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Abstract

Osgood-Schlatter disease (OSD) is caused by high, repetitive, and
continuous traction exerted by the quadriceps on the tibial tuber-
osity, primarily occurring in adolescents. Infrapatellar straps are
commonly recommended for its prevention and treatment, yet
their impact on quadriceps forces in adolescents remains unstud-
ied. Furthermore, current research on OSD predominantly fo-
cuses on adolescent males, with limited attention to adolescent
females, despite similar incidence rates in both groups. This study
aimed to quantify the quadriceps forces during running, both with
and without infrapatellar straps, in adolescent females. Kinematic
data, ground reaction forces, and electromyography (EMG) data
of knee muscles from 16 adolescent females were recorded as
they ran at self-selected speeds with and without infrapatellar
straps. OpenSim was employed to estimate quadriceps activations
and forces, from which accumulated forces were derived. The
simulation's reliability was validated by calculating the correla-
tion between muscle activations obtained from OpenSim and
EMG data, which revealed a strong correlation. Wearing in-
frapatellar straps during running decreased the peak and accumu-
lated forces of the quadriceps (p < 0.001, and p < 0.001, respec-
tively). The significant reduction in accumulated forces was as-
sociated with decreased vastus muscle forces during the stance
phase (p = 0.002, p = 0.003, and p = 0.016 for vastus lateralis,
vastus medialis, and vastus intermedius, respectively). The use of
infrapatellar straps had limited effect on the rectus femoris muscle
forces. The reliability of the simulation was validated through
EMG data. Wearing infrapatellar straps may reduce the load ex-
erted on the tibial tuberosity by decreasing vastus muscle forces
during the stance phase. Adolescents aiming to reduce excessive
rectus femoris muscle forces due to a shortened or tight rectus
femoris, which may contribute to the occurrence of OSD, might
experience limited benefits from wearing infrapatellar straps.

Key words: Osgood-Schlatter disease, inverse dynamics simu-
lation, accumulated force.

Introduction

Osgood-Schlatter disease (OSD) is a traction apophysitis
of the knee characterized by localized pain and swelling at
the tibial tuberosity (Rathleff et al., 2020). The disease de-
velops between the ages of 10-15 years in boys and 8-14
years in girls (Itoh et al., 2018). Approximately 9.8% of
adolescents are affected by OSD, with a higher prevalence
among those who participate in high-risk sports that require
running, jumping, and kicking (de Lucena et al., 2011;
Takei et al., 2023). OSD is commonly described as a self-

limiting disease that resolves within 12-18 months or ulti-
mately with growth (Rathleff et al., 2020). However, symp-
toms related to OSD may persist into adulthood, impacting
the daily lives and sports activities of young adults with a
history of OSD (Guldhammer et al., 2019). Therefore, ef-
fective intervention for OSD and the implementation of
preventive measures before its onset are of great im-
portance.

OSD is predominantly treated conservatively be-
cause it occurs in adolescents who are in the growth phase
(Neuhaus et al., 2021). Infrapatellar straps have been rec-
ommended for over 40 years as a treatment to alleviate an-
terior knee pain caused by various conditions, including
OSD (Lavagnino et al., 2011). Uzunov, 2008; Mital and
Matza, 1977 recommended using infrapatellar straps as a
conservative treatment for managing OSD during activi-
ties. Adirim et al. (2003) pointed out that knee straps are
often beneficial for athletes as they reduce the traction
forces on the tibial tubercle. Although the above-men-
tioned studies recommend the use of infrapatellar straps,
their effectiveness on the treatment and prevention of OSD
was not investigated in these researches. To the best of the
author's knowledge, only one study has investigated the
clinical effectiveness of infrapatellar straps in managing
OSD. Levine and Kashyap, 1981 studied 17 OSD patients
(24 knees) who wore infrapatellar straps during activity.
Results showed that 19 affected knees (79.1%) improved
after six to eight weeks. The authors speculated that in-
frapatellar straps work by reducing the pull of the quadri-
ceps applied on the tibial tuberosity. However, quadriceps
forces on the tibial tuberosity were not evaluated in their
study. It is widely accepted that OSD is caused by the high,
repeated, and continued traction of quadriceps (Bezuglov
et al., 2020; Ladenhauf et al., 2020; Uzunov, 2008). Alt-
hough some studies have indicated that infrapatellar straps
may reduce the force or the load on the tibial tuberosity
(Dar and Mei-Dan, 2019; Lavagnino et al., 2011; Toonstra
and Cripps, 2020), the authors have not provided quantita-
tive assessments of the effect of infrapatellar straps on the
load. To the authors' knowledge, the impact of infrapatellar
straps on quadriceps forces during dynamic tasks remains
unclear. Investigating the effects of wearing infrapatellar
straps on quadriceps forces could enhance understanding
of their role in managing OSD.

Currently, studies related to OSD predominantly fo-
cus on males (Enomoto et al., 2021; Itoh et al., 2018; Takei
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et al., 2023; Watanabe et al., 2018). While some research
suggests that OSD is more prevalent among boys
(Enomoto et al., 2021; Enomoto et al., 2019), a previous
study found no significant differences in OSD prevalence
between female and male adolescents (de Lucena et al.,
2011). Moreover, there has been an increasing trend in
sports participation among adolescent females (Deng and
Fan, 2022). Gender differences in lower extremity biome-
chanics have also been observed during running (Ferber et
al., 2003). Therefore, research on the impact of wearing in-
frapatellar straps during physical activities, such as run-
ning, on the management of OSD in adolescent females is
still lacking and necessary. Evaluating quadriceps forces
when running with infrapatellar straps among adolescent
females can offer a more comprehensive assessment of
how the use of infrapatellar straps impacts the loads ap-
plied to the tibial tuberosity.

Accordingly, the objective of this study was to
quantitatively evaluate quadriceps forces when adolescent
females perform running with and without infrapatellar
straps.

Methods

Participants

Sixteen healthy adolescent females participated in this
study, with an average age of 12.56 £ 0.96 years, body
height of 1.62 + 0.08 meters, and body weight of 51.47 +
10.87 kg. The sample size for this study was determined by
a priori analysis using G*Power 3.1.9.2 software (Hein-
rich-Heine-Universitdt Disseldorf, Diisseldorf, Germany)
(Faul et al., 2007). The alpha level and power (1 - B) were
set to 0.05 and 0.8, respectively. The effect size (0.92) was
set according to the result in the preliminary experiment.

The preliminary experiment involved 8 participants (age:
12.50 + 0.76 years, body height: 1.61 + 0.07 m, body
weight: 52.36 = 13.20 kg). The mean and standard devia-
tion values were 1.327 and 1.444, respectively. It was es-
tablished that at least 12 participants were needed for the
study. Therefore, sixteen adolescent females were re-
cruited in the final analysis. All participants were right-leg
dominant, meaning their right leg was the one most fre-
quently used for kicking a ball. Each participant engaged
in at least 90 minutes of physical activity per week. Partic-
ipants with the following conditions will be excluded: (1)
musculoskeletal injury within the past six months, (2) pre-
vious surgery on the lower extremities, (3) history of recur-
rent knee pain. The study was approved by the Science and
Ethics Committee of the Beihang University (protocol
code BM20200067), and written informed consent was ob-
tained from all participants' guardians before the study be-
gan.

Experimental protocol

Participants were instructed to run under two conditions—
wearing infrapatellar straps and not wearing them—in a
randomized order. For the strapping session, the partici-
pants were fitted with commercial infrapatellar straps
(AQAH236-1; Li-Ning Inc., Beijing, China) on both legs.
According to the manufacturer's instructions and the loca-
tion of OSD (Figure 1A), the infrapatellar strap was encir-
cled around the leg just below the patella, with the rubber
tubular member pressing on the patellar tendon (Figure
1B). All participants wore the same type of appropriately
sized clothing and shoes. The clothing and shoes we pro-
vided were non-restrictive and fully exposed the electrode
placement areas to support electromyography (EMG)
measurements during movement.
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Figure 1. The common site of Osgood-Schlatter disease, the experimental setup, and flowchart of the inverse dynamic analysis.
(A) Lateral view of the knee joint. The red area represents the common site of the Osgood-Schlatter disease. (B) Participants
wearing the infrapatellar straps. (C) Position of the Vicon markers in front view. A total of 32 markers were placed; the loca-
tions were the shoulder, 7th cervical, clavicle, anterior and posterior superior iliac, thighs, knees, shanks, and feet. (D) The
flowchart for inverse dynamic analysis of each participant's motion with OpenSim.
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Data recordings

Kinematic data of participants running were collected us-
ing a ten-camera optical motion capture system (Vicon
MX; Oxford Metrics, UK) at a sampling frequency of 100
Hz. A total of 32 infrared-reflective markers were placed
on the torso, thighs, shanks, and feet to track the motion of
each participant (Figure 1C). Ground reaction forces
(GRFs) were recorded using two force plates (AMTI; Wa-
tertown, MA, USA) embedded into the walkway at a sam-
pling rate of 1000 Hz. GRFs in the vertical, anteroposterior,
and mediolateral directions were used for inverse dynamics
simulations. Additionally, the vertical GRFs were applied
to segment the gait cycle. Surface EMG data of vastus lat-
eralis, vastus medialis, rectus femoris, biceps femoris long
head, and soleus of right leg were recorded using a wireless
EMG system (Trigno, Delsys; Boston, MA, USA) at 2000
Hz. All data were synchronized using Vicon Workstation
v2.6 software. Before acquiring the EMG signals, the tar-
geted skin areas were cleaned with alcohol to reduce con-
tact impedance. Both the kinematic and GRF data were
low-pass filtered at 15 Hz using a fourth-order zero-lag
Butterworth filter (Maniar et al., 2020), using the software
equipped with Vicon (Vicon Workstation v2.6).

Prior to the recording session, participants com-
pleted a 10-minute warm-up run at their preferred speed to
familiarize themselves with the experimental environment.
Following this warm-up, each participant performed three
practice trials along the walkway to determine their self-
selected running speed. This speed, at which they felt com-
fortable running, was calculated by averaging the speeds
recorded during these three trials. The speed was moni-
tored via two sets of laser sensors placed before and after
the force plates, spaced 4 meters apart. As participants
passed the first and second sensors, the light beam was in-
terrupted, triggering the start and end of the timing, respec-
tively. The participant's running speed was then calculated
based on the recorded time and the distance between the
two sensors. the laser sensors were placed at shoulder
height of each participant to avoid being triggered by arm
swing. Participants were instructed to focus on an object on
the front wall to avoid targeting the force plates while run-
ning (Abendroth-Smith, 1996; Queen et al., 2006). After
each running trial, participants walked back to the starting
position to prepare for the next trial. They were asked to
rest if they reported feeling tired or appeared winded
(Orendurff et al., 2018). The next trial would begin only
when neither of these conditions persisted. A static trial
was conducted for each participant, during which they
stood in a neutral upright stance with their arms extended
at a 45-degree angle from the body, feet shoulder-width
apart, and eyes looking straight ahead. Then, three valid
trials for each condition were recorded for each participant.
The trial was considered valid if the running speed was
within + 5% of the self-selected speed, and the participants
neither targeted nor missed the force plates. A 10-minute
rest period was maintained after the completion of the three
valid trials for one condition.

Musculoskeletal simulation
The inverse dynamics simulations in this study were con-
ducted in OpenSim 4.4 (Delp et al., 2007) (Simbios, Stan-

ford, CA, USA). A full-body musculoskeletal model, the
Rajagopal model (2016), was used. The model included 80
muscle-tendon units and 17 torque actuators, and they were
present in the lower body (40 per leg) and the upper body
(one for each degree of freedom in the upper body), respec-
tively (Rajagopal et al., 2016). Each muscle-tendon unit
was represented with the improved Hill-type muscle model
described by Millard et al. (2013). The unit included an ac-
tive contractile element, a passive elastic element, a
damper, and an elastic tendon (Millard et al., 2013). The
force-generating capacity of each muscle-tendon unit was
defined by normalized fiber force-length-velocity curves
and tendon force-length curves (Millard et al., 2013). The
viscoelasticity of the muscle was captured through the
force-length curves and the damper element. A standard
pipeline was employed to perform musculoskeletal simu-
lations (Figure 1C). Static trial data was utilized to scale
the Rajagopal model, which includes mass, segment size,
and musculotendon lengths, to match each participant an-
thropometrically. The maximum isometric force of each
lower-limb muscle was scaled by the ratio of the adoles-
cent's body height (H°*¢%) and body mass (MS¢*€?) to
the generic model's body height (H9°™¢7¢) and body mass
(M9enericy according to the following equation (Hegarty et
al., 2019):

scaled scaled
Escaled — Fgeneric M H

max - ‘max

Mgeneric X ngneric (1)
where, Fs¢de® and Fo°"" are the maximum isometric
force of each lower-limb muscle of scaled model and Ra-
jagopal model, respectively. Then, marker trajectory data
collected during running was used as input for the inverse
kinematics algorithm, enabling the simulation to calculate
joint angles, such as those of the hip, ankle, and knee, for
each frame. Subsequently, dynamically consistent align-
ment between GRFs and model kinematics was achieved
using a residual reduction algorithm. The computed muscle
control algorithm was employed to calculate the muscle
forces and muscle activity.

Parameter computation

For EMG, muscle forces, and muscle activity, three run-
ning cycles per condition for each participant were aver-
aged. Parameters from the dominant leg were used. The
dominant leg was used for analysis because biomechanical
factors associated with a higher risk of OSD were observed
in the dominant leg compared to the non-dominant leg
(Wang et al., 1993). Raw EMG signals were band-pass fil-
tered using a zero-lag, fourth-order Butterworth filter (20 -
450 Hz) (Gui and Zhang, 2016), rectified, and subse-
quently low-pass filtered (zero-lag, fourth-order Butter-
worth filter, 12 Hz) (Falisse et al., 2018) to obtain the EMG
envelopes. The processed EMG data were then normalized
by referring to peak values for each muscle activity in a
gait cycle. Initial contact, toe-off, and the stance and swing
phases of the gait cycle were determined based on the ver-
tical component of the GRF and kinematic data
(Novacheck, 1998). Specifically, Initial contact refers to
the moment when the right foot contacts the force plate,
while toe-off refers to the moment the right foot leaves the
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force plate. Both events were defined using a vertical GRF
threshold of 10 N (Strike et al., 2018). The stance phase
begins at initial contact and ends at toe-off, which marks
the start of the swing phase of the gait cycle (Novacheck,
1998). The end of the swing phase is marked by the right
foot contacting the force plate again. The timing of the sec-
ond initial contact was determined using the marker trajec-
tory of the right heel, drawing on the method described by
Zhao et al. (2018), in combination with the vertical GRF
component. The kinematic, GRF, and EMG data for each
participant's gait cycle were interpolated to the same length
before averaging. Quadriceps force was represented as the
sum of the muscle forces of the rectus femoris, vastus lat-
eralis, vastus medialis, and vastus intermedius. The contin-
ued tension of the quadriceps muscle was represented as
the accumulated force of the quadriceps muscle. This force
was defined as the area under the force-time curve through-
out a cycle ([ Fdt). Muscle forces were normalized to the
participant's body weight (BW).

Validation of simulation

In this study, the muscle activity obtained from simulations
under two conditions (with and without infrapatellar
straps) was compared to the EMG data to validate the reli-
ability of the inverse dynamics simulations. The study cal-
culated the correlation between the peak EMG and peak
muscle activity for the vastus lateralis, vastus medialis, rec-
tus femoris, soleus, and biceps femoris long head during a
gait cycle. Additionally, the correlation between the timing
of the peak EMG and the timing of the peak muscle activity
was also analyzed.

Statistical analysis

The analyzed variables, including peak forces of the quad-
riceps, rectus femoris, vastus lateralis, vastus medialis,
vastus intermedius, soleus, and biceps femoris long head,
and accumulated forces of the quadriceps, rectus femoris,
vastus lateralis, vastus medialis, vastus intermedius, so-
leus, and biceps femoris long head were tested for normal
distribution by using the Shapiro-Wilk test. For normally
distributed variables, paired t-tests were performed to com-
pare the peak and accumulated forces of the quadriceps, as
well as the peak forces, accumulated forces, and peak ac-
tive fiber forces of the vastus lateralis, vastus medialis, and
vastus intermedius between the two conditions. The peak
forces of rectus femoris and biceps femoris long head, as
well as the accumulated forces of the rectus femoris, soleus
and biceps femoris long head under conditions with and
without infrapatellar straps were compared using the Wil-
coxon signed-rank test, as the data were not normally dis-
tributed. The effect size was calculated using Cohen's d in-
dex and the following thresholds were used: 0.20 = small,
0.50 = moderate, 0.80 = large (Cohen, 1992). Data were
statistically analyzed in SPSS 26 (IBM Corporation, NY,
USA). Paired statistical parametric mapping (SPM) t-tests
(Pataky, 2010) were used to analyze continuous parameters
over time, specifically the muscle forces of the quadriceps,
rectus femoris, vastus lateralis, vastus medialis, and vastus
intermedius, as well as the active fiber forces of the vastus
lateralis, vastus medialis, and vastus intermedius, through-
out the gait cycle. The SPM analysis was conducted using

an open-source SPM1D package (https://www.spmld.org)
in MATLAB (The MathWorks, Inc., Natick, Massachu-
setts, USA). The correlations between the timing of peak
EMG activity and the timing of peak muscle activity during
the full gait cycle were assessed using Spearman's correla-
tion in SPSS 26. A correlation coefficient (r-value) signif-
icantly different from 0, with a p-value less than 0.05, in-
dicates a considerable correlation (Yao et al., 2019). The
reported statistical significance levels were all two-sided,
and a p < 0.05 was deemed statistically significant.

Results

As shown in Figure 2, the simulated muscle activity accu-
rately reproduced the major features of the experimental
EMG for the vastus lateralis, vastus medialis, rectus femo-
ris, and soleus. However, some differences were observed
between the simulated muscle activity and the EMG data
in biceps femoris long head under both conditions, with
and without straps (Figures 2A and B). The peak simulated
activity correlated with the peak EMG in the vastus lat-
eralis, vastus medialis, rectus femoris, soleus, and biceps
femoris long head under both conditions (r = -0.685, p =
0.029) (Figure 2C). The timing of peak activity was de-
layed compared to EMG but was significantly correlated in
those muscles (r = 0.745, p = 0.013) (Figure 2D).

The running speeds in the unstrapped and strapped
conditions were 2.45 + 0.18 m/s and 2.45 + 0.21 m/s, re-
spectively. No significant difference was observed in run-
ning speed between the two conditions (p = 0.916, d =
0.027). The peak quadriceps forces were significantly
lower (p < 0.001, d = 1.338) with the use of infrapatellar
straps (8.58 £ 1.40 BW) compared to without straps (9.96
+ 1.49 BW) (Figure 3A). For individual muscles within the
quadriceps, the peak forces of the vastus muscles were sig-
nificantly lower when running with infrapatellar straps
compared to running without infrapatellar straps (p <
0.001,d=1.427; p<0.001,d =1.951; and p < 0.001,d =
1.482 for vastus lateralis, vastus medialis, and vastus inter-
medius, respectively) (Figures 3C, D and E). The use of
infrapatellar straps had no significant effect on the muscle
forces of the rectus femoris, soleus, and biceps femoris
long head (p = 0.321,d =0.256; p=0.289,d = 0.275; p =
0.088, d =0.297, respectively) (Figures 3B, F, and G).

For accumulated forces, paired t-test revealed sig-
nificant differences in the accumulated forces of quadri-
ceps (no-strap: 1312.78 + 314.77 Ns, strap: 1178.02 +
305.09 Ns), vastus lateralis (no-strap: 514.27 = 113.08 N,
strap: 444.78 + 106.15 Ns), vastus medialis (no-
strap:305.31 + 72.58 N, strap: 274.45 + 68.12 Ns), and
vastus intermedius (no-strap:217.69 + 55.57 Ns, strap:
199.89 + 51.30 Ns) across all participants (p < 0.001, d =
1.201; p<0.001,d =1.322; p=0.004,d = 0.862; and p =
0.015, d = 0.686, respectively) (Figures 4A, C, D, and E).
Wearing infrapatellar straps significantly reduced accumu-
lated forces of the biceps femoris long head (p = 0.007, d
= 0.513) (Figure 4G). It had no significant effect on accu-
mulated forces of the rectus femoris and soleus (p = 0.501,
d=0.162; p=1.000, d = 0.120, respectively) (Figures 4B
and F).
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Figure 2. Simulated muscle activity and measured EMG curves and the magnitude and timing correlations between simulated
muscle activations and EMG. Simulated muscle activations and measured EMG curves during a full running cycle for the
vastus lateralis, vastus medialis, rectus femoris, soleus, and biceps femoris long head muscles under conditions without (A) and
with (B) infrapatellar straps. (C) Magnitude correlation between simulated muscle activations and EMG. (D) Timing correla-
tion between peak simulated activations and peak EMG.
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Figure 3. Peak muscle forces of the quadriceps (A), rectus femoris (B), vastus lateralis (C), vastus medialis (D), vastus interme-
dius (E), soleus (F), and biceps femoris long head (G) under conditions with and without infrapatellar straps. The whiskers repre-
sent the standard deviation of all participants' data for each condition. The circular dots with different colors represent the actual values of all participants.
The muscle forces are normalized by the body weight of each participant. The asterisk indicates statistical differences between the two groups where p

<0.05. BW: body weight.
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Figure 4. Accumulated forces of the quadriceps (A), rectus femoris (B), vastus lateralis (C), vastus medialis (D), vastus inter-
medius (E), soleus (F), and biceps femoris long head (G) under conditions with and without infrapatellar straps. In each box plot,
the upper and lower borders of the box represent the upper and lower quartiles. The middle horizontal line represents the median. The upper and lower
whiskers represent the maximum and minimum values. The black dot within each box indicates the mean value for each condition. The circular dots
with different colors represent the actual values of all participants. The asterisk indicates statistical differences between the two groups where p < 0.05.

Ns: Newton's.

The SPM results showed that quadriceps forces
were significantly lower during the stance phase of the gait
cycle (between 11.99% and 17.44%) under strapped con-
dition compared to the unstrapped condition, where it ex-
ceeded the critical t-statistic threshold at p = 0.003 (Figures
5A and B). In the individual muscles within the quadriceps,
the muscle forces of vastus lateralis, vastus medialis, and
vastus intermedius were significantly reduced in the stance
phase when using infrapatellar straps (between 13.39% and
20.47%, 12.8% and 17.83%, and 12.75% and 15.81% of
the running cycle, p <0.002, p = 0.003, and p = 0.016, re-
spectively) (Figures 5D, E and F). There was no significant
difference in the rectus femoris muscle forces throughout
the entire gait cycle between the strapped and unstrapped
conditions (Figure 5C).

The peak active fiber forces in the vastus lateralis,
vastus medialis, and vastus intermedius were significantly
reduced during running with infrapatellar straps (p <0.001,
d=1.382; p<0.001,d=1.839; p <0.001, d = 1.346, re-
spectively) (Figures 6A, B and C). When wearing in-
frapatellar straps, the active fiber forces of the vastus lat-
eralis, vastus medialis, and vastus intermedius decreased
by 13.60% - 20.75%, 12.92% - 17.94%, and 12.77% -
15.91% of the running cycle, respectively (p < 0.001, p =
0.002, and p = 0.015) (Figures 6D, E and F). However, in-
frapatellar straps had minimal impact on the passive fiber
forces, normalized fiber length, and normalized fiber ve-
locity of these muscles.

Discussion

This study investigated the effect of wearing infrapatellar
straps on quadriceps forces in adolescent females during
running, aiming to evaluate the effectiveness of infrapatel-
lar straps in the prevention and treatment of OSD. The re-
sults showed that the use of infrapatellar straps was associ-
ated with reduced peak and accumulated forces of the
quadriceps. Wearing infrapatellar straps during running
has a greater impact on the vastus muscles than on the rec-
tus femoris, with the reduction in muscle forces primarily
occurring during the stance phase. The results indicate that
wearing infrapatellar straps may help lower the forces on
tibial tuberosity by decreasing vastus muscle forces during
the stance phase, which could be beneficial for managing
OSD. Adolescents who need to reduce excessive rectus
femoris forces caused by a shortened or tight rectus femo-
ris, which may be associated with the occurrence of OSD,
may experience limited benefits from wearing infrapatellar
straps.

In our study, the reliability of inverse dynamics sim-
ulation was validated by comparison with EMG data.
EMG, as a noninvasive method, provides both direct and
indirect information about muscle electrical activity
(Karimi et al., 2021) and is widely used for assessing mus-
cle activation (Disselhorst-Klug et al., 2009; Heintz and
Gutierrez-Farewik, 2007). In the current study, under both
strapped and unstrapped conditions, the peak simulated
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Figure 5. Muscle forces and results of SPM curves of quadriceps and individual muscles of quadriceps. Muscle forces (A) and
results of SPM{t} curves (B) of the quadriceps muscle. Force (top) and SPM{t} (bottom) curves of the rectus femoris (C), vastus
lateralis (D), vastus medialis (E), and vastus intermedius (F). The force is described as the mean (solid line) + standard deviation (shaded
area), and it is normalized by the body weight of each participant. The shaded areas on the SPM{t} curve show the track locations where the SPM {t}
curve exceeded the critical threshold (red dotted line). The p-values are provided for these suprathreshold clusters. BW: body weight.
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Figure 6. Peak active fiber forces and SPM curve results for the vastus muscles. Peak active fiber forces of the vastus lateralis
(A), vastus medialis (B), and vastus intermedius (C). Force (top) and SPM{t} (bottom) curves of the vastus lateralis (D), vastus
medialis (E), and vastus intermedius (F). In each box plot, the upper and lower borders of the box represent the upper and lower quartiles. The
middle horizontal line represents the median. The upper and lower whiskers represent the maximum and minimum values. The black dot within each
box indicates the mean value for each condition. The asterisk indicates statistical differences between the two groups where p < 0.05. The force is
described as the mean (solid line) + standard deviation (shaded area). The shaded areas on the SPM {t} curve show the track locations where the SPM {t}
curve exceeded the critical threshold (red dotted line). The force is normalized by the body weight of each participant. The p-values are provided for
these suprathreshold clusters. BW: body weight.
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muscle activations exhibited a strong correlation with the
peak EMG values. Additionally, the timing of peak simu-
lated activation and peak EMG also demonstrated a strong
correlation, further validating the reliability of the simula-
tion. A delay between simulated muscle activity and EMG
found in this study was consistent with Corcos et al.'s
(1992) findings, which consist of transport time and the
time needed to generate detectable force changes (Corcos
etal., 1992). The differences between simulated muscle ac-
tivations and EMG data in the biceps femoris long head
may result from soft tissue interference during EMG meas-
urements. Achieving simulated activations that accurately
reflect measured EMG across all muscles remains a chal-
lenge in muscle-driven simulation studies (Rajagopal et al.,
2016).

This study examined a key factor in the occurrence
of OSD: the maximum force of the quadriceps, which de-
creases when wearing infrapatellar straps during running.
OSD is an avulsion of a small portion of the tibial tuberos-
ity caused by a violent contraction of the quadriceps exten-
sor mechanism (Uzunov, 2008). Katoh (1988) reported a
positive relationship between the force generated by the
quadriceps muscle as an etiologic factor of OSD. Thus, this
study evaluated peak quadriceps forces while wearing in-
frapatellar straps during running to clarify the effectiveness
of the straps in managing OSD. The reduced peak quadri-
ceps forces when wearing infrapatellar straps suggest that
infrapatellar straps can help lower the maximum traction
force on the tibial tuberosity, thereby potentially decreas-
ing the risk of OSD onset in adolescent females and con-
tributing to its prevention.

This study also examined another important factor
in the occurrence of OSD: the continuous traction of the
quadriceps, characterized by the accumulated forces of
quadriceps forces, which was shown to be reduced by
wearing infrapatellar straps. In addition to the violent trac-
tion of the quadriceps, the continuous traction applied on
the tibial tuberosity is also considered to be related to the
onset and aggravation of OSD (Gholve et al., 2007; Pan et
al., 2022). This suggests that accumulated forces through-
out the gait cycle should be considered when evaluating the
effectiveness of infrapatellar straps in managing OSD. The
reduction in accumulated forces when wearing infrapatel-
lar straps during running suggests that infrapatellar straps
may help decrease the continuous traction applied to the
tibial tuberosity, thereby potentially benefiting the preven-
tion of OSD in adolescent females.

The reduction in accumulated forces was associated
with decreased quadriceps forces during the stance phase
of the gait cycle while wearing infrapatellar straps during
running, suggesting that infrapatellar straps may specifi-
cally reduce the load during critical phases of the gait cy-
cle. Baltaci et al. (2004) reported that the injury mechanism
of the tibial tuberosity apophysis is due to the eccentric
contraction force of the quadriceps exceeding its strength.
The reduction in quadriceps forces during the stance phase
while wearing infrapatellar straps may help decrease trac-
tion on the tibial tuberosity, thereby lowering the risk of
damage and benefiting the prevention of OSD.

Wearing infrapatellar straps has a considerable
impact on the vastus muscle forces within the quadriceps,

resulting in a significant reduction in muscle forces, accu-
mulated forces, and muscle forces in the stance phase. The
vastus lateralis is the largest quadriceps muscle with high
force-generating potential (Bohm et al., 2021), and in this
study, its muscle forces exceed those of the other quadri-
ceps heads. The vastus medialis and the vastus intermedius
operate similarly to the vastus lateralis since they share the
same single patellar tendon (Bohm et al., 2021). Therefore,
the use of infrapatellar straps has a similar impact on the
vastus muscles. The reduction in vastus muscle forces was
primarily attributed to a decrease in active fiber forces.
Since infrapatellar straps had minimal effects on passive
fiber forces, normalized fiber length, and velocity, the ob-
served reduction was likely due to decreased muscle acti-
vation caused by the strap. Earl et al. (2004) reported that
the vastus lateralis and vastus medialis were significantly
less active when using a brace. Rosen et al. (2017) found
that the use of infrapatellar straps significantly reduces the
muscle activity of the vastus lateralis. Muscle force pro-
duction is initiated by electrophysiological activation
(Disselhorst-Klug et al., 2009), suggesting that the reduc-
tions in vastus muscle forces when wearing infrapatellar
straps may result from decreased muscle activity. The
lower muscle activity when using infrapatellar straps may
be explained by (i) fewer fibers being activated during the
stance phase, (ii) external pressure changing the length of
the vastus muscles and allowing for more efficient contrac-
tion, and (iii) other motor units within the vastus muscles
or other muscles offering a greater contribution to running
(Earl et al., 2004; Snyder-Mackler and Epler, 1989).

It is noteworthy that wearing infrapatellar straps has
little impact on the rectus femoris muscle forces. In Earl's
study, wearing straps does not significantly affect the mus-
cle activity of the rectus femoris (Earl et al., 2004). OSD
typically develops in adolescents aged 8 - 14 in females
and 10 - 15 in males (Itoh et al., 2018), coinciding with the
developmental phase of the tibial tuberosity and related
growth spurts. During this rapid growth stage, the rela-
tively rapid lengthening of the femur in relation to the
quadriceps muscle, particularly the rectus femoris muscle,
increases the risk of OSD (Neuhaus et al., 2021). Well-de-
veloped and inelastic rectus femoris muscle imparts addi-
tional tensile forces on the tibial tuberosity and may influ-
ence the onset and development of OSD. The results of this
study suggest that the effectiveness of using infrapatellar
straps when running may be limited for OSD patients with
arectus femoris-induced pathology and in adolescents with
inflexible rectus femoris. Moreover, 5 out of 24 knees
(21%) examined did not experience relief from symptoms
of OSD after using infrapatellar straps in Levine's study
(1981). These five male adolescents, aged between 11 and
15, were at an age when growth spurts are common, lead-
ing us to speculate that rectus femoris-induced pathology
might be responsible for the lack of symptomatic relief.
The findings reveal that the development of the rectus fem-
oris muscle, such as its flexibility, should be examined be-
fore choosing infrapatellar straps for the conservative treat-
ment or prevention of OSD.

The impact of infrapatellar straps on the continuous
and maximum tractions of the biceps femoris long head, an
agonist and antagonistic muscle of the quadriceps, was also
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investigated. The biceps femoris long head is one of the
muscle heads that comprise the hamstrings (Nakao et al.,
2018). As agonist and antagonist muscles, close collabora-
tion between the quadriceps and hamstring muscles is inte-
gral to maintaining knee joint stability during movement
(Wu et al., 2017). According to the findings in our study,
quadriceps forces reached their peak at around 15% of the
gait cycle, while the biceps femoris long head were not at
their most active during this phase. Therefore, the limited
effect of infrapatellar straps on the peak muscle forces of
the biceps femoris long head observed in this study could
be explained. Strength imbalances between agonist and an-
tagonist muscles may increase the risk of injury to the
lower extremity (Lutz et al., 2023). Hence, infrapatellar
straps can reduce the accumulated forces of quadriceps
without major alterations in the agonist-antagonist muscle
balance, which is essential for their effective application.
Additionally, the reduction in accumulated forces on both
the quadriceps and biceps femoris long head may influence
the energetics of lower extremity joints during running, po-
tentially helping to reduce energy costs.

Limited effects of infrapatellar straps on the soleus
were observed in this study. As one of the primary ankle
plantar flexors, the soleus plays a vital role in locomotion
and contributes significantly to the force necessary for ver-
tical support and forward progression during running (Lai
et al., 2015). The minimal impact of infrapatellar straps on
the forces of the soleus suggests that the use of infrapatellar
straps has little effect on plantarflexion of the foot during
the middle and terminal stance phases.

In the current study, only adolescent females were
recruited, as previous research on OSD has primarily fo-
cused on males (Enomoto et al., 2021; Itoh et al., 2018;
Takei et al., 2023; Watanabe et al., 2018) and similar inci-
dence rates of OSD for both genders (de Lucena et al.,
2011). To our knowledge, the only study examining the ef-
ficacy of infrapatellar straps for OSD. Levine and Kashyap
(1981) investigated the effectiveness of infrapatellar straps
on 17 adolescent males and 2 adolescent females with
OSD, finding that while the straps benefited the females,
their efficacy was limited for five males. The average age
of these five males was 12.8 years, coinciding with their
second peak growth spurt around age 13 (Ohtaka et al.,
2020). This growth phase may contribute to the onset of
OSD (Takei et al., 2023), as the asynchronous development
of bone and quadriceps muscle, particularly the rectus fem-
oris, during this phase (Neuhaus et al., 2021; Ross and
Villard, 2003), thereby explaining the limited effects ob-
served in those five males. Additionally, Dar and Mei-Dan
(2019) examined the management of infrapatellar straps on
knee pain in male adolescent athletes, revealing that in-
frapatellar straps reduced local pain during jumps. Further-
more, Rosen et al. (2017) investigated the impact of in-
frapatellar straps on quadriceps muscle activity in male
adults. Their findings indicated that the straps reduced ac-
tivity in the vastus lateralis, while the effect on rectus fem-
oris muscle activity was limited. Given that higher EMG
levels correspond to greater muscle force development
(Disselhorst-Klug et al., 2009), infrapatellar straps may
help reduce tensile stress on the tendon (Rosen et al.,

2017). While our results are generally consistent with pre-
vious research, future studies should analyze the effects of
wearing infrapatellar straps on quadriceps forces during
running in adolescent males due to the gender differences
in lower extremity biomechanics during running (Ferber et
al., 2003).

This study had a few limitations. Firstly, only
healthy adolescents were enrolled in this study. According
to the literature, running poses a high risk for the onset of
OSD (Takei et al., 2023). Recruiting OSD patients for the
study could exacerbate their symptoms. This study aimed
to investigate the changes in quadriceps forces between
two strapping conditions instead of the absolute values of
the loads. The results provided baseline data that will be
beneficial for future studies in the symptomatic population.
Nevertheless, symptomatic patients should be considered
in future studies. Secondly, the study was conducted on ad-
olescent females, which may limit its generalizability to
adolescent males. Future studies are needed to examine the
immediate effects of infrapatellar straps on quadriceps
forces in adolescent males. Thirdly, the flexibility of the
participants' rectus femoris or quadriceps muscles was not
measured, despite our findings suggesting that muscle flex-
ibility may influence the effectiveness of infrapatellar
straps. The flexibility of the participants' rectus femoris and
quadriceps should be measured in the future to provide
more comprehensive understanding of the effects of in-
frapatellar straps. Finally, only self-selected running was
included in this study. Future studies should explore the
impact of wearing infrapatellar straps during different
types of motions that associated with the onset of OSD,
such as jumping and kicking, to verify and supplement our
findings.

Conclusion

In conclusion, wearing infrapatellar straps during running
could reduce the peak and accumulated forces of the quad-
riceps, decreasing the high and continued traction applied
to the tibial tuberosity. This significant reduction in forces
is strongly associated with decreased vastus muscle forces
during the stance phase, suggesting that infrapatellar straps
may be particularly beneficial for adolescents needing to
reduce excessive vastus muscle forces, thus contributing to
the treatment and prevention of OSD. Due to the minimal
impact of wearing infrapatellar straps on rectus femoris
muscle forces, their effectiveness may be limited for ado-
lescents needing to reduce excessive rectus femoris forces
caused by a shortened or tight muscle. This study can help
clarify the indications and principles of rehabilitation with
infrapatellar straps, providing new insights into their pro-
tective effects against OSD.
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Key points

e The peak and accumulated forces of the quadriceps
decreased when running with infrapatellar straps.

o The reduction in the accumulated forces of the quad-
riceps was strongly associated with the reduction in
vastus muscle forces during the stance phase of the
gait cycle.

e Wearing infrapatellar straps during running had little
effect on the forces exerted by the rectus femoris.

e The use of infrapatellar straps during running is ben-
eficial for managing Osgood-Schlatter disease, partic-
ularly in adolescent females who need to reduce ex-
cessive vastus muscle forces.

e Adolescent females aiming to reduce excessive rectus
femoris muscle forces may experience limited bene-
fits from wearing infrapatellar straps during running.
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