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Anterior-posterior (A-P) knee stability has been shown to
be dependent on a number of factors, including the cruciate
ligaments,3,10,13,22 the menisci,1,17,18,27 the joint capsule,30

and the geometry of the articular surfaces. The natural
posterior tibial slope, in particular, may also contribute to
stability in the sagittal plane.6,7,28,29

Tibial slope has been defined as the angle between a line
perpendicular to the mid-diaphysis of the tibia and the pos-
terior inclination of the tibial plateaus (Fig. 1). Mea-
surements based on lateral radiographs have shown the
tibial slope of the knee to average 10 ± 3°.4,11 Radiographic
studies have shown that there is a linear relationship
between tibial slope and tibial translation during unilater-
al weightbearing; that is, the greater the slope of the tibial
plateaus, the greater the anterior tibial translation, in both

ACL-intact and ACL-deficient knees.4-7 This is supported
by in vitro biomechanical investigations that have demon-
strated that anterior tibial translation can be increased by
various factors, including alterations in tibial slope,12

application of axial loads,19 changes in the ratio of quadri-
ceps/hamstrings contraction, and the angle of knee flex-
ion.2,14,15,20,23

Thus, the relationship between tibial slope and tibial
translation would suggest that changes in tibial slope
could indeed affect the A-P knee stability. As a result, sev-
eral authors have suggested the concept of performing an
osteotomy to restore “sagittal balance” (that is, tibial trans-
lation) in the ligament-deficient knee.6,7,28,29 However, the
effects of altering tibial slope on the knee kinematics or in
situ forces in the soft tissues of the knee are not well under-
stood. Furthermore, changes in tibial slope may also play
an important role in the setting of high tibial osteotomies
(HTOs) performed for the correction of coronal deformities
by affecting motion in the sagittal plane; for example, an
unintended increase in tibial slope occurring during a
medial opening wedge HTO may inadvertently increase
the anterior tibial translation of the knee.2

The objective of this study was to determine the effects
of increasing tibial slope on knee kinematics and the in
situ forces in the cruciate ligaments under A-P and axial
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compressive loads. A further objective was to assess the
effects of increasing tibial slope on the resting position of
the knee, that is, the position of the knee at which all exter-
nal forces and moments are minimized. The A-P load was
chosen to simulate the clinical exams for A-P knee stabili-
ty, whereas the axial load was chosen because radiograph-
ic studies have demonstrated a relationship between tibial
slope and tibial translation during weightbearing.4 The in
situ force measured represents the tension in the ligament
in its in situ position when external loads are applied. This
value is of interest because any ideal surgical technique
will replicate the normal forces in the intact ligament as
closely as possible; furthermore, significant increases in
the in situ force may indicate that the ligament is at
increased risk for failure. Based on the previous radio-
graphic observations of increased anterior tibial transla-
tion in knees with increased tibial slopes,4 we tested the
hypothesis that increasing tibial slope would shift the rest-
ing position of the tibia anteriorly relative to the femur. We
further hypothesized that the increased tibial slope would
increase anterior tibial translation as well as the in situ
forces in the ACL while decreasing posterior tibial transla-
tion and the in situ forces in the PCL.

MATERIALS AND METHODS

Ten fresh frozen human cadaveric knees (age, 60 to 78
years) were tested in this study. Specimens were thawed
overnight at room temperature for 24 hours, and the tibia
and femur were cut 20 cm from the joint line. Prior to test-
ing, manual and radiographic examinations were per-
formed to exclude any specimens with ligament or bony
abnormalities, and the slope of the tibial plateau was
measured from a lateral radiograph (Fig. 1). The fibula was
fixed to the tibia using a bicortical screw to maintain its
anatomic position. The skin and musculature were then
removed beyond 10 cm from the joint line, exposing the
femoral and tibial shaft but leaving the knee joint intact.
The specimen was then secured within thick aluminum
cylinders using an epoxy compound (Bond-Tite Products,
Cleveland, Ohio). The femoral clamp was fixed relative to
the base of the robotic manipulator (Puma model 762,
Unimate, Inc., Pittsburgh, Pennsylvania) through an
adjustable clamp. The tibial clamp was attached to the uni-
versal force/moment sensor (UFS) (Model 4015, JR3, Inc.,
Woodland Hills, California), which was connected to the
end-effector of the robotic manipulator. This testing system
is capable of operating in a position-controlled mode, that
is, moving the joint in space to a desired position and mea-
suring the resulting external forces and moments acting on
the joint. Using force-moment feedback from the UFS, the
robot can also be operated in a force-controlled mode as
well, enabling a desired force to be applied while the result-
ing changes in knee kinematics are recorded.26

The sequence of tests performed and data acquired are
detailed in Table 1. The path of passive flexion extension of
the intact knee was first determined from full extension to
120° of knee flexion. To achieve this, the position of the
knee that satisfied the condition of zero forces and
moments at each incremental angle of knee flexion was
determined. This is referred to as the “resting” position of
the knee and represents the natural resting or unloaded
position of the knee prior to the application of any external
or muscle loads.21 These positions served as the starting
point for the application of tibial loads throughout the test
as well as a reference for the measurement of knee kine-
matics. Three external loading conditions were then
applied to the tibia: (1) 134 N A-P tibial load at full exten-
sion, 30°, 60°, 90°, and 120° of knee flexion; (2) 200 N axial
compressive load (applied along the tibial axis) at 30° and
90° of flexion; and (3) combined 134 N A-P plus 200 N axial
load at 30° and 90° of flexion. For each loading condition,
the resulting five degrees of freedom (DOF) kinematics
(that is, A-P, medial-lateral and proximal-distal transla-
tions, internal-external and varus-valgus rotations) of the
intact knee were recorded.

The slope of the tibia was then increased via an anterior
opening wedge osteotomy fixed with a 5-mm buttress plate
(Opening Wedge Osteotomy Plates, Arthrex, Inc., Naples,
Florida). A longitudinal incision was made along the medi-
al border of the patellar tendon. Through the incision,
the osteotomy site was prepared on either side of the patel-
lar tendon insertion. The tubercle was not detached, and

Figure 1. Measurement of tibial slope as defined by the angle
between a line perpendicular to the mid-diaphysis of the tibia
and the posterior inclination of the tibial plateaus.

 at HAM-TMC LIBRARY on April 21, 2011ajs.sagepub.comDownloaded from 

http://ajs.sagepub.com/


378 Giffin et al. The American Journal of Sports Medicine

all peripheral capsuloligamentous structures attached to
the epiphysis were left intact. The joint capsule was not
violated.

The osteotomy was started approximately 2 to 3 cm dis-
tal to the joint line just above the tibial tubercle. The cut
was performed with an oscillating saw and was routed
slightly superior to finish distal to the PCL and capsular
insertion below the level of the joint line. The osteotomy
was completed at the level of the proximal tibiofibular
joint. The osteotomy was carefully distracted open against
the posterior cortical hinge using the Arthrex guide. A 5-mm
four-hole Arthrex (Puddu) plate was positioned along the
medial side of the patellar tendon. With the knee in exten-
sion, the plate was fixed proximally with two 6.5-mm can-
cellous screws and distally with 4.5-mm cortical screws.
The osteotomy site was filled using polymethylmethacry-
late. The skin incision was closed in an interrupted fashion.
A second lateral radiograph was taken, and the new tibial
slope was measured.

A new path of passive flexion-extension of the osteoto-
mized knee was then determined by again minimizing the
forces and moments on the joint in the other five DOF. All
subsequent measurements of knee kinematics were made
relative to these new resting positions.21 To assess the
effects of the osteotomy on the knee kinematics, the two
external loading conditions were applied again, and the
resulting kinematics were recorded.

In five of the knees, the PCL was then carefully transect-
ed arthroscopically. At each flexion angle tested, the robot-
ic manipulator reproduced the previously recorded kine-
matics of the osteotomized knee, and the new forces and
moment were measured. By the principle of superposition,
the change in the force vector measured before and after
sectioning the PCL is the in situ force in the PCL.8,9,26 The
ACL was then transected as well, and the in situ forces in
the ACL were determined in a similar manner. In the other
five knees, the order of sectioning was reversed, with the

ACL transected first followed by the PCL, and the result-
ing in situ forces in each were determined.

The data obtained consisted of the resting positions of
the intact and osteotomized knees in 5 DOF as well as the
5 DOF knee kinematics in response to the three external
loading conditions. Because these tests were performed
within the same knee specimen, the changes in knee kine-
matics could be statistically assessed using a two-factor
repeated measures analysis of variance followed by multi-
ple contrasts. For each loading condition tested, the two
factors analyzed were knee condition (intact, osteotomy)
and knee flexion (0°, 30°, 60°, 90°, 120°), whereas the
dependent variables were knee kinematics. The in situ
forces in the ACL and PCL were also obtained for the
osteotomized knee. These data were compared to previous
data obtained for the ACL and PCL from a similar series of
10 knees under the same external loading conditions16,25

using a one-factor ANOVA. The significance level was set at
P < .05.

RESULTS

The effects of the increase in tibial slope on the resting
position of the knee will first be described. We will then
present the effects of increasing slope on knee kinematics
and in situ forces in the cruciate ligaments in response to
the three external loading conditions.

Tibial slope was 8.8 ± 1.8° in the intact knee. Following
osteotomy, the slope increased significantly to 13.2 ± 2.1°,
representing an increase in slope of approximately 50%.
This increase in tibial slope resulted in a relative anterior
shift in the resting position of the knee compared to that
for the intact knee (Fig. 2). This anterior shift was highest
with the knee extended and tended to decrease as the knee
flexed, ranging from 3.6 ± 1.4 mm at full extension to 2.3 ±
1.9 mm at 120° of flexion. Rotational changes following

TABLE 1
Study Protocol for Determining Effects of Increasing Tibial Slope in the Intact Kneea

Study Protocol Data Obtained

1. Path of passive flexion extension from 0° to 120° Reference positions for intact knee

2. Intact knee Intact knee kinematics for A, B, C
A. 134 N A-P tibial load
B. 200 N axial compressive load
C. 134 N A-P tibial load + 200 N axial load
Perform opening wedge osteotomy

3. Find new path of passive flexion extension Reference positions for osteotomized knee

4. Osteotomized knee Osteotomized knee kinematics for A, B, C
Reapply A, B, C
Section ACL

5. Repeat osteotomized knee kinematics (step 4) and In situ force in ACL and PCL for A, B, C
measure new forces
Section PCL and repeat (step 5)

a A-P, anterior-posterior.
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osteotomy were small, with changes of less than 2° of exter-
nal tibial rotation observed and 0.5° of varus-valgus rota-
tion compared to the intact knee.

Under the 134 N A-P load, total A-P translation ranged
from 10.9 ± 2.0 mm to 13.3 ± 2.4 mm at 0° and 30°, respec-
tively, in the intact knee. The corresponding values for the
knee following osteotomy were not significantly different
for any knee flexion angle (10.4 ± 2.5 mm and 14.3 ± 2.8
mm, respectively). The corresponding anterior and posteri-
or tibial translations are shown in Table 2. When these
translations were measured with respect to the resting
positions of their respective knee conditions (that is, intact,
osteotomy), no significant changes could be demonstrated
between the two knee conditions for these values (P > .05).
However, because of the anterior shift in resting position
that occurred following osteotomy described above, it is
important to note that the entire envelope of total A-P
translation was translated anteriorly. Changes in other
degrees of freedom were very small following osteotomy,
with differences on the order of 1° to 2° axial rotation and
less than 0.5° varus-valgus rotation observed.

Following osteotomy, the in situ forces in the ACL ranged
from 72 ± 33 N to 112 ± 21 N at 120° and 30°, respectively,
under the anterior tibial load. The corresponding forces for
the PCL ranged from 28 ± 10 N at 0° of flexion to 130 ± 21 N
at 90° under the posterior tibial load. No significant differ-
ences could be demonstrated between these values and
those from previous data for the intact knee16 except at
120° where in situ forces in the PCL were 27 N higher on
average than for the intact PCL.

Under the isolated 200 N axial compressive load, trans-
lations ranged from 2.7 ± 2.7 mm of anterior tibial transla-
tion at 30° of flexion to 0.4 ± 2.7 mm of posterior tibial
translation at 90°. Following osteotomy, these values
increased to 4.7 ± 2.0 mm and 1.5 ± 3.2 mm, representing a
significant relative increase in anterior tibial translation of
2 mm at both flexion angles (Fig. 3). Kinematic changes in
the other DOF were again very small following osteotomy
(that is, on the order of 1° of axial tibial rotation and 0.5° of
varus-valgus rotation). Following osteotomy, the in situ
forces in the ACL were 33 ± 18 N and 18 ± 10 N at 30° and

90°, respectively, under the axial load (Table 3).
Comparison with previous data revealed no significant dif-
ferences compared to those for the intact knee.25 The in situ
forces in the PCL were 19 ± 15 N and 22 ± 11 N at 30° and
90°, respectively (Table 3). The in situ force in the PCL at
30° was significantly lower than those for previous data
from the intact knee by an average of 14 N.16

Under the combined A-P and axial loads, total A-P trans-
lation was 14.4 ± 3.3 mm and 13.1 ± 4.5 mm at 30° and 90°,
respectively, in the intact knee. The corresponding values
for the knee following osteotomy were not significantly dif-
ferent (14.5 ± 3.9 mm and 13.3 ± 4.6 mm, respectively). No
significant changes could again be demonstrated between
the intact and osteotomized knee conditions for these val-
ues (P > .05). Kinematic changes in the other DOF were
again very small following osteotomy (that is, on the order
of 1° of axial tibial rotation and 0.2° of varus-valgus rota-
tion). Following osteotomy, the in situ forces in the ACL
were 128 ± 17 N and 69 ± 38 N at 30° and 90°, respectively,
under the combined load. The corresponding forces for the
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Figure 2. Anterior shift in resting position after increasing tib-
ial slope in the intact knee (mean ± SD, n = 10).

TABLE 2
Anterior Tibial Translation (ATT) and Posterior Tibial

Translation (PTT) (in mm, mean ± SD) in Response 
to a 134 N Anterior-Posterior Tibial Load for 

the Intact and Osteotomized Kneesa

Intact Knee Osteotomized Knee

ATT PTT ATT PTT

0° 4.2 ± 1.1 6.7 ± 1.5 4.1 ± 0.9 6.3 ± 2.4
30° 7.2 ± 2.7 6.1 ± 2.3 7.6 ± 2.5 6.6 ± 2.4
60° 6.9 ± 1.9 4.8 ± 1.9 7.8 ± 2.2 4.4 ± 2.4
90° 7.0 ± 2.6 4.4 ± 1.9 7.4 ± 2.3 4.0 ± 2.3
120° 6.6 ± 2.8 4.9 ± 1.8 7.9 ± 3.0 4.5 ± 1.9

a Translations were measured with respect to the resting posi-
tions of the intact and osteotomized knees, respectively.
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Figure 3. Effect of increasing tibial slope on anterior tibial
translation under isolated axial compressive load (mean ±
SD, n = 10)
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PCL were 50 ± 30 N and 105 ± 28 N. No significant differ-
ences could be demonstrated between these values and
those from the data for the intact knee.16,25

DISCUSSION

In this study, we investigated the effect of increasing tibial
slope on knee kinematics and in situ forces in the cruciate
ligaments. The data confirmed our hypothesis that an
increase in tibial slope, via an anterior opening wedge
osteotomy, would shift the resting position of the tibia ante-
riorly relative to the femur. The anterior shift in resting
position was present throughout the range of knee flexion
and reached a maximum of 3.6 mm in full extension. The
shift represented the difference between the path of pas-
sive flexion extension of the knee in the intact and
osteotomized conditions.

These findings are consistent with a recent study by
Giffin et al. that also reported an anterior shift in the rest-
ing position after increasing tibial slope.12 In this study, the
authors used a three-dimensional tracking device to assess
knee kinematics. For a 5-mm increase in tibial slope, the
magnitude of the anterior shift in resting position was
quite comparable to that observed in our study. The
authors also found that larger increases in tibial slope
(that is, 7.5 and 10 mm) caused an even larger anterior
shift in resting position. These data suggest that the
change in the resting position of the knee alters the point
of contact between the tibial plateau and femoral condyles.
Clinically, this change could be very important, particular-
ly in the evaluation and treatment of ligament and chon-
dral injuries, as restoration of normal tibiofemoral contact
may help to prevent or reduce degenerative changes.
However, further data are needed to determine whether
this anterior shift truly provides a beneficial effect on struc-
tures such as the menisci and on joint contact forces.

The osteotomy performed in this study was limited to the
sagittal plane, and thus the coronal plane was left essen-
tially unaffected. Therefore, the tibial axis of the joint in
the coronal plane should also remain unchanged. This was
verified in preliminary testing in which varus-valgus laxi-
ty was measured after the osteotomy and was found to be

within 1° of the intact knee. Furthermore, increasing tibial
slope should only affect the proximal tibia, changing the
contact point between the articular surfaces of the tibia
plateau and femoral condyles and resulting in the anterior
tibial shift observed in this study.

The addition of a 200 N axial compressive load in our
study caused a further increase in anterior tibial transla-
tion in the osteotomized knee compared to the intact knee
condition. Because of the posterior tibial slope, the axial
compressive load is composed of not only a proximal com-
ponent but also an anterior force component, resulting in
an additional anterior translation of the tibia (Fig. 4). This
finding is also consistent with previously reported radi-
ographic assessments that showed there is a positive cor-
relation between tibial slope and anterior tibial transla-
tion.7 The value of 200 N for the axial load was based on the
upper limits of the robot’s capabilities along that axis.
Although the data obtained in this study are not repre-
sentative of a full weightbearing condition, the results
demonstrate the relative effects of axial loads on tibial
translations.

On the other hand, increasing the tibial slope could not
be shown to significantly affect total A-P translations
under the combined A-P and axial load. Thus, our hypothe-
sis that increasing tibial slope would increase anterior tib-
ial translation and decrease posterior tibial translation
was only partially confirmed. However, it should be noted
that although the total A-P translation did not change
between the intact and osteotomized knees, the envelope of
motion was shifted anterior following the osteotomy due to
the change in resting position. Thus, if compared to the
original resting position of the intact knee, a relative
increase in anterior tibial translation and a decrease in
posterior tibial translation occurred. Furthermore, con-
trary to our hypothesis, there was no change in the in situ
forces in the cruciate ligaments under combined A-P and
axial loads. One possibility for this finding may be the
change in the anatomy of the proximal tibia and the rela-
tive positions of the cruciate insertions following the
osteotomy. It is also possible that the changes observed in
translation were not large enough to elicit significant
changes in the in situ forces in the cruciate ligaments, per-
haps with secondary restraints such as the medial collat-
eral ligament, menisci, and joint contact providing addi-
tional restraint. Further studies are needed to determine
whether larger increases in the tibial slope would result in
more significant changes in knee kinematics and in situ
forces in the soft tissues.

The results from this study suggest that a small increase
in tibial slope, which may occur inadvertently during medi-
al opening-wedge HTOs, would not adversely affect overall
A-P knee stability or the in situ forces in the cruciate liga-
ments. However, the changes observed in the resting posi-
tion with osteotomies in the sagittal plane may be impor-
tant in the treatment of cruciate ligament-deficient knees
because the articular contact between the tibia and femur
is altered. Thus, it can be hypothesized that decreasing
tibial slope should improve stability in the ACL-deficient
knee, whereas increasing the tibial slope should improve

TABLE 3
In Situ Forces in the ACL and PCL (mean ± SD)

for the Intact and Osteotomized Knees Under 
the 200 N Axial Compressive Load

Intact Knee Osteotomy

30° 90° 30° 90°

ACLa 38 ± 17 N 18 ± 11 N 33 ± 18 N 18 ± 10 N
PCLb 34 ± 14 N 36 ± 29 N 19 ± 15 Nc 22 ± 11 N

a Intact knee data from Papageorgiou et al.25

b Intact knee data from Kanamori et al.16

c P < .05 compared to intact knee.
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the stability in the PCL-deficient knee. Anteromedial open-
ing-wedge HTOs have recently been described for the
treatment of the PCL-deficient knee.24 The data obtained
suggest that increasing tibial slope may reduce posterior
tibial sag in this setting. Clinically, the anterior shift in the
reference position should be beneficial as posterior tibial
subluxation leads to joint incongruity and unloads the pos-
terior horn of the medial meniscus from weightbearing
forces in the PCL-deficient knee. Further studies are sug-
gested to delineate the full implications of altered tibial
slope on knee kinematics and in situ forces in the soft tis-
sues, as well as tibiofemoral contact pressures, in ligament-
deficient knees.
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