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Effects of sectioning

KNEE

the posterolateral structures
on knee kinematics and in situ forces
in the posterior cruciate ligament

Abstract The objective of this study
was to determine the effects of sec-
tioning the posterolateral structures
(PLS) on knee kinematics and in situ
forces in the posterior cruciate liga-
ment (PCL) in response to externa
and simulated muscle loads. Ten hu-
man cadaveric knees were tested us-
ing a robotic/universal force-moment
sensor testing system. The knees
were subjected to three loading con-
ditions: (a) 134-N posterior tibia
load, (b) 5-Nm external tibial torque,
and (c) isolated hamstring load (40 N
biceps/40 N semimembranosus). The
knee kinematics and in situ forcesin
the PCL for the intact and PL S-defi-
cient knee conditions were deter-
mined at full extension, 30°, 60°, 90°,
and 120° of knee flexion. Under pos-
terior tibial loading posterior tibial
tranglation with PLS deficiency in-
creased significantly at al flexion an-
glesby 55+ 1.5mmt0 0.8+ 1.2 mm
at full extension and 90°, respec-
tively. The corresponding in situ
forcesin the PCL increased by 17—
19 N at full extension and 30° of

knee flexion. Under the external tib-
ial torque, external tibia rotation in-
creased significantly with PLS defi-
ciency by 15.1 + 1.6° at 30° of flex-
ionto 7.7 £ 3.5° at 90°, with thein
situ forces in the PCL increasing by
1590 N. The largest increase oc-
curred at 60° to 120° of knee flexion,
representing forces two to six times
of those in the intact knee. Under the
simulated hamstring load, posterior
tibial tranglation and external tibial
and varus rotations also increased
significantly at all knee flexion an-
gles with PLS deficiency, but this
was not so for the in situ forcesin
the PCL. Our data suggest that in-
juries to the PLS put the PCL and
other soft tissue structures at in-
creased risk of injury duetoin-
creased knee motion and the elevated
in situ forces in the PCL.

Key words Posterior cruciate
ligament - Posterolateral structure -
Knee kinematics - In situ forces -
Hamstring

Introduction

While injuries to the posterior cruciate ligament (PCL) of
the knee can occur as isolated tears, the majority are ac-
companied by damage to one or more other structures of
the knee, including the anterior cruciate ligament or me-
dial collateral ligament, and may involve even complete
knee dislocations [3, 6, 10, 14, 15]. The high incidence of

such combined injuries has been attributed to high-veloc-
ity trauma. The most common concomitant injury occur-
ring with the PCL is that of the posterolateral structures
(PLS), which has been reported to occur in up to 60% of
all PCL injuries[6].

The PLS of the knee are roughly divided into two pri-
mary components, the lateral collateral ligament and the
popliteus complex [12, 22, 24, 25, 27-29] (Fig.1). The
popliteus complex consists of the muscle-tendon unit and
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Fig.1 Photograph detailing the anatomy of the posterolateral
structures. A Popliteus tendon, B popliteus muscle, C popliteofibu-
lar ligament, D popliteotibial and popliteomeniscal fascicles, E lat-
eral collateral ligament

ligamentous connections between the tendon and the
fibula, tibia, and meniscus, known as the popliteofibular
ligament and popliteotibial and popliteomeniscal fasci-
cles, respectively [16, 20, 24, 25]. With its tendinous and
ligamentous components, the popliteus complex imparts
both static and dynamic restraint to the knee [2, 11, 18,
24, 26]. The arcuate ligament complex and fabellofibular
ligament are also considered part of the PLS, but the im-
portance of these structuresis believed to be relatively mi-
nor [24, 25, 27].

The PLS and the PCL work together to resist external
tibial rotation and posterior tibial translation [8, 9, 24, 28].
Under a5 Nm external tibial torque, isolated sectioning of
the PLS resulted in an increase of approximately 10-15°
of rotation, while sectioning of the PCL resulted in no
changes in external rotation. However, with combined
PCL/PLS deficiency, external tibial rotation became much
larger, up to 30—40° at 60-90° of flexion [8, 9]. Similar in-
creases are observed under posterior tibial loading [8, 9,
28].

The dynamic component of the popliteus complex has
also been shown to have a significant effect on knee kine-
matics and on the PCL, with a simulated popliteus muscle
load resulting in significant decreases in posterior tibial
trandlation and in situ force in the PCL [11]. Previous
work in our research center has aso indicated that the in

situ forcesin the PLS increase significantly when the PCL
is absent [12]. Because of the biomechanical interaction
between these two structures we hypothesize that the re-
verse effect would be true, that is, that PLS deficiency
would significantly increase the in situ forces in the PCL.
Therefore the objective of this study was to determine the
effects of sectioning the PLS on knee kinematicsin multi-
ple degrees of freedom (DOF) and on the in situ forcesin
the PCL, when the knee is subjected to external and mus-
cle loads. To study this we tested human cadaveric knees
using a rabotic/universal force-moment sensor testing
system. This testing system can determine multiple DOF
knee kinematics and in situ forces in knee ligaments,
without making contact with any soft tissue [7, 21]. All
tests were performed in the same knee, thus minimizing
variability in data from testing different specimens.

Materials and methods

Ten fresh-frozen human cadaveric knees (age range 5286 years)
were tested. The knees were stored in airtight plastic bags at
—20°C. At 24 h prior to testing the specimens were thawed at room
temperature. All knees were radiographed and examined for any
deformities or previous ligament injury; if any were detected, the
specimen was excluded from the study. The femur and tibia were
cut to approximately 20 cm in length from the joint line, and all
muscle and soft tissue proximal and distal to the joint were dis-
sected, enabling the exposed part of the bones to be potted in an
epoxy compound for fixation in custom-designed metal clamps.
Sutures were tied to the semimembranosus and biceps tendons to
enable the application of simulated hamstring loads. This consti-
tuted the intact knee condition.

The intact knees were tested using a robotic/universal force-
moment sensor (UFS) testing system. The femur was first rigidly
fixed relative to the base of the robot, while the tibia was securely
fastened through the UFS to the end-effector of the robot. The ro-
bot (Unimate, Westinghouse, Pittsburgh, Penn., USA) is capable
of position control of the joint in six DOF. The UFS (JR%, Wood-
land Hills, Calif., USA) can measure three orthogonal forces and
moments applied to its face and provides force and moment feed-
back to the robot, enabling it to operate in a force (or load) control
mode as well. In combination the robotic/UFS testing system can
measure multiple DOF knee kinematics and in situ forces in knee
ligaments under externally applied loads at selected knee flexion
angles without making contact with any ligament [7, 21].

The path of passive flexion-extension of the intact knee from full
extension to 120° of knee flexion was first determined. To achieve
this the robotic/UFS testing system minimized all external forces and
moments acting on the joint through the range of flexion-extension
while operating under load control mode. This series of positions
served as the reference positions for the knee specimen for the appli-
cation of external loads and for the measurement of knee kinematics
at selected knee flexion angles throughout the test.

The study protocol is detailed in Table 1. With the robot oper-
ating under load control, two external loads, 134 N posterior tibial
load, and 5 Nm external tibia torque, were applied to the knee at
full extension, 30°, 60°, 90°, and 120° of knee flexion. These load-
ing conditions were chosen to simulate the clinical examinations
for PCL and PL S deficiency, namely, the posterior drawer and ex-
ternal rotation tests [4, 10, 14, 24], and were in effect applied at a
point 10 cm distal to the joint line. For each applied load, the re-
sulting five DOF knee kinematics were recorded (anterior-poste-
rior, medial-lateral, and proximal-distal tibia transations, and in-
ternal-external and varus-valgus rotations).
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Table1l Testing protocol and data obtained

Testing protocol Data obtained

I.  Intact knee
A. 134 N posterior tibial load
B. 5 Nm external tibial torque
C. Isolated hamstrings load
Il. PLS-deficient knee
Reapply A, B, C
I11. Section PCL

1V. Repest intact knee kinematics

Knee kinematics (A-P, M-L,
P-D trandlation, I-E, V-V
rotation) for A, B, C

Knee kinematics for A, B, C

In situ force in the PCL, intact
knee

V. Measure new forces and

moments

V1. Repeat PLS-deficient knee In situ force in the PCL,
kinematics PL S-deficient knee
Measure new forces and mo-
ments

The knees were further tested in response to a simulated ham-
string load of 40 N each applied to the biceps and semimembra-
nosus tendons via a customized jig with a set of pulleys and
weights attached to the femoral clamp (Fig.2) [13, 17]. This load-
ing condition was chosen because hamstring loads have been
shown to cause a posterior tibial translation and an increase in the
in situ forces in the PCL [13]. The cables were oriented parallel to
the femur to mimic the lines of action of the muscles in vivo. Op-
erating under load control, the robotic/UFS testing system found
the new position of the knee in response to the applied muscle
load. This was defined as the position of the knee at which all ex-
ternal forces and moments on the joint were minimized, and the re-
sulting five DOF knee kinematics were recorded. The muscle load

Fig.2 Schematic of method for application of simulated muscle
loads using robotic/UFS testing system

was then removed and the UFS measured the forces and moments
on the joint at the new knee position.

The PLS, including the popliteus complex and the lateral col-
lateral ligament, were then transected using a scalpel. The previ-
ously determined kinematics of the intact knee were repeated by
the robot while operating in a position-controlled mode, while the
UFS measured a new set of forces and moments. The identical
loading conditions were then applied to the PLS-deficient knee,
and the resulting knee kinematics were recorded for each loading
condition. The PCL was then sectioned arthroscopically. The pre-
viously determined kinematics of both the intact and PL S-deficient
knee conditions were repeated by the robot for each loading condi-
tion. At the same time the UFS measured a new set of force and
moment data. The decrease in force observed by the UFS between
these two tests with identical knee positions (i.e., before and after
the PCL was sectioned) can be attributed to the PCL. This is
known as the principle of superposition and yields the in situ
forcesin the PCL [21].

The data obtained consisted of the five DOF kinematics and the
in situ forces in the PCL, in both the intact and PLS-deficient
knees, for each loading condition. Statistical analysis was per-
formed using a two-factor repeated-measure analysis of variance
because all tests were performed on the same specimen. The two
factors investigated were knee condition (i.e., intact and PL S-defi-
cient) and knee flexion angle. The dependent variables investi-
gated were knee kinematics and the in situ forcesin the PCL. Mul-
tiple contrasts were carried out to evaluate the effects of knee con-
dition at specific flexion angles. Significance was set at P < 0.05.

Results

For ease of presentation the data are separated by the three
loading conditions. Data on knee kinematics is first pre-
sented for each loading condition, followed by the data on
thein situ force in the PCL.

Posterior tibial load

In response to the 134-N posterior tibial load, posterior tib-
ial trandation of theintact knee ranged from 7.3 £ 0.8 mm
to 5.6 £ 1.4 mm at full extension and 90°, respectively.
With PLS deficiency, these values increased to 12.8 +
2.0 mm and 6.4 + 1.7 mm, representing a significant in-
crease for al knee flexion angles tested with the largest
increase occurring at full extension (P < 0.05; Fig.3).
There was also a significant increase in the coupled exter-
nal tibial rotation with PLS deficiency for all flexion an-
glestested. The increase ranged from 2.5 + 3.7° to 16.4 £
5.7° of rotation and it was most pronounced at 30° of knee
flexion (P < 0.05). The increase in coupled varus rotation
was minimal, ranging from only 1.1 + 1.3° to 2.3 + 1.5°
(P < 0.05), while medial-lateral and proximal-distal trans-
lations varied by less than 1 mm. Further, the in situ
forces in the PCL for the intact knee increased with knee
flexion angle, ranging from 42 + 24 N at full extension to
158 £ 9 N at 90° of knee flexion (Fig.4). After sectioning
the PLS these forceswere 59 + 30 N and 134 + 19 N at
full extension and 30° of flexion, respectively, represent-
ing a significant increase of 17-19 N (P < 0.05). How-
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Fig.3 Posterior tibial trandation (mean + SD) in the intact and
PL S-deficient kneesin response to a 134 N applied posterior tibial
load
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Fig.4 Insituforcesinthe PCL (mean = SD) in response to a 134-
N posterior tibial load in the intact and PL S-deficient knees

ever, no significant increases occurred from 60° to 120° of
knee flexion (P > 0.05).

External tibial torque

In response to the 5-Nm external tibial torque, externa
tibial rotation of the intact knee ranged from 10.3 £ 1.2° at
full extension to 15.6 + 2.3° at 30° of knee flexion. After
sectioning the PLS, these values increased at all flexion
angles (P < 0.05, Fig.5). Thisincrease ranged from 15.1 £
1.6°to 7.7 £ 3.5° at 30° and 90° of flexion, respectively.
There was also a significant increase in the coupled poste-
rior tibial tranglation with PLS deficiency at all knee flex-
ion angles, ranging from 9.2 + 1.6 mm at 30° to 3.4 +
1.8 mm at 90° (P < 0.05). Coupled varus rotation in-
creased minimally by 1.5-4.0° at al flexion angles (P <
0.05), while small but significant increases of less than
2 mm were also observed in coupled media and distal
trandations (P < 0.05). Thein situ force in the PCL in the
intact knee ranged from 6 £ 5 N at full extension to 43 +
21 N at 90° of flexion and tended to increase with knee
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Fig.5 External tibial rotation (mean + SD) in responseto a5 Nm
external tibial torque in the intact and PL S-deficient knees
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Fig.6 In situ forces in the PCL (mean + SD) in response to a
5 Nm external tibia torque in the intact and PL S-deficient knees

flexion up to 90°. With PLS deficiency, these forces in-
creased significantly at all flexion angles tested and
ranged from 21 + 14 N to 116 £ 23 N (P < 0.05, Fig.6).
The increase in force ranged from 15 to 90 N and was
largest at 60-120° of knee flexion, where the in situ force
in the PCL was two to six times larger than in the intact
knee.

Simulated hamstring load

With the simulated hamstring load, PL S deficiency caused
significant increases in posterior tibial trandation of 0.9 +
0.7 mmto 24 £ 1.6 mm at 120° and 30°, respectively
(Table 2). Significant changes in external tibial rotation
were also observed at all flexion angles by as much as
6.5 + 42° a 30° of knee flexion (P < 0.05). Small
changes in medial and distal translations and varus rota-
tion also occurred with PLS deficiency. The in situ force
in the PCL ranged from 13 + 6 N at full extension to 86 +
19 N at 90° of knee flexion (Table 3). However, with PLS
deficiency these forces decreased significantly by 11+ 13N
at 60° to 33+ 16 N at 90° of knee flexion (P < 0.05).
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Table 2 Posterior tibial trandation (mm, mean + SD) for the in-
tact and PLS-deficient knee under a simulated hamstring load

Knee flexion (°) Intact knee PL S-deficient knee
Full extension 1.3+0.6 26+ 13"

30° 25+ 05 49+ 1.6*

60° 23+12 39+ 15

90° 24+ 17 3.3+ 15"
120° 20+11 30+1.3

* P < 0.05 vs. intact

Table 3 Insituforceinthe PCL (N, mean £ SD) in the intact and
PL S-deficient knee under a simulated hamstring load

Knee flexion (°) Intact knee PL S-deficient knee
Full extension 13+ 6 7+ 4

30° 28+ 15 24+ 13

60° 63+ 15 51 + 16*

90° 86 + 19 53 + 15*
120° 61+ 14 35+ 10*

* P < 0.05 vs. intact knee

Discussion

In this study, we determined the effects of sectioning the
PL S of the knee on multiple degree of freedom knee kine-
matics and in situ forces in the PCL in response to several
external and muscle loading conditions. We observed sig-
nificant increases in posterior tibial transation and exter-
nal tibial and varus rotations under a posterior tibial load
and external tibial torque as well as under a ssmulated
hamstring load. These increases were largest at full exten-
sion and at 30° of knee flexion, which is consistent with
previous studies indicating that the PLS provide the most
restraint to these loading conditions when the knee is near
full extension [8, 9, 24, 28].

The in situ forces in the PCL increased significantly
with PLS deficiency in response to the 134 N posterior
tibial load and 5 Nm external tibia torque, thus partially
confirming our hypothesis. For the former, the in situ
forces increased by 17-19 N at full extension and 30° of
flexion, while for the latter, the increase was up to sixfold
with PLS deficiency, with the largest increases observed
with the knee flexed. These findings are, again, consistent
with reports that the PL S provide restraint to posterior tib-
ial trandation only when the knee is near extension, but
resist external tibial rotation at all knee flexion angles [8,
9, 24, 28]. Our in situ force data are consistent with those
of Markolf et al. [19], who reported similar increases from
full extension to 90° of flexion.

Surprisingly, however, under the simulated hamstring
load in situ forces in the PCL actually decreased with PLS
deficiency at higher knee flexion angles by up to 30 N,
contrary to our hypothesis. We believe that this decrease

in the in situ force isin part due to the small but signifi-
cant medial tranglation of the tibiawhich was observed af -
ter sectioning the PLS. Changes in the amount of coupled
distal transation may also have contributed to this de-
crease in force. The isolated hamstring load tested in this
study was chosen because it has been shown to result in
posterior tibial translation as well as in situ forces in the
PCL on the order of 100 N; addition of a quadriceps mus-
cle load has been shown to reduce these effects, however
[13]. In future studies, we will investigate the effects of
other muscle groups as well, including simulated gastroc-
nemius and popliteus loads. Previous studies have indi-
cated that gastrocnemius contraction increases strain in
the PCL as the knee flexes [5, 23], while a popliteus load
can decrease the in situ forces in the PCL [11].

It is important to note that in this study we simulated
an injury to the PLS by sectioning the popliteus complex
at its femoral insertion as well as the lateral collateral lig-
ament. LaPrade and Terry [16] reported that in a series of
71 patients with PLS injuries, 75% had damage to two or
more regions (i.e., lateral, posterior, and fibular head).
Nevertheless, actual PLS injuries may involve rupturing
only one or more of its components[1, 16]. Previous stud-
ies have found that with sectioning merely one component
of the PLS (e.g., lateral collateral ligament, popliteus ten-
don, posterior capsule), the changes in knee kinematics
would be significantly less than with sectioning two or
more components [8, 9, 28]. Hence our data do represent
a worst-case scenario.

We have demonstrated that deficiency of the PLS re-
sults in significant increases in posterior tibial trandation
and external tibial and varus rotations when the knee is
subjected to external and simulated muscle loads. We also
found that the in situ forces in the PCL can increase sig-
nificantly, suggesting that deficiency of the PLS may ele-
vate the risk of the PCL for injury. The additional stabi-
lization provided by the dynamic component of the PLS
would also be lost under these circumstances. Our find-
ings further suggest that if an isolated PCL reconstruction
were performed in the setting of acombined PCL/PLS in-
jury, we can hypothesize that the PCL graft may be at a
higher risk, particularly when the knee is subjected to ex-
ternal tibial torques. In the future, we plan to examine the
effects of PLS deficiency on the PCL reconstructed knee
using the robotic/UFS testing system. Additional studies
designed to evaluate various reconstructions of the PCL
and PLS will be needed to identify procedures that restore
both knee kinematics and the in situ forcesin the PCL and
PLS.
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