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ABSTRACT

This study aimed to compare movement patterns, spatiotemporal variables,
and joint range of motion of the lower limbs during walking between individuals with
chronic ankle instability (CAI) and healthy controls on two surfaces: flat and inclined.
Eighteen individuals with chronic ankle instability (experimental group)
and nineteen healthy participants (control group), aged 20 to 40 years, took part in
this study. Lower-limb joint angles and spatial positions were recorded during
walking on a flat surface and an externally inclined surface using a Qualisys motion
capture system. Kinematic data were analyzed over a complete gait cycle. Between-
group comparisons were performed using parametric one-dimensional statistical
parametric mapping (independent SPM{t}) and multivariate analysis of variance
(MANOVA).

Stride length during walking on the flat surface was significantly shorter in
the experimental group compared with the control group (p = 0.005). No significant
between-group differences were observed in overall joint range of motion. However,
compared with controls, the experimental group exhibited greater hip flexion (p =
0.038) and greater hip adduction (p = 0.003) during walking on the flat surface. On
the inclined surface, the experimental group demonstrated greater hip flexion (p =
0.001), greater hip adduction (p = 0.001), greater knee flexion (p = 0.023), reduced
knee external rotation (p = 0.001), greater ankle inversion (p = 0.001), higher
plantarflexion velocity (p = 0.013), higher eversion velocity (p = 0.001), and greater
ankle adduction velocity (p = 0.003).

Individuals with chronic ankle instability exhibit altered gait patterns and
lower-limb joint kinematics during walking. These biomechanical alterations are not
confined to the ankle joint but extend to more proximal joints, including the knee and
hip. Rehabilitation programs for individuals with ankle instability should therefore
incorporate targeted strengthening and neuromuscular training of the hip and knee
musculature in addition to ankle-focused interventions.
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1. Introduction

Lateral ankle sprain is one of the most common musculoskeletal injuries, accounting for more than 80%
of all ankle injuries (1). Approximately 40% of affected individuals subsequently develop chronic ankle
instability (CAl), a condition characterized by persistent symptoms and long-term functional limitations
(1,2). Individuals with CAI commonly experience recurrent sprains, sensations of giving way, pain,
swelling, weakness, restricted joint motion, and limitations in physical activity (3-5). Pathoanatomically,
injury primarily involves the lateral ligament complex of the ankle, particularly the anterior talofibular
(ATFL) and calcaneofibular (CFL) ligaments (6,7). Damage to these ligaments also disrupts
mechanoreceptors, leading to impaired proprioception and deficits in joint position sense and movement
control (4).

Gait analysis provides valuable insight into these impairments, as walking tasks can reveal CAl-related
neuromuscular and biomechanical deficiencies (7). Persistent abnormal gait patterns may contribute to the
chronicity of the condition by altering joint loading and movement strategies (3). Consequently, individuals
with CAl often exhibit altered gait patterns, reduced dynamic stability, and an increased susceptibility to
recurrent ankle sprains (4,11). Previous studies have reported kinematic differences in ankle motion during
gait in individuals with CAI (6,11). Commonly reported alterations include shorter step length, prolonged
stance phase, restricted range of motion, increased ankle inversion, and greater internal rotation compared
with healthy individuals (4,11). These changes are associated with impaired neuromuscular control and
reduced motor performance (12). To compensate for ankle instability, individuals with CAl appear to adopt
movement strategies that rely more heavily on proximal joints, particularly the knee and hip (12,13).
During walking, reduced knee flexion, decreased knee external rotation, and increased hip flexion and
abduction have been reported in individuals with CAI compared with healthy controls (15-19). While gait
assessment on stable surfaces provides important biomechanical insights (15), rehabilitation programs
increasingly emphasize unstable or challenging walking conditions, as these environments place greater
demands on proprioception and motor control (20). Despite extensive research on lower-extremity
biomechanics in CAIl (17,23,24), findings regarding joint kinematics remain inconsistent (8,12,25,26).
These inconsistencies may be attributed to methodological limitations, including small sample sizes,
exclusive focus on level walking, and failure to examine multi-joint kinematic behavior simultaneously.
Therefore, the purpose of the present study was to analyze lower-limb kinematic gait patterns in individuals
with CAI during walking on both level and inclined surfaces and to compare these patterns with those of
healthy controls. It was hypothesized that: (1) ankle and foot movement patterns would differ significantly
between individuals with CAIl and healthy controls, and (2) knee and hip kinematics would also be
significantly altered, reflecting compensatory adaptations.

2. Methods

This semi-experimental study included 37 physically active male participants aged 20-40 years,
comprising 18 individuals with chronic ankle instability (CAI group) and 19 healthy controls. Participants
with CAI were recruited from orthopedic clinics and sports centers, whereas control participants were
recruited from eligible volunteers. The diagnosis of CAIl was confirmed by an orthopedic specialist in
accordance with the International Ankle Consortium criteria and included a history of recurrent ankle
sprains, a Cumberland Ankle Instability Tool (CAIT) score below 24 (27), and functional limitations
identified using the Foot and Ankle Ability Measure (FAAM). Exclusion criteria for both groups included
a history of lower-limb surgery or the presence of other musculoskeletal or neurological disorders. Three-
dimensional gait analysis was performed using an eight-camera Qualisys motion capture system sampling
at 200 Hz. A total of 62 reflective markers were placed on anatomical landmarks of the lower extremities
based on a modified Rizzoli marker set. Ground reaction forces were recorded using two Kistler force
plates synchronized with the motion capture system. Participants were instructed to walk under two
conditions: on a level surface and on a 15° inclined surface (28-30). Four successful trials were recorded
for each condition.
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Kinematic data were processed using Qualisys Track Manager and Visual3D software. Marker trajectories
were filtered and time-normalized to 101 data points representing 0—-100% of the gait cycle. Statistical
parametric mapping (SPM) was used to compare continuous kinematic waveforms between groups across
the gait cycle. Additionally, multivariate analysis of variance (MANOVA) was applied for discrete variable
comparisons. Statistical significance was set at p < 0.05.

3. Results

Analysis revealed key differences between the CAIl and control groups during walking. The CAI group
The analysis revealed several key differences between the CAl and control groups during walking. On the
level surface, individuals with CAI demonstrated a significantly shorter step length compared with controls
(mean difference: 0.034 m, p = 0.005) (Table 1). On the inclined surface, this difference was marginal and
did not reach statistical significance (p = 0.07). No significant between-group differences were observed
in joint range of motion (ROM) for any lower-limb joint under either walking condition.

Kinematic waveform analysis identified substantial joint-specific alterations. During level walking, the
CAI group exhibited reduced hip extension, increased hip flexion, and reduced hip abduction compared
with controls. These differences became more pronounced during inclined walking, with the CAIl group
demonstrating greater hip flexion, reduced hip adduction, decreased knee external rotation, and increased
ankle inversion across multiple phases of the gait cycle. In addition, altered ankle angular velocities were
observed during inclined walking in the CAI group. Although overall ROM remained unchanged,
individuals with CAl displayed compensatory movement strategies that were amplified under the increased
mechanical demands of inclined walking.

4. Discussion

This study examined lower-limb gait kinematics in individuals with chronic ankle instability during
walking on level and inclined surfaces. The hypothesis that individuals with CAl would exhibit altered
movement patterns compared with healthy controls was partially supported. The most consistent finding
was a significant reduction in step length during level walking, which is consistent with previous findings
reported by Delahunt et al. (2006) (41). This adaptation may reflect a strategy to enhance stability by
reducing joint loading and lowering the center of mass, thereby minimizing the risk of episodes of giving
way. However, this finding contrasts with studies reporting no differences in step length (20,32,33),
underscoring the variability of compensatory strategies among individuals with CAl. An unexpected but
notable finding was the absence of significant differences in total joint ROM at the hip, knee, and ankle
between groups on either surface. This result aligns with the findings of Hertel and Corbett (2019) (35) but
contrasts with studies reporting reduced ankle ROM and strength deficits in individuals with CAI (4,6).
Such discrepancies may be attributable to methodological differences, particularly the use of dynamic gait
analysis in the present study versus static or isolated joint assessments in previous research (4). The most
pronounced kinematic alterations were observed at the hip joint. Across both walking conditions,
individuals with CAIl demonstrated increased hip flexion and reduced hip abduction/adduction, supporting
previous observations by Son et al. (2019) (17).

Table 1. Spatio-temporal variables of walking on a flat and inclined surface

Variables control CAl Sig.
Stance time on a flat surface 0.69+0.014 0.69+0.01 0.98
Swing time on a flat surface 0.45+0.007 0.44+0.007 0.577
Step length on a flat surface 0.67+0.008 0.63+0.008 0.005
Stride length on a flat surface 1.32+0.013 1.31+0.014 0.593
Stance time on an inclined surface 0.77+0.0014 0.75+0.015 0.364
Swing time on an inclined surface 0.47+0.007 0.46+0.007 0.223
Step length on an inclined surface 0.65+0.006 0.63+0.007 0.07
Stride length on an inclined surface 1.31+0.008 1.33+0.008 0.3
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These findings strongly suggest a compensatory strategy characterized by increased reliance on proximal
joints to maintain stability and control movement, likely driven by sensorimotor deficits and reduced
confidence in ankle stability. Overall, individuals with CAI exhibit altered movement patterns that extend
beyond the ankle joint, with compensatory adaptations affecting the hip and knee, particularly during more
demanding tasks such as inclined walking. These findings highlight the need for comprehensive
rehabilitation strategies that address the entire kinetic chain rather than focusing solely on the ankle.
Effective rehabilitation programs should incorporate proprioceptive training, strengthening of proximal
and calf musculature, and gait retraining aimed at correcting compensatory movement patterns and
improving dynamic stability in real-world walking environments.
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