects of stair riser height on ankle proprioception in individuals with
and without chronic ankle stability. Front. Bioeng. Biotechnol. 2025, 13, 1457233. [CrossRef] [PubMed]

Son, S.J.; Kim, H.; Seeley, M.K.; Hopkins, ].T. Movement Strategies among Groups of Chronic Ankle Instability, Coper, and
Control. Med. Sci. Sports Exerc. 2017, 49, 1649-1661. [CrossRef] [PubMed]

Yen, S.-C.; Chui, K.K; Corkery, M.B.; Allen, E.A.; Cloonan, C.M. Hip-ankle coordination during gait in individuals with chronic
ankle instability. Gait Posture 2017, 53, 193-200. [CrossRef] [PubMed]

Wang, Z.; Lu, M.; Kong, L.; Meng, L.; Xue, J.; Zheng, Y.; Zhang, Q. Impact of Cognitive Tasks on Biomechanical Adjustments
During Single-Leg Drop Landings in Individuals with Functional Ankle Instability. Appl. Sci. 2024, 14, 10297. [CrossRef]
James, B.; Parker, A. Electromyography of stair locomotion in elderly men and women. Electromyogr. Clin. Neurophysiol. 1989, 29,
161-168.

Song, Q.; Li, L.; Zhang, C.; Sun, W.; Mao, D. Long-term Tai Chi practitioners have superior body stability under dual task
condition during stair ascent. Gait Posture 2018, 66, 124-129. [CrossRef]

Cen, X,; Yu, P; Song, Y.; Sun, D.; Liang, M.; Bir¢, I.; Gu, Y. Influence of medial longitudinal arch flexibility on lower limb joint
coupling coordination and gait impulse. Gait Posture 2024, 114, 208-214. [CrossRef]

Gao, S.; Song, Y.; Sun, D.; Cen, X.; Wang, M.; Lu, Z.; Gu, Y. Impact of Becker muscular dystrophy on gait patterns: Insights from
biomechanical analysis. Gait Posture 2025, 121, 160-165. [CrossRef]

Al-Yahya, E.; Dawes, H.; Smith, L.; Dennis, A.; Howells, K.; Cockburn, J. Cognitive motor interference while walking: A
systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2011, 35, 715-728. [CrossRef]

Hertel, J. Functional anatomy, pathomechanics, and pathophysiology of lateral ankle instability. J. Athl. Train. 2002, 37, 364.
Hiller, C.E,; Kilbreath, S.L.; Refshauge, K.M. Chronic ankle instability: Evolution of the model. ]. Athl. Train. 2011, 46, 133-141.
[CrossRef]

Wickens, C.D. Multiple resources and performance prediction. Theor. Issues Ergon. Sci. 2002, 3, 159-177. [CrossRef]

Delahunt, E.; Monaghan, K.; Caulfield, B. Altered neuromuscular control and ankle joint kinematics during walking in subjects
with functional instability of the ankle joint. Am. J. Sports Med. 2006, 34, 1970-1976. [CrossRef]


https://doi.org/10.3389/fphys.2024.1473844
https://www.ncbi.nlm.nih.gov/pubmed/39668841
https://doi.org/10.1016/S0966-6362(01)00156-4
https://doi.org/10.1016/j.gaitpost.2023.08.013
https://doi.org/10.1155/2024/9942042
https://doi.org/10.1186/s12891-017-1675-1
https://doi.org/10.1016/j.gaitpost.2020.03.019
https://doi.org/10.18857/jkpt.2016.28.4.254
https://doi.org/10.1016/j.gaitpost.2013.05.025
https://doi.org/10.1186/s12891-023-06944-3
https://doi.org/10.1186/s12877-021-02464-8
https://www.ncbi.nlm.nih.gov/pubmed/34563129
https://doi.org/10.3389/fnhum.2025.1587153
https://www.ncbi.nlm.nih.gov/pubmed/40401172
https://doi.org/10.1016/j.msksp.2024.102958
https://www.ncbi.nlm.nih.gov/pubmed/38643590
https://doi.org/10.1016/S0268-0033(03)00179-7
https://doi.org/10.1016/j.clinbiomech.2006.09.010
https://doi.org/10.1016/S0021-9290(07)70203-8
https://doi.org/10.3389/fbioe.2025.1457233
https://www.ncbi.nlm.nih.gov/pubmed/39991138
https://doi.org/10.1249/MSS.0000000000001255
https://www.ncbi.nlm.nih.gov/pubmed/28350716
https://doi.org/10.1016/j.gaitpost.2017.02.001
https://www.ncbi.nlm.nih.gov/pubmed/28199924
https://doi.org/10.3390/app142210297
https://doi.org/10.1016/j.gaitpost.2018.08.008
https://doi.org/10.1016/j.gaitpost.2024.10.002
https://doi.org/10.1016/j.gaitpost.2025.05.008
https://doi.org/10.1016/j.neubiorev.2010.08.008
https://doi.org/10.4085/1062-6050-46.2.133
https://doi.org/10.1080/14639220210123806
https://doi.org/10.1177/0363546506290989

Bioengineering 2025, 12, 1120 24 of 24

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

McVey, E.D.; Palmieri, RM.; Docherty, C.L.; Zinder, S.M.; Ingersoll, C.D. Arthrogenic muscle inhibition in the leg muscles of
subjects exhibiting functional ankle instability. Foot Ankle Int. 2005, 26, 1055-1061. [CrossRef]

Yogev-Seligmann, G.; Hausdorff, ].M.; Giladi, N. The role of executive function and attention in gait. Mov. Disord. Off. ]. Mov.
Disord. Soc. 2008, 23, 329-342. [CrossRef]

Jacobs, J.; Horak, F. Cortical control of postural responses. J. Neural Transm. 2007, 114, 1339-1348. [CrossRef]

Takakusaki, K. Functional neuroanatomy for posture and gait control. J. Mov. Disord. 2017, 10, 1-17. [CrossRef]

Attentional demands and postural control: The effect of sensorycontext. J. Gerontol. Ser. A 2000, 55, M10-M16. [CrossRef]
[PubMed]

Needle, A.R;; Lepley, A.S.; Grooms, D.R. Central nervous system adaptation after ligamentous injury: A summary of theories,
evidence, and clinical interpretation. Sports Med. 2017, 47, 1271-1288. [CrossRef] [PubMed]

Hertel, J. Sensorimotor deficits with ankle sprains and chronic ankle instability. Clin. Sports Med. 2008, 27, 353-370. [CrossRef]
[PubMed]

Witchalls, ].; Blanch, P.; Waddington, G.; Adams, R. Intrinsic functional deficits associated with increased risk of ankle injuries: A
systematic review with meta-analysis. Br. J. Sports Med. 2012, 46, 515-523. [CrossRef]

Brockett, C.L.; Chapman, G.J. Biomechanics of the ankle. Orthop. Trauma 2016, 30, 232-238. [CrossRef] [PubMed]

Hopkins, ].T.; Ingersoll, C.D.; Edwards, ].; Klootwyk, T.E. Cryotherapy and transcutaneous electric neuromuscular stimulation
decrease arthrogenic muscle inhibition of the vastus medialis after knee joint effusion. J. Athl. Train. 2002, 37, 25. [PubMed]
Chuter, VH.; de Jonge, X.AJ. Proximal and distal contributions to lower extremity injury: A review of the literature. Gait Posture
2012, 36, 7-15. [CrossRef]

DeJong, A.E.; Koldenhoven, R.M.; Hertel, J. Proximal Adaptations in Chronic Ankle Instability: Systematic Review and Meta-
analysis. Med. Sci. Sports Exerc. 2020, 52, 1563-1575. [CrossRef]

Moisan, G.; Descarreaux, M.; Cantin, V. Effects of chronic ankle instability on kinetics, kinematics and muscle activity during
walking and running: A systematic review. Gait Posture 2017, 52, 381-399. [CrossRef]

Palmieri-Smith, R.M.; Lepley, L.K. Quadriceps strength asymmetry after anterior cruciate ligament reconstruction alters knee
joint biomechanics and functional performance at time of return to activity. Am. J. Sports Med. 2015, 43, 1662-1669. [CrossRef]
Winter, D.A. Energy generation and absorption at the ankle and knee during fast, natural, and slow cadences. Clin. Orthop. Relat.
Res. 1983, 175, 147-154. [CrossRef]

Feger, M.A.; Donovan, L.; Hart, ].M.; Hertel, ]. Lower extremity muscle activation in patients with or without chronic ankle
instability during walking. J. Athl. Train. 2015, 50, 350-357. [CrossRef]

Barton, C.J.; Bonanno, D.; Carr, J.; Neal, B.; Malliaras, P.; Franklyn-Miller, A.; Menz, H. Running retraining to treat lower limb
injuries: A mixed-methods study of current evidence synthesised with expert opinion. Br. |. Sports Med. 2016, 50, 513-526.
[CrossRef]

Jaiswal, S.; Rishi, P; Sen, S. Efficacy of Dual Task Training on Ankle Stability in Chronic Ankle Sprain. Res. Sq. 2022. [CrossRef]
Ivanov, I.; Tchorbadjieff, A.; Hristov, O.; Peev, P.; Gutev, G.; Ivanova, S. Spine Kinematic Alterations in Nordic Walking Under
Two Different Speeds of 3 and 5 km/h—A Pilot Study. J. Funct. Morphol. Kinesiol. 2025, 10, 330. [CrossRef] [PubMed]

Song, Y.; Cen, X.; Wang, M.; Gao, Z.; Tan, Q.; Sun, D.; Gu, Y.; Wang, Y.; Zhang, M. A Systematic Review of Finite Element Analysis
in Running Footwear Biomechanics: Insights for Running-Related Musculoskeletal Injuries. J. Sports Sci. Med. 2025, 24, 370.
[CrossRef] [PubMed]

Song, Y.; Cen, X.; Sun, D.; Bélint, K.; Wang, Y.; Chen, H.; Gao, S.; Bir6, I.; Zhang, M.; Gu, Y. Curved carbon-plated shoe may
further reduce forefoot loads compared to flat plate during running. Sci. Rep. 2024, 14, 13215. [CrossRef]

Song, Y.; Cen, X.; Wang, M.; Bélint, K.; Tan, Q.; Sun, D.; Gao, S.; Li, F; Gu, Y.; Wang, Y. The influence of simulated worn shoe and
foot inversion on heel internal biomechanics during running impact: A subject-specific finite element analysis. J. Biomech. 2025,
180, 112517. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1177/107110070502601210
https://doi.org/10.1002/mds.21720
https://doi.org/10.1007/s00702-007-0657-0
https://doi.org/10.14802/jmd.16062
https://doi.org/10.1093/gerona/55.1.M10
https://www.ncbi.nlm.nih.gov/pubmed/10719767
https://doi.org/10.1007/s40279-016-0666-y
https://www.ncbi.nlm.nih.gov/pubmed/28005191
https://doi.org/10.1016/j.csm.2008.03.006
https://www.ncbi.nlm.nih.gov/pubmed/18503872
https://doi.org/10.1136/bjsports-2011-090137
https://doi.org/10.1016/j.mporth.2016.04.015
https://www.ncbi.nlm.nih.gov/pubmed/27594929
https://www.ncbi.nlm.nih.gov/pubmed/12937440
https://doi.org/10.1016/j.gaitpost.2012.02.001
https://doi.org/10.1249/MSS.0000000000002282
https://doi.org/10.1016/j.gaitpost.2016.11.037
https://doi.org/10.1177/0363546515578252
https://doi.org/10.1097/00003086-198305000-00021
https://doi.org/10.4085/1062-6050-50.2.06
https://doi.org/10.1136/bjsports-2015-095278
https://doi.org/10.21203/rs.3.rs-1907495/v1
https://doi.org/10.3390/jfmk10030330
https://www.ncbi.nlm.nih.gov/pubmed/40981029
https://doi.org/10.52082/jssm.2025.370
https://www.ncbi.nlm.nih.gov/pubmed/40469859
https://doi.org/10.1038/s41598-024-64177-3
https://doi.org/10.1016/j.jbiomech.2025.112517

	Introduction 
	Materials and Methods 
	Participants 
	Protocol 
	Data Collection and Processing 
	Statistical Analysis 

	Results 
	Balance and Stability 
	Joint Kinematics and Kinetics 
	Predictive Relationships Between Ankle% and Lower-Limb Biomechanics 
	Dual-Task Cost 

	Discussion 
	Postural Stability and Attentional Demands Under Dual-Task Conditions 
	Distal Suppression and Proximal Compensation 
	Regulatory Role of Ankle Function in Motor Control 
	Clinical Implications 
	Limitations and Future Directions 

	Conclusions 
	Appendix A
	References

