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Abstract

Individuals with chronic ankle instability (CAI) present muscular weakness and
potential changes in the activation of the peroneus longus muscle, which likely
explains the high recurrence of ankle sprains in this population. However, there
is conflicting evidence regarding the role of the peroneus longus activity in CAI,
possibly due to the limited spatial resolution of the surface electromyography
(SEMG) methods (i.e., bipolar SEMG). Recent studies employing high-density
SEMG (HD-sEMG) have shown that the peroneus longus presents differences
in regional activation, however, it is unknown whether this regional activation
is maintained under pathological conditions such as CAI. This study aimed to
compare the myoelectric activity, using HD-sEMG, of each peroneus longus
compartment (anterior and posterior) between individuals with and without
CAL Eighteen healthy individuals (No-CAI group) and 18 individuals with CAI
were recruited. In both groups, the center of mass (COM) and the SEMG ampli-
tude at each compartment were recorded during ankle eversion at different force
levels. For the posterior compartment, the SEMG amplitude of CAI group was
significantly lower than the No-CAI group (mean difference=5.6% RMS; 95%
CI=3.4-7.6; p=0.0001). In addition, it was observed a significant main effect for
group (F, 3,=9.608; p=0.0040) with an anterior displacement of COM for the
CAI group. These findings suggest that CAI alters the regional distribution of
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1 | INTRODUCTION

Lateral ankle sprains are the most common musculo-
skeletal injuries of the lower extremities suffered by ad-
olescents, young adults, and physically active people.'™
Moreover, a significant number of people experience per-
sistent problems (up to 70%), including repetitive episodes
of ankle sprains and weakness of the peroneus muscles.*”
Most importantly, these two impairments are considered
as the primary manifestation of chronic ankle instability
(CAD.>7

The signs and symptoms of CAI are the consequence
of a set of pathomechanical, sensory-perceptual, and mo-
tor-behavioral impairments that explain recurrent ankle
sprains.*® Individuals who experience a lateral ankle
sprain might present arthrogenic muscle inhibition in the
acute stage of the injury.® If this inhibition persists over
time, it could generate weakness of the eversor ankle
muscles.”!® Indeed, a lower eversion force of the pero-
neus longus muscle has been observed in individuals with
CAI compared to individuals without a history of ankle
sprains.9

High density surface electromyography (HD-sEMG)
has been used to determine regional variations in myo-
electric activation in a number of muscles and motor
tasks.""* A recent study employing HD-SEMG reported
that the peroneus longus muscle presents differences in
regional activation across different ankle movements."
Specifically, during an eversion of the ankle, a greater acti-
vation of the anterior and posterior muscle compartments
is observed, whereas during plantarflexion, a lower acti-
vation of the posterior compartment has been reported.
This regional activation of the peroneus longus is related
to its anatomical and biomechanical organization,m"18
contributing mainly to eversion movement during motor
tasks like walking, jumping, and running. Despite of these
within-muscle variations in activity, some investigations
using conventional bipolar single-channel methods have
reported no differences in surface electromyographic
(sEMG) amplitude of the peroneus longus between in-
dividuals with CAI and healthy controls.'®" It is possi-
ble that the myoelectric behavior of the peroneus longus
in people with CAI presents altered activation across

muscle activity of the peroneus longus during ankle eversion. In practice, altered
regional activation may impact strengthening programs, prevention, and reha-

ankle sprain, chronic ankle instability, electromyography, fibularis longus, high-density
surface electromyography, neuromuscular control, regional activation, rehabilitation

different muscle compartments, which could be reflected
by HD-sEMG instead of typical bipolar SEMG, since the
latter considers the muscle as a unit represented in a small
territory (~1cm?), ignoring the compartmental organiza-
tion and regional activation of the peroneus longus mus-
cle. For instance, multiple studies have reported changes
in regional activation strategies in several musculoskele-
tal conditions such as rectus femoris tendon injury,® low
back pain,”' and anterior knee pain.'“** These findings
highlight the importance of assessing regional adjust-
ments in muscle activity during musculoskeletal disorders
as these changes may shed light on the motor adaptations
responsible for appearance and recurrence of symptoms.

Therefore, the purpose of this investigation was to
compare peroneus longus regional myoelectric distribu-
tion and magnitude of activation between individuals
with and without CAI. We hypothesized that the poste-
rior peroneus longus compartment would present a lower
EMG amplitude in the CAI group compared to No-CAI
group, since this is the main muscle compartment contrib-
uting to ankle eversion."?

2 | MATERIALS AND METHODS

This study followed a case and control design. All pro-
cedures were carried out following the Code of Ethics of
the World Medical Association (Declaration of Helsinki)
for experiments on humans and the STROBE statement.
Participants were selected through a non-probability sam-
ple at the Kinesic Clinic of the Universidad Santo Tomas.
The research participants under 18 years of age, as well as
their guardians or parents, read and signed an informed
assent; and those participants aged 18 or over read and
signed an informed consent. All documents and research
were evaluated and approved by the scientific ethics com-
mittee of Universidad Santo Tomas (CEC4-2022-1D3.22)
and Universidad Catdlica del Maule (CEC57-2022), Chile.
Male participants with CAI (CAI group) and healthy vol-
unteers with no history of lateral ankle sprain (No-CAI
group) were recruited. For both groups, all participants
met the following inclusion criteria; volunteers between
10 and 19years old, considered the most common age for
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suffering lateral ankle sprains and CAIY: and moderate
physical activity level of 30min per session at least three
times per week. For the CAI group, all participants met
the following inclusion criteria as recommended by the
International Ankle Consortium:* (i) the first sprain oc-
curred more than 1year ago, (ii) no sprain in the 6 weeks
prior to testing, and (iii) scored >11 on the Identification
of Functional Ankle Instability questionnaire. Individuals
were excluded from both groups if any of the following
were reported: (i) a history of lower extremity surgery, or
(ii) a history of any disease or condition that may influ-
ence neuromuscular control or impede a person's ability
to complete the tests. Finally, participants in the No-CAI
group should not have a history of ankle sprains. A ques-
tionnaire of baseline characteristics and medical history
was applied to each of the participants (see Table 1).

A model of repeated measures analysis of variance
(ANOVA), including within-between interaction, was
used for sample size calculation. Eighteen participants
per group were required to find an effect size of 0.26. This
effect size considers an alpha level of 0.05, a beta risk of
0.2, a correlation among repeated measures of 0.5 and a
loss of 10% of participants during the processing of EMG
signals. The effect size estimate was based on the par-
tial eta squared (n2p) recommended for applied science

TABLE 1 Baseline characteristics of

Wi LEYJ—3

research.”* To calculate the sample size, the GPower
software (Version 3.1.9.6, Franz Faul, Universiit Kiel,
Germany) was used.

2.1 | Procedure

The procedures were performed in a session with a du-
ration of about 60 min per participant. In the CAI group,
injured ankle was evaluated; and in the No-CAI group,
the dominant ankle was evaluated. Ankle dominance was
determined through self-reported leg dominance.”® Each
participant answered the following question: “if you were
asked to shoot a ball on a target, which leg would you use
to shoot the ball?”. The body mass was assessed with a
scale (Seca, Hamburg, Germany; 0.1kg accuracy); and
standing and sitting height were measured using a stadi-
ometer (Seca, model 220, USA; 0.1 cm accuracy). Stage of
biological maturation (peak height velocity) were assessed
using a previously validated regression equation applied
on youth.”® Using this method, maturity offset (calcula-
tion of years from peak height velocity) was completed. In
the CAI and No-CAI groups, the HD-sEMG amplitude of
the peroneus longus compartments (anterior and poste-
rior) was assessed during submaximal voluntary isometric

- No-CAI
participants by group. Dat? vyere shown S AT G
as mean and standard deviation or
percentage frequency. Age (years old) 18.2+1.5 17.8+1.5 0.4754

Body mass (kg) 71.5+11.0 68.7+8.3 0.4178

Height (m) 1.73+0.08 1.73+0.04 0.9886

Body mass index (kg/m?) 23.9+24 23.0+2.5 0.3144

PHV (years old) 15.5+0.6 15.8+1.1 0.3474

Maturity offset (years from PHV) 27+1.3 2.0+1.0 0.1375

Physical activity (h/week) 3.5£0.7 41+1.0 0.0910

Maximum force (kg) 8.12+3.35 6.13+2.26 0.0255

Number of dominant ankles evaluated 17 (100) 17 (100) -

[n (%]

Ankle sprain episodes (1) - 3.1+1.0 -

Last ankle sprain episode - - -
2-5months [n (%)) 7(41.2) -
6-12months [n (%)] - 5(29.4) -
>12months [n (%)] - 5(29.4) -

Giving way or feeling of instability = 40+1.8 =

episodes (n)
Interruption of physical activity (days) - 254+23.1 -
IFAI questionnaire (score) - 19.9+3.2 -

Note: * All participants from both groups (No-CAI and CAI) were male sex.

Abbreviations: CAI, chronic ankle instability; IFAL identification of functional ankle instability
questionnaire; No-CAlI, no chronic ankle instability; PHV, peak height velocity.
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contractions (SMVIC) at 10%, 30%, 50%, and 70% of the
maximum voluntary isometric contraction (MVIC).

2.2 | MVIC

An ankle ergometer (501584, Enraf Nonius, Rotterdam,
The Netherlands) with a calibrated force transducer
(CCT Transducer s.a.s, Turin, Italy) was used to evalu-
ate the MVIC of eversion. Force data were amplified with
a general-purpose amplification device (Forza-B, OT
Biolettronica, Turin, Italy). For this, the authors followed
the protocol reported in a previous investigation.'> The
force transducer was adjusted to coincide with the sub-
talar joint axes for eversion movement. At the beginning
of the MVIC, the participants became familiar with the
dynamometer and the protocol, practicing contractions
at submaximal force levels. All participants were asked to
perform three maximum isometric contractions against
the force transducer, with one-minute rest between each
contraction. A researcher vigorously encouraged the par-
ticipant to maintain maximal isometric contraction for
5sec. The magnitude of the MVIC was defined as the
maximum force value recorded in the three trials.

2.3 | High-density surface
electromyography

An ultrasound device (Philips Lumify, Philips Medical
Systems, Bothell, WA) with a 12-4 MHz linear array probe
was used to identify the muscle compartments (anterior
and posterior) of the peroneus longus, and to assess the
correct location of the HD- sSEMG electrode grid on these
compartments. This procedure was applied following pre-
vious recommendations.”’ The anterior and posterior bor-
ders of the peroneus longus were identified and marked
on the skin with the probe oriented transversely; similarly,
the muscle-tendon junction was identified and marked on
the skin with the ultrasound probe oriented longitudi-
nally along the leg. A researcher shaved the skin hair on
the anterolateral region of the dominant leg and cleaned
it with an abrasive paste and water. Then, the center of a
linear electrode array (inter-electrode distance of 2.5 mm,
SA 16/5, Bioelettronica, Torino, Italy) was placed on the
32% of a reference line (between the top of the head and
the lateral malleolus of the fibula)'*>?® to assess the cor-
rect propagation direction of motor unit action potential
(MUAP). Once identified, a semi-disposable adhesive
grid of 64 electrodes (13 rows and 5 columns of elec-
trodes with 8 mm inter-electrode distance; GRSMM1305,
OT Bioelecttronica, Torino, Italy) with conductive paste
was placed (Figure 1). The columns of the electrode grid

represented two superficial neuromuscular compart-
ments of the peroneus longus according to the following
organization: columns 1 and 2 (anterior compartment)
and columns 4 and 5 (posterior compartment).'” The use
of above procedures (i.e., ultrasound, anatomical land-
marks, and linear electrode array) allowed to place con-
sistently the HD-sEMG electrode grid on the anterior and
posterior compartments.

Monopolar EMG signals were recorded at a sampling
frequency of 2048 Hz, amplified by a factor of 150, filtered
with an 8th order Bessel bandpass filter at 10-500 Hz (an-
ti-aliasing filter). The analogue signal recorded by the force
transducer was amplified by a factor of 200 and sampled
at 2048 Hz. Force and HD-EMG signals were converted
to digital form by a 16-bit analog-to-digital converter
(EMG-Quattrocento, Bioelettronica, Torino, Italy) and
acquired with the software OTBiolab (OT Bioelettronica,
Turin, Italy). Finally, the HD-sEMG activity and isomet-
ric eversion strength were recorded during the execution
of the SMVIC protocol (10%, 30%, 50%, and 70% MVIC).
Volunteers performed one attempt for each force level in
arandom order. Each attempt lasted 9 sec, with a two-min
rest period between attempts. Participants were allowed
to practice each of the tests for one time to familiarize
with the task. They received real time visual and auditory
feedback of their ankle eversion force and were instructed
to match as precisely as possible a trapezoidal template
showed on a monitor to help control force magnitude. The
absence of sound meant that the participants were at the
desirable target +3% MVIC error. A deviation out of this
range triggered an audible sound with either a higher or
lower frequency. The monitor was located 120 cm from the
participant and at a height adjustable to the vision of each
participant. Any off-axis force was avoided for the ankle
ergometer, which only allowed the ankle eversion move-
ment. In addition, a researcher controlled the ankle ever-
sion force observing the eversion movement on the ankle
ergometer and the force displayed on the monitor. During
the execution of the trials, pain was assessed using the nu-
meric rating scale (NRS). If any participant had pain of
intensity equal or greater than 3/10 (on an 11-point NRS: 0
being “no pain,” 10 being “worst pain imaginable”) during
the trials, assessment was immediately discontinued.

2.4 | Data processing

The signals were band-pass filtered using a 2nd
order 10-500 Butterworth filter (OT BioLab V1.5.8,
OTBioelettronica, Turin, Italy). Sixty-four monopolar
EMG signals were differentiated in a cephalocaudal di-
rection of the electrode grid to form 59 differential signals
organized in columns 1 and 2 (anterior compartment) and
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FIGURE 1 Example of the electrode grid and topographic maps of the peroneus longus myoelectrical activity of a healthy individual
and another with chronic ankle instability. Surface electrodes arranged in five columns which represented the anterior (columns

1/2) and posterior (columns 4/5) compartments. In addition, the figure shows examples of topographic maps of the amplitude of the
electromyographic activity recorded during 10, 30, 50, and 70% of maximum voluntary isometric contraction (MVIC).

columns 4 and 5 (posterior compartment). The process-
ing of the sSEMG signals of eversion movement considered
two stages. First, the sSEMG amplitude was calculated
using root mean square (RMS). For each column and level
of SMVIC, a 500ms window without overlap was used
for the 5sec which the participants were asked to sustain
the contraction, obtaining 10 normalized sEMG ampli-
tudes (normalization process performed using MVIC).
Subsequently, the 10 sSEMG amplitude values of columns
1 and 2 were averaged, obtaining the mean sEMG ampli-
tude of the anterior compartment. Similarly, the 10 SEMG
amplitudes of columns 4 and 5 were averaged, obtaining
the mean sEMG amplitude of the posterior compartment.
Second, the topographic distribution of the SEMG ampli-
tude was described through the center of mass (COM) po-
sition in the anteroposterior (COMx) and cephalocaudal
(COMy) components in relation to the position of the elec-
trode grid. For this, the COMx and COMy were calculated
with the RMS of the 59 SEMG signals. Finally, topographic
maps were constructed to describe the distribution of the
SEMG amplitude of the compartments at each level of
SMVIC (Figure 1). The maps were constructed with the
RMS values and the position coordinates of each of the

59 sEMG signals. These data were 2D interpolated using
a smoothing spline model and eight-factor smoothing. All
the above procedures were performed with IgorPro 6.0
software (WaveMetrics Inc, Portland, USA).

2.5 | Statistical analysis

For all analyses, an alpha of 0.05 was considered and
GraphPad Prism (version 9.0.0) software was used
(GraphPad Software, San Diego, California USA). All var-
iables were tested for normality using the Shapiro-Wilk
test. A descriptive statistical analysis (mean and standard
deviation) was calculated for the COM and the sEMG
amplitude at each compartment (anterior and posterior),
group (CAI and No-CAlI), and force level (10%, 30%, 50%,
and 70% MVIC). The Geisser-Greenhouse correction was
used when the assumption of sphericity was not met. To
determine possible interactions in SEMG activity between
compartments, groups, and force levels, a three-way
ANOVA (2x2x4) with repeated measures was applied.
In addition, to determine possible interactions between
groups and force levels, a two-way ANOVA (2x4) was
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applied for COMx and COMy. In the case of interactions,
a posthoc analysis with Tukey's multiple comparison test
was performed.

3 | RESULTS

None of the participants experienced pain with an in-
tensity that prevented the evaluation (CAI=0.24 +0.56;
No-CAI=0.18 +0.53). From 36 participants evaluated,
two participants (one per group) were not included in
the analysis because they presented SEMG signals un-
suitable for processing (excessive noise and artifacts).
Therefore, 17 volunteers for the CAI group and 17
volunteers for the No-CAI group were included in the
analysis. There were no significant differences between
groups for age, body mass, height, body mass index, and
physical activity (Table 1). Only individuals with CAI
of their dominant ankle were included in the study to
minimize potential laterality effects when comparing
against individuals in the No-CAI group. Furthermore,
no participant in the CAI group had a history of bilat-
eral CAL In the No-CAI group, all ankles evaluated
were dominant. Similarly, no differences in maturity
offset (p =0.1375) was observed between groups. All the
participants were in a postpubescent phase (>1.0years
from PHV). This decreased the likelihood of differences
in musculoskeletal and neuromuscular adaptations
between phases of growth and development (i.e., pre-
pubescent, pubescent, and postpubescent). Significant
differences (p =0.0255; mean difference [MD]=1.98 kg;

95% CI=0.01-3.99) in maximum force were observed
between No-CAI and CAI groups.

The sEMG amplitude and COM data presented a nor-
mal distribution and were expressed as means and stan-
dard deviations (Table 2). Figure 1 shows a representative
distribution of sSEMG amplitude throughout the compart-
ments of the peroneus longus. In general, a greater acti-
vation (intense colors: orange and red) of the posterior
compartment was observed in the No-CAI group, com-
pared to a more homogeneous distribution and decreased
SEMG activation of the anterior and posterior compart-
ments in the CAI group.

3.1 | Electromyography amplitude

ANOVA did not reveal a significant interaction ef-
fect between compartments, groups, and force levels
(F396=1.15; p=0.3323). However, ANOVA revealed a
significant interaction effect between compartments and
groups (F) 3,=10.68; p=0.0026). For the posterior com-
partment, SEMG amplitude of the CAI group was sig-
nificantly lower than the No-CAI group (MD =5.6% RMS;
95% CI=3.4-7.6% RMS; p=0.0001) (Figure 2). For the
anterior compartment, there was no difference in SEMG
amplitude between CAI and No-CAI groups (MD =—0.6%
RMS; 95% CI=-2.8 to 1.4% RMS; p=0.8599). In the No-
CAI group, the EMG amplitude of posterior compartment
was significantly higher than the anterior compart-
ment (MD=-6.6% RMS; 95% CI=-8.6 to —4.4% RMS;
p=0.0001). In CAI group, there was no difference in

TABLE 2 Descriptive statistics. Means and standard deviation of force, center of mass in anteroposterior position (COMXx), center of
mass in cephalocaudal position (COMy), and normalized electromyographic amplitude of peroneus longus muscle compartments during

the ankle movement at different percentages of maximum voluntary isometric contraction.

10% MVIC
No-CAI group
Anterior compartment (% RMS) 39.7+7.9
Posterior compartment (% RMS) 46.3+9.9
COMx (mm) 16.2+0.5
COMy (mm) 442445
Force (kg) 0.82+0.35
CAI group
Anterior compartment (% RMS) 45.0+9.7
Posterior compartment (% RMS) 454+6.3
COMx (mm) 16.7+0.5
COMy (mm) 453+52
Force (kg) 0.91+0.42

70%

30% MVIC 50% MVIC MVIC
44.8+7.0 47.4+7.4 48.4+7.8
51.2+9.7 55.9+9.0 56.1+8.3
16.6+0.5 16.7+£0.4 16.8+0.4
44.5+3.0 44.5+3.9 44.6+3.9
2.43+1.07 4.01+1.72 5.76 +£2.42
45.5+10.1 45.6+9.8 46.7 +8.6
45.8+7.3 45.9+4.9 46.0+ 5.6
17.0+0.5 17.0+0.3 17.1+£0.4
45.5+5.3 44.9+4.8 45.8+4.2
2.58+1.19 4.07+1.71 4.90+1.92

Abbreviations: CAI, chronic ankle instability; COMX, center of mass in anteroposterior position; COMy, center of mass in cephalocaudal position; MVIC,
maximum voluntary isometric contraction; No-CAIL no chronic ankle instability; RMS, root mean square.
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FIGURE 2 Separated scattered plot
of surface electromyography amplitude
(mean and standard deviation) of each
compartment (anterior and posterior)

of the peroneus longus during eversion.
No-CAlI no chronic ankle instability;
CALI, chronic ankle instability. The
significant difference between groups or
compartments is indicated by clapped line
with a p-value according to the following
symbology: ****=p <0.0001.
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FIGURE 3 Center of massin X and Y positions for both
groups. No-CAlI no chronic ankle instability; CAI, chronic

ankle instability. The significant difference between groups is
indicated by clapped line with a p-value according to the following
symbology: ****=p <0.0001.

SEMG amplitude between compartments (MD=-0.4%
RMS; 95% CI=—2.5to 1.7% RMS; p =0.9692).

3.2 | COM

The ANOVA did not show a significant interaction ef-
fect between intensity and group for COMx (F; gs=1.096;
p=0.3547) and COMy (Fj; 9s=0.2699; p=0.8469). However,
it was observed a significant main effect for group

(F}3,=9.608; p=0.0040) with a displacement of COMXx in
a posteroanterior direction for the CAI group (Figure 3A).

4 | DISCUSSION

In this study we compared the myoelectric activity of each
peroneus longus compartment (anterior and posterior)
between individuals with and without CAIL. An altera-
tion of the regional myoelectric activity of the peroneus
longus muscle was observed in individuals with CAI
During ankle eversion, individuals with CAI presented
lower sSEMG amplitude than those without CAI in the
posterior compartment of the peroneus longus muscle.
Consequently, the COM sEMG amplitude was displaced
in a posteroanterior direction in individuals with CAI,
that is, towards the anterior compartment of the peroneus
longus muscle. These findings supported our hypothesis.
This is the first study reporting such findings, consider-
ing compartmental anatomic organization and regional
muscle activation of peroneus longus recorded by HD-
SEMG. Previous reports investigated the myoelectric ac-
tivity in people with repetitive lateral ankle sprain using
bipolar sSEMG without considering the compartmental
organization of this muscle.'®"? Our study highlights that
the assessment of the myoelectric activity of the peroneus
longus over a small representative area of its entire su-
perficial muscular territory does not allow investigating
differences in neuromuscular behavior adequately, espe-
cially in chronic pathological conditions such as CAIL

4.1 | Regional myoelectric activity in CAI

We found that individuals with CAI presented lower
SsEMG amplitude in the posterior compartment than
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controls. This likely indicates a lower activation of motor
units to sustain the eversion force of the ankle, move-
ment particularly relevant to counteract ankle inversion
during running, jumping, and landing.***° Furthermore,
in individuals with CAI, the COM of the RMS shifted in
a posteroanterior direction compared with healthy indi-
viduals. Thus, the findings of this investigation suggest
that the posterior compartment of the peroneus longus
was potentially inhibited by the presence of CAIL It is
possible that this selective inhibition is the result of the
interaction of pathomechanical, sensory-perceptual, and
motor-behavioral impairments that explain recurrent
lateral ankle sprains.3’6’31 In this context, it has been ob-
served that after the acute injury there is a physiological
response consisting of edema and pain,6 and a consequent
alteration of reflexes (i.e., H-reflex) and neuromuscular
inhibition (e.g., arthrogenic muscle inhibition and muscle
weakness).g’9 However, if the person fails to recover in a
physiological period, the central nervous system (at spi-
nal and/or supraspinal levels) does not restore its state of
homeostasis** due to altered afferent and efferent inputs
(i.e., neural drive), and the consequent reduction in the
number of MUAP received by the muscle.** However, this
approach fails to fully explain the selective inhibition of
the posterior compartment of the peroneus longus mus-
cle, which could be subject to spinal or supraspinal adap-
tations. In this context, differences in the average muscle
fiber conduction velocity (MFCV) of the compartments
of the peroneus longus have been observed in healthy
individuals.”” Specifically, the posterior compartment
showed an increase in MFCV during eversion compared
to plantarflexion, showing the relevance of muscle fiber
proprieties of this compartment to perform an ankle stabi-
lizing movement as eversion. This may indirectly suggest
differences in the activation of muscle fibers of different
sizes depending on the motor task. For instance, the exist-
ence of a higher proportion of large muscle fibers in the
posterior compartment of the peroneus longus could be
possible, and hypothetically, these fibers could be more
affected in individuals with CAI. Nevertheless, these hy-
potheses must be tested.

On the other hand, the identification of the motor
unit discharge patterns as a more direct estimate of the
neural drive to certain muscle regions,”’34 could help to
explain the activation and/or inhibition of the posterior
compartment of the peroneus longus. The influence at the
supraspinal level of motor control could have a role in the
alteration of the regional activation, since a lower volume
and area of the peroneus longus recruitment map in the
motor cortex of individuals with CAI compared to healthy
subjects has been reported.” In this same context, it has
been observed that some individuals with CAI can walk
and run, but at the expense of motor adaptations—perhaps

at spinal or supraspinal levels—to cope with injury and
compensate for the decreased eversion force, such as over-
activation of the tibialis anterior and extensor digitorum
longus.*"® These motor adaptations facilitate the intro-
duction and normalization of unfamiliar somatosensory
signals and altered motor responses to the central nervous
system, which chronically predisposes the individual to
recurrent ankle sprains and potentially develop CAL

These motor adaptations may be accompanied by
changes in biomechanical and viscoelastic properties of
the ankle muscles in people with a history of ankle sprain.
For example, it has been observed that the gastrocnemius
lateralis and tibialis anterior exhibit greater tone and stiff-
ness in individuals with CAI compared to healthy controls
when measured using myometry.*® Indeed, changes in
soft-tissue mechanical properties can lead to changes in
both the magnitude and regional distribution of muscle
activity, as recently reported by De la Fuente et al. (2023).”’
For these reasons, knowing the regional differences in
mechanical properties and compensatory neuromuscular
patterns could help to understand the association with the
results observed in the regional activation pattern of the
peroneus longus.

On the other hand, significant differences in max-
imum force were observed between No-CAI and CAI
groups. These differences were an expected finding by our
research team, since lower eversion force is a common
impairment observed individuals with a history of lateral
ankle sprains.®® Previous studies,'®" have suggested that
the decrease in eversion force of individuals with CAI is
not associated with a decrease in the recruitment of motor
units. However, these observations must be interpreted
with caution since these studies did not use HD-sEMG
to assess regional activity while recording eversion force
production. For these reasons, we hypothesize that ever-
sion force is positively related to regional activation of the
peroneus longus muscle. For example, in healthy subjects,
greater eversion force is related to greater motor unit re-
cruitment; in subjects with CAI, a lower eversion force
could be related to a lower recruitment of motor units
from the posterior compartment, a muscle region that
seems to be potentially inhibited according to the recent
findings of our study. However, these hypotheses should
be tested in future research, employing techniques allow-
ing a direct assessment of motor unit firing properties.

4.2 | Regional myoelectric activity in
healthy ankle

Previous reports have shown that the activation inten-
sity of the peroneus longus does not significantly in-
crease with force in healthy individuals (i.e., with no
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history of lateral ankle sprains)."® Likewise, in the pre-
sent investigation both the anterior and posterior com-
partments presented similar SEMG amplitudes at low,
moderate, and high force levels in healthy individuals.
It is possible that the recruitment of most motor units
of the peroneus longus is achieved at low or moderate
contraction intensities, and therefore, the force contri-
bution of the peroneus longus could “saturate” at low
or moderate contraction intensities. In this scenario, the
increase in force eversion would be given by the acti-
vation of other synergist muscles, such as the peroneus
brevis and tibialis anterior.?’ On the other hand, the No-
CAI group had greater SEMG amplitude in the posterior
compartment than in the anterior compartment. A pre-
vious report supports this finding from a biomechani-
cal point of view.!” Electrical stimulation of the motor
point of the posterior compartment of the peroneus lon-
gus causes higher acceleration in the medio-lateral axis
of the foot compared with the stimulation of the motor
point of the anterior compartment, suggesting a greater
contribution of the posterior compartment to the ever-
sion movement.'’

In other human muscles, differences in regional
muscle activity have been observed.'*** For instance,
a higher sSEMG amplitude of the proximal region of the
rectus femoris during hip flexion has been reported.'*
Also, regional differences were found in Nordic ham-
string and stiff-leg deadlift exercises for biceps femoris
long head and semitendinosus muscles.*®* Various
authors have pointed out that skeletal muscle may ex-
hibit a linear or non-linear SEMG/force relationship
depending on anatomical, biomechanical, and neuro-
physiological characteristics, of which the composition
and distribution of muscle fibers, number and type of
motor units, and force-generating patterns seem to be
the main factors.'**! For these reasons, it is possible that
the differences in the amplitude of activation between
the compartments of the peroneus longus could be due
to the regional distribution and composition of motor
units.

4.3 | Strengths and limitations

The HD-sEMG signals in the present study followed strict
protocols for signal acquisition, including the use of ul-
trasound for verification of the electrode grid location.
Furthermore, the use of HD-sEMG, instead of bipolar
sEMG, highlights the need to assess the myoelectric ac-
tivity of the peroneus longus over the entire superficial
muscle territory and thus adequately investigating the
differences in neuromuscular behavior in chronic patho-
logical conditions. Although the included volunteers were

selected according to rigorous criteria and international
recommendations for the recruitment of participants
with CAI, the present investigation was unable to iden-
tify subgroups of patients (i.e., perceived ankle instability,
recurrent ankle sprains, and perceived ankle instability in
combination with recurrent ankle sprains), which could
have facilitated the identification of specific sources of
dysfunctions.

Another limitation of the research was the non-in-
clusion of female participants. The available scientific
evidence indicates differences in the discharge rate of
motor units throughout the menstrual cycle,42 however,
it is unknown whether or how the menstrual cycle af-
fects the sSEMG amplitude and regional activation. A
recent paper by Guo et al., 2022 showed that greater
testosterone levels are associated with reduced MUAP
complexity.* Therefore, the influence of hormones
(whether testosterone or estrogen/progesterone) should
be considered as potential factor affecting regional
sEMG amplitude estimates in both sexes.** These is-
sues need to be addressed in future studies comparing
regional activation responses of the peroneus longus
muscle in males and females. Additionally, individ-
ual anatomy and possible differences between groups
could influence the current findings. Previous anatom-
ical research has indicated that the compartments of
the peroneus longus have a longitudinal topographic
distribution in a bipennate muscle conformation,'®®
with a muscle belly of a relatively consistent size
(width=3.5cm; length=12.4cm), in close contact with
the skin.* These anatomical features allowed the same
electrode grid configuration (13x5; 8 mm interelectrode
distance) to be used across participants. In turn, these
anatomical characteristics met the recommendations
for placing an electrode grid with a lower probability of
EMG signal differences between participants and cross-
talk between neighboring muscles.*’ In a complemen-
tary manner, a linear electrode array and ultrasound
were used to place the HD-sEMG electrode grid in the
peroneus longus compartments, and thus avoid possible
misalignment of the muscle fibers of the electrode in the
transverse or deep directions between the participants.
Furthermore, it was possible that some participants in
the CAI group presented atrophy of the peroneus lon-
gus, which could have influenced regional myoelectric
activation. However, enrolled participants were in the
period of growth and development (postpubescent),
which reduced the likelihood of long-standing muscle
atrophy and the potential influence of muscular factors
affecting myoelectric results.

On the other hand, the present investigation did not
consider other synergistic muscles responsible for ever-
sion, such as the peroneus brevis, extensor digitorum
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longus, and tibialis anterior, which could have influenced
the increase in force at high intensities of contraction to
compensate the decreased eversion force. For this rea-
son, it is necessary to carry out future investigations that
consider the regional activation of synergistic muscles be-
tween healthy and unstable ankles. Finally, the measure-
ments were focused on the dominant leg in both groups.
Future studies are needed to confirm these findings also
comparing the non-dominant leg.

4.4 | Perspectives

Findings of this study suggest that CAI alter the region-
specific functional role of peroneus longus muscle dur-
ing ankle eversion; and highlight the importance of
assessing regional adjustments in muscle activity during
musculoskeletal disorders as these changes may shed
light on the motor adaptations responsible for appear-
ance and recurrence of symptoms. In practice, regional
muscle activation may impact muscle strengthening
programs,*® and even more, impact prevention, treat-
ment, and rehabilitation of CAI. Specialists could po-
tentially focus their designs considering lower extremity
exercises that increase neuromuscular recruitment of
the posterior compartment to reestablish the balance
between regions of the peroneus longus muscle and
thus stabilize the ankle against forced inversion mecha-
nisms during walking, running, and jumping. To fulfill
this purpose, future studies will be needed to investigate
which ankle exercises increase the myoelectric activity
of the posterior compartment of the peroneus longus
and potentially improve lower limb neuromuscular con-
trol and functionality.

5 | CONCLUSIONS

During ankle eversion, individuals with CAI present
lower SEMG amplitude than those without CAI in the
posterior compartment of the peroneus longus. These
findings suggest that CAI alters the region-specific
functional role of peroneus longus muscle during ankle
eversion.
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