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Context: Deficits in static and dynamic stability during single-
leg stance have been noted in individuals with chronic ankle
instability (CAl), but few investigators have tested subjects for
subtle deficits in dynamic balance. Subtle deficits in dynamic
balance during a double-leg stance may reveal changes in the
sensorimotor system because of CAl.

Objective: To use a standardized tibial nerve stimulation as
a perturbation to test for dynamic balance deficits between a
group of recreational athletes with CAl and a group of recrea-
tional athletes with stable ankles.

Design: Case-control study.

Setting: Laboratory.

Patients or Other Participants: Twenty recreational athletes
with CAl and 20 recreational athletes with stable ankles.

Intervention(s): Balance deficits were assessed for each
subject during static and dynamic trials.

Main Outcome Measure(s): Time to stabilization and center-

of-pressure excursion path length, velocity, and area from
ground reaction forces during double-leg stance were collected
through a forceplate. We used an accelerometer to measure
tibial acceleration. Data were collected during static stance and
during a bilateral perturbation using maximal motor neuron re-
cruitment elicited by electric stimulation of the tibial nerve.

Results: Only time to stabilization in the anterior-posterior
direction was significantly different between groups (P = .04),
with the CAIl group taking longer to return to a stable range of
ground reaction forces. We found no other differences in sta-
bility measures between the groups.

Conclusions: Dynamic balance in double-leg stance as
measured by time to stabilization appears to be affected in in-
dividuals with CAl. Deficits in the response to external pertur-
bation may indicate subtle central sensorimotor changes.

Key Words: ankle sprains, proprioception, stability, postural
control

chronic ankle instability.

Key Points
* When measured by time to stabilization, dynamic balance in double-leg stance appeared to be affected in individuals with

» Compared with individuals with stable ankles, individuals with chronic ankle instability had longer time-to-stabilization
values in the anterior-posterior direction after tibial nerve stimulation in a double-leg stance.

» Longer time-to-stabilization values in subjects with chronic ankle instability may indicate increased relaxation time and
longer time until a stable pattern is reached after external perturbation.

nkle sprains are one of the most common lower ex-
Atremity injuries. According to the National Collegiate
Athletic Association,! ankle sprains are the most com-

mon injury in men and women who participate in soccer, bas-
ketball, and volleyball. Most ankle sprains are inversion in-
juries that damage the lateral ligaments of the ankle.? Up to
73% of individuals who sprain their ankles have residual
symptoms including pain, repeated sprains, and episodes of
“giving way.”? Individuals with chronic ankle instability
(CAI) experience frequent sprains, pain, and instability and
have unknown long-term consequences to joint health. As the
joint becomes unstable over time and continues to “‘roll”” past
its physiologic limits, the risk of damaging the articular sur-
faces within the joint and developing osteoarthritis increases.*
In previous research, investigators3—10 have identified static
and dynamic balance deficits during single-leg stance in the
affected limb of individuals with CAI; however, other au-
thors!1-13 have reported no differences. Static balance means
maintaining the center of mass over a stationary base of sup-
port,!'4 such as maintaining balance during quiet stance. Dy-
namic balance means maintaining the center of mass over the
base of support when the base of support is moving or when

an external perturbation is applied to the body. In these studies,
the investigators used different measures of postural stability,
which may have contributed to the differences in results.>~14
Additionally, in their study of an active population, Hoffman
and Koceja!d asserted that static measures may not relate well
to dynamic measures, which are more indicative of functional
ability and may be more applicable to a physically active pop-
ulation. The way that unilateral or bilateral CAI affects the
contralateral limb and the spontaneous self-organization of the
sensorimotor system is unclear. Rozzi et al® reported minor
balance deficits in the uninvolved limb in individuals with uni-
lateral CAI, and Caulfield and Garrett!¢ attributed changes in
landing pattern to “alterations in central programming at the
spinal level.”” Using a double-leg stance may reveal possible
central programming deficits and emphasize the interplay be-
tween the involved limb and overall control of body motion.
Balance deficits in double-leg stance in subjects with CAI have
not been assessed. Deficits identified in this stable position
may provide evidence for the change in basic motor control
strategies in subjects with CAL

Time to stabilization (TTS) is a measure of dynamic stabil-
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ity that analyzes the anterior-posterior (A/P), medial-lateral
(M/L), and vertical ground reaction forces (GRFs) during the
period the subject is recovering from a perturbation and re-
turning to a static stance.”-?11:17-18 [t agsesses how long the
individual takes to return the GRF to a stable range. The TTS
has been used to evaluate dynamic balance in subjects with
CAI after landing from a single-leg jump.”-%!1.18 Investiga-
tors”-?!1 have demonstrated that individuals with CAI take
longer than individuals with stable ankles to return their A/P
GREF to a stable range after jump landing. However, jump land-
ings are difficult to standardize and introduce considerable var-
iability into the testing protocol in terms of jump height, trunk
and arm positioning, and landing strategy.” Differences in
these factors may have accounted for differences in the re-
ported TTS values. We elected to change the perturbation to
a movement more centered on the ankle to test if less complex
and lower amplitude movements elicited the same TTS defi-
cits. Hoffman and Koceja's established the reliability of a per-
turbation protocol and measured subjects’ ability to regain sta-
bility. Electric stimulation applied to the tibial nerve resulted
in an involuntary contraction of the triceps surae muscles, and
the subjects had to shift weight to maintain balance. Some leg,
trunk, and upper extremity movement occurred, but the sub-
jects did not move their feet. Because movement occurred, it
was a measure of dynamic balance, but it enabled the individ-
ual to remain standing upright. Consistent levels of perturba-
tion were observed between trials because the strength of the
perturbation (electric stimulation) was always the same.
They!> reported the intrasession reliability as 0.71 to 0.98.
Although this external perturbation is not necessarily appli-
cable outside the laboratory, it does minimize some of the
limitations encountered in previous jump-landing studies.”-%!!

The dynamic systems theory states that sensorimotor system
organization involves the interaction of various constraints, in-
cluding the task, environment, and organism, to produce
movement. Interaction of these constraints produces sponta-
neous self-organization of the sensorimotor system.! When
an external perturbation is applied and the model of self-or-
ganizing constraints is used, the components of the network
interact under the influence of higher brain-center inputs and
peripheral inputs.!?20 As the dynamics of the network change,
patterns develop, and multiple patterns may be created under
different conditions.!®-20 One may consider CAI as a constraint
in the sensorimotor system or as a feature that interacts with
others to limit the attempt of a biological system to organize
optimally; the effect is evident as organismic deficits in bal-
ance.'” As an added constraint, individuals with CAI may not
be able to develop adequate patterns to address external per-
turbations. Longer TTS values in subjects with CAI may re-
flect that lack of flexibility to adjust to different perturbations.
Additionally, longer TTS values in subjects with CAI may
reflect an increase in relaxation time, as explained in the Hak-
en phase transition theory.2!-22 Relaxation time is the amount
of time needed for the relative phase relationship to return to
its original state after a perturbation and indicates the stability
of the movement pattern.?!-22 If a longer relaxation time is
noted, the organization of the neuromuscular system is con-
sidered less stable.2!22 Thus, longer TTS values in subjects
with CAI may reflect the longer time required for the senso-
rimotor system to reorganize to a stable pattern after external
perturbation. Even at low levels of perturbation, dynamic bal-
ance deficits in double-leg stance that are detected with TTS
values provide evidence that basic motor-control strategies are

altered adversely in individuals with CAI The TTS eventually
may be developed into a screening tool to place individuals
with CAI into a continuum of severity, establish more ho-
mogenous research groups, and potentially test the efficacy of
rehabilitation programs.

By using both traditional static balance measures and novel
dynamic measures, researchers and clinicians may be able to
detect subtle differences in sensorimotor function in individ-
uals with CAI. A standardized perturbation is lacking in CAI
research and may be useful. If compromises in dynamic bal-
ance exist in individuals with CAI, rehabilitation programs that
emphasize rapid stabilizations after perturbation may be de-
signed.?3 Time to stabilization is a relatively new measure and
may identify and quantify CAI in individuals; however, it
needs more investigation. The purpose of our study was to use
tibial nerve stimulation as a standardized perturbation to test
for deficits in static and dynamic balance between a group of
recreational athletes with CAI and a group of recreational ath-
letes with stable ankles.

METHODS

Subjects

Forty healthy, recreationally active subjects aged 18 to 36
years volunteered to participate in our study. No subject was
receiving physical therapy treatment for any lower extremity
injuries. We defined recreationally active as participating in at
least 20 minutes of physical activity 3 times per week. We
divided subjects into 2 groups: stable ankles and CAI. We
matched 20 subjects with stable ankles (10 men, 10 women)
to 20 subjects with CAI (10 men, 10 women) by sex, age (*2
years), height (£10%), mass (=10%), test-limb dominance,
and activity type and level. Subjects with stable ankles had a
mean age, height, and mass of 22.10 *= 4.15 years, 173.69 *
11.68 cm, and 72.10 = 13.24 kg, respectively. Subjects with
CAI had a mean age, height, and mass of 21.45 * 3.41 years,
173.16 = 10.48 cm, and 69.34 = 12.68 kg, respectively. The
dominant limb was defined as the limb used in at least 2 of
the 3 following tests: recovering balance after a posterior push,
stepping up onto a box, and kicking a ball with maximal ac-
curacy through a goal.2* The involved unstable ankle of sub-
jects in the CAI group was assessed for dominance or non-
dominance and was matched to the dominant or nondominant
limb of the subjects in the stable ankle group, accordingly. In
each group, the dominant leg of 12 subjects and the nondom-
inant leg of 8 subjects were tested. Subjects reported partici-
pating in at least 1 of the following activities on a weekly
basis: basketball, running, weight training, volleyball, tennis,
swimming, biking, softball, football, soccer, or racquetball.
The average physical activity level of each participant was 6.8
hours (range, 1-18 hours) per week. Subjects in the CAI group
reported an average of 10 sprains to the right and 7 sprains to
the left ankle (range, 2—70 sprains).

Inclusion criteria for subjects with stable ankle were no his-
tory of the ankle giving way with activity and no ankle sprains
within the 8 weeks before the study. Inclusion criteria for sub-
jects with CAI were a history of the ankle giving way with
activity and a minimum of 2 ankle sprains or ‘“‘episodes of
giving way” in the year before the study.® !¢ Exclusion criteria
for both groups were a history of lower extremity surgery,
current signs or symptoms of an ankle sprain (ie, swelling,
discoloration, heat, pain, or acute loss of function), vestibular

368 Volume 42 e Number 3 e September 2007



or balance disorders, hereditary nerve disorders, or current use
of drugs that affect the central nervous system. All subjects in
the CAI group had at least 2 ankle sprains in the 12 months
before the study, and most of them had sprained their ankles
in the 6 months before the study. The damage occurred at the
distal ligament. Subjects provided informed consent. Our study
was approved by the university’s institutional review board.

Electromyography

We used the 8-channel Bagnoli Desktop EMG System (Del-
sys Inc, Boston, MA) with differential amplification, common
mode rejection ratio >80 dB; input impedance >10'5//0.2
ohm//pE signal-to-noise ratio >40 dB; and an amplifier to
measure electromyographic (EMGQG) activity of the tibialis an-
terior, peroneal, lateral gastrocnemius, and soleus muscles in
the test leg and of the soleus muscle in the nontest leg. A 16-
bit analog-to-digital converter (model PCI-MIO-16E-1; Na-
tional Instruments, Austin, TX) sampled the EMG data and
passed the signals from the receiver to the computer. We used
surgical tape and adhesive stickers to fix bar-shaped Ag/AgCl
single differential surface electrodes (model DE-2.1; Delsys
Inc) on the midpoint of each muscle belly. After shaving,
abrading, and cleansing the skin with alcohol, we placed elec-
trodes according to previously published guidelines?3-2¢ over
the muscle belly for the tibialis anterior, peroneals, and lateral
gastrocnemius. The soleus electrode placement was inferior to
the gastrocnemius and proximal to the insertion of the Achilles
tendon on the calcaneus. The electrodes were 19 mm wide and
35 mm long with 10 mm between contacts. We placed a car-
bon reference electrode over the lateral malleolus. Manual
muscle tests were performed on each muscle, and the output
was viewed on an oscilloscope to ensure proper electrode
placement and to minimize cross-talk. We sampled at 1000 Hz
over a bandwidth of 20 to 500 Hz. Total gain on the system
was 1000, and the EMG signal was corrected for direct current
(DC) bias. Electromyography was used solely to visualize the
tibial nerve stimulation during dynamic balance trials.

Accelerometer

A triaxial accelerometer (model 356A22; PCB Piezoelec-
tronics, Depew, NY) was attached to the anterior tibial crest
using a custom orthoplast device. We secured the accelerom-
eter to the orthoplast and the leg with underwrap and surgical
tape. The x-axis was aligned in the A/P direction; positive
acceleration occurred in the same direction as the subject was
facing. We connected the accelerometer (voltage sensitivity =
100.0 mV/g, frequency range = 0.5—-4000 Hz, output bias lev-
el = 8-12 VDC) to a BNC breakout box (model 482A17;
PCB Piezoelectronics) that amplified the signal by a factor of
10 and was connected to the same A/D board as the EMG
system.

Tibial Nerve Stimulation

A telefactor stimulator with 2 constant current units (CCUs)
and 2 stimulus isolation units (SIUs) (models S88, CCU1, and
SIUS-D, respectively; Grass Instruments Co, Warwick, RI)
transmitted a bilateral 150-V electrical stimulation with a
square-wave DC pulse to 1-cm Ag/AgCl stimulating elec-
trodes. On the stimulus unit, the S1 and S2 stimulus switches
were set to “‘on,” with the S1 function set to single and the

S2 function set to S1 and S2. The train rate was set to 1 pulse
per second with the meter multiplier set to X 1.0, and the S1
sync-out channel was connected to the analog-to-digital board.
The S1 voltage was set to 15, and the meter multiplier was
set to X 10 SIUs. The S1 duration was set to 1 ms at X1, with
S1 delay set to zero, with the S1 rate set to less than 1 and
X.01. On both CCUs, the output adjustment I was set to nor-
mal, with the current adjustment set to maximum and the me-
ter multiplier set to X10.

The cathodes were applied to the popliteal fossa over the
tibial nerve where it passed close to the surface of the skin in
the back of the knee. A 4-cm carbon electrode (anode) was
placed over the anterior portion of the thigh just proximal to
the knee to complete the circuit.!> Each electrode was sepa-
rated from the skin by conductive gel and attached to the skin
with surgical tape. A 1-millisecond stimulation was applied,
causing a brief, strong contraction of the triceps surae muscles.
Consequently, each subject’s center of gravity was displaced
posteriorly over the base of support, causing an anterior weight
shift in response.!s

Forceplate

A piezoelectric forceplate (model 4060A; Bertec Co, Co-
lumbus, OH) with a frequency response of 400 Hz in the ver-
tical direction and 300 Hz in both of the horizontal directions
collected 3-dimensional forces and moments. Forceplate data
were collected through Digital Acquire (version 1.4.5; Bertec
Co), which was the standard software that the manufacturer
provided with the forceplate. The sampling frequency for that
program was set to 1000 Hz with a 500-Hz filter.

Testing

We performed 3 practice tibial nerve stimulation trials to
check for stimulating and EMG electrode placement, electric
signal wave-form, patient comfort, and motor response. The
stimulus can be uncomfortable, but subjects tolerated it well
for the short test. Once the check was complete, the subjects
performed 3 static standing trials without tibial nerve stimu-
lation and 7 dynamic test trials with tibial nerve stimulation.
The single test session lasted 1 hour. During the static trials,
subjects stood in a comfortable stance with both feet on the
force plate, approximately 1 shoulderwidth apart with their
hands on their hips and looking straight ahead.'> They were
instructed to remain standing as still as possible. During the
tibial nerve stimulation trials, subjects were in the same po-
sition, and the stimulation was applied after a period of vari-
able length (from 5 to 10 seconds). The length of the period
was varied to attempt to decrease anticipatory effects of mus-
cle contraction. We collected data from the beginning of the
period to 5 to 10 seconds after the stimulation, depending on
the length of the period, so that the total trial time was 15
seconds.!’ Subjects were instructed to regain balance as quick-
ly as possible.!> Hoffman and Kocejal® reported that stability
was recovered well in their subjects within 3 seconds after the
ankle perturbation. At least 30 seconds of rest was provided
between trials. We did not map a motor response, but, by set-
ting the stimulus unit to maximum, we ensured that the sub-
jects experienced a maximal M wave.
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Data Processing

The forceplate collected GRFs via the Acquire software,
sampling at 180 Hz, with amplifier gains set at 2. We used a
custom LabVIEW software program (version 6i; National In-
struments) to process the data and calculate balance measures
(center-of-pressure [COP] excursion path length, velocity, and
area) from the GRF data. These traditional COP balance mea-
sures were calculated during both the static and dynamic trials.
The COP excursion path length was calculated as the sum of
the linear distance between consecutive data points collected
during the trial. The COP velocity was calculated as the path
length of that trial divided by 15 seconds, and it represented
the average velocity during the trial. The COP excursion area
was calculated by taking the mean location of all the points
and connecting that mean to the first point recorded. A triangle
was drawn from point 1 to point 2 and from point 2 back to
the mean. The program calculated the area of that triangle and
repeated the procedure, sweeping out the area in triangles from
each successive point and the mean and calculating and sum-
ming all those areas.!®

We used the oscillating GRF in each direction to manually
identify A/P TTS and M/L TTS. The researcher was blinded
to the subjects’ group assignment and used the following rules
for identifying TTS. First, the researcher identified a stable
range before the perturbation in which minimal COP excursion
occurred. Second, the time of stimulus onset was identified as
the first deviation in the x direction. This time was cross-
checked with the EMG data to ensure accuracy of stimulus
onset identification. Third, the COP location was tracked as it
oscillated after the perturbation, with all subjects following a
regular damped oscillation. When that oscillation decreased in
magnitude and appeared stable about the previous baseline
level, TTS was established. An intraclass correlation coeffi-
cient (ICC 2,1)%7 was used to establish observer reliability in
determining TTS. Using 6 subjects (3 from each group), the
researcher identified A/P and M/L TTS for 1 trial of each
subject 5 separate times. The researcher was blinded to group
membership and to the TTS values identified in previous trials.
The ICC value for A/P TTS was 0.99, with a standard error
of measurement (SEM) value of 51.62 ms. For M/L TTS, the
ICC value was 0.98, with an SEM value of 42.56 ms.

We used custom LabVIEW programs to collect and process
the EMG and accelerometer data. Raw EMG signal was band-
pass filtered using a fourth-order Butterworth filter from 10 to
350 Hz, was notch filtered at 59.5 to 60.5 Hz, and was recti-
fied. No smoothing procedures were performed. No additional
postprocessing was necessary on the accelerometer signal. We
also identified the magnitude of the maximal acceleration in
the A/P direction in each trial.

Data Analysis

All data analyses were performed using SPSS statistical
software (version 12.0; SPSS Inc, Chicago, IL). We discarded
the highest and lowest values of each variable in the 7 tibial
nerve stimulation trials for each subject, leaving 5 test trials
for data analysis. The variables removed were not necessarily
from the same trial. Each subject’s 5 trials were averaged for
that subject on each variable. The 3 static stance trials were
averaged and included in the analyses.

We performed independent-samples ¢ tests with an « level
of .05 to ensure groups were appropriately matched for age,
height, and mass and that no statistical differences between

groups existed for those variables. Independent-samples 7 tests
also were used to compare accelerometer maximal acceleration
in the anterior direction.

We calculated independent-samples ¢ tests for each depen-
dent variable, with an a priori a level of .05. The independent
variable or factor variable was group (stable or CAI), and the
dependent variables were A/P and M/L TTS and COP excur-
sion length, velocity, and area in both static and dynamic trials.
An ICC (2,1) also was calculated for each dependent variable
and maximal acceleration with SEM to assess reliability and
precision in each group.?’ Because of equipment malfunction,
EMG data were available for only 37 of the 40 subjects. The
3 subjects for whom we did not have EMG data were in the
CAI group.

RESULTS

Age, height, and mass were not significantly different be-
tween the stable ankle and CAI groups (P > .05). Maximal
acceleration magnitude also was not significantly different be-
tween the groups (P = .67; Table 1). Only the A/P TTS was
significantly different between groups, with the CAI group
demonstrating longer TTS values than the stable ankle group
(P = .04). No differences in M/L TTS or traditional balance
measures were observed between the groups (Table 1). The
observed power and effect sizes also are reported in the Table.

The ICC (2,1) results for each dependent variable by group
are reported in Table 2. The maximal acceleration magnitude
demonstrated good within-subjects reliability for the CAI
group (ICC = 0.98, SEM = 0.05 m/s?) but moderate reli-
ability for the stable ankle group (ICC = 0.66, SEM = (.14
m/s2). Reliability of the COP excursion area and A/P TTS was
low. The CAI group demonstrated good reliability for the COP
excursion length and velocity in the static and dynamic con-
ditions; this group’s reliability was better than that of the stable
ankle group.

DISCUSSION

Our most important finding was that individuals with CAI
had longer A/P TTS after a standardized perturbation in a dou-
ble-limb stance. This was the only deficit in static or dynamic
balance that we observed. Balance in individuals with CAI,
for the most part, was not significantly affected in a stable
double-leg stance. However, after a perturbation, subjects with
CAI did not return to a stable stance in the A/P direction as
quickly as individuals with stable ankles. This delay provides
evidence for the central effects of CAI on the sensorimotor
system. Chronic ankle instability may be viewed as a con-
straint on the sensorimotor system, limiting its ability to quick-
ly generate new patterns of movement to control posture and
return to a steady stance after an external perturbation is ap-
plied. Decreases in the ability of the self-organizing sensori-
motor system to generate and implement movement patterns
quickly after a perturbation may indicate an increased relax-
ation time and, thus, a less stable organization of the neuro-
muscular system.2! Although damage occurred only at a distal
ligament, this organism-level change may indicate that an in-
dividual with CAI may have overall sensorimotor response to
perturbation that is altered and that may be unable to adapt to
an external perturbation as easily as an individual without
CAL The longer TTS values in subjects with CAI may indicate
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Table 1. Independent-Samples t Test Results

Group Means (SD)

Stable Chronic Ankle Power
Dependent Variable Ankle Group Instability Group P Value 1-pB) Effect Size*

Static stance

Center-of-pressure excursion length, mm 176.01 (33.61) 167.27 (34.32) 42 0.15 0.26

Center-of-pressure excursion velocity, mm/s 11.73 (2.24) 11.15 (2.29) 42 0.15 0.26

Center-of-pressure excursion area, mm? 166.16 (75.02) 153.53 (62.16) .57 0.15 0.19
Tibial nerve stimulation

Center-of-pressure excursion length, mm 455.94 (47.75) 446.03 (69.39) .60 0.09 0.17

Center-of-pressure excursion velocity, mm/s 30.40 (3.21) 29.73 (4.64) .60 0.09 0.17

Center-of-pressure excursion area, mm? 1445.35 (591.11) 1503.65 (826.07) .80 0.09 0.08
Time to stabilization, s

Anterior-posterior 0.71 (0.09) 0.78 (0.12) .04t 0.59 0.68

Medial-lateral 0.61 (0.12) 0.62 (0.13) 79 0.09 0.08
Maximal acceleration magnitude, m/s? 0.33 (0.20) 0.36 (0.23) .67 0.09 0.14

*Effect size calculated using Cohen d.
1Significant at the a = .05 level.

Table 2. Intraclass Correlation Coefficients and Standard Errors of Measurement*

Stable Ankle Group

Chronic Ankle Instability Group

No. of ICC (2,1) ICC (2,1)
Dependent Variable Trials (k) Value SEM n Value SEM n

Static stance condition

Center-of-pressure excursion length 3 0.65 24.39 mm 20 0.78 19.86 mm 20

Center-of-pressure excursion velocity 3 0.65 1.63 mm/s 20 0.78 1.15 mm/s 20

Center-of-pressure excursion area 3 0.36 91.35 mm? 20 0.29 90.51 mm?2 20
Dynamic condition

Center-of-pressure excursion length 5 0.64 38.12 mm 20 0.86 30.26 mm 20

Center-of-pressure excursion velocity 5 0.68 2.31 mm/s 20 0.80 2.49 mm/s 20

Center-of-pressure excursion area 5 0.65 468.61 mm? 20 0.51 870.14 mm? 20
Time to stabilization

Anterior-posterior 5 0.33 0.14 s 20 0.33 0.18 s 20

Medial-lateral 5 0.74 0.08 s 20 0.59 0.13s 20
Maximal acceleration magnitude 5 0.66 0.14 m/s? 20 0.98 0.05 m/s? 17

*SEM indicates standard error of measurement; ICC, intraclass correlation coefficient.

increased relaxation time and, thus, longer time until a stable
pattern is reached after external perturbation.

Time to stabilization is a unique measure of stability be-
cause it is dynamic and potentially more functional than tra-
ditional balance measures. It also reflects a global measure of
the sensorimotor system, potentially indicating a relationship
between CAI and central patterning.'® The magnitude of the
TTS differences between groups that we observed was smaller
than differences reported by other investigators.”%-28 This ob-
servation is reasonable because standing on 2 feet is much less
demanding than a single-leg jump landing, and Wikstrom et
al?8 found shorter TTS values with less demanding tasks.
However, even a difference of a few milliseconds may increase
the risk of injury and potential joint damage if GRF cannot
be controlled and minimized quickly.?®

The ICCs for each group revealed low to moderate reli-
ability for most dependent variables. The CAI group was more
reliable than the stable ankle group in the static and dynamic
COP excursion length and velocity and the maximal acceler-
ation magnitude. However, the CAI group was less reliable in
static and dynamic COP excursion area and M/L TTS. The

stable ankle and CAI groups had similar low ICC values for
the A/P TTS. Interpreting these results is difficult because
ICCs typically measure reliability or repeatability, and the na-
ture of healthy human movement may be variable, especially
with low-demand tasks.3%-3! Reliability, variability, and the
task difficulty may interact.3> The CAI subjects appear to pro-
duce more consistent COP excursion length and velocity mea-
sures during static and dynamic conditions than stable subjects
produce, but the COP area, which is a broader measure of
balance performance, is more variable. If CAI is a constraint
to the sensorimotor system, the greater consistency in COP
excursion length and velocity may actually produce fewer suc-
cessful movement patterns to decrease the COP excursion
area.3! We instructed subjects to stand as still as possible, and
the decrease in reliability of subjects with CAI in the COP
excursion area may mean that the sensorimotor system was
constrained by the CAI condition and had a more difficult time
spontaneously self-organizing to successfully complete the
task. The large SEM value for the CAI group in the dynamic
COP excursion area reinforces this interpretation (Table 2).
However, the ICC values for A/P TTS and the SEM values
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were very similar between groups. This finding may indicate
TTS as a novel measure can capture a different component of
stability than the more traditional measures can capture.

Using a standardized tibial nerve stimulation with TTS in
our study evoked consistent speed and amount of displacement
as anticipated; we observed no differences in the maximal ac-
celeration of the tibia. The accelerometer was used to ensure
that the ankle perturbation was standardized between groups
in amplitude and rate of acceleration. Additionally, movement
during the perturbation was concentrated at the ankle, but
completely isolating the joint during a postural task is impos-
sible. Movement in the rest of the kinetic chain, including at
the knee, hip, and trunk, occurred. The sensorimotor system
may be able to compensate for deficiencies at the ankle by
relying on sensory input from and movement strategies at the
hip and knee. This compensation may explain why we ob-
served no differences in the traditional stability measures. The
differences we did observe in TTS were small, which may be
due to the robustness of the sensorimotor system despite CAI
and its ability to compensate at proximal joints during move-
ment.

No other variables (ie, COP excursion path length, velocity,
or area) in the static or dynamic conditions demonstrated dif-
ferences between groups during a double-leg stance. Whether
deficits in static balance exist in subjects with CAI remains
controversial. Nakagawa and Hoffman> noted deficits in COP
total excursion during single-leg stance, and other authors8:10
have noted deficits in single-leg balance in individuals with
CAL However, Ross and Guskiewicz!! reported no differences
in COP mean excursion, and Bernier et al!? reported no dif-
ferences in stability index measures during single-leg stance.
In individuals with CAI in our study, the dynamic balance
condition challenged the sensorimotor system more than the
static balance condition challenged it because TTS was the
only dependent variable that detected group differences after
the change in the sensorimotor system from the perturbation.
The TTS may be a better measure of sensorimotor function in
the presence of the constraint of CAL

The limitations of our study include the low intertrial reli-
ability of some of the variables, including COP excursion area
and A/P TTS; the latter was the only variable with group dif-
ferences. Variability should be considered a separate entity to
measurement reliability. If CAI is a constraint on the senso-
rimotor system, the network components may not be able to
interact to develop adequate patterns to address external per-
turbations. The large SDs noted in the COP excursion area
during the tibial nerve stimulation may provide evidence for
CAI as a constraint to the sensorimotor system. Alternatively,
the simplicity of the task did not considerably challenge the
postural control system and resulted in highly variable re-
sponses. The double-leg stance is very stable, even with the
perturbation applied. According to Brouwer et al,?® dynamic
balance tests that do not maximally challenge the postural con-
trol system result in high within-subjects and between-subjects
variability in healthy young subjects. Poor reliability may be
attributable to the large number of different response patterns
that participants successfully used over all the trials. Fewer
successful response strategies may be available with a more
challenging task.30

Our subjects also may have displayed inconsistent responses
to the novel perturbation and exhibited high variability related
to learning effects, not lesions, at the ankle joint. Other limi-
tations include potential increased anxiety because of the stim-

ulation, which may have increased between-trials variability.
Additionally, the researcher who identified TTS was blinded
to group membership, but bias was still possible. Reliability
in identifying TTS was excellent, but observer error was still
possible.

Although the tibial nerve stimulus appears to be more stan-
dardized than the single-leg jump landing used in previous
TTS studies, it is not as valid externally. In addition, we and
other investigators®” using TTS identified group differences
primarily in the A/P direction. Differences in the M/L direction
were noted only once.!! The differences observed in the A/P
direction may be solely attributable to the direction of the per-
turbation. Jumping or creating an external perturbation in the
M/L direction may alter these findings and create differences
in frontal-plane TTS. The ligaments involved in CAI limit
motion in several planes, and testing TTS after perturbations
in different directions may reveal previously unrecognized bal-
ance deficits. Finally, researchers and clinicians should note
that the statistical power was low for almost all the variables.
The small effect sizes and powers may be because of the sta-
bility of the double-leg stance or the variability observed in
healthy subjects performing easy tasks such as this.30

Future research should include a single-leg stance and ki-
nematic and EMG analysis of the lower extremity during the
tibial nerve stimulation. Rehabilitation programs targeting rap-
id and appropriate responses to external perturbation should
be developed and tested to see if improvement in TTS can
occur. The amount of variability in movement that the CAI
group displays should be quantified and compared with the
stable ankle group to see if increased variability increases TTS
and places this group at greater risk for injury.

CONCLUSIONS

Dynamic balance measured by A/P TTS appears to be af-
fected negatively in subjects with CAI during double-leg
stance. Injury to the lateral ligaments may be a constraint that
affects global sensorimotor responses, causing subjects with
CAI to be less able to compensate and adjust after external
perturbation. If the sensorimotor system is affected negatively
and rapid reorganization cannot occur after external pertur-
bation, individuals with CAI may be at greater risk for injury.
Clinicians should focus on promoting rapid and appropriate
stabilizations following external perturbation during rehabili-
tation.
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