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Abstract

Tendon orientations in knee models are often taken from cadaver studies. The aim of this study was to investigate the effect of

muscle activation on tendon orientation in vivo. Magnetic resonance imaging (MRI) images of the knee were made during

relaxation and isometric knee extensions and flexions with 01, 151 and 301 of knee joint flexion. For six tendons, the orientation

angles in sagittal and frontal plane were calculated. In the sagittal plane, muscle activation pulled the patellar tendon to a more

vertical orientation and the semitendinosus and sartorius tendons to a more posterior orientation. In the frontal plane, the

semitendinosus had a less lateral orientation, the biceps femoris a more medial orientation and the patellar tendon less medial

orientation in loaded compared to unloaded conditions. The knee joint angle also influenced the tendon orientations. In the sagittal

plane, the patellar tendon had a more anterior orientation near full extension and the biceps femoris had an anterior orientation

with 01 and 151 flexions and neutral with 301 flexions. Within 01 to 301 of flexion, the biceps femoris cannot produce a posterior

shear force and the anterior angle of the patellar tendon is always larger than the hamstring tendons. Therefore, co-contraction of

the hamstring and quadriceps is unlikely to reduce anterior shear forces in knee angles up to 301. Finally, inter-individual variation

in tendon angles was large. This suggests that the amount of shear force produced and the potential to counteract shear forces by co-

contraction is subject-specific.

r 2004 Elsevier Ltd. All rights reserved.

Keywords: Knee; Tendon orientation; Magnetic resonance imaging; Muscle activation; Shear force
1. Introduction

Shear forces in the knee joint can cause injuries (such
as anterior cruciate ligament ruptures). The resultant
shear forces in the joint depend on the magnitude and
direction of external forces and muscle forces. Muscle
forces are difficult to measure and therefore usually
e front matter r 2004 Elsevier Ltd. All rights reserved.
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predicted from biomechanical models. However, the
predicted shear force at the joint is sensitive to
assumptions regarding the direction of muscle forces.
So far, most knee models (e.g. Blankevoort and

Huiskes, 1996; Lloyd and Buchanan, 1996; O’Connor,
1993; Shelburne and Pandy, 1997; Zavatsky and
O’Connor, 1992) have used tendon orientation and
moment arm data obtained from cadaver studies (Brand
et al., 1982; Buford et al., 1997; Herzog and Read, 1993;
Spoor and van Leeuwen, 1992). However, the orienta-
tion of the tendons and thus the direction of the muscle
force might be influenced by muscle activation. Mag-
netic resonance imaging (MRI) provides the possibility

www.elsevier.com/locate/jbiomech
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of examining muscle tendons in vivo. Until recently, it
was not possible to examine muscle tendons while the
muscles were activated with MRI, because of lengthy
data acquisition times (Wretenberg et al., 1996).
However, MRI technology has been greatly improved
in recent years reducing scanning time significantly. The
main purpose of this study was to test the hypothesis
that muscle activation will change the orientation of
tendons around the knee. A secondary aim was to
provide data for 3D biomechanical modeling of the
muscles around the knee. Since the knee joint angle also
affects tendon orientation (Nisell et al., 1986), the effect
of muscle activation was studied at three knee joint
angles (01, 151 and 301). Larger flexion angles were not
possible due to the available MR scanner bore size.
straps

upper leg supportfoot support
rubber band

non-elastic band

board

z-axis
x-axis

Fig. 1. Schematic overview of the loading device used in the MRI.
2. Method

2.1. Subjects

Five male and three female subjects participated in
this study (Table 1). The right knee of all subjects was
scanned using MRI. None of the subjects reported
previous injury to or complaints of the knee. The
protocol was approved by the conjoint Ethics Board of
the University of Calgary and Calgary Health Region.
All subjects signed an informed consent before MRI.

2.2. MRI protocol

A 3T MR scanner (Signa; GE Medical Systems,
Waukesha, WI) was used for this study. All imaging
was performed using the body coil. Because liter-
ature showed a wide range of MRI parameters used
to image tendons (e.g. T1-weighted spin-echo: Munshi
et al., 2003, T2-weighted spin-echo: El-Dieb et al., 2002;
Jaramillo et al., 1994; Major and Helms, 2002, proton
density: Jaramillo et al., 1994), a pilot study was done to
find the best set-up for knee tendon imaging with the 3T
MRI. The best images were obtained using T1-weighted
oblique axial imaging (TR 616 s, TE 14 s, FOV 16 cm,
slice thickness 3mm, matrix 256� 192, pixel dim.
0.31� 0.31mm, Echo number 1). T1-weighted images
were made in the plane perpendicular to the long axis of
the body coil and approximately parallel to the tibia
plateau. Thirty-five 3-mm slices were acquired starting
at the center of the patella and ending just below the
Table 1

Subject characteristics (average7standard deviation)

Sex Age Height Weigh

(m/f) (yr) (cm) (kg)

Subjects 5/3 26.175.3 171.473.7 68.97
tuberositas tibiae. Each acquisition required either 4.12
or 4.54min of scanning, depending on the obliquity of
the acquired image plane.
2.3. Experimental set-up

Scanning took place with and without activation of
the muscles around the knee. The subjects were asked to
perform isometric knee extensions and flexions during
the scanning. A custom-built loading device (Ronsky,
1994) was modified to allow loading in flexion and
extension direction (Fig. 1). A support was placed under
the upper leg and the leg was strapped to the board. The
foot was placed between two wooden bars, preventing
internal and external rotation of the leg. The heel was
hung in a rubber band that supported the foot. A non-
elastic band was placed over the ventral side of the lower
leg near the ankle joint. For isometric knee extensions,
the subject was asked to lift the lower leg until the band
over the ventral side of the ankle became taut, without
really pushing against it. At this point, the foot was still
partly resting in the rubber band. Therefore, the subject
lifted only a part of the weight of the lower leg. The
entire weight would have been too large to maintain for
the duration of the task. For isometric flexions, the
subject was asked to push the heel downward, thereby
stretching the rubber band, until the heel just touched
the wooden frame. The change of length of the rubber
band (in both the extension and the flexion loading) was
approximately 17.5mm, corresponding to a load change
of 8.7N. We assumed that the force on the ventral non-
elastic band in extension, and on the wooden frame in
flexion could be neglected. By multiplying the 8.7N by
the moment arm of the load, the flexion and extension
t Leg length Lower leg length Knee width

(cm) (cm) (cm)

4.9 83.574.9 44.972.2 9.870.5



ARTICLE IN PRESS

-10 0 10 20

-10

0

10

20

post. <- x-axis (mm) -> ant.

z-
ax

is
 (

m
m

)

Fig. 2. Typical example of a second order polynomial function fitted

through the centroids of a tendon. The data points are the centroids of

the PT tendon of subject 6 in the sagittal plane. The knee joint angle

was 15 1, square stands for extension, triangle stands for unloaded and

circle stands for flexion trial. Bold lines are the tangent lines at

z=10mm, post.=posterior, ant.=anterior.

S. Aalbersberg et al. / Journal of Biomechanics 38 (2005) 1780–17881782
loading was calculated to be on average 4.6Nm
(70.2Nm).
The subjects performed the isometric knee flexion and

extension contraction at three knee angles (01, 151 and
301). The order of the knee angles was randomized.
With each joint angle, the force direction was system-
atically varied with the unloaded scan always in between
the flexion and extension condition. The subject was
taken out of the scanner when the knee angle had to be
changed. This ensured a resting period of at least 5min
between two loaded conditions.

2.4. Data analysis

The following muscle tendons were analyzed: patellar
tendon (PT), gracilis (GR), sartorius (SR), semimem-
branosus (SM), semitendinosus (ST), and biceps femoris
(BF). An optimization procedure (least squares fit) was
used to correct any leg movement during the measure-
ment. The result was visually checked and further
corrected when needed. The bones and muscle tendons
were identified and colored in each image (Fig. 3a;
sliceOmatic, Tomovision, Virtual Magic Inc., Montreal,
Canada). Contour data points of the bones and tendons
were transferred to Matlab (The Mathworks Inc.,
Natick, MA, United States). The centroid of the contour
of the tendons was calculated in each slice (Crisco and
McGovern, 1998), and a second-order polynomial
function was fitted through these centroids to form a
centroid curve (Fig. 2, Koolstra et al., 1989). This
centroid curve represents the line of action of the
tendon. The direction of the polynomial was calculated
at the point where it crossed the tibia (TB) plateau level,
except for the BF where the level was taken 10mm
below the TB plateau to avoid the small part of the
tendon that attaches to the tibia edge. It was not
possible to locate the exact point of insertion.
With the aid of the loading device, the lower leg was

aligned with the long axis of the MRI coil. The sagittal
plane of the MRI coordinate system can thus be used as
the sagittal plane of the local tibia coordinate system.
Rotational alignment of the leg was visually checked by
superimposing the tibia contour slices of all trials of a
subject over the tibia contour slices of the extension trial
at 01 of knee joint flexion of the same subject. When
necessary, leg rotation was manually corrected. To
complete the local coordinate system, an anterior-
posterior line through the center of the medial tibial
plateau was obtained through the following steps. First,
a vertical line was drawn through the center of the femur
in the mid-sagittal plane. In the frontal plane through
this line, the center of the medial tibia plateau was
selected. The sagittal slice selected in this way was
averaged with five sagittal slices to the left and right of
this slice. Then, a spline-function was applied in
proximal-distal direction of this ‘averaged’ slice to
improve the spatial resolution of the image in this
direction. Second, the tibia was identified on this image
by automatically finding the gray-scale values above
a fixed threshold level. Third, the edge of the tibia
plateau was approximated by a sixth-order polynomial
function, and the anterior and posterior top of the
plateau were identified (Fig. 3b). Finally, the tops were
used to construct a line and this line represented the
x-axis (anterior-posterior) of the local coordinate system
(Fig. 4). The origin of the axes system was set on the
polynomial of the PT tendon, 10mm below the tibia
plateau.
2.5. Statistics

In total six out of 72 trials were omitted due to subject
claustrophobia or limited scanning time. One trial was
excluded because of movement artifacts. For each
tendon, a univariate ANOVA with subject as random
factor was performed using the tendon angles as
dependent variables. The independent variables were
knee joint angle (three levels) and loading direction
(three levels). Due to limitations in degrees of freedom,
interactions with subject were not taken into account.
The significance level (p-value) was set at 0.05 and post-
hoc tests (Bonferroni) were performed when the effects
of joint angle or loading direction were significant.
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Fig. 3. (a) Typical example of an axial image (subject 6, unloaded, 15 1

knee flexion). (b) Boundary of gray-values (white dots) of the tibia

plateau above the threshold and the line that represent the direction of

the tibia plateau. BF=biceps femoris, GR=gracilis, PT=patella,

SM=semimembranosus, ST=semitendinosus tendon.
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Fig. 4. Tibia coordinate system and angle definition in the sagittal (a)

and frontal (b) plane. The origin of the coordinate system is located on

the PT tendon, 10mm below the tibia plateau.
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3. Results

For all conditions, the coordinates of the direction
vectors of the tendons and the points where these
vectors cross the tibia plateau are given in Table 2. For
easier interpretation of the data, the vectors are
recalculated to angles in the sagittal and frontal plane.
The results are presented in Table 3 and the correspond-
ing ANOVA results are given in Table 4. The between-
subject variations in tendon angles were large, as can be
seen from the standard deviations (Table 3), which are
often larger than the within-subject variations due to
knee joint angle and loading of the tendon (Table 5).
No interaction effects were found between knee joint

angle and loading, except for the SR tendon in the
frontal plane. The tendon angles (Table 3) are the angles
between the tendon directions and a line perpendicular
to the tibia plateau (Fig. 4). If this angle is positive in the
sagittal plane, the tendon produces an anterior shear
force on the tibia. The angle of the PT, ST, GR and SR
tendons in the sagittal plane (Table 3) were significantly
influenced by the load direction (Table 4). A visualiz-
ation of the effects of loading on three tendons is given
in Fig. 5c and d. The PT tendon had a 3.61 (75.61) less
anterior orientation in extension compared to unloaded
conditions. The ST, GR and SR tendons had a more
posterior orientation (4.9175.11, 4.8177.71 and
7.71711.11, respectively) in flexion compared to exten-
sion. In the frontal plane, the PT, ST and BF tendons
were significantly affected by the loading direction
(Table 4). The PT tendon had a 6.21 (75.41) less medial
orientation in extension compared to unloaded condi-
tions. The ST tendon had a 1.91 (72.51) less lateral
orientation in flexion compared to extension. Finally,
the tendon of the BF had a 4.31 (74.31) more medial
orientation in flexion compared to unloaded conditions.
The knee joint angle had a significant influence on

the direction of the PT and BF in the sagittal plane
(Table 4). A visualization of the effects of knee angle on
three tendons is given in Fig. 5a and b. The PT angle
was significantly smaller (4.7175.11) in 301 compared to
01 of knee flexion. The BF tendon had an anterior
direction in 01 and 151 and changed to an orientation
almost perpendicular to the tibia plateau in 301 of knee
flexion. In the frontal plane, the PT was significantly
influenced by the knee flexion angle. The angle between
the tibia plateau and the PT was medially directed at 01
of knee flexion and became 6.31 (74.81) or 7.91 (75.51)
less medially directed when the knee was flexed to 151 or
301 of knee flexion, respectively. The SM and SR tendon
were also significantly affected by the knee angle and
both had an orientation more perpendicular (with
4.8177.31 and 1.8176.01, respectively) to the tibia
plateau in 301 compared to 01.
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Table 2

Direction vectors and location vectors of the tendons in the tibia coordinate system

Tendon Condition Direction vector Location vector

x y z x y

Mean SD Mean SD Mean SD Mean SD Mean SD

PT 01 ext 0.49 0.05 0.17 0.07 0.85 0.04 5.91 0.83 2.34 0.97

unl 0.52 0.08 0.31 0.08 0.79 0.07 6.46 1.59 3.98 1.08

fl 0.51 0.11 0.20 0.09 0.82 0.08 5.68 1.60 2.55 1.07

151 ext 0.43 0.05 0.14 0.10 0.89 0.03 4.86 0.83 1.56 1.14

unl 0.51 0.11 0.18 0.09 0.83 0.07 5.94 1.82 2.19 0.99

fl 0.52 0.07 0.13 0.06 0.84 0.05 5.65 1.01 1.73 0.80

301 ext 0.43 0.05 0.10 0.08 0.89 0.02 4.77 0.75 1.28 0.69

unl 0.46 0.09 0.16 0.07 0.87 0.05 5.14 1.15 2.10 0.70

fl 0.46 0.10 0.12 0.09 0.87 0.06 4.97 1.46 1.64 0.89

SM 01 ext �0.24 0.16 �0.16 0.11 0.94 0.06 �66.46 5.37 31.57 5.74

unl �0.29 0.09 �0.07 0.11 0.95 0.04 �65.90 7.07 30.88 6.81

fl �0.29 0.09 �0.11 0.17 0.93 0.05 �56.94 6.75 36.75 5.80

151 ext �0.22 0.06 �0.09 0.10 0.97 0.02 �67.21 8.43 35.26 6.50

unl �0.23 0.09 �0.02 0.08 0.97 0.03 �66.07 6.84 35.57 5.21

fl �0.25 0.04 �0.11 0.19 0.94 0.05 �60.54 6.19 36.15 4.40

301 ext �0.23 0.11 �0.02 0.11 0.96 0.04 �69.03 7.38 34.80 7.78

unl �0.23 0.07 �0.04 0.08 0.97 0.02 �68.42 7.55 32.21 7.56

fl �0.27 0.09 �0.03 0.15 0.95 0.03 �63.19 7.67 33.58 6.95

ST 01 ext �0.31 0.03 �0.11 0.04 0.94 0.01 �74.17 4.72 30.61 3.90

unl �0.33 0.09 �0.09 0.03 0.93 0.03 �73.90 6.52 29.23 5.70

fl �0.37 0.07 �0.04 0.04 0.92 0.03 �63.60 6.78 32.38 5.95

151 ext �0.27 0.07 �0.09 0.07 0.95 0.02 �76.17 8.44 33.39 4.41

unl �0.29 0.11 �0.06 0.08 0.95 0.04 �75.24 7.10 33.37 4.09

fl �0.32 0.08 �0.06 0.05 0.94 0.03 �68.44 6.84 31.13 3.38

301 ext �0.25 0.08 �0.08 0.04 0.96 0.02 �78.31 5.79 32.57 6.59

unl �0.29 0.07 �0.08 0.04 0.95 0.02 �78.12 6.81 29.00 7.40

fl �0.38 0.11 �0.06 0.06 0.92 0.04 �71.85 7.21 29.02 5.80

GR 01 ext �0.25 0.09 0.10 0.08 0.96 0.02 �61.30 7.47 40.38 4.68

unl �0.31 0.10 0.11 0.05 0.94 0.04 �61.50 5.93 39.83 4.85

fl �0.34 0.08 0.14 0.05 0.93 0.03 �51.87 6.90 41.81 4.98

151 ext �0.23 0.07 0.12 0.07 0.96 0.02 �63.12 11.34 43.18 6.04

unl �0.27 0.07 0.13 0.06 0.95 0.02 �62.50 9.03 43.53 4.42

fl �0.27 0.11 0.12 0.06 0.95 0.03 �57.21 8.45 42.90 3.82

301 ext �0.26 0.07 0.12 0.08 0.95 0.03 �65.47 7.73 43.36 5.22

unl �0.27 0.04 0.08 0.08 0.96 0.01 �65.36 8.58 40.64 6.21

fl �0.37 0.12 0.12 0.11 0.91 0.04 �60.52 7.21 41.08 5.80

SR 01 ext �0.29 0.12 0.17 0.07 0.93 0.04 �60.61 7.25 42.68 5.24

unl �0.33 0.22 0.17 0.07 0.90 0.07 �59.84 8.57 42.22 5.40

fl �0.30 0.23 0.24 0.06 0.90 0.07 �50.00 7.85 44.25 5.68

151 ext �0.18 0.16 0.21 0.06 0.95 0.05 �61.98 9.63 46.59 5.93

unl �0.21 0.10 0.19 0.05 0.95 0.03 �61.87 6.45 46.60 4.63

fl �0.33 0.19 0.17 0.07 0.91 0.06 �55.99 2.79 46.25 3.82

301 ext �0.19 0.17 0.20 0.05 0.95 0.04 �64.77 7.83 46.33 5.08

unl �0.23 0.14 0.17 0.06 0.95 0.04 �65.21 7.18 43.76 5.88

fl �0.38 0.16 0.11 0.08 0.90 0.05 �58.72 5.71 44.29 5.23

BF 01 ext 0.14 0.10 0.15 0.08 0.97 0.02 �52.85 3.27 �38.77 4.93

unl 0.09 0.09 0.21 0.09 0.97 0.02 �52.84 4.15 �39.29 5.02

fl 0.14 0.22 0.24 0.12 0.93 0.05 �49.37 4.29 �36.89 6.54

151 ext 0.12 0.15 0.15 0.10 0.97 0.03 �54.84 3.20 �37.88 6.63

unl 0.04 0.13 0.16 0.15 0.97 0.03 �56.15 5.44 �37.42 3.99

fl 0.05 0.13 0.23 0.14 0.95 0.05 �53.35 4.10 �35.76 5.74

301 ext 0.00 0.12 0.11 0.10 0.98 0.02 �56.75 4.37 �37.31 5.15

unl �0.03 0.10 0.14 0.10 0.98 0.02 �55.83 2.61 �38.04 5.69

fl �0.01 0.16 0.23 0.15 0.95 0.07 �53.28 3.25 �35.72 5.35

The location vector (in mm) is the point on the tendon at the level of the tibia plateau (z=10mm); the direction vector (in mm) is a unit vector that

corresponds to the direction of the tendon. The origin of the system is located on the PT tendon 10mm below the tibia plateau. PT=patella,

SM=semimembranosus, ST=semitendinosus, GR=gracilis, SR=sartorius, BF=biceps femoris. 01, 151 and 301 represent the conditions with 01,

151 and 301 of knee joint flexion and ext, unl and fl are extension, unloaded and flexion conditions.

S. Aalbersberg et al. / Journal of Biomechanics 38 (2005) 1780–17881784
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Table 3

Tendon angles in frontal and sagittal plane

Condition PT SM ST GR SR BF

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Sagittal plane

01 32.0 6.0 �16.1 7.2 �19.6 4.3 �17.4 5.7 �18.7 11.6 7.3 8.6

151 29.7 6.0 �13.6 4.0 �17.4 5.2 �15.2 5.0 �14.4 9.9 4.5 8.1

301 27.2 5.3 �14.4 5.5 �18.1 6.0 �17.8 5.8 �15.9 10.5 �0.5 7.9

ext 27.3 4.1 �13.7 7.2 �16.3 3.8 �14.6 4.6 �13.4 9.3 4.9 8.0

unl 30.9 6.6 �14.7 5.0 �18.0 5.3 �16.8 4.3 �15.6 10.4 2.0 6.7

fl 30.6 6.6 �16.1 4.9 �21.2 5.6 �19.6 6.6 �20.5 11.7 3.9 11.3

Frontal plane

01 �15.9 7.1 7.0 8.3 5.1 2.8 �7.1 3.9 �11.9 4.7 �11.8 6.4

151 �10.0 5.7 4.5 8.0 4.3 3.7 �7.4 3.7 �11.5 3.6 �10.5 7.8

301 �8.3 5.4 2.1 6.8 4.5 3.0 �6.3 5.3 �9.8 4.3 �9.6 7.7

ext �8.9 5.7 5.6 7.3 5.6 2.9 �6.8 4.5 �11.5 3.9 �7.9 5.6

unl �15.1 7.4 3.0 5.7 4.8 3.1 �6.2 4.0 �10.8 3.8 �9.9 6.5

fl �10.5 6.2 4.9 10.3 3.5 3.1 �7.7 4.7 �10.7 5.3 �14.1 8.3

Tendon angles in degrees are averaged (SD=standard deviation) over specific conditions (01, 151 and 301 of knee flexion, ext=extension,

unl=unloaded and fl=flexion conditions) in the sagittal plane (positive values=anterior, negative values=posterior direction of the tendon) and

frontal plane (negative value=medial, positive value=lateral direction of the tendon).

Table 4

p-values of the ANOVA’s

PT SM ST GR SR BF

Sagittal plane

Knee angle 0.001#,3 0.252 0.087 0.366 0.228 0.001#,3

Ext/unl/fl 0.005#,4,5 0.246 o0.001#,5,6 0.006#,5 0.001#,5 0.338

Subject o0.001# o0.001# o0.001# 0.003# o0.001# o0.001#

Knee angle�ext/unl/fl 0.552 0.950 0.266 0.478 0.179 0.932

Frontal plane

Knee angle o0.001#,1,3 0.029#,3 0.661 0.441 0.028#,3 0.096

Ext/unl/fl o0.001#,4,6 0.300 0.004#,5 0.250 0.521 o0.001#,5,6

Subject o0.001# o0.001# o0.001# o0.001# o0.001# o0.001#

Knee angle�ext/unl/fl 0.168 0.505 0.117 0.299 o0.001# 0.753

PT=patella, SM=semimembranosus, ST=semitendinosus, GR=gracilis, SR=sartorius, BF=biceps femoris, ext=extension, unl=unloaded,

fl=flexion, # =significant (p-valueo0.05), the numbers represent significant effects in the post-hoc test: 1=01 vs. 151, 2=151 vs. 301, 3=01 vs. 301,

4=ext vs. unl, 5=fl vs. ext, 6=fl vs. unl.

Table 5

The angle of the tendon line of action in the sagittal plane for individual subjects averaged over all conditions

Subject n PT SM ST GR SR BF

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

1 9 33.4 4.3 �14.0 3.1 �17.5 2.7 �16.0 1.6 �8.6 6.2 3.1 6.0

2 6 24.1 4.8 �15.6 5.0 �22.1 6.7 �23.3 5.1 �20.9 9.5 6.3 10.1

3 9 31.7 6.5 �14.9 7.8 �13.3 2.7 �14.1 2.4 �8.5 9.7 1.3 4.1

4 9 29.6 5.2 �12.9 3.0 �25.4 2.7 �17.7 4.9 �4.9 2.8 14.9 6.5

5 9 35.5 5.8 �10.2 6.2 �17.8 6.2 �18.8 6.3 �19.5 11.6 2.3 10.1

6 5 25.8 1.8 �15.2 0.9 �14.0 3.3 �15.3 4.7 �25.8 7.2 2.6 8.8

7 9 24.2 4.1 �23.0 4.4 �17.1 3.3 �12.6 8.2 �25.8 4.9 �3.6 5.5

8 9 28.8 3.0 �13.0 3.1 �19.5 2.3 �19.2 2.8 �23.2 4.0 2.6 8.1

1–8 66 29.6 6.0 �14.8 5.8 �18.4 5.3 �17.0 5.6 �16.4 10.7 3.6 8.8

n=number of conditions, PT=patella, SM=semimembranosus, ST=semitendinosus, GR=gracilis, SR=sartorius, BF=biceps femoris,

SD=standard deviation.
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Fig. 5. Visualization of the directions of three tendons (BF=biceps

femoris, PT=patella tendon, ST=semitendinosus) in two planes and

four conditions, with schematic bone contours shown in gray. (a)

Sagittal plane with 0 1 (black arrow) and 30 1 (gray dotted arrow) knee

joint angle. (b) Frontal plane with 0 1 (black arrow) and 30 1 (gray

dotted arrow) knee joint angle. (c) Sagittal plane with unloaded (black

arrow) and extension (PT) or flexion (BF and ST) condition (gray

dotted arrow). (d) Frontal plane with unloaded (black arrow) and

extension (PT) or flexion (BF and ST) condition (gray dotted arrow).
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All tendons in the MRI images were identified by the
same author. The reliability was checked by repeated
analysis of four random trials. The average differences
in tendon angles between the first and second coloring
were 0.1171.51 (PT), �1.7171.91 (SM), �0.2171.01
(ST), �1.4173.01 (GR), �1.9173.51 (SR), and
�1.8173.11 (BF) in the sagittal plane and 2.2173.61
(PT), �3.0174.31 (SM), 0.8171.31 (ST), �0.6172.41
(GR), 0.6170.81 (SR), and �0.1172.31 (BF) in the
frontal plane. The overall difference was �1.21 (72.41)
in the sagittal plane and 0.01 (72.91) in the frontal
plane. The largest differences originated from series with
movement artifacts.
4. Discussion

The main question of this study was whether muscle
activation would influence tendon orientations. The
load used in this study was relatively small (4.6Nm). A
larger load would be more comparable to loads during
daily activities, but unfortunately, subjects were not able
to maintain a larger force for the duration of the
scanning. Nevertheless, this small force did have a
significant effect on the orientation of the PT, ST, SR
and BF tendons. The direction of the PT tendon was
affected by muscle activation in both the sagittal and the
frontal plane. In the sagittal plane, the difference
between the unloaded and the extension effort was
3.61. Although this difference may seem small, this does
have a considerable effect on the shear component of the
force exerted through this tendon. A tendon angle of
27.31 will lead to a shear force of 45.9N when the force
on the tendon is 100N. The use of the ‘unloaded’ tendon
angle instead of the ‘extension’ tendon angle will lead to
an overestimation of the shear force of more than 10%.
Therefore, even small differences in tendon angles are
important when investigating shear forces. In the
sagittal plane, two more tendons differed significantly
between the loading conditions (ST and SR). Both
tendons were orientated, respectively, 3.31 and 4.71more
posterior in the flexion trials compared to extension and
unloaded trials.
No previous in vivo data have been published in

which the effect of loading on muscle tendon directions
was examined. There are two reasons that may cause the
tendon orientation to change between loaded and
unloaded conditions. The first is straightening of the
tendon and the second is movement of the tibia relative
to the femur. Imran et al. (2000) used a knee model that
included relative tibia movement, but not tendon
straightening. They predicted smaller effects of loading
on the PT and hamstring tendon angles compared to the
current study.
The results of the effect of knee joint angle are

comparable to results found in literature. The direction
of the PT tendon was affected by the knee joint angle in
both the sagittal and the frontal plane. In the sagittal
plane, the angle decreased by 4.71 when the knee was
flexed from 01 to 301. This is in agreement with Nisell et
al. (1986) and Baltzopoulos (1995), who found respec-
tively a decrease in PT angle of 6.51 and 5.71 in the same
knee flexion range. As the knee is flexed from 01 to 151
and further on to 301, the PT tendon was less medially
directed in the frontal plane. This can be explained
as part of the phenomenon of patella tracking (knee
flexion leads to a more lateral position of the patella
(Lin et al., 2003)) and ‘screw-home mechanism’ (external
rotation of the tibia with respect to the femur near full
extension (Piazza and Cavanagh, 2000)). Therefore, the
angle of the PT tendon shifts laterally.
Anterior shear force on the tibia leads to strain on the

anterior cruciate ligament (ACL) and a posterior shear
force can counteract this anterior shear force. As one of
the hamstring muscles, it is often assumed that the BF
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exerts a posterior shear force when activated. However,
this study showed that the BF tendon had an anterior
orientation in knee joint angles of 01 and 151 and a
neutral orientation in 301 of knee joint flexion. As a
result, the BF tendon is not able to counteract anterior
shear forces in knee joint angles of 01 and 151, and it
produces little to no shear force in knee joint angles of
301. With a posterior tendon orientation, the other
hamstring muscles (ST and SM) might be able to
counteract anterior shear forces. However, between 01
and 301 of knee flexion, the anterior angle of the PT is
much larger than the posterior angle of the hamstring
(SM, ST and BF) tendons. The hamstring moment arm
is smaller than the PT tendon moment arm (Kellis and
Baltzopoulos, 1999), but the ratio of posterior shear
force to flexion moment is smaller than the ratio of
anterior shear force to extension moment of the
quadriceps. Since additional activation (co-contraction)
of the hamstrings during an extension implies an
increase in quadriceps activation to maintain the same
net moment, it seems unlikely that co-contraction
reduces anterior shear forces in knee angles between 01
and 301. It should be noted though that the conclusion
whether hamstring posterior shear force is smaller or
larger than the PT anterior shear force depends on the
location of determining the tendon direction and the
assumptions regarding the orientation of the tibia
plateau. Tendons, cartilage and cortical bone are all
black in T1-weighted images. Therefore, the insertion
point could not reliably be determined. Additionally,
there can be connective tissue around the tendon
insertion, which can transmit forces, and the tendon
direction may not be an adequate representation of
force direction. At the level of the tibial plateau, the
direction of the tendon is not interfered by other
connective tissue. Regarding the orientation of the tibia
plateau, assuming the cortical bone and cartilage layers
were equally thick anterior and posterior of the medial
tibia plateau, the plateau was oriented just below the
cortical bone. It is interesting to note that Beynnon et al.
(1995) measured no decrease in ACL strain in combined
quadriceps and hamstrings contraction compared to
isometric quadriceps contraction in 151 knee flexion.
Different from what could be expected from this study,
they did find a decrease in 301 knee flexion. This
difference could be related to the assumptions regarding
the tibia plateau orientation. Another possible explana-
tion for the difference is that co-contraction increases
joint compression and may thus increase the resistance
of the joint surface against anterior tibia shear. This may
reduce strain on the ACL. In addition, the data of the
present study suggest that tendon angles are highly
subject-specific. For instance, the ratio of PT to SM
tendon angle varied from 0.95 in subject 7 to 0.29 in
subject 5. The results of Beynnon et al. (1995) and the
current study are based on a small number of subjects,
and a between-group difference can thus not be
excluded. The large inter-individual differences suggest
that the usefulness of co-contraction as a strategy to
counteract shear forces might depend on the subjects’
anatomy. As a result, some subjects might run a higher
risk of acquiring an ACL injury for instance. In ACL
deficient subjects, Alkjaer et al. (2003) found differences
in walking patterns between copers and non-copers.
Tentatively, the differences between copers and non-
copers can be ascribed to anatomical differences.
Further research should be carried out to examine the
range of the tendon angles and the possibility of an
anatomically based explanation of the difference be-
tween copers and non-copers.
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