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Abstract
Valgus moments on the knee joint during single-leg landing have been suggested as a risk factor for
anterior cruciate ligament (ACL) injury. The purpose of this study was to test the influence of isolated
valgus moment on ACL strain during single-leg landing. Physiologic levels of valgus moments from
an in vivo study of single-leg landing were applied to a three-dimensional dynamic knee model,
previously developed and tested for ACL strain measurement during simulated landing. The ACL
strain, knee valgus angle, tibial rotation, and medial collateral ligament (MCL) strain were calculated
and analyzed. The study shows that the peak ACL strain increased nonlinearly with increasing peak
valgus moment. Subjects with naturally high valgus moments showed greater sensitivity for increased
ACL strain with increased valgus moment, but ACL strain plateaus below reported ACL failure
levels when the applied isolated valgus moment rises above the maximum values observed during
normal cutting activities. In addition, the tibia was observed to rotate externally as the peak valgus
moment increased due to bony and soft-tissue constraints. In conclusion, knee valgus moment
increases peak ACL strain during single-leg landing. However, valgus moment alone may not be
sufficient to induce an isolated ACL tear without concomitant damage to the MCL, because coupled
tibial external rotation and increasing strain in the MCL prevent proportional increases in ACL strain
at higher levels of valgus moment. Training that reduces the external valgus moment, however, can
reduce the ACL strain and thus may help athletes reduce their overall ACL injury risk.
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1. Introduction
Injuries to the anterior cruciate ligament (ACL) frequently occur during the deceleration phase
of landing or in preparation for a change of direction (Boden et al., 2000; Griffin et al.,
2000). Females who participate in sports that include jumping and cutting often suffer from
ACL injuries significantly higher than males (Agel et al., 2005; Gwinn et al., 2000). Recent
studies have suggested that the gender difference in dynamic frontal-plane motion during
landing may be associated with higher ACL injury rates in females: women often land with
more valgus frontal-plane alignment than men and this valgus alignment caused larger valgus
moments to the knee joint (Chaudhari et al., 2003; Kernozek et al., 2005; McLean et al.,
2005). A prospective study has shown that female athletes who subsequently ruptured the ACL
performed jump landing tasks with significantly higher valgus moments than athletes who did
not rupture their ACL (Hewett et al., 2005). However, it remains unknown how much these
observed gender differences in dynamic valgus alignment and valgus moments increase ACL
strain during landing.

Several studies have shown that valgus loading at the knee joint can increase ACL force
(Fukuda et al., 2003; Hollis et al., 1991; Markolf et al., 1995). In contrast, some other studies
have not observed significant ACL strain under valgus loading (Bendjaballah et al. 1997;
Fleming et al., 2001). Another study observed no significant ACL strain until the MCL was
torn by valgus loading (Mazzocca et al., 2003). However, these previous studies were often
performed while constraining other degrees of freedom (DOF’s) or by applying valgus loading
without shear forces that occur during landing. Further, cadaver studies which predict static
characteristics of the knee joint under low levels of loading may not predict ACL rupture under
the large loading magnitudes and loading rates experienced during sports activities. In vivo
studies of ACL strain during injury-causing events are not feasible for human subjects, either.
Dynamic three-dimensional simulation studies offer an attractive alternative, because they can
include more joint complexity, allow unconstrained motion, and permit physiologic loads to
be applied. However, predictions of ACL strain during dynamic landing have not been
previously studied using a model validated for the estimation of ACL strain. The purpose of
this study was to test the influence of isolated valgus moment on ACL strain during single-leg
landing using a dynamic three-dimensional simulation model driven by in vivo human loading
data.

2. Methods
We developed a three-dimensional dynamic specimen-specific force-driven knee model, tested
for ACL strain measurement against previous cadaveric experiment. In addition to vertical
dynamic impact load which simulates loads caused by landing, physiologic levels of valgus
moments from a previous in vivo study were scaled and applied to this knee model to investigate
the influence of valgus moments on the ACL.

The development and validation test of this knee model to predict ACL strain during landing
under a vertical impact force (without additional externally applied torques) has been described
in detail by Shin et al. (2007), thus a brief description is given here. The knee model was
constructed from sagittal MRI (GE 3D-Spoiled-Gradient-Recalled-Echo, 1.5T, 140×140mm,
256×256, thickness 1.5mm) of a cadaveric knee (Figure 1). MR images were segmented and
imported into dynamic rigid-body motion simulation software (MSC.ADAMS,
MSC.Software, Santa Ana, CA). This knee model includes ligament bundles (the ACL, PCL,
MCL, LCL, posterior capsules, and patellar ligament) formulated as non-linear elastic springs
(Shin et al. 2007) with properties adapted from published data (Abdel-Rahman and Hefzy,
1998; Cooper et al., 1993; Noyes et al., 1984; Shelburne and Pandy, 1997; Woo et al., 1991;
Yu et al., 2001). The origins and insertions of the ACL/PCL were determined based on
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segmented MRI. Two functional bundles of the ACL/PCL were identified as previously
quantified (Harner et al., 1999), and the centroids of each region were estimated to be the
insertion points. The MCL, LCL, and posterior capsule were placed over the appropriate bony
landmarks (Garg and Walker 1990; Reicher 1993) using the same method and bundle
orientation as described by Yu et al. (2001). The patellar ligament was modeled by medial/
lateral bundles and placed based between the patellar apex and tibial tuberosity. The contact
forces at the tibiofemoral and patellofemoral articulation were defined using a penalty
regulation of normal contact force constraints (Lötstedt, 1982) with previously reported
properties (Nam et al., 2004; Oni and Morrison, 1998). The passive characteristics of the knee
model were tested under various conditions, including valgus rotational stiffness and passive
flexion movement to ensure proper tibiofemoral behavior. The femoral rollback and screw-
home motion were properly simulated with the model (Shin, 2006; Shin et al., 2007).

To simulate the motion of a single-leg landing, a simulated landing apparatus was created with
the same geometric configuration using the same cadaver knee specimen (Figure 2) as in a
previously-described cadaver experiment (Withrow et al., 2006). Three musculotendinous
groups (the quadriceps, medial/lateral hamstrings, and medial/lateral gastrocnemius) were
modeled as linear tension-springs with the same pretension and stiffness used in the experiment
to provide the appropriate tension to hold the initial knee flexion angle at 25° before impact
load and to simulate eccentric contraction in the quadriceps as done in the physical experiment
(Withrow et al., 2006). The proximal femur was connected to the mounting apparatus through
a spherical joint and linear slide, allowing free rotation analogous to a hip joint and vertical
motion. The distal tibia was connected to a spherical joint, functioning like an ankle joint. This
complete model + apparatus were previously tested to validate the model for predicting ACL
strain during landing (without additional external valgus loading) against the physical
experiment, in which a DVRT was attached to the ACL to measure anteromedial bundle strain
(Shin et al., 2007). The comparison between simulation and experiment showed good
correspondence in ACL strain, validating the use of the simulation to predict changes in ACL
strain under different loading conditions but not validating its use to accurately predict absolute
ACL strains.

Four physiologic levels of peak valgus moment were selected to simulate the normal range of
in vivo valgus loading (Table 1). The dynamic profile and magnitude of valgus moment were
adopted from an in vivo run-to-cut landing (Chaudhari et al., 2003). Peak valgus moments were
normalized to an average-size person (height=1.75m, body mass = 76.5 kg). Neutral-lander,
valgus-lander, and varus-lander group were classified based on the apparent coronal angle
between the shank and the thigh during weight acceptance, the interval between initial contact
and maximum knee flexion. The maximum valgus moment observed in our data of 51 Nm for
a 76.5 kg individual was consistent with previous reports of maximum valgus moments in at-
risk individuals (45.3 Nm: Hewett et al., 2005 and 91.8 Nm: Sigward et al., 2007). In addition,
other values between 0 and 100 Nm were added to fully characterize the entire reported range
of valgus moments (Sigward et al., 2007).

Two types of loading were simultaneously applied with an initial knee flexion of 25° (Figure
2). A dynamic vertical impact force (peak value: 1300N) was applied at the top of the femoral
axis of the upper limb to simulate landing. This value was chosen to match the experimental
study (Withrow et al., 2006) and is approximately equal to 2 body weights. This value was
within the range observed in the in vivo study. In addition to impact force, several levels of
valgus moment were applied at the knee joint. The dynamic simulations were conducted with
simulation steps ≤1ms using an implicit method (GSTIFF integrator; Gear 1971) built in
MSC.ADAMS solver. In response to the applied loading, the model calculated knee kinematics
and ACL strain during each simulation (Figure 3). It should be noted that only a vertical force
and a valgus moment were applied, but since the knee was unconstrained motions in all six
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DOF’s were possible. In addition to the peak strain in the ACL, peak valgus angle, peak tibial
rotation, and peak strains in the anterior and deep bundles of the MCL are presented.

3. Results
Increasing the applied peak valgus moment increased the peak ACL strain nonlinearly (Figure
4). The peak ACL strain increased from 0.056 without valgus moment to 0.076 with the
maximum valgus moment observed in vivo. The ACL strain generated for the average valgus-
landers(0.065) was higher than average neutral-landers(0.057). The peak ACL strain increased
at a more rapid rate near the average of the valgus-landers, as shown by the steeper slope of
the curve near 24Nm (Figure 4). At lower levels of valgus loading (0 to 10Nm) or higher levels
of valgus loading (over 40Nm), the ACL strain increased at a 75% less rapid rate than in the
middle region.

Increasing the applied peak valgus moment increased both the peak valgus rotation and peak
tibial external rotation (Figure 5). Peak tibial external rotation increased more rapidly as peak
valgus moment increased above 40Nm. Peak strain in the anterior bundle of the MCL gradually
increased but peak strain in the deep bundle increased more nonlinearly (Figure 6).

4. Discussion
This study showed that the peak ACL strain increases nonlinearly with the magnitude of
external valgus moments that typically occurs during in vivo run-to-cut landing maneuvers.
Peak ACL strain increased by 35% at maximum valgus moments(51 Nm) observed in the in
vivo study (Chaudhari et al. 2003), when compared to no valgus moment applied. This predicted
peak ACL strain of 0.076 at maximum valgus moment is consistent with the fact that subjects
were asked to perform the activity at a comfortable, sub-maximum speed. Therefore, the
predicted ACL strain, 0.076, should be below the failure levels, 0.09–0.15 (Butler et al.,
1992; Momersteeg et al., 1995). However, the ACL strain associated with the maximum valgus
moment may be a more relevant quantity than the average value for estimating the risk of
injury, since additional perturbations during landing could increase the ACL strain further.
Peak valgus moments could be twice during unanticipated maneuvers as compared to
preplanned maneuvers (Besier et al., 2001).

Our results indicate that peak ACL strain is insensitive to an increase in valgus moment for
subjects who land with neutral alignment. The peak ACL strain increased only 0.001 as valgus
moments increased from 0Nm to 8Nm (slope= 0.00013/Nm, Figure 4), which is the average
valgus moment that neutral-landers experience during landing. However, for valgus moments
between 10Nm and 40Nm, the ACL strain increases more rapidly (slope= 0.00050/Nm, Figure
4). These results imply that valgus-landers may be at higher risk of injury because the loading
in their knees is within the steeper region, where ACL strain is more sensitive to variations in
valgus moment.

The ACL strain appears to plateau when the valgus moment rises above 50 Nm (Figure 4).
This result suggests that isolated valgus moment alone may not tear the ACL during single-
leg landing, which is consistent with the conclusions made in previous studies (Bendjaballah
et al. 1997;Mazzocca et al., 2003). When a large valgus moment was applied, the tibia was
observed to rotate externally with valgus rotation (Figure 5). This coupled tibial external
rotation may reduce the influence of valgus moment on ACL strain, since the addition of
external tibial torque to a knee loaded by either anterior tibial force or valgus moment is known
to decrease ACL force (Markolf et al., 1995). A previous simulation study suggested that a
valgus torque of 94Nm could cause ACL injury (McLean et al., 2003). However, exclusion of
tibial axial rotation in their model may over-estimate ACL force, since constraining tibial
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external rotation is equivalent to applying an additional internal rotation moment to an
unconstrained knee joint. Our results suggest that additional externally-applied loading such
as internal tibial rotation moment or anterior shear force may increase ACL strains further as
suggested by cadaver experiments (Kanamori et al., 2000;Markolf et al., 1995). The combined
effect of dynamic valgus and internal tibial rotation moments on ACL strain during landing
deserves future study, since previous cadaver studies used low quasi-static loading, which do
not represent the dynamic conditions during ACL injury events.

The results also showed that valgus loading is resisted by both the MCL and ACL (Figure 6).
The contribution by the MCL to resisting larger valgus loads seems to be another reason that
peak ACL strain becomes less sensitive to valgus moment at higher levels of valgus load. As
a high valgus moment is applied (i.e. >50Nm), the MCL becomes more sensitive to the valgus
loading than the ACL. Since the MCL prevents valgus instability by stopping medial opening
(Matsumoto et al., 2001), the MCL may resist valgus loading effectively only after some degree
of medial opening occurs. In addition, it is interesting that peak MCL strain of the deep fiber
exceeds that of the anterior fiber. This finding agrees with previous reports that the deeper
fibers undergo greater strains than do the superficial fibers (the anterior fiber of the MCL in
this study) for the same bone-to-bone separation (Amis 1985). This high sensitivity of the deep
fiber of the MCL at higher valgus loading may allow the deep fiber of the MCL to be damaged
earlier than the ACL. This increasing contribution of the MCL to the total resistance to valgus
moment also suggests that valgus moment alone may not be sufficient to tear the ACL without
concomitant damage to the MCL during landing.

One major advantage of this model is that it allows unconstrained kinematics at the knee joint.
Previous studies often constrained flexion/extension or tibial axial rotation (DeMorat et al.,
2004; Fleming et al., 2001; Markolf et al., 1976; Mazzocca et al., 2003; McLean et al., 2003).
It has been reported that kinematics of the knee and the relative contributions of the ACL to
resisting motion vary depending upon the constraints applied by the testing apparatus (Woo et
al., 2006). Constraining tibial axial rotation would have altered the natural motion of the knee
under applied valgus moment. Thus, the unconstrained knee joint seems to be the most
appropriate for predicting ACL strain. The ACL strain increase with valgus loading observed
in this study was much higher than previous studies with constrained axial rotation knees
(Fleming et al. 2001, Mazzocca et al., 2003). However, other studies have shown that ACL
force significantly increases in response to a valgus loading when axial rotation is
unconstrained (Markolf et al., 1995, Fukuda et al., 2003), which agrees with our findings in
general. The discrepancies between our results and other studies are likely due to different
DOF’s allowed, different methods to support specimens, different simulated motions (landing
for this study), or error in simulated results. These many factors make it difficult to compare
results readily from different studies.

The results from this study should be considered in light of the fact that the specific relationship
between valgus loading and ACL strain during landing has not been validated for this model.
In the previous study (Shin et al., 2007) the model was tested to validate the ACL strain, knee
flexion, and quadriceps force in response to vertical impact loading during landing. Only a
rigorous comparison of the ACL strain response to an applied valgus moment between the
simulation and the physical apparatus could definitively determine the exact accuracy of the
simulation in predicting ACL strain under applied valgus moments. However, the knee model
was developed based on previous efforts to build a standalone knee model to ensure proper
tibiofemoral behavior. Thus, we assumed that the knee model should predict kinematic landing
motion correctly. Moreover, our validation comparisons showed good correspondence in ACL
strain. Therefore, the model should predict changes in ACL strain with the application of
additional valgus loading correctly.
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One limitation of this study is that in real sport activities the total combined loading applied
to the knee joint may include other loadings, such as tibial rotation moment or medial-lateral
forces. However, the purpose of this study was to evaluate the isolated influence of the valgus
moment on ACL strain during landing, because females experience more valgus alignment
and higher valgus moments than males. Thus, understanding the isolated influence of valgus
moment on the ACL strain may provide valuable insights into ACL injury. In addition, the
interpretation that coupled tibial external rotation reduces ACL strain should be considered
with care because this knee model does not account for ACL impingement. Fung et al.
(2007) reported that the combination of 8° of valgus rotation, and 13° of tibial external rotation
resulted in impingement of the ACL against the lateral wall of the intercondylar notch, and
resulted in ACL strain increase by 0.01. In this study, peak values for valgus rotation of 3° and
external rotation of 13° were observed with the applied valgus moment of 100Nm.

Since the knee model was created using the anatomy of one knee specimen, one must take care
in over-applying its results generally to all knees. In this study we did not separately calculate
an individual’s ACL strain based on his/her specific in vivo kinematics and kinetics, but we
used the average in vivo data from a group of subjects as input into our force-driven model. To
calculate an individual’s ACL strain accurately, it would be necessary to generate different
subject-specific geometries with their tissues properties, and to apply subject-specific forces.
However, the model was created using the anatomy of an average-sized male based on the
bicondylar width (Shelbourne et al., 1998) and inspected for mal-alignment or radiographic
deformity. The height-of-patella ratio of this knee represents normal patellofemoral movement
(Shin et al. 2007). Thus, the results from this study should be generally applicable to the normal
movement of an average-sized knee joint. Although some differences in anatomy and motions
between individuals may exist, the general finding of the study should be preserved.

Additionally, in this study, musculotendinous forces were modeled as passive linear springs
which may not be consistent with concentric muscle forces during in vivo tasks. This
formulation of musculotendinous forces was chosen both because subject specific properties
were not known and to best replicate the apparatus used in the cadaver experiment. A complete
discussion of the limitations and assumptions of this computational model and the cadaver
experiments has been previously presented (Shin et al., 2007; Withrow et al., 2006).

In conclusion, this study has shown that increasing the peak valgus moment during single-leg
landing increases the peak ACL strain nonlinearly. However, isolated valgus moment alone
within physiologic levels may not be sufficient to induce an isolated tear of the ACL without
concomitant damage to the MCL during landing, because coupled tibial external rotation and
increasing strain in the MCL reduce the sensitivity of ACL strain to valgus moment at higher
levels of valgus moment. Training that reduces these external valgus moments, however, can
reduce the ACL strain and thus may help athletes reduce their overall ACL injury risk.
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Figure 1.
Schematic of the knee model showing the locations and numbers of bundles of the modeled
ligaments: the anterior and posterior bundle of the anterior cruciate ligament (ACLa and ACLp,
green); the anterior and posterior bundle of the posterior cruciate ligament (PCLa and PCLp);
the lateral collateral ligament; the anterior, oblique and deep bundle of the medial collateral
ligament (MCLa, MCLo, and MCLd); the medial, lateral, oblique popliteal and arcuate
popliteal bundle of the posterior capsules (CAPm, CAPl, CAPo, and CAPa); and the medial
and lateral patellar ligament (PM and PL).

Shin et al. Page 10

J Biomech. Author manuscript; available in PMC 2010 February 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
An illustration of the knee model with the simulated dynamic landing apparatus showing five
musculotendinous bundles (the quadriceps, the hamstrings, and the gastrocnemius). The
segmented ACL is shown in green. The tibial cartilage is shown in orange. The femoral
cartilage is not shown to enhance the inside view of the tibiofemoral joint. Before external
loading is applied, the muscles of the knee joint are pretensioned to hold 25° of flexion. The
impact force was applied at the top of the femoral axis of the upper limb and the valgus moment
was applied at the tibiofemoral knee joint
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Figure 3.
The temporal profile of the applied impact force (N), sample applied valgus moment (Nm) and
sample output of ACL strain (mm/mm). Values were normalized to their peak values and their
initial values (i.e. impact force: 0 to 1300N; valgus moment: 0 to 51Nm; ACL strain: 0.020 to
0.076 for this figure).
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Figure 4.
Peak strain in the anteromedial bundle of the ACL during the first 50ms after impact. Peak
ACL strain during landing nonlinearly increased when the applied peak valgus moment
increased.
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Figure 5.
Peak valgus angle[°] and peak tibial external rotation[°] during the first 50ms after impact.
Both peak valgus angle and tibial external rotation angle increased with increasing peak valgus
moment applied.
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Figure 6.
Peak strain in the anterior bundle and the deep bundle of MCL during the first 50ms after
impact. The peak MCL strain increased when the applied peak valgus moment increased. .
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Table 1
Physiologic levels of valgus torque applied to the simulation model (Adopted from an in vivo study of a 90° lateral
sidestep run-to-cut maneuver; Chaudhari et al., 2003). Among 21 subjects, most of the female participants (67%)
showed valgus dynamic alignment while most of men (78%) showed neutral or varus alignment. Thus, four physiologic
levels of valgus moment were determined as follows:

Type Peak valgus moment [Nm]

Minimum valgus moment of neutral landers 0

Average valgus moment of neutral landers 8

Average valgus moment of valgus landers 24

Maximum valgus moment of valgus landers 51
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