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Introduction:  The co-occurrence of anterior cruciate ligament (ACL) rupture and foot
abnormalities such as pronated feet a significant clinical challenge. Therefore, the aim of this
study was to investigate the effect of double-density insoles on the frequency spectrum of
ground reaction forces (GRFs) during running in individuals with reconstructed ACL and
pronated feet.

Materials & Methods: A total of 30 males with foot pronation and a history of ACL
reconstruction, with a mean age of 25.45+1.27 years, mean weight of 79.10+1.75 kg, and mean
height of 178.85+3.68 cm, and 10 healthy males, with a mean age of 24.10+1.54 years, mean
weight of 80.48+1.29 kg, and mean height of 177.10+5.42 cm, volunteered to participate in
this study. Ground reaction force frequency spectra were measured using a Bertsch America
force plate. For statistical analysis, a two-way analysis of variance (ANOVA) with repeated
measures was employed.

Results: The results showed that insole condition had a significant main effect on the pre-test
to post-test changes in the number of fundamental harmonics. This effect was observed in the
vertical direction both in the barefoot condition (P=0.048; d=0.20) and with dual-density
insoles (P=0.009; d=0.76). Also, with dual-density insoles, a significant increase was reported
in the medial-lateral (P=0.040; d=0.23) and anterior-posterior (P=0.019; d=0.13) directions.
The 99.5% power index of the ground reaction force in all three directions was significantly
reduced with dual-density insoles (P<0.05). The interaction effect of plantar and group was
significant in the medial-lateral (P=0.046; d=0.01) and anterior-posterior (P=0.041; d=0.74)
directions, and follow-up tests showed that this increase occurred only in the ACL
reconstruction group with less than 6 months after surgery.

Conclusion: The significant increase in the number of essential harmonics across different
directions of GRF appears to reflect increased complexity and variability in movement patterns
during running. This enhanced complexity is generally indicative of improved motor control
and dynamic adaptation of the neuromuscular system to the environment.

Keywords: Reconstruction, Anterior cruciate ligament, Running, Pronated feet, Ground
reaction force
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Introduction

Running is a prevalent physical activity
associated with significant cardiovascular and
quality-of-life benefits (1). However, it also
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poses a substantial risk for lower extremity
injuries,  with  running-related  injuries
accounting for approximately 60-71% of all
lower limb overuse pathologies (2). The co-
occurrence of anterior cruciate ligament (ACL)
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rupture and foot pronation presents a notable
clinical challenge (3). Following ACL
reconstruction (ACLR), individuals often
exhibit altered running mechanics, including
knee instability, reduced muscular control, and
changes in joint kinematics, which can increase
the risk of secondary injuries to cartilage and
menisci (3,4). Concurrently, foot pronation,
characterized by a reduction in the medial
longitudinal arch, is a common lower extremity
malalignment that can further disrupt shock
absorption and force distribution during gait (4).
The altered biomechanics in individuals with
both ACLR and pronated feet may lead to
aberrant ground reaction force (GRF) patterns
(5). The frequency spectrum analysis of GRFs
provides a nuanced understanding of movement
dynamics, offering insights into neuromuscular
control and impact modulation that are not
apparent in time-domain analysis alone (4).
While orthotic interventions, such as insoles, are
commonly prescribed to manage pronation and
modify loading (3), the specific effects of
double-density insoles on the GRF frequency
content in this comorbid population, particularly
across different post-surgical recovery phases,
remain unexplored. This study aimed to
investigate the effect of double-density insoles
on the frequency spectrum of GRFs during
running in individuals with reconstructed ACL
and pronated feet at varying post-operative
intervals.

Methods

This quasi-experimental study employed a
pre-test/post-test (pre- and post-fatigue) design.
A total of 40 male participants were recruited
and divided into four groups: Group A (ACLR
+ pronated feet, <6 months’ post-surgery;
n=10), Group B (ACLR + pronated feet, 6-12
months post-surgery; n=10), Group C (ACLR +
pronated feet, >12 months post-surgery; n=10),
and Group D (healthy controls; n=10). All
ACLR participants had undergone hamstring
autograft reconstruction. Inclusion criteria were
males aged 18-45, BMI 18.5-25 kg/m?, rearfoot
deviation >4°, navicular drop >10 mm, ability
to run pain-free, and no history of lower limb
fractures. GRF data were collected using a
Bertec force plate (USA) sampled at 1000 Hz
while participants ran at a controlled speed of
3.2 m/s. Participants were tested under three
footwear conditions: control shoe without an
insole (barefoot condition), a placebo insole,
and a custom double-density insole. The

double-density insole was fabricated from
ethylene-vinyl acetate with a Shore A 60
durometer on the medial edge and Shore A 30
on the lateral edge, featuring an 8-degree medial
wedge and a 12 mm medial longitudinal arch
support. A fatigue protocol was administered on
a treadmill, requiring participants to run until
reaching a rating of perceived exertion >17 on
the Borg 6-20 scale or 80% of maximum heart
rate. GRF data were collected immediately
post-fatigue. Frequency domain analysis was
performed using a Fast Fourier Transform
(FFT) in MATLAB (2016). Key dependent
variables extracted were the number of essential
harmonics (NEH), the 99.5% power frequency
(F99.5%), median frequency (Fmed), and
frequency bandwidth (Fband) for the vertical
(Fz), mediolateral (Fx), and anteroposterior (Fy)
GRF components. Statistical analysis was
conducted using a two-way repeated measures
ANOVA (insole condition x group) for each
GREF direction, with a significance level set at
p<0.05. Effect sizes (Cohen's d) were
calculated.

Results

The analysis revealed significant main
effects for the insole condition. From pre- to
post-intervention, there was a significant
increase in the number of essential harmonics
(NEH) in the vertical direction for both the
barefoot (p=0.048, d=0.20) and double-density
insole conditions (p=0.009, d=0.76). Significant
increases in NEH were also found in the
mediolateral ~ (p=0.040, d=0.23) and
anteroposterior (p=0.019, d=0.13) directions
when using the double-density insole.
Furthermore, the insole factor led to a
significant reduction in the F99.5% index across
all three GRF directions under the double-
density insole condition (p<0.05).

Significant insole-by-group interaction
effects were observed. For the double-density
insole condition, interactions were found for
NEH in the mediolateral (p=0.046, d=0.01) and
anteroposterior (p=0.041, d=0.74) directions.
Post-hoc analyses indicated that the significant
increase in NEH occurred exclusively in the
ACLR group who were less than 6 months’
post-surgery  (Group A). Similarly, the
significant decrease in the F99.5% index in the
vertical direction with the double-density insole
was primarily driven by a reduction in Group A
(p=0.015, d=0.01). No significant main effects
for the group factor alone were found across the
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different insole conditions (p>0.05).

Conclusion

The use of dual-density insoles during
running significantly changes the frequency
spectrum of ground reaction forces in subjects
with ACL reconstruction and foot pronation.
The increase in the number of fundamental
harmonics indicates greater complexity and
variability of movement patterns and improved
motor control and neuromuscular adaptation.
However, the decrease in the 99.5% power
frequency, especially in the vertical direction
and in less than 6 months after surgery, indicates
a change in power distribution and the
possibility of different shock absorption
strategies or a more unstable neuromuscular
response during this sensitive period. The
results indicate that the biomechanical effects of
insoles are time-dependent after surgery and
that dual-density insoles produce more
pronounced changes; therefore, it is essential to
pay attention to the rehabilitation phase in
prescribing orthoses for ACLR patients with
foot pronation.
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