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Purpose: Patellofemoral pain syndrome is a common orthopedic trauma among runners. It is unclear whether patellofemoral joint
stress (PFJS) is the highest (or lowest) when the knee joint flexion angle and extension moment are in combination under the condition
that vastus medialis (VM) activation decreases. This study aimed to investigate the effects of changes in the PFJ contact area by de-
creasing the activation of the VM muscle on PFJS. Methods: A PFJ sagittal model was used to quantify PFJ reaction force and PFJS. The
PFJ model and mathematical modelling procedure were used to quantify PFJS based on previous studies. The simulation ranges were set
to knee joint flexion angles of 10-45° and extension moments of 0-240 Nm. PFJS was calculated for the normal condition (NC) and
decrease condition (DC) in VM activation. Results: When the knee joint angle and knee joint moment were at the maximum, the PFJS
showed the maximum value under both conditions (NC; 14.9 N/em?, DC; 16.4 N/cmz), PFJS was found to be higher in DC than that in
NC for all simulation ranges. Conclusion: Decreased VM activation may be involved in the mechanism of patellofemoral pain syndrome.
In addition, the results of this study provide evidence that clinicians can enhance VM to relieve pain in patients with patellofemoral pain

syndrome.
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1. Introduction

Running is a popular activity that many people can
easily perform. Running activity has many beneficial
effects, such as reducing the mortality rate of cardio-
vascular diseases [16]. However, running injuries are
also likely to occur. Patellofemoral pain syndrome
(PFPS) is a common orthopedic trauma among run-
ners [26]. The occurrence of PFPS may precede the
onset of patellofemoral osteoarthritis [7], [27]. One
possible mechanism of PFPS is elevated patello-
femoral joint (PFJ) stress (PFJS). Many previous
studies have reported that individuals with PFPS
exhibit greater PFJ stress when compared to pain-free
controls during walking [15], stair descent [30] and

squatting [10] using a mathematical model or finite
element analysis. For example, PFJS during walking
is significantly higher in individuals with PFPS (6.61
MPa) than that in controls (3.13 MPa) [15]. It is ex-
pected that the PFJS will increase further by repeating
the movement. Given the relationship between PFJS
and the occurrence mechanism of PFPS, decreasing
PFJS may prevent the occurrence of PFPS and allevi-
ate its symptoms.

Although there are many factors which may cause
PFJS increase, a previous study [12] reported that lat-
eral patellar maltracking is the most commonly cited
reason. Lateral patellar maltracking is theorized to de-
crease PFJ contact area and increase PFJS, resulting in
pain. Thus, patellar taping is performed to improve
patellar maltracking, and the taping effect is useful for
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pain relief [1]. Patellar maltracking is caused by sev-
eral factors, such as PF ligament properties [2], foot
alignment [9], and altered muscle activation at the hip
[6] and knee joint [3]. Among these, altered vastus
medialis (VM) activation has attracted attention from
clinicians. It is thought that VM activation pulls the
patella in the medial direction and protects against
lateral patellar maltracking. Some studies [18], [20]
have reported that patellar maltracking is related to
delayed VM activation compared to vastus lateralis
activation. A cadaver study [8] has found that a de-
crease in VM activation caused a decrease in the PFJ
contact area. Theoretical evidence has shown through
computational studies that clinician interventions tar-
get VM in patients with PFPS [19]. Considering these
facts, it is assumed that a decrease in VM activation
causes the PFJ contact area to decrease, resulting in an
increase in PFJS.

However, the effect of changes in the PFJ contact
area due to a decrease in VM muscle activation on
PFJS is unclear. Sawatsky et al. [23] showed that
PFJS did not change before and after elimination of
VM, but they used an animal (rabbit) knee model. The
PFJ anatomy, such as the PF groove, differs between
humans and rabbits [22]. Moreover, the authors of
study [23] investigated PFJS under knee joint load and
angle conditions, but did not consider the conditions
of running. Because PFJS cannot be directly measured
in vivo, PFJS can be estimated based on the knee joint
moment and angle using a mathematical model. Given
that PFPS is likely to occur in running, it is necessary
to calculate PFJS considering knee joint kinetics and
kinematics during running, which has not been re-
vealed. Moreover, because the knee joint angle and
moment exhibit various combinations during the stance
phase of running, PFJS also fluctuates during the stance
phase. Under the condition that VM activation de-
creases, it is unclear whether PFJS is the highest (or
lowest) when the knee joint flexion angle and exten-
sion moment are in combination. A recent study [28]
investigated the influence of knee joint angle and ex-
tension moment on PFJS, but did not consider VM
muscle activation decrease. Additionally, the effect of
sex and knee joint rotation on patellofemoral joint
stress has been reported using a mathematical model
[25], but the influence of VM muscle activation on
PFIS is still unclear.

Therefore, this study aimed to investigate the effect
of changes in the PFJ contact area on PFJS by de-
creasing VM muscle activation. Since decreased VM
muscle activation decreases the PFJ contact area [8],
we hypothesized that PFJS increases when VM muscle
activation decreases compared to its normal condition.

2. Materials and methods

2.1. Modelling setting

The PFJ model and mathematical modelling pro-
cedure were used to quantify PFJS based on previous
studies [5], [15]. The input variables required were the
knee joint flexion angle and extension moment. Before
the calculation of PFJS, the simulation range of the
knee joint extension moment and flexion angle must be
determined under running conditions because PFPS is
likely to occur during running. The present study used
the simulation ranges used in a previous study [28].
A previous study [28] calculated based on dataset
(http://pesquisa.ufabc.edu.br/bmclab/datasets/rbds/) of
running in Fukuchi’s study [11]. From a public data
set (total average of 28 individuals), the lower and
upper limit of knee joint flexion angle and extension
moment during stance phase of 2.5, 3.5, and 4.5 m/s
were calculated so that the results of this study could be
applied to various running speeds. The lower and upper
limits of the knee joint flexion angle were 12-44°,
respectively, and those of the knee joint extension
moment were —51 Nm to 235 Nm during the stance
phase, respectively. Therefore, the simulation ranges
in this study were set as follows: knee joint angle,
10-45° and knee extension moment, 0-240 Nm.
Given that the negative value (=51 Nm) of the knee
joint moment indicates the knee joint flexion moment,
the lower limit value was 0 Nm. The step sizes of the
knee joint flexion angle and extension moment were
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Fig. 1. Procedure of patellofemoral joint (PFJ) kinetic calculation.
All combinations of knee joint flexion angle and extension
moment (i.e., 17,352 times = 36 (10-45°) angles x 241 (0240 Nm)
moments x 2 conditions) were calculated under the normal
condition and decreased condition in vastus medialis activation
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one degree and one Newton meter, respectively. All
combinations of knee joint flexion angle and exten-
sion moment (i.e., 17,352 times = 36 (10—45°) angles
x 241 (0240 Nm) moments X 2 conditions) were
calculated under the normal condition (NC) and de-
creased condition (DC) in VM activation (Fig. 1).
Because this study was a mathematical study, obtain-
ing informed consent was not required.

2.2. PFJ contact area calculation
by VM activation change

To compute the PFJS in the NC and DC in the
abovementioned simulation ranges of the knee joint
angle, this study calculated the PFJ contact area based
on the data of Csintalan et al. [8]. The present study
utilized the PFJ contact area of NC and DC, all knee
joint flexion angles (0, 30, 60 and 90°), and neutral
tibial rotation in males in a previous study [8]. In the
NC group, muscle loading was performed under stan-
dard conditions (loading condition of 100%; vastus me-
dialis, 67 N; vastus intermedius/rectus femoris, 111 N;
vastus lateralis, 98 N; iliotibial band, 27 N). This con-
dition was based on the cross-sectional muscle area
[32]. DC represents only VM activation decreased to
33.5N.

The equations of the PFJ contact area were calcu-
lated by third-order polynomial curve fitting to the
contact areas in knee flexion angles (0, 30, 60 and
90°) for NC and DC continuous contact areas in the
simulation range of the knee flexion angle. All poly-
nomial curves passed all measured contact areas ob-
tained in a previous study [8] and had a fairly good fit.
Using these polynomial equations, the PFJ contact
area, which is specific to the VM activation condi-
tions, was calculated in the simulation range of the
knee joint angle (10—45°).

2.3. PFJ kinetic calculation

The PFJS was calculated using a previously re-
ported method [28]. First, the quadriceps effective
lever arm was determined at each knee flexion angle
by fitting a nonlinear equation to the data [31]. Sec-
ond, the quadriceps force was calculated by dividing
the knee extension moment by the calculated effective
lever arm force. Third, the PFJ reaction force was esti-
mated by multiplying the quadriceps force by a con-
stant [29], which defines the relationship between the
PFJ reaction force and the knee joint flexion angle [5],
[29], [31]. Finally, the PFJS was calculated by divid-

ing the PFJ reaction force by the PFJ contact area for
NC and DC. The above-mentioned steps were per-
formed, and our study examined the effect of changes
in the PFJ contact area by decreasing VM muscle acti-
vation on PFJ joint stress. All calculations were per-
formed using custom-written MATLAB code (R2019a;
MathWorks, Inc., Natick, MA, USA).

3. Results

Under both conditions, the PFJ reaction force in-
creased as the knee flexion angle and extension mo-
ment increased. PFJS increased as the knee extension
moment increased. Hence, the PFJS decreases when
the extension moment decreases. However, the rela-
tionship between the PFJS and knee joint flexion an-
gle differed from the relationship between the PFJ
reaction force and knee joint extension moment. Re-
gardless of NC and DC, the PFJS was at the minimum
when the knee joint was 16° among all knee joint
extension moment values. Furthermore, the PFJS was
the maximum when the knee joint was 45 degrees
among all knee joint extension moment values in both
conditions. When the knee joint angle and knee joint
moment were at the maximum, the PFJS showed the
maximum value under both conditions (NC; 14.9 N/em?,
DC; 16.4 N/ecm?). For all combinations of knee joint
angles and knee joint moments, the PFJS in DC was
higher than that in NC (Fig. 2). For example, when the
knee joint moment was at the maximum (240 Nm),
the PFJS in DC was higher than that in NC at all knee
joint angles (10-45°) (Fig. 3).

4. Discussion

This study aimed to investigate the effect of
changes in the PFJ contact area by decreasing VM
muscle activation on PFJS. The strength of this study
is that PFJS was calculated under NC and DC through
a mathematical model considering the kinetic data
[11] during running. A change in VM activation is
thought to cause lateral patellar maltracking [18],
[20]. Consequently, this maltracking seems to increase
the PFJS, which is involved in the development of
PFPS, but this has not been clarified so far. Further-
more, the amplitude of the PFJS changes depending
on the change in each knee joint angle and moment
[28]. However, it remains unclear which combinations
of the knee joint flexion angle and extension moment
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Fig. 2. Contour lines of patellofemoral joint stress on a two-dimensional plot of knee joint extension moment and flexion angle
in normal condition (NC) and decrease condition (DC) in vastus medialis activation

result in the highest (or lowest) PFJS when VM acti-
vation changes. To the best of our knowledge, the
present study is the first to demonstrate the influence
of changes in the PFJ contact area by a decrease in
VM muscle activation on PFJS at various knee joint
flexion angles and extension moments. These findings
provide evidence that a decrease in VM activation
may be involved in the mechanism of PFPS.
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Fig. 3. Patellofemoral joint (PFJ) stress against knee flexion angle
at a constant of 240 Nm in knee joint moment
in knee joint moment in normal condition (NC)
and decreased condition (DC) of vastus medialis

The results of the present study supported our hy-
pothesis that PFJS in DC was higher than that in NC
for all combinations of knee joint angles and knee
joint moments. It has been reported that PFJS does not
change when VM activation decreases [23], but recent
studies have shown that PFJS increases when VM
activation decreases [13], as in the present study.
These studies targeted a rabbit model, but the present
study was able to demonstrate it for a human cadaver.
Moreover, assuming running conditions, this study
newly investigated PFJS for various combinations of
knee joint flexion angles and moments. PFJS in DC
was higher than that in NC, which was believed to be
caused by the differences in the contact area between
NC and DC. The PFJ contact area in this study was
calculated by a third-order polynomial curve fitting to
the contact areas in various knee flexion angles for
NC and DC in a previous study [8], and the simulation
range of the knee joint angle (10-45°) was utilized
based on running data [11]. According to the calcu-
lated PFJ contact area (Fig. 4), DC showed low values
for all knee joint angles compared with NC. De-
creased PFJ contact area increases PFJS [13], [28].
Furthermore, a previous study [21] also reported that
increasing the PFJ contact area with a knee brace re-
duces PFJS and consequently reduces pain in patients
with PFPS. Thus, the observed PFJS between NC and
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DC in the present study was likely due to the differ-
ence in the PFJ contact area.
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Fig. 4. Patellofemoral joint (PFJ) contact area
against knee flexion angle in normal condition (NC)
and decreased condition (DC) of vastus medialis activation

Among all knee joint extension moment values in
both conditions, the PFJS had the minimum and
maximum values when the knee joint was 16 and 45°,
respectively. The PFJ reaction force is likely to in-
crease as the knee joint flexion angle and extension
moment increase [4], [5], which is consistent with the
findings of the present study. Since the simulation
range was 10 to 45°, the minimum and maximum
values of PFJS appeared at knee joint angles of 10 and
45°, but the minimum value of PFJS was at 16° and
not 10°. The main reason for this result can be ex-
plained by the relationship between the PFJ reaction
force and PFJ contact area based on a previous study
[28]. Because the PFJS was obtained by dividing the
PFJ reaction force by the PFJ contact area, the PFJS
was influenced by both factors. Hence, the PFJS is at
its lowest when the PFJ reaction force is low and the
PFJ contact area is large. For example, while the PFJ
reaction force continued to increase as the knee flex-
ion angle increased, the contact area continued to in-
crease as the knee flexion angle increased. When the
knee joint flexion angle is at its minimum value (10°),
both the PFJ reaction force and contact area also show
minimum values. Therefore, although the PFJ reaction
force is at its lowest when the knee joint flexion angle
(10°) is at its minimum value, the contact area is also
at its lowest; thus, the PFJS is not necessarily at its
lowest when the knee joint flexion angle is at its
minimum value (10°). The PFJS is determined by the
relationship between the PFJ reaction force and the
PFJ contact area, and it is considered that PFJS is at

its lowest or highest at a specific knee joint flexion
angle, such as 16 or 45°, respectively.

Our findings may be beneficial in reducing and pre-
venting symptoms in patients with PFPS. In previous
studies [10], [15], [30], individuals with PFPS exhib-
ited greater PFJS when compared to pain-free controls
in various tasks. One of the reasons for these results is
believed to be the decrease in PFJ contact area. Powers
et al. [21] showed that wearing a knee brace when
walking reduces pain in patients with PFP immediately
due to decreased PFJS. Therefore, it is important to
increase the PFJ contact area to alleviate PFPS symp-
toms. In this study, because PFJS increased in the DC
of the VM, strengthening the VM for runners with
symptoms of PFPS may increase the PFJ contact area
and consequently decrease pain. Furthermore, the PFJS
was the lowest at 16° in both conditions. Thus, if pa-
tients with PFPS have decreased VM activation, it may
help reduce pain to slightly flex the knee (app. 16°)
during the running stance phase.

The present study has some limitations. The PFJ
model used to estimate the PFJS was a simplified pla-
nar model, thus, this model does not consider the indi-
vidual three-dimensional patella. Patellar kinematics
during a loading task differ between patients with and
without PFPS [33]. Moreover, recent study [24] found
that adolescents and adults with PFPS exhibit distinct
patellar tracking. Individual alterations in patellar
kinematics may also affect the contact area, thereby
affecting the PFJS. In addition, this study calculated
specific PFJ contact areas, such as ND and DC, but the
contact area was based on cadaver data [8]. Therefore,
they may differ from the contact area in vivo. Further-
more, because PFJS cannot be directly measured in
vivo, a systematic review [17] has also reported that
many studies use the contact area of cadaver data, as in
the present study. Finally, this study determined the
simulation range of the knee flexion angle assuming
running condition. A recent meta-analysis [14] reported
that PFJ reaction force was high for larger knee flexion
movements such as squatting. Therefore, the results
may not be generalizable to such movements. These
limitations should be addressed in future research.

5. Conclusions

The PFJS in DC was higher than that in NC for all
combinations of knee joint angles and knee joint mo-
ments. As one possible occurrence mechanism of PFPS
is elevated PFJS, these findings provide evidence that
a decrease in VM activation may be involved in the
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occurrence mechanism of PFPS. In addition, the re-
sults of this study provide evidence that clinicians can
enhance VM to relieve pain in patients with PFPS.
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