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Directional deficits in reactive
postural control during
perturbations among groups of
chronic ankle instability, ankle
sprain coper, and healthy control

Min Jun Kim?, Sehee Kim?, Junyoung Kim?*“, J. Ty Hopkins?, Wiha Choi*, Sehoon Oh*> &
S.Jun Son'*

Unanticipated postural control measures may better identify mechanisms of ankle sprains in real-life
situations. The purpose of this study was to identify directional deficits in reactive postural control
during unanticipated horizontal perturbations among groups of chronic ankle instability (CAl), ankle
sprain coper, and healthy control. Sixty-eight volunteers (24 CAl patients, 23 ankle sprain copers,
and 21 healthy controls) participated in this study. The participants performed a single-leg stance
with unanticipated horizontal perturbations in four random directions of anterior, posterior, medial,
and lateral. Anterior-posterior time to stabilization (APTTS) and medial-lateral time to stabilization
(MLTTS) were calculated as an indicator of reactive postural control during horizontal perturbations.
A significant interaction effect of the group x perturbation directions (3 x 4) was found. Both CAl and
ankle sprain coper groups showed longer APTTS and MLTTS during medial and lateral horizontal
perturbations compared to the healthy control group. However, no difference was found in APTTS
and MLTTS during anterior and posterior horizontal perturbations between three groups. Directional
deficits in reactive postural control during medial and lateral perturbations could result from
sensorimotor dysfunction as consequences of lateral ankle sprains in the CAl and ankle sprain groups.
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Chronic ankle instability (CAI) is a condition of chronic residual symptoms resulting from the interaction
of pathomechanical, sensory-perceptual, and motor-behavioral impairments following a lateral ankle sprain
(LAS)!. However, some individuals with a history of LAS injury show no chronic residual symptoms, self-
reported dysfunction, and/or giving way episodes following their initial LAS; these individuals are referred to as
‘ankle sprain copers’. The importance of considering ankle sprain copers in CAI research could help understand
the mechanisms of CAI development and LAS injury?. Investigating sensorimotor adaptations in ankle sprain
copers may provide an insight on how to reduce a risk of CAI development®. Up to 70% of individuals with
LAS develop into CAI®, and up to 78% of CAI patients would have ankle articular cartilage degradation like
posttraumatic ankle osteoarthritis after 10 years post LAS*.

The initial ankle ligamentous injury causes articular deafferentation, leading to immediate deficits in
sensorimotor control®. Sensorimotor control involves the sensory, motor, and central integration and processing
components responsible for maintaining joint homeostasis during functional movements, playing a crucial
role in the regulation of postural equilibrium®. Previous studies have demonstrated that CAI is associated with
sensorimotor dysfunction following LAS injury and contributes to postural control deficits in CAI patients”S.
Time to stabilization (T'TS) has been the most reliable measure to identify postural control deficits in patients
with and without CAI”. The TTS refers to the ability to maintain the equilibrium condition as quickly as possible
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following anticipated postural sway during jump landing and/or drop landing®. A longer TTS during landing
could be a result of sensorimotor dysfunction’.

CAI patients showed longer TTS during single-leg jump landing compared to ankle sprain copers and/or
healthy controls, whereas no postural control deficits in TTS were observed during single-leg drop landing in
ankle sprain copers”!®!1. However, postural control measurements of TTS in previous studies were conducted
under controlled, anticipated, and predictable conditions, where participants could anticipate and prepare for
their jump landing and/or drop landing tasks”'1*1. In addition, the single-leg stance (SLS) test has been widely
used to assess postural control capacity in CAI and ankle sprain coper studies'?~!*. The ankle sprain copers show
no postural control deficits during the SLS test!?-14,

There are several limitations in the current literature. Both static (SLS) and dynamic (jump landing) postural
control tasks may not replicate the actual mechanisms of LAS injury. The task demand of the static SLS task may
be too low to identify postural control deficits in ankle sprain copers. Additionally, the dynamic jump landing
task for TTS has been conducted under anticipated conditions. These two measures may not replicate actual
LAS mechanisms as ankle sprains typically occur in sudden, uncontrolled, and unanticipated situations. Since
LAS injuries often involve a combination of foot adduction, inversion, and/or internal rotation!®, it could be
reasonable that CAI patients would have directional deficits in postural control.

To fill the current research gaps, postural control measures should be more challenging and unanticipated
by giving sudden horizontal perturbations in several directions. Identifying directional postural control deficits
during perturbations could help develop injury prevention and/or rehabilitation strategies for LAS. Therefore,
the purpose of this study was to identify directional deficits in reactive postural control during horizontal
perturbations in SLS among groups of CAI, ankle sprain coper, and healthy control. Based on the previous
study’, we hypothesized that CAI patients would show directional deficits in reactive postural control (longer
TTS) in four perturbation directions compared to ankle sprain copers and healthy controls. In addition, we
hypothesized that ankle sprain copers would show reactive postural control similar to healthy controls.

Methods

Research design

The research design was a case-control laboratory trial. Participants completed a single data collection session in
a biomechanics laboratory. The independent variables were group (CAI, ankle sprain coper, and healthy control)
and perturbation directions (anterior, posterior, medial, and lateral). The dependent variables were anterior-
posterior time to stabilization (APTTS) and medial-lateral time to stabilization (MLTTS) from x- and y-axis of
ground reaction force (GRF).

Participants

A total of 68 physically active individuals: 24 CAI patients, 23 ankle sprain copers, 21 healthy controls were
recruited with an age of 18 to 45 years (Table 1). Of the CAI patients, 9 (38%) had a history of unilateral ankle
sprains, and 15 (63%) had a history of bilateral ankle sprains. Patients with bilateral CAI selected the limb
they perceived as having greater instability as their SLS testing limb based on the previous study'®. Among the
ankle sprain copers, 9 (39%) had a history of a single ankle sprain, while 4 (17%) and 10 (43%) had a history
of unilateral and bilateral ankle sprains, respectively. A priori sample size was calculated using G*Power ver.
3.1.9.4 (Franz Faul, Universitit Kiel, Germany; Test family =F tests; Statistical test= ANOVA: repeated measures,
between factors; Type of power analysis =a priori). Based on a previous study investigating the contribution of
lower extremity kinematics during an assessment of dynamic postural control in patients with CAI', a feasible
sample size of 68 participants was selected based on effect size f=0.30, a error probability =0.05, and power (1-p
error probability) =0.80. Inclusion and exclusion criteria for the CAI and ankle sprain coper groups were based
on the suggested criteria from the International Ankle Consortium!'®. Participants were identified using the Foot
and Ankle Ability Measure (FAAM)! and the Modified Ankle Instability Instrument (MAII)* questionnaires.

Group, Mean (SD)
Characteristic Chronic Ankle Instability | Ankle Sprain Coper | Healthy Control | F, . | P
Sex (male/female) 12/12 12/11 10/11
Age (years) 30.08 (4.21) 29.30 (4.11) 31.05 (4.30) 095 |0.39
Height (cm) 172.67 (8.50) 169.83 (7.87) 170.86 (8.50) 0.71 0.50
Mass (kg) 69.33 (13.83) 68.00 (15.36) 65.81 (12.58) 0.36 0.70
FAAM ADL (%) 80.33 (9.31) 98.30 (2.20) 100 85.17 |<0.01%P
FAAM Sport (%) 60.42 (13.91) 94.43 (5.15) 100 137.00 | <0.01>®
MAII (No. yes) 3.50 (1.06) 0 0 237.79 | <0.01%®
Ankle sprains (No.) | 5.63 (3.92) 1.17 (0.94) 0 3531 | <0.01>P
Failed trials (No.) 4.29 (1.55) 3.91 (1.38) 1.24 (0.94) 3434 | <0.01¢

Table 1. Participant demographics. ADL activities of daily living, FAAM foot and ankle ability measure, MAII
modified ankle instability instrument, No. number, SD standard deviation. * Indicates a significant difference
between the chronic ankle instability and healthy control group. ® Indicates a significant difference between the
chronic ankle instability and ankle sprain coper group. € Indicates a significant difference between the ankle
sprain coper and healthy control group.
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Specific inclusion and exclusion criteria for each group are presented in Table 2. This study was approved by the
Institutional Review Board of CHA University (IRB No. 1044308-202104-HR-017-02) and was implemented
in accordance with the Declaration of Helsinki. All participants provided written informed consent prior to
their participation. All experimental procedures were performed in accordance with relevant guidelines and
regulations.

Experimental procedures

Anthropometric data including age, height, and mass were recorded for each participant (Table 1). We examined
reactive postural control during the SLS by giving sudden and unanticipated horizontal perturbations in four
random directions (anterior, posterior, medial, and lateral) using a robotic-based force plate platform (XY
stage). The XY stage was customized and developed to allow the platform to perform linear translation into 8
directions (the same directions of the star excursion balance test [SEBT]) by the Department of Robotics and
Mechatronics Engineering at XXX?!. The magnitude of the robotic-based perturbation device was controlled
by time (0.1-2.0 s), frequency (0.5-5.0 Hz), and a maximal distance of 90 mm. Testing protocols were selected
based on pilot data collection with a time of 0.4 s, 2.5 Hz, and distance of 30 mm. Prior to actual data collection,
participants performed at least 3 practice trials in each of four perturbation directions to reduce learning effects
in postural control measures. Participants performed 20 s trials of SLS with barefoot on a force plate platform
with eyes open. Participants maintained their hands on their iliac crest, their non-weight-bearing leg of 30 deg
of hip flexion, and 90 deg of knee flexion?. The weight-bearing leg was fully extended at the knee, and the foot
was in a neutral position with the second toe and the center of the heel aligned vertically. They were instructed
to remain as motionless as possible while focusing on a visual target placed 5 m in front of them (Fig. 1). We
examined a total of 15 trials, including 12 successful trials (three trials per four perturbation directions) and 3
dummy trials, to minimize the learning effect and anticipation of the perturbation directions. Additionally, the
onset of the initial perturbation was provided differently for each participant within 5-10 s after they assumed
the SLS position. The perturbation directions were randomized for each participant using a random function
in Excel. The participants held their SLS position for 10-15 s after the end of the perturbation. There was a 60 s
rest period between each trial to minimize fatigue effects. The current testing protocol took us around and/or
over 1-hour per participant including the practice (12 trials) and testing (15 trials) sessions with a 60-sec resting
period and failed trials (1-7 trials per participant). We followed failed trials based on the balance error scoring
system including (i) moving the hands off of the iliac crest, (ii) a step, stumble, or fall, (iii) abduction or flexion
of their hip or trunk more than 30°, (iv) lifting the forefoot or heel off from the force plate, and (v) being unable
to remain a SLS position less than 20 s?2. If failed trials occurred, the testing trial was repeated until 3 successful
testing trials were obtained in all four directions. An average of failed trials in each group is presented in Table 1.

2. The initial LAS must have occurred at least 12 months prior to the study.

Healthy
Chronic Ankle Instability Ankle Sprain Coper Control
Inclusion Criteria
1. A history of at least > 1 severe LAS, which was associated with inflammatory symptoms like pain, swelling, LA histt:iry Qf}la.t l?last > 1 severe LAS, Whifll: was ]11'. No f
loss of function, etc assoc_late with in: ammatory symptoms like pain, istory o
(et swelling, loss of function, etc. LAS.
2. MAIL: No

2. The initial LAS must have occurred at least 12
months prior to the study.

‘yes’ answers
on questions

4. The most recent LAS must have occurred more than 3 months prior to the study.

4t08.
3. The initial LAS was required immobilization and/or non-weight bearing for >3 days or external supports 3. The "?‘“al LAS. was required immobilization and/or 3.FAAM
non-weight bearing for >3 days or external supports AN,
for >7 days or both. ADL: 100%
for 27 days or both.
4. A return to moderate levels of weight-bearing 4 FAAM

physical activity without chronic residual symptoms

within 12 months. Sport: 100%

5. Participants should report at least 2 ‘giving way’ episodes in the 6 months prior to the study.

5. MAIL: No ‘yes’ answers on questions 4 to 8. (self-
reported ankle instability)

6. MALIL: >2 ‘yes’ answers on questions 4 to 8. (self-reported ankle instability)

6. FAAM ADL: 290% (self-reported ankle function)

7. FAAM ADL: <90% (self-reported ankle function)

7. FAAM Sport: 280% (self-reported ankle function)

8. FAAM Sport: <80% (self-reported ankle function)

Exclusion Criteria

1. A history of previous surgeries (e.g., bones, joint structures, and/or nerves).

2. A history of fractures in the lower extremity.

3. A history of neurological disorders.

4. Acute injury to musculoskeletal structures in the lower extremity in the past 3 months.

Table 2. Inclusion and exclusion criteria for patients with chronic ankle instability and/or ankle sprain coper.
ADL activities of daily living, FAAM foot and ankle ability measure, LAS lateral ankle sprain, MAII modified

ankle instability instrument.
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Fig. 1. Testing procedure for sudden and unanticipated perturbations in the anterior, posterior, medial, and
lateral directions during single-leg stance task using a robotic-based force plate platform. ANT anterior, LAT

lateral, MED medial, POST posterior.
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Fig. 2. A graphical representation of the calculation of time to stabilization using the sequential estimation:
(A) anterior-posterior time to stabilization, (B) medial-lateral time to stabilization. GRF, ground reaction force,

SD, standard deviation.

Data analysis

Raw GRF data of x- and y-axis were analyzed using a custom-written MATLAB code (MathWorks Inc., Natick,
MA, US). Sampling rate for GRF data was set at 1000 Hz. APTTS and MLTTS were calculated through the
technique of sequential estimation (Fig. 2), using an algorithm to calculate a cumulative average of the data
points from the SLS trials in series by successively adding in one point at a time?*. This cumulative average was
then compared against the overall series mean of the GRF?. The series consists of all data points collected during
the 10-second period after the end of perturbation?*. The participant was considered to stable position when the
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sequential average remained within 0.25 standard deviations of the overall series mean?’. An average of three
successful trials in each of four perturbation directions were used for statistical analyses.

Statistical analysis

All data analyses were performed using JMP Pro 17 software (SAS Institute Inc., Cray, NC, US). A 3 x4 two-way
repeated measures analysis of variances were used to examine an interaction of the group (CAI, ankle sprain
coper, and healthy control) by perturbation direction (anterior, posterior, medial, and lateral). Tukey honest
significant difference post-hoc tests were used for pairwise comparisons. The effect sizes of repeated measures
analysis of variances were calculated as partial eta squared. Effect sizes were interpreted as >0.01 was small,
>0.06 was medium, and >0.14 was large?. A significant level was set at <0.05.

Results

Interaction effect (group X perturbation direction) and main effect

The results of an interaction effect and a main effect are shown in Table 3. We found a significant interaction
between the group and the perturbation direction. Specifically, there was a significant interaction for medial and
lateral horizontal perturbations, but not for anterior and posterior horizontal perturbations. The results of post-
hoc pairwise comparisons are shown in Fig. 3; Table 3.

CAl group vs. healthy control group

Compared to the healthy control group, the CAI group showed longer APTTS and MLTTS during medial
horizontal perturbation. Compared to the healthy control group, the CAI group showed longer APTTS and
MLTTS during lateral horizontal perturbation. However, no significant interaction effect was found in the
APTTS and MLTTS during anterior and posterior horizontal perturbations, respectively.

Ankle sprain coper group vs. healthy control group

Compared to the healthy control group, the ankle sprain coper group showed longer APTTS and MLTTS during
medial horizontal perturbation. Compared to the healthy control group, the ankle sprain coper group showed
longer APTTS and MLTTS during lateral horizontal perturbation. However, no significant interaction effect was
found in the APTTS and MLTTS during anterior and posterior horizontal perturbations, respectively.

CAl group vs. ankle sprain coper group
No significant interaction effect was found in the APTTS and MLTTS during anterior, posterior, medial, and
lateral horizontal perturbations, respectively.

Discussion

This study was designed to examine directional deficits in reactive postural control among groups of CAI, ankle
sprain coper, and healthy control. We hypothesized that CAI patients would exhibit directional deficits in reactive
postural control for both APTTS and MLTTS during horizontal perturbations compared to ankle sprain copers
and healthy controls, while ankle sprain copers would demonstrate reactive postural control ability similar to
healthy controls. Overall, the current results partially support our hypotheses. First, CAI patients demonstrated
longer APTTS and MLTTS during medial and lateral horizontal perturbations (Fig. 1). Second, contrary to our

Group, Mean (SD) Difference Difference Difference Group effect Direction effect | Interaction
(95% CI) (95% CI) (95% CI)
CAI | Coper | Control | CAI-Control |P Coper-Control | P CAI-Coper [P |F,, | P(n32) [Fy,e |P(03) |Fye P(n3)
APTTS (sec)
o 1sa [131 | 143 0.1 -0.12 023
Anterior | 36) | (0.41) | (0.36) | (-029100.52) | 190 | (-02910053) |19 | (016100.63) | %74
s 158|131 0.20 0.27 -0.07
Posterior | (5 41) | (0.40) | (039) | (:020t0061) | %% | (-014t00.68) |7 | (-033t0046) | 100 <0.01 <0.01 <001
51.06 | 5 107.15 | 11.32 :
Medial | 272|259 | 174 0.97 001 | 084 <001 | 013 100 (0.28) (0.55) (021)
(0.43) | (0.33) | (0.44) | (0.57 t0 1.38) (043 10 1.25) O (02710053) | -
271|266 |1.66 1.05 1.00 0.05
Lateral 1{037) | (051) | (051) | (0.64t01.45) | <%0 | 059t0141) | <01 | (03510045) | 100
MLTTS (sec)
160 |141 |129 0.32 0.12 0.20
Anterior | (941) | 039) | (035) | (008t0071) [*F | (02810052) |10 | (019t00.58) |07
141|146 |135 0.06 0.11 -0.05
Posterior | (5 34) | (0.33) | (037) | (:033t0045) | M | (0280051 |90 | (033t0043) | 100 <001 <001 <001
57.30 | 5 14201 | 5 10.20 :
Medial | 285 270 | 181 1.04 <001 | 089 <001 | 015 0.98 (0.31) (0.62) (0.19)
(0.39) | (0.42) | (0.46) | (0.65 to 1.43) (04910 1.28) P (-023t0054) |7
277 261 | 177 1.01 0.85 0.16
Lateral 15 12) | (0.46) | (0.43) | (0.62t01.40) | <1 | (05t0124) | <O | C022100.55) | %%
Table 3. Results for time to stabilization by group and direction. APTTS anterior-posterior time to
stabilization, CAI chronic ankle instability, CI confidence interval, MLTTS medial-lateral time to stabilization,
sec second, SD standard deviation, 7 ;27 partial eta squared.
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Fig. 3. Results of time to stabilization for (A) anterior, (B) posterior, (C) medial, and (D) lateral perturbations
among groups of CAI, coper, and control. APTTS anterior-posterior time to stabilization, CAI chronic ankle
instability, MLTTS medial-lateral time to stabilization.

hypothesis, ankle sprain copers with a history of ankle sprains also demonstrated the same directional deficits in
reactive postural control (Fig. 1). Third, both CAI and ankle sprain coper groups exhibited no reactive postural
control deficits in APTTS and MLTTS during anterior and posterior horizontal perturbations (Fig. 1). These
findings suggest that individuals with a history of ankle sprains (CAI patients and ankle sprain copers) appear
to have directional balance deficits during horizontal perturbations in the frontal plane, but not in the sagittal
plane.

Our finding is consistent with previous literatures that CAI patients demonstrated longer TTS compared to
healthy controls”!%!!. However, conflicting results also exist regarding directional deficits in postural control
among individuals with and without CAI?>~*. For example, three studies®*~?’ reported longer TTS in both the
anterior-posterior and medial-lateral directions in CAI patients, while two studies reported longer TTS in the
anterior-posterior!”?® and medial-lateral directions?**’, respectively. In contrast to previous findings?>~, we
found reactive postural control deficits in the frontal plane only during sudden and unanticipated horizontal
perturbations in CAI patients. The discrepancies between our findings and previous findings may be the result
of differences in testing methodologies*>~*°. For example, most previous studies®®*~* investigated postural
control deficits in CAI patients using single-leg jump landing or drop landing tasks. These studies did not
account for directional postural control deficits and examined postural control deficits in four directions
solely through movements restricted to a single direction. In contrast, we evaluated postural control deficits by
applying unanticipated horizontal perturbations in random directions during a quiet SLS task to account for the
directional aspect of postural control. Therefore, our findings, which identified reactive postural control deficits
in the frontal plane for CAI patients, may provide meaningful insights for the successful prevention and/or
rehabilitation of CAI development.

In this study, ankle sprain copers demonstrated reactive postural control deficits during medial and lateral
horizontal perturbations (Table 3). Previous studies on postural control in ankle sprain copers have shown
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conflicting results®*-33. A recent systematic review reports that ankle sprain copers show a postural control abilities
similar to healthy individuals during static SLS, dynamic SEBT, and gait termination tasks*'. On the other hand,
several studies have reported postural control deficits in ankle sprain copers during dynamic single-leg jump
landing or drop landing tasks***23, For example, Wikstrom et al.>2. reported that coper group show greater
anterior-posterior stability index and dynamic postural stability index during forward single-leg jump landing
compared to the control group. Particularly, the coper group show the greatest scores (impaired postural control)
for all dynamic postural stability variables among groups of CAL coper, and control*2. In addition, Wright et al.*
reported ankle sprain copers show postural control deficits in the sagittal plane during forward single-leg drop
landing, but not in the frontal plane. Similarly, Watabe et al.** reported that coper group found longer APTTS
and anterior-posterior maximal COP excursion during forward, lateral, and diagonal single-leg drop landing
compared to the control group. These findings suggest that ankle sprain copers may potentially have postural
control deficits in the sagittal plane rather than the frontal plane. However, postural control deficits in the sagittal
plane may result from the jump-landing direction in which the task is performed. For example, Wikstrom et
al.**. found that lateral and diagonal jump-landings produced increased medial-lateral stability index scores and
forward jump-landing produced increased vertical stability index scores in healthy individuals. Liu and Heise®*
also found that medial and lateral jump-landing directions demonstrated longer MLTTS, whereas forward
and backward jump-landing directions demonstrated longer APTTS in healthy individuals. The researchers
suggest that the effects of jump-landing directions on postural control be exacerbated in individuals with lower
extremity impairments®*. Although a recent study reported that jump-landing directions affect postural stability
in patients with anterior cruciate ligament reconstruction®, there is little empirical evidence to support the
notion that it also affects individuals with a history of LAS injury. Therefore, our findings, which excluded this
influence, are derived from a novel testing protocol, and more importantly, unanticipated perturbations could be
the key to distinguishing whether ankle sprain copers have potential postural control deficits or not.

Contrary to our hypothesis, ankle sprain copers demonstrated reactive postural control deficits similar to
CAI patients (Table 3). This finding has important research and clinical implications. Most previous studies
have included ankle sprain copers based on the minimum recommended criteria in CAI research?. For example,
ankle sprain copers are typically identified by patient-reported outcome measures (PROMs), which include
subjective assessment tools such as self-reported ankle instability (e.g., AIl, Cumberland Ankle Instability Tool,
and Identification of Functional Ankle Instability) and self-reported ankle function (e.g., FAAM and Foot and
Ankle Outcome Score) questionnaires?. They are considered to be in a successfully recovered condition as shown
in the PROMs in which they have no chronic residual symptoms and/or recurrent injuries in the past one year
following their initial LAS injury?. Interestingly, our findings indicate that ankle sprain copers seem to have
recovered from their LAS injury, as no significant differences were observed compared to healthy controls in
the MAIIL, FAAM-ADL, and FAAM-Sport scores (Table 1). However, these individuals still exhibited reactive
postural control deficits. In other words, our findings suggest that although ankle sprain copers may perceive
themselves as fully recovered from their LAS injury, underlying sensorimotor dysfunction may still persist.
Therefore, it should be considered that the selection criteria for ankle sprain copers should include not only
PROMs but also functional performance tests.

Observed directional deficits in reactive postural control in both CAI and ankle sprain coper groups could
be associated with a common continuum of disability following LAS injury*’. Cascading events following LAS
injury include ligament damage (anterior talofibular ligament [ATFL] and calcaneofibular ligament [CFL]),
impaired sensory pathways to the brain, surrounding ankle structural changes, inhibition of spinal reflexes,
and/or impaired sensorimotor control®’. Importantly, impaired reactive postural control during frontal plane
perturbations could result from the consequences of structural ligament damage in the frontal plane for
individuals with a history of LAS injury. LAS injury results in damage to static stabilizers of the ankle, such
as ATFL and CFL, which provide static stability to the ankle in the frontal plane!>3®. Unfortunately, this could
result in increased pathologic talocrural joint and ligament laxity (ATFL and CFL) in both the anterior-posterior
direction and medial-lateral directions®*-%!. This mechanical ankle instability could, in turn, lead to postural
control deficiencies!>3’. For example, postural control deficits reported in CAI patients with mechanical ankle
instability during SLS (increased center of pressure [COP] excursion and area)*>** and single-leg jump landing
(greater dynamic postural stability index scores)*%. Moreover, increased anterior and posterior joint laxity of
the ankle was correlated with increased COP area during SLS and a shorter posterolateral reach distance during
the SEBT*. Based on previous studies*>~*, the impaired postural control observed during medial and lateral
horizontal perturbations in this study supported the cascade of events associated with structural damage related
to LAS injury>!>%.

While speculative, it could be inferred that the directional deficits in reactive postural control observed
during medial and lateral perturbations in both the CAI and ankle sprain coper groups may result from
sensorimotor dysfunction in the dynamic stabilizers of the musculature responsible for the frontal plane!, in
addition to mechanical structural alterations of the ankle in the frontal plane. Given that muscle activation
following unanticipated perturbations occurs with latencies between 70 and 180 ms post-perturbation?®, the
peroneal muscles play a crucial role in maintaining postural equilibrium in the frontal plane®. However, delayed
peroneal reaction time in individuals with a history of LAS injury is considered both a contributing factor” and
a primary characteristic® associated with the development of CAIL Furthermore, arthrogenic muscle inhibition
in the peroneal muscles of the injured limb was observed in patients with CAI*’. Importantly, this sensorimotor
dysfunction is not limited to the distal musculature (peroneal muscles) but has also been observed in the
proximal musculature (gluteal muscles). For example, CAI patients demonstrated reduced motor activation
of the frontal-plane musculature during walking! and jump landing/cutting tasks*®, with the activation of the
peroneus longus and gluteus medius negatively affected in the frontal plane. This interpretation can be supported
by a systematic review and meta-analysis that reported tri-planar hip strength (hip external rotator, abductor,
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and extensor) deficits in CAI patients**. Although this study collected only GRF data to investigate directional
deficits in reactive postural control, future research should investigate sensorimotor dysfunction in individuals
with a history of LAS injury based on our findings, through kinematic and electromyographic analyses.

There are several limitations in this study. First, we did not collect neuromechanical data related to variables
for identifying pathomechanical laxity and/or sensorimotor dysfunction, which limits our ability to determine
whether the directional deficits are caused by mechanical instability and/or functional instability. Therefore,
future research is needed to identify the impact of pathomechanical laxity and/or somatosensory impairments
on reactive postural control deficits in the frontal plane for individuals with a history of LAS injury. Second, as
the current research was conducted in a university setting with collegiate students, current findings shouldn’t be
inferred to other adolescent and/or older age populations. Third, the postural control task used in this study was
static SLS, and the results would be different if a dynamic balance task is conducted. Lastly, the sample sizes were
not numerically matched across the CAI, ankle sprain coper, and healthy control groups. Therefore, potential
differences due to unequal sample sizes between groups may have influenced the results.

In conclusion, this study is novel as we used the robotic-based perturbation force plate platform, which
enables the creation of sudden and unanticipated horizontal perturbations in four directions. As such, this
study examined directional deficits in reactive postural control among groups of CAI, ankle sprain coper, and
healthy control. Our results show that CAI and ankle sprain coper groups had longer APTTS and MLTTS only
during medial and lateral horizontal perturbations, but not anterior and posterior horizontal perturbations.
These findings indicate directional deficits in reactive postural control among individuals with a history of LAS
injury (CAI patients and ankle sprain copers). For clinicians, individuals with a history of LAS injury may
have potential sensorimotor dysfunction in reactive postural control, especially in the frontal plane. Therefore,
clinicians should provide perturbation balance training to improve sensorimotor control in the frontal plane.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data
are not publicly available due to privacy or ethical restrictions.

Received: 30 July 2024; Accepted: 15 April 2025
Published online: 15 May 2025

References

1. Hertel, ]. & Corbett, R. O. An updated model of chronic ankle instability. J. Athl Train. 54, 572-588. https://doi.org/10.4085/1062-6
050-344-18 (2019).

2. Wikstrom, E. A. & Brown, C. N. Minimum reporting standards for copers in chronic ankle instability research. Sports Med. 44,
251-268. https://doi.org/10.1007/s40279-013-0111-4 (2014).

3. Herzog, M. M., Kerr, Z. Y., Marshall, S. W. & Wikstrom, E. A. Epidemiology of ankle sprains and chronic ankle instability. J. Athl
Train. 54, 603-610. https://doi.org/10.4085/1062-6050-447-17 (2019).

4. Valderrabano, V., Hintermann, B., Horisberger, M. & Fung, T. S. Ligamentous posttraumatic ankle osteoarthritis. Am. J. Sports
Med. 34, 612-620. https://doi.org/10.1177/0363546505281813 (2006).

5. Hertel, . Sensorimotor deficits with ankle sprains and chronic ankle instability. Clin Sports Med 27, 353-370, vii, (2008). https://d
0i.org/10.1016/j.csm.2008.03.006

6. Riemann, B. L. & Lephart, S. M. The sensorimotor system, part I: the physiologic basis of functional joint stability. . Athl Train. 37,
71-79 (2002).

7. Thompson, C. et al. Factors contributing to chronic ankle instability: A systematic review and meta-analysis of systematic reviews.
Sports Med. 48, 189-205. https://doi.org/10.1007/s40279-017-0781-4 (2018).

8. Labanca, L. et al. Muscle activations during functional tasks in individuals with chronic ankle instability: A systematic review of
electromyographical studies. Gait Posture. 90, 340-373. https://doi.org/10.1016/j.gaitpost.2021.09.182 (2021).

9. Fransz, D. P, Huurnink, A., de Boode, V. A,, Kingma, I. & van Dieén, J. H. Time to stabilization in single leg drop jump landings:
an examination of calculation methods and assessment of differences in sample rate, filter settings and trial length on outcome
values. Gait Posture. 41, 63-69. https://doi.org/10.1016/j.gaitpost.2014.08.018 (2015).

10. Simpson, J. D., Stewart, E. M., Macias, D. M., Chander, H. & Knight, A. C. Individuals with chronic ankle instability exhibit
dynamic postural stability deficits and altered unilateral landing biomechanics: A systematic review. Phys. Ther. Sport. 37,210-219.
https://doi.org/10.1016/j.ptsp.2018.06.003 (2019).

11. Chan, L. Y. T, Sim, Y. T. N, Gan, FE K. & Razak, B. A. Effect of chronic ankle instability on lower extremity kinematics, dynamic
postural stability, and muscle activity during unilateral jump-landing tasks: A systematic review and meta-analysis. Phys. Ther.
Sport. 55, 176-188. https://doi.org/10.1016/j.ptsp.2022.04.005 (2022).

12. Wikstrom, E. A., Fournier, K. A. & McKeon, P. O. Postural control differs between those with and without chronic ankle instability.
Gait Posture. 32, 82-86. https://doi.org/10.1016/j.gaitpost.2010.03.015 (2010).

13. Terada, M. et al. Nonlinear dynamic measures for evaluating postural control in individuals with and without chronic ankle
instability. Mot. Control. 23, 243-261. https://doi.org/10.1123/mc.2017-0001 (2019).

14. Mohamadi, S. et al. Attentional demands of postural control in chronic ankle instability, copers and healthy controls: A controlled
cross-sectional study. Gait Posture. 79, 183-188. https://doi.org/10.1016/j.gaitpost.2020.03.007 (2020).

15. Hertel, J. Functional anatomy, pathomechanics, and pathophysiology of lateral ankle instability. J. Athl Train. 37, 364-375 (2002).

16. Son, S.J., Kim, H., Seeley, M. K. & Hopkins, J. T. Altered walking neuromechanics in patients with chronic ankle instability. J. Athl
Train. 54, 684-697. https://doi.org/10.4085/1062-6050-478-17 (2019).

17. Gribble, P. A. & Robinson, R. H. Alterations in knee kinematics and dynamic stability associated with chronic ankle instability. J.
Athl Train. 44, 350-355. https://doi.org/10.4085/1062-6050-44.4.350 (2009).

18. Gribble, P. A. et al. Selection criteria for patients with chronic ankle instability in controlled research: A position statement of the
international ankle consortium. Br. J. Sports Med. 48, 1014-1018. https://doi.org/10.1136/bjsports-2013-093175 (2014).

19. Carcia, C. R., Martin, R. L. & Drouin, J. M. Validity of the foot and ankle ability measure in athletes with chronic ankle instability.
J. Athl Train. 43, 179-183. https://doi.org/10.4085/1062-6050-43.2.179 (2008).

20. Docherty, C. L., Gansneder, B. M., Arnold, B. L. & Hurwitz, S. R. Development and reliability of the ankle instability instrument.
J. Athl Train. 41, 154-158 (2006).

21. Park, Y., Paine, N. & Oh, S. Development of force observer in series elastic actuator for dynamic control. IEEE Trans. Ind. Electron.
65, 2398-2407. https://doi.org/10.1109/TIE.2017.2745457 (2018).

Scientific Reports |

(2025) 15:16947 | https://doi.org/10.1038/s41598-025-98913-0 nature portfolio


https://doi.org/10.4085/1062-6050-344-18
https://doi.org/10.4085/1062-6050-344-18
https://doi.org/10.1007/s40279-013-0111-4
https://doi.org/10.4085/1062-6050-447-17
https://doi.org/10.1177/0363546505281813
https://doi.org/10.1016/j.csm.2008.03.006
https://doi.org/10.1016/j.csm.2008.03.006
https://doi.org/10.1007/s40279-017-0781-4
https://doi.org/10.1016/j.gaitpost.2021.09.182
https://doi.org/10.1016/j.gaitpost.2014.08.018
https://doi.org/10.1016/j.ptsp.2018.06.003
https://doi.org/10.1016/j.ptsp.2022.04.005
https://doi.org/10.1016/j.gaitpost.2010.03.015
https://doi.org/10.1123/mc.2017-0001
https://doi.org/10.1016/j.gaitpost.2020.03.007
https://doi.org/10.4085/1062-6050-478-17
https://doi.org/10.4085/1062-6050-44.4.350
https://doi.org/10.1136/bjsports-2013-093175
https://doi.org/10.4085/1062-6050-43.2.179
https://doi.org/10.1109/TIE.2017.2745457
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Bell, D. R., Guskiewicz, K. M., Clark, M. A. & Padua, D. A. Systematic review of the balance error scoring system. Sports Health. 3,
287-295. https://doi.org/10.1177/1941738111403122 (2011).

Colby, S. M., Hintermeister, R. A., Torry, M. R. & Steadman, J. R. Lower limb stability with ACL impairment. J. Orthop. Sports Phys.
Ther. 29, 444-451. https://doi.org/10.2519/jospt.1999.29.8.444 (1999). discussion 452 - 444.

Richardson, J. T. E. Eta squared and partial Eta squared as measures of effect size in educational research. Educ. Res. Rev. 6,
135-147. https://doi.org/10.1016/j.edurev.2010.12.001 (2011).

Ross, S. E. & Guskiewicz, K. M. Examination of static and dynamic postural stability in individuals with functionally stable and
unstable ankles. Clin. J. Sport Med. 14, 332-338. https://doi.org/10.1097/00042752-200411000-00002 (2004).

Ross, S. E. & Guskiewicz, K. M. Effect of coordination training with and without stochastic resonance stimulation on dynamic
postural stability of subjects with functional ankle instability and subjects with stable ankles. Clin. J. Sport Med. 16, 323-328.
https://doi.org/10.1097/00042752-200607000-00007 (2006).

Ross, S. E., Guskiewicz, K. M., Gross, M. T. & Yu, B. Balance measures for discriminating between functionally unstable and stable
ankles. Med. Sci. Sports Exerc. 41, 399-407. https://doi.org/10.1249/MSS.0b013e3181872d89 (2009).

Brown, C., Ross, S., Mynark, R. & Guskiewicz, K. Assessing functional ankle instability with joint position sense, time to
stabilization, and electromyography. J. Sport Rehabil. 13, 122-134. https://doi.org/10.1123/jsr.13.2.122 (2004).

Marshall, P. W,, McKee, A. D. & Murphy, B. A. Impaired trunk and ankle stability in subjects with functional ankle instability. Med.
Sci. Sports Exerc. 41, 1549-1557. https://doi.org/10.1249/MSS.0b013e31819d82e2 (2009).

Wright, C. J., Arnold, B. L. & Ross, S. E. Altered kinematics and time to stabilization during drop-jump landings in individuals with
or without functional ankle instability. . Athl Train. 51, 5-15. https://doi.org/10.4085/1062-6050-51.2.10 (2016).

Yu, P, Mei, Q., Xiang, L., Fernandez, J. & Gu, Y. Differences in the locomotion biomechanics and dynamic postural control between
individuals with chronic ankle instability and copers: A systematic review. Sports Biomech. 21, 531-549. https://doi.org/10.1080/1
4763141.2021.1954237 (2022).

Wikstrom, E. A. et al. Dynamic postural control but not mechanical stability differs among those with and without chronic ankle
instability. Scand ] Med Sci Sports 20, e137-144, (2010). https://doi.org/10.1111/j.1600-0838.2009.00929.x

Watabe, T., Takabayashi, T., Tokunaga, Y. & Kubo, M. Copers adopt an altered dynamic postural control compared to individuals
with chronic ankle instability and controls in unanticipated single-leg landing. Gait Posture. 92, 378-382. https://doi.org/10.1016/
j-gaitpost.2021.12.014 (2022).

Wikstrom, E. A., Tillman, M. D., Schenker, S. M. & Borsa, P. A. Jump-landing direction influences dynamic postural stability
scores. J. Sci. Med. Sport. 11, 106-111. https://doi.org/10.1016/j.jsams.2007.02.014 (2008).

Liu, K. & Heise, G. D. The effect of jump-landing directions on dynamic stability. J. Appl. Biomech. 29, 634-638. https://doi.org/10
.1123/jab.29.5.634 (2013).

Head, P. L. et al. The influence of jump-landing direction on dynamic postural stability following anterior cruciate ligament
reconstruction. Clin. Biomech. (Bristol Avon). 112, 106195. https://doi.org/10.1016/j.clinbiomech.2024.106195 (2024).

Wikstrom, E. A., Hubbard-Turner, T. & McKeon, P. O. Understanding and treating lateral ankle sprains and their consequences: A
constraints-based approach. Sports Med. 43, 385-393. https://doi.org/10.1007/s40279-013-0043-z (2013).

Hubbard, T. J. Ligament laxity following inversion injury with and without chronic ankle instability. Foot Ankle Int. 29, 305-311.
https://doi.org/10.3113/fai.2008.0305 (2008).

Cordova, M. L., Sefton, J. M. & Hubbard, T. J. Mechanical joint laxity associated with chronic ankle instability: A systematic review.
Sports Health. 2, 452-459. https://doi.org/10.1177/1941738110382392 (2010).

Croy, T., Saliba, S. A., Saliba, E., Anderson, M. W. & Hertel, ]. Differences in lateral ankle laxity measured via stress ultrasonography
in individuals with chronic ankle instability, ankle sprain copers, and healthy individuals. J. Orthop. Sports Phys. Ther. 42, 593-600.
https://doi.org/10.2519/jospt.2012.3923 (2012).

Wright, C. J. et al. Clinical examination results in individuals with functional ankle instability and ankle-sprain copers. J. Athl
Train. 48, 581-589. https://doi.org/10.4085/1062-6050-48.3.15 (2013).

Chen, H.,, Li, H. Y., Zhang, J., Hua, Y. H. & Chen, S. Y. Difference in postural control between patients with functional and
mechanical ankle instability. Foot Ankle Int. 35, 1068-1074. https://doi.org/10.1177/1071100714539657 (2014).

Wenning, M. et al. Functional deficits in chronic mechanical ankle instability. J. Orthop. Surg. Res. 15, 304. https://doi.org/10.1186
/s13018-020-01847-8 (2020).

Brown, C. N, Ko, ], Rosen, A. B. & Hsieh, K. Individuals with both perceived ankle instability and mechanical laxity demonstrate
dynamic postural stability deficits. Clin. Biomech. (Bristol Avon). 30, 1170-1174. https://doi.org/10.1016/j.clinbiomech.2015.08.008
(2015).

Hubbard, T. J., Kramer, L. C., Denegar, C. R. & Hertel, J. Correlations among multiple measures of functional and mechanical
instability in subjects with chronic ankle instability. J. Athl Train. 42, 361-366 (2007).

Bates, A. V., McGregor, A. & Alexander, C. M. Adaptation of balance reactions following forward perturbations in people with
joint hypermobility syndrome. BMC Musculoskelet. Disord. 22, 123. https://doi.org/10.1186/s12891-021-03961-y (2021).

McVey, E. D., Palmieri, R. M., 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. 26, 1055-1061. https://doi.org/10.1177/107110070502601210
(2005).

Son, S. J., Kim, H., Seeley, M. K. & Hopkins, J. T. Movement strategies among groups of chronic ankle instability, Coper, and
control. Med. Sci. Sports Exerc. 49, 1649-1661. https://doi.org/10.1249/mss.0000000000001255 (2017).

Dejong, A. E, Koldenhoven, R. M. & Hertel, J. Proximal adaptations in chronic ankle instability: systematic review and meta-
analysis. Med. Sci. Sports Exerc. 52, 1563-1575. https://doi.org/10.1249/mss.0000000000002282 (2020).

Khalaj, N., Vicenzino, B., Heales, L. J. & Smith, M. D. Is chronic ankle instability associated with impaired muscle strength? Ankle,
knee and hip muscle strength in individuals with chronic ankle instability: a systematic review with meta-analysis. Br. J. Sports
Med. 54, 839-847. https://doi.org/10.1136/bjsports-2018-100070 (2020).

Acknowledgements
The authors thank the participants for their contributions.

Author contributions

M.K. wrote the manuscript, S.K. collected the data, ].K., W.C., and S.O. analyzed and interpreted the data, ].T.H.
reviewed and edited the manuscript, S.J.S. designed the study. All authors critically revised and approved the
final manuscript.

Funding
This work was supported by the National Research Foundation of Korea (NRF) grant funded by the Korea gov-
ernment (MSIT) (RS-2024-00346761).

Scientific Reports |

(2025) 15:16947 | https://doi.org/10.1038/541598-025-98913-0 nature portfolio


https://doi.org/10.1177/1941738111403122
https://doi.org/10.2519/jospt.1999.29.8.444
https://doi.org/10.1016/j.edurev.2010.12.001
https://doi.org/10.1097/00042752-200411000-00002
https://doi.org/10.1097/00042752-200607000-00007
https://doi.org/10.1249/MSS.0b013e3181872d89
https://doi.org/10.1123/jsr.13.2.122
https://doi.org/10.1249/MSS.0b013e31819d82e2
https://doi.org/10.4085/1062-6050-51.2.10
https://doi.org/10.1080/14763141.2021.1954237
https://doi.org/10.1080/14763141.2021.1954237
https://doi.org/10.1111/j.1600-0838.2009.00929.x
https://doi.org/10.1016/j.gaitpost.2021.12.014
https://doi.org/10.1016/j.gaitpost.2021.12.014
https://doi.org/10.1016/j.jsams.2007.02.014
https://doi.org/10.1123/jab.29.5.634
https://doi.org/10.1123/jab.29.5.634
https://doi.org/10.1016/j.clinbiomech.2024.106195
https://doi.org/10.1007/s40279-013-0043-z
https://doi.org/10.3113/fai.2008.0305
https://doi.org/10.1177/1941738110382392
https://doi.org/10.2519/jospt.2012.3923
https://doi.org/10.4085/1062-6050-48.3.15
https://doi.org/10.1177/1071100714539657
https://doi.org/10.1186/s13018-020-01847-8
https://doi.org/10.1186/s13018-020-01847-8
https://doi.org/10.1016/j.clinbiomech.2015.08.008
https://doi.org/10.1186/s12891-021-03961-y
https://doi.org/10.1177/107110070502601210
https://doi.org/10.1249/mss.0000000000001255
https://doi.org/10.1249/mss.0000000000002282
https://doi.org/10.1136/bjsports-2018-100070
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to J.K. or S.J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:16947 | https://doi.org/10.1038/541598-025-98913-0 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Directional deficits in reactive postural control during perturbations among groups of chronic ankle instability, ankle sprain coper, and healthy control
	﻿Methods
	﻿Research design
	﻿Participants
	﻿Experimental procedures
	﻿Data analysis
	﻿Statistical analysis

	﻿Results
	﻿Interaction effect (group X perturbation direction) and main effect
	﻿CAI group vs. healthy control group
	﻿Ankle sprain coper group vs. healthy control group
	﻿CAI group vs. ankle sprain coper group

	﻿Discussion
	﻿References


