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Background: Injuries to the anterior cruciate ligament (ACL), Kaplan fibers (KFs), anterolateral capsule/ligament (C/ALL), and lat-
eral meniscus posterior root (LMPR) have been separately linked to anterolateral instability.

Purpose: To investigate the contributions of the ACL, KFs, C/ALL, and LMPR to knee stability and to measure instabilities result-
ing from their injury.

Study Design: Controlled laboratory study.

Methods: Ten fresh-frozen human knees were tested robotically to determine restraints of knee laxity at 0� to 90� of flexion. An
88-N anterior-posterior force (anterior and posterior tibial translation), 5-N�m internal-external rotation, and 8-N�m valgus-varus
torque were imposed and intact kinematics recorded. The kinematics were replayed after sequentially cutting the structures
(order varied) to calculate their contributions to stability. Another 10 knees were tested in a kinematics rig with optical tracking
to measure instabilities after sequentially cutting the structures across 0� to 100� of flexion. One- and 2-way repeated-measures
analyses of variance with Bonferroni correction were used to find significance (P \ .05) for the robotic and kinematics tests.

Results: The ACL was the primary restraint for anterior tibial translation; other structures were insignificant (\10% contribution).
The KFs and C/ALL resisted internal rotation, reaching 44% 6 23% (mean 6 SD; P \ .01) and 14% 6 13% (P \ .05) at 90�. The
LMPR resisted valgus but not internal rotation. Anterior tibial translation increased after ACL transection (P \ .001) and after cut-
ting the lateral structures from 70� to 100� (P \ .05). Pivot-shift loading increased anterolateral rotational instability after ACL tran-
section from 0� to 40� (P \ .05) and further after cutting the lateral structures from 0� to 100� (P \ .01).

Conclusion: The anterolateral complex acts as a functional unit to provide rotatory stability. The ACL is the primary stabilizer for
anterior tibial translation. The KFs are the most important internal rotation restraint .30� of flexion. Combined KFs 1 C/ALL injury
substantially increased anterolateral rotational instability while isolated injury of either did not. LMPR deficiency did not cause sig-
nificant instability with the ACL intact.

Clinical Relevance: This study is a comprehensive biomechanical sectioning investigation of the knee stability contributions of
the ACL, anterolateral complex, and LMPR and the instability after their transection. The ACL is significant in controlling internal
rotation only in extension. In flexion, the KFs are dominant, synergistic with the C/ALL. LMPR tear has an insignificant effect with
the ACL intact.
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Anterior cruciate ligament (ACL) tears are frequently
accompanied by injuries to the anterolateral complex,

including the capsule and anterolateral ligament (C/ALL)
in 51% to 76% of ACL tears, Kaplan fibers (KFs) in 19%
to 85%, and the lateral meniscus posterior root (LMPR)
in 30% to 40%.11,16,18,31 As compared with isolated ACL
injuries, these concomitant lesions are associated with
higher grades of anterolateral knee instability and the
pivot-shift phenomenon.9,25,30,31,43 Injuries to the KFs,
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the femoral attachment of the capsulo-osseous layer of the
iliotibial band (ITB), the anterolateral ligament (ALL), and
the LMPR have each been identified to increase anterolat-
eral knee instability, clinically and in vitro.13,14,26,29

Persistent knee anterolateral rotational instability
(ALRI) is related to inferior clinical results and return to
sports.4,41 Therefore, there has been a change in the treat-
ment paradigm of ACL injuries toward not only dealing
with the ACL itself but seeking and repairing peripheral
capsular and meniscal injuries more carefully. Biomechan-
ical studies have shown that anterolateral procedures can
help to restore knee kinematics better than can isolated
ACL reconstruction in combined injuries.14,22,23 Clinically,
this is reflected by a reduced ACL graft failure rate and
fewer secondary meniscal lesions.38,39 However, one study
suggested that these procedures should be performed only
if anterolateral structures are substantially injured.17 It is
vital to know the relative importance of the soft tissue
structures for knee stability so that their surgery may be
prioritized appropriately. That is why it is crucial to iden-
tify the contributions of each of them to knee stability (ie,
how much each structure restrains tibiofemoral subluxa-
tion) and to quantify their effect on knee instability (ie,
how much the tibiofemoral joint laxity increases above
intact values) after injury.

Therefore, the aims of this study were to quantify the
relative contributions of the ACL, C/ALL, KFs, and
LMPR to translational and rotatory stability of the knee
and to measure the increase in translational and rotatory
knee instabilities after transecting the ACL, C/ALL, KFs,
and LMPR.

The following was hypothesized: (1) the ACL is the main
restraint to anterior tibial translation (ATT), while the
KFs are the main restraints of internal rotation (IR); (2)
there is significant ATT instability after cutting the ACL;
and (3) the highest rise in IR and simulated pivot-shift
(SPS) instability occurs after sectioning the KFs.

METHODS

After ethics approval (Imperial College Healthcare Tissue
Bank project R18027-5A), 22 unpaired fresh-frozen human
cadaveric knees (13 male, 9 female; mean age, 57 years
[range, 47-65 years]) were obtained from a tissue bank
(Medcure). They were stored at –20�C and thawed for 24
hours at room temperature before preparation. They had

no evidence of previous surgery, abnormal laxity, ligament
or meniscal damage, articular erosions, or malalignment
via manual examination and arthroscopic visualization
by an orthopaedic surgeon (L.W.). Ten knees were tested
robotically to obtain the contributions to stability, and 12
knees were tested kinematically to measure the resulting
instability. However, 2 knees had to be excluded from the
kinematics testing owing to technical error, leaving 10
for analysis. Knees were kept moist with intermittent
water spraying during the entire test.

Specimen Preparation

The femora and tibiae were cut 170 mm from the joint line.
Skin and subcutaneous fat were removed for the robotic
testing but not for the kinematics testing. All other soft tis-
sues on the femur and tibia within 80 mm from the joint
line were left intact. Tissue attaching more proximally
and distally was removed, exposing the bones for fixation.
The fibula was shortened and secured to the tibia in its
anatomic position using a tricortical bone screw.

Robotic Testing

Ten cadaveric knees were used to determine the contribu-
tion of each structure to knee stability. The ends of the
femora and the tibiae were embedded into steel pots using
bone cement for rigid mounting onto the robotic testing
system (Stäubli TX90; Stäubli AG) equipped with a 6-
axis universal force-moment sensor (Omega 85; ATI Indus-
trial Automation). The robot had repeatability of 0.03 mm
in translation (manufacturer’s specification). The sensor
had a force-sensing resolution \0.44 N and torque-sensing
resolution \0.014 N�m. The femur was attached to the sta-
tionary base of the robot, and the tibia was attached to the
load sensor on the moving end effector of the robotic arm.26

Before testing, the knees were manually flexed 20 times
from 0� to 120� to minimize tissue hysteresis.

The passive path of each knee was determined from 0�
to 90� of flexion by minimizing all constraining forces
and torques in all other 5 degrees of freedom. Subse-
quently, 688-N anterior-posterior force, 65-N�m IR–exter-
nal rotation (IR-ER) torque, and 68-N�m valgus-varus
torque were imposed to record the native knee laxity in
full extension and 30�, 60�, and 90� of flexion as the datum
for the following tests. The movements of the intact knee
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were replayed after sequentially transecting each struc-
ture of interest, and the drop in force/torque to execute
the movement after each cut was measured as a reflection
of a structure’s ability to resist that motion. This repre-
sented the contribution of the transected structure to
knee stability, using the principle of superposition.45

Kinematics Rig Testing

Ten more specimens were used to measure knee laxity
changes after ligament transection in a 6 degrees of freedom
kinematics rig as described previously.22,44 The femur was
cemented into a cylindrical pot with an anatomic 6� of valgus
offset, while the tibia was cemented into a pot with a 500-mm
axial extension rod for applying rotational torques. The fem-
oral pot was fixed to the kinematics rig with the transepicon-
dylar axis aligned to the flexion axis of the rig. The rig
allowed passive motion of the femur from 0� to 110� of flexion
while the tibia hung vertically and unrestricted. This allowed
loads simulating clinical evaluations of knee stability to be
applied to the tibia across the arc of flexion.

A 5.5-mm Steinmann pin was drilled mediolaterally
through the proximal tibia, and 2 semicircular metal hoops
were mounted on it. These were used to apply 88-N
anterior-posterior translation forces via a string, pulley,
and hanging weights with unconstrained IR-ER. Addition-
ally, a 250-mm polyethylene pulley on the tibial extending
rod allowed the application of 5-N�m IR-ER as well as
8-N�m varus-valgus torques using a string-and-pulley sys-
tem. The SPS test used a combined load of 5-N�m IR and
8-N�m valgus torques.

Knee laxity kinematics were measured using an optical
tracking system, including a Polaris camera system (NDI)
and BrainLab reflective markers (Brainlab, Munich), with
a root mean squared translational accuracy of 60.12 mm
(NDI specification). The markers were firmly fixed to the
femur and tibia using bicortical rods. The medial and lat-
eral epicondyles, the proximal end of the femur, the most
medial and lateral points of the tibial plateau, and the dis-
tal end of the tibia were marked with small fiducial marker
screws. These were digitized using a stylus probe to define
the femoral and tibial coordinate systems, and 0� of flexion
was defined as when the tibial and femoral pots were par-
allel in the sagittal plane. Six degrees of freedom motion
was then measured as the tibial movement relative to
the femur. The kinematics of the knee were measured
across 0� to 100� of flexion-extension for 3 movement cycles
while each load was applied. All kinematic data were cal-
culated and presented as changes of the motion from that
of the intact knee neutral path of motion, when the joint
had no extra loads imposed on it. These changes of motion
were initially the native joint laxity and then the instabil-
ities caused by tissue transection, as defined earlier.

Cutting Sequences

Sequential transections of the ACL, KFs, C/ALL, and the
LMPR were performed while the knee remained in the
robot or kinematics rig at 90� of flexion:

1. The ACL was transected arthroscopically at the midsub-
stance using a scalpel introduced through an anterome-
dial portal and was visually confirmed arthroscopically.

2. The KFs were identified through a lateral approach that
split the superficial ITB and then separated proximal
and distal bundles from their lateral femoral attachments.

3. The anterolateral capsule including ALL fibers was
transected using a cut parallel and anterior to the lat-
eral collateral ligament from its femoral attachment to
10 mm below the joint line anterior to the fibular
head—the anterolateral capsular fibers and ALL pass
across this cutting line with the knee flexed to 90�.

4. The LMPR tear was simulated via transection of the pos-
terior lateral meniscus lateral to the attachments of the
meniscofemoral ligaments to create a worst-case sce-
nario.11 For the robotic study, the cut was made using
a small vertical posterior approach and verified arthro-
scopically. In the kinematics rig, the LMPR was trans-
ected arthroscopically through an anterolateral portal.

After testing 5 knees in the robot, a significant contribu-
tion of the LMPR to resist valgus rotation was found. After
that analysis, a superficial medial collateral ligament
(sMCL) transection was added to the last 5 knees to com-
pare the sMCL restraint with the LMPR. The cutting
sequence was reversed after this point, to overcome any
bias owing to the cutting order. Also, 2 additional cuts
were recorded, and their effects (not significant, \5%)
were subtracted from subsequent data: a split of the super-
ficial ITB along its fibers to access the KFs and capsule and
a 5-mm vertical split of the posterolateral capsule to
approach the LMPR.

With the kinematics rig, the testing and cutting order
was as follows:

� Intact
� ACL transected

There were also 3 cutting orders of secondary restraints in
an ACL-deficient knee (n = 3 or 4 per group):

� C/ALL, KFs, LMPR
� LMPR, ALL, KFs
� KFs, LMPR, ALL

Statistics

A prospective power analysis based on previous work26

showed that a ligament-stabilizing contribution of 10%
could be identified with a power of 0.95 and an alpha of
.05 with 9 specimens, using G*Power Version 3.1.9.7
(Heinrih Heine University, Dusseldorf). A similar prospec-
tive power analysis based on the work of Inderhaug et al22

showed that a 5� change of IR could be identified with
a power of 0.80 and an alpha of .05 with 10 specimens.

Data were analyzed using SPSS Version 24.0 (IBM) and
are given as mean and standard deviation. Statistical anal-
ysis was performed as follows:

� One-way repeated-measures analysis of variance was
used to find significance of the contributions of the
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anatomic structures across the cutting stages separately
for each load at each flexion angle (robot testing).

� Two-way repeated-measures analysis of variance with
Bonferroni correction was used to find statistical signif-
icance of laxity increases across the cutting stages
(intact, ACL cut, anterolateral structures cut) and flex-
ion angles for each loading case (kinematics rig testing).
The results of the laxity increases after transecting indi-
vidual secondary restraints were not tested but are
descriptively reported.

Statistical significance was set at P \ .05.

RESULTS

Tibial Anterior-Posterior Translation

The ACL was the only structure providing significant
restraint of ATT from 0� to 90� of flexion (P \ .001). This
ranged from 94% of the total restraint of the structures
examined at 0� of flexion to 88% at 90� of flexion. None of
the other structures resisted ATT significantly; the largest
contribution was from the KFs, which provided 7% of the
restraint at 60� and 90� of flexion (not significant). The
LMPR resisted posterior tibial translation at all 4 flexion
angles (P \ .01), with a maximum of 12% at 90� of flexion.

Transecting the ACL caused significant anterior trans-
lation instability throughout the flexion range (P \ .001)
(Figure 1), up to 9 mm at 20� of flexion. Transection of indi-
vidual lateral structures (KFs, C/ALL, or LMPR) did not
increase ATT significantly beyond the ACL-deficient insta-
bility, but combined transection of them all increased the

ATT between 70� and 100� of flexion up to 4 mm (P \
.05). Posterior tibial translation was not affected by trans-
ecting the ACL or the lateral knee structures.

Tibial IR-ER

IR was resisted mainly by the KFs, reaching 44% 6 23% at
90� of flexion (Figure 2), followed by C/ALL at 14% 6 13%
at 90�. The KFs were significantly greater restraints than
the C/ALL at 60� and 90� of knee flexion (P \ .05). The
ACL resisted IR in 0� of knee flexion but was insignificant
in higher flexion. The LMPR was not a significant restraint
of IR in an ACL-intact knee. ER was not restrained signif-
icantly by any of the examined structures.

IR was not significantly increased at any angle of flex-
ion by isolated transection of the ACL (Figure 3). Addi-
tional cutting of the anterolateral structures caused
significant IR instability as compared with the isolated
ACL cut state from 70� of knee flexion onward. The com-
bined deficient knee (ACL 1 lateral structures) had signif-
icantly greater IR instability than the intact knee had
across 0� to 100� of flexion (0� and 40�-100�, P \ .01; 10�-
30�, P \ .05). Cutting the ACL and lateral structures did
not cause significant ER instability.

Tibial Valgus and Varus Rotation

Transecting the LMPR showed that the lateral meniscus is
a significant restraint of valgus rotation (Figure 4). In the 5
knees where the sMCL was transected, it was the highest
restraint against valgus rotation (P \ .001).

None of the investigated structures resisted varus rota-
tion significantly. Cutting the ACL, KFs, ALL, and LMPR
did not cause significant varus or valgus instability.

Figure 1. Anterior tibial translation laxity of the intact knee
and instability after cutting the ACL and the anterolateral
structures in response to 88-N anterior translation force in
6 degrees of freedom kinematics rig testing. The anterior
translation was significantly increased after the ACL was
cut at all flexion angles (P \ .001). Cutting the anterolateral
structures also significantly increased knee laxity from 70�
to 100�. *P \ .05. Data are presented as mean 6 SD (n =
10). ACL, anterior cruciate ligament.

Figure 2. The contribution of the anterior cruciate ligament
(ACL), Kaplan fibers, anterolateral capsule including the ante-
rolateral ligament (C/ALL), and the lateral meniscus posterior
root (LMPR) to resist internal rotation in robotic testing. #P \
.05. *P \ .01. Data are presented as mean 6 SD (n = 10).
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Simulated Pivot-Shift Instability:
Combined IR and Valgus Rotation

Anterior Tibial Translation. ACL transection resulted in
significant anterior translation instability during the SPS
loading across 0� to 50� of flexion (Figure 5A). Transecting
the lateral structures led to an additional significant increase
in ATT instability from 10� to 100� of flexion (P \ .001).

Internal Rotation. Transecting the ACL caused small IR
instability (mean �2�) during SPS loading from 0� to 40� of
flexion (Figure 5B). Transecting the lateral structures caused
a larger increase in IR instability, significant from 10� to 100�
of flexion and averaging 7� across 50� to 100� of flexion; up to
5� of this increase followed transection of the KFs. The

combined injured knee (ACL 1 lateral structures) had sig-
nificant IR instability at all flexion angles, reaching an 8�
increase above native laxity at 100� of flexion.

Figure 6 (for ATT) and Figure 7 (for IR) show the
increased instability during SPS loading resulting from
transecting the individual structures in 3 orders. Although
it is difficult to make firm conclusions when the sample
size is 3 or 4 per group, these graphs show that the largest
increases of instability were associated with specific struc-
tures being the last one to be transected for the KFs
(graphs B in Figures 6 and 7) and C/ALL (graphs C in

Figure 3. Changes in internal rotation after transecting the
ACL and then the anterolateral structures in response to
5-N�m internal rotation torque in 6 degrees of freedom kine-
matics rig testing. Data are presented as mean 6 SD (n = 10).
*P \ .05 (significant increase above ACL cut state). ACL,
anterior cruciate ligament.

Figure 4. The contribution of the anterior cruciate ligament
(ACL), Kaplan fibers, anterolateral capsule including the ante-
rolateral ligament (C/ALL), and the lateral meniscus posterior
root (LMPR) to resist valgus rotation in robotic testing. *P \
.001. Data are presented as mean 6 SD (n = 10, apart from
the superficial medial collateral ligament [sMCL] when n = 5).

Figure 5. Changes in (A) anterior tibial translation and (B) internal rotation after cutting the anterior cruciate ligament (ACL) and the
anterolateral structures in response to simulated pivot-shift load (combined 5-N�m internal torque and 8-N�m valgus torque) in 6
degrees of freedom kinematics rig testing. *P \ .01. #P \ .05 vs intact state. **P \ .001 vs ACL cut state. Data are presented as
mean 6 SD (n = 10).
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Figures 6 and 7) for ATT and IR. The exception to this was
the increased ATT near knee extension when the ACL was
transected, when it was the primary restraint.

DISCUSSION

This study showed that substantial ALRI instability with
SPS loading is seen only when the KFs and C/ALL are trans-
ected and not with isolated deficiency of either one, indicating
that they act synergistically to restrain ALRI. The KFs are
the most important restraint of IR in higher flexion angles.
Similarly, the ACL is the primary restraint of ATT and
resists IR in the extended knee. These findings are more sub-
tle than the original hypotheses and reconcile previously con-
flicting reports. They have arisen from using robotic and
kinematic methods in a single study to obtain complemen-
tary restraint and instability data. When these data are
taken as a whole, they show how the ACL and the lateral
structures work together across the range of flexion.

The controversy regarding the restraints to ALRI still
causes lively discussion within the orthopaedic commu-
nity. The functions of the anterolateral knee structures

have been widely investigated, but previous results dif-
fered. Injuries to the KFs, C/ALL, and LMPR have each
been linked to rotatory instability, with different authors
advocating one or another structure to be more impor-
tant.13,21,26,27 Furthermore, some studies focused on struc-
ture while not investigating the others, and some knees
were ACL intact while others were ACL deficient, which
could overestimate the importance of those structures
that were studied.12,30,35,36 At least part of this controversy
has arisen from measuring only changes of knee instability
(laxity), which is observed clinically but is not the same as
assessing the importance of structures as restraints of joint
laxity, which provide stability of the knee. The additional
restraint data result from robotic testing in which the
forces and torques acting on the knee are measured
when it is tested. The graphs of ATT and IR (Figures 6
and 7) demonstrate that instabilities related to each ana-
tomic structure are cutting sequence dependent and so
cannot be used to discern the restraint provided by each
structure.

The ACL has been confirmed to be the primary restraint
of ATT, similar to previous studies, and this is well
known.6,26 The restraint to ATT provided by the lateral

Figure 6. The resulting anterior tibial translation in response to a simulated pivot shift (combined 5-N�m internal torque and 8-N�m
valgus torque) in 3 cutting orders: (A) ACL, C/ALL, KFs, LMPR (n = 3); (B) ACL, LMPR, C/ALL, KFs (n = 3); and (C) ACL, KFs,
LMPR, C/ALL (n = 4). ACL, anterior cruciate ligament; C/ALL, anterolateral capsule and ligament; KFs, Kaplan fibers; LMPR, lat-
eral meniscus posterior root.
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structures studied was insignificant: the largest contribu-
tion, from the KFs in the flexed knee, was only 7% of the
total. Transecting the ACL led to significant anterior
translation instability in all flexion angles and in SPS test-
ing at lower flexion angles, which reflects the sensitivity of
the Lachman test as compared with the anterior drawer
test. Transecting the other structures had the largest effect
on anterior translation instability in the flexed knee, typi-
cally increasing ATT from 6 to 10 mm.

The role of the ACL in controlling rotational instability is
less well understood: it was described as a primary stabi-
lizer to IR in earlier studies.10,27 However, a growing body
of evidence shows that the ACL has only a minor role in con-
trolling IR, principally near full extension.2,3,26,28,32 The
present study shows that the ACL contributes a maximum
of 16% of the resistance to IR. By 30� of flexion, the antero-
lateral soft tissues are more important in resisting IR, and
the ACL is insignificant. This results from their longer lever
arm about the axis of tibial IR-ER when compared with the
central ACL and their more efficient orientation to resist IR
with knee flexion.

The restraint of IR provided by the KF attachments of the
ITB on the distal lateral femur was described in 1958.24

Around 50% of ITB injuries occurring with ACL rupture
are at the femoral KF attachments,5,7,8 so this clinical injury
pattern was simulated, in contrast to previous studies that
transected the ITB.21,26,37 In the present study, the KFs
with the deep ITB were the main restraint of IR across 30�
to 90� of flexion, up to 44% at 90� of flexion. Kittl et al26 trans-
ected the superficial and deep ITB separately and found
a higher contribution of the whole ITB in resisting IR at
60� and 90� of flexion of 76% and 72%, respectively. These
numbers imply significant IR instability if the ITB is injured
in isolation, but only 1� to 3� increases in the flexed knee were
reported.13,21 These changes of IR would be difficult to find
during clinical examination, suggesting that the KFs may
not be damaged in isolation. Terry et al42 correlated deep
ITB injury in ACL-deficient knees with higher pivot-shift
instability. In contrast, recent clinical studies did not find
a direct association between KF injury on magnetic resonance
imaging and a higher grade of pivot-shift test.5,7,8 This study
shows that ALRI increases substantially after transecting the
KFs, up to 5� of IR in SPS. The effect increases with knee flex-
ion and is smaller if the C/ALL are intact.

Many studies have investigated the C/ALL as a stabi-
lizer of ALRI.13,15,17,21,26,33,37 One in vitro study showed

Figure 7. The resulting tibial internal rotation in response to a simulated pivot shift (combined 5-N�m internal torque and 8-N�m
valgus torque) in 3 cutting orders: (A) ACL, C/ALL, KFs, LMPR (n = 3); (B) ACL, LMPR, C/ALL, KFs (n = 3); and (C) ACL, KFs,
LMPR, C/ALL (n = 4). ACL, anterior cruciate ligament; C/ALL anterolateral capsule and ligament; KFs, Kaplan fibers; LMPR, lat-
eral meniscus posterior root.
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that the C/ALL transmitted forces like a sheet of tissue
rather than acting as a distinct ligament and should there-
fore be considered as a whole.15 For this reason, we trans-
ected the C/ALL as one. Kittl et al26 tested these structures
separately, finding that the capsule and ALL did not resist
IR and SPS significantly. In agreement with this previous
report, the present study shows that the C/ALL restrains
IR less than the KFs/ITB. Both studies found that the
C/ALL complex resists 10% to 15% of IR torque from 30�
to 90� of flexion, but there are conflicting opinions whether
the C/ALL has a significant role. In an ACL-intact knee,
C/ALL deficiency does not cause a significant increase in
IR21,27,37; thus, it is not a primary stabilizer. In ACL-
deficient knees, a small but significant effect on IR after
transecting the C/ALL has been reported.13,34,37,40 This
study supports these previous findings: transecting the
C/ALL leads to a small increase of ALRI and IR with the
KFs intact and a larger increase of IR instability when
the KFs were already transected. The SPS tests found
small IR instability when the C/ALL or KFs were trans-
ected and then greater IR instability when the other struc-
ture was transected. Therefore, considerable IR instability
suggests the deficiency of both structures, and if one is
intact, then IR is close to the intact state. Note, however,
that these IR laxity results are from simulating manual
clinical tests, rather than functional loading. The robotic
testing in this study and that of Kittl et al26 measured
the restraint provided by the structures, showing that
while the C/ALL plays a role in controlling ALRI, it is
less important than the KFs/deep ITB.

This study shows that the lateral meniscus does not resist
IR in an ACL-intact knee, but LMPR injury in an ACL-
deficient knee leads to a further increase in ALRI. The role
of the lateral meniscus in controlling rotatory knee laxity is
not well understood. The loose capsular attachment allows
mobility on the lateral tibial plateau. This explains why the
lateral meniscus did not resist IR in an ACL-intact knee in
our robotic test setup. However, there was a high contribu-
tion of the lateral meniscus in resisting valgus rotation,
increasing with knee flexion as the meniscus supported the
femoral condyle. Previous cadaveric studies have reported
that a lateral meniscectomy or transection of the LMPR
increases IR or ALRI instability.12,29-31,35,36 Yet, those reports
relate to ACL-deficient knees. We are not aware of work
showing that the LMPR controls IR when the ACL is intact.
It follows that IR instability persisting after ACL reconstruc-
tion means that structures other than, or in addition to, the
LMPR are injured and that isolated LMPR repair will not
correct it. The findings of the previous studies are in line
with the present work, with a small increase of IR when
the LMPR is transected in an ACL-deficient knee. Ahn
et al1 reported that lateral meniscectomy led to increased val-
gus instability, which supports the finding of the present
study. In clinical studies, lateral meniscal injuries have
been related to a higher grade of instability in pivot-shift
loading.19,20,31 These results, combined with contact pressure
considerations, suggest that lateral meniscal injuries such as
LMPR tears should be addressed during surgery.

The findings of this study arise from cadaveric work and
thus have limitations to their clinical translation, but the

methods used are based on extensive literature that sup-
ports the validity of using (1) fresh-frozen collagenous tis-
sues, (2) sequential cutting studies of restraint in robotic
tests, and (3) kinematics to measure increased joint insta-
bility. The specimens were older than are typical for ACL
injuries, and that may have affected their behavior. This
reflects the unavailability of younger specimens, but care-
ful examination ensured a lack of pathologic changes. The
structures studied are all passive restraints, and the knees
were loaded only to simulate clinical manual examination,
assuming that the muscles were relaxed. This does not
mean that the joint was distracted during measurements
of instability, because the soft tissues crossing the joint
were tensed as they resisted the displacing loads, which
had much larger effects than the weight of the tibia. While
that relates directly to clinical diagnosis of injuries, the rel-
ative importance of each structure may differ when the
knee is acted on by the muscles and at functional loading.
This may affect the interpretation of how these results may
manifest in a clinical scenario. Also, the ‘‘simulated pivot
shift’’ was a quasi-static test rather than the dynamic clin-
ical maneuver. While this is an established model,
a dynamic testing setup might better replicate an actual
pivot shift. Against these limitations may be set the ability
to perform sequential transections of the structures in
vitro and thus to have accurate knowledge of exactly
what pathology is present, enabling powerful repeated-
measures statistical analysis. Finally, while these findings
offer a rationale for surgical interventions to address
injured lateral structures, this work did not assess
whether surgery can restore stability to the level of the
intact knee.

CONCLUSION

The anterolateral complex acts as a functional unit to pro-
vide rotatory stability. The ACL is the primary stabilizer
for ATT. The KFs are the most important IR restraint
.30� of flexion. Combined KFs 1 C/ALL injury substan-
tially increases ALRI, while isolated injury of either does
not. LMPR deficiency does not cause significant instability
with the ACL intact.
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