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Abstract
Few studies have investigated the function of the patellar tendon in-vivo. This study quantified the
three-dimensional (3D) kinematics of the patellar tendon during weight-bearing flexion.

Eleven subjects were imaged using magnetic resonance (MR). Sagittal plane images were outlined
to create a 3D model of the patella, tibia, and femur and included the attachment sites of the patellar
tendon. Each attachment site was divided into central, medial, and lateral thirds. Next, the subjects
were imaged using fluoroscopy from two orthogonal directions while performing a single-leg lunge.
The models and fluoroscopic images were used to reproduce the motion of the patella, tibia, and
femur. The apparent elongation, sagittal plane angle, and coronal plane angle of each third of the
patellar tendon was measured from the relative motion of the attachment sites.

All three portions of the patellar tendon deformed similarly with flexion. The length of the patellar
tendon significantly from full extension to 30°. From 30°–110°, no significant change in the length
of the patellar tendon was observed. The patellar tendon was oriented anteriorly at flexion angles
less than 60° and posteriorly thereafter. From full extension to 60°, the medial orientation of the
patellar tendon decreased significantly with flexion. These data may have important implications for
anterior cruciate ligament reconstruction using patellar tendon autografts and for the design of
rehabilitation regimens for patients of patellar tendon repair.

Introduction
The patellar tendon is an essential component of the extensor mechanism of the knee.
Quantifying the function of the patellar tendon under physiological loading conditions is
important to understanding the biomechanics of the knee. Numerous studies have investigated
patellar tendon biomechanics. The material properties of patellar tendon have been quantified
in many studies (Butler, et al., 1989;Haraldsson, et al., 2004;Johnson, et al., 1994). Other
investigators have measured the orientation or moment arm of the patellar tendon either in the
sagittal plane (Chan and Seedhom, 1995;Smidt, 1973;Tsaopoulos, et al., 2006) or in three
dimensions (Krevolin, et al., 2004). More recently, patellar tendon function has been studied
in living subjects using various imaging techniques. Ultrasound has been used to measure the
elongation of the patellar tendon during in-vivo isometric flexion at 90° (Hansen, et al.,
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2006). MRI has been used to measure the elongation (Sheehan and Drace, 2000), the orientation
(Aalbersberg, et al., 2005), or the moment arm (Wretenberg, et al., 1996) of the patellar tendon
during isometric or passive flexion across a limited range of flexion.

Despite the many studies on patellar tendon biomechanics, data on three-dimensional patellar
tendon deformation (changes in both length and orientation) during in-vivo weight-bearing
flexion is limited. Furthermore, the function of the patellar tendon throughout the range of
flexion is unclear. Therefore, the objective of this study was to measure the three-dimensional
deformation of the patellar tendon during a quasi-static lunge across a large range of motion
(from 0 to 110° of flexion). In order to carry out our objective, we used a combined fluoroscopic
and MR imaging technique to measure patellar tendon kinematics in normal subjects. Our
hypothesis was that the length and orientation of the patellar tendon changes in three
dimensions under physiological activities.

Methods
Eleven healthy subjects (31 ± 8 years old, 5 male and 6 female) participated in this study. The
subjects had no history of knee injury or chronic knee pain. Prior to participation, all of the
subjects signed a consent form approved by our institutional review board. First, one knee of
each subject (for a total of 5 left and 6 right knees) was imaged using a 3.0T MRI scanner
(Siemens, Germany) in a relaxed, fully extended position. A water-excitation double-echo
sequence was used with a field of view of 160mm and a resolution of 512 by 512 pixels.
Approximately 120 sagittal plane 1mm thick slices were obtained.

The MR images were used to create a three-dimensional anatomical model of the knee, as
previously described (DeFrate, et al., 2004b;Li, et al., 1999). The contours of each subject’s
femur, tibia, and patella were traced within each MR image. In addition to the bony contours,
the attachment areas of the patellar tendon on the tibial tubercle and the inferior pole of the
patella were delineated. The series of contours was then used to create a model of each patient’s
knee joint, including the patella, tibia, femur and the attachment sites of the patellar tendon
(Figure 1).

Each patient then performed a single-leg lunge to 0, 30, 60, 90, and 110° of flexion. While
maintaining a flexed position, the patient was imaged simultaneously from orthogonal
directions using two fluoroscopes. Each subject’s flexion angle was measured by a single
examiner using a goniometer. The subject was instructed by the examiner to flex accordingly
in order to hit each of the targeted flexion angles.

After testing, the fluoroscopic images were imported into a solid modeling software and placed
in the appropriate planes, based on the geometry of the fluoroscopes during the imaging of the
patient. The contours of the femur, tibia, and patella were outlined on each fluoroscopic image.
The 3D model of the patient was then imported into the software and viewed from the two
orthogonal directions corresponding to the orthogonal fluoroscopic setup used to acquire the
images. The models of the patella, femur, and tibia were independently manipulated in six
degrees-of-freedom until the projections of the models matched the bony contours on both
imaging planes. After the matching process, the relative positions of the femur, tibia, and patella
reproduced those of the patient. This procedure was repeated at each flexion angle, until the
motion of the subject’s tibia, femur, and patella was reproduced during flexion from 0 to 110°
(Figure 1). This methodology has an error of less than 0.1±0.1mm in measuring joint motion
(DeFrate, et al., 2006;Li, et al., 2004c).

Next, the kinematics of the patellar tendon was measured from the series of bone models
representing the kinematics of the knee. The attachment sites of the patellar tendon on the
patella and tibial tubercle were divided into thirds: a medial portion, a central portion, and a
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lateral portion. The apparent elongation of each portion of the patellar tendon was defined as
the length of the line connecting the attachment sites on the patella and tibial tubercle. The
sagittal plane angle was defined as the angle formed between the long axis of the tibia and the
projection of the patellar tendon on the sagittal plane of the tibia (Figure 2A). A positive sagittal
plane angle corresponded to an anterior orientation of the patellar tendon (patellar attachment
anterior to the tibial attachment) relative to the long axis of the tibia and negative values
correspond to a posterior orientation. The coronal plane angle was defined as the angle between
the long axis of the tibia and the projection of the patellar tendon on the coronal plane of the
tibia (Figure 2B). Positive coronal plane angles corresponded to a medial orientation of the
patellar tendon (patellar attachment medial to the tibial attachment) relative to the long axis of
the tibia, while negative values corresponded to a lateral orientation. In this fashion, the
kinematics of the patellar tendon was quantified for each subject as a function of flexion.

Statistical Analysis
Since the apparent elongation, sagittal plane angle, and coronal plane angle were measured in
the same individual as a function of flexion, a repeated measures analysis of variance
(ANOVA) was used. If the ANOVA detected a statistically significant effect of flexion on any
of the variables, the Student-Newman-Keuls (SNK) post-hoc test was used to isolate
statistically significant differences between groups. Differences were considered statistically
significant where p < 0.05.

Results
Apparent Elongation

The apparent elongation of the three portions of the patellar tendon followed similar patterns
with flexion (Figure 3). The length of all three portions sharply increased as the knee flexed
from full extension to 30° (p < 0.05). The length of the medial portion increased from 55.5 ±
8.8mm (mean ± standard deviation) at full extension to 61.9 ± 6.5mm at 30° of flexion, while
the central portion increased from 49.9 ± 8.1mm to 56.0 ± 5.3mm, and the lateral portion
increased from 60.1 ± 6.9 to 65.4 ± 4.3mm. Between 30 and 110°, the length of all three portions
remained relatively constant.

Sagittal Plane Angle
The sagittal plane angle of all three portions of the patellar tendon decreased with increasing
flexion (p < 0.05, Figure 4). At full extension, the medial portion was oriented anteriorly relative
to the long axis of the tibia by 22.2 ± 7.9°. At 110° of flexion, the medial portion was oriented
posteriorly by 8.2 ± 3.4° at 110° of flexion. The central portion ranged from a maximum of
22.9 ± 9.5° at full extension to a minimum of −9.1 ± 4.2° at 110° of flexion. The lateral portion
was also oriented anteriorly at full extension (21.6 ± 8.0°), and shifted posteriorly with
increasing flexion, reaching a minimum of −11.2 ± 4.0° at 110° of flexion.

Coronal Plane Angle
All three portions of the patellar tendon followed similar changes in the coronal plane angle
with flexion (Figure 5). The medial portion was oriented medially by 19.5 ± 6.8° at full
extension. At 30° of flexion, there was a statistically significant decrease in the coronal plane
angle to 9.9 ± 5.6°. At 60°, there was another statistically significant change of the coronal
plane angle to 6.3 ± 5.2°. Beyond 60° of flexion, no statistically significant differences in the
coronal plane angle were observed. Similar trends were observed for the central and lateral
portions. At full extension, the central portion was oriented medially by 17.5 ± 6.7°. There was
a statistically significant decrease in the coronal plane angle to 7.7 ± 5.9° at 30° of flexion and
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to 4.0 ± 5.3° at 60° of flexion. The lateral portion was oriented by 11.4 ± 5.1° at full extension
and decreased significantly to 4.0 ± 5.0° at 30° of flexion and to 1.0 ± 4.7° at 60° of flexion.

Discussion
In this study, we quantified the in-vivo kinematics of the patellar tendon during weight-bearing
flexion. In general, all three portions of the patellar tendon deformed similarly. The length of
the patellar tendon increased sharply as the knee flexed from full extension to 30° of flexion.
Thereafter, the length of the patellar tendon remained relatively constant until maximum
flexion. In the sagittal plane, the patellar tendon was oriented anteriorly relative to the long
shaft of the tibia at full extension, and decreased significantly with increasing flexion. The
patellar tendon was oriented posteriorly at 90 and 110° of flexion. In the coronal plane, the
patellar tendon was oriented medially relative to the tibia at low flexion angle and formed a
smaller angle with respect to the long axis of the tibia at higher flexion angles.

Few studies in the literature have quantified the in-vivo elongation of the patellar tendon.
Sheehan and Drace used cine phase contrast MRI to measure patellar tendon elongation during
flexion and extension from 0 to 35–45° (Sheehan and Drace, 2000). They observed an
elongation of 6.6% during this motion. In the present study, we also noted a large apparent
elongation of the patellar tendon in this range. Between 30 and 110° of flexion, we observed
relatively small changes in the length of the patellar tendon.

The data on the sagittal plane angle are consistent with the observations of previous studies in
the literature (Hirokawa, et al., 1992;Li, et al., 2004b;Torzilli, et al., 1994). In the current study,
we noted that the sagittal plane angle of the patellar tendon shifted from positive to negative
between 60 and 90°. In cadaveric studies, previous investigators have noted that simulated
quadriceps loads pull the tibia anteriorly at low flexion angles and posteriorly at high flexion
angles (Hirokawa, et al., 1992;Li, et al., 2004b;Torzilli, et al., 1994). The changes in the sagittal
plane angle observed in this study might be related to the tibiofemoral kinematics. The
decreasing sagittal plane angle of the patellar tendon with flexion might correspond to the
posterior translation of the femur relative to the tibia reported during weight-bearing flexion
(DeFrate, et al., 2006;Li, et al., 2004c).

The decreasing sagittal plane angle of the patellar tendon is consistent with studies on cruciate
ligament function during in-vivo weight-bearing flexion. At low flexion angles, maximal
elongation of the anterior cruciate ligament was observed (Li, et al., 2005;Li, et al., 2004a),
which might be due to the anterior pull of the patellar tendon on the tibia. At high flexion
angles, maximal elongation of the PCL was observed (DeFrate, et al., 2004a;Li, et al.,
2004a), which might be due to the posterior pull of the patellar tendon on the tibia.

The data on the coronal plane orientation was also consistent with observations in the literature.
At flexion angles less than 60°, previous investigators reported that simulated quadriceps loads
elicited a large internal rotation (Hirokawa, et al., 1992;Li, et al., 2004b). Thereafter, only small
changes in rotation were observed. In the current study, we observed that as the knee flexes
from full extension to 30°, the patellar tendon was oriented medially. A quadriceps contraction,
therefore, might dramatically increase the internal rotation the tibia relative to the femur in this
range of motion, as observed in other in-vivo studies (DeFrate, et al., 2006;Li, et al., 2004c).
At higher flexion angles, the patellar tendon forms a smaller angle with the long axis of the
tibia, where a smaller change in rotation with flexion was observed (DeFrate, et al., 2006;Li,
et al., 2004c).

Data on the kinematics of the patellar tendon is important for the computational modeling of
knee joint function (Aalbersberg, et al., 2005;Imran, et al., 2000;Tsaopoulos, et al., 2006).
Many studies have investigated the moment arm of the patellar tendon in two dimensions
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(Kellis and Baltzopoulos, 1999;Smidt, 1973;Tsaopoulos, et al., 2006). More recently, the
moment arm of the patellar tendon has been measured in three dimensions in cadavers
(Krevolin, et al., 2004). Others have investigated patellar tendon function during passive or
isometric flexion using MRI (Aalbersberg, et al., 2005;Wretenberg, et al., 1996). In many
studies, the patellar tendon has been assumed to be inextensible (Gill and O'Connor,
1996;Neptune, et al., 2000;Shelburne, et al., 2004;Yanagawa, et al., 2002). The data of the
current study provides three-dimensional data on the line of action of the patellar tendon during
in-vivo weight bearing flexion. The patellar tendon changes its orientation in both the sagittal
and coronal planes, indicating that it should be modeled as a three-dimensional structure.
Furthermore, these data suggest that the patellar tendon experiences large changes in length at
low flexion angles. Therefore, the assumption of inextensibility might result in inaccurate
predictions of patellar tracking and contact.

The patellar tendon experienced relatively small changes in length during weight bearing
flexion between 30 and 110°. Because the quadriceps load has been thought to be relatively
large when the knee is flexed (Li, et al., 1998), these data might indicate that the patellar tendon
is very stiff in this range. In the linear region of the stress strain curve, Butler et al (Butler, et
al., 1986) reported that the patellar tendon has an elastic modulus of approximately 650MPa,
while Harraldson (Haraldsson, et al., 2004) reported an average elastic modulus of
approximately 900MPa. Hansen et al (Hansen, et al., 2006) recently reported a cross-sectional
area of 160mm2 for the patellar tendon. These data imply that for a 1mm change in length, the
force in the patellar tendon might change by approximately 1700–2400N. Li et al (Li, et al.,
1998) reported that a peak quadriceps force of approximately 3200N during isokinetic
extension. Therefore, during weight-bearing flexion between 30 and 110°, the patellar tendon
might not experience large changes in length while still transmitting large forces. This
information might be useful for computational modeling of knee joint function during weight-
bearing flexion.

Our data on the kinematics of the patellar tendon has interesting clinical implications. The
shorter length of the patellar tendon at flexion angles less than 30° might correspond to the
lower levels of loading of the patella tendon in the toe region of its stress-strain curve. These
data might be useful to the design of rehabilitation protocols of patients after patellar tendon
repair. For example, in the early stages of healing, rehabilitation exercises should keep the
patient at flexion angles less than 30°, so as not to excessively strech the repair.

Surgical procedures that disrupt the patellar tendon might adversely affect the ability of the
extensor mechanism to function properly. If the central third of the patellar tendon is removed
for an anterior cruciate ligament reconstruction, the stiffness of the patellar tendon might be
reduced by one third. This might alter the overall stiffness of the extensor mechanism, altering
the articulation between the patella and femur. Furthermore, the perceived weakness of the
quadriceps after ACL reconstruction (e.g. reduced ability to exert an extension moment)
(Rosenberg, et al., 1992;Tyler, et al., 2004) might be in part due to the reduced stiffness of the
patellar tendon after removal of its central third. Future studies should consider the effects of
removal of the central third of the patellar tendon on patellofemoral biomechanics in-vivo.

This study has several limitations. The kinematics of the patellar tendon was only measured
during one functional activity. Other in-vivo activities such as walking, running, and stair
climbing should be considered in future studies. In addition, this study approximated the
function of the patellar tendon using three straight lines. However, these lines did not penetrate
into the tibia and the differences in deformations between the three regions were relatively
small, indicating a uniform deformation of the patellar tendon. Additionally, the unstrained
(reference) length of the patellar tendon was not known, so it is difficult to quantify the strains
experienced by the patellar tendon from these data. Furthermore, this study did not measure
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the ground reaction force. Future studies should incorporate a load cell into the system, so that
the moment applied to the joint might be estimated. Despite these limitations, this study
provides data on the three-dimensional patellar tendon deformation during in-vivo weight-
bearing flexion.

In conclusion, this study measured the kinematics of the patellar tendon during in-vivo weight-
bearing flexion in normal subjects. All three portions of the patellar tendon experienced similar
deformations, indicating that the deformation of the patellar tendon relatively uniform. The
length of the patellar tendon increased significantly between full extension and 30° and
remained relatively constant between 30 and 110°. The patellar tendon also underwent complex
3D deformations, with its orientation changing in both the sagittal and coronal planes. These
data might help to delineate the contribution of the patellar tendon to joint stability.
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Figure 1.
The patellar tendon deformed in three dimensions during weight-bearing knee flexion, as
demonstrated for one subject. The deformations of the medial, central, and lateral thirds of the
patellar tendon were quantified.
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Figure 2.
The sagittal plane angle was defined as the angle formed between the long axis of the tibia and
the projection of the patellar tendon on the sagittal plane of the tibia. The coronal plane angle
was defined as the angle between the long axis of the tibia and the projection of the patellar
tendon on the coronal plane of the tibia.
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Figure 3.
The length of the medial, central, and lateral portions of the patellar tendon increased
significantly (p < 0.05) from full extension to 30° of flexion. Thereafter, no statistically
significant differences in the length of the patellar tendon were observed. (* p < 0.05)
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Figure 4.
The sagittal plane angle of the medial, central, and lateral portions of the patellar tendon
decreased significantly (p < 0.05) from full extension to 110°. At low flexion angles, the patellar
tendon was oriented anteriorly, and at high flexion angles, the patellar tendon was oriented
posteriorly. (* p < 0.05)

DeFrate et al. Page 11

J Biomech. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
The coronal plane angle of the medial, central, and lateral portions of the patellar tendon
decreased significantly (p < 0.05) from full extension to 60°. Thereafter, no statistically
significant differences in the coronal plane angle of the patellar tendon were observed. At low
flexion angles, the patellar tendon was oriented medially (* p < 0.05)
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