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Context: Those with chronic ankle instability (CAI) demon-
strate deleterious changes in talar cartilage composition,
resulting in alterations of talar cartilage loading behavior.
Common impairments associated with CAI may play a role in
cartilage behavior in response to mechanical loading.

Objective: To identify mechanical and sensorimotor out-
comes that are linked with the magnitude of talar cartilage
deformation after a static loading protocol in patients with and
those without CAI.

Design: Cross-sectional study.
Setting: Laboratory setting.
Patients or Other Participants: Thirty individuals with CAI

and 30 healthy individuals.
Main Outcome Measures(s): After a 60-minute off-loading

period, ultrasonographic images of the talar cartilage were
acquired immediately before and after a 2-minute static loading
protocol (single-legged stance). Talar cartilage images were
obtained and manually segmented to enable calculation of
medial, lateral, and overall average talar thickness. The
percentage change, relative to the average baseline thickness,
was used for further analysis. Mechanical (ankle joint laxity) and
sensorimotor (static balance and Star Excursion Balance Test)
outcomes were captured. Partial correlations were computed to

determine associations between cartilage deformation magni-
tude and the mechanical and sensorimotor outcomes after
accounting for body weight.

Results: In the CAI group, greater inversion laxity was
associated with greater overall (r¼�0.42, P¼ .03) and medial (r
¼ �0.48, P ¼ .01) talar cartilage deformation after a 2-minute
static loading protocol. Similarly, poorer medial-lateral static
balance was linked with greater overall (r ¼ 0.47, P ¼ .01) and
lateral (r ¼ 0.50, P ¼ .01) talar cartilage deformation. In the
control group, shorter posterolateral Star Excursion Balance
Test reach distance was associated with greater lateral cartilage
deformation (r¼ 0.42, P¼ .03). No other significant associations
were observed.

Conclusions: In those with CAI, inversion laxity and poor
static postural control were moderately associated with greater
talar cartilage deformation after a 2-minute static loading
protocol. These results suggest that targeting mechanical
instability and poor balance in those with CAI via intervention
strategies may improve how the talar cartilage responds to static
loading conditions.

Key Words: ankle laxity, balance, Star Excursion Balance
Test, ultrasonography

Key Points

� Greater inversion laxity and poor static postural control were associated with greater talar cartilage deformation after
a 2-minute static loading protocol in those with chronic ankle instability.

� Mechanical stability and postural control should be targeted during intervention strategies to restore or improve
cartilage loading behavior in those with chronic ankle instability.

L
ateral ankle sprains are the most common injury

linked with physical activity and athletic participa-

tion, accounting for approximately 60% of all

injuries during interscholastic and intercollegiate sports.1

Further, up to 75% of individuals who sprain their ankle

develop chronic ankle instability (CAI).2 Most importantly,

CAI is a major contributing factor in the development of

posttraumatic ankle osteoarthritis (PTOA),3 for which there

are no effective conservative treatments once the disease

becomes severe. Thus, it is critical to identify modifiable

factors associated with ankle PTOA progression to develop

early interventions that can slow or prevent PTOA in those
with CAI.

A hallmark feature of ankle PTOA is a decline in
articular cartilage health, which manifests initially as
deleterious compositional changes (eg, reduced proteogly-
can density, collagen disorganization) in the talar or
subtalar cartilage (or both).4 Compositional changes are
theorized to decrease the ability of the cartilage to
appropriately respond to mechanical loading (ie, altered
cartilage loading behavior)5 but are difficult and expensive
to quantify via specialized magnetic resonance imaging
(MRI) sequences. A recent investigation6 using ultrasonog-
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raphy, a more clinically scalable tool, demonstrated altered
talar cartilage behavior (ie, greater deformation) in those
with CAI relative to an uninjured control group during
static and dynamic loading conditions. In addition, the
static loading condition resulted in more talar cartilage
deformation than the dynamic loading condition.6,7 Thus, it
is important to determine if CAI-related outcomes are
linked with increased cartilage deformation after static
loading.

Elucidating factors related to altered cartilage behavior in
those with CAI could provide clinicians with therapeutic
targets, which if addressed, could slow ankle PTOA
progression. Authors8 of current CAI paradigms theorized
that structural adaptations (eg, ligament laxity) and
sensorimotor dysfunction (eg, static and dynamic postural
control) facilitate altered biomechanics and subsequently
ankle joint loading patterns, which eventually lead to
altered cartilage composition. Therefore, common impair-
ments associated with CAI may play a role in cartilage
behavior in response to mechanical loading. Hence, the aim
of our investigation was to identify possible associations
between ankle joint laxity, static and dynamic postural
control, and talar cartilage deformation after a standardized
static (ie, standing) loading protocol. We hypothesized that
greater ankle joint laxity and poorer postural control (ie,
worse static balance, less normalized Star Excursion
Balance Test [SEBT] reach distance) would be linked with
greater talar cartilage deformation after a 2-minute single-
limb stance in those with CAI but not in the control group.

METHODS

Participants

A total of 30 individuals with CAI and 30 healthy
individuals between 18 and 35 years of age participated in
the study. We defined CAI based on International Ankle
Consortium guidelines9: a history of �1 ankle sprains, �2
giving-way episodes within the past 6 months, and a score
of �11 on the Identification of Functional Ankle Instability
instrument (IdFAI). If a participant reported bilateral CAI,
the limb with worse IdFAI scores was used for testing.
Healthy individuals were included if they had no history of
ankle sprains or giving-way episodes and scored ,11 on
the IdFAI. For the healthy control group, the dominant
limb, defined as the limb used for kicking a ball, was tested.
We excluded anyone with a history of (1) lower extremity
surgery or fracture, (2) balance or vision problems, or (3)
acute (,12 weeks) or chronic musculoskeletal or head
injuries. Self-reported function, as measured by the Foot
and Ankle Ability Measure (FAAM), was assessed but not
applied as an inclusion criterion.

Procedures

We used a cross-sectional design as part of a larger
study.6 This study focused on the possible mechanisms
driving talar cartilage deformation after a static loading
protocol in those with CAI. Participants reported for 2
testing sessions separated by 1 week. During the first
session, they completed ankle joint laxity and standing
postural control assessments. They then returned for an
ultrasonographic (US) assessment of talar cartilage thick-
ness before and after a standardized 2-minute static loading

protocol (ie, standing) during the second session. All
participants provided written informed consent before
testing, and the study was approved by the University of
North Carolina at Chapel Hill Institutional Review Board.

Ankle Joint Laxity Assessment

An instrumented ankle arthrometer (Blue Bay Research,
Inc) was used to quantify the anteroposterior (AP) load-
displacement and inversion-eversion rotational laxity
characteristics of the involved ankle joint complex.10 The
test-retest reliability of ligament laxity quantification using
this type of arthrometer was good to excellent.10 For AP
displacement, the ankle was loaded with 125 N of anterior
and posterior force after starting in a neutral position. For
rotational laxity, the ankle was loaded to 4 Nm of torque in
each direction. Three trials in each direction were
performed and the results averaged for further analysis.

Postural Control Assessment

A force plate (AccuSway Balance Platform; Advanced
Mechanical Technology, Inc) was used to conduct the
single-limb static balance assessments. Before testing, each
participant was allowed 3 practice trials. Three 10-second
trials were then conducted while participants stood on the
involved limb with their hands on their hips and eyes
open.11 Force-plate data were collected at 50 Hz and
filtered using a fourth-order, zero-lag, low-pass Butterworth
filter with a cutoff frequency of 5 Hz.11 Time-to-boundary
(TTB) minima means (in seconds) in the AP and
mediolateral (ML) directions were calculated based on a
rectangle foot model using a custom code for MATLAB
(version R2019a; The MathWorks, Inc).11 Smaller values
indicated less time to respond to a postural perturbation
before exceeding the limits of stability, resulting in worse
postural control. This protocol generated reliable and
precise data and has been shown to discriminate between
those with and those without CAI.11

Dynamic postural control was assessed using the SEBT.
Participants completed 3 trials in the anterior, posterome-
dial, and posterolateral SEBT directions as previously
reported.12 Each person performed 4 practice trials in each
direction before data collection. Reach distances were
normalized to the participant’s leg length (ie, anterior-
superior iliac spine to ipsilateral medial malleolus).
Normalized SEBT reach distances were a reliable measure
(intraclass correlation coefficient [ICC]) of dynamic
balance (ICC [2,1] ¼ 0.85–0.96)12 and discriminated
between those with and those without CAI.13 The extracted
outcomes for both static and dynamic postural control were
averaged across the 3 trials and used for the analysis.

Talar Cartilage Assessment

Talar cartilage thickness was assessed by calculating the
cross-sectional area of a 2-dimensional image. Before the
preloading assessment, participants sat in the long-sit
position for 60 minutes to unload the ankle cartilage and
allow fluid rebound.6 The US images of the talar cartilage
were acquired using a tablet-based ultrasound unit (model
Lumify L12-4; Koninklijke Philips N.V.) with a 12-MHz
linear probe. Participants were positioned with their back
against a wall, their knee positioned at 908 of flexion, and
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their ankles in a foot-flat position (approximately 508 of
plantar flexion).6,14 The probe was placed transversely in
line with the medial and lateral malleoli and rotated in the
sagittal plane to maximize reflection off the articular
cartilage surface. The distance between the wall and the
posterior calcaneus was measured using a tape measure that
was secured to the treatment table and recorded to ensure
consistent positioning across all time points.6 A transpar-
ency grid was placed over the US screen to confirm probe
placement consistency over time.6 Three images of talar
cartilage thickness were obtained at the preloading
assessment.

In the next step, participants stepped off the table with
their uninvolved limb, shifted their weight to the involved
limb, and stood on the involved limb for 2 minutes with the
knee at approximately 208 of flexion.6,7 They were
instructed to avoid touching the ground with their
uninvolved limb but were allowed to use their hands to
briefly touch an adjacent wall to maintain balance as
needed. At the end of the loading protocol, participants sat
back on the table, and 3 additional talar-cartilage US
images were obtained using identical methods. Posttest
images were acquired within 3 minutes of completing the
loading protocol.

Ultrasound Image Analysis

To reduce bias, all US images were blinded such that the
assessor was unaware of the timing (preloading or
postloading). The images were manually segmented using
ImageJ software (version 1.52; National Institutes of
Health) to identify the overall, medial, and lateral cross-
sectional area of the talar cartilage.6,14 The cartilage was
divided into medial and lateral portions of the talar dome by
bisecting the overall volume. Each cross-sectional area was
then normalized to the length of the cartilage-bone interface
imaged to estimate the average thickness (measured in
mm).6,14 This technique showed great intrarater test-retest
reliability for the US talar cartilage measurement (ICC ¼
0.95–0.99).14 Deformation was reported as the percentage
change in average thickness from preloading to postloading
using the following formula: %D¼ [(Meanpost�Meanpre)/
(Meanpre)] 3 100, where %D ¼ the percentage change,

Meanpost ¼ postloading mean, and Meanpre ¼ preloading
mean.6,14 A higher negative score indicated greater
cartilage deformation.

Statistical Analysis

We calculated descriptive statistics for demographics and
all dependent variables. Partial correlations were conducted
to evaluate the relationships between (1) ankle joint laxity
and talar cartilage deformation, (2) TTB outcomes during
single-limb stance and talar cartilage deformation, and (3)
normalized SEBT reach distances and talar cartilage
deformation while accounting for body weight within each
group. The correlation coefficient (r) was interpreted as
weak (r ¼ 0.00–0.40), moderate (r ¼ 0.41–0.69), or strong
(r ¼ 0.70–1.00).15 A positive correlation indicated that
worse static postural control and less SEBT reach distance
were associated with greater talar cartilage deformation,
whereas a negative correlation indicated that increased
laxity was associated with greater talar cartilage deforma-
tion. As an exploratory analysis, we performed separate
stepwise linear regressions to determine the amount of
variance in overall talar cartilage deformation explained by
laxity as well as the static and dynamic postural control
variables. Body weight was entered into the regression
models first, followed by the dependent variables of
interest. All analyses were computed using SPSS (version
21.0; IBM Corp), and an a level of .05 was used to
determine statistical significance.

RESULTS

Means and SDs for group demographics and injury
characteristics are found in Table 1. Descriptive statistics
for all dependent variables in each group are presented in
Table 2. All correlations, coefficients of determination (R2

values), and P values in the CAI and control groups are
provided in Tables 3 and 4, respectively.

In the CAI group, greater inversion laxity was moderately
correlated with greater overall (r ¼�0.42, P ¼ .03; Figure
A) and medial (r¼�0.48, P¼ .01) talar deformation after
accounting for body weight. A shorter ML TTB minima
mean was moderately correlated with greater overall (r ¼

Table 1. Participant Demographics, Injury History Characteristics, and Self-Reported Function

Variable

Group

Chronic Ankle Instability (n ¼ 30) Control (n ¼ 30)

Sex, No. males, females 11, 19 7, 23

Mean 6 SD

Age, y 20.5 6 2.2 19.8 6 4.4

Height, cm 171.5 6 6.7 170.9 6 8.6

Weight, kga 75.7 6 16.2 66.0 6 13.1

Identification of Functional Ankle Instability scorea 22.2 6 5.4 0.3 6 0.8

Foot and Ankle Ability Measure score, %

Activities of Daily Living subscalea 87.4 6 11.0 99.9 6 0.3

Sport subscalea 76.7 6 17.3 100 6 0

National Aeronautics and Space Administration Physical Activity Status

Scale score

6.0 6 2.1 6.4 6 2.2

Ankle sprains, No. 4.4 6 4.5 NA

Giving-way episodes within past 6 mo, No. 9.6 6 11.5 NA

Abbreviation: NA, not applicable.
a Indicates difference between groups (P , .05).
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Figure. Scatterplots between (A) inversion laxity and overall cartilage deformation and (B) time-to-boundary mean in the mediolateral
direction and overall cartilage deformation. A greater negative % indicates greater cartilage deformation. Abbreviation: CAI, chronic ankle
instability.
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0.47, P¼ .01; Figure B) and lateral (r¼ 0.50, P¼ .01) talar
deformation after accounting for body weight. No signif-
icant correlations were identified between normalized
SEBT reach distances and talar cartilage deformation.
The stepwise regression analysis also showed that inversion
laxity and ML TTB minima mean were significant
predictors of overall talar cartilage deformation while
accounting for body weight (DR2 ¼ 0.37, P , .01).

In the control group, a shorter posterolateral SEBT reach
distance was moderately correlated with greater lateral
cartilage deformation after accounting for body weight (r¼
0.42, P¼ .03). No other significant correlations were found
in the control group (P . .05). The stepwise regression
analysis also revealed no significant predictors for overall
talar cartilage deformation while accounting for body
weight (P . .09).

DISCUSSION

Our primary finding was that a greater magnitude of
cartilage deformation after a static loading protocol was
associated with greater inversion laxity and poorer static—

but not dynamic—postural control in those with CAI.
However, these relationships were not seen in the healthy
control group. Thus, these results support our a priori
hypothesis. Talar cartilage composition (ie, type II
collagen, proteoglycans) was disrupted in those with CAI,
which influenced greater cartilage deformation.4,16 Our
results provided evidence that mechanical alterations and
static postural control impairments, which were common
alterations in those with CAI, may begin to explain why
cartilage deformation was greater in the CAI group relative
to an uninjured control group after a static mechanical load.
These variables may represent potential targets for
treatment protocols to mitigate the progression toward
ankle PTOA in those with CAI.

Mechanical joint instability occurs due to damage of the
lateral ligaments during ankle sprains, which leads to
residual ankle joint laxity.17 This increased joint laxity is
thought to alter ankle joint kinematics and eventually result
in cartilage degeneration.18,19 Lee et al20 observed that
ankles with anterior talofibular ligament damage displayed
greater talar cartilage T2 MRI relaxation times (ie, altered
composition) compared with an uninjured group. Similarly,
ankles with unilateral CAI demonstrated greater and
anteromedially translated peak contact strain versus
contralateral healthy ankles during standing.18 Previous
researchers21 also noted that individuals with CAI had an
anterior talar positional fault, relative to a control group,
which may have placed the talus in a position that alters
joint contact strain. Given that cartilage composition
influenced cartilage behavior and disrupted lateral ligament
integrity altered both tibiotalar kinematics and talar
composition,7,18,19 it is not surprising that more talar
cartilage deformation occurred when inversion laxity was
greater.

Earlier authors22 showed that poorer static postural
control was associated with higher T1q MRI relaxation
times (ie, altered cartilage composition) in those with CAI.
Our results were consistent, indicating that poorer ML
static postural control was correlated with greater talar
cartilage deformation after static loading. Postural control,
a proxy for neuromuscular control, was commonly
impaired in those with CAI.23 Although the exact
mechanism driving this association remains unknown,
impaired neuromuscular control may lead to altered joint

Table 2. Cartilage Deformation, Ankle Joint Laxity, and Postural

Control

Variable

Group, Mean 6 SD

Chronic Ankle Instability

(n ¼ 30)

Control

(n ¼ 30)

Cartilage deformation, % change

Overalla �10.9 6 7.0 �6.8 6 6.0

Mediala �13.0 6 8.2 �5.8 6 8.9

Lateral �8.9 6 7.7 �6.9 6 8.9

Ankle joint laxity

Anterior, mm 11.0 6 2.7 10.9 6 2.9

Posterior, mm 8.5 6 2.1 8.1 6 2.0

Inversion, 8a 32.1 6 8.1 25.3 6 5.3

Eversion, 8 22.4 6 5.0 24.8 6 5.1

Static postural control, time-to-boundary mean minima, s

Medial-lateral 1.7 6 0.6 1.9 6 0.7

Anterior-posterior 4.8 6 1.4 5.3 6 1.5

Dynamic postural control, % of leg length

Anteriora 65.0 6 6.5 69.0 6 5.2

Posteromedial 78.5 6 7.9 80.2 6 6.4

Posterolaterala 74.3 6 9.5 79.2 6 6.5

a Indicates difference between groups (P , .05).

Table 3. Correlations Between Ankle Joint Laxity and Balance and Cartilage Deformation After Accounting for Body Weight in Those With

Chronic Ankle Instability

Variable

Deformation

Overall Medial Lateral

r R 2 P r R 2 P r R 2 P

Ankle joint laxity

Anterior 0.17 0.03 .39 0.08 0.01 .68 0.25 0.06 .21

Posterior �0.14 0.02 .48 0.01 ,0.01 .99 �0.22 0.05 .27

Inversion �0.42 0.18 .03 �0.48 0.23 .01 �0.19 0.04 .34

Eversion �0.22 0.05 .26 0.08 0.01 .71 �0.26 0.07 .19

Static balance, time-to-boundary minima mean

Medial-lateral 0.47 0.22 .01 0.33 0.11 .09 0.50 0.25 .01

Anterior-posterior 0.18 0.03 .37 0.21 0.04 .29 0.13 0.02 .52

Star Excursion Balance Test score

Anterior �0.06 ,0.01 .75 �0.02 ,0.01 .94 �0.04 ,0.01 .86

Posteromedial 0.13 0.02 .50 0.18 0.03 .37 0.12 0.01 .56

Posterolateral 0.06 ,0.01 .77 0.12 0.01 .55 0.06 ,0.01 .77
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loading. Postural instability could represent greater shear-
ing forces being applied to the talar cartilage from
excessive ML rocking of the talus in the mortise. It is also
possible that greater ML shifts of the center of pressure, in
conjunction with altered tibiotalar kinematics, could have
shifted the location of peak contact strain.18 If static
postural control is to be used as a potential therapeutic
target to slow ankle PTOA progression, further investiga-
tion is needed to better understand how postural instability
influences talar cartilage behavior.

We identified no associations between SEBT reach
distances and cartilage deformation magnitude in this
CAI sample, which was consistent with previous research.24

More specifically, no relationships between SEBT reach
distances and T2-mapping (ie, cartilage composition
scores) was seen in a CAI sample.24 However, in that
same sample, we observed an association between longer
ML time to stabilization, calculated during a single-legged
jump landing, and worse cartilage composition.24 Although
task and outcome differences may have explained the
contrary findings, it was also possible that more precise
laboratory-oriented measures of postural control (ie,
instrumented measures) better captured factors that influ-
enced cartilage loading behavior.

Clinically, our results suggested that mechanical insta-
bility and poor static balance could be the targets of
intervention strategies in an effort to improve cartilage
loading behavior and ultimately slow ankle PTOA
development. Currently, external ankle supports (eg,
bracing, taping) are conservative options for enhancing
mechanical stability of the ankle, but these tools do not
alter ankle kinematics.25 Thus, it is unlikely that they would
improve the altered in vivo loading patterns observed in
those with CAI.18,19 Lateral ligament reconstruction (eg, the
Broström-Gould procedure) decreased both anterior trans-
lation and internal rotation of the talus while weight
bearing.26 At this time, surgical reconstruction appears to
be the best option for restoring ligament integrity at the
ankle, but prospective exploration is needed to determine
the effect of surgical reconstruction on direct measures of
cartilage health. However, anterior cruciate ligament
reconstruction is not effective in preventing PTOA at the
knee joint27; hence, this invasive approach may not address
the PTOA risk at the ankle. Also, it is important to refine

the clinical assessment technique for identifying subtalar
joint instability to evaluate treatment effects on residual
joint laxity more accurately in the clinical setting.28

Balance training29 and manual therapy30 have consistently
improved postural control in those with CAI. Therefore,
these practices should be used clinically. Future research is
warranted to determine whether improved postural control
mitigates cartilage degeneration in those with CAI and
whether other interventions might also improve direct
measures of cartilage health (ie, composition or loading
behavior or both). Most importantly, quantification of the
cumulative effect of surgical reconstruction and robust
neuromuscular rehabilitation (eg, balance training and
manual therapy) on a variety of outcomes, including
cartilage health, is needed, as no such data currently exist.

CONCLUSIONS

Greater inversion laxity and poor static postural control
were moderately associated with greater talar cartilage
deformation after a 2-minute static loading protocol in
those with CAI. Given these relationships, improving
mechanical stability and postural control should be targeted
during intervention strategies in an effort to restore or
improve cartilage loading behavior. Further evaluation is
required to determine how improving common CAI
mechanical and sensorimotor impairments affects cartilage
loading behavior in individuals with CAI.
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