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Abstract. [Purpose] The purpose of this study is to investigate postural stability in such group of tackwondo ath-
letes by measuring the center-of-pressure variables in both the injured limb and uninjured limb during a single-leg
stance with eyes closed. [Subjects and Methods] The study includes eleven tackwondo athletes with repetitive ankle
sprains (RASs) and eleven healthy tackwondo athletes (the controls) at the college level participating in tackwondo
training sessions. For the controls, the “injured” limb was taken to be the left limb. [Results] The postural stability
measured in both the anteroposterior and mediolateral directions using center-of-pressure variables was lower in
the uninjured limb of the RAS group than in the control group during a single-leg stance with eyes closed. How-
ever, for the injured limb, there were no significant differences between the two groups. Furthermore, compared to
the RAS group, the control group had higher stability in the injured limb than in the uninjured limb. [Conclusion]
Individuals with RASs should ensure improvements in their proprioceptive and neuromuscular functions, as well
as muscle strength, through an adequate period of rehabilitation to reduce the risk of re-injury.
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INTRODUCTION

Taekwondo is characterized by dynamic kicking techniques requiring strength, speed, stamina, balance, flexibility, and co-
ordination. These kicking combinations include advanced kicks, such as jumping, spinning, and sliding kicks". In addition,
a tackwondo athlete requires dynamic stability on the supporting limb to execute fast and jerky movements of the kicking
limb. As in many sports, there is a high potential for injury that can affect elite athletic performance in tackwondo®. The
mean injury incidence rate in tackwondo athletes has been reported to be 79.3 injuries per 1,000 athletes from the beginning
of electronic information records to 2008". Frequently injured body parts for tackwondo athletes include the head, neck, and
lower limbs®. Among these, the lower limbs were found to be the most commonly injured body regions!. Approximately
46% of tackwondo athletes with lower limb injuries were reported to have experienced a second injury, and one of the most
common injuries was an ankle sprain®.

Lateral ankle sprains accounted for approximately 80% of all ankle sprains, and they have a very high recurrence rate®.
In addition, 72% of individuals who sustain lateral ankle sprains have been reported to have residual symptoms and de-
velop chronic ankle instability (CAI)> 9. CAl is defined as having repetitive ankle sprains on the same ankle after an acute
ankle sprain along with pain, swelling, the ankle giving out, and decreased function”), all of which are linked to limita-
tions in physical and daily activities”. CAI can cause sprain recurrence, mechanical ankle instability, and functional ankle
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Table 1. Demographics of the participants

RASs (n=11)  Controls (n=11)

Age (yrs) 19.6 £ 0.8 19.3+0.7
Height (cm) 178.8 £ 6.6 177.6 £ 7.6
Body mass (kg) 68.4+8.3 66.3+7.1
BMI (kg/m?) 214+18 210+ 14
Gender (male/female) 9/2 9/2
Frequency of ankle sprain (repetitions) 29+0.7 -

All data represent means and standard deviations.
BM: body mass index; RASs: repetitive ankle sprains.

instability”). Functional insufficiencies include impairments in proprioception, neuromuscular control, postural control, and
strength®. Previous meta-analyses have suggested a significant decrease in postural stability in individuals with repetitive
ankle sprains® ?). These deficits undermine the success of tackwondo athletes as well as athletes in other sports where postural
stability and control play a significant role!'?.

A history of ankle injury is also known to be associated with an increased risk of future injuries. Hiller et al. suggested that
people with recurrent ankle sprains show a distinguishing feature of greater postural sway when standing with their eyes closed.
Friden et al.'" found diminished postural control in the injured and uninjured limbs of athletes after acute ankle sprains compared
to a reference group. Evans et al.!? also identified postural control deficits in both the injured and uninjured limbs of individuals
after unilateral ankle sprains. Furthermore, Wikstrom et al.”) suggested that balance is bilaterally impaired after an acute lateral
ankle sprain, and patients with acute lateral ankle sprains should undergo balance training on both limbs. However, side-to-side
differences within injured participants have not been consistently presented in previous studies. In particular, there have been no
previous studies on postural stability that compared the injured limb (IL) and the uninjured limb (UIL) of tackwondo athletes
with repeated ankle sprains who regularly participated in training sessions after completing a rehabilitation program.

Therefore, this study aims to investigate postural stability in tackwondo athletes with repetitive ankle sprains by measur-
ing the center-of-pressure variables (COPs) in the IL and UIL for each athlete during a single-leg stance with eyes closed
(EC). We hypothesized that postural stability would be lower in the repetitive ankle sprains (RASs) group than in the controls
for both limbs and that postural stability would be lower in the IL than in the UIL of the RASs during a single-leg stance.

SUBJECTS AND METHODS

The study involved a case-control trial after an arbitrary sampled comparing tackwondo athletes in two groups: those with
RASs and those without an ankle sprain (the controls). The groups included 11 tackwondo athletes with RASs (nine male
athletes, two female athletes) and 11 tackwondo athletes without RASs (Controls; nine male athletes, two female athletes),
all of whom had been participating in tackwondo competitions at the college level (Table 1). A priori estimated sample sizes
for B=0.80 with 0=0.05 were calculated. All participants were matched for gender, limb dominance (which was always the
right limb), age, height, body mass, and body mass index. Thus, demographics did not differ between the groups (p>0.05).

The inclusion criteria for the RASs were a minimum of two ankle sprains of the left ankle within the prior three years.
They were screened for inclusion using a Cumberland Ankle Instability Tool (CAIT) score of no more than 27 (ICC=0.96)'%.
All participants have been participating regularly in tackwondo training sessions at least four to five times per week. The
exclusion criteria for both groups were: a history of ankle sprain injury or lower limb injury in the last six months; a history of
lower limb fracture or surgery; a history of neurological dysfunction, vestibular or visual impairment; or any other pathology
that would impair postural stability. All participants signed an informed consent form approved by the Institutional Review
Board (IRB No. 2015-HR-018-04).

All participants were required to attend two experimental sessions, and they were asked to refrain from performing physi-
cal exercise and to maintain their regular daily activity level during the experimental period. In the first session, participants
completed an assessment of physical characteristics, anthropometric measurements, and a CAIT assessment to quantify the
functional ability of their ankles by a physical therapist'3). Furthermore, all participants completed the visual analog scale
(VAS), which is a simple and frequently used tool for the assessment of variations in the intensity of pain, with participants
measuring their own pain on a 10 cm scale!®. In addition, for each ankle, the inversion and eversion peak torques were
measured at angular velocities of 120°/s and 300°/s, respectively, and a range of motion of 50° for eccentric and concentric
contractions using an isokinetic dynamometer (Cybex HUMAC NORM, USA). Measurements were carried out after placing
the participants in the supine position with the hip and knee angles at 60° and 90°, respectively, and with the pelvis and thighs
secured using a seatbelt and thigh stabilizer pad, respectively. The bare feet of the participants were placed and secured on
a footplate with 10° of plantarflexion. The inversion-to-eversion peak torques were defined as the highest torques achieved
during five successive maximal eccentric-to-concentric contractions. The participants were familiarized with the study’s
procedures for a single-leg stance with EC.
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In the second session, the participants warmed up by Table 2. Results of CAIT and peak torque within injured ankle

stretching and cycling for 5 min, followed by a 3-min rest and uninjured ankle
before the single-leg stance trials. All participants sustained RASs (n=11) Controls (n=11)
each single-leg stance trial for over 25 s, standing with the IL CAIT of 1A (score) 16444 28.0 £ 105
and the UIL on a force plate in random order, with the two tri- N
als separated by a 2-min rest period. The participants were re- CAIT of UIA (score) 166£58 286+13
quired to complete a minimum of 3 practice trials prior to data %PTIA (120%) 25.1+10.3 273+43
acquisition!®. During the single-leg stance, participants were %PTUIA (120°s) 30.8+9.8%¢ 26.7+6.1
instructed to stand barefoot with arms crossed at the chest and %PTIA (300°s) 24.8+738 232433
the knee of the non-standing leg flexed. Visually, they were %PTUIA (300%s) 28.6 +10.9 254+4.1
told to fixate on a target in front of them, after which their aResults of two-way ANOVA with repeated measures between
eyes were closed. In addition, the participants were instructed groups and ankles.
to sway as little as possible during the single-leg stance. °Results of independent sample t-test between groups.

Three infrared cameras (Oxford Metrics Vicon MX-T10, “Resullts of the paired sample t-test within ankles.
UK) and one force plate (AMTI OR6-7, USA) were used to CAIT: Cumb.erland ar{kle instability tf)o_l; PTIA: Peak torque

. : injured ankle; PTUIA: Peak torque uninjured ankle.

collect motion and ground reaction force data. The force plate 2.b.¢p<(.05.

was synchronized to the motion capture system. The sampling

frequencies were set at 100 Hz for motion capture data and

200 Hz for force plate data. The collected data was filtered

using fourth-order Butterworth low-pass filters at a cut-off frequency of 5 Hz”). Reflective markers (14-mm spherical type)
were attached to the heel of the gesture leg and at a point 10 cm below the center of the knee joints of both legs to monitor the
position of the gesture leg. A trial was defined as failed whenever the heel marker of the gesture leg moved beneath the marker
attached 10 cm below the center of the standing knee. All markers were secured with athletic tape to reduce motion artifacts.
We established a global reference system, with the positive x-axis rightward, the positive y-axis forward, and the positive z-axis
upward. The force platform was used to measure displacements of the COP during a single-leg stance. To avoid considering any
initial sway, only data from 5 s to 25 s after the start of a trial was collected and analyzed. The validity and reliability of the force
platform measurements for stance stability have been previously verified'®). The intra-class correlation coefficients revealed a
high test-retest reliability for sway measurements (ICCs >0.90)!9).

The COP data was used to calculate all dependent variables separated into the time and frequency domains using MAT-
LAB (2012a, MathWorks Inc., USA). The variables of the time domain were the mean velocity (the path length divided by
the sampling time, in cm/s) and the root mean square (the standard deviation of the time series, in cm) in the anteroposterior
(AP) and mediolateral (ML) planes!”- '®. The variables of the frequency domain were the total power frequency (the inte-
grated area of the power spectrum, in cm?), the 95% power frequency (the frequency at 95% of the total power, in Hz), and
the 50% power frequency (the frequency at 50% of the total power, in Hz) in the AP and ML planes'®). These variables have
been previously assessed in postural control studies and have demonstrated good validity and reliability!®). Higher values of
these variables indicate poor postural stability.

A descriptive statistical analysis was used to characterize all variables. After confirming normality, a two-way repeated
measures analysis of variance was employed to test the interactions and main effects of the groups (RASs and controls) and
limbs used (IL and UIL) with respect to the COP variables. When appropriate, t-tests for independent samples (RASs and
controls) and paired samples (IL and UIL) were performed to determine significant differences. All statistical analyses were
performed using SPSS for Windows (version 22.0, SPSS Inc., USA). The significance level was set at 0.05.

RESULTS

As seen at the Table 2, the main effect of being in the RAS group (versus the controls) was significant on the CAIT
scores: p<0.05 for the injured ankle (IA). Post-hoc analysis showed that the RAS group scored significantly lower than the
controls for both ankles (p<0.05). The main effect of the RAS group on %PT was significant within ankles (p<0.05) and for
the interaction effect (p<0.05). The %PT of the 1A was significantly lower than the %PT of the UIA at an angular velocity of
120°/s (p<0.05).

We observed no significant differences in the results of AP variables (Table 3). However, the AP RMS revealed that the
RAS values were significantly greater than for the controls for the UIL (p<0.05). In addition, the AP RMS of the RASs was
not significantly different within limbs, but the AP RMS of the controls showed that the IL was significantly greater than the
UIL (p<0.05).

The ML RMS showed a significant group effect (p<0.05), as presented in Table 4. The ML RMS of the RASs was
significantly greater than that of the controls for the UIL (p<0.05). In addition, the ML RMS of the RASs was not significantly
different within limbs, but the ML RMS of the controls showed that the IL was significantly greater than the UIL (p<0.05).
We observed no significant differences in the ML total power frequency, but the ML total power frequency of the RASs was
significantly greater than that of the controls for the UIL (p<0.05), as presented in Table 4. Furthermore, Table 4 illustrates
that the ML 95% power frequency showed a significant interaction between group and limb effects (p<0.05). The ML 95%
power frequency of the RASs was not significantly different within limbs, but the ML 95% power frequency of the controls
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Table 3. Results of anteroposterior variables

1L UIL
Velocity (cm/s) RASs 5.67+£2.44 5.53+£241
controls 4.87+1.06 4.47 £ 0.86
RMS distance (cm) RASs 1.29 £ 0.45 1.31+0.38
controls 1.24 +£0.29 0.92 +0.33b¢
Total power frequency (cm?) RASs 1.51 £1.58 1.54 +1.01
controls 1.15+0.59 1.11 +£0.89
95% edge frequency (Hz) RASs 2.08 +0.54 2.34+0.75
controls 2.06+0.58 2.46+0.58
50% edge Frequency (Hz) RASs 0.46 +0.24 0.48 +0.23
controls 0.43 +0.22 0.54+0.22

aResults of two-way ANOVA with repeated measures between groups and limbs.
bResults of the paired sample t-test within limbs.

‘Results of independent sample t-test between groups.

IL: Injured limb; UIL: Uninjured limb; RMS: Root mean square.

b.p<.05.

Table 4. Results of mediolateral variables

IL UIL
Velocity (cm/s) RASs 5.97+0.97 6.36 +1.20
controls 577+ 1.00 5.52+1.09
RMS distance (cm) RASs 1.32+0.43 1.35+£0.56
controls 1.17£0.26 0.95 £ 0.142¢
Total power frequency (cm?) RASs 1.25+0.72 1.40 +0.32
controls 1.20 £ 0.45 0.93 £ 0.41°
95% edge frequency (Hz) RASs 2.80+0.42 2.63 +£0.55
controls 2.50+0.43 2.83 £0.61°
50% edge Frequency (Hz) RASs 0.62+0.22 0.61 £0.22
controls 0.55+0.22 0.67+0.18

aResults of two-way ANOVA with repeated measures between groups and limbs.
PResults of the paired sample t-test within limbs.

“Results of independent sample t-test between groups.

IL: Injured limb; UIL: Uninjured limb; RMS; Root mean square.

abep<0.05.

showed that the IL was significantly lower than the UIL (p<0.05).
DISCUSSION

The major findings of this study showed that the AP RMS, ML RMS, and ML total power frequency of the UIL were signifi-
cantly higher in the RASs than in the controls, but there were no significant differences between groups in the IL. The AP RMS,
ML RMS, and ML total power frequency for the IL were higher than the UIL in the controls compared to the RASs. Therefore,
the RASs in this study were presumed to have decreased postural stability in the UIL during the eyes-closed single-leg stance.

Postural stability has been assessed by analyzing the COP trajectories in the time and frequency domains separately, and
any increase in these COP parameters is interpreted as a weakening of static stability or postural control'?). This type of
postural sway testing on stable force plates is useful for identifying deficits that are associated with an increase in the risk of
ankle sprain??). In addition, postural sway has been shown to predict susceptibility to ankle sprains?!). Furthermore, reduced
postural control during single-leg balance has been shown repeatedly to indicate heightened risk of injury in healthy ankles?".

Wikstrom et al.??) suggested that mediolateral and anteroposterior COP velocity was greater in individuals with CAI
relative to both copers and controls. Doherty et al.>®) reported that individuals with CAI also exhibited a decrease in the fractal
dimension of the COP path during an eyes-closed single-leg stance compared with both non-injured controls and lateral ankle
sprain copers (12 months after sustaining an acute first-time lateral ankle sprain). As mentioned above, previous studies sug-
gested that postural control is impaired in individuals with acute lateral ankle sprains and in CAI individuals??>->». However,
even when there is a history of lateral ankle sprain, most athletes should return to the field. Some individuals may develop
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CAI following severe or repeated ankle sprains®®), whereas other active individuals may return to high-level activities such
as jumping and cutting without developing CAI?> 2%,

In the results of this study, the AP and ML directions of the UIL were significantly higher in the RASs than in the controls,
although CAIT scores showed a significant difference between groups for both ankles. These results differ somewhat from the
previous studies mentioned above. The reason is that after completing a rehabilitation program, the participants in this study
regularly participated in training sessions. Furthermore, several studies?®2® have reinforced the prophylactic use of balance
training for the prevention of future ankle sprains in individuals with acute ankle sprains; these studies have also shown that im-
provements in balance and postural control measures are the strongest indicators of successful treatment for patients with CAI.

In addition, previous studies proposed that central impairments lead to bilateral postural control deficits after acute lateral
ankle sprains'!> 1229, In particular, they suggested that side-to-side differences within acutely injured participants were not
consistently present in the studies because central impairments led to bilateral postural control deficits after acute lateral
ankle sprains'!- 2. Therefore, bilateral impairments in postural control are of significant importance because of their role in
increased risk of re-spraining the injured ankle??). They suggested that the uninjured limb should not be used as a control limb
when making side-to-side comparisons for impaired postural control after acute ankle sprains. Instead, they recommended
making comparisons with baseline measures from the injured limb or comparisons with a healthy reference group??. In ad-
dition, Wikstrom et al.3? indicated that bilateral balance deficits were a viable explanation for the lack of significant findings
between the involved and uninvolved limbs in previous studies. They suggested that a study of these aspects would enable
better clinical decisions on restoring or rehabilitating postural control after both acute lateral ankle sprains and the onset of
CAL The results of the studies mentioned above seem to support the findings of this study.

Some studies have shown deficits of ankle evertor strength in participants suffering from chronic ankle instability com-
pared to healthy participants®?), while other studies have found no significant difference?. Witchalls et al.*® found that
weaker eccentric inversion strength is associated with an increased occurrence of ankle injury at testing speeds lower than
110 °/s. This study used 120 °/s and 300 °/s to measure the muscle peak torque. The results showed that during the eyes-
closed single-leg stance for the RAS group, the %PT of the IA was significantly lower than the %PT of the UIA at an angular
velocity of 120 °/s; however, there was no significant difference between the groups for either the IA or the UIA, although
the controls had higher values for the IL than the UIL.

In addition, clinically determining the status of an athlete’s rehabilitation and determining the period before an athlete
should return from rehabilitation are complex issues. Addressing these issues solely on an assessment of muscle strength
would increase the risk of re-injury. Conducting single-leg stance tests with eyes closed is considered an effective technique
for quantifying the extent of injury and functional stability in individuals with repetitive ankle sprains®¥. The stability of an
eyes-closed single-leg stance is best characterized via the displacement of the center-of-pressure (COP) measurement while
standing on a force platform!®:3%).

We have a limitation that all participants were recruited based on prior power analysis, but our sample size may be too
small to determine significant group differences. Most of the available competitive tackwondo athletes had sustained a lower
limb injury within the last six months or had a history of lower extremity fracture or surgery, making it difficult to recruit the
necessary tackwondo athletes.

In summary, despite finding no significant differences in the strength of ankle evertors and invertors for both legs between
both groups, postural stability was lower in the UIL of the RASs than for the controls in both the AP and ML directions of
the center-of-pressure variables during single-leg stances with eyes-closed. However, there were no significant differences in
the IL between the two groups. Compared to the RASs, the control group was higher in the IL than the UIL. Individuals with
repetitive ankle sprains should ensure improvements in their proprioceptive and neuromuscular functions, as well as muscle
strength, through an adequate period of rehabilitation to reduce the risk of re-injury. These findings will enable clinicians and
sports trainers to more appropriately measure specific deficits in athletes and train them for better prevention of ankle injuries.
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