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Our purpose was to analyze the effects of 4 weeks of visual gait biofeedback (GBF)
and impairment-based rehabilitation on gait biomechanics and patient-reported out-
comes (PROs) in individuals with chronic ankle instability (CAI). Twenty-seven
individuals with CAI participated in this randomized controlled trial (14 received
no biofeedback (NBF), 13 received GBF). Both groups received 8 sessions of im-
pairment-based rehabilitation. The GBF group received visual biofeedback to re-
duce ankle frontal plane angle at initial contact (IC) during treadmill walking. The
NBF group walked for equal time during rehabilitation but without biofeedback.
Dependent variables included three-dimensional kinematics and kinetics at the
ankle, knee, and hip, electromyography amplitudes of 4 lower extremity muscles
(tibialis anterior, fibularis longus, medial gastrocnemius, and gluteus medius), and
PROs (Foot and Ankle Ability Measure Activities of Daily Living (FAAM-ADL),
FAAM-Sport, Tampa Scale of Kinesiophobia (TSK), and Global Rating of Change
(GROC)). The GBF group significantly decreased ankle inversion at IC (MD:-7.3°,
g = 1.6) and throughout the entire stride cycle (peak inversion: MD:-5.9°, g = 1.2).
The NBF group did not have significantly altered gait biomechanics. The groups were
significantly different after rehabilitation for the FAAM-ADL (GBF: 97.1 + 2.3%,
NBF: 92.0 + 5.7%), TSK (GBF: 29.7 + 3.7, NBF: 34.9 + 5.8), and GROC (GBF:
5.5 + 1.0, NBF:3.9 + 2.0) with the GBF group showing greater improvements than
the NBF group. There were no significant differences between groups for kinetics
or electromyography measures. The GBF group successfully decreased ankle inver-
sion angle and had greater improvements in PROs after intervention compared to
the NBF group. Impairment-based rehabilitation combined with visual biofeedback

during gait training is recommended for individuals with CAL
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1 | INTRODUCTION

Following an initial lateral ankle sprain, 40% of individu-
als develop chronic ankle instability (CAI)' which involves
feelings of instability, decreased self-reported function, and
recurrent sprains.2 Several deficits associated with CAI in-
clude diminished range of motion (ROM), postural control,
and strength.3 Rehabilitation protocols for intervention stud-
ies have typically focused on a single treatment domain such
as balance, ROM, or strength and appear to improve the out-
comes in that treatment domain specifically.*® Impairment-
based rehabilitation targets individualized patient deficits and
has previously shown to improve a variety of patient-oriented
and clinically oriented outcomes associated with CAL"®

Individuals with CAI have demonstrated a more inverted
ankle position during walking compared to ankle sprain cop-
ers (4—6")9 and healthy controls (6-7°). 10 When the ankle is in-
verted during the swing phase just prior to initial contact (IC),
it may be susceptible to incurring an inversion ankle injury.
Video capture of lateral ankle sprains occurring in athletes
has identified that excessive ankle inversion and internal ro-
tation were consistent mechanisms of injury for lateral ankle
sprains.”’12 Gait deficits have been targeted with strength or
balance training but such interventions have not successfully
corrected the impaired frontal plane kinematics.'® Davis and
Futrell'* suggested that strength training without neuromus-
cular reeducation rarely translates to changes in movement
patterns. Therefore, targeted gait training strategies may be
necessary to change gait mechanics.

Only two published studies have used biofeedback as a gait
training method to address deficits associated with CAL'>'®
Donovan et al'® instructed participants to walk in a way that
would not trigger an audible cue when lateral plantar pressure
forces became too high. Torp et al'® provided visual biofeed-
back using a shoe-mounted laser and instructed participants to
keep the projection in a vertical position. When participants
received biofeedback, pressure on the lateral aspect of the foot
decreased'>1 demonstrating that individuals with CAI can
alter their gait mechanics while biofeedback is present. It is
unknown how gait training may improve gait mechanics after
several training sessions or when the biofeedback has been
removed for individuals with CAI. Reducing ankle inversion
during walking could potentially lower the risk of subsequent
lateral ankle sprains for individuals with CAIL. Adding gait
training to an impairment-based rehabilitation program may
further improve the patient's overall condition.

The purpose of this study was to analyze the effects of
4-weeks of a visual biofeedback intervention and impair-
ment-based rehabilitation on gait biomechanics, clinically
oriented measures, and patient-reported outcomes (PROs)
between gait biofeedback (GBF) and no biofeedback (NBF)
groups. We hypothesized that the GBF group would have a re-
duced ankle inversion angle at IC that would also translate to

a less inverted position throughout the remainder of the stride
cycle and that the NBF group would not change their gait ki-
nematics from baseline to follow-up time points. Additionally,
we hypothesized that the groups would have meaningful
changes in patient-reported and clinically oriented outcome
measures as measured by minimally important changes.

2 | MATERIALS AND METHODS

2.1 | Participants

Twenty-seven individuals with CAI completed this single-
blinded randomized controlled trial (Figure 1). Inclusion
criteria followed guidelines provided by the International
Ankle Consortium.” All participants had history of signifi-
cant lateral ankle sprain at least 12-months prior to study par-
ticipation, self-reported dysfunction (Foot and Ankle Ability
Measure (FAAM) Sport < 85%), and feelings of perceived
instability (Identification of Functional Ankle Instability
(IdFAI) >10) (Table 1).

Exclusion criteria included any history of lower extrem-
ity fracture or surgery, ankle sprain within past 6-weeks, any
conditions known to affect gait, pregnancy, and currently par-
ticipating in rehabilitation. This study was approved by the
university's Institutional Review Board and all participants
provided written informed consent prior to participation.

2.2 | Instrumentation

Three-dimensional kinematics were collected using 12 mo-
tion capture cameras (VICON motion systems) at 250Hz.
An instrumented treadmill (Bertec™) collected kinetic data
at 1000Hz. Wireless SEMG sensors (Delsys) collected at
2000Hz and a 10-500Hz bandpass filter and 50-sample aver-
age moving window were applied. Data were synchronized
using The MotionMonitor™ software (Innovative Sports
Training, Inc). A custom program (WorldViz) integrated
real-time kinematic data to generate the visual biofeedback
for the GBF group. Participants wore standardized labora-
tory shoes for all gait assessments (Brooks Defyance; Brooks
Sports, Inc).

Strength was assessed using a handheld dynamometer
(MicroFET?2, Hoggan Scientific). Static balance was assessed
using a pressure mat (MatScan™ Pressure Mat, Tekscan Inc)
sampling at 50 Hz.

2.3 | Procedures

Participants completed the following questionnaires prior
to participation to provide an assessment of how our
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FIGURE 1 Consort flowchart

Eligibility Assessment (n=104)
Questionnaires: Foot and Ankle Ability Measure (FAAM): Did not meet inclusion criteria (n= 68
Activities of Daily Living and Sports Subscales, Identification Fracture, surgery, high FAAM score, low
of Functional Ankle Instability (IdFAT), Patient Specific IdFAI score ’
Function Scale (PSFS), International Physical Activity
Questionnaire, Ankle Injury History
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TABLE 1 Patient demographics for the no biofeedback and
biofeedback groups (mean + SD)

No Biofeedback  Biofeedback

(n = 14) m=13)
Sex (Male:Female) 5:9 3:10
Age (years) 21.5+£3.0 2223 +3.8
Height (cm) 174.0 £ 10.7 167 + 8.8
Mass (kg) 72.1 +13.9 69.2 + 14.7
Total number of ankle sprains 4.6 + 3.7 4.1+20
Time since first sprain 89.7 +53.8 98.8 +51.2
(months)
Time since last sprain 15.0 +30.6 12.0 + 8.9
(months)

participant's perceived their ankle function and physical activ-
ity: FAAM Activities of Daily Living (ADL)," FAAM-Sport
Scale,l7 IdFAI,18 Tampa Scale of Kinesiophobia (TSK),19
International Physical Activity Questionnaire (IPAQ),ZO and
the Patient Specific Functional Scale (PSFS) (Figure 1).21
The Global Rating of Change (GROC)* and PSFS ques-
tionnaires were administered at the half-way (beginning of
session 5/8) and post-rehabilitation time points (at follow-
up visit) to provide an assessment of how our participant's

perceived improvements or lack of improvements in ankle
function during and after rehabilitation.

2.4 | Baseline & follow-up assessment

All assessments were performed by the clinicians that were
blinded to the treatment condition. Our gait assessment pro-
cedures have been previously published.9 Briefly, reflective
markers were placed on the lower extremities and segments
were digitized to identify the joint centers to assess the 3-D
kinematics and kinetics of the ankle, knee, and hip joints.
SEMG electrodes were placed over the muscle belly of the
tibialis anterior (TA), fibularis longus (FL), medial gastroc-
nemius (MG), and gluteus medius (GMed) on the limb with
CAI and placement was verified using a manual muscle test.
Data were normalized to a 5-second quiet standing trial.
Participants completed 5 minutes of walking warm-up prior
to collecting kinematics, kinetics, and SEMG simultaneously
for 60 seconds while walking at 1.3 m/s (3.0 mph). It has
been established that walking at various speed significantly
changes the kinematic motions and spatiotemporal aspects
of gait.9 Therefore, it was critical that the speed be standard-
ized for this study as we compared gait biomechanics at two
time points.
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Clinical assessments consisted of ROM, balance, and
strength. Passive ankle ROM was assessed using a standard
plastic goniometer to measure dorsiflexion, plantarflexion,
rearfoot inversion, and eversion.” Weightbearing dorsiflex-
ion was also measured.”

Participants performed 3 10-second trials of single limb
balancing on a force plate with their eyes open, and again
with their eyes closed. The average center of pressure area
(sz) and velocity (cm/s) of the 3 trials were calculated.
Dynamic balance was assessed using the SEBT in the ante-
rior, posteromedial, and posterolateral directions.”* A com-
posite SEBT score was calculated by combining the average
score for 3 trials in each direction.®

Isometric strength was assessed using established meth-
ods for ankle dorsiflexion, plantarflexion, inversion, ever-
sion, 1st toe flexion, toes 2-5 flexion,23 hip abduction, and
hip extension.”

2.5 | Randomization

After baseline data collection, participants were randomly
assigned to treatment groups (GBF or NBF) using a ran-
dom-number generator by an investigator not involved in
participant screening, outcome measurements, or interven-
tion administration (JH). Group assignments were placed in
sealed envelopes to conceal allocations. The supervising cli-
nicians (AFD, AHJ) for the impairment-based rehabilitation
were blinded to group status. Participants were not blinded to

3

group assignment, but were instructed not to discuss group
allocation with the rehabilitation clinician.

Participants began supervised impairment-based rehabil-
itation sessions within 1-week of the baseline assessment.
Follow-up assessments occurred 24-72 hours after comple-
tion of the last rehabilitation session.

2.6 | Impairment-based rehabilitation

Participants in the GBF and NBF groups performed 4-weeks
of impairment-based rehabilitation (8 sessions) modified
from Donovan et al® (Supplemental 1). Rehabilitation ses-
sions lasted approximately 1 hour. All participants walked
on the treadmill for the same amount of time at the end of the
rehabilitation session regardless of group allocation.

2.7 | Visual biofeedback

The goal of the GBF intervention was to reduce ankle inversion
at IC (Figure 2, Supplemental 2). The ankle inversion angle at
IC was projected as an oval onto a screen directly in front of
the treadmill and a maximum inversion threshold was progres-
sively decreased each session. The threshold for ankle inver-
sion angle at IC was set to reduce inversion by 20% for the first
session. If participants did not exceed the threshold for 10 con-
secutive strides and confirmed that this walking pattern was not
difficult, the threshold was increased for the next session. The

FIGURE 2 Participant setup for the
GBF sessions
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goal was to decrease the ankle inversion angle by up to 100%
which would reflect a neutral foot position at IC. During the
initial session, participants were instructed to avoid walking on
the outside of their foot so as not to exceed the inversion thresh-
old which was indicated when the biofeedback oval turned red.
The biofeedback schedule was adapted from Noehren et al.?
Participants received biofeedback for the entire walking exer-
cise during the first 4 sessions for 8, 12, 16, and 20 minutes.
Then biofeedback was decreased by 4 minutes per session of
the 4 subsequent 20-minute walking sessions (supplemental 2).
The maximum walking time was 20 minutes. All gait training
sessions were supervised by one investigator (RMK) who was
not involved in administering the rehabilitation protocol.

2.8 | Data processing

Ten consecutive strides from each walking trial were ana-
lyzed and reduced to 101 data points representing 0%-100%
of the gait cycle.9 sEMG data were normalized to quiet stand-
ing for each muscle.” All data processing was performed
using Matlab version R2018a (MathWorks, Inc).

2.9 | Statistical analysis
The sample size estimate revealed that 13 participants per
group were needed to identify large effects based on a be-
tween-group mean difference of 6.6° of inversion and stand-
ard deviation of 4.6° at IC during walking between control
and CAI participants.’

Descriptive statistics were calculated for group demo-
graphics using Statistical Package for Social Sciences (SPSS)
version 24.0 (SPSS, Inc). The gait measures were assessed

using the spmld Version 0.4 for one-dimensional statistical
parametric mapping (SPM) package for Matlab.**" A 2 x 2
group by time SPM repeated measures analysis of variance
and post-hoc SPM t-tests were used to compare gait biome-
chanics between the GBF and NBF groups. The a priori level
of significance was set at P < .05.

PROs, strength, balance, and ROM outcome measures at
post-rehabilitation were analyzed using separate analyses of
covariance with the baseline scores as the model covariate.
Hedge's g effect sizes were calculated to determine the mag-
nitude of difference. The effect sizes were interpreted as large
(>0.80), moderate (0.50-0.79), small (0.20-0.49), or trivial
(<0.19).%8

Odds ratios (OR) were calculated between the groups for
the change in ankle angle at IC and for PROs to determine
the likelihood of incurring a good outcome. The upper limit
of the 95% confidence interval for the coper group from our
prior study’ was determined to be a “desired” outcome for
ankle angle at IC for the OR calculation. A score of >3 on the
GROC, >8% increase on the FAAM-ADL,17 >9% increase
on the FAAM-Sport,17 and >6-point decrease on TSK?® was
used as the “desired” outcome for the OR calculation for the
PROs.

3 | RESULTS

There were no significant differences between the groups
for patient demographics at baseline (Table 1). Three par-
ticipants dropped out of the study. Two participants indi-
cated that the study took too much time and 1 participant
was relocated for work and could no longer travel to the
study visits. The dropout participants were not included in
any analyses.

TABLE 2 Patient-reported outcomes for the no biofeedback and biofeedback groups (mean + SD) and Hedges g effect sizes with 95%

confidence intervals

No Biofeedback Group Biofeedback Group
Group Main Between Groups

Pre- Post- Pre- Post- Effect Hedges g
Variable rehabilitation rehabilitation rehabilitation rehabilitation P Value Effect Size
FAAM-ADL (%) 85.6 (8.9) 92.0 (5.6) 89.8 (7.8) 97.1 (2.3) .016 1.00
FAAM-Sport (%) 64.3 (15.0) 80.1 (11.9) 70.3 (16.0) 86.3 (8.4) .170 0.53
IdFAI 21.8(3.3) 20.9 (3.5) 21.8 (4.5) 19.2 (4.5) 252 0.45
TSK 35.4(5.8) 34.9 (5.7) 33.1(5.1) 29.7 (3.7) .016 1.00
IPAQ (MET) 4735.6 (1946.9)  4846.1 (1972.8)  5223.5(3774.5)  5035.3 (2248.3)  .788 0.05
GROC Mid-Rehab - 2.3 (2.0) - 3.5(1.2) .076 0.69
GROC Post-Rehab - 3.92.0) - 5.5(1.1) .022 0.92
PSFS Total Score 6.2 (0.9) 8.0 (1.3) 5.1(1.8) 8.0(1.2) .644 0.19

Abbreviations: Foot and Ankle Ability Measure (FAAM), Activities of Daily Living (ADL), Identification of Functional Ankle Instability (IdFAI), Tampa Scale of
Kinesiophobia (TSK), International Physical Activity Questionnaire (IPAQ), Minutes per week (MET), Global Rating of Change (GROC), Patient Specific Functional

Scale (PSFS).

Bold indicates statistically significant difference between the groups.

85UB017 SUOLILLIOD 3AIIID 3(cedl|dde au Ag pausenob a1 3o e YO ‘8sn J0 Sa|nJ 104 ARIq1T 3UIUO /8|1 UO (SUORIPUOD-PLE-SWLBHW0D" A3 1M ARIq 1R JUO//SANY) SUORIPUOD PUe SWid | 38U} &3S *[720¢/TT/T2] uo Ariq1auluo Ao|1m ‘uuesne nog Aq €28ET SWS/TTTT OT/I0p/u0d | Im Afelq|pul|uoy/sdny WwoJ papeo|umoq ‘T ‘TZ0C ‘8E80009T



16000838, 2021, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/sms.13823 by Bcu Lausanne, Wiley Online Library on [21/11/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

170

KOLDENHOVEN ET AL.

0c0
610

S0
€C0

610
9¢0
60
¥T0

00

0
980
€ro
890
90
LEO
Lo
L80

IZIS 19
3 Sa8paH
dnoas) usamieg

WILEY

200

199337 urey dnousy

'sdnoi3 oY) usam1aq 9IUIJJIP JULDIFIUSIS A[[RONSIEIS SAJRIIPUT plog

26C0 ©crTe-)Ts CCFQLL 9LFI9CL (€S1°c0-)SL 9S+ToL T8FLIL
0690 WLT=otr) vee- I'c+99 6TFS8 (09— "¥'se-) L'0T- LTF69 TTFLS
909°0 J(8T1—8'19-) 89¢- I'LF67TI L6F 0T (SS—'89v—) 1'9C- Ly F0¢l 69F9LI
80C°0 (L0‘T8e-) §'81- 90+97T TIFTE (I'81 °§T°0€-) 1°9- TIFT¢E 0rT+¢¢
909°0 (€11 °6°€9-) 1'9¢- CIFPe 6EF9Y (6'8€ *6'8%—) 0°S- LT*8¢ I'c+ov
919°0 (L601 ‘TYC—) L'ty €8 F LEl 6S+96 (ST 8°66-) I'L- 6¢CF0El P8 F OvI
17€0 (0°ST *¥'9¢—) L'0T- CILFO0IE €elFLYE (6TETSI-) 68 66F Ve L6F91¢
€00°0 (89160 86 LSF18 69F I'vL (T6T6-) 00 00I F€TL 8LFETL
91¢°0 (1281 ‘6'%9—) 98 0TI+ 8¢l 66+FL8 (8€VT ‘TIY—) L'8Y TLFOTII T8F QL
1960 (0TS ‘vei-) 861 Ty F LTI 6'€+90I Ty 'Sv—) 881 LeFo6¢el TEF LTI
61¥°0 (rog ‘ce-)se€l LOFTY 80FLE (€0T°L6-) €S 80+ 0V LOF8¢
Ly0'0 LT SOFLT SOF6l (SsT18-)L'8 SOF¢€T SO0F¢T
9IL0 (T'66 °8°0€) 059 SoOF¢E L0OF07T (6021 ‘6'8—) 0'9S 0cFo6¢€ SO0F¢€T
6+0°0 (SYLTTD 8Ly LOF V'€ 90F¢€T (Teeeo Tol SOFIE ¥'0F97T
691°0 (087 °S'6) 8'8C I'T+¢8 91+99 {(9LE YD 00T PIF8L YIF69
4880 P9y ‘6D 1Y y0F9¢ 60F67T (T81°T'L-) 96 90+8¢ 90F9¢
1L0°0 (6101 7' 1E) L'99 ¥0+0T YOFTI (€€5°T'8) 8°0¢ YOFLIT €0F¢I
S20°0 1(6TC1 °0°6S) 606 EOFIT COFIT (€9L°L°€D) 0°0S 70F81 €0FTI
anfeA d (ID %S6)  uoneyiqeysx  wopeN[IqeYdr (1D %S6) dn-mofjoy  UONEIIqEYdT  UOHB)I[IqeYdI
dn-mojjoy 3e da3ueyd 9, -)3s0q -1 jJe AdueYD % -3s0q -1J
dnoux) yoeqpasjorg dnoas) yoeqpasjorg oN

‘0J9Z SSOID

10U SO0P [EAISIUL SJUIPLIUOD %G6 SAILDIPUL | “3SEAIODP B SAIBIIPUI SFULYD JU9019d 9ANESU PUE ‘ISBAIOUL UE SAIBDIPUL dFUBYD Ju9013d 9ANISOd “dNoi3 Yorqpaajolq o Ul sIUSWAA0IdWL J31eaI3 IEDIPUL SIZIS 104D SADISO 210N

(%) 21008
ausodwo) LgAS
ueey dueuA(q
(syurd) AITOO[A
ANEov ALY
paso)) sakqg
(s/uwd) AIIO0[OA
ANEQV vAIY
uad() salq
ueeq dnels
ueeyg
(,) UOTSIOAY
(,) UOISIQAU]
(o) uorXa[IRIUR]
(o) vorxsyIsIoq
(W) UOIXI[JISIO
SurreaqIySTo A\
A\(0): |
uorsuayxg di
uononpqy diy
UOISIOAH
UOTSIOAU]
uoIXa[JIeIue]q
UOTXQ[JISIO]
uoIx9[ 207, G-
UoIXd[ 907, 1]
(3/N) wsuang

dqeLIe A

'$971$ 199JJ9 & s93paH dnoi3 usamiaq pue (S F suedw) sdnoid yoeqpadjoIq pue Jorqpadjolq ou Ay} 10 ddue[eq pue ‘NOY ‘YPsuans 10y sInsey ¢ ATAV.L



KOLDENHOVEN ET AL.

31 | Gait

A significant time main effect was identified for ankle fron-
tal plane motion (P < .001) and a group-by-time interaction
was identified for knee transverse plane motion (P = .039).
The groups were not significantly different at baseline for
any variables (Figure 3). At the follow-up time point, the
GBF group reduced their ankle inversion ankle at IC (pre:
4.2 +4.6° post: =3.1 + 4.1°, g = 1.6) and throughout the en-
tire stride cycle (peak inversion ankle: pre: 6.7 + 5.0° post:
0.8 +4.3°, g = 1.2) (Figure 4). The GBF group was substan-
tially more likely to have an improvement in ankle angle at
IC at the conclusion of the 4-week intervention compared to
the NBF group (OR = 6.0, 95% CI:1.11, 32.55; P = .038).

For knee transverse plane, the groups were not different at
baseline, but at follow-up the GBF group demonstrated an ex-
ternally rotated knee compared to an internally rotated knee
at baseline during terminal swing (Peak transverse plane mo-
tion: pre: —2.0 + 4.3°, post: 1.2 + 4.2°, ¢ = 0.7). There were
no significant differences for any other kinematic or any ki-
netic or SEMG measures.

32 | PROs
The GBF had greater improvements following rehabilitation for
FAAM-ADL, TSK, and GROC than the NBF group (Table 2).
Individuals in the GBF group were substantially more
likely to report a score of 4 (moderately better) or higher on
the GROC than were members of the NBF group (OR = 12.0,
95% CI: 1.21-118.9; P = .034) at the conclusion of 4-week
intervention (Table 3). Although not statistically significant,
members of the GBF group trended towards being more
likely to have a decrease of 6 points or more on the TSK
compared to the NBF group (OR = 18.8,95% CI: 0.92-383.1;
P = .057) (Table 2).

3.3 | Clinically oriented measures

The GBF group had greater improvements in ankle inversion,
hip abduction, and 1st toe flexion strength, and for plantar-
flexion ROM compared to the NBF group (Table 2).

4 | DISCUSSION

Our primary hypothesis that the visual GBF group would have
reduced ankle inversion at IC and throughout the entire stride
cycle at follow-up compared to their baseline measures was
confirmed. The NBF group did not significantly change their
gait mechanics from baseline to follow-up; however, there
was a small (g = 0.3) shift in decreased inversion throughout

WILEY-L2

the stride cycle. Additionally, both groups demonstrated im-
provements in patient-reported and clinically oriented out-
comes; however, the improvements were not equal between
the groups which does not support our original hypothesis.
Most importantly, the GBF group not only had meaningful
improvements in gait mechanics, they also had significantly
greater improvements for several patient-reported and clini-
cally oriented outcomes than the NBF group.

4.1 | Gait biofeedback measures

The GBF intervention in this study specifically targeted ankle
inversion during walking at IC. Participants in the GBF group
decreased their ankle inversion angle at IC by 7.3°, through-
out the gait cycle by 6°, and were 6 times more likely to have
an improvement in their ankle position at IC compared to the
NBF group. Our GBF group adopted a strategy that was similar
to the ankle sprain copers from our prior study.” Participants
were instructed to reduce ankle inversion by avoiding walking
on the outside of their foot in order to receive positive biofeed-
back as indicated by the green oval. We did not provide any
additional instructions on how to accomplish this task which
is potentially why we did not identify additional changes for
kinematics, kinetics, or SEMG. Participants utilized their own
strategies to achieve positive feedback while reducing their
ankle inversion angle at IC during walking.

Hertel and Corbett® recently proposed an updated model
for CAIL Within the updated model, the authors suggest that
heterogeneous patient impairments present uniquely through
constructs of self-organization, perception-action cycles de-
rived from the dynamic systems theory, and an individualized
neurosig.gnature.30 The dynamic systems theory proposes that
complex physiological systems can be self-organized in a va-
riety of ways to achieve a specific task.®! Task constraints in
addition to unique organismic constraints may influence the
participant's behaviors and movements.”” Our study supports
that theory in that participants received targeted biofeedback
and displayed a consistent pattern of reduced ankle inversion
throughout the gait cycle at follow-up as demonstrated by the
tighter confidence intervals on the follow-up measures. The
GBF technique used in this study placed a task constraint
on participants by limiting how much ankle inversion could
occur during gait training sessions. This is also likely why
significant changes in kinematics in areas other than in ankle
inversion were not observed.

The neurosignature within the context of the new CAI
model signifies an individual's neural patterns that influence
their motor function as well as sensory and emotional per-
ceptions.30 After an ankle sprain, an individual's neurosig-
nature is negatively impacted as a result of the injury. Hertel
and Corbett™ propose that patients who recover quickly
after an acute ankle sprain (copers) are able to restore their
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neurosignature to their preinjury status. Individuals with CAI
are likely unable to fully restore their preinjury neurosigna-
ture which may contribute to the chronicity of their condi-
tion. While we are not able to compare our participants’ gait
mechanics to their preinjury gait mechanics, we were able to
“restore” the participants’ ankle inversion during walking to
the level of those who are classified as ankle sprain cope:rs.9

The NBF group did not significantly alter their ankle in-
version mechanics from baseline to follow-up; however, there
was a small 1-2° shift towards a less inverted foot position.
Similarly, other studies have demonstrated small and non-sig-
nificant shifts in ankle inversion kinematics after 4-weeks
of balance training13 and impairment-based rehabilitation
without specific gait training8 in CAI patients. Without gait
training specifically addressing kinematic alterations, CAI
patients do not substantially change their gait mechanics. Our
study demonstrates that real-time GBF coupled with com-
prehensive impairment-based rehabilitation leads to greater
improvements in self-reported function and a restoration of
frontal plane ankle kinematics during walking.

Several gait training studies have been executed for in-
dividuals with CAI, yet none were designed specifically to
reduce ankle inversion kinematics.'>'** The studies resulted
in a medial shift in plantar pressure while receiving audio or
visual feedback'>!'® and after 5 training sessions using a novel
gait training device. ¥ It is likely that the medial shift in plan-
tar pressure found in each of these studies may be the result
of a less inverted foot position; however, kinematics were not
directly assessed. 1316

While we were the first to focus specifically on reducing
ankle inversion kinematics, our study methods would be dif-
ficult to implement in a clinical setting due to the instrumen-
tation used. Individuals were instructed to avoid walking on
the outside of their foot at the initial training session to under-
stand how to achieve a “good” step in our study. Clinicians
could potentially implement this verbal cue as a form of
feedback during walking for individuals with CAI. The shoe-
mounted laser technique16 is most similar to ours and may be
easier to implement in the clinical setting than our methods;
however, this method has not been assessed over several ses-
sions of gait training.

4.2 | Patient-reported outcome measures

In addition to improved gait biomechanics, we found
greater improvements in several PROs in the GBF group
compared to the NBF group. For the GROC, the GBF group
reported an improvement of 3.5 points (somewhat better) at
the half-way time point and 5.5 points (quite a bit better) at
follow-up while the NBF group only had an improvement
of 2.3 points (a little bit better) at the half-way time point
and 3.9 points at follow-up. The GBF group was 12 times

more likely to report “moderately better” or greater im-
provements than the NBF group for the GROC. Therefore,
the GBF group felt better earlier during rehabilitation and
had better outcomes at follow-up for the GROC compared
to the NBF group.

The TSK measures fear of movement and reinjury.
Individuals with CAI have demonstrated increased kinesi-
ophobia compared to healthy controls.*® Our study demon-
strated that gait training in addition to rehabilitation reduced
kinesiophobia more than rehabilitation alone. Although the
results were not statistically significant, the GBF group was
18.8 times more likely to have improvements in kinesiopho-
bia than the NBF group.

For the FAAM-ADL, the GBF group showed a 9.3% in-
crease whereas the NBF group improved by only 6.4%. We
identified that the GBF group had greater improvements in
FAAM-ADL scores following rehabilitation, but there was not
a significant difference in the proportion of individuals who
exceeded the MCID for improvement. Both groups improved
by 15%-16% for the FAAM-Sport; however, only the GBF
group score improved enough to exceed the cut-off score to
be classified as having CAI for our inclusion criteria (<85%)
prior to study enrollment. It appears the GBF facilitated a new
gait strategy that was associated with a higher likelihood of
having large meaning improvements in global self-reported
outcome measures (GROC, TSK), but not for the region-spe-
cific outcome measures (FAAM-ADL, FAAM-Sport).

43 | Clinically oriented measures

For the clinically oriented outcomes, both groups improved
from the initial assessment to the follow-up assessment in
most of the strength measures and for eyes-closed balance.
The GBF group improved significantly more than the NBF
group for Ist toe flexion, ankle inversion, and hip abduc-
tion strength measures and for plantarflexion ROM which
may be a result of adapting a new gait pattern over the
course of the intervention. The substantial change in ankle
position during walking gait may have contributed to the
additional improvements in strength in several areas. The
impairment-based rehabilitation program improved many
of the outcome measures in both groups; however, the ad-
dition of gait training may be beneficial for added improve-
ments in strength.

Our study had several limitations. We initially powered
the study to identify pre- to post-intervention differences for
ankle inversion angle at initial contact (the primary depen-
dent variable) and not for kinetic or SEMG measures. This
increases the risk for type 2 error for our secondary analyses.
Due to the inherent variability of SEMG, we would need a
much larger sample of participants to be able to detect differ-
ences between the groups or between time points. Our study
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had primarily female participants; however, this is reflective
of the higher incidence rate of ankle sprains in females com-
pared to males.** Additionally, the male to female ratio in our
study is similar to other studies of individuals with CAL3323
We elected to include young physically active individuals,
and our results may not be generalizable to other groups of
individuals with CAI Lastly, we do not have long-term fol-
low-up data on biomechanical, clinical, or patient-reported
outcome measures and are unable to determine if there was a

reduction in recurrent ankle sprains.

5 | PERSPECTIVE

The GBF intervention was successful at decreasing ankle in-
version positioning during walking and had a greater impact
on patient-reported and clinically oriented outcomes compared
to the NBF group. This is the first study to substantially im-
prove ankle frontal plane kinematics through the use of visual
biofeedback. Other gait training studies have shifted plantar
pressure medially which may be linked to changes in kinemat-
ics; however, those studies did not measure ankle inversion
angles.ls’lé’32 Similar to previous research,'® the NBF group
participated in rehabilitation but did change their gait biome-
chanics. This suggests that rehabilitation that does not include
gait biofeedback is not successful at altering gait mechanics.
The GBF group also had a significant decrease in kinesiophobia
in comparison with the NBF group which is clinically mean-
ingful. Fear of movement for activities of daily living could
substantially decrease an individual's overall quality of life.
Therefore, we recommend that gait training using visual bio-
feedback to reduce the ankle inversion angle should be added
to traditional rehabilitation protocols for individuals with CAL
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