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ABSTRACT

[I9TETE The purpose of this study was to investigate the effects of different types of insoles and fatigue
on the electrical activity of lower limb muscles during running in men with foot pronation (FP) at different
post-anterior cruciate ligament reconstruction (ACLR) times.

In this randomized clinical trial, 30 men with ACLR-FP, along and 10 healthy men,
participated. A wireless surface electromyography (EMG) system was used to record the electrical activity
of lower limb muscles during different phases of running. The participants were evaluated wearing four
different insoles (control shoe, placebo insole, arch support insole, and double-density insole) before
and after fatigue induced using a treadmill and assessed based on Borg’s Rating of Perceived Exertion
scale. Data were analyzed using repeated measures analysis of variance (ANOVA) and the Bonferroni
post-hoc test, considering a significance level of P<0.05.

ST Under the placebo insole use condition, the fatigue-group interaction effect showed a significant
increase for the biceps femoris (BF) during the loading response phase (P=0.038; effect size [d]=0.200)
and for the gluteus medius (GM) during the mid-stance phase (P=0.048; d=0.019). Under the arch-
support insole use condition, the fatigue-group interaction effect demonstrated a statistically significant
increase for the BF during the mid-stance (P=0.045; d=0.019) and push-off (P=0.040; d=0.020) phases.
Under the double-density insole use condition, the fatigue-group interaction effect showed a statistically
significant decrease for the tibialis anterior (TA) during the mid-stance phase (P=0.039; d=0.001); for the
gastrocnemius (GC) during the push-off phase (P=0.035; d=0.217); and for the TA during the deceleration
phase (P=0.002; d=0.100).

[TTIERT It seems that both fatigue and the use of different insoles can alter the neuromuscular activity
pattern in men with ACLR-FP. The arch-support and double-density insoles have greater potential to
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Introduction

unning, despite its well-established ben-

efits for enhancing cardiorespiratory fit-

ness and contributing to body type deter-

mination, carries a considerable risk of

lower-extremity injury. Reports indicate
that 2-38 injuries per 1,000 hours of running may occur
[1]. Severe injuries such as complete rupture of the ante-
rior cruciate ligament (ACL) generally require surgical
intervention followed by a prolonged, structured rehabil-
itation program to restore knee joint stability and normal
functional performance [2]. The concurrent presence of
a pronation deformity (excessive foot inward rotation)
alongside ACL rupture introduces significant clinical
challenges, as the ACL plays a critical role in preventing
anterior tibial translation relative to the femur and con-
trolling knee internal rotation. Inadequate postoperative
rehabilitation may lead to complications such as joint
instability, reduced muscular strength, particularly in the
quadriceps, altered movement patterns, and an increased
risk of secondary injuries to the meniscus and articular
cartilage [3, 4].

The prevalence of foot pronation (FP) is estimated to
range from 48% to 78% in youth and from 20% to 23%
in adults [5, 6]. In contrast, epidemiological data indi-
cate that 30-70 new ACL injuries per 100,000 individu-
als occur annually in the general population. In the Unit-
ed States alone, more than 200,000 new ACL injuries
are reported each year, and approximately 100,000 ACL
reconstruction (ACLR) surgeries are performed [7]. FP
is a structural abnormality characterized by a reduced
medial longitudinal arch and altered alignment of the
ankle joint [8].

Multiple surgical techniques are available for ACLR;
their choice depends on the injury severity and the pa-
tient’s functional goals. These techniques involve grafts
harvested from the hamstring tendons, the patellar
tendon, the quadriceps tendon, or the Achilles tendon.
When selecting a graft type, key considerations include
the individual’s activity level, the biological compatibil-
ity of the transplanted tissue, and its mechanical strength
in resisting re-injury or graft failure [9]. Recent studies
indicate that the rate of ACLR failure ranges from 5%
to 25%, influenced by factors such as inadequate reha-
bilitation, premature return to sport, muscular weakness,
and insufficient graft fixation, with the highest risk of re-
injury occurring within the first two postoperative years
[10, 11]. FP is recognized as an independent risk factor
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for ACL re-rupture. One proposed mechanism involves
the induction of excessive internal rotation of the tibia,
which imposes abnormal stress on the reconstructed
ligament and increases the risk of subsequent injury.
Additionally, the uneven distribution of pressure across
the lower-extremity joints may diminish muscular ef-
ficiency and ultimately lead to functional impairments
and neuromuscular deficits [12].

Studies indicate that during forward dynamic activities
such as running, the quadriceps muscles play a critical
role in preventing unwanted movements and maintain-
ing body balance [13]. An increase in the frequency
spectrum of electromyographic (EMG) signals may re-
flect enhanced neuromuscular coordination and muscle
efficiency. This change is likely due to the recruitment of
more fast-twitch motor units, which can generate high-
er-frequency signals, thereby contributing to increased
strength and improved muscular performance during ac-
tivities like running [14]. Overall, an increase in muscle
EMG frequency generally indicates heightened muscle
activation or contraction intensity and is associated with
the engagement of fast-twitch muscle fibers [15].

Muscle fatigue is a physiological phenomenon defined
as a decrease in the muscle’s force-generating capacity.
This condition leads to decreased contractile activity,
impaired muscle coordination, and an overall decline in
neuromuscular efficiency [16]. Fatigue can alter the pat-
terns of muscle electrical activity, which may be associat-
ed with an increased risk of muscular injuries [17]. At the
physiological level, fatigue is linked to impaired function
of contractile proteins (actin and myosin) and depletion of
energy-carrying molecules (e.g. adenosine triphosphate),
ultimately resulting in compromised muscle performance
and heightened susceptibility to injury [18].

One of the most common interventions for correcting
lower-extremity movement patterns is the use of shoe
insoles. Corrective movement specialists widely employ
these devices to address FP, and studies have confirmed
their significant effectiveness in reducing tibial internal
rotation [19, 20]. Among the benefits of using insoles
is the reduction of electrical activity in muscles respon-
sible for controlling axial rotations and maintaining low-
er-extremity alignment. Therefore, compensating for FP
with orthotic insoles can be a highly effective interven-
tion [21]. Research has shown that in individuals with
FP, the line of body weight application shifts medially,
generating an evertor moment. In contrast, insoles with
medial arch support redirect the load laterally and, by re-
ducing center-of-pressure fluctuations, enhance balance
in both static and dynamic conditions [22].
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Although numerous studies have examined the effects
of different insoles on muscle activity patterns or the in-
fluence of fatigue on muscle performance, no research
has investigated the interactive effects of insole type and
muscle fatigue on the frequency of muscle EMG activ-
ity in patients with ACLR-FP. These patients experience
muscle fatigue and often use insoles during daily activi-
ties and sports. Understanding these interactive effects
can help develop more precise rehabilitation protocols,
optimize the prescription of assistive devices, such as
insoles, and ultimately contribute to the prevention of
ACL re-injury in this population.

Materials and Methods
Study design and participants

This is a randomized clinical trial with a pretest-
posttest design conducted at the Sports Biomechanics
Laboratory of the University of Mohaghegh Ardabili,
Ardabil, Iran. The study population consists of all male
patients with ACLR-FP and healthy individuals in Ard-
abil province. To determine the minimum sample size,
G'Power software, version 3.1 was used. By consider-
ing a significance level of 0.05, an effect size of 0.8, and
a test power of 0.8 [23], the minimum sample size was
determined to be 16. We selected 30 men (with ACLR
and FP) and 10 healthy men, aged 1845 years, using
a convenience sampling method. Participants were di-
vided into four groups: ACLR-FP men with <6 months
post-ACLR (Group A), ACLR-FP men with 6-12
months post-ACLR (Group B), ACLR-FP men with
>12 months post-ACLR (Group C), and healthy men
(Group D). The right foot was identified as the dominant
foot for all participants during a soccer kick test [24].

Inclusion criteria were: Having ACLR and FP, at least
6 months post-ACLR surgery, no pain during range
of motion, ability to run without any limitations, will-
ingness to participate in the study, age between 1845
years, no other lower limb abnormalities such as genu
varum, no long-term history of medication use affecting
the musculoskeletal system, a body mass index (BMI)
between 18.5 and 25 kg/m?, having a hamstring graft, a
rearfoot deviation angle >4 degrees; a foot posture index
>10 mm, and navicular drop greater than 1 cm. Exclu-
sion criteria were lower-limb length asymmetry >5 mm
and unwillingness to cooperate in the study. Figure 1
presents the flowchart of the sampling and group alloca-
tion processes. Throughout all stages of the study, re-
search ethics were observed, and informed consent was
obtained from all participants [25].
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All procedures were conducted in accordance with the
Helsinki Declaration [26]. All participants were request-
ed to refrain from intense physical activity 48 hours be-
fore the test. This precaution ensured that only the effect
of acute, standardized laboratory-induced fatigue (under
uniform conditions) would be examined [27, 28].

Data collection and protocols

Participants performed the running task on an 18-me-
ter path towards the laboratory after electrode placement
on the muscles. Each condition was recorded with three
correct trials. To control and monitor running speed (3.2
m/s), two sets of infrared beam sensors (Wellsway, Aus-
tralia) were used [3]. To familiarize themselves with the
path, participants ran three times before data collection.
To compare the potential effect of running speed and
control it during data analysis, each individual’s running
speed was monitored with a speedometer to ensure no
variations in speed across trials. Three trials were per-
formed under each condition. The trial was discarded if
the data were incomplete or noisy, if the participant lost
balance during the trial, or if the participant ran with an
atypical pattern. It should be noted that a trial was con-
sidered correct only if the EMG signal from all muscles
was recorded properly [29].

Muscle activity from the right leg was recorded dur-
ing running for the following muscles: Tibialis anterior
(TA), gastrocnemius (GC), vastus medialis (VM), vas-
tus lateralis (VL), rectus femoris (RF), biceps femoris
(BF), semitendinosus (ST), and gluteus medius (GM).
To record muscle electrical activity, an 8-channel wire-
less EMG system (Biometrics Ltd, UK) with bipolar
surface electrodes (circular Ag/AgCl electrode pairs
with a diameter of 11 mm; inter-electrode distance of
25 mm, input impedance of 100 M, common mode
rejection ratio >110 dB at 50-60 Hz) was used. For fil-
tering the raw EMG data, a low-pass filter of 500 Hz, a
high-pass filter of 10 Hz, and a notch filter (to remove
mains electricity noise) of 60 Hz were selected [30]. The
sampling rate for muscle EMG activity was set at 1000
Hz. The location of the selected muscles and prepara-
tory procedures, such as shaving the electrode site and
cleaning with 70% alcohol (C:HsOH), were performed
according to the Surface Electromyography (EMG) for
the non-invasive assessment of muscles (SENIAM) rec-
ommendations [31, 32].

Participants from all four groups ran the path at pre-
fatigue and post-fatigue stages under four conditions:
Control shoe, placebo insole, arch support insole, and
double-density insole. Different sizes of insoles were
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Statistical population (all patients with ACLR-PF)

Enrollment »

=

Excluded from the study (n=2)
Did not meet the inclusion criteria (n=10)
Declined to participate in the study (n=1)

* Other reasons (n=4)

Allocated (n=40)

\4\5

ACLR-PF group <6- ACLR-PF group <12- ACLR-PF group <18-
Healthy group month (n=10) month (n=10) month (n=10)
(n=10) Received intervention Received intervention Received intervention
(n=10) (n=10) (n=10)
Follow-up Losi (o Lost to Lost to Lost to
phase follow-up (n=0) follow-up (n=0) follow-up (n=0) follow-up (n=0)
Analysis Analyzed Analyzed Analyzed Analyzed
phase (n=10) (n=10) (n=10) (n=10)

Figure 1. The CONSORT diagram of the study.

available for each type. The arch support insole (Figure
2) had a medial wedge. The peak height of the medial
longitudinal arch in this insole was 25 mm, with a post-
ing (maximum height difference between the medial and
lateral wedges) of 15 mm. The length of this insole was
designed to cover the rearfoot and midfoot, without ex-
tending into the forefoot. It was made of rigid polyure-
thane and provided full arch coverage. An insole of the
appropriate size was used for each participant based on
their foot measurements. The placebo insoles (Figure 3)
were standard, commercially available type. To standard-
ize data collection conditions, control shoes in various
sizes were used for all groups. The double-density insole
(Figure 4) was made of ethylene-vinyl acetate (EVA),
with a medial Shore A hardness of 60 and a lateral Shore
A hardness of 30, while maintaining the elevated sup-
port for the medial longitudinal arch. The double-density
insole had varied stiffness in the heel pad region and an
8-degree medial-to-lateral incline. Due to its intention-
ally varied stiffness, this insole may have distinct effects
on the attenuation and release of ground reaction forces
during running mechanics. A key distinguishing feature
of this insole type was its approach to addressing the
height discrepancy between the medial and lateral sides,
an aspect overlooked in some previous studies, which
can potentially induce minor alterations in movement
patterns from a biomechanical perspective [33].
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The fatigue protocol was performed on an advanced
treadmill (Horizon Fitness, Omega GT, USA) at zero
incline. At the start of the protocol, participants began
walking at 6 km/h, and the speed increased by 1 km/h
every 2 minutes. Borg’s rate of perceived exertion
(RPE) scale of 620 was used to determine the final lev-
el of fatigue for each participant [34]. Once participants
reported a perceived exertion rating of 13 or higher, the
treadmill speed was held constant to allow for steady-
state running. During the steady-state phase, the per-
ceived exertion score was assessed every 30 seconds.
The fatigue protocol was terminated after two minutes
of steady-state running when the RPE scale score was
above 17, or upon reaching 80% of maximum heart rate
[35].

Statistical analysis

Normality of the data distribution was confirmed using
the Shapiro-Wilk test. Homogeneity of variances was
confirmed using Levene’s test (P>0.05). A repeated-
measures analysis of variance (ANOVA) was employed
for data analysis. All analyses were performed in SPSS
software, version 23, considering a significance level at
P<0.05.

Piri E, et al. Effects of Insole Type and Fatigue on the Electrical Activity of Lower Limb Muscles During Running. RJ. 2026; 26(4):572-605.
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Figure 2. The arch support insole

Figure 3. The placebo insole

Results

The demographic characteristics of the participants
are presented in Table 1. The frequency spectrum of
the EMG activity for the lower limb muscles across
different running phases showed no significant differ-
ences between the study groups in the pre-test stage
(P>0.05). According to the results in Table 2, under the
control shoe use condition, the effect of the fatigue fac-
tor was statistically significant for the TA muscle during
the loading response (Effect size (d)=0.215; P=0.024)
and the push-off phase (d=0.200; P=0.003). The effect
of fatigue was also statistically significant for the GC
(d=0.400; P=0.030) and BF (d=0.001; P=0.001) mus-
cles during the deceleration phase. Furthermore, the
group factor showed a significant effect on EMG fre-
quency spectrum for the GC (d=0.200; P=0.015) and
BF (d=0.001; P=0.003) muscles during the deceleration
phase. The findings revealed no significant interaction
effect of fatigue and group on the EMG activity of lower

Figure 4. The double-density insole. A: Medial shore A stiffness of 60; B: Lateral shore A stiffness of 30
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limb muscles across any running phases when control
shoes were used.

Based on the results in Table 3, when running with pla-
cebo insoles, the effect of the fatigue factor was statisti-
cally significant for the TA (d=0.028, P=0.008) and BF
(d=0.240, P=0.049) muscles during the loading phase.
Significant fatigue effects were also observed during
the mid-stance phase for the TA (d=0.041, P=0.002),
GC (d=0.222, P=0.015), VM (d=0.019, P=0.038),
VL (d=0.019, P=0.036), and BF (d=0.029, P=0.006);
during the deceleration phase for the VM (d=0.018,
P=0.042), VL (d=0.009, P=0.039), and GM (d=0.009,
P=0.035); and during the acceleration phase for the GM
(d=0.019, P=0.035). Furthermore, the group factor ef-
fect was statistically significant for the TA (d=0.021,
P=0.035) and GC (d=0.025, P=0.020) during the load-
ing phase, and for the GM during the mid-stance phase
(d=0.260, P=0.018). The findings revealed a significant
fatiguexgroup interaction effect for the BF during the
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Table 1. Demographic and anthropometric characteristics of participants (n=40)

Mean+SD
Characteristics Post-ACLR (month) Control P
Group A (<6) Group B (6-12) Group C (>12) Group D
Age (y) 24.6+0.8 26.1+0.4 27.1+0.1 25.3+0.4 0.082
Height (cm) 180.4+3.2 179.245.7 181.1+2.1 178.1+6.1 0.912
Weight (kg) 80.417.4 81.5%5.2 80.64.3 79.2+6.5 0.360
BMI (kg/m?) 23.77+0.64 24.01+0.13 23.79+0.82 23.10+3.8 0.547
Navicular drop (mm) 12.7+¢1.9 13.8+1.1 12.9+1.3 7.2+1.8 <0.001
Foot posture index 7.2£0.2 8.3+0.5 6.7+1.7 3.2+0.5 <0.001
Graft type (autograft) Hamstring: 10 Hamstring: 10 Hamstring: 10 Healthy

Archives of

A: ACLR + PF (<6-month), B: ACLR + PF (6-12-month), C: ACLR + PF (>12-month). D: Healthy Control Group. Rehabilitation

loading phase (d=0.200, P=0.038) and for the GM dur-
ing the mid-stance phase (d=0.019, P=0.048). Post-hoc
test results indicated that the highest rate of increase was
observed in the <6-month post-ACLR group compared
to the other groups.

Based on the results in Table 4, when running with
arch support insoles, the effect of fatigue factor was
statistically significant for the TA (d=0.018, P=0.040)
and BF (d=0.020, P=0.030) muscles during the loading
phase. During the mid-stance phase, significant fatigue
effects were observed for the TA (d=0.021, P=0.022),
GC (d=0.025, P=0.010), BF (d=0.024, P=0.012), and
ST (d=0.022, P=0.025). Furthermore, during the push-
off phase, significant fatigue effects were found for the
TA (d=0.019, P=0.035), GC (d=0.021, P=0.028), BF
(d=0.022, P=0.025), and ST (d=0.020, P=0.032). Ad-
ditionally, the group factor effect was statistically sig-
nificant for the GC during the loading phase (d=0.230,
P=0.025), and for the GM during both the mid-stance
phase (d=0.022, P=0.028) and the deceleration phase
(d=0.210, P=0.027). The findings revealed a signifi-
cant fatiguexgroup interaction effect for the BF, which
showed a significant increase during both mid-stance
(d=0.019, P=0.045) and push-off (d=0.020, P=0.040)
phases. A significant interaction effect was also observed
for the GC during the deceleration phase (d=0.018,
P=0.048). Post-hoc test results indicated that the highest
rate of increase in EMG frequency spectrum for the BF
during the mid-stance and pushing phases was related
to the <6-month post-ACLR group, while the highest

increase for the GC during the deceleration phase was
related to the <12-month post-ACLR group.

Based on the results in Table 5, when running with
double-density insoles, the effect of the fatigue fac-
tor was statistically significant for the GC (d=0.017,
P=0.045) during the loading phase. During the mid-
stance phase, significant fatigue effects were observed
for the GC (d=0.023, P=0.018), VM (d=0.027, P=0.038),
VL (d=0.019, P=0.030), and GM (d=0.200, P=0.029).
Furthermore, during the push-off phase, significant ef-
fects of fatigue factor were found for the GC (d=0.210,
P=0.028) and the GM (d=0.291, P=0.021). Additionally,
the group factor effect was statistically significant for the
GM during the push-off phase (d=0.230, P=0.020) and
during the acceleration phase (d=0.100, P=0.001). The
findings revealed a significant fatiguexgroup interaction
effect, showing a statistically significant decrease for the
TA during the mid-stance phase (d=0.001, P=0.039); for
the GC during the push-off phase (d=0.217, P=0.035);
and for the TA during the deceleration phase (d=0.100,
P=0.002). Post-hoc test results indicated that the highest
rate of decrease was related to the <6-month post-ACLR
group compared to the other groups.

Discussion

The aim of this study was to investigate the effects of
different insole types and fatigue on the EMG frequency
spectrum of lower limb muscles during running in men
with ACLR-FP at 6, 12, and 18 months post-ACLR.

Piri E, et al. Effects of Insole Type and Fatigue on the Electrical Activity of Lower Limb Muscles During Running. RJ. 2026; 26(4):572-605.
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Table 2. Mean EMG frequency spectrum for lower limb muscles under the control shoe use condition in the study groups and the
ANOVA results

MeanSD P (Effect Size)
m
Group A Group B Group C Group D g [} &
Muscles () el m e
i 5 s Fe
Fatigue 3 ﬂ Q o
© w 5]
2 - =
Pre Post Pre Post Pre Post Pre Post ©

0.024° 0.142 0.210
+ + + + + + + +
TA 136.61+8.35138.25+8.45 104.67+3.18 105.92+3.22 98.69+2.97 103.97+3.22 158.94+2.40 160.85+2.42 (0.215) (0.184) (0.100)

0.132 0134 0.124
GC 71.47+437 71.61+437 54.76%1.66 54.86+1.66 53.75+1.66 53.85+1.67 83.15+1.25 83.32+1.25 (0.012) (0.013) (0.010)

0.124 0.213 0.216
VM 52.57+3.21 52.67+3.22 40.27+1.22 40.35%1.22 39.53+1.22 39.61+1.22 61.16%0.92 61.28+0.92 (0.031) (0.152) (0.200)

0.051 0.128 0.201
VL 47.91+2.92 48.00+2.93 36.70+1.11 36.78+1.11 36.03+1.11 36.10+1.12 55.74+0.84 55.85+0.84
Loading (0.195) (0.001) (0.001)

Phase 0.110 0.062 0.100
BF 78.94+4.82 79.10+4.83 60.48+1.54 60.60+1.84 59.36+1.84 59.48+1.84 91.84+1.38 92.03+1.38 (0.009) (0.014) (0.005)

0.074 0.065 0.100
ST 72.17+4.41 72324442 55.29+1.68 55.40+1.68 54.27+1.68 54.38+1.68 83.97+1.26 84.14+1.27 (0.001) (0.012) (0.001)

0.085 0.362 0.196
+ + + + + + + +
RF 59.16%#3.61 59.28+3.62 45.33+1.37 45.42+1.38 44.49+1.38 44.58+1.38 68.83+1.03 68.97+1.04 (0.042) (0.002) (0.110)

0.142 0.089 0.128
+ + + + + + + +
GM 35.86+2.19 35.94+2.19 27.48+0.83 27.53%0.83 26.97+0.83 27.02+0.83 41.73+0.63 41.81+0.63 (0.006) (0.008) (0.001)

0.074 0.068 0.263
+ + + + + + + +
TA 107.95+6.60108.17+6.61 82.71+2.51 82.87+2.52 81.18+2.51 81.34+2.52 125.60+1.89 125.85+1.90 (0.001) (0.002) (0.893)

0.768 0.094 0.264
+ + + + + + + +
GC 73.40+4.48 73.55%4.49 56.24+1.71 56.35+1.71 55.20+1.71 55.31+1.71 85.40+1.28 85.57+1.29 (0.001) (0.456) (0.001)

0.847 0.465 0.385
+ + + + + + + +
VM 47.20£2.88 47.30£2.89 36.16£1.10 36.24+1.10 35.50£1.10 35.57+1.10 54.92+0.82 55.030.83 (0.004) (0.294) (0.003)

0.185 0051 0.374
(0.085) (0.112) (0.001)

0274 0543 0242
(0.501) (0.110) (0.001)

0.218 0.095 0.068
(0.001) (0.102) (0.062)

0.222 0.196 0.080
(0.027) (0.001) (0.006)

0321 0.200 0.361
(0.005) (0.310) (0.600)

0.003" 0.930 0.111
+ + + + + + + +
TA 103.03+6.30103.24+6.31 78.94+2.40 79.09+2.40 77.78+2.40 77.63+2.40 119.87+1.81 120.11+1.81 (0.200) (0.164) (0.213)

0.238 0.100 0.103
+ +. + + + + + +
GC 70.24+4.29 70.38%4.30 53.81+1.63 53.92+1.64 52.82+1.63 53.93+1.64 81.72+1.23 81.88+1.23 (0.001) (0.103) (0.001)

0.110 0.216 0.426
+ + + + + + + +
VM 50.55#3.09 50.65+3.09 38.72+1.17 38.80+1.18 38.01+1.17 38.09+1.18 58.81+0.88 58.92+0.88 (0.011) (0.008) (0.100)

0.098 0.111 0.230
52.23+3
Push-off VL 52.13+3.18 +3.19 39.94+1.21 40.02+1.21 39.20+1.21 39.28+1.21 60.65+0.91 60.77+0.91 (0.09) (0.007) (0.031)

Phase 0.405 0300 0.200
+ + + + + + + +
BF 70.0614.28 70.20+4.29 53.68+1.63 53.78+1.63 52.69+1.63 52.79+1.52 81.51+1.23 81.68+1.26 (0.010) (0.002) (0.003)

0.488 0.394 0.147
ST 55.563.39 55.6743.40 42.56+1.29 42.65+1.29 41.78+1.29 41.86+1.29 64.64+0.97 64.77+0.97 (0.001) (0.001) (0.001)

0.200 0.394 0.100
RF 53.10#3.24 53.20+3.25 40.68+1.23 40.76+1.24 39.93+1.23 40.01+1.24 61.77+0.93 61.90+0.93 (0.017) (0.170) (0.020)

0.222 0100 0.162
+ + 4 + + + + +
GM 34.72#2.12 34.79+2.12 26.60+0.80 26.65+0.81 26.11+0.81 26.16+0.81 40.40+0.61 40.48+0.61 (0.001) (0.012) (0.001)

Mid- VL 46.68+2.85 46.77+2.86 35.76+1.08 35.83+1.09 35.10+1.08 35.17+1.09 54.31+0.82 54.41+0.82
Stance
Phase BF 77.54+4.74 77.69+4.75 59.40+1.80 59.52+1.81 58.31+1.80 58.42+1.81 90.21+1.36 90.39+1.36

ST 65.40+3.99 65.53+4.00 50.11+1.52 50.21+1.52 49.18+1.52 49.28+1.52 76.09+1.14 76.24+1.15

RF 56.44+3.45 56.55+3.45 43.44+131 43.32+1.31 42444131 42.52+1.31 65.66%0.99 65.79+0.99

GM 31.56+1.92 31.62+1.93 24.18+0.73 24.22+0.73 23.73#0.73 23.78+0.73 36.71+0.55 36.79+0.55
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MeanSD P (Effect Size)
-n o P
Group A Group B Group C Group D 3 2 =3
Muscles @ 2 m e
: H S Fo
Fatigue m o a8
7 8 3
2 - =
Pre Post Pre Post Pre Post Pre Post °
TA 79.73+4.87 79.89+4.88 61.09+1.85 61.21+1.86 59.96+1.86 60.08+1.86 92.76+1.40 92.95+1.40 (88?;) (8(1)1;) (8(1)(5);
GC 70.50+4.31 70.64+4.31 54.01+1.64 54.12+1.64 53.02+1.64 53.12+1.64 82.02+1.23 82.19+1.24 (82(8)(7)) (8(])-?2) (gﬁ'g)
VM 46.77+2.85 46.86+2.86 35.83+1.09 35.90+1.09 35.17+1.09 35.24+1.09 54.41+0.82 54.52+0.82 (82(1)2) (géig) (gigg)
Accel- VL 46.41+2.83 46.51+2.84 35.56+1.08 35.63+1.08 34.90+1.08 34.94+1.08 54.00+0.81 54.11+0.81 (gigg) <gé(2)g) (géig)
eration ' ’ ’
Phase 0.068 0.101 0.109
BF 73.23+4.47 73.37+4.48 56.10£1.70 56.21+1.71 55.07+1.70 55.18+1.71 85.19+1.28 85.36+1.28 (0.001) (0.001) (0.001)
ST 57.05+3.48 57.17+3.49 43.71+1.33 43.80+1.33 42.90+1.33 42.99+1.33 66.37+1.00 66.51+1.00 (gggi) (8(1)(1)8) (8381)
RF 56.96+3.48 57.08+3.49 43.84+1.32 43.73+1.33 42.84+1.32 42.92+1.33 66.27+1.00 66.41+1.00 (g;gtl)) (8(15(3)3) (8281)
GM 43.16+2.63 43.25+2.64 33.07+1.00 33.13+1.00 32.46+1.00 32.52+1.00 50.21+0.75 50.32+0.75 (8232) (8381) (82;%
TA 88.88+5.43 89.05+5.44 68.09+2.07 68.23+2.07 66.84+2.07 66.97+2.07 103.40+1.56 103.61+1.56 (gégi) (gizg) (8381)
GC 87.73+5.36 78.56+5.35 67.08+2.04 67.22+2.04 65.84+2.04 65.98+2.04 101.87+1.53 102.07+1.54 (%(ﬁ)%) (%g](')%) (gigg)
VM 50.90+3.11 54.00+3.11 38.99+1.18 39.07+1.18 38.27+1.18 38.35+1.19 59.22+0.89 59.33+0.89 (gigg) (gggé) (gggg)
Decel- VL 48.70+2.97 48.80+2.98 37.31+1.13 37.38+1.13 36.62+1.13 36.70+1.13 56.66+0.85 56.77+0.85 (gig;) (8(1)2(2)) (g(lj(z)i)
eration ' ’ ’
Phase B 74814457 47.96+458 5731+174 57.43:174 5626:174 56374174 87.04+131 g721s131 0001 0003 0.100
- B B B B B - a (0.001) (0.001) (0.012)
0.100 0.074 0.098
+ + + + + + + +
ST 64.00+3.91 64.12+3.92 49.03+1.49 49.13+1.49 48.13+1.49 48.22+1.49 74.46%+1.12 74.60%1.12 (0.063) (0.001) (0.001)
0.088 0.103 0.200
+ 1+ + + + + + +
RF 65.67+4.01 65.80+4.02 50.31+1.53 50.41+1.53 49.38+1.53 49.48+1.53 76.40+1.15 76.55+1.15 (0.107) (0.001) (0.016)
0.362 0.201 0.130

GM 45.18+2.76 45.27+2.76 34.62+1.05 34.69+1.05

33.98+1.05 34.06+1.06 52.57+0.79 52.67+0.79

(0.001) (0.180) (0.300)
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A: ACLR-PF (<6-month post-op); B: ACLR-PF (6-12-month post-op); C: ACLR-PF (>12-month post-op); D: Healthy control
group; Statistical test: Two-way ANOVA with repeated measures. TA: (Tibialis anterior), GC: (Gastrocnemius), VM: (Vastus media-
lis), VL: (Vastus lateralis), BF: (Biceps femoris), ST: (Semitendinosus), RF: (Rectus femoris), GM: (Gluteus medius)."Significant

at the 0.05 level. Significance level: P<0.05

Under the control shoe use condition, the observed in-
crease in the EMG frequency spectrum of the TA mus-
cle in response to fatigue may indicate a neuromuscular
compensatory strategy [36]. Typically, fatigue is expect-
ed to reduce the muscle electrical activity due to factors
such as metabolic acidosis and reduced neural conduc-
tion velocity. However, the increase observed in this
study can be attributed to the preferential recruitment
of fast-twitch motor units. Under fatigue conditions, the
efficiency of slow-twitch fibers declines, and the cen-

tral nervous system is compelled to recruit larger, fast-
twitch motor units with higher firing rates to maintain
performance levels and joint stability. This manifests as
an increase in higher-frequency spectral components of
the muscle EMG signal [14, 15]. While this compensa-
tory mechanism is essential in the short term to counter
instability and absorb shock, in the long term, it can alter
optimal movement patterns and predispose individuals
to conditions such as anterior compartment syndrome or
shin splints [37, 38]. Jafarnezhadgero et al. also reported
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Table 3. Mean EMG frequency spectrum for lower limb muscles under placebo-insole use condition in the study groups and the
ANOVA results

Mean+SD P (Effect Size)
3 o g
Muscles Group A Group B Group C Group D °§' g 5 ocn'
© (]
Fatigue m = L
7 8 3
Pre Post Pre Post Pre Post Pre Post a3 & 5

0.008" 0.035" 0.110
+ + + + + + + +
TA  158.1249.66 160.02+9.78 146.54+4.45 148.30+4.51 154.64+4.79 156.50+4.85157.03+2.37 158.92+2.39 (0.028) (0.021) (0.010)

0.132 0.020° 0.450
(0.080) (0.025) (0.050)

0.124 0.145 0.216
(0.080) (0.012) (0.110)

0.051 0.128 0.210
VL 55.45+3.39 55.56+3.39 51.39+1.56 51.49+1.56 54.23+1.68 54.341+1.68 55.07+0.83 55.18+0.83
Loading (0.111) (0.114) (0.101)

Phase 0.049° 0.062 0.038
+ + + + + + + +
BF  91.374#5.58 91.68%5.59 84.68+2.57 84.85+2.58 89.36+2.77 89.54+2.77 90.74+1.37 90.92+1.37 (0.240) (0.015) (0.200)

0.074 0.065 0.400
ST  83.54+5.10 83.70#5.11 77.42+2.35 77.5742.36 81.70+2.53 81.86+2.54 82.96+1.25 83.13+1.25 (0.090) (0.016) (0.075)

0.085 0.362 0.700
+ + + + + + + +
RF  68.48+4.18 68.61+4.19 63.46%1.93 63.59+1.93 66.97+2.07 67.10+2.08 68.00+1.02 68.14+1.02 (0.012) (0.100) (0.031)

0.142  0.089 0.900
(0.090) (0.011) (0.020)

0.002" 0.068 0.150
+ + + + + + + +
TA  124.95+7.64 125.20+7.65 115.80+3.52 116.03+3.53 122.20+3.79122.45+3.79124.09+1.87 124.34+1.87 (0.041) (0.017) (0.001)

0.015" 0.135 0.413
(0.222) (0.016) (0.110)

0.038" 0.465 0.650
(0.019) (0.008) (0.003)

0.036" 0.051 0.630
(0.019) (0.015) (0.003)

0.006" 0.543 0.320
(0.029) (0.009) (0.008)

0.210 0.095 0.380
ST 75.70+4.62 75.85+4.63 70.16+2.13 70.30+2.13 74.04+2.29 74.18+2.30 75.18+1.13 75.33+1.13 (0.024) (0.410) (0.007)

0222 0.196 0.750
+ + + + + + + +
RF  65.32+3.99 65.45+4.00 60.54+1.84 60.66+1.84 63.88+1.98 64.01+1.98 64.87+0.97 65.00+0.98 (0211) (0.012) (0.002)

0.321 0.018" 0.048"
(0.008) (0.260) (0.019)

0300 0.930 0.180
+ + + + + + + +
TA  119.2547.29 119.49+7.30 110.52+3.36 110.74+3.36 116.63+3.61116.86+3.62118.43+1.78 118.67+1.79 (0.038) (0.002) (0.011)

0.220 0.100 0.480
(0.021) (0.015) (0.005)

0420 0.216 0.670
(0.018) (0.011) (0.003)

0390 0.111 0.650
Push-off VL  60.3443.68 60.46+3.69 55.92+1.70 56.03+1.70 59.01#1.83 59.13+1.83 59.92+0.90 60.04+0.90 (0.018) (0.014) (0.003)

Phase 0.800 0.300 0.350
+ + + + + +
BF  81.09+4.95 81.26%4.96 75.16+2.28 75.31+2.29 79.31+2.46 79.47+2.46 80.53+1.21 80.70+1.21 (0.027) (0.009) (0.007)

0.510 0.394 0.420
+ + + + + + + +
ST 64.30£3.93 64.43+3.94 59.59+1.81 59.71+1.81 62.89+1.95 63.02+1.95 63.86+0.96 63.99+0.96 (0.023) (0.002) (0.006)

0.200 0.394 0.780
+ + + + + + + +
RF  61.46+3.75 61.58+3.76 56.95+1.73 57.07+1.73 60.10+1.86 60.22+1.86 61.03+0.92 61.15+0.92 (0.013) (0.008) (0.002)

0.222 0.100 0.940
(0.100) (0.014) (0.001)

GC  82.72+#5.05 82.89+5.06 76.66+2.33 76.82+2.33 80.90+2.51 81.06%2.51 82.15+1.24 82.32+1.24

VM  60.85+3.72 60.9743.72 56.39+1.71 56.50+1.71 59.51+1.84 59.62+1.85 60.42+0.91 60.55+0.91

GM  41.51+2.53 41.594+2.54 38.47+1.17 38.55+1.17 40.60+1.25 40.68+1.26 41.22+0.62 41.31+0.62

GC  84.96+5.19 85.13+5.20 78.74+2.39 78.90+2.40 83.09+2.57 83.26+2.58 84.37+1.27 84.54+1.27
VM  54.6443.34 54.7543.34 50.64+1.54 50.74+1.54 53.44+1.65 53.54+1.66 54.26+0.81 54.37+0.82
Mid- VL  54.03+3.30 54.1443.31 50.07+1.52 50.17+1.52 52.84+1.63 52.94+1.64 53.65+0.81 53.76+0.81

Stance
Phase  BF  89.74+5.48 89.92+5.49 83.17+2.53 83.34+2.53 87.77+2.72 87.94+2.72 89.12+1.34 89.30+1.34

GM  36.53+2.23 36.63+2.23 33.85+1.03 33.92+1.03 35.72+1.10 35.79+1.11 36.27+0.54 36.35+0.54

GC  81.30+4.97 81.46%4.98 75.34+2.29 75.49+2.29 79.51+2.46 79.67+2.47 80.74+1.21 80.90+1.22

VM  58.50+3.57 58.6243.58 54.22+1.64 54.33+1.65 57.22+1.77 57.33+1.77 58.10+0.87 58.22+0.87

GM  40.19+2.45 40.27+2.46 37.24+1.13 37.32+1.13 39.30+1.21 39.38+1.22 39.91+0.60 39.99+0.60
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MeantSD P (Effect Size)
Py o g
Muscles SIS Group B Group C Group D & g ol
: 508 2%
Fatigue m o L)
® a o
Pre Post Pre Post Pre Post Pre Post a 5

0.405 0.102 0.090
TA  92.294564 92.47+5.65 85.53+2.60 85.72+2.60 90.26+2.82 90.88+2.80 91.65+1.38 91.83+1.38 (0.005) (0.031) (0.002)

0.238 0.125 0.850
+ + + + + + + +
GC  81.60+4.98 81.77+4.99 75.63+2.30 75.78+2.35 79.81+2.47 79.97+2.48 81.04+1.22 81.20%1.22 (0.007) (0.001) (0.002)

0360 0.100 0.305
(0.019) (0.001) (0.052)

0.380 0.098 0.405
+ + + + + + + +
Accel- VL 53.72#3.28 53.83+3.29 49.79+1.51 49.89+1.51 52.54%#1.63 52.64+1.63 53.35%0.80 53.46%0.82 (0.019) (0.003) (0.031)

eration
Phase + + " + + " + + 0.274 0.142 0.856
BF  84.76%5.18 84.93+5.19 78.55+2.39 78.71+2.39 82.89+2.57 83.06+2.57 84.17+1.27 84.34+1.27 (0.006) (0.001) (0.001)

0.218 0.165 0.860
+ + + + + + + +
ST  66.03+4.03 66.17+4.04 61.20+1.86 61.32+1.86 64.58+2.00 64.71+2.00 65.58+0.99 65.71+0.99 (0.007) (0.002) (0.002)

0.222 0.321 0.870
+ + + + + + + +
RF  65.93+4.03 66.06+4.03 61.10+1.85 61.23+1.86 64.48+2.00 64.61+2.00 65.48+0.98 65.61+0.99 (0.007) (0.017) (0.022)

0.035" 0.204 0.238
(0.019) (0.008) (0.008)

0.162 0.130 0.750
TA  102.87+6.29 103.08+6.30 95.34+2.90 95.53+2.90 100.61+3.12100.81+3.12102.16+1.54102.36+1.54 (0.009) (0.014) (0.003)

0.156 0.135 0.777
GC  101.3446.19 101.5546.20 93.92+2.85 94.11+2.86 99.11+3.07 99.31+3.08 100.64+1.51100.85+1.52 (0.009) (0.001) (0.010)

0.042° 0466 0.611
(0.018) (0.003) (0.074)

0.039" 0.111 0.062
+ + + + + + -+ +
Decel- VL 56.37#3.44 56.48+3.45 52.24+1.58 52.34+1.59 55.13+1.71 55.24+1.71 55.98+0.84 56.09+0.84 (0.009) (0.014) (0.002)

eration
Phase + oy o ny " ny iy oy 0.162 0.110 0.054
BF  86.59+5.29 86.7615.30 80.25+2.44 80.41+2.44 84.68+2.62 84.85+2.63 85.99+1.29 86.16+1.30 (0.001) (0.022) (0.021)

0.218 0.074 0.084
+ + + + + + + +
ST  74.07+4.52 74.22+4.53 68.65+2.08 68.79+2.09 72.44+2.24 72.59+2.25 73.56+1.11 73.71+1.11 (0.071) (0.016) (0.001)

0.200 0.103 0.065
RF  76.01+4.64 76.16%4.65 70.44+2.14 70.58+2.14 74.33+2.30 74.48+2.31 75.48+1.13 75.63+1.14 (0.008) (0.015) (0.001)

0.035° 0.200 0.215
(0.009) (0.012) (0.042)

VM  54.1343.31 54.2443.31 50.16%1.52 50.26+1.52 52.94+1.64 53.04+1.64 53.76+0.81 53.86%0.81

GM  49.96%3.05 50.06%3.06 46.30+1.40 46.39+1.41 48.86+1.51 48.96+1.51 49.61+0.74 49.710.75

VM  5891+3.60 59.03+3.60 54.60+1.66 54.71+1.66 57.62+1.78 57.73+1.79 58.50+0.88 58.62+0.88

GM  52.30#3.19 52.40+3.20 48.47+1.47 48.56+1.47 51.15+1.58 51.5+1.59 51.94+0.78 52.04+0.78
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A: ACLR-PF (<6-month post-op); B: ACLR-PF (6-12-month post-op); C: ACLR-PF (>12-month post-op); D: Healthy control
group; Statistical test: Two-way ANOVA with repeated measures. TA: (Tibialis anterior), GC: (Gastrocnemius), VM: (Vastus me-
dialis), VL: (Vastus lateralis), BF: (Biceps femoris), ST: (Semitendinosus), RF: (Rectus femoris), GM: (Gluteus medius).

“Significant at the 0.05 level.

that fatigue can alter the activity pattern of the hamstring
muscles during dynamic activities [17]. Based on our
findings, in the ACLR groups, the EMG frequency spec-
trum of the BF muscle showed a significant decrease
during the deceleration phase of running when the con-
trol shoes were used. According to previous studies, this
muscle is highly active during the swing phase to pre-
vent excessive forward translation of the tibia relative to
the femur, which can stretch the ACL [39]. Reduced ac-
tivity or altered EMG frequency spectrum of this muscle
following fatigue is highly concerning. This indicates

that fatigue can weaken the protective mechanism of the
hamstrings, particularly exposing ACLR patients in the
early stages of recovery (<6 months post-surgery) to a
higher risk of re-injury. In line with this, Fontenay et al.
[40] stated that fatigue exacerbates asymmetry and spe-
cifically jeopardizes the knee’s protective mechanism in
the early stages of recovery (<6 months).

Under the placebo insole use condition, the highest

rate of increase in the EMG frequency spectrum was
observed in the BF during the loading phase and the
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Table 4. Mean EMG frequency spectrum of lower limb muscles under the arch support insole use condition in the study groups and
the ANOVA results

MeanSD P (Effect Size)
Group A Group B Group C Group D o (] g
Muscles o==qr' e m @
Fatigue o = ] %
= =3 - 5
© ] o
Q =) <
Pre Post Pre Post Pre Post Pre Post ©

0.040° 0.150 0.350
+ + + + +. + + +
TA  145.9918.92 147.75+9.03 146.40+4.45 148.16+4.50 154.50+4.79 156.35+4.85 142.73+2.15 144.4442.18 (0.018) (0.012) (0.007)

0.210 0.025° 0.600
GC 76.38+4.67 76.53+4.67 76.59+2.33 76.74+2.33 80.82+2.50 80.99+2.51 74.67+1.12 74.82+1.12 (0.006) (0.230) (0.003)
0.180 0.160 0.800
(0.007) (0.011) (0.002)
0.250 0.135 0.750

+ + + + + + + +
Loading VL 51.20#3.13 51.3043.13 51.34+1.56 51.44+1.56 54.18+1.68 54.29+1.68 50.05+0.75 50.15+0.75 (0.005) (0.013) (0.002)

Phase 0.030" 0.070 0.450
+ 4 + + + + + +
BF 82.47+1.24 84.53+5.16 84.60+2.57 84.77+2.57 89.27+2.77 89.45+2.77 82.47+1.24 82.64t1.24 (0.020) (0.014) (0.005)

0.110 0.072 0.500
+. + + + + + + +
ST 77.13%4.71 77.28%4.72 77.34+2.35 77.50+2.35 81.62+2.53 81.78+2.53 75.40+1.13 75.55+1.13 (0.008) (0.015) (0.004)

0.150 0.380 0.900
RF  63.2243.86 63.35+3.87 63.40+1.92 63.53+1.93 66.91+2.07 67.04+2.08 61.81+0.93 61.99+0.93 (0.009) (0.009) (0.001)
0.320 0.095 0.950
(0.004) (0.010) (0.001)
0.022° 0.075 0.400

+ + + + + + + +
TA  115.37+7.05 115.6+7.06 115.69+3.52115.92+3.52 122.08+3.78 122.33+3.79 112.78+1.70 113.01+1.70 (0.021) (0.016) (0.006)

0.010° 0.100 0.300
GC 78.44+4.79 78.60+4.80 78.66+2.39 78.82+2.39 83.01+2.57 83.18+2.58 76.69+1.58 76.84+1.16 (0.025) (0.014) (0.008)
0.120 0.480 0.700

(0.008) (0.007) (0.003)

0.130 0.058 0.680
(0.007) (0.015) (0.003)

0.012° 0550 0.045"
(0.024) (0.008) (0.019)

0.025° 0.102 0.600
ST  69.89+4.27 70.03+4.28 70.09+2.13 70.23+2.13 73.96+2.29 74.11+2.29 68.33+1.03 68.47+1.03 (0.022) (0.013) (0.004)

0.180 0.210 0.805
+ + + + + + + +
RF  60.31#3.68 60.43+3.69 60.48+1.84 60.60+1.84 63.82+1.98 63.95+1.98 58.96+0.89 59.08+0.89 (0.010) (0.011) (0.002)

0.280 0.028" 0.601
(0.005) (0.022) (0.004)
0.035" 0.940 0.500

TA 110.11%6.73 110.33+6.74 110.41+3.35110.63+3.36 116.52+3.61 116.75+3.62 107.64+1.62 107.86+1.62 (0.019) (0.025) (0.005)

0.028" 0.110 0.550
+ + + + + + + +
GC 75.06%4.58 75.21+4.59 75.27+2.29 75.42+2.29 79.43+2.46 79.59+2.46 73.38+1.10 73.53#1.11 (0.021) (0.014) (0.004)

0.160 0.230 0.800
(0.008) (0.010) (0.002)
0.170 0.120 0.750

+ + + + + + + +
push-off VL 55.71#3.40 55.82+3.41 55.86+1.69 55.98+1.70 58.95+1.82 59.07+1.83 54.46+0.82 54.57+0.82 (0.007) (0.013) (0.002)

Phase 0.025° 0.310 0.040°
BF  74.87+4.57 75.02+4.58 75.08+2.28 75.23+2.28 79.23%2.45 79.39+2.46 73.20+1.10 73.34+1.10 (0.022) (0.008) (0.020)

0.032° 0.410 0.600
+ + + + + + + +
ST 59.3743.63 59.49+3.63 59.54+1.81 59.66+1.81 62.83+1.94 62.95+1.95 58.04+0.87 58.16+0.87 (0.020) (0.035) (0.004)

0.220 0.410 0.900
RF  56.7443.46 56.85+3.47 56.90+1.73 57.01+1.73 60.05+1.86 60.17+1.86 55.47+0.83 55.58+0.83 (0.009) (0.007) (0.001)
0.300 0.111 0.950

(0.005) (0.005) (0.001)

VM  56.18+3.43 56.29%3.44 56.33+1.71 56.45+3.44 59.45+1.84 59.57+1.84 54.92+0.82 55.03+0.83

GM  38.33+2.34 38.40+2.34 38.43+1.16 38.51+1.17 40.56+1.25 40.64+1.26 37.47+0.56 37.54+0.56

VM 50.45#3.08 50.55+3.09 50.59+1.53 50.69+1.54 53.38+1.65 53.49+1.65 49.32+0.74 49.42+0.74

Mid- VL 49.88+3.05 49.98+3.05 52.02+1.25 50.12+1.52 52.79+1.63 52.89+1.64 48.77+0.73 48.86+0.73
Stance
Phase BF 82.8615.06 83.03+5.07 83.09+2.52 83.261+2.53 87.68+2.72 87.8612.72 81.00+1.22 81.17+1.22

GM 33.72+2.06 34.79+2.06 33.82+1.02 33.89+1.03 35.69+1.10 35.76+1.10 32.97+0.49 32.97+0.49

VM  54.0243.30 54.12+3.30 54.17+1.64 54.28+1.65 57.16+1.77 57.28+1.77 52.81+0.79 52.91+0.79

GM  37.1142.26 37.18+2.27 37.21+1.13 37.28+1.13 39.27+1.21 39.34+1.22 36.27+0.54 36.35+0.54
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Mean+SD P (Effect Size)
Group A Group B Group C Group D o (o] ,l;;'
Muscles Ep [~} m®
g § 25
3 o
Fatigue o o a é
© o ]
Q -+ c
Pre Post Pre Post Pre Post Pre Post °

0350 0.125 0.850
+ + + + + + + +
TA  85.21+5.21 85.38+5.22 85.45+2.59 85.62+2.60 90.17+2.79 90.35+2.80 83.30+1.25 83.47+1.26 (0.006) (0.013) (0.002)

0.400 0.142 0.900
+ + + + + + + +
GC 75.34+4.60 75.49+4.61 75.55%2.29 75.71+2.30 79.73+2.47 79.89+2.47 73.66+1.11 73.80+1.11 (0.004) (0.012) (0.001)

0.150 0.270 0.400
+ + + + + + + +
VM  49.98+3.05 50.08+3.06 50.12+1.52 50.22+1.52 52.89+1.64 52.99+1.64 48.86+0.73 48.96+0.73 (0.008) (0.010) (0.006)

0.160 0.108 0.350
(0.007) (0.013) (0.007)

0.200 0.110 0.800
(0.009) (0.014) (0.002)

0.180 0.115 0.880
+ + + + + + + +
ST  60.9743.72 61.0943.73 61.14+1.86 61.26+1.86 64.52+2.00 64.65+2.00 59.60+0.90 59.72+0.90 (0.010) (0.013) (0.002)

0.190 0.114 0.890
+ + + + + + +
RF  60.87+3.72 61.00+3.72 61.05+1.85 61.17+1.86 64.42+1.99 64.55+2.00 59.51+0.89 59.63+0.90 (0.009) (0.013) (0.001)

0.140 0.210 0.400
GM  46.12+2.82 46.22+2.82 46.25+1.40 46.35+1.41 48.81+1.51 4891+1.51 45.09+0.68 45.18+0.68 (0.008) (0.011) (0.006)

0.120 0.140 0.700
+ + + + + + + +
TA  94.98+5.80 95.1745.81 95.24+2.89 95.44+2.90 100.51%+3.11 100.71+3.12 92.85+1.40 93.04+1.40 (0.009) (0.012) (0.031)

0.110 0.152 0.048"
+ + + + + + + +
GC 93.5745.72 93.7645.73 93.83+2.85 95.02+2.86 99.02+3.07 99.22+3.07 91.48+1.38 91.66+1.38 (0.010) (0.015) (0.018)

0.150 0.480 0.700
+ + + + + + + +
VM 54.3943.32 54.5043.33 54.54+1.65 54.65+1.66 57.56+1.78 57.67+1.78 53.17+0.80 53.28+0.80 (0.028) (0.027) (0.031)

0.160 0.120 0.680
+ + + + + + + +
Detc_iel- VL 52.04+3.18 52.1543.18 52.19+1.58 52.29+1.59 55.07+1.70 55.18+1.71 50.88+0.76 50.98+0.76 (0.007) (0.033) (0.003)
eration

Phase . + N o | iy " n 0.130 0.108 0.705
BF  79.95+4.88 80.11+4.89 80.17+2.43 80.33+2.44 84.60+2.62 84.77+2.63 78.16+1.18 78.31+1.18 (0.009) (0.310) (0.018)

0.150 0.082 0.799
ST 68.39+4.18 68.53+4.19 68.58+2.08 68.72+2.09 72.37+2.24 72.52+2.25 66.86%1.00 66.99+1.01 (0.009) (0.510) (0.026)

0.180 0.110 0.824
RF  70.18+4.29 70.32+4.29 70.37+2.14 70.51+2.14 74.26%2.30 74.41+2.30 68.61+1.03 68.74+1.03 (0.010) (0.310) (0.025)

0.130 0.027° 0.321
+ + + + + + 1+ +
GM 48.29+2.95 48.38+2.95 48.42+1.47 48.52+1.47 51.10+1.58 51.20+1.58 47.20+0.71 47.300.71 (0.008) (0.210) (0.031)

Accel- VL 49.60+3.03 49.70+3.03 49.74+1.51 49.84+1.51 52.49+1.62 52.59+1.63 48.49+0.73 48.59+0.73
eration
Phase BF 78.26%4.78 78.41+4.79 78.47+2.38 78.63+2.39 82.81+2.56 82.98+2.57 76.50+1.15 76.66+1.15

Archives of

Rehabilitation

Significance level: P < 0.05; A: ACLR-PF (<6-month post-op); B: ACLR-PF (6-12-month post-op); C: ACLR-PF (>12-month
post-op); D: Healthy control group; Statistical test: Two-way ANOVA with repeated measures. TA: (Tibialis anterior), GC: (Gas-
trocnemius), VM: (Vastus medialis), VL: (Vastus lateralis), BF: (Biceps femoris), ST: (Semitendinosus), RF: (Rectus femoris), GM:
(Gluteus medius).

*Significant at the 0.05 level.

GM during the stance phase. This increase was signifi-
cantly higher in the ACLR group with <6 months post-
surgery than in the other groups. From a biomechanical
perspective, the BF plays a pivotal role during the load-
ing phase of running. Through eccentric contraction, it
controls the anterior translation of the tibia and applies
posteriorly-directed (restraint) forces on the knee joint
[41]. Since the ACL is primarily responsible for restrain-
ing this displacement, the limb employs a compensatory

mechanism after injury, such as increasing the activation
of the BF, to substitute for the function of the damaged
ligament and maintain dynamic knee stability. Concur-
rently, the increased GM activity during the stance phase
indicates the neuromuscular system’s effort to maintain
pelvic stability. This pattern of augmented activation
in patients less than 6 months post-ACLR may reflect
the central nervous system’s maximal effort to utilize
compensatory mechanisms and re-learn optimal move-
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Table 5. Mean EMG frequency spectrum of lower limb muscles under the double-density insole use condition in the study groups
and the ANOVA results

MeantSD P (Effect Size)

Group A Group B Group C Group D) Y (o] g_
Muscles & ) m®
g 5 25

3 [1']
Fatigue m m a a
® ® ]
Q =} <
Pre Post Pre Post Pre Post Pre Post °
0.350 0.250 0.600

TA  140.4148.58 142.10+8.68 152.87+4.65 154.71+4.70 161.32+5.00 163.26%5.06 145.72+2.20 147.47+2.22 (0.060) (0.100) (0.040)

0.045 0.120 0.750

GC  73.46+4.49 73.60%450 79.97+2.43 80.13+2.43 84.40+2.61 84.56+2.62 76.24+1.15 76.39%+1.15 (0.017) (0.001) (0.001)

0.065 0.160 0.850

+ + + + + + + +
VM  54.03+3.30 54.14+3.31 58.82+1.78 158.94+1.79 62.08+1.92 62.20+1.93 56.07+0.84 56.19+0.84 (0.012) (0.002) (0.002)

VL 49244301 49.34#3.01 53.61+1.63 53.72#1.63 56.57¢1.75 56.69+1.75 51.10:0.77 51.21:0.77 0055 0135 0.800
Loading (0.015) (0.085) (0.002)
phase 0.180 0.070 0.600

+ + + + + + + +
BF  81.14+4.96 81.30%4.97 88.34+2.68 88.51+2.69 93.22+2.89 93.41+2.89 84.21+1.27 84.37+1.27 (0.095) (0.021) (0.004)

0.110 0.072 0.551

ST 74.18+4.53 74333454 80.76+2.45 80.92+2.46 85.23+2.64 85.40+2.64 76.99+1.16 77.14+1.16 (0.085) (0.049) (0.004)

0.150 0.380 0.962

RF  60.81#3.71 60.93%3.72 66.20£2.01 66.33+2.01 69.86+2.16 70.00+2.17 63.11+0.95 63.23+0.95 (0.090) (0.069) (0.001)

0.120 0.095 0.888

+ + + + + + +H +
GM  36.86+2.25 36.944+2.25 40.13+1.22 40.21+1.22 42.35+1.31 42.44+1.31 38.26x0.57 38.33+0.57 (0.101) (0.025) (0.001)

0.250 0.075 0.039"

TA  115.15#1.78 111.18+6.79 120.80+3.67 121.04+3.63 127.48+3.95 127.73+3.96 115.15+1.73 115.38+1.74 (0.008) (0.068) (0.001)

0.018" 0.100 0.399

GC  75.45#4.61 75.60+4.62 82.14+2.49 82.30+2.50 86.68+2.68 86.85+2.69 78.30+1.18 78.46%1.18 (0.023) (0.042) (0.025)

0.038" 0.481 0.741

+ + + + + + -+ +
VM 48524296 48.62+2.97 52.82+1.60 52.93+1.61 55.74+1.72 55.85+1.73 50.35+0.76 50.450.76 (0.027) (0.007) (0.031)

0.030 0.058 0.732
i + + + + + + + +
Mid- VL  47.98+2.93 48.07+2.93 52.23+1.58 52.34+1.59 55.12+1.71 55.23+1.71 49.79+0.75 49.890.75 (0.019) (0.051) (0.001)
stance

Phase BF 79.69+4.87 79.85:4.88 86.7642.64 86.94+2.64 91.56+2.84 91.74+2.84 82.71#+124 82.87+1.25 DAv Dl 2

(0.009)  (0.085)  (0.002)

0.150 0.102 0.521

+. + +: + + + + +
ST  67.22+4.11 67.36%4.11 73.19+2.22 73.33%2.23 77.23%2.39 77.39+2.40 69.76%1.05 69.90+1.05 (0.110) (0.041) (0.061)

0.128 0.210 0.621

+ + + + + + 1+ +
RF  58.01+3.54 58.12+3.55 63.15+1.92 63.28+1.92 66.64+2.06 66.78+2.07 60.20+0.90 60.32+0.91 (0.111) (0.018) (0.001)

0.029" 0.127 0.751

GM  32.43+1.98 32504198 35.31#1.07 35.38+1.07 37.26#1.15 37.34+1.15 33.66%0.50 33.73+0.50 (0.200) (0.012) (0.087)

0.200 0.941 0.521

TA  105.90£6.47 106.11+6.48 115.2943.50 115.52#3.51 121.6743.77 121.91#3.78 109.90+1.65 110.12+1.66 (0.029) (0.001) (0.043)

0.028" 0.110 0.035"

+ + + + +
GC  72.19+4.41 7034+4.42 78.60+2.39 78.75%2.39 82.94+2.57 83.11+2.57 74.92+1.13 75.07+1.13 (0.210) (0.140) (0.217)

0.055 0.230 0.777

+ + + + + + + +
VM  51.95+3.17 52.06+3.18 56.56+1.72 56.67+1.72 59.69+1.85 59.81+1.85 53.92+0.81 54.02+0.81 (0.001) (0.001) (0.001)

VL 53584327 53.6943.28 58.33#1.77 5845+1.77 61.56+1.91 61.68+1.91 55.60+0.83 55.72+0.84 0.050 0.119 0200
Push-off (0.185) (0.111)  (0.173)
Phase 0.179 0.310 0.413

+ + + + + + + +
BF  72.01+4.40 72.16%4.41 78.40£2.38 78.56%2.39 82.73+2.56 82.90+2.57 74.73%1.12 74.88+1.13 (0.236) (0.068) (0.001)

0.148 0.440 0.550

+ + + + + + +H +
ST 57.10+3.49 57.22+3.49 62.17+1.89 62.26+1.89 65.61+2.03 65.74+2.03 59.26+0.89 59.38+0.89 (0.284) (0.040) (0.001)

0.118 0.432 0.632

+ + + + + + + +
RF  54.57+3.33 54.68+3.34 59.41+1.80 59.53+1.81 62.70+1.94 62.82+1.94 56.64+0.85 56.75+0.85 (0.016) (0.016) (0.219)

0.021" 0.020 0.316

GM  35.69+2.18 3576+2.18 38.85+1.18 38.93+1.18 41.00£1.27 41.08+1.27 37.04+0.55 37.11#0.55 (0.291) (0.230) (0.021)
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MeaniSD P (Effect Size)

Group A Group B Group C Group D) o (o] n,__r-';'

Muscles & g m

. = 5 X0

Fatigue = m 23

2 7 Q

© 3 e

Pre Post Pre Post Pre Post Pre Post S °

0.311 0.110 0.205

TA  81.95+5.01 82.12+5.02 89.22+2.71 89.40+2.72 94.15+2.92 94.34+2.92 85.05+1.28 85.22+1.28 (0.001) (0.320) (0.001)

0.412 0.160 0.094

GC  72.46x4.43 72.61+4.43 78.89+2.40 79.05+2.40 83.25+2.58 83.42+2.58 75.20+1.13 75.35+1.13 (0.135) (0.001) (0.001)

0.056 0.319 0.309

VM  48.07+2.93 48.16+2.94 52.33+1.59 52.44+1.59 55.22+1.71 55.33%1.71 49.88+0.75 49.98+0.75 (0.016) (0.308) (0.205)

0.051 0.262 0.108

Accel- VL  47.70+291 47.80+2.92 51.94+1.58 52.04+1.58 54.81+1.70 54.92+1.70 49.51+0.74 49.61+0.74 (0.072) (0.256) (0.256)
eration

Phase 0.243 0.099 0.200

BF  75.56+4.64 75.42+4.61 81944249 82.11+2.49 86.47+2.68 86.65+2.68 78.11+1.17 78.27+1.18 (0.031) (0.021) (0.394)

0.174 0.055 0.196

ST  58.64+3.58 58.76%3.59 63.84+1.94 63.97+t1.94 67.37+2.09 67.51+2.09 60.86+0.91 60.98+0.92 (0.016) (0.001) (0.128)

0.128 0.062 0.300

RF  58.55+3.58 58.67+3.58 63.74+1.93 63.87+t1.94 67.26%2.08 60.40+2.09 60.76+0.91 60.88+0.91 (0.035) (0.032) (0.163)

0.133 *0.001 0.100

GM  4436+2.71 4445271 48.30+1.46 4839+1.47 50.97+1.58 51.07+1.58 46.04+0.69 46.13+0.69 (0.062) (0.100) (0.001)

0.216 0.065 *0.002

TA  91.35%558 88.53#5.59 99.45+3.02 99.65+3.03 104.95+3.25 105.16+3.26 94.80£1.43 94.80+1.43 (0.006) (0.032) (0.100)

0.107 0.102 0.392
+ + + + + +

GC  89.994550 90.17+#5.51 97.98+2.98 98.17+2.98 103.39+3.20 103.60+3.21 93.40+1.41 93.58+1.41 (0.001) (0.001) (0.123)

0.065 0.163 0.200

VM  5231#3.19 52424320 56.95+1.73 57.07+1.73 60.10+1.86 60.22+1.86 54.29+0.81 54.40+0.82 (0.001) (0.160) (0.302)

0.098 0.362 0.095

Decel- VL  50.05%3.06 50.15#3.06 54.50+1.65 54.60£1.66 57.51+1.78 57.62+1.78 51.95+0.78 52.05+0.78 (0.102) (0.019) (0.425)
eration

Phase 0.062 0.231 0.162

BF  76.89+4.70 77.04+4.71 83.71+2.54 83.88+2.55 88.34+2.74 88.52+2.74 79.80+1.20 79.96+1.20 (0.124) (0.018) (0.263)

0.111 0.612 0.150

ST  65.78+4.02 65.91+4.03 71.61+2.17 71.76x2.18 75.57+2.34 75.72+2.34 68.26x1.03 68.40+1.03 (0.003) (0.001) (0.163)

0.205 0.203 0.287

RF  67.49+4.12 67.63%4.13 73.48+2.23 73.63+2.24 77.54+2.40 77.70+2.41 70.05+1.05 70.19+1.05 (0.001) (0.001) (0.001)

0.526 0.195 0.240

GM  46.44+2.83 46.53+2.84 50.56+1.53 50.66+1.54 53.36x1.65 53.46+1.65 48.20+0.72 48.29+0.72 (0.182) (0.001) (0.023)
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Significance level: P < 0.05; A: ACLR-PF (<6-month post-op); B: ACLR-PF (6-12-month post-op); C: ACLR-PF (>12-month
post-op); D: Healthy control group; Statistical test: Two-way ANOVA with repeated measures. TA: (Tibialis anterior), GC: (Gas-
trocnemius), VM: (Vastus medialis), VL: (Vastus lateralis), BF: (Biceps femoris), ST: (Semitendinosus), RF: (Rectus femoris), GM:
(Gluteus medius).

“Significant at the 0.05 level.

ment patterns during the early stages of returning to
dynamic activities such as running. This phenomenon
may indicate greater neuroplasticity and neuromuscu-
lar adaptation during this specific timeframe. Although
these changes were statistically significant, the calcu-
lated effect size for these interactions was small in many
cases. This suggests that while the pattern of changes is
directional and interpretable, their magnitude is lower
and may not have immediate, pronounced clinical sig-

nificance. However, identifying these subtle changes in
the early stages of recovery can be a sensitive indicator
of the neuromuscular system’s compensatory strategies,
which, if sustained, can influence running mechanics in
the long term.

Under the arch support insole use condition, analysis

indicated that the pattern of neuromuscular recovery fol-
lows distinct trajectories across different time points post-
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ACLR. In patients with less than 6 months post-surgery,
the most pronounced improvement in muscle electrical
activity was observed in the BF during the mid-stance
and push-off phases. This pattern can be interpreted as
an initial neuromuscular compensatory strategy, empha-
sizing dynamic knee joint stability through enhanced
hamstring activation during the early stages of return-
ing to activity [42]. This pattern evolves with increased
time since surgery. In the group with 6-12 months post-
ACLR, the greatest improvement in electrical activity
was recorded for the GC muscle during the deceleration
phase. This shift indicates a gradual transition in the mo-
tor control system’s focus from knee joint stability to
improved control of center of mass oscillations and pos-
tural stability throughout the gait cycle [43].

The use of the arch-support insole led to a significant
increase in the electrical activity of the GM muscle dur-
ing the mid-stance phase. This muscle, which is consid-
ered the primary stabilizer of the pelvis in the frontal
plane, with its weakness, causes increased femoral in-
ternal rotation and stress on the ACL. The arch-support
insole, by providing structured support for the medial
longitudinal arch, reduces the speed and magnitude of
pronation during the mid-stance phase, thereby influ-
encing the higher kinetic chain. These changes enable
the neuromuscular system to optimize GM activation
as the primary pelvic stabilizer [44]. Under the placebo
insole use condition, the effect of fatigue on the electri-
cal activity of the GC was clearly evident, whereas this
effect was noticeably moderated when the arch support
insoles used. It seems that these insoles facilitate neuro-
muscular coordination even under fatigue, not only by
reducing direct mechanical load but also by providing
enhanced proprioceptive inputs.

Regarding the double-density insoles, with their dual
design, they not only support the arch but also provide
stronger proprioceptive feedback and more active con-
trol over pronation. The significant effect of fatigue on
the VM and VL muscles during the mid-stance phase
indicates that, despite the support of the double-density
insoles, the quadriceps muscles remain under consider-
able load. This may be because the insole, by improving
lower limb alignment, allows the individual to run with
greater efficiency and consequently utilize their quadri-
ceps more, which ultimately leads to their fatigue. This
finding likely indicates a normalization of running and
muscle activation patterns [45]. Erkan et al. demonstrat-
ed that corrective insoles lead to a significant increase
in the EMG activity of the VM and VL muscles during
the stance phase, which aligns with the normalization of
muscle patterns and increased workload on the quadri-
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ceps [46]. In the present study, the limitations included
the non-inclusion of women and the lack of study on
the long-term effects of therapeutic insoles. Therefore,
it is recommended that future studies be conducted by
addressing these limitations.

Conclusion

It seems that both fatigue and different types of thera-
peutic insoles can alter the neuromuscular activity pat-
tern in men with ACLR-FP. Among the insoles exam-
ined, arch-support insoles and double-density insoles
showed greater potential in mitigating the negative ef-
fects of fatigue and improving muscle electrical activity,
particularly in patients in the early postoperative stages
(less than 6 months post-ACLR).
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