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Highlights:

• Athletes with a history of ankle sprain that do not suffer from ankle instability (copers) exhibit
similar balance and neuromuscular control compared to healthy athletes.

• Athletes with chronic ankle instability show a deficit in neuromuscular control and balance, which
may increase the risk of subsequent injuries.

• Athletes with chronic ankle instability are advised to use neuromuscular training in their rehabilita-
tion program to improve balance and neuromuscular performance to reduce the risk of injury.

Abstract: More than 70% of people with ankle sprain experience chronic ankle instability. However,
some people are well adapted to this damage (copers) and do not suffer from chronic ankle instability
(CAI). This cross-sectional study involved 34 female athletes, who were classified into three groups
(athletes with CAI, copers, and healthy athletes) and tested on a Biodex Balance System. Surface
electromyography (EMG) and balance scores were monitored. The coper and healthy group exhibited
higher medial gastrocnemius (MG) EMG activity during unstable balance conditions. The rectus
abdominus (RA) in the coper group and rectus femoris (RF) in the healthy group showed greater
EMG activity compared to CAI during unstable conditions. During stable conditions, the coper
group showed greater RA EMG activity compared to CAI, as well as higher tibialis anterior (TA)
EMG activity compared to the healthy group. Additionally, balance error scores were higher in the
CAI group than those in the healthy group under unstable conditions. In conclusion, decreased
EMG activity of the MG, RF, and RA in CAI athletes may contribute to impaired balance in these
individuals. The increased EMG activity of the MG, TA, and RA in copers might result in more trunk
and ankle stability.

Keywords: electromyography; neuromuscular control; ankle sprain; coper; Cumberland ankle
instability tool

1. Introduction

Ankle sprains are one of the most prevalent musculoskeletal injuries, with athletes in
the United States reporting ankle sprain accounting for 15% of total injuries [1]. More than
70% of individuals that experience initial lateral ankle sprain (LAS) develop chronic ankle
instability (CAI) [2] that leads to compromised joint capsule, ligament, tendon, and muscle
integrity. LAS will damage the mechanoreceptors causing disruption to the proprioception
system [3], leading to faulty postural [4,5] and coordination control [6,7]. However, certain
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individuals, even with prior LAS, who are referred to as copers (i.e., the ability to cope
with or accommodate LAS), do not experience symptoms of CAI or recurrent injury [8,9].
Copers are defined as individuals who have not suffered from a recurrent ankle sprain
for 12 months after their initial LAS incident [9]. However, the mechanisms involved
which enable copers to regain functionality similar to the uninjured individuals are still
unclear [10].

Compared to healthy individuals, patients with a history of ankle sprain during single-
leg stance demonstrate a dominant postural control strategy from the hip rather than the
ankle [11]. Research has shown that healthy individuals are able to maintain postural sway
stability by predominately relying on ankle muscle receptors [12]. Therefore, the ankle’s
proprioceptors can help people maintain their balance during an unperturbed stance. It is
known that during an unperturbed stance, the body’s sway is correlated with the amount
of ankle rotation, which explains why muscles surrounding the ankle are able to provide
sensory information necessary to maintain balance [13]. It is suggested that proprioceptive
receptors within the ankle may be damaged as a result of an initial sprain, and thus can lead
to changes in muscle spindle activation and sensitivity [7]. The ankle strategy is linked to
the fine tuning of static postural control, whereas the hip strategy is used to counterbalance
more substantial postural control disturbances [14].

In the case of copers, they showed a comparable postural control strategy to healthy
individuals during open and closed eyes in a single-leg stance test [9,11,15]; however,
information regarding muscle activation during dynamic balance tasks in these individuals
is limited. The CAI group has shown altered activity of the muscles supporting the ankle
due to nerve and muscle damage. Recent studies reported that CAI individuals showed
significantly less peroneus longus activity and shorter peroneus longus latency compared
to the coper group in dynamic tasks [16,17]. In a study by Kwon et al., it was reported that
muscle activity in the CAI group is different compared to the healthy and coper groups
during single-leg balance with eyes closed [18]. Muscle strategies used during dynamic
balance tasks are phase dependent between CAI, copers, and healthy individuals. Thus,
understanding how muscles are recruited during dynamic controlled tasks can add to our
understanding of how copers differ from CAI in muscle recruitment. Individuals with CAI
usually show changes in the activation of the muscles around the ankle and sometimes the
proximal muscles, and also present changes in functional tasks, including balance [19,20].

Previous research has shown that during various balance tasks, people with CAI
exhibited atypical levels of muscle activation than copers [3,7,8,11,21–24]. Compared to
people with CAI, copers demonstrate greater tibialis anterior (TA) electromyography (EMG)
activity, suggesting greater ankle stability [21]. In another study, the difference in muscular
activation was shown in the gluteus maximus muscle, with the CAI patients exhibiting
lower EMG activation compared to healthy people and copers during a balance test [19].
The difference in EMG activity between these groups can be related to the different postural
control strategies that these groups incorporated during a balance task [4].

Thus, it was hypothesized that the muscles involved in maintaining balance are dif-
ferent between individuals with CAI, compared to the copers group, and this can lead to
balance disorders in these individuals. Secondly, it was also hypothesized that muscle activ-
ity of these individuals can differ between stable and unstable surfaces while balancing on
them. Another hypothesis contends that individuals with CAI have reduced ankle muscle
activity due to injury, and are more likely to activate the proximal muscles to compensate
for this deficiency. By examining these cases, we can have a better understanding of copers
for adapting to injury, which will be important in improving balance control and problems
in people with CAI. Therefore, the purpose of this study was to investigate the balance
and neuromuscular activity of the muscles involved in postural control strategies, such as
tibialis anterior (TA), medial gastrocnemius (MG), rectus femoris (RF), biceps femoris (BF),
erector spinae (ES), and rectus abdominis (RA), during a single-leg stance between CAI,
copers, and healthy athletes.
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2. Materials and Methods
2.1. Participants

A sample of thirty-four female athletes were allocated to three groups: CAI, copers,
and healthy athletes (Table 1). The sample size was calculated using G-power software
with alpha levels set to 0.05, with a moderate effect size of 0.33 and power of 0.9. The
inclusion criteria for the participants were as follows: (1) age range from 18 to 30 years;
(2) a minimum score of 24 or higher on the Cumberland ankle instability tool (CAIT) was
considered for athletes to be placed in the coper group, and a score of 24 or less for athletes
to be classified in the CAI group [25]; (3) no history of LAS for healthy athletes; (4) no
new or recurrent ankle sprain during the previous year with no disability and episodes
of instability since the time of LAS for copers; and (5) a history of at least two instability
episodes in the last six months for the CAI group [8]. Participants were excluded from the
study based on the following criteria: (1) any history of lower limb surgery; (2) athletes
suffering from vestibular system disorders (balance problems); (3) any alcohol and/or
drug consumption within the 24 h prior to the study. The study was approved by the local
ethical committee of Tehran University (IR.SSRI.REC.1396.194) and written signed consent
was obtained from the participants.

Table 1. Mean ± SD of anthropometric and demographic data for copers (n = 10), chronic ankle
instability (CAI, n = 13), and healthy athletes (n = 11).

Copers CAI Healthy Sig.

Age (years) 21.9 ± 1.37 22.3 ± 4.21 24.5 ± 4.1 0.174
Height (cm) 165.9 ± 4.7 166.7 ± 5.8 165.7 ± 5.3 0.873

Body mass (kg) 56.2 ± 5.7 59 ± 7.4 57 ± 6.9 0.572
BMI (kg.m−2) 20.5 ± 2.7 21.2 ± 2.6 20.7 ± 2.5 0.784

2.2. Experimental Procedure

Five minutes of self-paced walking was completed as a warmup. All participants wore
sports clothes and shoes during warm-up, and short tops and shorts during measurements.
After the warmup, participants were familiarized with the balance tests at two levels of
difficulty (level 3: unstable and level 12: stable) on the Biodex Balance System (BBS) system.
All participants were given a practice session using the same testing protocol, as a familiar-
ization with the balance platform. For the CAI and coper groups, all measurements were
taken from the injured limb, and for healthy athletes (control group) from the dominant
leg, which was defined as the leg used to kick a soccer ball [26]. Athletes were instructed
to remain barefoot on the center of the platform, with the opposite leg bent from the knee
at a 90◦ angle, avoiding contact with the testing leg or platform, with their hands placed
on their chest (Figure 1). The foot was positioned in the centre of the platform, following
the guidelines specified by BBS. Foot position was recorded and replicated for each person
for each trial. BBS measures the degree of tilt about each axis during dynamic action in
closed-chain conditions, provides stability indices, and calculates the anterior–posterior
index (API), the medial–lateral stability index (MLI), and the overall balance index (OBI).
The lower these values, the better the individual’s balance is. After the familiarization, the
participants were asked to complete the BBS test at the two difficulty levels of stability in a
randomized order, with EMG recording from the TA, MG, RF, BF, ES, and RA. Each level
consisted of three 20-s trials with a 10-s rest between each trial (Figure 2). This study was
carried out at the Laboratory of Health and Sports Medicine Department, University of
Tehran, Tehran, Iran.
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Figure 1. Subject’s position on the balance platform.

2.3. Postural Stability

Balance scores was recorded at two levels of stability (level 3: unstable and level
12: stable) using the BBS athlete single-leg test. If the postural stability was not met during
the test, the results from the related trial were nullified and the participant repeated the
trial once more. The average scores of the anterior–posterior and medial–lateral indices
from three trials were used for statistical analysis. The BBS measures the amount of body
tilt around each axis in dynamic and closed-chain conditions, provides stability indices,
and calculates the stability indices of anterior–posterior, medial–lateral stability, and the
overall stability index (it measures the platform displacement variance in all directions).
Lower values indicate better balance of the individual.
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Figure 2. An example of the raw wave of muscle activities (n = 1).

2.4. Electromyography (EMG) Measurement

EMG (ME6000 16-channel EMG, Megawin, Finland) activity from TA, MG, RF, BF,
ES, and RA were recorded at a sampling frequency of 1000 Hz (bandwith = 8–500 Hz,
common mode rejection ratio (CMRR) = 110 dB, input impedance = 10 Gohm, Gain: 305).
The skin was prepared by removing excess hair, abrading, and cleaning with an alcohol
swab. The electrodes (self-adhesive Ag/AgCl bipolar, SKINTACT ECG Electrodes, Austria)
were placed on the TA, MG, RF, BF, ES, and RA muscles following SENIAM guidelines, as
illustrated in Figure 2 [27–29]. All EMG data were band-pass filtered (10 to 350 Hz) and
notch filtered (60 Hz at 1-Hz width) using a Butterworth filter (4th order, zero-phase lag)
in the Megawin software package used for the EMG processing. The data were rectified
and smoothed by taking the root mean square average of the EMG signal and using a
50-millisecond sliding window function. EMG values were normalized to their respective
peak root-mean-square value during an MVC (EMG value/MVC %). Finally, the MVCs
from the TA, MG, RF, BF, ES, and RA muscles were obtained using the method described
previously by Konrad [28] on the same day.

2.5. Statistical Analysis

The Brown–Forsythe F-test was used to compare the difference in height, weight and
body mass index (BMI) between the three groups due to unequal sample sizes between
groups. Non-parametric Kruskal–Wallis H tests were used for EMG activity for each muscle
and BBS scores at both level 3 and level 12 of BBS. If a significant effect was found, a post
hoc Mann–Whitney U test was carried out to identify the differences among groups (CAI,
copers, and healthy athletes). Furthermore, Wilcoxon signed ranks tests were used to
compare EMG activity for each muscle and BBS scores between two difficulty levels of the
BBS. Alpha level was set to 0.05 for Kruskal–Wallis H tests. A Bonferroni correction on the
alpha level was calculated for Mann–Whitney U and Wilcoxon signed ranks tests to reduce
type I error. Effect sizes were calculated for the non-parametric tests (r) in which the values
were considered small (0.1–0.29), medium (0.3–0.49), and large (>0.5) [30]. All statistical
analyses were conducted using SPSS version 21.

3. Results
3.1. EMG Activity during Unstable Condition

MG activity was higher in the coper (↑133%) and healthy athletes (↑116%) groups
compared to the CAI group. RA activity in the coper group was elevated compared to the
CAI group (↑77%). RF activity was higher in the healthy athletes (↑148%) compared to the
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CAI group (Table 2). No significant difference was found between groups for TA, BF, and
ES muscle activity during unstable conditions (p > 0.05).

Table 2. Mean ± SD EMG activity (%MVC) of different muscles at two levels of balance difficulty
(3 and 12) on the Biodex Balance System (BBS) for copers, chronic ankle instability (CAI) patients,
and healthy athletes.

Coper CAI Healthy Sig. Effect Size (r)

Medial gastrocnemius (level 3) 35 ± 22 15 ± 4 33 ± 19 0.015 *
0.005 †

0.5 **
0.53 ††

Rectus abdominis (level 3) 9 ± 5 5 ± 3 6 ± 3 0.013 * 0.51 **
Rectus femoris (level 3) 10 ± 5 6 ± 4.2 14 ± 5 0.008 † 0.53 ††

Rectus abdominis (level 12) 8 ± 5 5 ± 3 6 ± 3 0.015 * 0.5 **
Tibialis anterior (level 12) 18 ± 13 9 ± 4.2 9 ± 5 0.013 ‡ 0.53 ‡‡

Rectus femoris (level 12) 8 ± 5 4 ± 4 11 ± 5 0.001 † 0.67 ††

* significant difference between coper and CAI (p < 0.05), † significant difference between healthy and CAI
(p < 0.05), ‡ significant difference between coper and healthy (p < 0.05), ** r effect size calculated between coper
and CAI, †† r effect size calculated between healthy and CAI, ‡‡ r effect size calculated between coper and healthy.

3.2. EMG Activity during Stable Condition

The coper group showed higher (↑68%) RA EMG activity compared to the CAI group.
Additionally, TA muscle had greater EMG activity in the coper group (↑105%) compared to
the healthy athletes. RF EMG activity was greater in healthy athletes (↑166%) compared to
the CAI group (Table 2).

3.3. EMG Activity between Stable and Unstable Conditions

EMG muscle activity of the TA in the CAI (↑76%) and healthy (↑64%) groups; BF
in the CAI (↑39%) group; RF in the CAI (↑46%) and coper (↑47%) groups; ES in the CAI
(↑54%) and healthy (↑11%) groups; and RA in the CAI (↑6%) and coper (↑12%) groups had
significantly higher EMG activity from level 12 (stable) compared to level 3 (unstable) BBS
(Table 3). The MG did not show a significant difference in EMG activity between level 3
and level 12 on the BBS. No additional differences were noted for other muscles during the
stable condition (p > 0.05).

Table 3. Mean ± SD EMG activity (%MVC) of different muscles between two levels of balance
difficulty (3 and 12) on the Biodex Balance System (BBS) for copers, chronic ankle instability (CAI)
patients, and healthy athletes.

BBS Level Coper CAI Healthy Sig. Effect Size (r)

Tibialis anterior
3 16 ± 13 16 ± 7 14 ± 9 0.003 *

0.004 †
0.86 **
0.85 ††12 18 ± 13 9 ± 4 9 ± 5

Biceps femoris 3 4 ± 3 3 ± 2 3 ± 2
0.015 * 0.67 **12 4 ± 3 2 ± 2 3 ± 2

Rectus femoris
3 10 ± 5 6 ± 4 14 ± 5 0.006 *

0.017 ‡
0.76 **
0.75 ‡‡12 8 ± 5 4 ± 4 11 ± 5

Erector spinae 3 6 ± 4 5 ± 3 5 ± 3 0.011 *
0.041 †

0.66 **
0.61 ††12 5 ± 6 3 ± 1 5 ± 3

Rectus abdominis
3 9 ± 5 5 ± 3 6 ± 3 0.018 *

0.025 ‡
0.66 **
0.71 ‡‡12 8 ± 5 5 ± 3 6 ± 3

Medial gastrocnemius 3 35.35 ± 22.1 15.97 ± 4.1 32.9 ± 18.56
NS NS12 31.56 ± 20.43 20.68 ± 13.13 32.56 ± 22.9

* significant difference for CAI between two levels (3 vs. 12), † significant difference for healthy between two
levels (3 vs. 12), ‡ significant difference for copers between two levels (3 vs. 12), ** r effect size for CAI group
between two levels (3 vs. 12), †† r effect size for healthy group between two levels (3 vs. 12), ‡‡ r effect size for
copers between two levels (3 vs. 12), NS: non-significant.
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3.4. Balance Error Scores during Unstable Condition

The CAI group showed increased (H(2) = 7.346, p = 0.025) medial–lateral balance error
scores (↑142%) compared to the healthy group (U = 27.5, p = 0.011, r = 0.52). The overall
balance error score was greater (H(2) = 8.051, p = 0.018) in CAI (↑106%) compared to the
healthy athletes (U = 26, p = 0.008, r = 0.52; Table 4). No further differences were observed
between the CAI, coper, and healthy groups (p > 0.05).

Table 4. Mean± SD Biodex Balance System (BBS) error scores between two levels of balance difficulty
for copers, chronic ankle instability (CAI) patients, and healthy athletes.

BBS Difficulty Level Coper CAI Healthy Sig. Effect Size (r)

Medial–lateral
3 2.3 ± 1.6 2.1 ± 1.4 0.8 ± 0.4 0.002 *

0.026 †

0.008 ‡

0.84 **
0.67 ††

0.83 ‡‡12 0.9 ± 0.4 0.9 ± 0.5 0.5 ± 0.2

Anterior–posterior
3 1.3 ± 0.7 1.8 ± 0.7 1.1 ± 0.9 0.013 *

0.021 ‡
0.64 **
0.73 ‡‡12 0.9 ± 0.3 1.2 ± 0.4 0.8 ± 06

Overall
3 3 ± 1.3 2.9 ± 1.4 1.4 ± 0.9 0.003 *

0.008 ‡
0.82 **
0.73 ‡‡12 1.4 ± 0.2 1.6 ± 0.4 1.1 ± 0.5

* significant difference for CAI between two levels (3 vs. 12), † significant difference for healthy between two
levels (3 vs. 12), ‡ significant difference for copers between two levels (3 vs. 12), ** r effect size for CAI group
between two levels (3 vs. 12), †† r effect size for healthy group between two levels (3 vs. 12), ‡‡ r effect size for
copers between two levels (3 vs. 12).

3.5. Balance Error Scores during Stable Conditions

The copers achieved overall higher balance error scores (H(2) = 7.341, p = 0.025)
compared (↑44%) to the healthy athletes (U = 21, p = 0.015, r = 0.52). No further difference
was observed between the CAI, coper, and healthy groups (p > 0.05).

3.6. Balance Error Scores between Stable and Unstable Conditions

Higher values were evident for medial–lateral balance error scores for copers (↑143%),
CAI (↑124), and healthy (↑60%) groups in the unstable condition. Greater values were
found for anterior–posterior scores for copers (↑42%) and CAI (↑49%), as well as overall
balance for copers (↑102%) and CAI (↑82%) in the unstable condition (Table 4).

4. Discussion

The primary findings of this study were that individuals with CAI showed a large
magnitude (effect size) decrease in EMG activity for proximal muscle groups (MG) and
distal (RF and RA) to the ankle during a single-leg stance. A secondary finding was
that both medial–lateral and overall balance during unstable conditions demonstrated
significant, large magnitude, higher (decreased balance) indices in the CAI group than the
healthy controls.

Previous studies showed a decrease in ankle, knee, and hip EMG activity in people
with CAI during functional balance tasks (single-leg balance with closed eyes, star test, and
lateral hop) [7,22]. Similar to our results, one study showed lower MG EMG activity in
individuals with CAI during single-leg stance when compared with healthy controls [31].
In contrast, one study reported greater MG EMG activity in the CAI group compared to the
copers and healthy group [18]. In their study, Kwon et al. reported that, during a single-leg
balance test with eyes closed, the CAI group had higher fibularis longus and MG activity
than the healthy and coper groups [18]. Difference in testing protocols can be designated as
the source of this discrepancy, with the Kwon study conducting balance tests in participants
with their eyes closed. The lack of visual input has been known to disrupt balance [18],
thus requiring more muscular contribution to achieve stability compared to having visual
feedback [32], as individuals would rely more on proprioception feedback mechanism for
balance which leads to altered muscle activation. However, difference in muscular EMG
activation is not limited to the ankle, and can also reach the upper segments.
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In addition to the muscles supporting the ankle joint, muscles distal from the ankle (i.e.,
RF and RA) showed decreased EMG activity in people with CAI. A previous study partially
supports these findings, reporting that patients with CAI demonstrated a decreased hip
and ankle muscle activity during performance of the Star Excursion Balance test (SEBT) [25].
The alterations in the sensory information after an ankle sprain incident has been suggested
to cause central neural adaptation, in which the EMG activity of the proximal and distal
muscles would change [33–37]. Additionally, an increase in balance task difficulty has been
shown to recruit muscles from the upper kinetic chain such as the hip region, as well as
the muscles surrounding the ankle joint [38]. Based on these findings, it is expected that
the amount of muscle activation in the proximal, as well as the distal, kinetic chain would
differ between individuals who suffer from CAI and those who do not, due to the sensory
information alteration when attempting to balance on an unstable surface.

Another finding was that no significant difference in balance indices or EMG activity
in unstable conditions were found between healthy controls and copers. Very little work
has been done on the BBS; however, other results support the findings of this study [19].
Regarding changes in surface stability, the unstable surfaces, compared to stable surfaces,
were found to induce greater muscle activation in all groups. Where copers demonstrated a
higher muscle activation in the hip region (RA and RF), the healthy group incorporated greater
muscle activation from the ankle and trunk region (TA and ES), while balancing on unstable
surfaces compared to stable surfaces. The CAI group showed higher muscular activation
from the ankle, hip, and trunk region (TA, BF, RF, ES, and RA) as a result of increased balance
difficulty. These muscular patterns suggest that copers employ a greater hip strategy as the
difficulty of balance level increases, whereas healthy athletes adopt more ankle and trunk
strategies [39]. Based on this idea, it seems that the CAI group incorporates all of the balance
strategies (i.e., ankle, hip, and trunk) as the difficulty of balance level increases.

With regards to balance performance, two studies found no significant difference in
the performance scores during a SEBT between copers and healthy individuals [40,41]. For
healthy and CAI individuals, there was no difference in balance error scores between the
CAI and healthy athletes, which is similar to findings from a previous study [42]. Similarity
of strategies adopted between copers and healthy individuals can also be seen during other
challenging tasks, such as landing and cutting movements [43]. It is speculated that the
copers develop compensatory motor control mechanisms [9] that would allow them to
perform similarly to unaffected individuals, but the details of this matter are not yet fully
understood. One limitation of this study was the lack of use of both sexes. Inclusion of male
coper participants and comparing them to a female coper population may better suggest how
neuromuscular activity among different lower extremity muscles compares between sexes.

5. Conclusions

The results of this study demonstrated that the EMG activity of the CAI group was
lower than the other two groups during single-leg stance. Individuals with CAI presented
a decrease in EMG activity of muscles both distal (RF and RA) and proximal (MG) to
the ankle during single-leg stance in the unstable condition; however, it is difficult to
conjecture with certainty which strategy in these individuals is more likely to contribute to
maintaining the balance with a single-leg stance. Moreover, people with CAI had balance
deficits in the medial–lateral direction. Reduced muscle activity in individuals with CAI
could be one of the reasons for the balance deficits in these individuals. Increased EMG
activity of the MG, TA, and RA in copers might contribute to compensatory mechanisms,
which results in greater trunk and ankle stability.

Author Contributions: M.K.: Draft preparation, data analysis, data collection, research design, study
validation, writing and reviewing the article. S.A., H.M., D.G.B., and M.H.A.: Conceptualization,
trials design, providing equipment, study justification, supervision, reviewing the article. All authors
contributed to the manuscript writing. All authors have read and agreed to the published version of
the manuscript.



Sports 2022, 10, 111 9 of 10

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the local ethical committee of
Tehran University (IR.SSRI.REC.1396.194), and written signed consent was obtained from the participants.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to the group of the collegiate athletes of the University of Tehran who
assisted and cooperated in this investigation.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Waterman, B.R.; Owens, B.D.; Davey, S.; Zacchilli, M.A.; Belmont, P.J., Jr. The epidemiology of ankle sprains in the United States.

JBJS 2010, 92, 2279–2284. [CrossRef] [PubMed]
2. Gribble, P.A.; Bleakley, C.M.; Caulfield, B.M.; Docherty, C.L.; Fourchet, F.; Fong, D.T.-P.; Hertel, J.; Hiller, C.E.; Kaminski, T.W.;

McKeon, P.O. 2016 consensus statement of the International Ankle Consortium: Prevalence, impact and long-term consequences
of lateral ankle sprains. Br. J. Sports Med. 2016, 50, 1493–1495. [CrossRef] [PubMed]

3. Michelson, J.D.; Hutchins, C. Mechanoreceptors in human ankle ligaments. J. Bone Jt. Surg. Br. Vol. 1995, 77, 219–224. [CrossRef]
4. McKeon, P.O.; Hertel, J. Systematic review of postural control and lateral ankle instability, part I: Can deficits be detected with

instrumented testing? J. Athl. Train. 2008, 43, 293–304. [CrossRef] [PubMed]
5. Goldie, P.A.; Evans, O.M.; Bach, T.M. Postural control following inversion injuries of the ankle. Arch. Phys. Med. Rehabil. 1994, 75,

969–975. [CrossRef]
6. Mattacola, C.G.; Dwyer, M.K. Rehabilitation of the ankle after acute sprain or chronic instability. J. Athl. Train. 2002, 37, 413.
7. Freeman, M.; Dean, M.; Hanham, I. The etiology and prevention of functional instability of the foot. J. Bone Jt. Surg. Br. Vol. 1965,

47, 678–685. [CrossRef]
8. 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]

9. Wikstrom, E.A.; Brown, C.N. Minimum reporting standards for copers in chronic ankle instability research. Sports Med. 2014, 44,
251–268. [CrossRef]

10. Liu, K.; Dierkes, C.; Blair, L. A new jump-landing protocol identifies differences in healthy, coper, and unstable ankles in collegiate
athletes. Sports Biomech. 2016, 15, 245–254. [CrossRef]

11. Doherty, C.; Bleakley, C.; Hertel, J.; Caulfield, B.; Ryan, J.; Sweeney, K.; Patterson, M.R.; Delahunt, E. Lower limb interjoint
postural coordination one year after first-time ankle sprain. Med. Sci. Sports Exerc. 2015, 47, 2398–2405. [CrossRef] [PubMed]

12. Fitzpatrick, R.; Rogers, D.K.; McCloskey, D. Stable human standing with lower-limb muscle afferents providing the only sensory
input. J. Physiol. 1994, 480, 395–403. [CrossRef] [PubMed]

13. Loram, I.D.; Maganaris, C.N.; Lakie, M. Active, non-spring-like muscle movements in human postural sway: How might
paradoxical changes in muscle length be produced? J. Physiol. 2005, 564, 281–293. [CrossRef] [PubMed]

14. Nashner, L.M.; McCollum, G. The organization of human postural movements: A formal basis and experimental synthesis. Behav.
Brain Sci. 1985, 8, 135–150. [CrossRef]

15. Shields, C.A.; Needle, A.R.; Rose, W.C.; Swanik, C.B.; Kaminski, T.W. Effect of Elastic Taping on Postural Control Deficits in
Subjects With Healthy Ankles, Copers, and Individuals With Functional Ankle Instability. Foot Ankle Int. 2013, 34, 1427–1435.
[CrossRef]

16. Watabe, T.; Takabayashi, T.; Tokunaga, Y.; Kubo, M. Individuals with chronic ankle instability exhibit altered ankle kinematics
and neuromuscular control compared to copers during inversion single-leg landing. Phys. Ther. Sport 2021, 49, 77–82. [CrossRef]

17. Watabe, T.; Takabayashi, T.; Tokunaga, Y.; Yoshida, T.; Kubo, M. Copers adopt an altered movement pattern compared to
individuals with chronic ankle instability and control groups in unexpected single-leg landing and cutting task. J. Electromyogr.
Kinesiol. 2021, 57, 102529. [CrossRef]

18. Kwon, Y.U. Static postural stability in chronic ankle instability, an ankle sprain and healthy ankles. Int. J. Sports Med. 2018, 39,
625–629. [CrossRef]

19. Jaber, H.; Lohman, E.; Daher, N.; Bains, G.; Nagaraj, A.; Mayekar, P.; Shanbhag, M.; Alameri, M. Neuromuscular control of ankle
and hip during performance of the star excursion balance test in subjects with and without chronic ankle instability. PLoS ONE
2018, 13, e0201479. [CrossRef]

20. Labanca, L.; Mosca, M.; Ghislieri, M.; Agostini, V.; Knaflitz, M.; Benedetti, M.G. Muscle activations during functional tasks in
individuals with chronic ankle instability: A systematic review of electromyographical studies. Gait Posture 2021, 90, 340–373.
[CrossRef]

21. Pozzi, F.; Moffat, M.; Gutierrez, G. Neuromuscular control during performance of a dynamic balance task in subjects with and
without ankle instability. Int. J. Sports Phys. Ther. 2015, 10, 520. [PubMed]

http://doi.org/10.2106/JBJS.I.01537
http://www.ncbi.nlm.nih.gov/pubmed/20926721
http://doi.org/10.1136/bjsports-2016-096188
http://www.ncbi.nlm.nih.gov/pubmed/27259750
http://doi.org/10.1302/0301-620X.77B2.7706334
http://doi.org/10.4085/1062-6050-43.3.293
http://www.ncbi.nlm.nih.gov/pubmed/18523566
http://doi.org/10.1016/0003-9993(94)90674-2
http://doi.org/10.1302/0301-620X.47B4.678
http://doi.org/10.2519/jospt.2013.0303
http://doi.org/10.1007/s40279-013-0111-4
http://doi.org/10.1080/14763141.2016.1158859
http://doi.org/10.1249/MSS.0000000000000673
http://www.ncbi.nlm.nih.gov/pubmed/25830363
http://doi.org/10.1113/jphysiol.1994.sp020369
http://www.ncbi.nlm.nih.gov/pubmed/7869254
http://doi.org/10.1113/jphysiol.2004.073437
http://www.ncbi.nlm.nih.gov/pubmed/15661825
http://doi.org/10.1017/S0140525X00020008
http://doi.org/10.1177/1071100713491076
http://doi.org/10.1016/j.ptsp.2021.02.006
http://doi.org/10.1016/j.jelekin.2021.102529
http://doi.org/10.1055/a-0608-4552
http://doi.org/10.1371/journal.pone.0201479
http://doi.org/10.1016/j.gaitpost.2021.09.182
http://www.ncbi.nlm.nih.gov/pubmed/26347059


Sports 2022, 10, 111 10 of 10

22. Feger, M.A.; Donovan, L.; Hart, J.M.; Hertel, J. Lower extremity muscle activation during functional exercises in patients with and
without chronic ankle instability. PMR 2014, 6, 602–611. [CrossRef] [PubMed]

23. Dundas, M.A.; Gutierrez, G.M.; Pozzi, F. Neuromuscular control during stepping down in continuous gait in individuals with
and without ankle instability. J. Sports Sci. 2014, 32, 926–933. [CrossRef] [PubMed]

24. Delahunt, E.; Monaghan, K.; Caulfield, B. Ankle function during hopping in subjects with functional instability of the ankle joint.
Scand. J. Med. Sci. Sports 2007, 17, 641–648. [CrossRef]

25. Wright, C.J.; Arnold, B.L.; Ross, S.E.; Linens, S.W. Recalibration and validation of the Cumberland Ankle Instability Tool cutoff
score for individuals with chronic ankle instability. Arch. Phys. Med. Rehabil. 2014, 95, 1853–1859. [CrossRef]

26. van Melick, N.; Meddeler, B.M.; Hoogeboom, T.J.; Nijhuis-van der Sanden, M.W.; van Cingel, R.E. How to determine leg
dominance: The agreement between self-reported and observed performance in healthy adults. PLoS ONE 2017, 12, e0189876.
[CrossRef]

27. Neumann, P.; Gill, V. Pelvic floor and abdominal muscle interaction: EMG activity and intra-abdominal pressure. Int. Urogynecol-
ogy J. 2002, 13, 125–132. [CrossRef]

28. Konrad, P. A Practical Introduction to Kinesiological Electromyography, Noraxon INC. 2005. Available online: https://
hermanwallace.com/download/The_ABC_of_EMG_by_Peter_Konrad.pdf (accessed on 1 June 2022).

29. De Luca, C.J.; Kuznetsov, M.; Gilmore, L.D.; Roy, S.H. Inter-electrode spacing of surface EMG sensors: Reduction of crosstalk
contamination during voluntary contractions. J. Biomech. 2012, 45, 555–561. [CrossRef]

30. Cohen, J. A power primer. Psychol. Bull. 1992, 112, 155. [CrossRef]
31. Kunugi, S.; Masunari, A.; Yoshida, N.; Miyakawa, S. Postural stability and lower leg muscle activity during a diagonal single-leg

landing differs in male collegiate soccer players with and without functional ankle instability. J. Phys. Fit. Sports Med. 2017, 6,
257–265. [CrossRef]

32. Muehlbauer, T.; Mettler, C.; Roth, R.; Granacher, U. One-leg standing performance and muscle activity: Are there limb differences?
J. Appl. Biomech. 2014, 30, 407–414. [CrossRef] [PubMed]

33. Rosen, A.B.; Yentes, J.M.; McGrath, M.L.; Maerlender, A.C.; Myers, S.A.; Mukherjee, M. Alterations in cortical activation among
individuals with chronic ankle instability during single-limb postural control. J. Athl. Train. 2019, 54, 718–726. [CrossRef]
[PubMed]

34. 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]

35. Bowker, S.; Terada, M.; Thomas, A.C.; Pietrosimone, B.G.; Hiller, C.E.; Gribble, P.A. Neural excitability and joint laxity in chronic
ankle instability, coper, and control groups. J. Athl. Train. 2016, 51, 336–343. [CrossRef] [PubMed]

36. Hertel, J. Functional anatomy, pathomechanics, and pathophysiology of lateral ankle instability. J. Athl. Train. 2002, 37, 364.
37. Bullock-Saxton, J.; Janda, V.; Bullock, M. The influence of ankle sprain injury on muscle activation during hip extension. Int. J.

Sports Med. 1994, 15, 330–334. [CrossRef]
38. Florence Tse, Y.Y.; Petrofsky, J.; Berk, L.; Daher, N.; Lohman, E.; Cavalcanti, P.; Laymon, M.; Rodrigues, S.; Lodha, R.; Potnis, P.A.

Postural sway and EMG analysis of hip and ankle muscles during balance tasks. Int. J. Ther. Rehabil. 2013, 20, 280–288. [CrossRef]
39. Horak, F.B.; Nashner, L.M. Central programming of postural movements: Adaptation to altered support-surface configurations.

J. Neurophysiol. 1986, 55, 1369–1381. [CrossRef]
40. Doherty, C.; Bleakley, C.; Hertel, J.; Caulfield, B.; Ryan, J.; Delahunt, E. Dynamic balance deficits in individuals with chronic

ankle instability compared to ankle sprain copers 1 year after a first-time lateral ankle sprain injury. Knee Surg. Sports Traumatol.
Arthrosc. 2016, 24, 1086–1095. [CrossRef]

41. Plante, J.E.; Wikstrom, E.A. Differences in clinician-oriented outcomes among controls, copers, and chronic ankle instability
groups. Phys. Ther. Sport 2013, 14, 221–226. [CrossRef]

42. 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. 2004, 14, 332–338. [CrossRef] [PubMed]

43. Kim, H.; Son, S.J.; Seeley, M.K.; Hopkins, J.T. Altered movement biomechanics in chronic ankle instability, coper, and control
groups: Energy absorption and distribution implications. J. Athl. Train. 2019, 54, 708–717. [CrossRef] [PubMed]

http://doi.org/10.1016/j.pmrj.2013.12.013
http://www.ncbi.nlm.nih.gov/pubmed/24412672
http://doi.org/10.1080/02640414.2013.868917
http://www.ncbi.nlm.nih.gov/pubmed/24499287
http://doi.org/10.1111/j.1600-0838.2006.00612.x
http://doi.org/10.1016/j.apmr.2014.04.017
http://doi.org/10.1371/journal.pone.0189876
http://doi.org/10.1007/s001920200027
https://hermanwallace.com/download/The_ABC_of_EMG_by_Peter_Konrad.pdf
https://hermanwallace.com/download/The_ABC_of_EMG_by_Peter_Konrad.pdf
http://doi.org/10.1016/j.jbiomech.2011.11.010
http://doi.org/10.1037/0033-2909.112.1.155
http://doi.org/10.7600/jpfsm.6.257
http://doi.org/10.1123/jab.2013-0230
http://www.ncbi.nlm.nih.gov/pubmed/24610423
http://doi.org/10.4085/1062-6050-448-17
http://www.ncbi.nlm.nih.gov/pubmed/31162942
http://doi.org/10.1007/s40279-016-0666-y
http://www.ncbi.nlm.nih.gov/pubmed/28005191
http://doi.org/10.4085/1062-6050-51.5.05
http://www.ncbi.nlm.nih.gov/pubmed/27065189
http://doi.org/10.1055/s-2007-1021069
http://doi.org/10.12968/ijtr.2013.20.6.280
http://doi.org/10.1152/jn.1986.55.6.1369
http://doi.org/10.1007/s00167-015-3744-z
http://doi.org/10.1016/j.ptsp.2012.09.005
http://doi.org/10.1097/00042752-200411000-00002
http://www.ncbi.nlm.nih.gov/pubmed/15523204
http://doi.org/10.4085/1062-6050-483-17
http://www.ncbi.nlm.nih.gov/pubmed/31184955

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Procedure 
	Postural Stability 
	Electromyography (EMG) Measurement 
	Statistical Analysis 

	Results 
	EMG Activity during Unstable Condition 
	EMG Activity during Stable Condition 
	EMG Activity between Stable and Unstable Conditions 
	Balance Error Scores during Unstable Condition 
	Balance Error Scores during Stable Conditions 
	Balance Error Scores between Stable and Unstable Conditions 

	Discussion 
	Conclusions 
	References

