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In vivo evaluation of patellar tendon stiffness in individuals with patellofemoral pain syndrome
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The objective of this study was to utilise an ultrasonic technique to assess the effect of patellofemoral pain syndrome (PFPS)
on the mechanical properties of the patellar tendon. Seven subjects with PFPS and seven matched control subjects volunteered
to participate in this study. Subjects were asked to perform isometric maximal voluntary contractions of the knee extensors
while their knee extension torque was monitored and the displacement of the patellar tendon was recorded with an ultrasonic
system. Our results showed significantly lower tendon stiffness (by ∼30%) in the PFPS subjects. Although tendon secant
modulus was lower by 34% in the PFPS subjects, the difference was not statistically significant. Therefore, we conclude that
the ultrasonic technique was able to detect a decrease in the structural stiffness of the patellar tendon associated with PFPS.
The decrease in tendon stiffness was moderately correlated with the length of symptoms in these individuals.
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Introduction

The evaluation of the mechanical properties of tendons has
been commonly used as an objective means to describe the
functional and recovery level of tendons in animal mod-
els (Bruns et al. 2000; Butler et al. 2004; Jackson et al.
1993). However, due to the invasive nature of the traditional
method to evaluate the mechanical properties of tendons, it
has been very difficult to apply in humans. A newly devel-
oped real time ultrasound imaging technique has been ap-
plied to study the mechanical properties of human tendons
in vivo. To date, this technique has been successfully used
to evaluate the effect of complete disuse and strengthening
exercise on tendon stiffness (Kubo et al. 2004; Maganaris
et al. 2006). These findings in humans were similar to those
reported from animal investigations.

Patellofemoral pain syndrome (PFPS) is a common
diagnosis of knee pain (Devereaux and Lachmann 1984;
Fredericson and Yoon 2006; Piva et al. 2006; Thomee
et al. 1999), which is usually associated with significant
pain, and a limited activity level of the symptomatic limb.
However, the success of the rehabilitative treatments for
PFPS remains controversial because of the subjective con-
tent of commonly used clinical evaluation methods, such
as pain scales and functional activity questionnaires (Arroll
et al. 1997; Avraham et al. 2007; Bizzini et al. 2003; Boling
et al. 2006; Lun et al. 2005; Thomee et al. 1996; Witvrouw
et al. 2000). Strength assessments have been one method of
objectively evaluating outcomes after rehabilitation treat-
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ments (Herrington and Al Sherhi 2007; Witvrouw et al.
2000). Previous studies of PFPS have reported decreased
knee extensor or lower limb torques (Callaghan and Oldham
2004; Werner 1995) for the symptomatic limb compared to
the asymptomatic limb or compared to the limbs of control
subjects. Altered activity of the affected limb due to pain
may contribute to these strength deficits in PFPS patients.
Previous animal studies suggest that immobilization of a
limb alters the mechanical properties of tendons (Atkinson
et al. 1998; Kasperczyk et al. 1991). The effects of phys-
ical activity limitations in individuals with PFPS on the
mechanical properties of the patellar tendon have yet to be
investigated. An in vivo ultrasonic technique to assess the
change in tendon properties may be a useful addition to
conventional methods for assessing the efficacy of rehabil-
itation in individuals with PFPS. In order to determine if
the capability of this ultrasonic technique may help in deter-
mining the efficacy of interventions, the first step is to assess
whether a difference of tendon properties exists between in-
dividuals with PFPS and healthy individuals. Therefore, the
purpose of this study was to utilize the ultrasonic technique
to assess the effect of PFPS on the mechanical properties
of the patellar tendon.

Methods

Seven subjects with PFPS (4 males and 3 females, age:
26 ± 4 years old, height: 176 ± 10 cm, body mass:
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Table 1. Demographic data, visual analogue scale (VAS) and the
international knee documentation committee (IKDC) subjective
knee evaluation scores of subjects.

Parameter PFPS Control p

Age (years) 26 ± 4 27 ± 4 p = .36
Height (cm) 176 ± 10 177 ± 9 p = .19
Body mass (kg) 79 ± 21 79 ± 22 p = .34
VAS* 5.21 ± 2.55 0.11 ± 0.20 p = .002
IKDC* 56.16 ± 6.41 96.22 ± 5.34 p < .001

*VAS is scored by calculating the ratio of the length from the vertical mark
to the point indicated no pain at all and the total length of the horizontal
line, and then transforming the score to a scale that ranges from 0 to
10. The IKDC subjective knee evaluation form is scored by summing the
scores for the individual items and then transforming the score to a scale
that ranges from 0 to 100.

79 ± 21 kg) and seven age, gender and weight-matched
control subjects (4 males and 3 females, age: 27 ± 4
years old, height: 177 ± 9 cm, body mass: 79 ± 22
kg) volunteered to participate (Table 1). Inclusion crite-
ria for the patellofemoral pain group included: (1) anterior
or retropatellar knee pain present during at least two of
the following activities- ascending/descending stairs, hop-
ping/running, squatting, kneeling and prolonged sitting; (2)
insidious onset of symptoms not related to trauma; (3) pain
on palpation of patellar facets and (4) worst pain in the past
week greater than 3 cm on a 10 cm visual analogue scale.
Inclusion criteria were adapted from Cowan et al. (2002).

Figure 1. Experimental set-up: the ultrasound transducer was placed at the inferior pole of the patella, and the load cell was attached to
the ankle cuff that was fixed to the Kin-com dynamometer system. The real-time ultrasound images and load cell signals were collected
with an IBM laptop.

Exclusion criteria for the patellofemoral pain and control
groups included: (1) history of knee surgery; (2) clinical ev-
idence of other knee pathology and (3) current significant
injury affecting other lower extremity joints. All subjects
signed an informed consent form that was approved by the
University’s institutional review board. Before the testing,
each participant was instructed as how to fill out a 10-cm
visual analogue scale (VAS) (Chesworth and Vandervoort
1989), International Knee Documentation Subjective Knee
Form (IKDC) (Irrgang et al. 2001) according to their expe-
riences in pain level at the knee and for functional activities
in the past two weeks prior to their testing date, and re-
ported the length of their PFPS symptoms in months prior
to testing.

Subjects were asked to perform five isometric maximal
voluntary contractions (MVIC) of the knee extensors at 90◦

of knee and hip flexion while seated and secured in an isoki-
netic dynamometer (Kin-Com 125E Plus, Harrison, TN).
A load cell attached to the ankle cuff just above the medial
malleolus was used to acquire the force produced during
the tasks at 1000 Hz. The product of the force data and the
length of the lower leg measured from knee joint centre to
the centre of the cuff was then used to calculate the knee
resultant moment. During the MVIC task, a 7.5 MHz linear-
array ultrasound probe (Compact System Diasonics, Santa
Clara, CA) was secured to the knee to record the displace-
ment of the inferior border of the patella at 30 Hz (Figure 1).
A silicon template was taped onto the skin over the patella-
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tendon area to prevent sliding of the ultrasound probe. An
echoabsorptive band was attached to the skin over the scan
region to help monitor any sliding between the skin and
the ultrasound probe. The force and ultrasound video data
acquisitions were synchronized with an electronic trigger
and recorded on an IBM computer. A non-telemetered sur-
face electromyographic (EMG) system (Delsys Bagnoli-8,
Boston, MA) was used to assess the muscle activity of the
medial hamstring musculature at 1440 Hz. Surface elec-
trodes were positioned in parallel over the area of greatest
bulk of the medial or lateral hamstrings. The EMG activity
of the hamstrings were monitored during both the extension
task and a subsequent isometric knee flexion task at 90◦.
The ratio of the hamstring EMG during extension to a max-
imal flexion task was used to calibrate the co-contraction
effect during the MVIC extension tasks. The product of the
ratio of the hamstrings EMG and the maximal knee flex-
ion moment was used to adjust the knee resultant moment
to estimate the net moment produced by the patellar ten-
don. The patellar tendon moment was then divided by the
patellar tendon moment arm to calculate the patellar tendon
force. The figure demonstration and equations of how we
calibrated the co-contraction effect with hamstrings EMG
data and calculated the patellar tendon force are described
in Figure 2. The length of the moment arm of the patellar
tendon was estimated from the thigh length and the knee
flexion angle of each subject as described by Visser et al.
(1990).

The ultrasound video of the patella-tendon movement
was extracted into a series of 8-bit bitmap images (640 ×
480 pixels) with an image-extracting program. These dig-
ital images were then analysed with a pattern matching
technique based on a two-dimensional cross-correlation al-
gorithm (IMAQ Vision builder 6; National Instruments,
Austin, TX) to determine the coordinates of the patella
frame by frame in the ultrasound image. The tendon de-
formation was calculated by subtracting the X coordinates
of the patella at the first frame when the knee was relaxed
from the X coordinates of the patella in each subsequent
frame. The displacements of the patella in Y direction were
ignored due to their minimal effects on the total displace-
ments. The maximal tendon deformation was determined
as the maximal displacement of the patella during the knee
extension task. The linear force data and the patellar tendon
deformation were used to plot a force-deformation curve.
Each tendon’s maximal force level and the corresponding
deformation were chosen as the points of interest; then the
slope of a line drawn from the point of interest to the origin
of the force-deformation curve was used to calculate the
structural stiffness.

Using a transverse ultrasonic image and a pair of longi-
tudinal ultrasonic images, respectively, the cross-sectional
area (CSA) (mm2) and original length of the patellar tendon
(mm) were measured with the IMAQ Vision Builder soft-
ware and converted to metric units. The structural stiffness

Figure 2. Mhext is the torque produced by hamstrings during
the MVIC extension task; Mhmvc is the torque produced by the
hamstrings during MVIC flexion task; EMGhext is the hamstrings
EMG activity during the MVIC extension task; EMGhmvc is the
RMS EMG activity during the MVIC flexion task; Mptext is the
torque produced by the patellar tendon during the MVIC extension
task; Mtot is the resultant knee torque during the MVIC extension
task; Fpt is the force produced by the patellar tendon; Dpt is the
moment arm of the patellar tendon.

was multiplied by the ratio of the original length to the CSA
to compute the material stiffness (secant modulus) of the
tendon.

The demographic data, knee function questionnaire
scores and biomechanical parameters (tendon length, ten-
don CSA, max. tendon force, max. tendon deformation,
tendon strain, tendon stress, stiffness and secant modulus)
of the PFPS knees were compared with the knee data of
the matched control group, using a paired t test with a sig-
nificance level of p < .05. The correlation between length
of symptoms and decrease in tendon stiffness was assessed
with the Spearman correlation test (p < .05). The assump-
tions of normality and equality of variance were met with all
the measured variables, except for the measures of length
of symptoms and decreased in tendon stiffness.

Results

There were no significant differences between the two
groups in age, weight or height (Table 1). However, our
PFPS participants had significant higher VAS scores and
significantly lower functional activity scores compare to
their matched control subjects (Table 1). The resting length
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Table 2. Mechanical and material properties evaluated.

Parameter PFPS Control p

Tendon length (mm) 46 ± 9 52 ± 15 p = .190
Tendon CSA (mm2) 85 ± 13 92 ± 16 p = .140
Max. tendon force (N) 4906.48 ± 1513.15 6225.42 ± 1577.25 p = .005
Max. tendon

deformation (mm)
2.70 ± 0.81 2.68 ± 0.96 p = .940

Tendon strain (%) 6.55 ± 2.14 4.62 ± 1.79 p = .060
Tendon stress (MPa) 54 ± 21 66 ± 19 p = .350
Stiffness (N/mm) 1735 ± 735 2477 ± 568 p = .030
Secant modulus (GPa) 1.04 ± 0.59 1.57 ± 0.76 p = .090

and CSA of the patellar tendon were similar in the groups
(Table 2). Tendon stiffness was found to be significantly
decreased by 30% in the PFPS subjects compared with the
control subjects (Table 2). The maximal tendon force dur-
ing isometric knee extension in the control group was sig-
nificantly higher than the PFPS group (Table 2), however,
the maximal tendon deformations were similar between the
two groups (Table 2). The maximal stress and strain lev-
els during isometric knee extension were not significantly
different between the groups (Table 2). Although tendon
modulus was lower by 34% in the PFPS subjects compared
with the control subjects, the difference was not statistically
significant (Table 2). The average length of symptoms for
the PFPS subjects was 43 ± 34 months. A significant cor-
relation was found between tendon stiffness and the length
of symptoms (r = 0.75).

Discussion

Previous studies have reported the patellar tendon stiffness
of healthy subjects ranging from 1790 to 1904 N/mm (age:
24 ± 3 years) to 3725 to 4334 N/mm (age: 30 ± 7 years)
(Hansen et al. 2006; Yasuda and Hayashi 1999). The stiff-
ness values of the healthy group observed in this study were
within this range. The results of this study showed the struc-
tural stiffness of the patellar tendon to be decreased signif-
icantly in subjects with PFPS relative to matched-controls.
The significant decrease in tendon stiffness in our PFPS
group can result from a combination of material changes
of the tendon or geometry changes (length and CSA). The
smaller CSA and decreased secant modulus observed for
the PFPS group would both act to decrease the tendon stiff-
ness; however, neither of these measures on their own were
significantly different between the groups. The trend in the
PFPS group for a decrease in the secant modulus, a mate-
rial property, would suggest that material changes may be
making a larger contribution to the observed decrease in
tendon stiffness in the PFPS group.

Our results coincide with similar changes in tendon
properties reported in previous animal studies of disuse
(Atkinson et al. 1998; Kasperczyk et al. 1991). On the ba-
sis of those studies, the reduction in mechanical properties

of tendons could be due to the reduction of the total area
of collagen fibrils in the tendon cross-section and the in-
crease in the numbers of thin and immature fibrils. The
functional activity level of our PFPS subjects was signifi-
cantly decreased compared to the control group, which was
also shown in previous studies (Hahn and Foldspang 1998);
therefore, we speculate the decrease in tendon stiffness is a
result of the decreased activity that often occurs with PFPS.

In addition, PFPS symptom length and the decrease in
tendon stiffness were found to be moderately correlated.
We speculate that due to individuals with PFPS reporting
on average 3.5 years of PFPS symptoms, the limitations in
physical activity for this period of time caused a decrease
in tendon stiffness. Future studies with larger sample sizes
and prospective data on length of symptoms are needed to
better characterize this relationship.

Our study results differ from a recently reported study
by Wilson et al. (2008). Their results suggested that PFPS
subjects had significantly greater vastus medialis obliquus
(VMO) tendon stiffness than their control subjects. How-
ever, during the sub-maximal voluntary quadriceps contrac-
tions performed in their study the resultant force present in
each of the components of the quadriceps muscle group
could not be determined, but were assumed to be uniform.
With this assumption a decrease in the deformation of the
VMO tendon might be interpreted as an increase in tendon
stiffness, while it may also be a result of decreased force
being transferred through the VMO component (Miller
et al. 1997; Powers et al. 1996). Thus, an overestimation
of the tendon force on the VMO tendon could have caused
the significant increase in their stiffness measurement.

Our finding of decreased tendon stiffness in patients
with PFPS has clinical relevance in two regards. With fur-
ther study we conjecture that tendon stiffness measurements
may prove to provide a more objective assessment of the
extent of loading of the knee extensor apparatus in PFPS
patients than muscle strength evaluations which may be
more susceptible to momentary episodes of pain that may
cause muscle inhibition and variability in strength testing
results. While our hypothesis is that the observed decreased
tendon stiffness in PFPS patients is a result of decreased
physical activity of the symptomatic limb, it is also possible
that decreased tendon stiffness could be a predisposing risk
factor for the development of PFPS.

One limitation of this investigation was the restriction to
two-dimensional images and the imperfect external fixation
of the tibia. In future studies a device for monitoring the
movement of the tibia will be applied to exclude any error
in tendon displacement due to unexpected movements of
distal end of the patellar tendon. Another limitation was the
method used for calculating tendon stiffness. With the se-
cant method of calculating tendon stiffness, it was possible
that observed differences in tendon stiffness and modulus
between groups could be caused by differences in maximal
stress levels or the extent of the toe region; however, due
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to the similar stress and strain levels of the two groups,
the likelihood of these effects influencing our measurement
appeared minimal.

In order for this non-invasive ultrasonic technique to be
used to evaluate the efficacy of rehabilitative therapies for
PFPS, future studies need to assess whether this technique
is able to predict the improvement in patients with PFPS.
In addition, efforts towards simplifying the operation and
analysis procedures of the ultrasonic technique should be
made in the future so that this technique can be easily
performed and applicable for clinical use.
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