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Context: Individuals with chronic ankle instability (CAI) exhibit
altered movement strategies during side-cutting tasks. However,
no researchers have assessed how altered movement strategies
affect cutting performance.

Objective: To investigate compensatory strategies in the side-
hop test (SHT), with a focus on the entire lower extremity, among
individuals with CAl.

Design: Cross-sectional study.

Setting: Laboratory.

Patients or Other Participants: A total of 40 male soccer
players comprising a CAl group (n = 20; age = 20.35 = 1.15 years,
height = 173.95 + 6.07 cm, mass = 68.09 + 6.73 kg) and a con-
trol group (n = 20; age = 20.45 = 1.50 years, height = 172.39 =
4.39 cm, mass = 67.16 = 4.87 kg).

Intervention(s): Participants performed 3 successful SHT
trials.

Main Outcome Measure(s): We calculated SHT time,
torque, and torque power in the ankle, knee, and hip joints during
the SHT using motion-capture cameras and force plates.

Confidence intervals for each group that did not overlap by
>3 points consecutively in the time series data indicated a
difference between groups.

Results: Compared with the control group, the CAIl group
showed (1) no delayed SHT time; (2) lower ankle-inversion torque
(range = 0.11-0.13 N-m/kg) and higher hip-extension (range =
0.18-0.72 N-m/kg) and -abduction torque (0.26 N-m/kg); (3) less
concentric power in ankle dorsiflexion-plantar flexion (0.18 W/kg)
and inversion-eversion (0.40 W/kg), more concentric power in hip
flexion-extension (0.73 W/kg), and more eccentric power in knee
varus-valgus (0.27 W/kg).

Conclusions: Individuals with CAl were likely to rely on hip-
joint function to compensate for ankle instability and demon-
strated no differences in SHT time compared with the control
group. Therefore, the movement strategies of individuals with CAl
could differ from those of individuals without CAl, even if SHT
time is not different.

Key Words: ankle sprains, functional performance test, injury
prevention, return to sport

hip-dominant movement strategy.

Key Points
 The chronic ankle instability (CAl) group showed no delay in side-hop test time versus the control group and displayed a

» The altered movement strategies of the CAI group could contribute to compensation for ankle dysfunction.
« Clinicians should consider using side-hop test time in their assessments of patients with CAI.

injuries in sport activities' and are reported to have a

high incidence in ball sports.> Anandacoomarasamy
and Barnsley® found that most individuals (74%) who expe-
rienced ankle sprains had chronic symptoms from 1.5 to 4.0
years after the initial ankle sprain. Chronic ankle instability
(CAI) is a sequela after an initial ankle sprain, with residual
symptoms including recurrent ankle sprains, episodes of the
ankle “giving way,” ankle-joint instability, pain, and functional
impairment.* According to a systematic review,” the authors of
several studies have noted CAI in ball sports, with recurrent
ankle sprain rates of 61% in soccer and 60% in basketball and
persistent ankle symptom rates of 45% in soccer and 30% in
basketball. The latest CAI model consists of several major
components, including motor-behavioral impairments.®
These motor-behavioral impairments indicate deficiencies
and alterations in muscle contraction and movement patterns,

ﬁ nkle sprains are the most frequent lower extremity

and individuals with CAI may exhibit altered movement char-
acteristics during athletic activities compared with individuals
who do not have CAL®

Ankle sprains have been reported to occur frequently during
landing and cutting in sport activities.” Given the approxi-
mately 700 direction changes per soccer game,® cutting move-
ments in individuals with CAI should be considered from the
perspective of injury prevention due to the risk of ankle-sprain
reinjury. Researchers’'' have observed that, compared with
individuals without CAI, individuals with CAI had smaller
ankle-dorsiflexion angles, greater vertical ground reaction
forces (GRFs), and a compensatory hip-dominant strategy
that redistributed load on the lower extremity from the ankle
joint to the hip joint during side cutting. These findings could
be useful for preventing recurrent ankle sprains and other
lower extremity injuries. However, these studies have only
shown how individuals with CAI differed in their movement

920

Volume 58 ¢ Number 11/12 e November/December 2023

$S900E 93l) BIA §1-90-GZ0Z Je /woo Alooeignd-poid-swiid-yiewlayem-jpd-awiid//:sdiy wouy papeojumoq



strategies during side-cutting tasks; the effects of these dif-
ferences on athletic performance have not been investigated.
In other words, whether the altered movement strategies
exhibited by individuals with CAI negatively affect their
athletic ability is unclear. Fox'? described biomechanical
factors that contributed to reducing the anterior cruciate
ligament (ACL) injury risk and improved cutting performance.
Therefore, the altered movement in individuals with CAI needs
to be evaluated from injury-prevention and performance-
improvement perspectives.

The side-hop test (SHT) is a performance test with high
validity in identifying patients who have CAL'® This test
requires individuals to perform 10 fast round trips with a
single limb over 2 parallel lines placed 30-cm apart, and the
time to finish the trial is recorded.”® Given that the SHT is a
performance test associated with the ankle joint, researchers
have used it to examine the kinematic characteristics of the
ankle joint,"™'” but we do not believe that anyone has focused
on the entire lower extremity. Considering the reported com-
pensatory hip-dominant strategy during side-cutting in indi-
viduals with CAL>! it is possible that the hip joint would
also compensate for ankle-joint dysfunction, even in the SHT.
Thus, we need to investigate the knee and hip joints as well as
the ankle joint in the SHT to understand the interaction of
these lower extremity joints.

In addition, no authors have explored the kinetic characteris-
tics of the SHT, and limited kinematic and electromyographic
data are available to help clinicians understand the SHT.
Ankle sprains occur when the ankle-inversion and
internal-rotation moment generated from GRFs increase
the load on the anterior talofibular and calcaneofibular
ligaments.'® Individuals with CAI could not effectively atten-
uate the impact load during landing in dynamic tasks, leading
to increased reliance on the hip joint."" They also exhibited
altered mechanics during landing that could lead to recurrent
ankle sprains,'” and assessing the kinetics is crucial to under-
stand their motor-control strategies. Therefore, investigating
kinetics in the SHT would provide information essential to
understanding how individuals with CAI perform during the
landing impact.

Thus, the purpose of our study was to evaluate compensa-
tory strategies, focusing on the entire lower extremity, for the
SHT in individuals with CAI. We hypothesized that (1) SHT
time would not differ between individuals with and those with-
out CAI and (2) individuals with CAI would exhibit higher hip
torque and torque power than healthy individuals.

METHODS
Participants

A total of 40 male collegiate soccer players participated
in the study. We divided the participants into CAI (n = 20)
and control (CON) groups (n = 20), matched for sex, age,
height, and mass (Table 1). Based on the International Ankle
Consortium recommendations,® the selection criteria for the
CAI group were as follows: (1) self-reported history of >2
ankle sprains, (2) history of ankle sprains requiring at least
24 hours of nonweightbearing activity or immobilization, (3)
self-reported giving way, (4) Cumberland Ankle Instability
Tool score <24, and (5) unilateral ankle instability. The selec-
tion criteria for the CON group were as follows: (1) no ankle
instability at the time of measurement and (2) no history of
the ankle giving way. Individuals were excluded if they had at

Table 1. Morphometric Data and Cumberland Ankle Instability
Tool Scores
Group, Mean + SD
Chronic Ankle P

Variable Instability Control Value
Age,y 20.35 +1.15 2045150 .82
Height, cm 173.95 £6.07 17239 =439 .37
Mass, kg 68.09 = 6.73 67.16 =4.87 .63
Cumberland Ankle Instability

Tool, points 20.75+3.99 29.40 +0.80 <.001

least 1 of the following: (1) previous musculoskeletal surgery
of the lower extremity, (2) previous fracture of the lower
extremity requiring repair, (3) musculoskeletal injury of the
lower extremity requiring at least 1 day of physical inactivity
within the 3 months before the test date, and (4) no involve-
ment in normal exercise activities at the time of measurement.
All participants provided written informed consent, and the
study was approved by the University of Tsukuba Research
Ethics Committee (No. 021-122).

Experimental Procedures

We attached 47 retroreflective markers (15-mm diameter)
to anatomic landmarks on participants’ bodies and collected
3-dimensional (3D) coordinates at 250 Hz using 10 Vicon
MX+ cameras (Vicon Motion Systems Ltd). We used 2 force
platforms (model 9287C; Kistler Instrumente AG) to collect
the GRFs at 1000 Hz. We defined the global coordinate system
as the x-axis (anteroposterior) in front of the participant at the
beginning of the test, the y-axis (medial and lateral) perpendic-
ular to the x-axis, and the z-axis (vertical).

Participants performed the SHT in an indoor laboratory
setting. They practiced the trial before measurements were
collected. The CAI group used the limb with ankle instability
as the test limb during the SHT, and the CON group used the
dominant leg, which was defined as the preferred limb for
kicking a ball in soccer. In addition, the participants wore
familiar indoor shoes during the experiment. Each person
stood on a single limb, placed both hands on the hips, and
started hopping laterally at the start signal. A trial was con-
sidered a failure if the supporting limb stepped on the line
more than twice, the free limb touched the ground, or the
hands left the hips. We recorded 3 successful trials and used
the average of those trials for analysis. A rest period of at least
1 minute was allowed between the trials to minimize the
effects of fatigue.

Data Analysis

The SHT time and ground contact time (GCT) were cal-
culated using the GRF data collected from the force plates.
Ground contact was defined as the time when the vertical
component of the GRF exceeded 20 N and fakeoff as the
time when the vertical component of the GRF fell below
20 N. We temporally synchronized the obtained 3D coordinates
for each body part and the GRF data using Nexus software (ver-
sion 2.0; Vicon Motion Systems Ltd). The 3D coordinates and
GRF data were smoothed at 10 Hz using a fourth-order Butter-
worth low-pass digital filter with no phase shift. We interpolated
the GRF data at 250 Hz using a spline function to synchro-
nize with the 3D coordinate data. Following the methods of
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Table 2. Side-Hop Test Time and Ground Contact Time During Each Phase

Group, Mean = SD (Range)

Variable Chronic Ankle Instability Control P Value Cohen d Effect Size
Side-hop test time, s 6.67 = 0.73 (5.28-8.22) 6.65 = 0.60 (5.53-7.45) .93 0.03
Ground contact time, ms
Medial-hop contact phase 196.92 + 19.53 (158.00-231.00) 201.10 = 19.12 (171.67—234.00) .51 0.21
Lateral-hop contact phase 203.52 + 21.54 (168.33—244.00) 205.73 += 21.68 (169.00—248.67) .75 0.10

a previous study,'’ rigid link models (foot, shank, thigh, and
pelvis segments) were created from the 3D coordinate data.
We computed the angular velocities of the joints via the time
differentiation of the joint angles calculated using the Cardan
rotation sequence. Net internal torque at the hip, knee, and
ankle joints was determined using inverse dynamics anal-
ysis. Torque power was calculated as the product of the
joint angular velocity and the net internal torque. Torque and
torque power were normalized to participants’ body weights
(kilograms).

Applying an earlier method,'®'” we used GRF data to
divide the SHT into 2 ground contact phases: the medial-
hop contact phase (MC) and the lateral-hop contact phase
(LC). The MC is the phase when contact is made on the
medial side of the test limb, and the LC is the phase when
contact is made on the lateral side. We analyzed all data in
this study for 8 of the 10 round-trip segments of the SHT,
excluding the first and tenth round-trip segments.'®!'” All
variables were calculated for the MC and LC data, respec-
tively. To present the time series data for torque and torque
power, we normalized these data from ground contact (0%)
to takeoff (100%) as 100%. We performed data analysis
using MATLAB (version R2021b; The MathWorks, Inc).

Statistical Analysis

We investigated differences between the CON and CAI
groups for morphologic characteristics, SHT time, and GCT
using an unpaired ¢ test at a significance level of 5%. We calcu-
lated means and 90% ClIs for the time-normalized torque and
torque power during the MC and LC. Confidence intervals for
each group that did not overlap >3 points consecutively in the
time series data indicated a difference between the groups.*
When differences were present, we determined the mean differ-
ence between groups and the Cohen d effect size.?' Effect sizes
were interpreted as large (> 0.80), moderate (0.50-0.79), small
(0.20-0.49), or trivial (< 0.20). Statistical analysis was per-
formed using SPSS (version 27; IBM Corp), MATLAB
R2021b, and Excel (version 2020; Microsoft Corp).

RESULTS
Time

The SHT times and GCTs are provided in Table 2. We
observed no differences between the CAI and CON groups in
SHT time or GCT during the MC and LC.

Torque

Time series data of the torque and torque power in the MC
and LC are shown in Figures 1 and 2 and Figures 3 and 4,
respectively. Figures 1 and 3 illustrate the time series data in
the sagittal plane, and Figures 2 and 4 illustrate these data in

the frontal plane during each phase. During the MC, the CAI
group exhibited lower ankle-inversion torque in 21% to 24%
of ground contact (mean difference = —0.11 = 0.01 N-m/kg;
d=0.76 [90% CI = 0.21, 1.28]) and 63% to 76% of ground
contact (mean difference = —0.13 = 0.02 N-m/kg; d = 0.72
[90% CI = 0.17, 1.24]), higher hip-extension torque in 20%
to 75% of ground contact (mean difference = —0.72 = 0.24
N-m/kg; d = 1.20 [90% CI = 0.61, 1.74]), and higher hip-
abduction torque in 22% to 44% of ground contact (mean dif-
ference = —0.26 = 0.03 N-m/kg; d = 0.82 [90% CI = 0.26,
1.35]) than the CON group (Figures 1 and 2). Similarly, dur-
ing the LC, the CAI group demonstrated higher hip-extension
torque in 0% to 7% of ground contact (mean difference =
—0.18 = 0.01 N-m/kg; d = 0.87 [90% CI = 0.31, 1.40]) and
11% to 70% of ground contact (mean difference = —0.58 =
0.18 N-m/kg; d = 1.06 [90% CI = 0.48, 1.59]) than the CON
group (Figures 3 and 4).

Torque Power

During the MC, the CAI group showed less concentric
power in ankle inversion-eversion at 73% to 85% of ground
contact (mean difference = —0.40 £ 0.04 W/kg; d = 0.82
[90% CI = 0.26, 1.34]) and more eccentric power in knee
varus-valgus at 36% to 46% of ground contact (mean dif-
ference = —0.27 = 0.02 W/kg; d = 0.94 [90% CI = 0.37,
1.47]) compared with the CON group (Figures 1 and 2).
During the LC, the CAI group exhibited less concentric
power in ankle dorsiflexion-plantar flexion at 94% to 98%
of ground contact (mean difference = —0.18 = 0.05 W/kg;
d =0.85[90% CI = 0.29, 1.37]), more concentric power in
ankle inversion-eversion at 86% to 91% of ground contact
(mean difference = 0.14 = 0.01 W/kg; d = 0.74 [90% CI =
0.19, 1.26]), and more concentric power in hip flexion-
extension at 55% to 68% of ground contact (mean difference =
0.73 = 0.07 W/kg; d = 0.84 [90% CI = 0.28, 1.36]) compared
with the CON group (Figures 3 and 4).

DISCUSSION

Focusing on the entire lower extremity, we investigated
kinetic characteristics during the SHT of individuals with
CAL No differences were identified between groups in SHT
time or GCT. The CAI group had lower torque in the ankle
joint and higher torque in the hip joint, and the torque power
differed depending on the phase. This is the first study to
evaluate kinetics during the SHT in individuals with CAI
who had SHT time comparable with that of healthy individu-
als without CAI. Whereas SHT time between the CAI and
CON groups was not different, the CAI group exhibited
altered kinetic characteristics. Kotsifaki et al** reported that,
even if the performance results were symmetric in an assess-
ment test, the biomechanics of the lower extremity were
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Time series data of torque and torque power in the sagittal plane in the medial-hop contact phase. A, Ankle dorsiflexion-plan-

tar-flexion torque. B, Knee flexion-extension torque. C, Hip flexion-extension torque. D, Ankle-torque power. E, Knee-torque power. F,
Hip-torque power. Gray shaded areas indicate when the 90% Cls of the groups did not overlap, representing a difference.

not necessarily symmetric. Therefore, even if no delay in
SHT time was observed, individuals with CAI might
compensate for ankle instability via a hip-dominant move-
ment strategy.

Whereas previous researchers noted that individuals with
CAI demonstrated delayed SHT time,'**** our results are
inconsistent with those findings. Conversely, in line with our
results, Wikstrom et al*® observed no delay in SHT time for
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Figure 2. Time series data of torque and torque power in the frontal plane in the medial-hop contact phase. A, Ankle inversion-eversion

torque. B, Knee varus-valgus torque. C, Hip adduction-abduction

torque. D, Ankle-torque power. E, Knee-torque power. F, Hip-torque

power. Gray shaded areas indicate when the 90% Cls of both groups did not overlap, representing a difference.
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Figure 3. Time series data of torque and torque power in the sagittal plane in the lateral-hop contact phase. A, Ankle dorsiflexion-plan-
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individuals with CAL In other words, our findings are consis-
tent with those of Wikstrom et al,?® suggesting that the SHT is
a valid test for identifying patients with CAI'*; however, in
some cases, CAI may not affect the SHT time. In the context

A s, B.
1.0 1
051 1

|

of ACL injury, the single-legged hop for distance did not differ
between the limbs of individuals who had undergone recon-
struction and healthy individuals for hop distance but did differ
in lower extremity biomechanics.”* Thus, assessing an athlete’s
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condition using only the time or distance as quantitative out-
comes would not be optimal. Movement strategies also need
to be considered. Some researchers’ "' have described vari-
ous movement alterations (ie, kinematics, kinetics, and mus-
cle activity) during side-cutting tasks in individuals with
CAI. However, they only investigated the effect of CAI
on side-cutting movement and did not consider cutting
performance. Hence, even if time in the SHT is comparable,
the movement strategy could differ depending on whether
individuals have CAL

The CAI group had a lower ankle-inversion torque than
the CON group in the early and late phases of the MC. This
result indicates a decrease in energy-absorption capacity in
the early phase and the propulsive force in the late phase in
the CAI group. Ankle-eversion angle was shown to contribute
to energy absorption in the MC."” However, we detected a
lower ankle-inversion torque in the CAI group, suggesting
that the ankle-inversion muscles were not contributing suffi-
ciently to energy absorption. In contrast, the CAI group dem-
onstrated more eccentric power in knee varus-valgus in the
MC than the CON group. At this time, knee-varus torque and
negative torque power were evident, indicating that the knee
joint was displaced toward the valgus direction. Therefore,
the eccentric torque power to resist knee valgus was possibly
greater in the CAI group. The lower extremity is connected
through the kinetic chain, and we thought that energy absorp-
tion would be achieved by the knee joint, which is located
more proximally, because the ankle-inversion muscles cannot
produce force. The CAI group also exhibited higher hip-
abduction torque than the CON group in the same phase, sug-
gesting that the hip joint contributed to energy absorption,
given that energy absorption in the MC occurs in the knee
joint. Although we identified no difference in torque power in
the frontal plane of the hip joints, as proximal joints, the hip
and knee could compensate for the instability and weakness
of the ankle joint.

In contrast, the decreased ankle-inversion torque in the late
phase of the MC could be related to decreased concentric
power in ankle inversion-eversion. Yoshida et al'’ reported
that ankle-inversion motion at the end of the MC played an
important role in hopping for the next phase. However, ankle
instability in the CAI group might prevent the generation of
sufficient ankle-inversion motion to hop toward the LC. This
dysfunction is related to higher hip-extension torque from the
early to late phases of the MC versus that of the CON group.
Individuals with CAI have an intralimb-reweighting compen-
sation strategy that distributes the load from the distal to the
proximal joint of the lower extremity." Compared with the
ankle-joint muscles, the hip-joint muscles have a larger cross-
sectional area®’ and relatively shorter tendon tissue,”® leading
to greater force production. Thus, we thought that the hip joint
would produce more extension torque to compensate for ankle
dysfunction, allowing it to hop into the LC effectively.

In the LC, the CAI group showed kinetic differences com-
pared with the CON group that were not observed in the MC.
At the end of the LC, the CAI group exhibited less concentric
power in ankle dorsiflexion-plantar flexion and more concen-
tric power in ankle inversion-eversion than the CON group.
This suggests that the CAI group would obtain propulsive
power by producing ankle force in the frontal plane rather
than in the sagittal plane during the LC. However, considering
that approximately 75% of ankle sprains occur during landing
and side-cutting,” the altered movement strategy of the CAI

group during the SHT could include the risk of recurrent ankle
sprains. In addition, Marshall et al*® reported that greater
ankle concentric power and ankle plantar-flexion moment
are important for faster side-cutting movement. This finding
indicates that the movement strategy of individuals with
CAI may not be effective for faster side-cutting movements.
Hence, whereas individuals with CAI could display SHT
times similar to those of healthy individuals without CAl,
they would not always meet the requirements of high perfor-
mance and safe movement during the SHT.

During the LC, the CAI group showed higher hip-extension
torque from the early phase to the middle phase and more con-
centric power in hip flexion-extension during the middle phase.
These results suggest that the intralimb-reweighting compensa-
tion strategy also occurs during the LC, similar to the MC. In
other words, individuals with CAI could perform the SHT
faster by producing greater force at the hip joint. Research-
ers’™*! have determined that hip-extension motion is impor-
tant for faster side-cutting movement. As a result, individuals
with CAI are thought to attain propulsive force during the LC
by producing greater force at the hip joints. In particular, given
that the movement pattern in the LC is similar to the side-
cutting movement, a difference in hip concentric power in
the sagittal plane in the LC may be related to the movement
pattern of each phase. However, although individuals with
CAI exhibited SHT times comparable with those of healthy
individuals, they still have a risk of recurrent ankle sprains
because of ankle-joint instability.

Our study had several limitations. First, the participants
were limited to soccer players who regularly engaged in high-
intensity sport activities. The SHT time recorded in our study
was faster than that reported in previous studies.'®!” There-
fore, our results do not reflect the movement characteristics of
the SHT in athletes at all competitive levels and types. Sec-
ond, we could not clarify whether the movement strategies of
the CAI group were altered after ankle-sprain injury. Future
prospective investigations are needed to clarify the effects of
CAI on movement characteristics during the SHT.

CONCLUSIONS

The movement strategies of individuals with CAI were
altered even if they did not show delayed SHT times. Consis-
tent with the results of earlier work, individuals with CAI would
likely rely on hip-joint function to compensate for ankle insta-
bility, which could lead to the lack of differences in SHT time.
Based on these findings, the information provided by the SHT
times would be limited, and clinicians should consider the pos-
sibility that individuals with CAI may demonstrate different
movement patterns during the SHT. Thus, the movement strate-
gies of individuals with CAI could differ from those of healthy
individuals without CAI during the SHT, even if no difference
in SHT time was seen. A simple analysis involving smartphone
videos and applications could be useful for clinicians and thera-
pists in identifying such movement differences.
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