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Abstract

Background Biofeedback may alter the biomechanics of lower extremities in patients with chronic ankle instability
(CAl). We aimed to systematically review the literature on the effect of gait-training and biofeedback on biomechani-
cal parameters in individuals with CAl and conduct a meta-analysis.

Methods We searched four databases including PubMed, Web of Science, Scopus and Embase from their inception
through 30th June 2022. The Downs and Black appraisal scale was applied to assess quality of included studies. Two
reviewers screened studies to identify those reporting the effect of biofeedback on biomechanical factors associated
with CAl Outcomes of interest were kinetics and kinematics. Two authors separately extracted data from included
studies. Data of interest were study design, number of sessions, intervention, tools, outcomes, number, sex, age,
height, and body mass of participants.

Results Thirteen studies with a total of 226 participants were included. Biofeedback was capable of shifting center

of pressure (COP) and lateral plantar pressure medially and reducing foot inversion, adduction, propulsive vertical
ground reaction force (vGRF), ankle joint contact force, peak pressure and pressure time integral in the lateral mid-foot
and forefoot. Auditory biofeedback had agreater impact on modifying plantar pressure in individuals with CAI. The
meta-analyses revealed that visual biofeedback reduces peak pressure in lateral mid-foot and pressure time integral

at lateral and medial heel and pressure increases under the hallux.

Conclusion Biofeedback can alter pressure, vGRF, and foot inversion associated with CAl. Auditory biofeedback had
greater impact on modifying plantar pressure in individuals with CAl. Further studies are required to assess the pro-
longed effect and clinical consequences of biofeedback or a combination of feedback on CAl in different age groups.
Moreover, developing a low-cost and user-friendly device that can be evaluated in high quality RCTs is important
prior to implementing the intervention in the clinical setting to reduce symptoms of CAI.
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Introduction

Lateral ankle sprain (LAS) is one of the most common
musculoskeletal injuries in athletes [1] and the general
public. Incomplete recovery and inadequate restor-
ing of function due to lack of appropriate rehabilitation
can lead to chronic ankle instability (CAI), resulting
in a decreased quality of life [2, 3]. Loss of passive liga-
mentous stability and deficits in neuromuscular control
and strength reduce the ability to protect the joint from
sudden perturbation, further exacerbating the risk of re-
injury. CAI alters normal biomechanics to a greater ankle
inversion and laterally deviated COP, thus increases risk
of recurrent giving-way of the ankle, ligament sprains [2]
and back pain through changes in the kinematic chain
over time [4]. This can also result in abnormal stresses
across the talar cartilage (post-traumatic osteoarthritis
development) [3, 5]. Therefore, restoring correct ankle
biomechanics is essential for maintaining long-term joint
health of the ankle in patients with CAI [6].

A variety of interventions has been reported for treating
LAS and CAI including taping [7] by limiting excessive
ankle motion, neuromuscular training [8] by improv-
ing coordination and muscle activation patterns, balance
training [9] by addressing proprioception and postural
control, vibration [10] by increasing muscle activity and
biofeedback [11] by prompting proper muscle activation
and joint alignment. Studies demonstrated that these
interventions may not correct all deficits related to CAI
[2]. Specifically, the COP during static balance [2], ankle
inversion and muscle activation during functional move-
ments (i.e., walking, jogging, and jump landing) remained
unchanged [12]. This might be because ankle instability is
a multifactorial condition and addressing all contributing
factors requires a comprehensive approach.

Lack of feedback to patients during exercise is one of
the factors impeding improvements [13]. This suggests
that strength trainings without neuromuscular re-edu-
cation rarely translate to changes in movement patterns.
Therefore, targeted gait-training strategies may be neces-
sary to change ankle and gait mechanics [14].

Gait-training with biofeedback provides an opportu-
nity to alter biomechanical factors and other impaired
outcomes immediately [11]. Clinicians instruct patients
how to correct undesirable movement patterns through
direct feedback [11]. There are different types of feed-
back provided to patients: visual feedback by laser [15],
video recording or using mirrors [16], auditory feed-
back with a buzzer (3, 6, 17] verbal feedback [18]. Other
types of feedback include vibration as external feedback
and focus-of-attention on the body as internal feedback
[11]. However, using internal feedbacks (using mirrors or
monitor to provide feedback to participant), for correct-
ing movement patterns might be challenging due to the
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smaller range of motion in frontal plane (23° inversion
and 12° eversion during walking and less obvious abnor-
mal patterns in ankle (about 5° deviation from normal
[19]) which may not be recognizable for the participant
and needs quantification.

A small critical appraisal of 5 studies [11] investigated
the effect of biofeedback on biomechanical factors of
CAI concluding that targeted biofeedback appears effec-
tive in acutely altering gait biomechanics in individuals
with CAIL However, no systematic review with meta-
analysis reviewing the studies investigating the effect of
biofeedback on biomechanical factors associated with
CAI has been published. Therefore, we aimed to system-
atically review the literature on the effect of gait-training
and biofeedback on biomechanical parameters in individ-
uals with CAI and conduct a meta-analysis. The research
question of this study was: can biofeedback improve bio-
mechanical factors associated with CAI?

Method
This systematic review was conducted in accordance with
the PERSIST guidelines for systematic reviews [20].

Search strategy

We identified the relevant studies through 4 electronic
databases: PubMed, Web of Science, Scopus and Embase.
The search was run on Jun 30th 2022. Key terms used
in the search strategy were based on broad terms and
related synonyms targeting 3 categories:

#1 Biofeedback OR feedback OR “gait-training” OR
“vibration feedback” OR “gait retraining”.

#2 Biomechanic OR kinetic OR kinematic OR pressure
OR “center of pressure” OR “centre of pressure” OR COP
OR “ground reaction force” OR GRF OR moment OR
force OR torque OR acceleration OR velocity OR spati-
otemporal OR inversion OR eversion OR dorsiflexion OR
pronation OR supination OR power.

#3 “ankle instability” OR “chronic ankle” OR “unstable
ankle” OR CAI OR FAI OR “functional ankle instability”
OR “chronic lateral ankle” OR “ankle Sprain”.

#4 (1 AND 2 AND 3).

We hand searched reference lists from previous related
systematic reviews on gait-training and biofeedback for
ankle instability to ensure identification of all relevant
studies.

Eligibility criteria

We carried out all searches independently using pre-
determined inclusion criteria and extraction forms.
(FK) screened titles and abstracts and consensus was
made with (SHM). Full text articles were read based on
the inclusion criteria (Individuals with CAI, English
studies, Level-3 evidence or higher, Gait-training and
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biofeedback intervention) and exclusion criteria (non-
English studies, non-CAlI individuals, Interventions other
than biofeedback).

Study selection

Screening the title, abstract and full-text of studies in line
with the inclusion criteria was done by (FK and SHM). If
conflicts arose the two authors discussed the manuscript
to reach a consensus. If consensus was not achieved, a
third reviewer (HM) was involved.

Quality assessment

Methodological quality of the included non-randomized
trials was assessed by (FK and SHM) using the modi-
fied [21] Downs and Black checklist (15 questions) and
complete form (27 questions) for RCTs [22]. The Quality
Index had high internal consistency (KR-20: 0.89) as did
the subscales apart from external validity (KR-20: 0.54).
Test-retest (r 0.88) and inter-rater (r 0.75) reliability of
the Quality Index were good. Reliability of the subscales
varied from good (bias) to poor (external validity). We
considered quality scores above 20 good; 11-20 moder-
ate; and below 11 poor [23]. The Quality Index correlated
highly with an existing, established instrument for assess-
ing randomized studies (r 0.90). There was little differ-
ence between its performance with non-randomized and
with randomized studies. We resolved the disagreements
by a third reviewer (HM) or consensus-based discussion.

Data collection

(FK) extracted all data from included studies and (SHM)
verified all data. In this review, kinematic and kinetic data
including ankle frontal plane motion and COP commonly
used in the management of injuries in the clinical set-
ting were extracted, hence data for balance, self-reported
function, perceptual, and sensorimotor were excluded.
Data were divided by type of biofeedback in Result and
Discussion sections in order to maintain consistency in

Table 1 Definitions of modified level of evidence
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retrieval. Study design, number of sessions, intervention,
variables, number of participants and features,, age, sex,,
height, mass, task, and tools were extracted from the
included studies.

Synthesis of results

Mean differences and 95% confidence intervals (CI) were
calculated using a random effects model in RevMan ver-
sion 5.4. A meta-analysis was performed when at least
2 studies investigated the same outcome measure with
a comparable methodology. The level of statistical het-
erogeneity for pooled data was quantified by I2 statistics
and related P-values (P<0.05). Results were achieved by
means of levels of evidence as defined by van Tulder et al.
[24] modified by Mousavi et al. [21] (Table 1).

Results

Study selection

The main literature search yielded a total of 271 items from
which 144 items remained after duplicate removal: Pub-
Med (46 studies), Web of Science (68), Scopus (107) and
Embase (50). We excluded 133 studies due to not meeting
the inclusion criteria and included 11 studies after screen-
ing the titles and abstracts for further eligibility check.
Two studies were added by hand search of reference list of
included studies [25, 26], leading to a total of 13 included
studies [1, 2, 4, 5, 7, 8, 13, 16, 21, 24, 25, 27, 28]. Figure 1.
shows the flow diagram of the selection process and num-
ber of excluded studies at each stage.

Study characteristics

Table 2. summarizes the characteristics of the included
studies. The designs of the included studies consisted of
2 RCTs (level-2 evidence) [3, 14] and 11 cross-sectional
studies (level-3) [1, 2, 4, 5, 8, 13, 16, 21, 24, 25, 28]. The
total sample size of included studies were 226.

Level of evidence Description

Strong evidence

Pooled results from three or more studies, including a minimum of two high-quality studies which are statistically homogenous

(p>0.05) may be associated with a statistically significant or non-significant pooled result.

Moderate evidence

Statistically significant pooled results from multiple studies, including at least one high-quality study, which are statistically

heterogeneous (p < 0.05); or from multiple low- or moderate-quality studies which are statistically homogenous (p > 0.05);
or statistically insignificant pooled results from multiple studies, including at least one high-quality study, which are statistically

homogenous (p>0.05).

Limited evidence

study.
Very limited evidence Results from one low- or moderate-quality study.

Conflicting evidence
(p<0.05, i.e.inconsistent).

Results from multiple low- or moderate-quality studies which are statistically heterogeneous (p < 0.05); or from one high-quality

Pooled results that are insignificant and from multiple studies, regardless of quality, which are statistically heterogeneous
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PubMed (n=46) Web of science

(n=68)

Scopus (n=107) Embase (n=50)

A 4

Records excluded

Records after duplicates removed

(n=144)

(n=120)

Not ankle instability
(n=40)

;

Title & abstracts screened

Not biofeedback or gait
retraining
Interventions (n=44)

(n=131)

Full-text studies screened

[ Eligibility ] [ Screening J [Identification]

(n=11)

Studies included in systematic
review

Not biomechanics
outcomes (n=36)

Reference list of included studies

(n=2)

(n=2) effect of a novel device gait training
(n=5) effect of vibration feedback
(n=3) effect of visual biofeedback

Included

(n=13)

Fig. 1 Flow diagram of study selection process

Quality assessment

Table 3. shows the results of quality assessment using
Downs and Black scale. The average score of eligible stud-
ies was 23.5 for RCTs and 13.36 for other studies. There
were two studies with high quality (the RCTs) which had
concealed allocation and similar participants at baseline
[3, 14], and 11 studies with moderate quality [1, 2, 4, 5, 8,
13, 16, 21, 24, 25, 28].

Instrumentation

Five studies used vibration feedback from a force sensing
resistor [25, 26, 28—30], Two studies used a novel device
made of tracks and elastic bands and pedar-x plantar
pressure system [27, 31], one study used real-time video
and pedar-x system [16], two studies used a laser and
pedar-x [15] or pressure mat [14], two studies utilized a
buzzer connected to pedar-x system and flexi-foce load
sensors [3, 17], and one study used both visual and audi-
tory feedback using pedar-x and flexi-force load sensors
with a laser or buzzer for feedback [6].

Task
The task in all studies was walking [1, 2, 4, 5, 7, 8, 13, 16,
21, 24, 25, 27, 28] except for one study which included

A 4

(n=2) effect of auditory biofeedback
(n=1) effect of visual and auditory biofeedback

static balance, step down, lateral hop and forward lounge
[6]. Two studies assessed balance along with gait-training
[25, 26].

Outcome measured

Of the 13 studies, 7 targeted plantar pressure [3, 6, 15-17,
31, 32], 8 measured COP [3, 6, 15, 25, 26, 28, 32], 2 targeted
vGRF [26, 30], 3 targeted ankle 3D kinematics [14, 25, 29]
and 1 measured maximum ground reaction force and the
probable direction of that force [3].

Effect of novel gait-training device

Two studies [27, 31] assessed plantar pressure on the
lateral region of the foot in CAI patients during a medi-
ally directed force to the lower leg via elastic bands at
participant’s shank in a single [27] and 5-session [31]
trial. The elastic bands were tied on two parallel tracks
between participant ‘s shanks on a treadmill. Both stud-
ies [27, 31] reported a decreased pressure on the lateral
column of the foot following gait training. COP was
shifted significantly medially for all 10 comparisons
during the stance phase (p <0.003 with large effect sizes
for all comparisons) [27].
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Effect of vibration biofeedback

Five studies evaluated vibration biofeedback [25, 26,
28-30]. Three of the five studies investigated COP loca-
tion during gait-training in laboratory and real-world
[25, 26, 28]. A Force Sensing Resistor was applied under
the lateral foot which delivered a vibration stimulus to
the lateral malleolus in case of incorrect foot position.
Instructions were given to “walk so you do not get the
vibration” COP data were obtained at baseline, posttest,
and retention (after 2-minutes of walking). After labora-
tory training, COP position shifted medially. In phases
2-9 of stance phase (stance phase divided to 10), the
COP was more medial at posttest and retention. In Real-
world training, COP was more medial for phases 1-7
and retention measures were more medial in phases 1-6
[28]. vGRF LR decreased after laboratory gait retraining
[26]. In another study [29] after lab training the ankle
and forefoot were more abducted. After real-world train-
ing, the ankle and forefoot were more everted and more
abducted. Propulsive vGRF and ankle JCF decreased in
the second 50% of stance phase during the early and late
adaptation phases [30].

Effect of visual biofeedback

Figures 2, 3, 4, and 5 shows the results of the meta-
analysis with moderate evidence suggesting a significant
decrease in pressure time integral in medial and lateral
heel and peak pressure in total foot and lateral midfoot
and a significant increase in hallux [15, 16]. However,
only 2 studies were eligible for meta-analysis. Therefore,
more studies are required to support these results.

Four of 13 studies assessed various methods of vis-
ual-biofeedback. Three studies investigated the visual-
biofeedback on gait [14-16]. In one study [15], a laser
pointer on shoes which is clinically available, projected a
cross-line laser on the wall. Participants were told to keep
the crossline of the laser projection in an up and down
position in a single session of walking. The other study
[16] provided a single-session-real time video of the par-
ticipants own feet on the television in front of them and
instructed them to “walk in a manner where you can no
longer view the outside or inside of your foot on the tel-
evision screen while you walk” Another study [14], used
visual gait biofeedback generated by a computer. Con-
trol group walked on treadmill without biofeedback but
received rehabilitation along with biofeedback group.
Participants were instructed to avoid walking on the out-
side of their foot so as not to make the oval turn red and
the threshold was progressively decreased each session.

One study assessed visual- and auditory-biofeedback
on static balance step down, lateral hop and forward
lounge [6]. Visual biofeedback was given via a crossline
laser and the participants were instructed to keep the

(2023) 15:168
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vertical laser line projected on the wall in line with a tape
and limit the rotation of crossline.

Three studies investigated pressure [6, 15, 16] while the
other study assessed lower extremity kinematics of pre
and post 8-sessions of visual-biofeedback training [14].

Visual biofeedback reduced plantar pressure on lateral
midfoot and forefoot and COP trajectory was shifted
medially [15]. Ankle inversion decreased at initial con-
tact and during the entire stride cycle immediately and
at the follow-up time point [14]. During eyes-open static
balance, the number of COP data points in the antero-
lateral foot quadrant reduced, simultaneously COP data
points increased in the posteromedial quadrant. During a
Lateral Hop, visual biofeedback increased peak pressure
and pressure-time integral in the lateral heel and lateral
mid-foot [6].

Effect of auditory biofeedback

Three studies assessed the effect of auditory biofeedback
on gait in individuals with CAI [3, 6, 17]. These stud-
ies assessed the following outcomes: static balance, step
down, lateral hop and forward lunge [6], pressure [6, 17]
and COP [3]. The studies used a load sensor connected to
a buzzer which elicits a noise with each step. The partici-
pants were told to walk in a manner that the device does
not make a noise. Peak pressure in lateral mid-foot, fore-
foot and central-foot was reduced and EMG amplitudes
increased in peroneus longus and medial gastrocnemius
200 milliseconds after initial contact [17].

Pressure and force was reduced in lateral foot and COP
was shifted immediately and 1-week after intervention
[3]. COP was reduced in the anterolateral quadrant and
increased in the posteromedial quadrant of the foot dur-
ing eyes-open balance. Lateral heel pressure and the lat-
eral heel and midfoot pressure-time integral increased
during the eyes-closed trials. Heel pressure increased
during step downs and the lateral forefoot pressure-time
integral decreased during lunges [6]..

Discussion

We aimed to systematically review the effect of gait-
training and biofeedback on biomechanical parameters
in individuals with CAI. We included 13 studies [1, 2, 4,
5,7,8,13, 16, 21, 24, 25, 27, 28]. Three studies assessed
visual [14-16], two assessed auditory [7, 16], and one
study assessed both visual and auditory feedback [6]. Two
studies assessed a novel device [27, 31] and five studies
investigated vibration feedback [25, 26, 28-30]. The fol-
lowing biomechanical variables were assessed in the
included studies: ankle, knee and hip kinematics, plantar
pressure, COP, vGREF, JCF and maximum Force. Moder-
ate evidence suggests that visual biofeedback results in
a significant decrease in pressure time integral in lateral
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POST PRE Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.9.17 medial heel
AM Ifarraguerri 2019 159 501 26 166.2 391 26 47.9% -7.20[-31.63,17.23] ——
D MTorp 2019 164.1 46.7 26 166.2 3941 26 521% -210[-25.51,21.31) t
Subtotal (95% ClI) 52 52 100.0% -4.54 [-21.44, 12.36]

Heterogeneity: Tau®= 0.00; Chi*=0.09, df=1 (P =0.77); F=0%
Test for overall effect: Z=0.53 (P = 0.60)

1.9.18 lateral heel

AM Ifarraguerri 2019 1487 39 26 155 26.4 26 471% -6.30[-24.40,11.80] ——
DMTorp 2019 1499 357 26 155 264 26 529% -510[-2217,11.97] —
Subtotal (95% CI) 52 52 100.0% -5.66 [-18.08, 6.75] el

Heterogeneity: Tau®= 0.00; Chi*=0.01, df=1 (P =0.92); F= 0%
Test for overall effect. Z=0.89 (P=0.37)

1.9.19 lateral midfoot

AM Ifarraguerri 2019 1123 21.3 26 1173 187 26 471%  -5.00[-15.89,5.89) ——
D M Torp 2019 106.5 191 26 117.3 187 26 52.9% -10.80[-21.07,-0.53] —
Subtotal (95% CI) 52 52 100.0% -8.07 [-15.54,-0.59] R 4

Heterogeneity: Tau*= 0.00; Chi*=0.58, df=1 (P = 0.45); F= 0%
Test for overall effect: Z=2.12 (P =0.03)

1.9.20 medial midfoot

AMlfarraguerri 2019 104.3 19.4 26 1123 218 26 49.2%  -8.00 [19.25, 3.25) — —
D M Torp 2019 107.6 187 26 1123 218 26 50.8%  -4.70 [15.77,6.37) —
Subtotal (95% Cl) 52 52 100.0%  -6.32[-14.21, 1.56] &

Heterogeneity: Tau*=0.00; Chi*=0.17,df=1 (P = 0.68); F= 0%
Test for overall effect: Z=1.57 (P=0.12)

1.9.21 lateral forefoot

AMlfarraguerri 2018 159 37.3 26 1617 312 26 50.2% -2.70[-21.39,15.99) —
D M Torp 2019 1426 37.7 26 1617 312 26 49.8% -19.10[-37.91,-0.29) _—
Subtotal (95% Cl) 52 52 100.0% -10.86[-26.94, 5.21] R

Heterogeneity: Tau®= 42.95; Chi*=1.47, df=1 (P =0.23); F= 32%
Test for overall effect. Z=1.32(P=0.19)

1.9.22 central forefoot

AMlfarragueri 2019 179 407 26 188 407 26 50.7% -9.00(31.12,13.12) _—
D M Torp 2019 169.4 41.9 26 188 407 26 49.3% -18.60 [41.05, 3.85) —_—
Subtotal (95% Cl) 52 52 100.0% -13.73[-29.49, 2.03] e

Heterogeneity: Tau*= 0.00; Chi*=0.36, df=1 (P = 0.55); F= 0%
Test for overall effect: Z=1.71 (P = 0.09)

1.9.23 medial forefoot

AM Ifarraguerri 2018 1716 405 26 1873 50.7 26 52.4% -1570[-40.64,69.24) ——T
DMTorp 2019 1742 455 26 1873 507 26 47.6% -13.10[-39.29,13.09] ——
Subtotal (95% Cl) 52 52 100.0% -14.46 [-32.52, 3.60] i

Heterogeneity: Tau®= 0.00; Chi*=0.02, df=1 (P = 0.89), F= 0%
Test for overall effect: Z=1.57 (P=0.12)

1.9.24 lesser toes

AM Ifarraguerri 2019 1771 36.4 26 1795 435 26 51.4% -2.40[-24.20,19.40]
DMTorp 2019 174 389 26 1795 435 26 48.6% -5.50[-27.93,16.93)
Subtotal (95% CI) 52 52 100.0% -3.91[-19.54, 11.73]

Heterogeneity: Tau®= 0.00; Chi*= 0.04, df=1 (P =0.85); F=0%
Test for overall effect. Z=0.49 (P =0.62)

1.9.25 hallux

AM Ifarraguerri 2019 227.3 584 26 2171 451 26 53.5% 10.20[-18.16, 38.56] —
DMTorp 2019 256.3 704 26 2171 451 26 46.5% 39.20[7.06, 71.34] —
Subtotal (95% CI) 52 52 100.0% 23.68[-4.67,52.02] e

Heterogeneity: Tau®=181.37;, Chi*=1.76, df=1 (P = 0.18); "= 43%
Test for overall effect. Z=1.64 (P=0.10)

i ) POST PRE
Test for subgroup differences: Chi*= 6.46, df=8 (P =0.60), F=0%

Fig. 2 Results of meta-analysis. (Peak pressure)
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Mean Difference
IV, Random, 95% CI

1.7.1 medial heel

AM Ifarraguerri 2019 223 389 26 225 39 26 94.4%
DM Torp 2019 22 24 26 22 225 26 5.6%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.00, df=1 (P =0.97); F=0%

Test for overall effect: Z=0.18 (P = 0.86)

1.7.2 lateral heel

AM Ifarraguerri 2019 202 35 26 205 37 26 50.0%
DM Torp 2019 202 35 26 205 37 26 50.0%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.00, df=1 (P =1.00); F=0%
Testfor overall effect. Z=0.42 (P=0.67)

1.7.3 medial midfoot

AM Ifarraguerri 2019 211 64 26 21 69 26 457%
DM Torp 2019 231 52 26 21 69 26 54.3%
Subtotal (95% Cl) 52 52 100.0%
Heterogeneity: Tau*= 0.00; Chi*=0.64, df=1 (P=0.42); F= 0%

Test for overall effect: Z=0.95 (P = 0.34)

1.7.4 lateral midfoot
AM Ifarraguerri 2019 266 42 26 268 45 26 49.4%

DMTorp 2019 264 41 26 268 45 26 50.6%
Subtotal (95% CI) 52 52 100.0%

Heterogeneity: Tau®= 0.00; Chi*=0.01, df=1 (P =0.91);, F=0%
Test for overall effect: Z=0.35 (P=0.72)

1.7.5 medial forefoot

A M Ifarraguerri 2019 127 25 26 128 25 26 49.0%
D MTorp 2018 129 24 260 128 25 26 51.0%
Subtotal (95% Cl) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*=0.04, df=1 (P = 0.84), F=0%

Test for overall effect: Z=0.00 (P = 1.00)

1.7.6 central forefoot

AM Ifarraguerri 2019 15 22 26 151 22 26 50.0%
DM Torp 2019 151 2.2 26 151 22 26 50.0%
Subtotal (95% CI) 52 52 100.0%

Heterogeneity: Tau*= 0.00; Chi*=0.01, df=1 (P =0.91); F= 0%
Test for overall effect: Z=0.12 (P =0.91)

1.7.7 lateral forefoot

AM Ifarraguerri 2019 145 2.2 26 145 22 26 48.9%
DM Torp 2019 143 21 26 145 22 26 51.1%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*=0.05, df=1 (P =0.81), F=0%

Test for overall effect: Z=0.24 (P =0.81)

1.7.8 great toe

AM Ifarraguerri 2019 11 1.8 26 11 19 26 50.0%
DM Torp 2019 111 1.8 26 11 19 26 50.0%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.02, df=1 (P =0.89); F=0%

Test for overall effect: Z=0.14 (P = 0.89)

1.7.9 lesser toe
AM Ifarraguerri 2019 189 3.2 26 187 32 26 48.4%

DMTorp 2019 188 3 26 187 3.2 26 51.6%
Subtotal (95% CI) 52 52 100.0%

Heterogeneity: Tau®= 0.00; Chi*= 0.00, df=1 (P =1.00); F=0%
Test for overall effect: Z=0.32 (P =0.75)

Test for subgroup differences: Chi*=1.43, df=8 (P =0.99), F=0%
Fig. 3 Results of meta-analysis. (Peak contact area)
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POST PRE Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight , Rand 95% CI IV, Random, 95% CI
1.8.1 medial heel
AM Ifarraguerri 2019 5553 1233 26 6153 1296 26 56.3% -60.00[-128.76,8.76) ——
DM Torp 2019 5924 1565 26 6153 1296 26 43.7% -22.90[-101.00, 55.20] i
Subtotal (95% CI) 52 52 100.0%  -43.80[-95.41,7.81] et
Heterogeneity: Tau®= 0.00; Chi*=0.49, df=1 (P =0.48), F=0%
Test for overall effect: Z=1.66 (P=0.10)

1.8.2 lateral heel

AM Ifarraguerri 2019 6214 1807 26 6708 1414 26 48.3% -49.40[-137.60, 38.80] L

D M Torp 2019 663.4 1711 26 6708 1414 260 51.7%  -7.40[-92.72,77.92) ﬂ
Subtotal (95% CI) 52 52 100.0% -27.70[-89.03, 33.62]

Heterogeneity: Tau®= 0.00; Chi*= 0.45, df=1 (P = 0.50); F= 0%
Test for overall effect: Z= 0.89 (P = 0.38)

1.8.3 medial midfoot

AM Ifarraguerri 2019 719.7 1396 26 7426 1354 26 49.7% -22.90[-97.65, 51.85] e —
D M Torp 2019 743 137.98 26 7426 1354 26 50.3% 0.40[-73.91,74.71] T
Subtotal (95% CI) 52 52 100.0% -11.18[-63.88, 41.52]

Heterogeneity: Tau®= 0.00; Chi*=0.19, df=1 (P = 0.66); F= 0%
Testfor overall effect: Z= 0.42 (P = 0.68)

1.8.4 lateral midfoot

AM Ifarraguerri 2019 7921 1255 26 7971 1304 26 498%  -5.00[-74.57, 64.57]
D M Torp 2019 800.7 1242 26 7971 1304 26 50.2% 3.60 [-65.62,72.82)
Subtotal (95% CI) 52 52 100.0%  -0.68[-49.75, 48.39]

Heterogeneity: Tau®= 0.00; Chi*= 0.03, df=1 (P = 0.86); F= 0%
Testfor overall effect: Z= 0.03 (P = 0.98)

1.8.5 medial forefoot

AM Ifarraguerri 2019 6747 1252 26 7141 1163 26 47.9% -39.40[-105.08, 26.28] ——
D M Torp 2019 7038 1152 26 7141 1163 26 521% -1030[-73.22,52.62] ——
Subtotal (95% CI) 52 52 100.0% -24.23[-69.66, 21.21] ot

Heterogeneity: Tau*= 0.00; Chi*=0.39, df=1 {P=0.53); F=0%
Test for overall effect: Z=1.04 (P = 0.30)

1.8.6 central forefoot

AM Ifarraguerri 2019 7155 1152 26 7409 127.37 26 49.8% -25.40[-91.41, 40.61] e e—
D M Torp 2019 718.2 114 26 7409 127.37 26 502% -22.70[-88.40, 43.00] — T
Subtotal (95% CI) 52 52 100.0% -24.04[-70.61,22.53] e

Heterogeneity: Tau®= 0.00; Chi*= 0.00, df=1 (P = 0.95); F= 0%
Testfor overall effect: Z=1.01 (P = 0.31)

1.8.7 lateral forefoot

AM Ifarraguerri 2019 7499 1186 26 7741 1347 26 48.8% -24.20[-93.19, 44.79] — ]
D M Torp 2019 7449 1119 26 7741 1347 26 51.2% -29.20[-96.51,38.11] ——
Subtotal (95% CI) 52 52 100.0% -26.76[-74.94,21.42] e —

Heterogeneity: Tau®= 0.00; Chi*=0.01, df=1 (P=0.92); F=0%
Test for overall effect: Z=1.09 (P =0.28)

1.8.8 great toe

AM Ifarraguerri 2019 722 172 26 7337 1182 260 51.1% -11.70[-75.68,52.28) —
D M Torp 2019 7478 1226 26 7337 1182 26 489%  14.10[-51.36, 79.56] —
Subtotal (95% CI) 52 52 100.0% 0.91[-44.85, 46.66] et

Heterogeneity: Tau®= 0.00; Chi*=0.31, df=1 (P =0.58), F=0%
Test for overall effect: Z=0.04 (P = 0.97)

1.8.9 lesser toe

AM Ifarraguerri 2019 7158 1237 26 7348 1394 26 50.0% -19.00[-90.64,52.64] —
D M Torp 2019 7226 12386 26 7348 1394 26 50.0% -12.20[-83.81,59.41] —
Subtotal (95% CI) 52 52 100.0% -15.60 [-66.24, 35.05] e

Heterogeneity: Tau®= 0.00; Chi*=0.02, df=1 (P = 0.90); F= 0%
Testfor overall effect: Z= 0.60 (P = 0.55)

1.8.10 TOTAL FOOT

Subtotal (95% CI) 0 0 Not estimable
Heterogeneity: Not applicable

Test for overall effect: Not applicable

' ' ! '
T T

100 -50 0 50 100
POST PRE

Test for subgroup differences: Chi*= 2.52, df=8 (P =0.96), F=0%
Fig. 4 Results of meta-analysis. (Peak contact time)
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Mean Difference
IV, Random, 95% CI

1.5.2 lateral heel

AM Ifarraguerri 2019 477 158 26 552 131 26 46.6%
DM Torp 2019 478 14 26 552 131 26 53.4%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.00, df=1 (P =0.99); F= 0%

Test for overall effect: Z=2.71 (P = 0.007)

1.5.3 medial heel

AM Ifarraguerri 2019 488 145 26 568 127 26 48.0%
DM Torp 2019 50.2 135 26 56.8 127 26 52.0%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.07, df=1 (P=0.79); F= 0%

Test for overall effect: Z=2.78 (P = 0.006)

1.5.4 lateral midfoot
AM Ifarraguerri 2019 58.2 158 26 615 136 26 48.0%

DM Torp 2019 54.7 147 26 615 136 26 52.0%
Subtotal (95% CI) 52 52 100.0%

Heterogeneity: Tau*= 0.00; Chi*=0.38, df=1 (P = 0.54); F= 0%
Test for overall effect. Z=1.81 (P =0.07)

1.5.5 medial midfoot
AM Ifarraguerri 2019 471 122 26 51.8 123 26 51.8%

DM Torp 2019 492 131 26 518 123 26 48.2%
Subtotal (95% ClI) 52 52 100.0%

Heterogeneity: Tau*= 0.00; Chi*=0.18, df=1 (P = 0.67); F= 0%
Test for overall effect: Z=1.51 (P=0.13)

1.5.6 lateral forefoot
A M Ifarraguerri 2019 609 17.2 26 59 14.2 26 50.5%

DM Torp 2019 556 175 26 59 14.2 26 49.5%
Subtotal (95% CI) 52 52 100.0%

Heterogeneity: Tau*= 0.00; Chi*=0.73, df=1 (P = 0.39); F= 0%
Test for overall effect: Z=0.23 (P =0.82)

1.5.7 central forefoot

-7.50 [-15.39, 0.39]
-7.40 [-14.77,-0.03]
-7.45[-12.83, -2.06]

-8.00 [15.41,-0.59]
-6.60 -13.72, 0.52]
7.27[-12.41, -2.14]

-3.30 (1131, 4.71)
-6.80 [-14.50, 0.90]
-5.12[-10.67, 0.43]

-4.70 -11.36, 1.96]
-2.60 [-9.51, 4.31)
-3.69[-8.48, 1.11]

1.90 [-6.67, 10.47]
-3.40 [-12.06, 5.26]
-0.72[-6.82, 5.37]

AM Ifarraguerri 2019 64 178 26 631 135 26 50.9% 0.90[-7.69, 9.49]
DM Torp 2019 63.2 183 26 631 135 26 49.1% 0.10[-8.64, 8.84]
Subtotal (95% CI) 52 52 100.0% 0.51[-5.62, 6.63]

Heterogeneity: Tau*= 0.00; Chi*=0.02, df=1 (P = 0.90); F= 0%
Test for overall effect: Z=0.16 (P = 0.87)

1.5.8 medial forefoot

AM Ifarraguerri 2019 61.5 188 26 638 176 26 53.4%
D MTorp 2018 66 21.2 26 638 176 26 46.6%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.37, df=1 (P = 0.54);, F= 0%

Test for overall effect: Z= 0.05 (P = 0.96)

1.5.9 lesser toes

AM Ifarraguerri 2019 61.9 179 26 584 141 26 52.1%
DMTorp 2019 62.8 191 26 584 141 26 47.9%
Subtotal (95% CI) 52 52 100.0%
Heterogeneity: Tau®= 0.00; Chi*= 0.02, df=1 (P =0.89); F=0%

Testfor overall effect. Z=1.22 (P=0.22)

1.5.10 hallux

-2.30 -12.20, 7.60]
2.20[-8.39,12.79]
-0.20 [-7.43,7.03]

3.50 [-5.26, 12.26]
4.40 [4.73,13.53]
3.93[-2.39, 10.25]

AM Ifarraguerri 2019 774 265 26 705 177 26 57.4% B6.90[5.3519.15] — i
DMTorp 2019 89.1 351 26 705 177 26 426% 18.60[3.49,33.71] o
Subtotal (95% CI) 52 52 100.0% 11.88[0.54, 23.22] ——eat—

Heterogeneity: Tau®=19.20; Chi*=1.39, df=1 (P = 0.24); "= 28%
Test for overall effect: Z=2.05 (P = 0.04)

20 -0 0 10 20
) g < Favours [experimental] Favours [control]
Test for subgroup differences: Chi*=19.42, df=8 (P=0.01), F=58.8%

Fig. 5 Results of meta-analysis. (Peak time integral)
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and medial heel and significant increase in hallux and
decreased peak pressure in total foot and lateral mid-foot
[15, 16]. There was no significant difference in pressure
contact time and pressure contact area.

There is moderate evidence that visual biofeedback to
individuals with CAI is effective in reducing pressure
time integral in medial and lateral heel, reducing peak
pressure and in increasing pressure time integral in hal-
lux. All included studies [1, 2, 4, 5, 7, 8, 13, 16, 21, 24, 25,
27, 28] support the use of visual, auditory, haptic and the
novel devices biofeedback during gait and different tasks
on lower limb biomechanics in individuals with CAIL

Effect of a gait-training device

Gait training with the novel device [27, 31] decreased
pressure on the lateral column of the foot and shifted
the COP medially during the stance phase and increased
peroneus longus muscle activity with large effect sizes for
all comparisons [27]. In comparison, a systematic review
assessing the effect of kinesio-taping in individuals with
CAI concluded that kinesio-taping reduces muscle
activity of the peroneus longus and range of motion on
inversion and eversion [7]. Due to the small sample size
and short follow-up [27, 31], we cannot speculate on the
long-term effects or utility of the gait training device in a
clinical setting.

Effect of vibration biofeedback

None of the 5 studies investigated the long-term effect of
vibration feedback in individuals with CAIL. COP shifted
medially in 1 study, but the study was laboratory-based
and had a small sample size [26]. Two laboratory-based
studies showed significant decrease in joint [30] and
ground forces [26, 30] and real-world showed no dif-
ference in vGRF loading rate. Vibration feedback can
improve gait mechanics in this small sample size after
laboratory training but not real-world training [26].. A
single session of real-world gait retraining with vibration
feedback decreased lateral COP during gait and excessive
inversion and adduction [29] during loading response,
that are two risk factors for recurrent ankle sprains [33,
34]. However, real-world training probably have better
frontal plane alterations although a longer training time
is required due to practice variability such as chang-
ing speed, walking surfaces which improves immediate
motor learning outcomes [35-37].

Effect of visual biofeedback

Using external biofeedback (the use of laser for feedback
comparing to video or mirror) during early phases of
task learning [17, 38—40]and especially when manipulat-
ing an automated skill such as walking leads to greater
motor learning [15, 41], retention [33], and longer lasting
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improvements [42]. Further refinement for cues or low-
cost gait-training interventions might be required to
modify plantar pressure measures [16]. The results
regarding the medial shift of plantar pressure and COP
measures in the shoe-mounted laser study [15] are com-
patible with the suggestions to alleviate lateral COP dur-
ing walking [33, 43]. Visual feedback with the use of laser
[15] is clinically available. In previous studies, 4 weeks of
balance training was ineffective at improving inversion/
eversion [3]. kinematics [12] and comprehensive reha-
bilitation was also incapable of restoring normal gait and
specifically targeting the gait is required [44]. The study
by Koldenhoven et al. [14] proposes that to immedi-
ately alter gait biomechanics, a specific training program
which addresses the kinematics and kinetics outcomes
should be included in standard rehabilitation procedures.
It is unclear how long-lasting the effects of visual feed-
back on ankle inversion angle would be, as the study is
lab-based. The shoe-mounted laser technique [15] is clin-
ically available; however, its effectiveness was assessed
in a single session of gait training. A previous study [45]
examined the effects of midfoot strike gait retraining in
healthy individuals, used multiple sessions; no difference
was observed in loading rate and in promoting a midfoot
strike versus rearfoot strike after removing the visual
feedback. In the study by Koldenhoven et al., 8 weeks of
kinematic feedback during walking resulted in decreased
inversion at initial contact and decreased peak inver-
sion across the entire stance phase. While results of the
study by Koldenhoven et al. [14] showed no significant
differences in initial contact, these differences can be
explained by the timing of the feedback. The visual kin-
ematic feedback was given simultaneously with initial
contact, requiring participants to actively adjust their
contact for successful outcome. In contrast, the vibra-
tion feedback was given later in the gait cycle, allowing
participants to make changes only during the loading
phase. Changing initial contact with vibration feedback
would require transferring the new kinematic pattern
without feedback. This transfer likely did not occur after
one session. Thus, the timing of feedback during the gait
phase may affect immediate results, but more research
is needed to confirm. However, these changes were not
clinically meaningful considering their small percentage
changes and effect sizes for the real-time video feedback
[16]. Therefore, the technique reported by Ifarraguerri as
internal feedback altered movement patterns in an incon-
sistent direction [11, 16].

Effect of auditory biofeedback

The auditory biofeedback was effective in reducing plan-
tar pressure on the lateral part of foot and changing the
COP medially. The device is available to clinicians but
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a longer follow-up period is required to support the
potential effects on treating patients with CAI [6, 17].
According to evidence, postural control continuously
improves when balance training is used along with an
external focus of attention [46]. Individuals with CAI are
more relied on visual stimulus and traditional balance-
training programs are not capable of altering the visual
reliance [47].

After evaluating the findings of included studies, it is
evident that various forms of biofeedback are able to cor-
rect lower limb biomechanics. However, when compar-
ing the different types of biofeedback, it is notable that
auditory feedback yielded more favorable outcomes in
terms of modifying plantar pressure specifically in indi-
viduals diagnosed with CAIL On the other hand, internal
feedback is the least effective type of biofeedback.

Limitations and recommendations for future studies
Current study is limited by lack of the long-lasting effects
of biofeedback; the longest follow-up was 72hours.
Further studies are required to clarify whether these
practices remain effective in more than 4weeks of inter-
vention, where acquisition, retention and transfer are
evaluated.

Second, only 2 RCTs [3, 14] were included and due to
a fair-quality score of included studies and small sample
size, additional research should incorporate well-exe-
cuted randomized control trials that adhere to stringent
methodology i.e., significant number of participants,
apply allocation concealment to ensure unbiased group-
ing and account for confounding factors through appro-
priate statistical analysis and optimizing the reporting of
studies.

All included studies investigated the young population
and many were strongly lab-based. Moreover, according
to the results of this study, assessing muscle activity is
required in future investigations. Investigations in mus-
cle performance is required in future studies in order to
alter gait mechanics in individuals with CAL To be able
to apply results to geriatric practice, future studies should
focus on biofeedback systems that facilitate implement-
ing in the every-day clinical practice and enable for prac-
ticing of tasks that resemble every-day life challenges.
Recent progress in technology for wearable, wireless sys-
tems to monitor human motion [48] can ease the devel-
opment of biofeedback systems used in every-day home
environment.

Besides, different selection criteria for patients with
CAlI leads to an increased bias in this study.

Moreover, since all of the assessed biomechanical fac-
tors contribute to CAI, investigation on other factors
leading to recurrent LAS is recommended.
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Additionally, external feedback achieved better effects
on outcomes than internal biofeedback. Moreover,
auditory biofeedback achieved better results in plantar
pressure; further investigation is required to determine
which mode of external feedback or a multimodal bio-
feedback [2], is most appropriate in individuals with
CAIL A combination of external feedbacks might pro-
vide the greatest and longest lasting changes. Clinicians
are advised to utilize a verbal cue and external-biofeed-
back devices congruently with an impairment-based
rehabilitation to improve faulty biomechanics during
various tasks.

While admitting the limitations of these primary
reports, results of this systematic review support that
adding biofeedback to traditional clinical rehabilitation
techniques would prevent recurrent LAS.

Conclusion

This systematic review with meta-analysis shows that
biofeedback-gait-training has a positive effect on CAI
and results in improvement of biomechanical outcomes
(i.e.; plantar pressure, vGRE, JCF, COP, ankle inversion)
and leads to a more normal gait pattern. However, more
studies are required to support these results and assess
long-term effects. Clinicians should consider using low-
cost, user-friendly biofeedback devices in order to imple-
ment these findings in real-world conditions. By using
appropriate feedback interventions, ultimately LAS and
CAI can be prevented and / or treated in a more specific
way by reducing plantar pressure and ankle inversion
angle and improving function of the foot,.
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