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Background   The anterior cruciate ligament (ACL) 
constrains the anterior translation and axial rotation 
of the tibia. However, the effect of ACL injury on the 
mediolateral translation and varus-valgus rotation of 
the tibia is unknown. Because of the oblique orientation 
of the ACL, we hypothesized that ACL deficiency alters 
mediolateral translation and varus-valgus rotation. 

Methods   The kinematics of 9 cadavers from full 
extension to 90° of flexion under various loading con-
ditions were measured before and after ACL resection 
using a robotic testing system. 

Results   ACL deficiency increased the medial transla-
tion of the tibia and valgus rotation, especially at 15° 
and 30° of flexion. For example, at 15°, ACL deficiency 
increased the medial translation from 1.2 (SD 0.9) mm 
to 1.8 (SD 1.1) mm in response to a quadriceps load. The 
valgus rotation also increased from 0.8° (SD 0.6) to 1.7° 
(SD 0.8). 

Interpretation   ACL deficiency altered both the medio-
lateral tibial translation and valgus-varus rotation under 
various loading conditions. The increased medial tibial 
translation could shift the contact in the medial com-
partment towards the medial tibial spine, a region where 
degeneration is observed in ACL-deficient patients. In 
addition to restoring anterior laxity, ACL reconstruction 
might need to restore the mediolateral translation of the 
tibia and varus-valgus rotation of the knee. 

■

Many previously published studies have reported 
the effects of anterior cruciate ligament (ACL) 

deficiency on knee mechanics using in vitro and 
in vivo experiments. In vivo studies have indicated 
that ACL deficiency alters anteroposterior tibial 
translation and axial tibial rotation (Brandsson et 
al. 2001, Georgoulis et al. 2003, Zhang et al. 2003, 
Andriacchi and Dyrby 2005). Under anterior tibial 
loading, ACL deficiency increases tibial translation 
(Woo et al. 2002, Yoo et al. 2005) and under simu-
lated muscle loads, ACL deficiency increases the 
anterior translation and internal rotation of the tibia 
(Yoo et al. 2005).

Long-term follow-up studies of patients with 
ACL injury have suggested a high incidence of 
joint degeneration ranging from 60% to 90%, 
between 10 and 15 years after injury (Beynnon et 
al. 2005). Degenerative changes are often observed 
in the medial compartment of the tibiofemoral 
joint (Fairclough et al. 1990, Buckland-Wright et 
al. 2000, Hill et al. 2005). Specifically, osteophytes 
have been noted on the lateral wall of the medial 
condyle and on the medial tibial spine (Fairclough 
et al. 1990). Although altered kinematics have been 
thought to contribute to joint degeneration (Roos et 
al. 1995, Buckwalter and Lane 1997), the specific 
ways in which altered kinematics might cause joint 
degeneration remain unknown. 

Few data have been reported on the effects of 
ACL deficiency on the mediolateral translation and 
varus-valgus rotation of the knee. A recent in vivo 
study noted that the ACL was oriented so as to resist 
medial tibial translation throughout weight-bearing 
flexion from 0–90° (Li et al. 2005b). In vitro stud-
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ies have also reported that the ACL force vector has 
a component that might resist medial tibial transla-
tion (Livesay et al. 1997, Li et al. 2006b). Thus, we 
hypothesize that ACL deficiency not only increases 
the anterior translation and internal rotation of the 
tibia, but also increases medial tibial translation. We 
propose that varus-valgus rotation is also altered as 
a result of the increased medial tibial translation 
and the geometry of the tibial plateau. 

Material and methods

A previous study from our laboratory reported the 
effects of ACL deficiency on the anteroposterior 
translation and internal-external rotation of the 
tibia (Yoo et al. 2005). In this study, we re-ana-
lyzed our previous in vitro experimental data to 
include mediolateral translation and varus-valgus 
rotation. We tested 9 fresh-frozen cadaveric human 
knee specimens (age range, 50–78 years) in our 
previous investigations (Yoo et al. 2005, Li et al. 
2006b) using a robotic testing system (Figure 1).  
Specimens with evidence of previous injury to the 
bones or soft tissues were excluded from the study. 

Specimens were examined using fluoroscopy (prior 
to testing) and dissection (after testing).

Details of the robotic testing system have been 
described in detail in previous publications (Li 
et al. 2002, Yoo et al. 2005). Briefly, each speci-
men was first thawed overnight and the ends of 
the femur and tibia were potted in bone cement. 
The soft tissues surrounding the knee joint were 
left intact. Before installing the specimen on the 
robotic testing system, it was preconditioned by 
flexing it between full extension and full flexion 10 
times manually. The tibia was then fixed in a clamp 
attached to the load cell and the femur was fixed to 
a rigid pedestal.

Coordinate systems were created on the knee 
joint using a digitizing stylus (Microscribe 3DX; 
Immersion Technologies, San Jose, CA). Flexion-
extension was defined as rotation about the tran-
sepicondylar line, internal-external rotation was 
defined as rotation about the longitudinal axis of 
the tibia (internal and external rotation axis), and 
varus-valgus rotation was defined as rotation about 
an axis formed by the cross product of the transepi-
condylar line and the longitudinal axis of the tibia. 
The origin of the coordinate system was the center 
of the transepicondylar line. Mediolateral transla-
tion was defined as translation of the tibia along the 
transepicondylar line.

A 6-degrees-of-freedom (DOF) load cell recorded 
the forces and moments applied to the knee as the 
robotic manipulator measured the motion of the 
knee in response to the loads applied. First, a series 
of passive positions was measured from full exten-
sion to 90° of flexion using the force-moment con-
trol mode of the robotic testing system. Starting 
with the knee fixed at full extension, the knee was 
moved in the remaining 5 DOF until the forces and 
moments applied to the origin of the knee coordi-
nate system were minimal (less than 5 N and 0.5 
Nm, respectively). The knee was then flexed by 
1° and another passive position was found until a 
passive path was measured from full extension to 
90° of flexion. The passive path was repeated for 
5 cycles by the robot to further precondition the 
specimen. The passive path served as a reference 
position for measuring the motion of the knee in 
response to the applied loads. 

The knee then was loaded at full extension, 
15°, 30°, 60°, and 90° of flexion along the passive 

Figure 1. The knee specimens were tested on the robotic 
testing system. Anterior tibial loads were applied and 
muscle loads were simulated using a system of ropes and 
pulleys.
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path. An anterior tibial load of 130 N was applied 
through the origin of the knee coordinate system to 
simulate clinical examinations of the knee, such as 
Lachman and anterior drawer tests. With the flex-
ion angle fixed, the tibia moved in the remaining 
5 DOF until it reached an equilibrium position in 
response to the 130 N anterior load. The robotic 
manipulator recorded the equilibrium position of 
the knee at each flexion angle. 

Next, two different muscle loading conditions 
were applied to the knee: an isolated quadriceps 
force of 400 N and a combined quadriceps and ham-
strings (semitendinosus, semimembranosus, and 
biceps femoris) load of 400 N and 200 N, respec-
tively. The proportions of these applied loads were 
based on an inverse dynamic study (Li et al. 1999). 
The quadriceps and hamstring forces were applied 
using a system of ropes and pulleys. The loads were 
aligned along the femoral shaft. The kinematics of 
the knee in response to the muscle loads were mea-
sured by the robot at each flexion angle.

After the intact knee kinematics had been mea-
sured in response to the 3 loading conditions, 
the ACL was resected to simulate an ACL-defi-
cient knee. The ACL was resected using a medial 
parapatellar arthrotomy, with the knee fixed in the 
robotic testing system. The arthrotomy was then 
closed, and the loads (anterior tibial load and both 
muscle loads) were applied to the knee using the 
same protocol for the intact knee. 

Kinematics were reported by using the intact pas-
sive path as the reference position. In our previous 
studies, we reported anteroposterior tibial transla-
tion and internal-external tibial rotation (Yoo et al. 
2005, Li et al. 2006b). We re-analyzed previous 
data to include the mediolateral tibial translation 
and varus-valgus tibial rotation before and after 
ACL resection. A repeated-measures analysis of 
variance and Student-Newman-Keuls test were 
used to analyze the effect of ACL deficiency on the 
translation and rotation under the loads applied. 
Differences were considered statistically signifi-
cant at p < 0.05.

Results

Anterior cruciate ligament deficiency caused a 
medial translation of the tibia, particularly at low 

flexion angles (Figure 2). Under the anterior tibial 
load, ACL deficiency increased medial tibial trans-
lation at all selected flexion angles (Figure 2A). For 
example, at 15° of flexion, the medial tibial trans-
lation in the ACL-deficient knee was significantly 
higher (p < 0.05) than in the intact knee (2.7 (SD 
1.6) mm versus 0.4 (SD 1.1) mm). Under the quad-
riceps load, ACL deficiency increased (p < 0.05) 
medial tibial translation at 15° and 30° of flexion 
(Figure 2B). At 15°, the tibia translated medially 
by 1.2 (SD 0.9) mm in the intact knee and by 1.8 
(SD 1.1) mm in the ACL-deficient knee (p < 0.05). 
Under the combined quadriceps and hamstring 
load, ACL deficiency again increased (p < 0.05) 
medial tibial translation at 15° and 30° of flexion 
(Figure 2C). At 15° of flexion, the tibia translated 
medially by 0.3 (SD 1.0) mm in the intact knee 
and by 1.1 (SD 0.9) mm in the ACL-deficient knee 
(p < 0.05). 

Only a slight effect of ACL deficiency on varus-
valgus rotation was observed (Figure 3). Under the 
anterior tibial load, we observed a valgus rotation 
of the tibia in the ACL-deficient knee relative to 
the intact knee from full extension to 90° of flexion 
(Figure 3A). No statistically significant differences 
were observed at any flexion angle, however. Under 
the isolated quadriceps load, ACL deficiency sig-
nificantly increased (p < 0.05) the valgus rotation 
of the tibia at 15° and 30° of flexion (Figure 3B). 
At 15° of flexion, the valgus rotation in the intact 
knee was 0.8° (SD 0.6), whereas the ACL-deficient 
knee was rotated by 1.7° (SD 0.8). Under the com-
bined quadriceps and hamstring load, no statisti-
cally significant difference in varus-valgus rotation 
was observed (Figure 3C). 

Discussion

Our principal finding was that ACL deficiency 
increased medial tibial translation between 15° and 
30° under simulated muscle loads and between 0° 
and 90° under anterior tibial loads. ACL deficiency 
also increased valgus rotation at 15° and 30° under 
the isolated quadriceps load. Under the combined 
quadriceps and hamstring load, however, the 
valgus rotation of ACL-deficient knees was similar 
to that of the intact knees. These data support our 
hypothesis that ACL deficiency alters mediolateral 
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translation and varus-valgus rotation of the knee. 
The increased medial tibial translation after ACL 

deficiency can be explained by the geometry of the 
ACL during knee motion. Our recent study on in 
vivo ACL kinematics indicated that the ACL is ori-
ented obliquely, so as to resist medial tibial transla-
tion as well as anterior tibial translation (Li et al. 
2005b). Previous in vitro studies have also noted 
that the ACL has a force component that might 
restrain the medial translation of the tibia (Live-
say et al. 1997, Li et al. 2006b). All of these data 
suggest that ACL deficiency may increase knee 
laxity in the mediolateral direction in addition to 
the anteroposterior direction.

A medial shift of the tibia relative to the femur 
might explain the increased valgus rotation of the 
tibia after ACL deficiency. If the medial femoral 
condyle moves toward the upward slope of the 
tibial spine and the lateral femoral condyle moves 
away from the tibial spine, a relative valgus rota-
tion might result. This mechanism is consistent 
with the increased valgus rotation observed in 
ACL-deficient knees under quadriceps load. How-
ever, a combined hamstrings and quadriceps load 
reduced this difference compared to the isolated 
quadriceps. These data suggest that strengthening 
the hamstring muscles might reduce the valgus 
rotation caused by ACL deficiency.

Figure 2. (A) After ACL deficiency, medial tibial translation 
(denoted by positive values in the graphs) increased at all 
flexion angles under the anterior tibial load. (B) Under the 
isolated quadriceps load, medial translation increased at 
15° and 30°. (C) Under the combined quadriceps and ham-
string load, medial translation increased at 15° and 30°. (* 
p < 0.05).

Figure 3. (A) After ACL deficiency, no differences in varus-
valgus rotation were observed under the anterior tibial 
load. (B) Under the isolated quadriceps load, valgus rota-
tion (denoted by positive values in the graphs) increased 
at 15°. (C) No differences in varus-valgus rotation were 
observed under the combined quadriceps and hamstrings 
load. (* p < 0.05).
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The increase in medial tibial translation could 
have an important effect on tibiofemoral joint con-
tact mechanics. A small difference in translation 
might alter the contact stress distributions due to 
the complex geometry of the tibiofemoral carti-
lage (Li et al. 2005a). The increased medial trans-
lation may shift the regions of contact laterally, 
resulting in contact between the femoral condyle 
and the medial tibial spine. The possibility of this 
mechanism is supported by recent in vivo studies 
of ACL-deficient patients, in which an increase in 
medial tibial translation and a lateral shift in the 
cartilage contact (toward the medial tibial spine in 
the medial compartment) were observed (DeFrate 
et al. 2006, Li et al. 2006a). 

Altered cartilage contact patterns after ACL defi-
ciency might predispose the knee to degenerative 
changes. Previous reports have described cartilage 
lesions in the medial compartment of patients with 
ACL injury (Fairclough et al. 1990, Murrell et al. 
2001, Tandogan et al. 2004, Hill et al. 2005). In 
ACL-deficient patients, Fairclough et al. observed 
osteophytes on the lateral surface of the medial 
femoral condyle inside the intercondylar notch and 
on the medial tibial spine (Fairclough et al. 1990). 
These patterns of degeneration might be caused 
by impingement of the tibial spine on the medial 
femoral condyle, due in part to increased medial 
tibial translation (Fairclough et al. 1990, DeFrate 
et al. 2006, Li et al. 2006a).

One limitation of the current study was that a 
cadaveric model was used. It is difficult to simulate 
the complex loading conditions that occur in vivo 
using a cadaver. We therefore applied an anterior 
tibial load, an isolated quadriceps load, and a com-
bined quadriceps and hamstrings load, in order to 
simulate different types of loading. The simulated 
muscle loads were also lower in magnitude than 
in vivo muscle loads, which have been estimated 
to reach several times body weight (Li et al. 1999, 
Yoo et al. 2005). Despite these limitations, we con-
sistently observed increases in medial tibial trans-
lation after ACL deficiency in response to each of 
the various loading conditions. 

In conclusion, we found that in addition to 
altering anteroposterior tibial translation and 
internal tibial rotation, ACL deficiency increases 
medial tibial translation. Valgus rotation was also 
increased under isolated quadriceps loading at 

15° and 30° of flexion, but not under combined 
quadriceps and hamstring loading. These kine-
matic changes may shift the tibiofemoral articular 
cartilage contact locations toward the tibial spine 
in the medial compartment, resulting in altered 
articular cartilage contact stresses. This mecha-
nism might contribute to the medial compartment 
degeneration often observed in patients with ACL 
deficiencies. Thus, surgical reconstruction of the 
ACL should restore 6-degrees-of-freedom knee 
kinematics.
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