
SYMPOSIUM: IMPROVING CARE FOR PATIENTS WITH ACL INJURIES: A TEAM APPROACH

Rotational Laxity Control by the Anterolateral Ligament
and the Lateral Meniscus Is Dependent on Knee Flexion Angle:
A Cadaveric Biomechanical Study

Timothy Lording FRACS, Gillian Corbo BSc, Dianne Bryant PhD,

Timothy A. Burkhart PhD, Alan Getgood MD

Published online: 23 May 2017

� The Association of Bone and Joint Surgeons1 2017

Abstract

Background Injury to the anterolateral ligament (ALL)

has been reported to contribute to high-grade anterolateral

laxity after anterior cruciate ligament (ACL) injury. Failure

to address ALL injury has been suggested as a cause of

persistent rotational laxity after ACL reconstruction. Lat-

eral meniscus posterior root (LMPR) tears have also been

shown to cause increased internal rotation of the knee.

Questions/purposes The purpose of this study was to

determine the functional relationship between the ALL and

LMPR in the control of internal rotation of the ACL-defi-

cient knee. Specifically: (1) We asked if there was a

difference in internal rotation among: the intact knee; the

ACL-deficient knee; the ACL/ALL-deficient knee; the

ACL/LMPR-deficient knee; and the ACL/ALL/LMPR-de-

ficient knee. (2) We also asked if there was a difference in

anterior translation among these conditions.

Methods Sixteen fresh frozen cadaveric knee specimens

(eight men, mean age 79 years) were potted into a hip

simulator (femur) and a 6 degree-of-freedom load cell

(tibia). Rigid optical trackers were inserted into the prox-

imal femur and distal tibia, allowing for the motion of the

tibia with respect to the femur to be tracked during

biomechanical tests. A series of points on the femur and

tibia were digitized to create bone coordinate systems that
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were used to calculate internal rotation and anterior

translation. Biomechanical testing involved applying a 5-

Nm internal rotation moment to the tibia from full exten-

sion to 90� of flexion. Anterior translation was performed

by applying a 90-N anterior load using a tensiometer. Both

tests were performed in 15� increments tested sequentially

in the following conditions: (1) intact; and (2) ACL injury

(ACL�). The specimens were then randomized to either

have the ALL sectioned (3) first (M+/ALL�); or (4) the

LMPR sectioned first (M�/ALL+) followed by the other

structure (M�/ALL�). A one-way analysis of variance

was performed for each sectioning condition at each angle

of knee flexion (a = 0.05).

Results At 0� of flexion there was an effect of tissue

sectioning such that internal rotation of the M�/ALL�
condition was greater than ACL� by 1.24� (p = 0.03; 95%

confidence interval [CI], 0.16–2.70) and the intact condi-

tion by 2.5� (p = 0.01; 95% CI, 0.69–3.91). In addition,

the mean (SD) internal rotations for the M+/ALL� (9.99�
[5.39�]) and M�/ALL+ (12.05� [5.34�]) were greater by

0.87� (p = 0.04; 95% CI, 0.13–3.83) and by 2.15�,
respectively, compared with the intact knee. At 45� the

internal rotation for the ACL� (19.15� [9.49�]), M+/

ALL� (23.70� [7.00�]), and M�/ALL� (18.80� [8.27�])
conditions was different than the intact (12.78� [9.23�])
condition by 6.37� (p = 0.02; 95% CI, 1.37–11.41), 8.47�
(p\ 0.01; 95% CI, 3.94–13.00), and 6.02� (p = 0.01; 95%

CI, 1.73–10.31), respectively. At 75� there was a 10.11�
difference (p\ 0.01; 95% CI, 5.20–15.01) in internal

rotation between the intact (13.96� [5.34�]) and the M+/

ALL� (23.22� [4.46�]) conditions. There was also a 4.08�
difference (p = 0.01; 95% CI, 1.14–7.01) between the

intact and M�/ALL� (18.05� [7.31�]) conditions. Internal
rotation differences of 6.17� and 5.43� were observed

between ACL� (16.28� [6.44�]) and M+/ALL� (p\ 0.01;

95% CI, 2.45–9.89) as well as between M+/ALL� and M�/

ALL� (p = 0.01; 95% CI,�8.17 to�1.63). Throughout the

range of flexion, there was no difference in anterior transla-

tion with progressive section of the ACL, meniscus, or ALL.

Conclusions The ALL and LMPR both play a role in

aiding the ACL in controlling internal rotation laxity

in vitro; however, these effects seem to be dependent on

flexion angle. The ALL has a greater role in controlling

internal rotation at flexion angles[ 30o. The LMPR

appears to have more of an effect on controlling rotation

closer to extension.

Clinical Relevance Injury to the ALL and/or LMPR may

contribute to high-grade anterolateral laxity after ACL

injury. The LMPR and the ALL, along with the iliotibial

tract, appear to act in concert as secondary stabilizers of

anterolateral rotation and could be considered as the ‘‘an-

terolateral corner’’ of the knee.

Introduction

Anterior cruciate ligament (ACL) injury results in both

translational and rotational laxity. It is well understood that

ACL reconstruction may fail to fully restore rotational

stability to the knee [21, 35, 40] and that residual rotational

laxity is associated with poor patient-reported outcome

scores [20, 21]. Recent interest in the anterolateral ligament

(ALL) has refocused attention on the secondary restraints to

internal rotation and the potential contribution that injury to

these structures may make to residual instability. In addition

to the ACL, the ALL [31], iliotibial band [11, 17], lateral

meniscus [27], and medial meniscotibial ligament [32] may

all act as secondary restraints to internal rotation at the knee.

Debate continues regarding the anatomy and biome-

chanical function of the anterolateral structures of the knee

[29]. Some authors have described the ALL as a distinct

ligamentous structure [3, 4, 6, 18, 43], whereas others have

reported only a capsular thickening [7]. Similarly, some

cadaveric biomechanical studies demonstrate an increase in

anterolateral rotation after sectioning of the ALL in the

ACL-deficient knee [39], whereas others report little effect

[36]. The clinical relevance of this structure has yet to be

fully determined.

The lateral meniscus posterior root (LMPR) has also

been shown to contribute to rotational laxity after an injury

to the ACL [37]. Tears to the LMPR occur in approxi-

mately 7% to 12% of patients with ACL injury [9]. In a

cadaveric study, Shybut et al. [37] demonstrated lateral

compartment anterior translation of 8.1 mm during a sim-

ulated pivot shift after division of both the LMPR and the

ACL compared with 6.0 mm after ACL sectioning alone.

Although the role of the LMPR in aiding the control of

anterolateral laxity seems evident after an ACL injury, less

is known regarding the functional relationship between the

LMPR and the ALL. Anatomic studies of the ALL have

demonstrated a firm attachment of the ALL to the lateral

meniscus [3, 4, 15, 18, 23, 43], the importance of which

remains unknown, but which may indicate a functional

interdependence of these two structures in the restraint of

internal rotation.

The purpose of this study was to determine the func-

tional relationship between the ALL and LMPR in the

control of internal rotation throughout the range of flexion.

Our hypothesis was that division of these structures would

have a similar effect on increasing internal rotation in the

ACL-deficient knee. Specifically: (1) We asked if there was

a difference in internal rotation among: the intact knee; the

ACL-deficient knee; the ACL/ALL-deficient knee; the

ACL/LMPR-deficient knee; and the ACL/ALL/LMPR-de-

ficient knee. (2) We also asked if there was a difference in

anterior translation among these conditions.
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Materials and Methods

A cadaveric study using an optical navigation system was

undertaken. To answer our question regarding internal

rotation, knees were tested under an internal rotational

torque at various degrees of knee flexion with sequential

sectioning of the structures under investigation. To answer

our question regarding anterior translation, a simulated

Lachman test was performed for each sectioning state.

Experimental Setup

Sixteen fresh frozen intact (midfemur to midtibia) cadav-

eric specimens (eight men; mean [SD] age 79 [11] years)

were thawed 24 hours before testing. Ethical review board

approval was not necessary to conduct the investigation,

because deidentified cadaveric specimens are exempt from

review at our institution. The specimens had 5 cm of soft

tissue removed from the proximal femur and distal tibia to

allow potting of the specimens into sections of polyvinyl

chloride through dental cement (Denstone1 dental

cement; Hereaus Holdings GmbH, Hanau, Germany). The

femoral end was inserted into a custom-designed hip sim-

ulator rigidly mounted to a surgical table [39] while the

tibial end was rigidly attached to a 6 degree-of-freedom

load cell (MM3A-500; Advanced Mechanical Technology

Inc, Watertown, MA, USA) with a measurement accuracy

of 5 N and 0.14 Nm (Fig. 1).

Two rigid optical tracking smart marker clusters (Op-

totrak Certus; Northern Digital Inc, Waterloo, Ontario,

Canada) were inserted into the proximal tibia and distal

femur using orthopaedic bone pins (Fig. 1). These markers

allowed the tracking of tibial motion with respect to the

femur during testing with an accuracy of 0.1 mm. A series

of anatomic landmarks on the femur and tibia were digi-

tized after testing allowing the creation of bone-specific

coordinate systems. Three-dimensional knee kinematics

were calculated using the joint coordinate system method

as described by Grood and Suntay [12, 39] (Fig. 1).

Sectioning Protocol

Once the specimens were attached to the simulator, they

were all tested under the following conditions: (1) intact

knee (intact)—all soft tissues surrounding the knee

remained intact; and (2) complete sectioning of the ACL

(ACL�)—the ACL was sectioned through an anteromedial

arthrotomy. The specimens were then randomly assigned to

have either the inframeniscal portion of the ALL sectioned

first, leaving the LMPR intact (M+/ALL�), or the LMPR

sectioned first leaving the ALL intact (M�/ALL+). The

ALL was sectioned from the lateral collateral ligament to

Gerdy’s tubercle through an oblique anterolateral incision

with anterior retraction of the iliotibial band. This sec-

tioning technique would divide the anterolateral capsule as

well as all described versions of the ALL, consistent with

all previously published sectioning studies investigating

the function of the ALL. The LMPR was sectioned through

the previously created arthrotomy. Finally, in all speci-

mens, the remaining tissue (either the ALL or LMPR) was

sectioned (M�/ALL�). For each condition, a 5-Nm

internal rotation moment was applied manually through the

load cell with each motion occurring three times. Testing

was performed between 0� and 90� of knee flexion in 15�
increments. Both internal rotation and secondary anterior

translation under the internal rotational torque were

measured.

Fig. 1 The experimental setup of the knee within the joint simulator

including the position of the optical markers is shown. Also shown is

the orientation of the anatomic coordinate system. DOF = degrees of

freedom.
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Data Analysis and Statistics

The magnitude of each motion (degrees) that corresponded

to the 5-Nm internal rotation load target was determined

and the mean value across each of the three trials was used

for all combinations of conditions and knee angles. To

determine the effect of the intact, ACL�, and M�/ALL�
conditions, a one-way analysis of variance (ANOVA)

(three sections) was conducted. To determine the effect of

M�/ALL+ and M+/ALL�, separate one-way ANOVAs

were conducted within each randomized data set. Finally,

an independent t-test was used to determine whether the

internal rotations were significantly different between M�/

ALCC+ and M+/ALL�. Post hoc testing was performed

with a Bonferroni adjustment and effect sizes were calcu-

lated as partial eta squared (g2) and interpreted as small

(0.01), medium (0.06), or large (0.14) [24]. All statistical

analyses were performed separately at each knee angle and

were performed with SPSS statistical software (Version 21;

IBM Corp, Armonk, NY, USA) with a set at 0.05.

Results

Internal Rotation

At 0� of flexion (ie, full extension), there were differences

in the internal rotation associated with the progressive

sectioning of the ACL, LMPR, and the ALL (p = 0.02;

g2 = 0.15; power = 0.75). Specifically, there was a dif-

ference in the mean (SD) internal rotation for M�/ALL�
(11.42� [4.77�]) compared with ACL� (9.90� [4.67�]) and
the intact conditions by 1.53� (p = 0.03; 95% confidence

interval [CI], 0.16–2.70) and 2.30� (p = 0.01; 95% CI,

0.69–3.91), respectively (Fig. 2A). In addition, the mean

(SD) internal rotations for the M+/ALL� (9.99� [5.39�])
and M�/ALL+ (12.05� [5.34�]) were greater by 0.87�
(p = 0.04; 95% CI, 0.13–3.83) and 2.93� (p = 0.05; 95%

CI, 0.24–4.61), respectively, compared with the intact knee

(Fig. 2A).

At 15� and 30� of knee flexion, there were no differ-

ences in internal rotation when the ACL, LMPR, or ALL

was sectioned (Fig. 2B–C).

At 45� the mean (SD) internal rotation for the ACL�
(19.15� [9.49�]), M+/ALL� (23.70� [7.00�]), and M�/

ALL� (18.80� [8.27�]) conditions was different than the

intact (12.78� [9.23�]) condition by 6.37� (p = 0.02; 95%

CI, 1.37–11.41), 10.92� (p\ 0.01; 95% CI, 3.94–3.00),

and 6.02� (p = 0.01; 95% CI, 1.73–10.31), respectively

(Fig. 2D).

At 60� of knee flexion, there were no differences in

internal rotation when the ACL, LMPR, or ALL was sec-

tioned (Fig. 2E).

At 75� there was a 9.26� difference (p\ 0.01; 95% CI,

5.20–15.01) in the mean (SD) internal rotation between the

intact (13.96� [5.34�]) and the M+/ALL� (23.22� [4.46�]).
There was also a 4.09� difference (p = 0.01; 95% CI,

1.14–7.01) between the intact and M�/ALL� (18.05�
[7.31�]) conditions. Furthermore, an internal rotation dif-

ference of 6.94� (p\ 0.01; 95% CI, 2.45–9.89) was

observed between ACL� (16.28� [6.44�]) and M+/ALL�
in addition to a 5.17� internal rotation difference between

M+/ALL� and M�/ALL� (p = 0.01; 95% CI, 1.63–

8.64) (Fig. 2F).

Finally, at 90� of knee flexion, there were no differences

in internal rotation when the ACL, LMPR, or ALL was

sectioned (Fig. 2G).

Anterior Translation

Throughout the range of flexion, there was no difference in

anterior translation with progressive sectioning of the ACL,

meniscus, or ALL (Fig. 3).

Discussion

Both the anterolateral capsular complex and the lateral

meniscus are secondary stabilizers to internal rotation at

the knee. Anatomic studies report an insertion of the

anterolateral structures onto the lateral meniscus [3, 15],

the functional implication of which is unknown. In our

study, we confirmed that both the LMPR and ALL con-

tributed as secondary stabilizers to internal rotation, but not

to anterior translation, in the ACL-deficient knee. Their

contribution to rotational control was dependent on knee

flexion angle with the meniscal root of greater importance

in extension and the ALL in deeper flexion (45� and 75�).
The limitations of the study include the use of elderly

cadavers that may not be representative of the normal

ACL-injured population. Despite this, all specimens

achieved full extension and had an intact ACL at arthro-

tomy and were considered acceptable for this in vitro

study. Although the distal femoral attachment of the ili-

otibial tract (Kaplan’s fibers) was intact, the proximal

attachment of the tract was not and this may have impacted

the results. Although a hip simulator that requires manually

applied forces with optical tracking to assess knee kine-

matics was used in this study, this method has been

previously published and the measurement variability was

comparable to studies that have used a 6 degree-of-freedom

robot [39].

Biomechanical studies of the role of ALL and antero-

lateral structures have produced conflicting results with

some describing increased internal rotation with division of
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these structures [26, 34, 39], whereas others report no

difference [19, 36]. This may reflect ongoing confusion

regarding the definition of the structures being investigated

as well as the role of other secondary stabilizers such as the

iliotibial band. In particular, Parsons et al. [31], using a 6

degree-of-freedom robot and a force subtraction model,

found the ALL to be the primary restraint to internal

rotation at knee flexion angles[ 35�, with the ACL

Fig. 2A–G The mean (SD) internal rotation is shown after each

sectioning condition at (A) 0�, (B) 15�, (C) 30�, (D) 45�, (E) 60�, (F)
75�, and (G) 90� of flexion (*p\ 0.05). ACL� = sectioned ACL;

M�/ALL+ = sectioned ACL, sectioned meniscus, intact ALL; M+/

ALL� = sectioned ACL, intact meniscus, sectioned ALL; M�/

ALL� = sectioned ACL, sectioned meniscus, sectioned ALL.
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providing the greatest restraint closer to extension. The

iliotibial band was removed in this experiment. Zens et al.

[46] found the ALL to increase in length with greater

degrees of knee flexion, also suggesting a greater role in

deeper flexion. These results would support our findings

regarding the role of the anterolateral capsular structures

and their importance in deeper flexion and question the role

of anatomic ALL reconstruction in controlling the pivot

shift phenomenon, which occurs at lower knee flexion

angles.

Lateral meniscal root injuries have been reported in up

to 12% of ACL-injured knees [44]. The importance of

these injuries to knee stability has recently become

apparent. Musahl et al. [27] reported an increase in lateral

compartment translation during the pivot shift of 6 mm

after lateral meniscectomy in the ACL-deficient knee. In a

cadaveric biomechanical study specifically examining the

role of the lateral meniscal posterior root during a robotic

pivot shift, Shybut et al. [37] demonstrated an increase in

lateral compartment translation of 2.1� in extension after

division of the root compared with the ACL-deficient knee.

This was in comparison to an increase of 3.4� for the ACL-
deficient knee compared with the intact state. The differ-

ence between the root-deficient and ACL-deficient knee

reduced with increasing knee flexion and was negligible

after 35�.
It is not clear why the meniscus should be important

only near extension; however, it may relate to the mobility

of the meniscus [42], the changing shape of the femoral

condyle, and rollback of the tibiofemoral contact point that

occurs with knee flexion [16]. Furthermore, because the

lateral meniscus has been shown to reduce the bony tibial

slope toward the horizontal [8], loss of the meniscal root

may increase the functional slope and create a rotational

moment under compressive load [38].

Injuries to the meniscal roots have been shown to have

biomechanical consequences similar to total meniscectomy

[1, 25] and may lead to meniscal extrusion and progressive

degenerative change [2, 14, 22]. Because this effect may be

mitigated in the lateral compartment by the presence of

intact meniscofemoral ligaments [2, 10, 33], the clinical

benefit of root repair is less clear. Further clinical research

is needed to determine whether meniscal root repair at the

time of ACL reconstruction will be beneficial for both knee

stability and chondroprotection.

Studies investigating the relationship between the ALL

and the lateral meniscus are scarce. A case series of 90 knees

with an ACL injury shown on MRI noted that 41% had an

abnormality of the ALL with 61% of these having a con-

comitant lateral meniscus tear [41]. In contrast, of those

knees with an intact ALL, only 31%were observed to have a

lateral meniscus tear. A recent study by Musahl et al. [28]

demonstrated that injury to the anterolateral structures, the

lateral or medial meniscus, resulted in increased rotational

laxity. These studies support the concept of a functional

relationship between the lateral meniscus and the anterolat-

eral structures. Furthermore, although sectioning studies

generally show an additive effect of the sequential division

of structures that act as restraints to the same movement

[13, 45], subsequent sectioning of the second structure in the

current investigation was not observed to have an additive

effect (ie, sectioning the ALL after the LMPR, or the LMPR

after the ALL, did not further increase internal rotation). This

further supports a functional link between the two structures.

Sectioning the structures about the knee may alter the

center of rotation with division of the ACL known to move

the center of rotation medially [5]. This may impact rota-

tional measurement, because a similar lateral compartment

anterior translation will register less internal rotation but

more anterior translation under an internal rotational torque

as the center of rotation moves medially [30]. Whereas

secondary anterior translation did not reach significance in

our study, the increases measured may explain the para-

doxic decrease in internal rotation seen in some sectioning

conditions.

Injury to the secondary stabilizers of the knee likely

contributes to the spectrum of instability observed after

ACL injury and may be responsible for residual rotatory

instability after routine intraarticular ACL reconstruction.

The ALL and LMPR appear to act in concert, playing

complimentary roles as secondary stabilizers to internal

rotation at different stages of the knee flexion cycle. These

structures, together with the iliotibial band, could be con-

sidered to constitute the ‘‘anterolateral corner’’ of the knee.

Fig. 3 Comparison shows the mean (SD) anterior translation

between the posterior root lateral meniscus (PRLM) sectioned and

ACL-sectioned states across knee angles. ACL� = sectioned ACL;

M�/ALL+ = sectioned ACL, sectioned meniscus, intact ALL.
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Further research is required to determine under what cir-

cumstances, and using what techniques, surgical

intervention is warranted for injury to these structures. In

particular, the appropriate indications for extraarticular

tenodesis or anatomic ALL reconstruction and their effi-

cacy in controlling pathologic internal rotation require

further delineation as does the in vivo impact of lateral

meniscal root repair on clinical instability and

chondroprotection.
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