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Abstract

Introduction: Lateral Patellar Compression Syndrome (LPCS), one of the most common
patellofemoral disorders among athletes, is associated with both proximal biomechanical
impairments (e.g., hip muscle weakness) and local dysfunctions (e.g., imbalance between
vastus medialis and vastus lateralis activity). Despite conflicting evidence about the
effectiveness of isolated exercise protocols, this study aimed to compare the effects of
targeted hip, knee, and combined exercise protocols on key muscle activation patterns in
LPCS.

Methods: In a quasi-experimental pretest-posttest study with a control group, 57 athletes with
LPCS were assigned to three intervention groups (Hip: n = 13; Knee: n = 15; Combined: n =
14) and a healthy control group (n = 15). Electromyographic activity of the vastus medialis
obliquus (VMO), vastus lateralis (VL), and gluteus medius (GM) was recorded during a
single-leg stance task using surface EMG, following SENIAM guidelines. Intervention groups
completed their respective 8-week training protocols (3 sessions/week). Root mean square
values were analyzed using paired t-tests, repeated-measures ANOVA, and one-way ANOVA
in IBM SPSS Statistics software (Version 26).

Results: Compared to controls, LPCS participants exhibited significantly lower activation of
VMO and GM, and higher activation of VL (all P < 0.01). The combined protocol resulted in
the most remarkable simultaneous improvements in VMO and GM (P < 0.01), while isolated
knee and hip protocols specifically enhanced VMO and GM, respectively (P < 0.01). VL
activity remained unchanged (P > 0.01).

Conclusions: The combined exercise protocol, due to its synergistic effect on the
simultaneous activation of the VMO and GM, seems to be the most effective approach for
neuromuscular rehabilitation in athletes with LPCS. These findings highlight the importance
of incorporating both hip- and knee-focused exercises into rehabilitation programs.
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Introduction

(2). The severe effects of this condition include

Lateral Patellar Compression Syndrome (LPCS)
is a common patellofemoral disorder in athletes,
characterized by increased abnormal pressure on
the lateral facet of the patella during knee flexion
(1). Epidemiological studies show that this
syndrome affects up to 25% of athletes involved in
high-knee-stress sports, such as futsal, volleyball,
and mountaineering, with a significantly higher
prevalence in female athletes, compared to males

chronic anterolateral knee pain, decreased athletic
performance, limitations in daily activities (such as
stair climbing), and a higher risk of early-onset
osteoarthritis, all of which significantly impair
athletes’ quality of life.

Recent biomechanical studies suggest that LPCS
results from a complex interaction of proximal and
local factors. Proximally, deficits such as weakness
of the gluteus medius (GM) and external hip
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rotators lead to excessive internal rotation of the
femur and adduction. This condition contributes to
dynamic knee valgus, changes the direction of
forces on the patellofemoral joint, and increases
lateral patellar contact pressure (3). Locally,
neuromuscular impairments include reduced
electromyographic activity of the vastus medialis
obliquus (VMO), compared to the vastus lateralis
(VL), leading to dominance of lateralizing forces
on the patella. This imbalance, along with increased
patellar tilt (>11°) and congruence angle (>7°),
accelerates lateral patellar instability (4).

Conventional  exercise-based  interventions
usually focus on three main strategies. The first is
hip-focused protocols, which are designed to
strengthen the hip abductors and external rotators—
particularly the GM—in order to control pelvic
dynamics and reduce knee valgus. These usually
consist of exercises like side-lying hip abduction,
clamshells, and single-leg bridging (5, 6). The
second strategy involves knee-focused protocols
that emphasize strengthening the VMO and
restoring its balance with the VL. By targeting
VMO hypertrophy, these protocols are designed to
enhance the medial stabilizing forces acting on the
patella. They commonly include isometric,
isokinetic, and functional exercises such as knee
extensions performed in 0-30° of flexion with tibial
external rotation (7, 8). The third approach involves
combined protocols that incorporate both hip and
knee exercises to comprehensively target the
underlying pathomechanical factors. Clinical
studies have demonstrated that combined protocols
are more effective than isolated approaches for
improving pain and function (9, 10).

Despite  increasing evidence of their
effectiveness, few studies have investigated their
impact on the simultaneous electromyographic
activity of both the knee extensors (VMO/VL) and
the hip abductors (GM). This limitation limits our
comprehension of the neuromuscular mechanisms
underlying clinical improvements and prompts
several key questions. For instance, it is still
unclear whether hip-focused exercises not only
strengthen the GM but also improve VMO
activation, or if knee-focused protocols affect
proximal hip muscles. Moreover, the potential
synergistic effects of combined interventions and
the time needed for neuromuscular adaptations
require further study. Given this knowledge gap,
the present study had two main objectives: (1) to
compare neuromuscular activity between athletes
with and without LPCS, and (2) to evaluate the
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effects of three exercise protocols—hip-focused,
knee-focused, and combined—on the
electromyographic activity of the VMO, VL, and
GM in athletes with LPCS.

The findings of this research could serve as a
foundation for developing personalized,
mechanism-based rehabilitation protocols.

Methods

Study Design

This study employed a quasi-experimental
pretest—posttest design with a control group. All
procedures were approved by the Ethics Committee
of Islamic Azad University, Central Tehran Branch
(Code: IR.JAU.CTB.REC.1404.079) and were
conducted in accordance with the principles of the
Declaration of Helsinki.

Participants

The study population included male and female
athletes with LPCS attending physiotherapy clinics
in Rasht, Iran. Participants were recruited through
convenience sampling, based on their willingness
to participate and meeting the inclusion criteria.
Using G*Power software (version 3.1.9.7) and
considering potential attrition, the required sample
size was estimated at 60 participants (four groups
of 15 each). From this population, 45 athletes with
LPCS who nparticipated in futsal, athletics,
handball, basketball, volleyball, or mountaineering
and met the criteria were allocated to three
intervention groups: knee exercise protocol (KEG),
hip exercise protocol (HEG), and combined
exercise protocol (CEG). In addition, 15 healthy,
physically active athletes (matched with the main
groups for age, height, weight, and gender, and
meeting the control group inclusion criteria) were
selected as the control group (CG). A one-way
ANOVA showed no significant differences in age,
height, weight, or BMI among the four groups (p >
0.05). Of the 60 initially recruited participants, one
from the combined group (due to three absences
from the training program) and two from the hip
group (due to inability to complete tests or training
sessions) withdrew. Consequently, a total of 57
participants completed the study: knee group (n =
15), hip group (n = 13), combined group (n = 14),
and healthy control group (n = 15). The inclusion
criteria for participants with LPCS included a
clinical diagnosis from an orthopedic specialist
(chronic anterior/lateral knee pain lasting more than
6 months with an intensity >3 on the VAS,
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exacerbated by at least two specific activities, and
confirmed by positive knee functional tests,
Clarke’s test, patellar compression test, and patellar
apprehension test). Additional criteria were absence
of meniscal or ligament injuries, no osteoarthritis,
dislocations, or knee locking, no history of knee
surgery, no neurological disorders or pregnancy,
normal body mass index (BMI), at least three years
of sports experience with a minimum of 180
minutes of weekly activity, and age between 18 and
30 years (7). The inclusion criteria for the healthy
control group were: age between 18 and 30 years,
at least three years of sports experience with a
minimum of 180 minutes of weekly activity, and no
history of surgery, injury, pain, or physiotherapy
involving the spine, hip, knee, or ankle joints.
Exclusion criteria for all participants included lack
of cooperation during assessments, occurrence of
new disabling injuries, absence from more than two
consecutive or three non-consecutive training
sessions, or withdrawal from the study. All
participants provided informed consent.

Data Collection Tools

The electrical activity of the vastus medialis
obliquus (VMO), vastus lateralis (VL), and gluteus
medius (GM) muscles was recorded using an eight-
channel  electromyography (EMG)  system
(ME6000, MegaWin, Finland). After shaving the
area, lightly abrading the skin with an abrasive pad,
and disinfecting with 70% alcohol, disposable
surface electrodes (Skintact F-55) with an inter-
electrode distance of 2 cm were placed on the
muscles according to the SENIAM protocol (11).
The electrode placement was as follows: VMO, 4
cm medial and superior to the superomedial border
of the patella, with an orientation of 55°;, VL, 10
cm superior and 5 cm lateral to the superolateral
border of the patella; and GM, located at the
midpoint between the anterior superior iliac spine
and the greater trochanter.

Maximal voluntary isometric contractions
(MVIC) were used for normalization: VMO and
VL during knee flexion at 90°, and GM during hip
abduction, each performed as three 5-second
contractions with a 1-minute rest period interval.
Subsequently, EMG signals were recorded during a
single-leg stance task (15 seconds, three trials with
60 seconds rest between each) at a sampling
frequency of 1000 Hz. The single-leg stance was
chosen because it is a functional weight-bearing
task, which challenges dynamic stability and
reliably elicits muscle activation patterns relevant

to LPCS, including those of the GM and VMO, in a
controlled manner (Earl-Boehm et al., 2018). Raw
signals were band-pass filtered from 10450 Hz to
remove low-frequency noise and power-line
interference, fully rectified, and low-pass filtered at
6 Hz using a fourth-order Butterworth filter. In the
final processing step, the root mean square (RMS)
of the signals was determined over 1-second
windows using the standard formula: RMS = V(1/N
> (i=1)"N x_i"2 ), where N is the number of data
points in each window and x_i represents the EMG
voltage value at the i-th sample (Konrad, 2005),
normalized to the MVIC values.

Intervention

All three intervention groups completed their
respective exercise protocols for 8 weeks (24
sessions total), with three sessions per week. The
detailed exercises, including their detailed specific
sets, repetitions, and progression rules, are
thoroughly outlined in Table 1. All groups
maintained the same total training volume (1320
minutes) with a matching session structure (15-
minute warm-up, 30-minute main exercise, 10-
minute cool-down). In brief, the KEG performed
knee-focused  strengthening and  stretching
exercises, while HEG engaged in hip-focused
strengthening and stretching exercises (9). The
CEG implemented an integrated protocol that
combined all exercises from both KEG and HEG
groups. Exercise intensity was individually
calibrated based on each participant's initial
strength assessment to ensure equivalent relative
effort. The principle of progressive overload was
implemented bi-weekly for all groups. All sessions
were conducted under the direct supervision of a
single trained researcher to ensure consistency.
Participants and the EMG assessor were blinded to
group assignment.

Outcomes

The primary outcomes were the normalized
RMS electromyographic activity of the VMO, VL,
and GM muscles recorded during a 15-second
single-leg stance task. These variables were
analyzed to determine pre- to post-intervention
changes across the knee, hip, and combined
exercise groups, providing an index of
neuromuscular adaptation in athletes with LPCS.

Statistical Analysis
Data were analyzed using IBM SPSS Statistics
software (Version 26). The normality of the
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quantitative data distribution was assessed using the
Shapiro-Wilk test, and the homogeneity of
variances was verified with Levene’s test. To
compare the interventions, a 2 X 4 mixed-model
analysis of variance (mixed-model ANOVA) was
employed. The main effects of Time and Group, as
well as the Time x Group interaction effect, were
assessed. In the case of significant main or
interaction effects, Bonferroni-adjusted pairwise
comparisons were used for post-hoc analysis to
examine within-group changes (comparing time

points for each group) and between-group
differences (comparing the four groups at each time
point). Furthermore, to control for baseline
differences in the post-test comparison, Analysis of
Covariance (ANCOVA) was used with pre-test
scores as the covariate. Additionally, Tukey's HSD
post hoc test was used for overall comparisons
between groups. The statistical significance level
was set at p < 0.05 for all analyses. The exact
statistical test used for each comparison is reported
alongside the results.

Table 1. Detailed exercise parameters for the Knee (KEG), Hip (HEG), and Combined (CEG) exercise groups

Group Exercises Total Exercises Sets x Reps/Duration Progression
per Session
KEG Knee-focused: 10 (5 exercises x 2) 3 x 10-12 reps (strength)  Bi-weekly; increase resistance

1. Quadriceps sets,
2. Isometric knee
extensions,

3. Hamstring curls,
4. Terminal knee
extensions,

5. Posterolateral corner
stretches

HEG Hip-focused:

1. Clamshells,

2. Side-lying hip

abduction,
3. Glute bridges,
4. Lateral band walks,
5. 1T band and
hamstring stretches

10 (5 exercises X 2)

CEG Combined: All
exercises from KEG
and HEG

10 (5 knee + 5 hip)

3 x 30s holds (stretch)

3 x 10-12 reps (strength)
3 x 30s hold (stretch)

3 x 10-12 reps (strength)
3 x 30s holds (stretch)

(5-10%) or reps (2-3) based on
tolerance.

Bi-weekly; increase resistance
(5-10%) or reps (2-3) based on
tolerance.

Bi-weekly; increase resistance
(5-10%) or reps (2-3) based on
tolerance.

Note: All groups trained 3 sessions/week for 8 weeks (total 24 sessions). Each session lasted 55 minutes (15 min warm-up, 30 min main
exercise, 10 min cool-down). The principle of progressive overload was applied bi-weekly to all groups.

Results

Anthropometric Characteristics

Baseline anthropometric characteristics of all
participants are summarized in Table 2.
Multivariate analysis of variance (MANOVA)
revealed no significant differences among the four
study groups in age, height, weight, or body mass
index (BMI) (p > 0.05 for all variables), indicating
that the groups were homogeneous at the start of
the study.

Muscle Activity

The initial comparison between CG and
participants with LPCS revealed apparent
differences in muscle activation among the affected

22 I Journal of Surgery and Trauma. 2026; 14(1)

individuals (Figure 1). Specifically, a one-way
ANOVA showed that the LPCS group had
significantly lower activation of the VMO (32.6%
lower, p < 0.01) and GM (22% lower, p < 0.01)
compared to the control group. In contrast, VL
activation was 23.2% higher in the LPCS group
than in controls (p < 0.01).

Before intervention, a one-way ANOVA
showed no significant differences in muscle
activity levels among the three exercise
intervention groups (KEG, HEG, and CEG) for any
of the three muscles examined (p > 0.05, Table 3).
This confirmed their homogeneity at the start of the
study and ensured that any post-intervention
differences would likely result from the exercise
protocols.
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Effects of Exercise Interventions

Following the 8-week intervention period, a
one-way ANCOVA (using pre-test values as
covariates) revealed significant differences in
muscle activity patterns among the three exercise
groups (p < 0.01, Table 4). Post-hoc analyses with
Bonferroni-adjusted comparisons showed that both
the CEG and KEG had significantly higher VMO

activity than the HEG (p < 0.01), with no
significant difference between CEG and KEG (p >
0.05). For GM activity, both CEG and HEG
exhibited significantly higher activation than KEG
(p < 0.01), and there was no significant difference
between CEG and HEG (p > 0.05). There were no
significant differences in VL activity among the
three groups following the intervention (p > 0.05).

Table 2. Multivariate analysis of variance (MANOVA) comparing of demographic characteristics study groups

Variable Groups Mean + SD df F P value
Age (years) CG 27.1+32 3 0.776 0.388
KEG 262 +2.7
HEG 245+2.5
CEG 25.8+2.8
Height (cm) CG 1652+ 1.5 3 1.345 0.619
KEG 166.7+ 1.4
HEG 1659+ 1.3
CEG 164.6 1.6
Weight (kg) CG 66.5+8.4 3 0.497 0.506
KEG 64.7+6.6
HEG 65.8+6.8
CEG 66.1+7.1
BMI (kg/m?) CG 22.8+3.4 3 1.431 0.297
KEG 24.1+£33
HEG 23.7+29
CEG 23.9+29

Note: CG = Control Group; KEG = Knee Exercise Group; HEG = Hip Exercise Group; CEG = Combined Exercise Group.

45 1

40 A

35 1

30 1

25 1
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. BControl  BLPCS

-

VL GM

Figure 1. Comparison of normalized muscle activity (%MVC) between the Control group and those with Lateral Patellar

Compression Syndrome (LPCS). * Significant difference between groups at P < 0.01

Analysis of percentage changes in muscle
activity from pre- to post-intervention revealed
clear patterns (Figure 2). A one-way ANOVA
showed that the most significant improvements in
VMO activation occurred in CEG (38.7% increase)

and KEG (36.1% increase), both of which
significantly exceeded the improvement seen in
HEG (3.7% increase) (p <0.01).

For GM activation, the most substantial
improvements occurred in CEG (33.3% increase)
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and HEG (28.6% increase), both of which tests confirmed these group differences. No
significantly surpassed the improvement in KEG significant differences were observed among
(5.5% increase) (p < 0.01). Tukey's HSD post-hoc groups in VL activation changes (p > 0.05).

Table 3. Comparison of muscle activity levels before intervention among the training groups

Variable Group Mean + SD df F P value
VMO Activity (%MVC) KEG 28.8+3.5 2 0.795 0.253
HEG 29.6+3.8
CEG 29.2+32
VL Activity (%MVC) KEG 425+£53 2 0.413 0.198
HEG 41.7+59
CEG 40.6+£6.5
GM Activity (%MVC) KEG 16.3+2.1 2 0.725 0.405
HEG 16.8 £2.1
CEG 159+1.8

Note: VMO Activity (%MVC) = Vastus Medialis Obliquus muscle activity (as a percentage of maximal voluntary contraction);
VL Activity (%MVC) = Vastus Lateralis muscle activity (as a percentage of maximal voluntary contraction); GM Activity
(%MVC) = Gluteus Medius muscle activity (as a percentage of maximal voluntary contraction).

45 - ENEG BHEG BCEG

* *

40 A

30 1

25 4
20 A
15 1
10 1
5 m
0 | — ——

VMO VL GM
Figure 2. Comparison of percentage changes in muscle activity (pre- to post-intervention) across different interventions.

Percentage change = [(Post—Pre)/Prex100]. *Significant difference compared with the HEG; fSignificant difference
compared with the KEG.

Table 4. Comparison of muscle activity levels after intervention among the training groups

Variable KEG HEG CEG

VMO Activity (%MVC) 39.4+2.7 (+36.8%) * 30.4+ 7.5 (+3.7%) 40.5+ 5.8 (+38.7%) *
VL Activity (%MVC) 435+ 1.2 (+1.4%) 42.6 £3.2 (+1.4%) 41.4+2.8 (+1.8%)
GM Activity (%MVC) 17.2+£2.4 (+5.5%) 21.3+6.4 (+28.6%) T 21.3+2.1(+33.3%) T

Note: KEG = Knee Exercise Group; HEG = Hip Exercise Group; CEG = Combined Exercise Group. VMO = Vastus Medialis
Obliquus; VL = Vastus Lateralis; GM = Gluteus Medius. Values are presented as mean + standard deviation, with percentage
change in muscle activity from baseline (pre-intervention) to post-intervention shown in parentheses. *: Significant difference
compared with the hip exercise group (p < 0.01); §: Significant difference compared with the knee exercise group (p <0.01).

Discussion

The present study aimed to compare
neuromuscular activity between athletes with and
without LPCS and to investigate the effects of three
exercise protocols on the activation of key
stabilizers at the knee and hip in affected athletes.

A key finding of this study was the significant
reduction in the VMO activation in athletes with
LPCS. This deficit is a key factor in the
pathomechanics of the syndrome, as this muscle is
the primary medial stabilizer of the patella (12, 13).
24 I Journal of Surgery and Trauma. 2026; 14(1)

The observed impairment confirms previous
research documenting altered VMO/VL activation
ratios and delayed VMO onset during functional
tasks (4, 14, 15), indicating a fundamental
disruption in neuromuscular control. While some
studies under different testing conditions have not
reported this deficit (16, 17), the consensus and our
findings strongly suggest that interventions for
LPCS should prioritize selective VMO recruitment
strategies. In contrast, VL activity was higher in the
LPCS group.
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This excessive activity indicates a dominance of
the lateral force vector on the patella, which can
lead to its lateral displacement and compression.
This may represent a compensatory mechanism by
the central nervous system to maintain knee
extension torque when pain or instability occurs
(18, 19). Our results support morphological studies
showing VL hypertrophy in LPCS patients (7) and
biomechanical models linking VL hyperactivity to
abnormal patellofemoral kinematics (2). The
discrepancy with studies showing no difference in
VL activity (20) likely results from variations in
motor tasks, highlighting that movement specificity
significantly influences muscular recruitment
patterns.

Proximally, athletes with LPCS demonstrated
apparent weakness in GM activation. This deficit is
a critical biomechanical factor that can lead to
excessive femoral internal rotation and dynamic
knee valgus, increasing patellofemoral stress (21,
22). Our results are consistent with a significant
body of evidence identifying GM weakness and
delayed activation as hallmark impairments in
patellofemoral pain (6, 23, 24). This proximal
dysfunction is now widely more recognized within
a kinetic chain framework, where alterations in foot
biomechanics (25) and central neuromuscular
control (37) can affect proximal muscle function.
Therefore, a comprehensive rehabilitation approach
must consider these potential upstream and
downstream contributors to GM dysfunction.

The analysis of intervention effects revealed that
protocols with knee-focused exercises (KEG and
CEG) were significantly more effective at
enhancing VMO activation than the hip-focused
protocol (HEG) alone. This emphasizes the
importance of specificity and the need to target the
VMO to address its deficit directly. The underlying
mechanism for this improvement likely involves
enhanced neuromuscular efficiency and improved
recruitment patterns of the VMO's motor units (27,
28). Although the improvement we observed was
significant, it is important to note that training
intensity and exercise selection (e.g., terminal knee
extension) are likely key factors influencing this
effect (29, 30). A notable finding was that none of
the three exercise protocols caused significant
changes in VL activation. This suggests that the
VL's recruitment pattern is deeply ingrained and
less susceptible to isolated interventions, or that it
is already recruited optimally during functional
period activities. This finding aligns with previous
reports showing the VL's limited response to

targeted training (16, 19). It indicates that restoring
the VMO/VL balance might be more effectively
achieved by focused enhancement of VMO activity
rather than by attempting to suppress VL. However,
techniques like biofeedback have shown promise in
altering VL activity (30).

For proximal control, the hip-focused (HEG)
and combined (CEG) protocols were significantly
more effective than the knee-focused protocol
(KEG) in improving GM activation. This strongly
demonstrates the importance of adaptation and
confirms that exercises must directly target the hip
abductors to address GM weakness. The
improvements  probably result from both
morphological changes and enhanced neural drive
to the muscle (31, 32). Functional, weight-bearing
exercises appear to be particularly effective at
prompting these neuromuscular adaptations (33,
36). Furthermore, our results, along with other
evidence (34, 35, 37), suggest that the
improvements may also stem from positive
adaptations within the central nervous system,
resulting in more efficient movement patterns and
muscle coordination.

This study has several limitations that need to be
acknowledged. First, the relatively small sample
size and inclusion of both male and female athletes
may limit the applicability of the findings to
specific athletic populations. Second,
electromyographic activity was evaluated only
during a static single-leg stance task, which may
not fully reflect dynamic functional movements
such as jumping or running. Third, although the
eight-week intervention period was sufficient to
induce neuromuscular adaptations, longer follow-
up measurements could clarify the persistence of
these effects over time. Fourth, factors like pain
intensity, movement kinematics, and psychological
variables (e.g., fear of movement) were not
quantitatively assessed, which may have affected
muscle activation. Finally, the study focused only
on surface EMG recordings, so deeper or
synergistic muscle activity could not be evaluated.
Future research involving larger samples, dynamic
task analyses, and longitudinal follow-ups is
recommended to improve the external validity and
mechanistic understanding of exercise interventions
in athletes with LPCS.

Conclusions

In conclusion, the combined exercise protocol,
including both hip- and knee-focused exercises,
clearly outperforms isolated approaches in
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simultaneously enhancing VMO and GM activation
in athletes with LPCS. The persistence of VL
hyperactivity across all protocols indicates its
resistance to change and highlights the need for
more targeted interventions. Despite limitations
such as attrition in the sample and unmeasured
confounders, this study emphasizes the practical
importance of adopting a comprehensive
rehabilitation strategy. Future research should
investigate long-term outcomes and central nervous
system mechanisms to enhance treatment
effectiveness further.
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