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Context: Motor planning, a prerequisite for goal-driven
movement, is a complex process that occurs in the cortex.
Evidence has suggested that motor planning is altered in
patients with chronic ankle instability (CAI). We know balance
training can improve balance, but we do not know if it also
improves motor planning. Such changes in cortical activity can
be assessed using electroencephalography.

Objective: To evaluate changes in cortical measures of
motor planning after balance training in patients with CAI.

Design: Controlled laboratory study.
Setting: Research laboratory.
Patients or Other Participants: Fifteen patients with CAI

(age¼ 20.80 6 2.37 years, height¼ 169.47 6 7.95 cm, mass¼
70.45 6 19.25 kg).

Intervention(s): A 4-week progression-based balance-train-
ing program.

Main Outcome Measure(s): Motor planning was assessed
via electroencephalography before a lateral-stepping task. We
calculated event-related spectral perturbations in the h (4–8 Hz),
a (8–12 Hz), b (14–25 Hz), and c (30–50 Hz) bands. The change
in power (in decibels) was calculated in each band for the 500
milliseconds before the onset of the lateral-stepping movement.
Additional outcomes were the Foot and Ankle Ability Measure

(FAAM)–Activities of Daily Living and Sport subscales; the
anterior-, posteromedial-, and posterolateral-reach directions of
the Star Excursion Balance Test; and static balance. Patients
completed 3 test sessions: baseline, 24- to 48-hour posttest, and
1-week posttest. Repeated-measures analyses of variance were
used to assess changes over time. The a level was set at .05.

Results: The FAAM–Activities of Daily Living subscale
score was improved at both posttests (P , .05), and the
FAAM-Sport subscale score was improved at the 1-week
posttest (P ¼ .008). Balance was better in all 3 directions of
the Star Excursion Balance Test at both posttest sessions (P ,

.001). After balance training, no differences were identified in
cortical activity at either posttest session (P . .05).

Conclusions: No improvements were identified in electro-
encephalography measures of motor planning during lateral
stepping in patients with CAI. Improved balance suggested that
sensorimotor adaptations occurred, but they may not have
transferred to the lateral-stepping task or they may have been
mediated via other processes in patients with CAI.

Key Words: coordination, electroencephalography, senso-
rimotor control, treatment mechanisms

Key Points

� Sensorimotor control and patient-reported outcomes of perceived function and health-related quality of life improved
after a 4-week balance-training program in patients with chronic ankle instability.

� Improvements in patient-reported outcomes, dynamic balance, and static balance were observed at the 1-week
posttest.

� No changes were evident in premovement cortical activity, as measured by event-related spectral perturbations,
after the balance-training program.

A
long-term consequence of lateral ankle sprains is

chronic ankle instability (CAI), which is estimated
to occur in about 40% of individuals who sustained

a lateral ankle sprain.1 The hallmark symptoms of CAI are
recurrent ankle sprains and reports of instability or giving
way,2 which may considerably limit an individual’s ability
to remain physically active.3 Repetitive damage to the
ankle-joint complex results in a variety of impairments,
including altered sensorimotor function.4–6 Researchers
have suggested that these patients may adopt a conservative

approach to motor planning, as evidenced by decreased
displacement of the center of pressure (COP) during gait
initiation4 and altered neuromuscular activation during
planned gait termination.7 Furthermore, Van Deun et al5

reported that individuals without CAI activated their
muscles before transitioning from double- to single-limb
support, but patients with CAI activated the shank muscles,
such as the fibularis longus, tibialis anterior, and gastroc-
nemius, after movement began. Changes in corticomotor
excitability of muscles, such as the fibularis longus8 and
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soleus,9 indicate that long-term changes in cortical function
may occur in patients with CAI. The excitability of the
motor cortex appears to be related to the sensorimotor
activity of the cortex, even in individuals without CAI.
Needle et al10 demonstrated that participants without CAI
and with decreased corticomotor excitability of the soleus
displayed greater somatosensory cortical activity during
early joint loading. Among patients with CAI, these cortical
adaptations may result from ligamentous trauma, as
investigators have also identified decreased corticomotor
excitability11 and somatosensory activity12 in patients with
anterior cruciate ligament deficiency (for a review, see
Needle et al13). Taken together, altered motor planning,
execution, and sensory processing may represent the
underlying mechanisms for one of the most commonly
described impairments in the population with CAI:
balance.6 Understanding the mechanisms behind balance
impairments is important because poor balance, which is a
modifiable risk factor, places one at up to 4 times greater
risk of ankle injury.14

Impaired balance in patients with CAI can be improved
after balance training.6,15–17 Whereas multiple balance-
training programs have been developed, researchers have
recommended that the sensorimotor system be progressive-
ly challenged to develop motor ‘‘solutions’’ to new motor
‘‘problems’’ by increasing the difficulty of motor tasks after
movement proficiency is demonstrated.15,18 Progressively
increasing the difficulty of hopping and balance exercises
may be beneficial, as it may allow the sensorimotor system
time to adapt to more challenging tasks.18 Dynamic
exercises included in balance-training programs, such as
hopping, require effective motor-planning strategies; when
these exercises are incorporated into balance-training
programs, progression to higher levels of difficulty may
reflect improvements in motor planning. In other words,
this represents a greater ability to plan for and achieve a
movement goal without errors when individuals encounter
increased constraints, such as increased hopping distance or
an unstable landing surface. Some transfer of these benefits
to common tasks, such as gait, also occurs. McKeon et al19

reported improvements in shank and rearfoot coupling (ie,
coordination) during walking after participants underwent 4
weeks of balance training. This improvement may represent
better motor planning and execution. Similarly, increases in
reach distance during the Star Excursion Balance Test
(SEBT)15–17 may be due, in part, to improved motor
planning. Whereas direct evidence is lacking among
patients with CAI, these results suggest that motor-planning
processes can be modified using common therapeutic
interventions.

Over the past decade, investigators have studied the
neural mechanisms of balance training using a variety of
laboratory techniques. Taube et al20 hypothesized that, after
balance training, the cerebral cortex has a decreased role
and greater emphasis is placed on activity in the subcortical
structures. Researchers have used electroencephalography
(EEG) to investigate adaptations in cortical activity after
skill and balance training. The EEG measures the electrical
fields generated by the coordinated activity of large
populations of neurons and can be used to infer motor-
planning processes using time-frequency analysis. A
popular time-frequency analysis is the calculation of an
event-related spectral perturbation (ERSP), which is a

normalized change of signal power within a given
bandwidth of activity (eg, h, a, b, c). For instance, Schattin
et al21 found that h-band activity (4–8 Hz) was decreased
after balance training in older adults. This cortical activity
is thought to reflect executive functions, as well as
movement selection and initiation.22 Activity in the a (8–
12 Hz) and b (14–25 Hz) bands has long been accepted as
sensorimotor rhythms representing movement preparation
and planning.23,24 Activity in these 2 bands was depressed
(ie, smaller decrease in spectral power) after task training,
which may indicate more automaticity in motor-planning
processes.25,26 High-frequency c-band activity (.30 Hz),
which is thought to represent cortical arousal (ie,
processing) during motor tasks,24 has also been shown to
decrease after training.25

Together, the evidence suggests that beneficial neuro-
plasticity may be present after a common intervention used
for CAI rehabilitation based on the changes in spectral
power that have been observed. The neuroplasticity
observed in older adults21 and individuals without
CAI25,26 may represent a less-constrained movement
pattern and a more-automated motor-planning process
because the influence of the premotor cortex or supple-
mentary motor area, or both, which are thought to constrain
movement patterns, has been reduced (ie, decreased cortical
activity).13 Patients with CAI have constrained sensorimo-
tor systems (eg, poor balance) that appear to respond well
(ie, balance improves) to common therapeutic interven-
tions, such as balance training.6,15 However, we do not have
evidence to support these proposed adaptations of cortical
activity in patients with CAI because the neural mecha-
nisms of therapeutic interventions have not been investi-
gated. Therefore, the purpose of our study was to evaluate
measures of motor-planning change in patients with CAI
who completed a progressive15 balance-training program.
Specifically, we assessed the response in cortical activity,
measured by EEG, before a lateral-stepping task previously
described in CAI research.5,27 We calculated ERSPs in the
h (4–8 Hz), a (8–12 Hz), b (14–25 Hz), and c (30–50 Hz)
bands to measure the change in power before movement
initiation. Based on the literature,20,21,25,26,28 we hypothe-
sized that the amount of cortical activity would be
decreased before lateral stepping after the intervention.
Specifically, we hypothesized that a- and b-band activity
would increase and h- and c-band activity would decrease
after patients completed 4 weeks of balance training. We
also wanted to examine the retention of balance improve-
ments after balance training. To accomplish this, we
assessed both EEG and balance outcomes within 24 to 48
hours of completing the balance-training program and again
1 week later. Delayed improvements in balance and patient-
reported function (ie, delayed acquisition) have been
reported after therapeutic interventions in patients with
CAI.16,29 Given these results, we anticipated that we would
observe a greater amount of measurable improvement in
balance at 1 week after patients completed the intervention
than at 24 to 48 hours postintervention.

METHODS

Design

This report is part of a larger investigation of cortical
activity and treatment responses among patients with CAI.
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We used a pretest-posttest with repeated-measures design.
All patients were tested 3 times: at baseline (before the
intervention), immediately posttest (24–48 hours post-
intervention), and at 1-week posttest (1 week after the
immediate posttest). The immediate and 1-week posttests
were conducted after patients had completed the 4-week
balance-training program (Figure 1).

Participants

A total of 15 physically active patients with self-reported
CAI participated in this investigation (Table 1). This study
was powered to detect improvements in balance after
training, with a minimum recommendation of 13 partici-
pants (effect size ¼ 0.33, b ¼ .8, a ¼ .05). Consistent with
the recommendations of the International Ankle Consor-
tium,30 we defined a patient with CAI as having sustained at
least 1 lateral ankle sprain, experienced at least 2 episodes
of the ankle giving way in the 6 months before the
investigation, and scored at least 11 on the Identification of
Functional Ankle Instability instrument. Individuals with
both unilateral and bilateral CAI were eligible for this
investigation. In patients with bilateral CAI, the limb with
the lower scores on the Foot and Ankle Ability Measure
(FAAM)–Activities of Daily Living (FAAM-ADL) and
Sports (FAAM-Sports) subscales was used as the training
limb.15 Scores on the FAAM-ADL and FAAM-Sports were

Figure 1. Description of test sessions and study design. Perceptual and balance testing were always performed on day 1 and
electroencephalography testing was performed on day 2 to minimize fatigue.

Table 1. Participant Demographics

Measure No. (%)

Sex

Male 7 (46.67)

Female 8 (53.33)

Mean 6 SD

Age, y 20.80 6 2.37

Height, cm 169.47 6 7.95

Mass, kg 70.45 6 19.25

No.

Lateral ankle sprains 2.67 6 2.02

Ankle rolls in the 6 mo before the study 4.93 6 3.31

Score

Identification of Functional Ankle Instability 18.33 6 4.47

Tampa Scale for Kinesiophobia—11 items 19.60 6 4.34

Fear-Avoidance Beliefs Questionnaire 10.00 6 3.91

Percentage

Foot and Ankle Ability Measure

Activities of Daily Living subscale 88.11 6 6.04

Sports subscale 76.88 6 14.11
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not used as inclusion criteria. Exclusion criteria were
known balance and vision problems, acute lower extremity
or head injury within 3 months of study enrollment, a
history of concussion, any chronic musculoskeletal condi-
tion known to affect balance (eg, anterior cruciate ligament
deficiency), a history of lower extremity musculoskeletal
surgery, or any other neurologic condition that might affect
postural control (eg, diabetes) or EEG signal analysis (eg,
epilepsy). All participants provided written informed
consent, and the study was approved by the University of
North Carolina–Charlotte Institutional Review Board.

Test Protocol

At the baseline session, participants were provided with a
description of the investigation. They completed the same
battery of tests at each of the 3 time points to assess
perceptual, balance, and cortical outcome measures (Figure
1). The assessments took place over 2 days, with perceptual
and balance testing (30 minutes) on day 1 and EEG testing
(75–90 minutes) on day 2. Two days were allocated to
reduce the potential that fatigue from the balance testing
would affect the EEG signal during testing.

Perceptual and Balance Testing. Perceptual testing
comprised 4 patient-oriented outcomes (PROs): the FAAM-
ADL and FAAM-Sports to assess region-specific perceived
function and the 11-item Tampa Scale for Kinesiophobia
(TSK-11) and Fear-Avoidance Beliefs Questionnaire phys-
ical activity subscale (FABQ) to assess psychosocial
aspects of the patients’ health-related quality of life. The
FAAM-ADL and FAAM-Sports were graded using a 4-
point scale of Likert-style responses, with scores of 100%
representing no perceived disability and 0% representing
complete disability.31 The FAAM is a valid PRO for testing
perceived function over the past week among patients with
CAI.31 Whereas responsiveness has not been specifically
defined for these individuals, minimal clinically important
differences (MCIDs) of 8 and 9 points on the FAAM-ADL
and FAAM-Sports, respectively, have been established.32

The TSK-11 was graded based on the shortened 11-item list
of questions. Scores range from 11 to 44, with higher scores
indicating a greater fear of reinjury or movement or both.33

Although this tool has not been validated for use among
patients with CAI, the suggested MCID is 4 points.33 The
FABQ physical activity score was the sum of the answers to
the first 5 items on the full FABQ. Scores range from 0 to
30, with higher scores indicating worse perceived function
due to pain.

Balance was assessed using the SEBT and instrumented
force-platform trials of single-limb balance. The SEBT was
performed in the anterior (SEBT-A), posteromedial (SEBT-
PM), and posterolateral (SEBT-PL) directions. Participants
completed 4 practice trials before the average of 3 test trials
was used for analysis.34 Reach distance was normalized to
limb length, which was measured as the distance between
the anterior-superior iliac spine and the ipsilateral medial
malleolus.34 The MCID has not been established in patients
with CAI; however, the minimal detectable change scores
have been reported as 6.86% for SEBT-A, 8.15% for
SEBT-PM, and 7.11% for SEBT-PL.35 Single-limb balance
was measured on a force platform during three 10-second
trials of eyes-open and eyes-closed balance with the hands

on the hips, the hip flexed to 458, and the knee flexed to 908.
All test trials were performed on the training limb.

Electroencephalography Testing. Cortical activity was
measured while patients completed a lateral-stepping task.
We chose this task because it has been associated with
impairments in patients with CAI5,27 and evaluated using
EEG in adults without CAI.36 Patients stood within a
shoulder-width box drawn on a force platform with their
hands relaxed and hanging by their sides. On oral cue, they
transitioned from double- to single-limb support and
maintained single-limb balance for approximately 6
seconds. Given that this study was part of a larger
investigation, both limbs were tested in a computer-
generated random order; therefore, the oral cue that the
patient received was ‘‘right’’ or ‘‘left.’’ An individual trial
lasted 8 seconds, and the oral cue was delivered between 1
and 2 seconds after the trial began. Patients were instructed
to distribute weight equally between their limbs and not
move until the oral cue. A total of 4 testing blocks with a 4-
minute seated break between blocks was completed. Each
block consisted of 60 trials for a total of 240 trials, with 120
trials completed on each limb. Only trials for the trained
limb were included in this analysis.

Force-platform data were collected using an Accusway
force platform (AMTI Inc, Watertown, MA) connected to a
laptop computer using a PJB-101 interface (AMTI Inc).
Data for the static-balance trials were recorded with
BalanceClinic software (version 1.4.2; AMTI Inc) at 50
Hz, and data for EEG testing were sampled at 200 Hz using
NetForce software (version 3.5.3; AMTI Inc). NetForce
was used for the lateral-stepping task because it allows
external triggering for synchronizing EEG and force-
platform data.

We collected the EEG data using a 32-channel Quick-
Cap (Compumedics Neuroscan, Charlotte, NC) connected
to a 40-channel NuAmps (Compumedics Neuroscan) digital
EEG amplifier. A custom montage was used to collect data
from 14 EEG channels (FP1, FP2, F3, Fz, F4, FC3, FCz,
FC4, C3, Cz, C4, CP3, CPz, CP4), 4 electro-oculographic
channels placed above and below the left eye and lateral to
each eye, and 2 earlobe clip electrodes (A1, A2). The linked
A1/A2 earlobe clip electrodes served as references for all
EEG recordings and analyses. Electrode impedance was
maintained at less than 5 kX throughout testing. The EEG
signals were amplified at a gain of 19, filtered at DC 400
Hz, sampled at 1000 Hz in Curry 7 software (version 7.0.9;
Compumedics Neuroscan) on a dedicated computer, and
saved for offline analysis. Force-platform and EEG data
were synchronized using a custom-built trigger device that
delivered a 4.8-V transistor-transistor–logic pulse simulta-
neously to the NuAmps amplifier and the PJB-101 force-
platform interface system. The transistor-transistor–logic
pulse created an event code in the continuous EEG file and
triggered the beginning of the trial in NetForce, resulting in
a single file for each lateral-stepping trial.

Balance-Training Intervention

All patients completed the 4-week balance-training
program developed by McKeon et al.15 This program
consists of twelve 20-minute sessions comprising 5
exercises over a 4-week period. These exercises were 2
hopping exercises completed in 4 directions: anterior-
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posterior, medial-lateral, anterolateral-posteromedial, and
anteromedial-posterolateral.15 The specific exercises were
the hop to stabilization (10 repetitions per direction), during
which patients hopped to a target and stabilized before
hopping back, and the hop to stabilization and reach (5
repetitions per direction), which was the same as the hop to
stabilization but with a dynamic-reaching component for
the nonstance limb.15 Patients also completed an unantic-
ipated hop-to-stabilization exercise (3 repetitions), during
which a randomly generated digit (range, 1–9; dial-pad
layout) appeared on a screen and patients hopped to the
target and stabilized.15 The program includes static single-
limb eyes-open and eyes-closed balance exercises of
varying difficulty (3 repetitions each).15 This program is
designed to continually challenge the sensorimotor system
by manipulating both task (eg, hop distance) and environ-
mental (eg, support-surface) constraints. Progressions
occurred only after patients displayed proficient (ie, error-
free) movement for every repetition of an individual
direction or exercise, or both, during a training session.
Progressions in exercise difficulty were exercise specific
but included increases in hop distance, hopping with the
hands on the hips, increasing the duration of the balance
activities, the addition of unstable surfaces, or all of these.15

Progression was determined independently for each exer-
cise and direction within an activity by the same certified
athletic trainer (C.J.B.). Complete descriptions of the
exercises and progression have been presented in a previous
study.15

Data Analysis and Outcome Measures

Static-balance trials were analyzed using the Balance-
Clinic software, and outcomes included the path length of
the COP (in centimeters), peak velocity (in cm/s) in the

anteroposterior and mediolateral (ML) planes, and the 95%
confidence ellipse of the COP area (in cm2). For the lateral-
stepping trials, we used a modified version of the time to
new stability (TNS) that was originally described by
Dingenen et al27 (Figure 2A). Given the software
restrictions for external triggers, the force platform went
to zero before each trial, making it impossible to capture
accurate vertical force values and subsequently calculate
COP during these trials. However, analysis of our data and
subsequent follow-up testing in our laboratory revealed that
the data from the force-moment channels (Mx and My)
during the zeroed-out trials were very strongly correlated
with the COP locations during the stepping task (Figure
2B). Therefore, we used the Mx and My channels to
calculate the TNS outcome.27 The duration of the
anticipatory postural adjustment was also calculated
(Figure 2A).

We processed the EEG data using Curry 7 and MATLAB
(version R2016a; The MathWorks, Inc, Natick, MA). We
used Curry 7 for baseline and ocular artifact correction and
exported the data into MATLAB for further processing
using scripts in EEGLAB (version 13.6.5b; The Math-
Works, Inc).37 The data were low-pass filtered at 100 Hz to
remove trigger artifact and segmented into 3-second epochs
around the initiation of the double- to single-limb transition
(�1500 to 1500 milliseconds). Baseline activity (�1200 to
�1000 milliseconds) was subtracted from each epoch,36 and
each epoch was visually inspected by a single, nonblinded
investigator (C.J.B.). Trials with excessive noise or
substantial movement artifact in any channel were rejected.
To attain a signal-to-noise ratio similar to that of Varghese
et al,36 a minimum of 40 trials per participant was required
for analysis. All participants met this criterion (minimum¼
42, median¼ 52, maximum ¼ 69 trials).

Figure 2. A, The onset of the lateral step (ON) is identified when the mediolateral (My) moments begin shifting toward the nonstance limb.
The crossing point (CP), which is the point where the coordinates of the moment cross ON, is also present. The cumulative displacement
of each successive point from the average position of the anteroposterior (Mx) and My signal before ON is then calculated. The time to new
stability (TNS) is identified after the cumulative displacement becomes and stays less than 0.25 SDs of the cumulative displacement at the
end of the trial. The full calculations can be seen in the original report.4 The duration of the anticipatory postural adjustment outcome was
calculated as the time (in milliseconds) between ON and CP, which represents the duration of the initial anticipatory postural adjustment.
B, The trace of the graphed Mx and My moments can be seen. The similarity to the trace observed in center-of-pressure data meant that the
TNS outcome as described by Dingenen et al27 could be calculated, which is why no units are given.
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An EEG signal comprises multiple frequency compo-
nents. An ERSP analysis is a time-frequency transform that
computes the change in signal power at each frequency
from baseline for an event to represent event-related change
in activity. The power of the EEG signal can change when
an increase or decrease occurs in the synchronized activity
of large populations of neurons.24 In this investigation, the
ERSP was calculated for the 500-millisecond window just
before the initiation of the lateral step (ie, the event) with
respect to the spectral power that occurred 1200 to 1000
milliseconds before initiating the lateral step (ie, the
baseline activity).36 These values, log transformed to
decibels, were grand averaged across the 500-millisecond
window before the lateral step in 4 bands of activity: h (4–8
Hz), a (8–12 Hz), b (14–25 Hz), and c (30–50 Hz; Figure
3). These frequency bands were selected because of their
roles in sensorimotor processing and movement prepara-
tion.22,24,36 A decrease in upper a and b power represents an
increase in cortical excitability, whereas an increase in c
power represents rapid sensorimotor processing.24 In-
creased h oscillations are commonly associated with
executive functions and decision making21; however, recent
evidence22 has suggested that they may reflect movement
selection and initiation. The ERSP was calculated sepa-
rately for all 4 bands at the Cz electrode.36 The central
electrodes are most commonly evaluated during sensori-
motor tasks,24,36 and the Cz is located closest to the
premotor and supplementary motor cortex. Therefore,
activity from this electrode best represents motor-planning
processes and minimizes the influence of other ongoing
brain processes that may be detected because of volume
conduction of the EEG signal.

Statistical Analysis

All outcome measures were analyzed with 1-way
(baseline, immediate posttest, 1-week posttest) repeated-
measures analyses of variance. The Tukey honestly
significant difference was used for post hoc testing when
indicated. Change scores were calculated for the immediate
and delayed response to treatment as immediate posttest
minus baseline and 1-week posttest minus baseline. Hedges

g effect sizes and 95% confidence intervals (CIs) were also
calculated for the immediate and delayed treatment
responses as immediate posttest minus baseline and 1-
week posttest minus baseline. Effect sizes were interpreted
as weak (�0.40), moderate (0.41–0.69), or strong
(�0.70).38 We set the a level at .05, and all statistical tests
were performed in SPSS (version 23; IBM Corp, Armonk,
NY).

RESULTS

Perceptual Outcomes

Means and standard deviations of all outcome measures
and the change scores and Hedges g effect sizes with 95%
CIs are presented in Table 2. We observed an effect of time
in FAAM-ADL (F2,28 ¼ 6.903, P ¼ .005), FAAM-Sports
(F2,28 ¼ 6.456, P ¼ .02), and FABQ (F2,28 ¼ 5.615, P ¼
.009) scores. Relative to baseline, FAAM-ADL scores were
improved at the immediate (P ¼ .047) and 1-week (P ¼
.006) posttests. A delayed improvement in the FAAM-
Sports score was identified at 1-week posttest relative to
baseline (P ¼ .008). The FAAM-Sports score also showed
improvement between the immediate and 1-week (P ¼
.004) posttests, but it was not clinically important.29

Improvements were observed in FABQ scores at the
immediate (P ¼ .01) and 1-week (P ¼ .009) posttests
compared with baseline. No changes were identified for
TSK-11 scores (P . .05).

Balance Outcomes

Effects of time were identified in SEBT-A (F2,28¼ 29.40,
P , .001), SEBT-PM (F2,28¼ 20.76, P , .001), SEBT-PL
(F2,28¼21.21, P , .001), eyes-open COP path length (F2,28

¼ 5.81, P ¼ .008), eyes-open ML peak velocity (F2,28 ¼
6.70, P ¼ .004), and eyes-closed COP path length (F2,28 ¼
3.53, P¼ .043). The SEBT reach distance was improved at
both posttest sessions compared with baseline (P , .05).
Compared with baseline, eyes-open COP path length (P ¼
.02) and ML peak velocity (P¼ .009) and eyes-closed COP
path length (P¼ .02) were improved at 1-week posttest but

Figure 3. The grand averaged (n ¼ 15) event-related spectral perturbations output at each time can be seen. A, Baseline. B, Immediate
posttest. C, 1-week posttest. a c Band (30–50 Hz). b b Band (14–25 Hz). c a Band (8–12 Hz). d h Band (4–8 Hz). More blue colors indicate a
decrease in signal power, and therefore an increase in activity in frequencies less than 30 Hz. Yellow to red colors indicate a decrease in
activity in frequencies less than 30 Hz. Increased activity in the c band (30–50 Hz) is indicated by more yellow and red colors, whereas
decreased activity in the c band is indicated by more green and blue colors.
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were not different at immediate posttest. Therefore, we
considered the improvements to be delayed. No differences
were identified in either the TNS or duration of anticipatory
postural adjustment outcome among any test sessions (P .
.05).

Electroencephalography Outcomes

No differences in premovement cortical activity were
noted at either time after balance training (P . .05).
Hedges g effect sizes ranged from�0.21 to 0.35, indicating
a weak effect. The 95% CIs included zero for all EEG
effect sizes (Table 2).

DISCUSSION

Contrary to our hypothesis, we did not observe any
changes in premovement cortical activity after patients with
CAI completed 4 weeks of balance training. We identified
improvements in PROs, SEBT performance, and instru-
mented balance outcomes, which are consistent with results
reported for this balance-training program in the litera-
ture.15–17 Our findings suggested that perceptual and
balance improvements among patients with CAI were not
mediated by changes in premovement cortical activity
during a lateral-stepping task.

Our ERSP measure of motor planning during a lateral-
stepping task did not change after balance training. We
expected to observe differences in the ERSPs based on
reports in the balance-training21 and skill-training25,26

literature. Our findings indicated that balance training did
not produce changes in cortical activity. However, the
differential responsiveness of our dependent variables
suggested that balance training may improve dynamic
balance. No improvements were identified in ERSP or
static-balance measures, but performance in all 3 directions
of the SEBT was improved. Whereas these balance
improvements were likely due to changes in central nervous
system (CNS) function, our ERSP analysis before a lateral-
stepping task did not reveal any changes in premovement
cortical activity. It is likely that changes to cortical activity
occurred but may not have transferred to the lateral-
stepping task. In other words, beneficial adaptations to
motor preparation or execution, or both, likely occurred for
tasks similar to those being trained but not for the lateral-
stepping task that we used to assess cortical changes. For
example, the hop-to-stabilization-and-reach task and the
SEBT share a similar reaching component. It is also
possible that our methods of grand averaging ERSPs across
the entire band may not be the ideal approach for tracking
neurophysiological changes after interventions. Cortical
oscillations (eg, a and b bands) are known to have large
interindividual differences in peak activity within a given
band.24 For example, patient A may have had peak a
activity around 11 Hz, and patient B may have had peak a
activity around 9 Hz. Researchers39 have suggested that
these a peaks may shift according to the demand or
difficulty of a balance task. Therefore, identifying the peak
frequency for each patient and the response to balance
training may be a more sensitive approach than averaging
the activity across an entire band.

Another possible reason why we observed changes in
balance but not cortical activity is that these changes may
be mediated via other mechanisms. This may include an

upregulation in sensory processing and muscular coordina-
tion in subcortical structures, such as the basal ganglia or
cerebellum,20 which is not easily measured with EEG.
Another option is that balance improvements occur due to
adaptations at the spinal level. Both gait19,21 and balance6

improved after balance training, and these tasks rely on
spinal-level activation of muscle synergies through either
afferent or efferent input. Intricate networks of interneurons
help to regulate the activation of the muscle synergies, and
it is likely they are susceptible to neuroplastic changes after
balance training. Researchers should explore alternative
approaches to evaluating EEG activity or combining EEG
and other measurement modalities, such as Hoffman-reflex
testing, transcranial magnetic stimulation, magnetic reso-
nance imaging, or all of these, to improve our understand-
ing of the CNS adaptations that result from balance
training.

The research in which investigators have used EEG to
examine how balance training affects the CNS is limited.
Schattin et al21 noted that exergaming decreased prefrontal
h activity more than standard balance training in older
adults; however, the magnitude of this decrease was not
different in the balance-training group. The results of
Schattin et al21 and our study may indicate that balance
training is not a robust enough intervention to cause large-
scale changes to cortical activity. We identified improve-
ments in balance (Table 2), and Schattin et al21 reported
greater improvement in gait measures in the balance-
training group, yet these were paired with minor changes in
h activity. The remaining frequency bands analyzed (D,
lower a, upper a, and b) did not change in either group.21

Whereas h activity has been implicated in movement
selection and execution, it has also traditionally been
accepted as a rhythm representing executive function in the
frontocentral regions of the brain.22 Therefore, the findings
reported in the literature may represent an improvement in
the age-related decline in executive functioning rather than
adaptations to motor functions. Another possible explana-
tion for why we did not observe changes in our ERSP
measures is that patients with CAI may not have
impairments in premovement cortical activity measured
with EEG. Although researchers using peripheral outcomes
(eg, electromyographic and kinetic) have suggested that
alterations to or impaired motor planning were present in
patients with CAI,5,7 these may not be drastic enough to be
detected by EEG measures or the gains may not have
transferred from balance-training exercise to the lateral-
stepping task used in this investigation. Therefore, as a
field, we are limited by not knowing whether differences in
cortical activity exist between uninjured controls and
patients with CAI before or during a lateral-stepping task.

We observed improvements in PROs, SEBT, and static
balance more frequently at the 1-week posttest (Table 2).
This supports the idea that the benefits of balance training
take time to mature after treatment.16,40 We identified
improvements in PROs (FAAM-Sports) and instrumented
balance measures (eyes-open COP path length and ML
peak velocity and eyes-closed COP path length) at 1-week
posttest that were not present at the immediate posttest,
which was consistent with previous findings.16 Whereas
delayed improvements have been identified in participants
without CAI,40 these studies are often designed to evaluate
motor learning, as opposed to studies of patients with CAI
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that are more focused on improving clinically important
outcomes (eg, balance). Thus, it is not possible to determine
whether delayed improvements in balance are a natural
response to balance training or attributed to impairments in
patients with CAI.

The mechanisms of these delayed improvements are not
well understood; however, they may represent the time the
sensorimotor system needs to fully develop new movement
strategies based on the feedback obtained during the
training period. Regardless of the underlying mechanism,
this pattern of delayed improvements may have clinical
implications. For example, the FAAM assesses the
perception of function over the past week,31 so immediate
postintervention assessments would not capture all benefits
of the entire intervention. Although it is impractical to wait
a week before assessing the outcome of an intervention in
clinical practice, our results and the existing literature could
support the concept of serial testing to quantify continued
improvements, retention, or the need for a training bolus
because of performance declines.

Several additional limitations should be considered when
interpreting our results. An unintended consequence of the
data-collection protocol was that we were unable to include
certain outcome measures. The motor-related cortical
potential (MRCP) is an event-related potential that precedes
movement, and it has been measured during lateral
stepping.36 In our study design, a patient had to respond
to an oral command of ‘‘right’’ or ‘‘left’’ and then execute
the lateral step. Under this protocol, the patient could have
prepared for lateral stepping to either limb. This choice-
response study design results in an event-related potential
called contingent negative variation that is different from
the MRCP, which is a measure of motor planning that is
observed during self-initiated movements.36 The electrode
montage that we used made it impractical to perform an
independent-components analysis on the data because of
the small number of channels. This limited our ability to
isolate the movement-related activity from movement
artifacts. The independent-components analysis is a com-
putational method that can be used to clean data by
isolating and correcting movement artifacts, but it can also
be used to analyze specific components, such as the isolated
MRCP reported during lateral stepping.36 However, we
believe that minimal movement artifact was present, as we
analyzed only activity before movement and discarded
contaminated trials. Lastly, this report is part of a larger
investigation that was powered a priori to detect balance
improvements among 15 patients with CAI. It is possible
that this small sample size and limited variability among
patients may have masked cortical differences that could be
identified with larger sample sizes; therefore, given our
largest effect size (Hedges g ¼ 0.35), we suggest
investigators include at least 25 patients with CAI when
analyzing cortical adaptations to balance training.

CONCLUSIONS

A 4-week balance-training program improved sensori-
motor control and PROs of perceived function and health-
related quality of life in patients with CAI. Improvements
were more pronounced 1 week after completing the
intervention, possibly indicating the presence of a buffering
period during which patients fully integrated their newly

acquired skills into their full repertoire of movement
patterns to maximize motor control. However, a 4-week
balance-training program did not alter motor planning as
measured by ERSP in patients with CAI. Given this lack of
responsiveness, ERSP may not be the best outcome for
assessing treatment efficacy in patients with CAI. Based on
our findings of delayed improvements in balance, a follow-
up may be necessary to assess the full treatment effect of
the intervention(s) used when determining return to
participation for these patients.
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