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Abstract
Background—The knowledge of in vivo anterior cruciate ligament (ACL) deformation is
fundamental for understanding ACL injury mechanisms and for improving surgical reconstruction
of the injured ACL. This study investigated the relative elongation of the ACL when the knee is
subject to no load (<10 N) and then to full body weight (axial tibial load) at various flexion angles
using a combined dual fluoroscopic and magnetic resonance imaging (MRI) technique.

Methods—Nine healthy subjects were scanned with MRI and imaged when one knee was subject
to no load and then to full body weight using a dual fluoroscopic system (0°–45° flexion angles).
The ACL was analyzed using three models: a single central bundle; an anteromedial and
posterolateral (double functional) bundle; and multiple (eight) surface fiber bundles.

Results—The anteromedial bundle had a peak relative elongation of 4.4% ± 3.4% at 30° and that
of the posterolateral bundle was 5.9% ± 3.4% at 15°. The ACL surface fiber bundles at the
posterior portion of the ACL were shorter in length than those at the anterior portion. However,
the peak relative elongation of one posterolateral fiber bundle reached more than 13% whereas one
anteromedial fiber bundle reached a peak relative elongation of only about 3% at 30° of flexion by
increasing the axial tibial load from no load to full body weight.

Conclusions—The data quantitatively demonstrated that under external loading the ACL
experiences nonhomogeneous elongation, with the posterior fiber bundles stretching more than the
anterior fiber bundles.

Introduction
The anterior cruciate ligament (ACL) is frequently injured in sports and during strenuous
activities, especially in younger populations.1,2 The importance of ACL injury to public
health has led to numerous investigations of ACL material properties and structural
functions.3,4 Many investigations have reported on the force–elongation relation4–6 and
stress-strain behavior3 of the ACL to try to understand the biomechanical properties of the
ligament. These studies were usually conducted using uniaxial tensile tests on ACL
specimens,3,4,7 where the ACL was considered in different structural configurations such as
a single tension element4; two-bundle elements3; or multibundle elements.3,7 Furthermore,
numerous in vitro investigations have measured ACL forces in response to various loads
applied to the knee to understand the biomechanical function of the ligament in the knee
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joint.2,8,9 These investigations used various measurement techniques, such as a buckle
transducer,10 implantable pressure transducer,8 Hall effect strain transducer,11,12 and a
robotic technique.9,13–15 Among these various ACL biomechanical studies, most have
determined the ACL forces by applying an anterior tibial load.2,15,16 Few studies also
measured ACL forces under rotational moments17,18 or simulated muscle loads.13,19

Although these data have markedly improved our knowledge of ACL biomechanics,
quantitative determination of the ACL function under in vivo physiological loading
conditions is still a challenge in biomedical engineering research.

Early investigations on in vivo ACL biomechanics have used strain-gauge techniques to
measure the elongation of the ACL in living subjects.8 Beynnon et al. conducted direct
measurements of ACL strains in the anterior portion of the ligament using a differential
variable reluctance transducer (DVRT) during various in vivo activities of the knee.12 Li et
al.20 and Jordan et al.21 measured the elongation pattern of the ACL using a noninvasive
imaging modality during weight-bearing flexion of the knee. These studies indicated that the
ACL may function in a more complicated three-dimensional (3D) manner. This knowledge
is critical for understanding the in vivo loading effect on ACL function and ACL injury
mechanisms as well as for optimizing surgical treatment of the injured ACL.

The objective of this study was to investigate the elongation behavior of the healthy ACL
under weight-bearing conditions in living subjects. Because of the complicated anatomical
structure of the ACL and its 3D deformation in nature, for an anatomical ACL
reconstruction the ACL biomechanics in different regions of the ligament must be
considered. Therefore, we simulated the ACL using a more detailed anatomical approach:
(1) a single central bundle; (2) double functional bundles; and (3) multiple surface fi ber
bundles. A combined dual fl uoroscopic and magnetic resonance imaging (MRI) technique
was used to determine relative elongations of ACL bundles at different fl exion angles when
the tibia was loaded from no load (<10 N) to full body weight (BW).

Materials and methods
Nine subjects (four males, fi ve females), aged 23–48 years old, were recruited with the
approval of the institutional review board (IRB). All subjects had normal, healthy knees with
no history of injury or surgery (determined by both clinical examination and MRI
examination). Written informed consent was obtained from all subjects prior to their
participating in this study.

Magnetic resonance imaging and 3D knee models
Each knee (chosen randomly, fi ve right and four left knees) was scanned in a relaxed, full
extension position using a 3.0 T MR Scanner (Trio; Siemens, Malvern, PA, USA). The knee
was scanned in both sagittal and coronal planes in 1 mm slice thickness using a 3D double
echo water excitation sequence.20,22 The size of the MR images was 160 × 160 mm with a
resolution of 512 × 512 pixels. The series of MR images were imported into solid modeling
software (Rhinoceros; Robert McNeel, Seattle, WA, USA) for construction of 3D models of
the knee (Fig. 1). The bony contours were segmented in MR images, and the 3D anatomical
models of the bones were created using the digitized contour data.

The attachment areas of the ACL on the femur and tibia were segmented on MR images in
both sagittal and coronal planes. Because the ACL insertion sites were segmented in the
same coordinate setup as that for segmentation of the femur and tibia, these attachment areas
were directly mapped onto the 3D anatomical model of the knee (Fig. 2A). The attachment
areas were further divided into two parts: (AM) and posterolateral (PL) bundle attachment
areas of the ACL (Fig. 2C). This was done by an orthopedic surgeon because there are no

Hosseini et al. Page 2

J Orthop Sci. Author manuscript; available in PMC 2013 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



distinct separations between the AM and PL bundle insertion sites on the tibia and femur
that could be specified from the MR images. The geometrical centers of the attachment areas
of each bundle were determined as in previous studies.21 The AM and PL attachment site
geometry on both tibial and femoral sides were then compared to previous anatomical
studies to make sure that the determination of the bundles was consistent with previous
studies.21,23–25

To investigate the 3D elongation of the ACL, we further divided the boundaries of the ACL
insertion sites into eight divisions (Fig. 2C). On the tibial attachment site, points 1–4 were
chosen on the anteromedial section of the ACL such that point 1 was always placed on the
lateral border of the AM and PL bundles and the numbers assigned to the points increased
when moving medially (Fig. 2C). Similarly, points 5–8 were chosen on the posterolateral
section of the ACL attachment site such that point 5 was placed on the medial border of the
AM and PL bundles and the number assigned to the points increased by moving laterally
(Fig. 2C). The points were evenly distributed along the ACL attachment boundaries. The
femoral insertion site has been treated in a similar way.

The arrangement of the points is the same for right and left knees. Each point on the tibial
attachment area has been connected to its corresponding point on the femoral side, and the
resulting lines were defined as surface fiber bundles of the ACL and were numbered the
same as its end points for studying the nonhomogeneous elongation of the surface fiber
bundles of the ACL (Fig. 2C). A cadaveric specimen was dissected to verify the
reconstructed ACL model qualitatively (Fig. 2B). The configuration of the ACL was shown
to twist externally in the tibial attachment relative to the femoral attachment site in both the
reconstructed ACL model and the cadaveric ACL.

Fluoroscopic imaging of the knee
A dual fluoroscopic system26 has been used to capture the joint positions along the flexion
path of the knee (Fig. 3A). The system setup consists of two fluoroscopes (BV Pulsera;
Philips, Bothell, WA, USA) that were positioned orthogonally to each other. A force plate
constructed using a 6 degrees-of-freedom (DOF) load sensor (JR3, San Francisco, CA,
USA) was installed on the top of the platform and was connected to a monitor to display
simultaneously the value of ground reaction forces when the subject steps on the force plate
(Fig. 3A).

The subject first stood on the force plate on both feet in a relaxing position for measurement
of body weight. The subject then put only the testing leg on the force plate. The body weight
load applied on the testing leg could be controlled by the subject through the force plate
output that was displayed on the monitor. In this experiment, each subject was tested under
the no load condition (<10 N) and full body weight condition and at four flexion angles: 0°,
15°, 30°, 45°.

At each target flexion angle, the subject was asked to step on the force plate using the testing
leg while the force plate measured a minimal load (<10 N) to represent the no-load
condition. The fluoroscopes imaged the knee position simultaneously. The subject was then
asked to apply full body weight on the testing leg while maintaining the same flexion angle.
The subject could reach the target load within 5 s. The fluoroscopes imaged the new position
again. After testing at one flexion angle, the subject was asked to flex the knee to the next
target flexion angle. The knee was tested in this manner at all target flexion angles from low
to high angles. The flexion angle was controlled using a goniometer by a single investigator
throughout the experiment. The entire experiment for each subject took approximately 10
min.

Hosseini et al. Page 3

J Orthop Sci. Author manuscript; available in PMC 2013 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Reproducing in vivo knee positions
A virtual dual fluoroscopic system based on the geometry of the actual experimental system
was created in 3D solid modeling software (Fig. 3B). The pair of fluoroscopic images of the
knee position under a specific tibial load were imported into the software and placed at the
positions of the image intensifiers of the virtual system. Two virtual cameras were
positioned to represent the actual X-ray sources.

The bony contours of both tibia and femur were outlined on both fluoroscopic images to
facilitate matching the 3D anatomical model of the bones with their fluoroscopic images.
The 3D anatomical model of the knee was imported into the virtual fluoroscopic system and
projected onto the virtual image intensifiers by the virtual cameras. Each bony model was
individually manipulated in 6 DOF until the projection of the 3D bony model matched the
outline of the bony contours on the fluoroscopic images (Fig. 3B). The in vivo position of
the knee captured on the fluoroscopic images was then reproduced using the matched 3D
bony models. By repeating the same procedure using the fluoroscopic image pairs obtained
at all flexion angles and under all loading conditions, the kinematics of the knee of the
subject during the experiment could be reproduced using a series of matched bony models of
the knee. Because the attachment areas of the ACL are fixed to the corresponding bony
surfaces of the tibia and femur, the relative positions of these attachment areas of the ACL
could be determined using the series of matched bony models under different loading
conditions and flexion angles. Therefore, the positions of both ends of each bundle of the
ACL could be determined.

The accuracy of the above procedure in reproducing knee kinematics has been extensively
evaluated.22,26 Using standard geometries, the system has an accuracy of 0.1 mm in
translation and 0.1° in rotation.26 Using cadaveric human knee specimens, the system has an
accuracy of 0.1 mm in translation and a repeatability of 0.3° in rotation.27 The accuracy of
determination of knee kinematics can directly affect the accuracy of the ACL elongation
data. If the translational accuracy when determining the femoral and tibial positions was 0.1
mm,26 the effect on the accuracy of the ACL bundle elongation was maximally estimated to
be 0.34 mm. The average ACL length for all the subjects was ∼26 mm. Therefore, the
maximum error in relative ACL elongation was estimated to be within a range of ± 0.026, or
2.6%.

Data Analysis
The results of this study can be presented in three portions. First, the ACL was considered as
a single ligament using its central bundle. Then, the kinematics of the AM and PL bundles
was determined. Finally, the elongations of eight surface fiber bundles of the ACL were
determined. The length of the ACL central bundle was defined as the line connecting the
ACL attachment centers on the tibia and femur (this line was also defined as the long axis of
the ACL). The length of the AM bundle was defined as the line connecting the AM bundle
attachment centers on the tibia and femur, and the same was done for the PL bundle. The
lengths of the eight lines, connecting each of the eight points on the tibia to their
corresponding points on the femur represent the surface fiber bundles of the ACL. To
investigate the loading effect on ACL elongation, the length of the ACL bundles under the
no-load condition at each flexion angle (l0) was used as a reference to determine the relative
elongation of the fiber bundles in response to increased tibial loads at that flexion angle

where l is the length of the ACL bundle under full body loading at that flexion angle.
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A two-way repeated-measures analysis of variance (ANOVA) and the Student-Newman-
Kuels test were used to compare the ACL deformation. The flexion angle and body weight
loading applied to the leg were considered as independent variables and the lengths of ACL
fiber bundles as dependent variables. Statistical significance was defined when P < 0.05.

Results
Single bundle

In general, the length of the ACL increased with tibial load (Fig. 4A). At full extension, the
length of the ligament increased from 27.1 ± 2.3 mm at the no-load condition to 27.5 ± 2.4
mm under full body weight. The increases of the ACL length caused by the full body weight
condition were significant at 15° and 30° of flexion (P < 0.05).

The relative elongation of the ACL caused by full body weight loading peaked at 15° and
30° of flexion (Fig. 4B). At full extension, full body weight loading caused a relative ACL
elongation of 1.2% ± 2.2%. At 15° and 30° of flexion, full body weight caused relative ACL
elongations of 4.5% ± 3.2% and 4.6% ± 3.3%, respectively. The relative ACL elongation
dropped to 2.3% ± 4% at 45° of flexion. The relative elongation at 15° and 30° were
significantly higher than those at 0° and 45° of flexion (P < 0.05).

Double bundles
The length patterns of the AM and PL bundles along the flexion path were similar under no-
load and full body weight conditions (Fig. 5A, B). The AM bundle increased in length with
flexion angles and the PL bundle decreased in length with flexion angles.

By increasing the load from no-load (<10 N) to full body weight, the length of the AM
bundle showed a peak relative elongation of 4.4% ± 3.4% at 30° of flexion (Fig. 5C).
However, the PL bundle experienced a peak relative elongation of 5.9% ± 3.4% at 15° of
flexion. The relative elongations at 0° and 45° of flexion were signifi -cantly (P < 0.05)
smaller than those at 15° and 30° of flexion in both AM and PL bundles.

Multiple surface fiber bundles
Surface fiber bundle 4 at the anteromedial portion of the ACL was the longest fiber among
all surface fiber bundles of the ACL at all flexion angles (Fig. 6A, B). The maximum length
of this fiber under the no-load condition was 34.9 ± 3.6 mm at full extension, signifi -cantly
longer compared to other flexion angles; and it was 35.5 ± 3.3 mm at 30° of flexion under
full body weight. Surface bundle 7 on the posterolateral portion of the ACL was the shortest
fiber on the surface of ACL. The length of this fiber was 21.8 ± 3.8 mm at full extension
under the no-load condition and 16.2 ± 2.4 mm at 30° of flexion. The lengths of the eight
surface fiber bundles of the ACL under no load and full body weight in all flexion angles are
listed in Table 1. In general, the posterior fiber bundles are shorter than the anterior fiber
bundles. This means that the AM and PL bundles have different behavior at low flexion
angles.

There was a dramatic difference between the relative elongations among the surface fiber
bundles (Fig. 6C). Surface fiber bundles at the anteromedial surface showed less relative
elongation values compared to those at the posterolateral surface. The peak relative
elongation of surface fiber bundle 4 was 5.0% ± 2.4% under the full body weight at 30° of
flexion. The peak relative elongation of surface fiber bundle 7 had a value of 13.4% ± 3.8%
at 30° of flexion in response to full body weight loading. Except in full extension, the
relative elongation of this fiber bundle was significantly higher than all other fiber bundles
at other flexion angles.
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Discussion
This study investigated the elongation behavior of the ACL under increased axial tibial load
of the knee at various flexion angles. The data demonstrated that the ACL elongated as the
axial tibial load increased, as illustrated by previous studies.18,20 The data also showed that
the ACL deformed in a nonhomogeneous manner. Each fiber bundle responded to the axial
tibial load differently.

The relative elongation of the overall ACL reached >4.5% at 15° and 30° of flexion when
the tibial load increased from no load (<10 N) to full body weight. Both AM and PL bundles
also showed increases in relative elongations as the tibial load increased. The AM bundle
showed peak relative elongation of 4.5% at 30°, and the PL bundle showed maximum
relative elongation of 5.9% at 15° of flexion. The surface fiber bundles showed a more
dramatic variation in relative elongations under the body weight loading applied to the tibia.
In general, the bundles at the anteromedial surface showed less relative elongation than the
bundles at the posterolateral surface of the ACL. At 30°, the posterolateral surface bundle 7
showed a relative elongation of >13% from no tibial load to full body weight tibial load,
whereas surface fiber bundle 1 only had a relative elongation of approximately 3%.

Our previous in vivo studies indicated that the AM bundle of the ACL maintained maximum
length between full extension to 45° of flexion and showed a reduction in length at higher
flexion angles.21 The PL bundle showed maximum length in full extension and decreased in
length as the knee flexed during a single leg lunge. In general, the current study showed
similar length patterns of the AM and PL bundles with flexion. Our previous in vitro studies
also demonstrated that the ACL carried a peak load, and ACL deficiency caused higher
anterior tibial translation at low flexion angles when the knee is subject to simulated
muscleloads.28

Fleming et al.11,16,18 measured the ACL strain in its anterior portion using a DVRT that was
installed on the ACL surface of living subjects. The strain was shown to decrease with
flexion from 15° of flexion. During various activities (e.g., squatting, active flexion-
extension) the peak strain was shown to be around 4% at 15° of flexion. Our data showed
that, on average, the relative elongations of the AM surface bundle were >3% under full
body weight at both 15° and 30° flexion angles and decreased at higher flexion angles. A
direct comparison between these various studies is difficult as the in vivo loading conditions
among these studies could not be controlled to be the same. Furthermore, the references for
measuring relative elongations between these studies are different. For example, Fleming et
al. determined that the reference length for measuring an anterior ACL strain was at 30° of
flexion with an 8.8 N anterior shear load applied to the tibia using cadaveric knees,11

whereas we used the length of the ligament under no load at each flexion angle as a
reference.

Our data indicated that each bundle behaved differently even under the same loading
conditions and at the same flexion angles. It may be necessary to determine a reference
length for each interested fiber bundle. However, because of the complicated 3D geometry
of the ACL, a unique reference length for each fiber bundle is difficult to determine using
current technology. The fiber bundle lengths of the ACL changed with flexion angle even
under the no-load conditions. Therefore, the relative elongation of this study at one flexion
angle was calculated using the ligament length under the no-load condition (<10 N) at the
same flexion angle as a reference. If the ACL bundle is slack under the no-load condition
(i.e., the reference length, l0, is shorter than the actual reference length value), the relative
elongation data calculated using the formula e = (l – l0)/l0 may overestimate the actual
relative strain of the bundle. In contrast, if the ACL bundle is already in tension under the
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no-load condition, the relative elongation could be underestimated. Also, if any interaction
of the ACL and the PCL exists in the range of flexion of this study, the reported values for
relative elongation of the surface fibers are underestimated. This point is worth investigating
in future studies.

The data demonstrated different behavior of the ACL at different flexion angles even though
the tibial load was controlled to be similar. Whereas the overall ACL showed peak relative
elongation at 15° and 30° of flexion under full body weight, the AM bundle showed peak
relative elongation at 30° and the PL bundle at 15°. Similar patterns were also seen among
the eight ACL surface bundles, where all bundles showed peak relative elongations at 30° of
flexion. Woo et al. demonstrated that in a uniaxial tensile test the ACL behaved differently
when oriented in different flexion angles.4 The ACL was shown to be stiffer in tension at
30° of flexion. Different behavior of the ACL at different flexion angles indicated that the
fiber recruitment of the ACL varies with flexion angles. It is interesting to note that, on
average, the ACL and all surface fiber bundles showed peak relative elongation at around
30° of flexion, indicating that the ACL may experience larger deformation around this
flexion angle. Consequently, the ACL properties might adapt to the loading conditions
experienced at different flexion angles.

In general, the fiber bundles in the posterolateral portion of the ACL were shorter (∼30%
shorter) compared to the anteromedial portion. However, the posterior portion stretched
more than the anterior portion and usually had higher relative elongations. This phenomenon
may have important implications to surgical ACL reconstruction. Simulation of the ACL as
a single bundle or double bundles may be insufficient to describe the complicated functional
behavior of the ACL. It also points out the difficulty of determining truly “isometric” sites
for tunnel placement using either single- or double-bundle reconstruction techniques.
DeFrate et al.29 and Li et al.30 have quantitatively demonstrated that the length of the
ligament has a profound effect on its stiffness. The stiffness increases with reduction of the
ligament length. Surgical reconstruction of the ACL should take into consideration the
length effect of the anteromedial and posterolateral portions of the ACL. Furthermore, it
might be critically important to simulate the nonhomogeneous deformation of the ACL
bundles using graft materials for ACL reconstruction.

There are several limitations in the current study that need to be improved in future
investigations. The ligament length was calculated using a straight line connecting the two
insertion points on the tibia and femur. This treatment might not be accurate to account for
ACL impingement with the femoral notch at full extension of the knee. Furthermore,
interaction of the ACL and PCL was not considered in the current study. Ignoring the
impingement with femoral notch and interaction with the PCL would cause underestimation
of ACL elongation using the straight-line model.

The relative elongation of the ACL was measured under full body weight applied to the tibia
only from full extension to 45° of flexion. Beyond 45°, the subjects had difficulty applying
full body weight to one knee and maintaining the flexion angle at the same time. Because of
the experimental setup, these data thus represent only the quasi-static responses of the ACL.
The relative elongation of the ACL under functional dynamic loading conditions, such as
walking and stair climbing, should be investigated in the future.

Conclusions
This study investigated the relative elongation of the ACL when the knee was loaded under
full body weight in living subjects. The data demonstrated that different ACL bundles
behaved differently, but are not truly “reciprocal” in that one bundle does not shorten while
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the other bundle lengthens. The fiber bundles at the posterior portion of the ACL are shorter
than those at the anterior portion. However, the posterior fiber bundles experienced higher
relative elongations than the anterior fiber bundles. Even though the overall relative
elongations of the ACL might not be high, the posterior portion of the ACL might
experience up to 13% relative elongation under full body weight. The data suggest that ACL
biomechanics should be investigated in a three-dimensional manner. The data might provide
some useful insight for improving ACL reconstruction techniques aimed at reproducing in
vivo function of the ACL. They also suggest that current reconstruction techniques using
single-bundle grafts or double-bundle grafts may not adequately restore the 3D deformation
behavior of the ACL.
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Fig. 1.
Magnetic resonance (MR) images of a knee in the sagittal and coronal planes and
construction of a three-dimensional (3D) knee model using magnetic resonance imaging
(MRI)
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Fig. 2.
A Three-dimensional anterior cruciate ligament (ACL) model constructed from MR images.
B ACL configuration of a cadaveric knee. C Definition of ACL surface fiber bundles. PL,
posterolateral; AM, anteromedial
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Fig. 3.
A Dual fluoroscopic system for measuring joint position in space and a subject during a
lunge activity. (From Jordan et al.,21 with permission) B Virtual dual fluoroscopic system
constructed for reproducing the in vivo knee position in space
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Fig. 4.
A Length of the ACL central bundle when the knee is under no load and under full body
load at various flexion angles. BW, body weight. B Relative elongation of the ACL central
bundle in response to full body weight
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Fig. 5.
Lengths of the (A) anteromedial bundle (AMB) and (B) posterolateral bundle (PLB) when
the knee is under no load and at full body load at various flexion angles. C Relative
elongation of the AM and PL bundles in response to full body weight
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Fig. 6.
Lengths of the anterior surface bundle 4 and the pos- elongation of the eight ACL surface
fiber bundles in response terior surface bundle 7 when the knee is under (A) no load to full
body weight and (B) full body load at various flexion angles. C Relative elongation of the
eight ACL surface fi ber bundles in response to full body weight
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