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Background: Competitive adolescent athletes should be aware of the early signs of chronic ankle instability (CAl) and the con-
nection between the condition and performance.

Purpose: To investigate whether CAl is related to foot alignment and morphology as well as dynamic postural stability after
a jump landing among adolescent competitive athletes with and without a history of a lateral ankle sprain and CAl.

Study Design: Cross-sectional study; Level of evidence, 3.

Methods: Between July 2020 and August 2021, adolescent competitive athletes (N = 85; n = 49 boys; n = 36 girls) were classified
into 3 groups using Cumberland Ankle Instability Tool (CAIT) scores: healthy athletes (n = 55), coper athletes (n = 19), and athletes
with CAl (n = 11). Results of foot alignment assessments involving the leg-heel angle (LHA) and navicular height, intrinsic foot
muscle morphology, dynamic postural stability index (DPSI), and other parameters were compared among the 3 groups. The rela-
tionship between the CAIT score and the LHA and dynamic postural stability and instability were examined using multiple linear
regression.

Results: Compared with the healthy group, the CAIl group had a significantly greater LHA (8.73° = 3.22° vs 6.09° = 3.26° P <
.05), higher DPSI (0.336 = 0.046 vs 0.298 =+ 0.035), and higher vertical stability index (0.303 = 0.048 vs 0.264 + 0.037; P < .05 for
all). Multiple regression analysis showed that the LHA (3 = —0.228; P = .033) and DPSI (B = —0.240; P = .025) were significantly
associated with the CAIT score .

Conclusion: Valgus rearfoot alignment and poorer dynamic postural control were associated with CAl among adolescent
athletes.
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A lateral ankle sprain (LAS) can occur and reoccur during
sports activities. Studies have shown that the recurrence
rate for LAS is high” (12%-47%) and that repeated LAS
may lead to chronic ankle instability (CAI), resulting in
ankle osteoarthritis.!! It has been reported that the preva-
lence of CAI is 23.4% for high school and college athletes.??
Furthermore, the incidence of CAI is 32% for female ath-
letes compared with 17% for male athletes.?* Even though
18% to 47% of childhood sprains result in CAIL'" adolescent
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athletes and their coaches can underestimate LAS, and
these athletes often return to sports competitions without
appropriate treatment. To prevent LAS, it is important to
recognize the problem, identify the cause of the injury,
and implement injury prevention measures. However,
there is a paucity of clear evidence of LAS risk factors for
adolescent athletes.

Changes in foot alignment,“” reduced ankle joint range
of motion,'* decreased single-leg standing balance,'® and
decreased performance ability (eg, during the single-leg
hop test)®” are risk factors for CAI. To the best of our
knowledge, the relationships among foot alignment, intrin-
sic foot muscle (IFM) morphology (selected muscle
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thickness and cross-sectional area [CSA]), and physical
performance (including postural control while jumping
and landing) have not yet been examined among adoles-
cent competitive athletes with CAI

The primary aim of this study was to identify differen-
ces in foot alignment, IFM morphology, toe flexor strength,
isokinetic muscle strength, and dynamic postural stability
after jump landing among adolescent competitive athletes
with and without a history of LAS and CAI. The secondary
aim was to determine how these differences are related to
the frequency of ankle sprains. We hypothesized that ado-
lescent athletes with CAI would exhibit abnormal foot
alignment, lower volumes of IFMs and plantar fascia thick-
ness, reduced lower extremity muscle strength, and
impaired dynamic postural control compared with coper
and healthy adolescent athletes.

METHODS
Participants and Study Groups

The protocol for this study received ethics committee
approval, and all participants or their parents provided
written informed consent/assent. Included were adolescent
competitive athletes who underwent medical and physical
examinations at a single institution between July 2020 and
August 2021. Those who were certified as specially trained
athletes by the city of Hiroshima and were willing to partic-
ipate in this study met the inclusion criteria. These athletes
were aged between 12 and 17 years and chosen by the
Hiroshima Sports Association to undergo training for the
development and enhancement of their abilities. The
included athletes participated in rugby, badminton, sailing,
judo, handball, wrestling, archery, water polo, figure skating,
table tennis, kendo, handball, hockey, and basketball. Ath-
letes with any injury within the past 3 months requiring
a break from sports activities, any data collection error dur-
ing measurements, any neurological disorder that might
affect balance, and any lower extremity injury were excluded.

Participants were classified into 1 of the 3 groups:
healthy adolescent competitive athletes (healthy group);
coper adolescent competitive athletes (coper group); and
adolescent competitive athletes with CAI (CAI group).
The Cumberland Ankle Instability Tool (CAIT) (score
range, 0-30) was used to screen participants for CAI and
quantify the perception of ankle joint stability.?® According
to a previous study, participants whose CAIT scores were
26 were not included in any group.® Participants who
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Figure 1. Flowchart of participant recruitment. CAl, chronic
ankle instability; CAIT, Cumberland Ankle Instability Tool.

had not sustained any ankle injury and whose CAIT score
was >27 were considered healthy. If participants had sus-
tained at least 1 ankle injury, reported no residual symp-
toms associated with the previous ankle sprain, and had
a CAIT score >27 were classified as copers. Participants
with CAI were required to have experienced all of the fol-
lowing: at least 1 ankle sprain, a recent ankle sprain >3
months before study entry, a history of recurrent sprains
or ankle instability, and a CAIT score® <25.

From 119 adolescent competitive athletes assessed ini-
tially, 85 athletes (n = 49 boys; n = 36 girls) were included
in the study—55 athletes in the healthy group, 19 in the
coper group, and 11 in the CAI group. The flowchart of par-
ticipant selection is depicted in Figure 1.

Measurement of Foot Alignment

The foot alignment variables in this study were foot arch
height (FAH), foot arch dynamics, and leg-heel angle
(LHA) for rearfoot eversion. The FAH was measured as
the perpendicular distance from the navicular tuberosity
to the floor in both the sitting position (FAH without
weightbearing) and the double-limb standing position
(FAH with 50% weightbearing per foot).'® Semipermanent
ink was used to mark the skin to determine the navicular
tuberosity position by palpation. The FAH was presented
as relative to the height of the participant (rFAH)3’:

FAH

FAH =
" Participant height

X 100%
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Figure 2. LHA in the weightbearing position. LHA, leg-heel
angle.

Foot arch dynamics was defined as the change in the
FAH while sitting (ie, without weightbearing) and while
standing (ie, 50% weightbearing per foot) using the follow-
ing equation®:

Foot arch dynamics =
(FAH sitting — FAH standing)
FAH sitting

The LHA was formed by the bisection of the distal one-
third of the leg and a longitudinal line bisecting the poste-
rior aspect of the calcaneus.' Participants were positioned
on a 30 cm—tall box in the double-limb standing position
with full weightbearing (Figure 2).

X 100%

Measurement of IFM Morphology

The CSA of the thickest areas of selected IFMs (abductor
hallucis muscle, flexor hallucis brevis muscle, and flexor
digitorum brevis muscle) was measured using B-mode
ultrasonography (HI Vision Avius; Hitachi Aloka Medical)
with an 8-MHz linear array probe. These IFMs were
selected because they are the key supporting muscles of
the medial longitudinal arch, which supports the foot
structure.?®?! The probe position was determined by mark-
ing the skin with semipermanent ink. To perform the
measurements, the probe was placed in contact with the
skin while maintaining minimal pressure on the tissue.
The participants were instructed to lie prone with the
knees flexed at 90° and the ankles in a neutral position.
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The probe was placed on the anterior side of the medial
malleolus, perpendicular to the long axis of the foot, and
the CSA image of the abductor hallucis muscle was
recorded. The probe was placed perpendicular to the line
parallel to the flexor hallucis brevis muscle to record the
CSA image. The CSA image of the flexor digitorum brevis
muscle was recorded with the probe placed perpendicular
to the line connecting the third toe and the medial calca-
neal tuberosity. Morphometry of the IFM using ultrasound
is reliable according to measurements®* obtained using
a previously reported procedure.'®

Measurement of Toe Flexor Strength

A digital grip dynamometer (T.K.K.3361; Takei Scientific
Instruments) consisting of strain-gauge force transducers
was used to measure the toe flexor strength. Participants
sat with the hip and knee joints flexed at 90° and arms
placed in front of the chest.® The foot was placed on a dig-
ital grip-measuring dynamometer and fixed to a heel stop-
per and belt, and all toes were set to hook onto
a measurement traction bar. Participants were then asked
to gradually increase their toe flexor strength for 0 to 3 sec-
onds, with the maximum force maintained for 2 seconds.
The force exerted by the metatarsophalangeal joint on pull-
ing the bar was measured. Three measurements were
recorded, and the mean of the measurements (N-m) was
standardized by dividing by body weight (kg).

Measurement of Isokinetic Muscle Strength
of the Lower Extremity

The maximum muscle strength during knee extension and
flexion, ankle dorsiflexion, and plantar flexion were mea-
sured using Biodex system 4 (Sakai Medical). Muscle
strength was measured as previously reported.® Partici-
pants were seated on the isokinetic dynamometer with
90° of hip flexion while wearing shoulder, body, and thigh
harnesses as they performed the isokinetic knee strength
assessment activities. Isokinetic knee extension and flexion
strength were measured 5 times at 60 deg/s for each leg. For
the isokinetic ankle strength assessment activities, partici-
pants wore shoulder, body, and thigh harnesses as they ele-
vated the test leg while supporting it below the knee using
a support arm. The foot was also placed on a footboard and
secured using 2 hook-and-loop straps. Isokinetic ankle dorsi-
flexion and plantar flexion strength were measured 5 times
at 60 deg/s for each leg. Participants rested for 2 minutes
after each measurement and were instructed to exert maxi-
mal effort. They received verbal encouragement from the
investigator (N.M.) during each test. Each measurement
(N-m) was standardized by dividing by body weight (kg).

Measurement of Dynamic Postural Stability
After Jump Landing

The single-leg jump with forward landing was performed
to assess dynamic postural stability. The starting position



4 Maeda et al

The Orthopaedic Journal of Sports Medicine

TABLE 1
Comparison of Physical Characteristics by Study Group®

Healthy Coper CAI

(n = 55) (n =19) (n=11) F P ES (n?)
Sex (boys:girls), n 33:22 10:9 6:5 N/A .834% N/A
Age, y 13.45 £ 1.46 13.58 £ 0.90 14.09 + 1.30 1.035 .360 0.03
Height, cm 160.51 = 10.94 161.45 = 7.59 160.50 = 6.07 0.068 934 0
Weight, kg 53.15 = 13.38 54.08 = 9.72 52.70 = 9.35 0.057 945 0
BMI, kg/m2 20.37 = 3.40 20.65 = 2.75 20.38 = 2.88 0.056 945 0

“Data are shown as mean * SD unless otherwise indicated. BMI, body mass index; CAI, chronic ankle instability; ES, effect size; N/A, not alicable.

bChi-square test.

of the participants was 40% of each height away from the
force platform (49.5 X 49.5-cm) (AccuGait; AMTI). A
30-cm hurdle was placed at the midpoint of the line con-
necting the starting position and edge of the force plate.
Participants were asked to jump forward over the hurdle
with both feet and to land on a force plate with the right
foot. They were instructed to stabilize as soon as possible
after landing, place their hands on their pelvis, and remain
still for 10 seconds. Upper limb movements during the
jump were not restricted; however, they were limited by
placing the hands on the pelvis after stabilization. The
landing task was practiced 3 times, and a 1-minute rest
period was allowed after the test. The trial was disre-
garded and repeated if the jump was unsuccessful, the par-
ticipant touched a hurdle, the participant fell on landing,
the participant landed on the ground outside the force
plate, or the right limb touched the left limb. The force
plate values were normalized to body weight.

The normalized force plate values were converted to
a dynamic postural stability index (DPSI), in which
a higher score indicates worse dynamic postural stability.
The DPSI was calculated using the ground-reaction force
(GRF) within 3 seconds of the first contact and a vertical
GRF >5% of the body weight. GRF data were filtered using
a zero-lag second-order low-pass Butterworth filter with
a cutoff frequency of 20 Hz and were collected at a sampling
frequency of 200 Hz. The DPSI was analyzed using the fil-
tered data obtained with MATLAB 2021a (MathWorks
Inc). The indicators comprising the DPSI were converted
to an anteroposterior stability index, mediolateral stability
index, and vertical stability index (VSI) according to
Wikstrom et al.?® An additional analysis was performed
using the mean values obtained from 3 successful trials.2®
This method has high intersession reliability, with an
intraclass correlation coefficient (ICC)2® (3, k) of 0.86.

Statistical Analysis

The normality of data was confirmed using the Shapiro-Wilk
test. All measurement variables were recorded as means and
standard deviations. A 1-way analysis of variance was used
to compare differences among the 3 study groups in physical
characteristics (age, height, weight, and body mass index) as
well as measured parameters (foot length, FAH, rFAH, foot

arch dynamics, LHA, leg-heel thickness, CSA of the IFM, iso-
kinetic muscle strength of the lower extremity, and DPSI).
For significant effects, we conducted post hoc testing with
Bonferroni correction for multiple comparisons. In addition,
the association of the CAIT score with the LHA and DPSI
was evaluated using multiple linear regression with forced
entry, with the CAIT score as the dependent variable and
the LHA and DPSI as the independent variables. The signif-
icance level was set at 5%.

A post hoc power analysis was performed as described
previously.? This procedure estimated the power of the
omnibus F test by considering the population effect size
(%), a error probability, sample size, and number of predic-
tors included in the regression model (power [1 — B]). Sta-
tistical analyses were conducted using SPSS Statistics for
Windows (Version 27.0; IBM Corp).

RESULTS

Sports played by the athletes included rugby, badminton,
sailing, judo, handball, wrestling, archery, water polo, fig-
ure skating, table tennis, kendo, handball, hockey, and bas-
ketball. The physical characteristics of the participants did
not differ significantly among the 3 study groups (Table 1).

The results of the group comparison of the measured
parameters are shown in Table 2. Post hoc testing revealed
a significantly greater LHA in the CAI group versus the
healthy group (8.73° + 3.22° vs 6.09° * 3.26°, respectively;
P < .05). The CAI group also had a significantly higher
DPSI (0.336 = 0.046 vs 0.298 = 0.035, respectively) and
VSI (0.303 = 0.048 vs 0.264 = 0.037, respectively) than
the healthy group (P < .05 for both).

Multiple regression analysis extracted the LHA (B =
—0.228; P = .033) and DPSI (B = —0.240; P = .025) as fac-
tors significantly associated with CAIT scores (Table 3).
During the post hoc power analysis, the multivariate
regression models for the associations among the CAIT
scores, LHA, and DPSI showed adequate power (1 — 3 =
0.890).

DISCUSSION

The main findings of this study were that the CAI group
had larger rearfoot eversion and impaired DPSI, which



The Orthopaedic Journal of Sports Medicine

Adolescent Athletes With Ankle Instability 5

TABLE 2
Comparison of Measured Parameters by Study Group®
Healthy Coper CAI

Parameter (n = 55) (n=19) (n=11) F P ES (n?)
Foot length, cm 24.07 = 1.63 24.19 *+ 1.12 23.67 = 0.93 0.47 .63 0.01
FAH, cm

Sitting 4.51 += 0.63 4.44 + 0.76 4.55 + 0.81 0.12 .89 0

Standing 3.60 + 0.83 3.60 + 0.83 3.78 = 0.73 0.47 .63 0.01

Difference 0.73 = 0.31 0.83 = 0.31 0.77 = 0.39 0.68 51 0.02
rFAH, %

Sitting 2.81 + 0.36 2.74 + 0.39 2.83 + 0.48 0.29 .75 0.01

Standing 2.74 + 0.39 2.22 + 0.44 2.35 + 0.41 0.84 44 0.02

Difference 0.46 = 0.19 0.52 = 0.21 0.47 = 0.20 0.67 .52 0.02
Foot arch dynamics, % 16.29 * 6.83 19.23 = 8.06 16.69 = 8.10 1.16 .32 0.03
LHA (rearfoot eversion), deg 6.09 = 3.26° 5.94 + 3.14 8.73 = 3.22 3.31 .042 0.08
CSA of intrinsic foot muscle, mm?

Abductor hallucis 214.78 + 56.48 230.45 = 55.51 231.38 = 59.71 0.78 .46 0.02

Flexor hallucis brevis 252.21 * 46.50 227.96 = 38.45 236.81 = 42.49 2.31 11 0.05

Flexor digitorum brevis 184.56 + 47.31 203.63 = 60.24 182.83 + 43.14 1.11 .33 0.03
Thickness of the intrinsic foot muscle and plantar fascia, mm

Abductor hallucis 10.65 = 1.98 11.64 = 2.32 11.12 = 0.92 1.87 .16 0.04

Flexor hallucis brevis 11.46 = 1.99 10.88 = 1.63 11.18 = 2.28 0.64 .53 0.05

Flexor digitorum brevis 7.79 = 1.51 8+ 1.75 7.96 = 1.74 0.15 .86 0
Toe flexor strength, N-m/kg 0.33 = 0.09 0.38 = 0.09 0.38 = 0.08 2.89 .06 0.07
Normalized peak torque, N-m/kg

Knee extension 191.17 + 35.19 197.97 + 31.34 196.85 + 49.92 0.30 741 0.01

Knee flexion 95.30 * 26.41 91.51 = 22.85 96.45 + 23 0.19 .825 0.01

Ankle dorsiflexion 37.34 + 8.60 38.51 + 7.03 42.94 * 20.20 1.32 273 0.03

Ankle plantar flexion 86.41 = 32.79 91.05 = 23.16 77.78 = 26.42 0.67 512 0.02
Dynamic postural stability

DPSI 0.298 + 0.035° 0.316 + 0.040 0.336 * 0.046 5.28 .007 0.12

MLSI 0.026 + 0.006 0.028 + 0.006 0.029 + 0.005 0.95 .392 0

APSI 0.134 = 0.010 0.140 = 0.010 0.140 + 0.013 2.96 .057 0.11

VSI 0.264 *+ 0.037° 0.281 + 0.046 0.303 + 0.048 4.76 011 0.10

“Data are shown as mean * SD. Bold P values indicate statistically significant differences among the 3 groups (P < .05). APSI, antero-
posterior stability index; CAI, chronic ankle instability; CSA, cross-sectional area; DPSI, dynamic postural stability index; ES, effect size;
FAH, foot arch height; LHA, leg-heel angle; MLSI, mediolateral stability index; rFAH, relative foot arch height; VSI, vertical stability index.

bSignificantly different from the CAI group (P < .05, post hoc test with Bonferroni correction).

TABLE 3
Multiple Regression Analysis of the Association of the
CAIT Score With LHA and DPSI*

Factor B (95% CI) P
LHA —0.228 (0.013 to 0.290) .033
DPSI —0.240 (—24.994 to —1.723) .025

“CAIT, Cumberland Ankle Instability Tool; DPSI, dynamic pos-
tural stability index; LHA, leg-heel angle.

represent the dynamic balance after jump landing, com-
pared with the healthy group. Furthermore, the LHA
and DPSI were also associated with the CAIT score. Our
results provide the first experimental description of adoles-
cent athletes who are aware of functional instability of the
ankle joint, which has been associated with excessive val-
gus rearfoot and the reduced ability to control posture after
jump landing. Those with CAI have various functional

impairments, including ankle joint motion limitations,
neuromuscular inhibition, pathologic laxity, muscle weak-
ness, and balance difficulties because of abnormal ankle
joint alignment, such as cavus foot deformity, anterior
talar displacement, and recurrent ankle sprains.® During
this study, we observed a significantly greater LHA in
the CAI group than in the healthy group.

Our study used the LHA, which is used to assess rear-
foot alignment and is formed by a longitudinal line bisect-
ing the distal one-third of the leg and the posterior surface
of the calcaneus.'® The LHA test is a reliable (ICC, 0.88)
and widely used indicator of rearfoot alignment abnormal-
ities in the standing position.?! In a cohort study by
Kleipool et al,'? participants with CAI had a slightly
valgus-directed subtalar joint. Previous studies have
reported a higher incidence of ankle sprains for female ath-
letes with a greater calcaneal eversion.! Also, Tiimer
et al?® suggested that the calcaneus of participants with
CAI may have had a high valgus moment. Although the
cavus foot is known as a risk factor for ankle sprains,??
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our study findings suggested that adolescent competitive
athletes with CAI have abnormal alignment in the relative
position of the tibia and the calcaneus, which constitute
rearfoot alignment.

CAI was further associated with dynamic postural con-
trol of the adolescent competitive athletes in this study.
The relationship between ankle instability and impaired
balance was first noted by Freeman et al.* Several
researchers reported impaired balance or postural control
of patients with CAI. The relationship between ankle
instability and balance impairment has been examined
most often using the Star Excursion Balance Test.® An
important conclusion of many studies conducted on the
relationship between CAI and balance ability is that bal-
ance impairments have been consistently observed among
these patients. A previous analysis of the outcome meas-
ures revealed that patients with CAI exhibit poor postural
control performance compared with healthy people, as
indicated by measurements of the reach distance and cen-
ter of pressure values.® Similar results of this study indi-
cated that adolescent competitive athletes with CAI also
had reduced dynamic postural control. The present study
suggested that adolescent athletes with CAI had poor
dynamic stability control during jump landing, which is
more directly related to sports movements.

The LHA and dynamic postural control were associated
with the CAI of adolescent competitive athletes in
this study. However, this interpretation remains debat-
able. Patients with CAI have various functional
impairments—including ankle joint motion limitations,
neuromuscular inhibition, pathologic laxity, muscle weak-
ness, and balance difficulties—because of abnormal ankle
joint alignment.® Abnormal positioning of the tibia and cal-
caneus, which comprise the rearfoot, is closely related to
impaired postural stability in the dynamic steady state.®
During this study, the CAI of adolescent competitive ath-
letes was associated with greater rearfoot eversion and
dynamic postural stability after jump landing. A prospec-
tive study reported that poor lower extremity alignment
during the drop jump was associated with a higher risk
of ankle injury for adolescent competitive athletes.'®
Therefore, proper foot and ankle alignment, flexibility,
and stability of adolescent athletes may be important for
postural control after jump landing and injury prevention.
The importance of evaluating adolescent athletes with CAI
with a focus on hindfoot alignment and dynamic balance is
apparent and may be utilized in treatment strategies for
CAI and injury prevention.

Limitations

This study had several limitations. First, the study did not
account for sex-based differences among participants. Sec-
ond, the sample size of this study was too small to compare
adolescent athletes according to their sports activity.
Finally, because this was a cross-sectional study, the
causal association between CAI and poor foot morphology
and dynamic posture could not be clarified.
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CONCLUSION

In this study, adolescent competitive athletes with CAI
demonstrated poor dynamic balance and larger rearfoot
eversion. Thus, it is important to detect the presence of
dynamic imbalance and foot malalignment in adolescent
competitive athletes with persistent ankle instability.
Moreover, early approaches to these abnormalities are of
high importance. This finding may be useful for the pre-
vention and treatment of chronic ankle instability in ado-
lescent competitive athletes.
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