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ABSTRACT: Abnormal anterior translation of the femur on the tibia has been observed in mid flexion (20–608) following posterior stabilized
total knee arthroplasty. The underlying biomechanical causes of this abnormal motion remain unknown. The purpose of this study was to
isolate the effects of posterior cruciate ligament removal on knee motion after total knee arthroplasty. We posed two questions: Does
removing the posterior cruciate ligament introduce abnormal anterior femoral translation? Does implanting a posterior stabilized prosthesis
change the kinematics from the cruciate deficient case? Using a navigation system, we measured passive knee kinematics of ten
male osteoarthritic patients during surgery after initial exposure, after removing the anterior cruciate ligament, after removing the posterior
cruciate ligament, and after implanting the prosthesis. Passively flexing and extending the knee, we calculated anterior femoral translation
and the flexion angle at which femoral rollback began. Removing the posterior cruciate ligament doubled anterior translation (from
5.1�4.3 mm to 10.4� 5.1 mm) and increased the flexion angle at which femoral rollback began (from 31.2�9.68 to 49.3�7.38). Implanting
the prosthesis increased the amount of anterior translation (to 16.1� 4.4 mm), and did not change the flexion angle at which femoral rollback
began. Abnormal anterior translation was observed in low and mid flexion (0–608) after removing the posterior cruciate ligament, and
normal motion was not restored by the posterior stabilized prosthesis. �2008 Orthopaedic Research Society. Published by Wiley Periodicals,

Inc. J Orthop Res 26:1494–1499, 2008
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Posterior stabilized (PS) total knee prostheses are
designed to stabilize anterior–posterior (AP) knee
motion by mechanical interaction between the tibial
post and the femoral cam after removal of the posterior
cruciate ligament (PCL).1 The PCL resists anterior
femoral translation,2 particularly between 30 and 908 of
knee flexion.3 The cam–post interaction is designed to
engage near 758 of flexion4 to prevent anterior femoral
translation and produce femoral rollback in deeper
flexion, mimicking the normal motion of the knee.1,5

Femoral rollback increases quadriceps moment arm6

and increases range of motion by increasing the flexion
angle at which the femur impinges on the posterior
tibial plateau.7–11

Measurements of knee motions in total knee arthro-
plasty (TKA) patients and cadavers have revealed
abnormal knee kinematics after PS knee arthroplasty.
In particular, researchers have observed greater than
normal anterior femoral translation in mid flexion (20–
608) during stair climbing,12–14 deep knee bend,5 the
stance phase of gait,15 and under passive motion.16

Anterior translation of the medial femoral condyle was
observed at 30 and 608 of knee flexion under passive
motion and simulated muscle loads in cadaver studies.17

This abnormal translation implies sliding, which could
accelerate prosthesis wear.18,19 An anterior position of
the femur on the tibia may also decrease the moment
arms of the knee extensors.6,12,20

In other studies, however, no anterior translation was
observed in PS knees during quasi-static deep knee
bend,21,22 stepup,23 and kneeling24 in patients, or with
simulated muscle loads in cadaver studies.25 Simula-
tions of a stepup activity with a PS knee26 predicted
larger translations than were observed for stepup tasks
in vivo.23

The kinematics following TKA are variable and are
influenced by several factors,27 including muscle and
external forces,12 prosthesis type (cruciate retaining or
PS),14,15 prosthesis design (placement of the cam and
post,28 tilt or slope of the tibial component,4,29 contour of
the polyethylene insert30), and surgical variables, such
as ligament release31 and restoration of the joint line.32

The contributions of individual factors to knee kine-
matics are difficult to measure postoperatively, and
factors leading to the observed abnormal anterior
femoral translation may be significant in some locomotor
tasks and not in others.

One possible cause of anterior femoral translation in
low to mid flexion is removal of the PCL. The purpose of
this study was to examine the effects of PCL removal on
the passive kinematics of the knee after implantation of
a PS prosthesis. We addressed two questions: does PCL
removal introduce abnormal anterior translation of
the femur? Does PS prosthesis implantation change
the kinematics from the cruciate deficient case? We
answered these questions by measuring knee kinematics
throughout the range of flexion and extension during
TKA. From these measurements we calculated anterior
femoral translation and the knee flexion angle at which
femoral rollback began. Recording kinematics during
surgery allowed us to make paired comparisons between
the cruciate ligament deficient knee and both the
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osteoarthritic knee prior to ligament removal and the
knee after prosthesis implantation in each subject. A
single implant design was used throughout the study,
and was installed with consistent technique by the same
surgeon. We measured kinematics without large muscle
or external forces, allowing us to isolate the effects of PCL
removal on passive knee motions.

MATERIALS AND METHODS
Knee kinematics were measured in 10 male subjects during
primary TKA for osteoarthritis. Pilot data indicated that nine
subjects were required to detect a difference in anterior
translation of 3.5 mm with a power of 0.8. Institutional review
boards at Stanford University and Veterans Affairs Palo Alto
Health Care System approved the protocol, and subjects gave
informed consent.

A custom-built surgical navigation system was used to
record knee kinematics during surgery16 (Fig. 1). The tourni-
quet was inflated with the subject’s knee maximally flexed.
After the initial surgical exposure through a medial para-
patellar approach, infrared reflective trackers (Traxtal Inc,
Toronto, Ontario) were affixed directly to the femur and tibia.
The position and orientation of the trackers were recorded by an
optical tracking system (Polaris, Northern Digital, Waterloo,
Ontario). Using an infrared reflective stylus, the surgeon
digitized anatomic landmarks to establish the transformations
for the anatomic femur and tibia reference frames relative to
the femoral and tibial trackers. The origin of the femur
reference frame was the anterolateral edge of the PCL attach-
ment. The origin of the tibia reference frame was the center of
the anterior cruciate ligament (ACL) attachment. The anterior
tibial axis was the cross product of the vector containing the
most lateral and medial points on the tibial plateau with the
vector containing the midpoint of the lateral and medial
malleoli and the origin. The anterior direction was defined to
be positive. Diagrams and details of the anatomic reference
frame conventions16 were published previously.

Knee kinematics were recorded at four surgical stages. The
first stage was after initial surgical exposure but before cruciate
ligament removal (Intact). Next, the surgeon sequentially
removed the ACL and then the PCL, and recorded the
kinematics after each ligament removal (No ACL, No ACL No
PCL). The order of cruciate ligament removal was not
randomized. The surgery progressed normally, using conven-

tional instrumentation supplied by the manufacturer to
implant the prosthesis and restore the joint line. Kinematics
were recorded a final time after cementing the prosthesis
(TKA). A NexGen Legacy PS Knee (Zimmer Inc.,Warsaw, IN)
was used in each case. No releases of the lateral or medial
collateral ligaments were performed.

At each surgical stage, knee motions were recorded as the
surgeon moved the knee through a range of flexion and
extension three times.16 The subject was supine on the
operating table, and the patella was reduced in the trochlear
groove. To reach maximum extension, the subject’s leg was
supported at the heel by the surgeon’s open palm. To flex the
knee, the surgeon used his other hand to raise the subject’s
thigh, while still supporting the heel with an open palm, flexing
both the knee and the hip. To reach maximum knee flexion, the
foot was released once the hip was flexed beyond 908. Gravity
pulled the knee into deeper flexion. To extend the knee, the
surgeon supported the subject’s heel with an open palm while
the thigh was slowly lowered, extending both the knee and
the hip.

During this motion, the optical tracking system recorded the
positions and orientations of the femoral tracker with respect to
the tibial tracker at 30 Hz. From these data and the femur and
tibia reference frames, we calculated the knee flexion angle33

and anterior position of the femur16 over the range of flexion
and extension. Knee flexion angle was calculated according to
Grood and Suntay.33 The anterior position of the femur was
defined by the projection of the origin of the femur frame onto
the anterior axis of the tibia. A fifth order polynomial was fit to
each of the plots of anterior position of the femur versus flexion
(Fig. 2). The mean root-mean-square (RMS) error between the
polynomials and the experimental data was 0.81 mm over all
subjects. From the polynomials, we calculated the anterior
translation of the femur, which was defined as the difference
between the anterior position at maximum extension, and
the most anterior position (Fig. 3, arrow). We also calculated the
knee flexion angle at which the most anterior position occurred;
this was considered to be the knee flexion angle at which
femoral rollback began.

Differences in anterior femoral translation among the
four surgical stages were identified using repeated-measures

Figure 1. Intraoperative experimental setup. An optical track-
ing system recorded knee motions using the positions and
orientations of trackers affixed to the femur and tibia. At four
surgical stages, knee motions were recorded as the surgeon moved
the knee through its range of flexion and extension. (see methods for
details)

Figure 2. Anterior femoral position throughout the range of
knee flexion for one subject after removal of the ACL and PCL.
Experimental data represent three trials of flexion extension. Data
were fit with a fifth-order polynomial.
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analysis of variance. Surgical stages were compared with
paired student’s t-tests with Bonferroni correction for multiple
comparisons. We made three comparisons to investigate the
role of PCL removal. Comparing the Intact and No ACL stages
showed the contribution of removing the ACL. Comparing the
Intact and No ACL No PCL stages showed the contribution of
removing the PCL. Comparing the No ACL No PCL and TKA
stages showed the contribution of prosthesis implantation.
Differences in flexion angle at initiation of femoral rollback
were identified using the same tests.

RESULTS
Removing the PCL introduced abnormal anterior
femoral translation, doubling the amount compared to
the intact knee (p<0.001, Fig. 4 Intact vs. No ACL No
PCL). PCL removal also caused femoral rollback to
begin at a deeper flexion angle, 49.3�7.38 (p< 0.001,
Fig. 5 Intact vs. No ACL No PCL). Removing the ACL

did not change anterior translation (p¼0.21, Fig. 4
Intact vs. No ACL), nor did it change the flexion angle at
which femoral rollback began (p¼0.54, Fig. 5 Intact vs.
No ACL).

Implanting the PS total knee prosthesis changed the
kinematics from the cruciate deficient stage. Implanting
the prosthesis further increased anterior translation
(p¼ 0.01, Fig. 4 No ACL No PCL vs. TKA). The mean
anterior translation after prosthesis implantation
(16.1 mm) was three times that of the intact knee. We
did not detect a difference in the flexion angle at which
femoral rollback began (p¼0.74, Fig. 5 No ACL No PCL
vs. TKA).

DISCUSSION
Several studies have reported abnormal anterior trans-
lation of the femur on the tibia in mid flexion (20–608)
after PS TKA.5,12–16 This abnormal anterior translation
may reduce the quadriceps moment arm and increase
wear of polyethylene inserts. We investigated a possible
cause of this anterior translation: removal of the PCL.
Measurements of passive knee kinematics throughout
the range of flexion and extension during TKA revealed
that abnormal anterior translation of the femur
throughout low and mid flexion was introduced imme-
diately after removal of the PCL, and that normal
motion was not restored by implantation of a PS
prosthesis.

The changes in anterior femoral translation between
stages must be interpreted in terms of our experimental
protocol and the orientations of the ligaments. At full
extension, the lower extremity was horizontal and was
supported at the thigh and heel16,34 such that the weight
of the tibia caused a posteriorly directed force on the tibia
that would move the femur anterior relative to the tibia.
As the knee flexed, the tibia rotated toward vertical,

Figure 3. Anterior femoral position throughout the range of
knee flexion for one subject at the four surgical stages (Intact, No
ACL, No ACL No PCL, TKA. Arrow indicates anterior femoral
translation.

Figure 4. Anterior femoral translation at the four surgical stages
(mean�SD). The mean anterior femoral translation significantly
increased with PCL removal (No ACL No PCL) and with prosthesis
implantation (TKA). *p<0.05.

Figure 5. Knee flexion angle at which femoral rollback began at
the four surgical stages (mean�SD). Femoral rollback angle
occurred in deeper flexion after removal of the PCL (No ACL No
PCL). Normal femoral rollback angle was not restored with the
prosthesis (TKA). *p<0.05.
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decreasing the force component in the posterior tibial
direction. This differs from passive loading conditions
used in robotic cadaver studies,17,25 in which the passive
path was defined by zero forces and moments applied to
the joint.35 In the Intact stage, our results are consistent
with previous results,16 which showed that the AP
motion of osteoarthritic knees during TKA was not
significantly different from the motion of normal cadaver
knees during a similar passive motion. After ACL
removal, the anterior femoral position throughout
flexion of each knee was indistinguishable from the
Intact stage (Fig. 3), despite the body of literature
describing kinematic changes in ACL deficient knees
during various functional activities.36,37 The ACL is
positioned to resist anterior tibial loads, particularly in
low flexion (0–308).38,39 The posterior directed weight of
the tibia that occurred in our protocol likely unloaded the
ACL. After removing the PCL, anterior femoral trans-
lation increased. The PCL is positioned to resist posterior
tibial loads (anterior femoral loads), particularly from
30 to.2,39,40 When the ACL is absent, PCL function may
be altered. Because ACL removal caused no detectable
changes to passive kinematics measured in our experi-
ments, we considered the changes to PCL function
negligible. Thus, the changes between the intact stage
and the cruciate deficient stage were considered to result
primarily from PCL removal. After the PS prosthesis was
implanted, anterior femoral translation began at full
extension and continued into mid flexion (Fig. 3, arrow),
consistent with previous results using the same implant
and same experimental protocol.16

In the initiation angle of femoral rollback, we detected
no difference between the cruciate deficient stage and
postimplantation stage (Fig. 5, No ACL No PCL vs. TKA).
In the cruciate deficient stage (No ACL No PCL), femoral
rollback is initiated by the geometry of the articulating
surfaces and by the remaining soft tissue structures of
the knee, including the medial and lateral collateral
ligaments, posterior capsule, and hamstrings. These
same mechanisms may be initiating femoral rollback
during passive motion after implantation of the PS
prosthesis. We did not measure cam–post engagement
directly, but noted that after prosthesis implantation,
femoral rollback began on average at 488 flexion (Fig. 5).
This is below the expected flexion angle of cam–post
engagement. The cam–post mechanism in this PS
prosthesis was reported to engage between 60 and 908
of flexion17 or between 80 and 908 of flexion.25 A model
of the Insall-Burstein PS prosthesis, a precursor to
the NexGen prosthesis, predicted that the cam–post
mechanism would engage at 758 of flexion.4 The weight of
the tibia created a small posterior tibial load, which may
have caused the cam–post mechanism to engage at a
lower flexion angle.

Our study has several limitations. We used a single
implant design, and therefore could not test for differ-
ences between implants. Other implants designed to
limit anterior translation in low flexion could yield
different results.6 Only one surgeon participated in the

study; thus, we could not test for differences arising
from individual surgical technique. Cruciate ligament
removal was not randomized; in all 10 subjects, the
surgeon removed the ACL first, and then the PCL. The
ACL is not positioned to resist anterior translation of the
femur,39,41 which was the effect under investigation.
Because the anterior attachment of the meniscus was
detached as part of the surgical approach, meniscal
stabilization of AP motion may have been altered. All
data were collected with the lower extremity under
tourniquet pressure, which may have altered knee
kinematics. Implantation of the prosthesis offsets the
relative positions of the origins of the femur and tibia
reference frames, which was analyzed in detail previ-
ously.16 This offset has minimal effect results because we
measured the anterior femoral translation, which sub-
tracts this offset.

Intraoperative measurements present both advan-
tages and limitations. Intraoperative measurement
allowed us to rigidly affix trackers to the femur and
tibia, which eliminated measurement errors due to soft
tissue motion and allowed accurate tracking of bone
motion. Intraoperative measurements also allowed
direct comparisons of knee motions before and after
cruciate ligament removal, and after prosthesis im-
plantation. Using trackers fixed to the bones allowed
consistent comparison of flexion angles even with altered
geometry following implantation of the prosthesis.
However, intraoperative measurements are inherently
limited to studying passive motions. Studying passive
kinematics allowed us to separate the effects of implant
geometry and passive structures from the effects of large
muscle forces and large external loads that occur during
locomotion and other activities. Although knee kine-
matics during walking are likely different from passive
kinematics, the observation of anterior femoral trans-
lation in both passive16 and active5,12–15 motions implies
that joint geometry and passive structures, such as the
PCL, influence AP motion. Future work is needed to link
passive kinematics recorded during surgery to loaded
kinematics measured after surgery.

PCL retaining prostheses have also demonstrated
abnormal anterior translation of the femur. Anterior
femoral translation was observed in mid flexion in
patients with cruciate retaining prostheses during
stepups and stair climbing8,13,42 and deep knee
bends21,43 In studies that directly compared cruciate
retaining and PS designs, the knees with cruciate
retaining prostheses sometimes showed greater anterior
femoral translation and/or greater kinematic variabil-
ity.8,13,21,44 The PCL may be unable to resist anterior
femoral translation in low and mid flexion in a PCL
retaining prosthesis if the PCL is not tensioned properly
or if the collateral ligaments are not properly balanced.
These findings highlight the complexity of the interac-
tion between soft tissues, implant design, surgical
technique, and muscle coordination in determining
postoperative kinematics. A challenge for the future is
to develop new implant designs and surgical techniques
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to better control anterior femoral translation in low and
mid flexion.
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