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Title:

The role of the anterolateral structures and the ACL in controlling laxity of the intact and ACL-
deficient knee.

Abstract

Background:

Anterolateral rotatory instability may result from combined ACL plus lateral extraarticular lesions,

but the roles of the anterolateral structures remain controversial.

Purpose:

To determine the contribution of each anterolateral structure and the ACL in restraining simulated

clinical laxity tests, in both the intact and ACL-deficient knee.

Study design:

Controlled laboratory study

Methods:

16 knees were tested using a six degree-of-freedom robot with a universal force sensor. The system
automatically defined the path of unloaded flexion/extension. At different flexion angles, anterior-
posterior, internal-external, and internal rotational laxity in response to the simulated pivot shift
were tested. Eight knees were tested with the ACL-intact and eight as ACL-deficient. The kinematics
of the intact/deficient knee was replayed after transecting/resecting each structure of interest.
Therefore the drop in force/torque reflected the contribution of the transected/resected structure
in restraining the laxity test. Data were analyzed using repeated-measures analyses of variance and

paired t-tests.



Results:

Anterior translation: While intact, the ACL was clearly the primary restraint. The iliotibial tract (ITT)
resisted 31% of the drawer force with the ACL cut, at 30° flexion; the ALL plus anterolateral capsule
resisted 4%. Internal rotation: The superficial layer of the ITT significantly restrained internal rotation
at higher flexion angles: 56+20% at 90° for the ACL-intact and ACL-deficient groups. The deep ITT
layer restrained internal rotation at lower flexion angles, contributing 2629% and 331£12% for the
intact and deficient groups at 30°. The other anterolateral structures had no significant contribution.
Pivot-shift-test: The ITT provided 79% of the restraint at 45° for the ACL deficient group. The ACL and

the other anterolateral structures had only a small contribution in restraining the pivot-shift.

Conclusion:

The ALL and the anterolateral capsule had a minor role in restraining internal rotation; the ITT was

the primary restraint at 30°- 90° flexion.

Clinical relevance:

The ITT showed large contributions to restraining anterior subluxation of the lateral tibial plateau
and tibial internal rotation, which constitute the pathological laxity in anterolateral rotatory
instability. In cases presenting anterolateral rotatory instability an ITT injury should be suspected and

kept in mind if an extra-articular procedure is performed.

What is known about this subject: Despite several recent papers describing the anterolateral soft-
tissue anatomy, there has been no objective biomechanical knowledge to support the use of
anterolateral ligament reconstructions. A recent paper in the AJSM showed misleading data, given

that they resected the ITT before measuring internal rotation restraint.

What this study adds to existing knowledge:

This study shows that it is the ITT that is the primary restraint to tibial internal rotation and the



rotational component of a simulated pivot-shift test. It did not find a significant role for the
anterolateral ligament in restraining tibiofemoral laxity, contrary to recent speculation based on

anatomical observations.



Introduction:

Anterior cruciate ligament (ACL) reconstruction generally has good to excellent results. However, a
substantial group of 5-25% > 1% 18 of patients present unsatisfying results regarding International
Knee Documentation Committee (IKDC) and return to sport scores. Reasons for this may include
surgical error, concomitant peripheral injuries, failure of graft incorporation, and trauma. & 22
Unrecognized peripheral injuries may lead to persistent rotatory instabilities 3 and therefore
induce higher ACL graft forces 26, and may lead to early onset osteoarthritis. * Anterolateral rotatory
instability (ALRI) is one of these complex rotatory instabilities, which has been suggested to be
caused by an ACL tear either in combination with damaged anterolateral structures of the knee, -
29, 33,46, 48

or by progressive elongation (‘stretching-out’) of other ligamentous support in a chronic

ACL deficiency.®

The biomechanical principle behind ALRI is based on the medial shift of the rotational axis of the
tibia from the center of the tibial plateau following an ACL rupture. 2”-3% 32 Thus, the lateral tibial
plateau is more susceptible to subluxing anteriorly, especially when accentuated by concomitant
injuries to the anterolateral structures. 2% 2% 344648 This subluxation can be manually elicited in the
pivot-shift test by internally and valgus rotating the tibia in low flexion angles. As the knee is then
brought from extension to flexion, the tension in the iliotibial tract (ITT) has an increasing posterior
component acting on the lateral aspect of the tibia. This suddenly reduces the lateral tibial plateau

at higher flexion angles, >3% %

which is felt as a ‘clunk’ by the examiner. It is widely accepted that
loss of integrity of the ACL is a prerequisite to elicit the pivot-shift phenomenon. > 1 However, it is

not clear if and how additional injuries to the anterolateral structures influence the subluxation-

reduction event. %

Injuries of various structures of the anterolateral side of the knee have been suggested to cause
increased internal tibial rotational laxity. Damage of the capsulo-osseus layer of the ITT has been

proposed to correlate most with the different grades of the pivot-shift.  Hematomas 3¢ and avulsion



13 of the proximal attachment of the ITT (Kaplan’s fibers) have also been noted in patients suffering
from an increased rotational instability of the knee. Similarly, the mid-third lateral capsular ligament
and the biceps femoris muscle complex have been linked to the Segond fracture, which indicates
severe rotational instability 7. Due to the limited arthroscopic view when performing an ACL
reconstruction, injuries to these anterolateral structures may have been unnoticed. However, recent
descriptions of the anterolateral ligament (ALL) have led to renewed interest in these structures,

which may play a role in controlling rotational laxity of the knee. &8 20:47

The aim of the study was to determine the contribution of the anterolateral structures and the ACL
in restraining 1. Anterior-posterior (AP) laxity. 2. Internal-external (IE) tibial rotation laxity. 3. Internal
rotation laxity in response to a simulated pivot-shift (sPS) test in the ACL-intact and ACL-deficient
knee. Based on the published articles, it was hypothesized that both the ITT and ALL would
contribute to resisting anterolateral knee laxity. Knowledge of these contributions would aid the

design of improved surgical procedures for stabilizing the knee.

Methods:

Specimen preparation:

18 fresh-frozen cadaver knee specimens were procured from a tissue bank after approval from the
local research ethics committee. Two specimens were used to develop the sectioning and robotic
testing protocol and the remaining 16 knees were included for final data analysis (mean age: 69;
range: 52-93; 8 male, 8 female; 6 left, 10 right). Eight knees were tested with the ACL intact, and the
remaining eight knees were used to test the ACL deficient state. In the latter knees the ACL was
transected mid-substance through a 15mm mid patellar tendon incision before testing. A
MacDonald’s dissector was slid into the gap between the cruciate ligaments with the knee flexed,

then a scalpel cut laterally/distally away from the dissector until there was a sudden increase in



anterior laxity of the knee that indicated complete ACL deficiency; lack of damage to other

structures could be verified after the study was completed.

The knees were stored in polyethylene bags at -20°C, then thawed at room temperature 24h prior to
testing. The skin and subcutaneous soft tissue were resected, leaving the muscles, tendons and
ligaments intact. The tibia and the femur including all soft tissues were then cut approximately
120mm and 200mm from the joint line respectively. A tricortical screw was used to maintain the
anatomic position of the proximal tibio-fibular joint. The tibia was securely potted into a cylindrical
stainless-steel tube using polymethylmethacrylate (PMMA) bone cement. The center of the pot was
aligned to the tibial axis of rotation at the interspinous space using a custom made alignment jig
through a 15 mm longitudinal incision in the patellar tendon. The femur was then potted at 0° knee
flexion, while the posterior condylar axis was aligned parallel to the base fixture orientation of the
robot. The specimens were left mounted to the robot and kept moist throughout the whole

experiment.

Tissue resection and cutting order:

Sequential resection of the anterolateral structures and transection of the ACL was performed whilst
the knee remained mounted in the robot at 30° knee flexion. The sequence of cutting was from

superficial to deep:

1. Superficial layer of the ITT (the sITT). A curved longitudinal cut from the anterior border of Gerdy’s
tubercle along the lateral patellar border (lateral retinaculum) was performed to resect the sITT
away from its anterior attachment. The biceps femoris muscle complex was then completely
resected, including the capsulo-osseus biceps femoris confluence and several tendinous and
aponeurotic arms of both the long and short heads of the biceps femoris. The remaining strip of the

sITT was then carefully resected from the deep and capsulo-osseus layers. (Figure 1)



2. The deep and capsulo-osseus layer of the ITT (the dcITT) including the Kaplan fibers were resected
from their proximal femoral attachment and distal tibial attachment at the lateral tibial rim

immediately posterior to Gerdy’s tubercle. (Figure 2)

3. After removing the dclITT, the remaining fibers running superficial to the lateral collateral
ligament (LCL) and inserting posterior and proximal to the lateral femoral epicondyle on the femur
and posterior to Gerdy’s tubercle on the tibia were resected (Figure 3). Fibers in this zone have
previously been defined as the anterolateral ligament (ALL) by Dodds et al 8. After this structure had

been resected only the capsule remained on the anterolateral aspect of the knee.

4. The whole meniscofemoral and meniscotibial anterolateral capsule was resected. This included

the midthird lateral capsular ligament and other fibers described as an ALL #’. (Figure 4)

5. The ACL was cut midsubstance in the ACL-intact group at 90° knee flexion.

After completion of the initial testing stages listed above in knees 1 to 4, the protocol for knees 5 to
8 was extended in order to test additional structures on the medial side. This followed data
processing on the first four knees, which showed a large residual resistance to tibial internal rotation
after resecting/cutting the anterolateral structures and ACL. Unfortunately, because work on the
medial structures had not been planned, the test protocol had not allowed for remounting the knees
into the robot with sufficient precision to allow their testing to be extended, and so knees 1 to 4

could not be included in the extension to the protocol.

The following cuts were performed on four knees of the ACL-intact group after remounting the

knees to the robot:

6. The medial collateral ligament complex, including the deep medial collateral ligament (dMCL) and

the superficial collateral ligament (sMCL), was transected.



7. The posterior medial corner (PMC) including the posterior oblique ligament (POL), the

semimembranosus tendon (SM) and the posterior medial capsule was transected.

Testing protocol:

Prior to testing, the knee was manually flexed and extended 10 times to minimize tissue hysteresis.
The tibia and the femur were then mounted to the end-effector and to the fixed base unit of the
robot at 0° knee flexion, respectively. In order to find the starting position at 0° all forces and
moments acting across the tibio-femoral joint were neutralized. The robot automatically defined the
path of passive motion of the knee across the range of flexion and extension by minimizing
constraining forces and moments acting across the knee. The knee could then be moved to each
desired angle of flexion and the simulated clinical tests were assessed, while all remaining

forces/torques were minimized.

Simulated knee laxity tests were performed at 0°, 30°, 60° and 90° flexion, where anterior-posterior
translation and internal-external rotation laxity were tested in response to a 90N anterior-posterior
force and 5Nm internal-external torque respectively. The robot constrained the knee to remain at
the chosen angle of flexion while the force or torque was applied, but was programmed to seek zero
load in the secondary degrees of freedom of motion when the tibia was moved away from its initial
position of equilibrium. Thus, for example, the tibia was allowed to rotate about its long axis and in
valgus/varus, and also to move in medial/lateral and proximal/distal translations when an anterior
translation was imposed. A simulated pivot shift test (4Nm internal tibial rotation and 8Nm valgus
rotation) was performed at 15°, 30° and 45° flexion. The internal tibial torque was applied first and
held constant while the valgus torque was applied and released, and tibial motion in the remaining
degrees of freedom was measured, such as coupled anterior translation 2> °1, After each
resection/cut was performed, the same motion of the simulated laxity tests of the intact state was
replayed and the force/torque versus displacement data were recorded. Thus the decrease in

force/torque represented the contribution of the resected/cut structure in restraining the laxity test.



Each simulated laxity test was repeated 3 times. The loads were selected to be at the lower range of
those applied during clinical examination of knee laxity, in order to prevent ‘stretching-out’ of the

remaining structures after some had been resected/cut.

Internal and external rotation (5Nm) was tested at only 30° for the four remounted knees of the ACL
intact group in order to test the structures on the medial side. In order to prevent error from
remounting the specimen, the intact kinematics were replayed by moving the robot in position
control to reproduce the path of motion recorded earlier when the knee was intact and the resulting

forces and torques were used as a reference prior to any additional cuts.

Robotic biomechanical testing system:

The biomechanics testing platform (Figure 5) was a six degree-of-freedom industrial robot (Staubli
TX90, Stdubli Co., Pfaffikon, Switzerland) and a six axis universal force-moment sensor (UFS)
(Omega85, ATl Industrial Automation). Similar configurations have been used previously *°. The robot
had a maximum load capacity of 200N and a repeatability of £0.03 mm. The UFS was mounted
between the specimen’s tibia and the robot end-effector using a custom made mechanical fixture and
had a resolution of 0.3N in the x and y-axes and 0.4N for the Z axis. The UFS could measure torques
up to 80Nm in all three axes with a resolution of 0.013Nm about the x and y axes and of 0.009Nm

about the z axis.

For the initial state of each knee (ACL intact group and ACL deficient group), the robotic platform was
controlled to find the passive path of flexion-extension by minimizing the forces and torques, and then
to simulate clinical laxity tests, while recording the position and the corresponding forces and torques

at every 0.04 s.

Data Analysis:



A power calculation based on prior work on rotatory knee laxity 2* determined that a sample size of
8 would allow identification of changes of translation and rotation of 2.1 mm and 1.2° respectively

with 80% power and 95% confidence.

Force or torque versus displacement graphs were plotted for each simulated laxity test, each flexion
angle, and each knee. The force/torque endpoints of the three cycles were averaged. In order to
obtain the internal rotation torque endpoint in case of the simulated pivot-shift the torque value
was measured when the valgus torque was at its peak. The decrease in force/torque after each cut

was then converted into percentage of the intact state/deficient state, which acted as a reference.

A repeated-measures ANOVA was used to assess the main effects of each independent variable
(deficiency status and flexion angle) and the interaction between them for the ACL-intact and ACL-
deficient groups. The dependent variables were the percentage contributions in restraining 1.
Anterior translation; 2. Posterior translation; 3. Internal rotation; 4. External rotation; and 5. Internal
rotation in response to a simulated pivot-shift test. Pairwise comparisons with Bonferroni correction

to maintain 95% confidence were used to compare each contribution at different flexion angles.

Independent sample t-test or the Mann-Whitney U test for non-normally distributed data were used
to address statistical significances between the ACL-intact and ACL-deficient group for each

simulated test mentioned above.

Statistical analysis was performed in SPSS version 21, with significance level set at P<0.05.

Results:
Anterior and posterior tibial translation:

Overall, the anterolateral cutting sequence caused a significant increase (p<.001) in anterior laxity
for both the ACL-intact and ACL-deficient groups. For the posterior translation only the ACL-intact

group showed a significant effect (p<0.05). The interaction with the flexion angle was significant



(p<.001) when applying an anterior translation force, meaning that the contributions of each of the

resisting structures varied across the arc of flexion.

ACL-Intact group:

Only the ACL had a significant role in restraining a 90N tibial anterior translation force (p<.001 at 0°,
30°, 60° and 90° knee flexion) (Figure 6). All other sectioned structures (Table 1) had only a small
contribution. Furthermore, there was no significant contribution in restraining a 90N posterior tibial

force for the ACL and all tested anterolateral structures.

ACL-Deficient group:

The sITT significantly restrained a 90N tibial anterior translation at 60° (p<.01) and 90° (p<.001),
whereas the dcITT presented a significant contribution at 0° (p=.05), 30° (p=<.01), 60° (p=.05), and
90° (p=.04) (Figure 6). Compared to the ACL-intact group, all structures tended to make a higher
contribution to restraining a 90N anterior tibial translation, but that change was only statistically

significant for the sITT at 60° (p=.04) and the dcITT at 30° (p<.01).

Similar to the intact group none of the structures demonstrated a significant contribution to

restraining a 90N posterior translation force.

Internal and external tibial rotation:

The state of the ACL (intact versus deficient) had a significant effect (p<.001) on the contributions of
the structures of interest in restraining both internal and external rotation across the whole range of
motion. Furthermore the percentage contributions changed significantly (p<.001) with knee flexion

angle, when applying an internal rotation torque. For the external rotation only the ACL intact group

showed small, but significant (p=0.042) changes of percentage contributions with flexion angle.

ACL-Intact group:



At full extension only the ACL had a statistically significant (p<.01) contribution to restraining a 5Nm
internal rotation torque. (Figure 7, Table 2) The tested anterolateral structures collectively
contributed a slightly higher resistance (23+18%), but none of them made a significant individual
contribution. At 30°, 60° and 90° knee flexion both the sITT (p=.012; p<.01; p<.01), and dcITT (p<.01;
p=.033; p=.023) provided a significant resistance to tibial internal rotation torque. The sITT had a
greater impact at high flexion angles, reaching 56£20% contribution at 90°, whereas the dcITT
showed a greater contribution at low flexion angles, reaching 26+9% at 30°. The whole ITT presented
therefore a total contribution of 44%+10% at 30°, 76+11% at 60°, and 71+15% at 90°. The
extracapsular ALL described by Dodds et al ® displayed its highest contribution at 30° knee flexion
(11+£10%), which was not significant. Similarly, a significant role for the anterolateral capsule was not

found at any tested knee flexion angle.

None of the tested structures made a significant contribution to restraining a 5Nm external tibial
rotation torque, except the sITT at 30° (7+£3%; p=.012) and 60° (4+3%; p=.039) knee flexion, which

was small, but statistically significant.

The MCL and the PMC contributed 15+4% and 15+13% respectively to restraining tibial internal
rotation at 30° flexion, which were not found to be significant with the small number tested (N=4)
(Figure 7, Table 2). However the MCL had a significant (p=.037) role in restraining external tibial

rotation, resulting in a 62+11% contribution at 30° knee flexion (N=4).

ACL-Deficient group:

The dcITT contributed the only significant (p=.027) restraint to a 5Nm internal rotation torque at full
extension, which was also significantly larger (p<.01) than in the intact group. (Figure 7, Table 2)
Both the sITT and the dcITT made significant contributions to restraining a 5SNm internal rotation
torque at 30°, 60°, and 90°: p<.01, p<.001, and p<.001, respectively for the siTT and p<.01, p=.021,

p=.02, respectively for the dcITT. Thus, the whole ITT (sITT+ dcITT) contributed a total internal



rotation restraint of 58+10% at 30°, 80+13% at 60°, and 76+14% at 90° knee flexion for the ACL
deficient knee. Conversely, all the other anterolateral structures (ALL and the anterolateral capsule)
made only a small contribution to restraining a 5Nm internal rotation torque, which was not found

to be significant and did not differ significantly from their contribution with the ACL intact.

None of the tested structures in the ACL-deficient knee had a significant role in restraining tibial

external rotation.

Simulated pivot-shift test:

Cutting structures caused a significant increase in sPS laxity in both the ACL intact (p<.001) and ACL
deficient groups (p<.001) across the range of motion tested. There was also a significant interaction
with flexion angle for both groups (p<.001), that is: the percent contributions varied as the knee

flexed.

ACL-Intact group:

The dcITT significantly restrained a 4Nm internal rotation torque under a combined valgus torque at
all tested flexion angles: (p<.01 at 15°, 30° and 45° knee flexion (Figure 8, Table 3). The sITT had a
significant role (p<.01) in restraining the rotational component of the simulated pivot shift only at
45° (37+14%) of knee flexion. The ALL, ACL and the anterolateral capsule made only small
contributions to restraining internal tibial rotation under the simulated pivot shift at all tested

flexion angles (n.s.).

ACL-Deficient group:

Similarly to the ACL-intact group, the sITT at 45° (p=.015), and the dcITT at 15° (p<.01), 30° (p<.01),
and 45° (p=.048) made a significant contribution to restraining a 4Nm internal rotational torque

under a combined 8Nm valgus torque in an ACL-deficient knee. (Figure 8, Table 3) Although the



contribution of the ALL at 15° (7£4%) was lower than in the ACL-intact group, it made a significant

contribution (p=.049) to restraining the simulated pivot-shift test.

Discussion:

The main finding of this study was that, contrary to the hypothesis and recent speculation based on
anatomic observations alone, neither the extracapsular ALL or anterolateral capsular structures
offered significant resistance to tibial internal rotation from 0 to 90° knee flexion. At full knee
extension, the ACL was a significant restraint in the intact knee; with ACL-deficiency, that role fell
onto the deep capsulo-osseous layer of the ITT. The combined actions of the superficial and deep
layers of the ITT were the primary restraint (that is: their combined contribution was greater than
50% of the total) to tibial internal rotation above 30° knee flexion, and this contribution increased
with increasing knee flexion, reaching 74% of the total resistance at 60° knee flexion. These findings
fit with the observation of Terry et al %6, that the deep capsulo-osseous layer of the ITT had been
damaged in 93% of functionally unstable knees that were reconstructed, and that this damage

correlated significantly with the grade of the pivot-shift, whereas ACL damage did not.

It is widely accepted that the ACL is the primary restraint to anterior tibial translation. This is
supported by our results, as the ACL was the only significant restraint in response to a 90N anterior
tibial translation force. However, Butler et al # reported that the ACL made a larger contribution
than was found in this study: 87% and 85% at 30° and 90° flexion, respectively. This difference may
be because the test method used in the earlier study did not allow free tibial rotation, and so the ITT

could not come into play as coupled tibial internal rotation was blocked.

There are inconsistencies across studies regarding the role of the ACL in controlling tibial internal
rotation. Some authors found no statistically significant increase of internal tibial rotation after

cutting the ACL. 7% Similarly to the present study, other authors showed that ACL-deficiency



allowed a small but statistically significant increase in internal rotation 2”324 and internal rotation in
response to a simulated pivot-shift test 2*°! at low flexion angles. In accordance with Oh et al ¥, who
found a 13% decrease in dynamic internal rotational resistance in a simulated pivot landing at 15°
knee flexion after cutting the ACL, we found a 17% decrease in response to a simulated pivot-shift
test at 15° knee flexion and an almost 20% decrease of an isolated internal rotation moment at full
extension. This also corresponds with Zantop et al *°, who found that the posterolateral bundle of
the ACL played an important role in controlling internal rotation at low flexion angles. Loss of this
constraint, which induces the ‘screw-home’, may allow anterior translation of the lateral tibial

plateau in early knee flexion. %>

This study found that the anterolateral structures, particularly the superficial and deep layers of the
ITT, were the primary restraint to tibial internal rotation between 30°-90° knee flexion and 30°- 45°
for the simulated pivot-shift. Contrary to recent speculation, the ALL and related capsular structures
together (so as to encompass the variety of recent anatomical interpretations of ‘the ALL’) were
found to be a minor restraint. Sequential cutting studies investigating changes of joint laxity in
internal tibial rotation and the simulated pivot shift have been carried out by several authors.
Wroble et al * found a significant increase in internal rotation after sectioning the entire
anterolateral structures at 30° and above. Yamamoto et al *°, and Hassler and Jakob *° found such a
large increase in internal rotation after cutting the ITT that the reduction of the lateral tibial plateau

in a pivot shift test disappeared. Suero et al %2

measured a significant increase in lateral
compartment translation after cutting the ITT, but concluded that it did not have more effect than
other lateral structures. Looking at the current study’s results, and the larger lever arms about the
axis of tibial internal rotation of the peripheral structures, it appears logical that the anterolateral
structures control internal rotational laxity better than the central ACL. However, although the
studies described above presented data about changes of laxity — which are used for clinical

diagnosis — that is not the same as knowing how much each structure contributes to restraining the

laxity; that is: which are the primary and secondary restraints? There has been one study published



which addressed this question 38, but unfortunately they removed the superficial ITT prior to the
experiment, which the present work has shown to be a primary restraint. In this state, the remaining
structures will appear to be more important than they actually are in the intact knee. Also, the
kinematics of the knee will have been abnormal, with further consequences for the validity of the
data. Furthermore, tissues deep to the superficial ITT were preserved, and so data presented for
“the ALL” may have been a combination of the deep layer of the ITT, plus the extracapsular ALL, plus
the capsular structures, all of which have been shown in the present study to have distinct
contributions. Thus, their conclusion that the ALL is a primary restraint to tibial internal rotation at

high flexion angles may be questioned, and that was not found to be the case in the present study.

In the absence of the ACL, its restraining action fell onto the remaining intact structures, so the
contributions of the superficial and deep layers of the ITT to restraining internal rotation and the
simulated pivot-shift test were enhanced for the ACL deficient knees at almost every flexion angle.
However this increase was only significant (4% to 18%) for the capsulo-osseus layer at 0°, which was
where the ACL had made its largest contribution to controlling tibial rotation. These results suggest
that the load on the ITT, and especially on the deep capsulo-osseus layer, will increase after ACL
rupture. This is in accordance with previous data showing that simultaneous intra-articular ACL and

extra-articular lateral reconstructions share the load imposed on the knee *°,

The contributions of the MCL and PMC to resisting tibial internal rotation at 30° knee flexion were
measured in four knees as an ad-hoc addition to the original test protocol. That was because, after
finishing the test series on the anterolateral structures and the ACL, the internal tibial rotation
results at early flexion angles left speculations on the remaining 33% contribution at 30° knee
flexion. Unfortunately, further investigation of the peripheral structures restraining internal tibial
rotation of the knee could only be performed in four knees, because at this time it was not possible
to remount the other knees to the robot in the exact same position without altering the kinematics

due to residual forces/moments. The MCL and the PMC each contributed 15% of the restraint to



internal tibial rotation, implying a greater role than the ALL, the anterolateral capsule, and the ACL at
30° knee flexion. Moreover, the MCL showed a 60% contribution to restraining external rotation at
30°, which implies a substantial role in restraining external tibial rotation, as suggested by previous
work. % These data were collected from only four knees, so are just an indication and cannot be
taken as solid results. However, they suggest that it should be worthwhile to revisit the roles of the

medial and posteromedial structures in restraining rotational laxity.

The differences in anatomical descriptions of the anterolateral aspect of the knee are not surprising,
considering the complexity and variability of the structures found there. The femoral attachment of
the ALL has been described at three different positions and it is not even agreed whether the ALL is a
capsular or extracapsular structure &8 2% 47 Different characterizations of the ALL may also have
been confused with previously described structures like the deep capsulo-osseus layer of the ITT 4,
the midthird lateral capsular ligament 2, the bilaminar structure of the capsule #, and the
aponeurotic extensions of the biceps femoris muscle #. Contrary to recent speculation, the
extracapsular ALL (described by Dodds et al &) and the entire anterolateral capsule (which included
the ALL described by Claes et al ¢, Helito et al ?°, and Vincent et al #’) showed only a small
contribution in restraining internal tibial rotation or internal tibial rotation in response to a
simulated pivot shift test at all flexion angles examined. The capsulo-osseus layer of the ITT, on the
contrary, is a more substantial structure which showed high potential in restraining anterior
subluxation of the lateral tibial plateau, so it is surprising that damage of the anterolateral capsule
and not the ITT has been considered as the cause of ALRI in recent publications. The functional
importance of the ITT (especially the deep and capsulo-osseus fibers) is also implied by the high
number of proprioceptors which have been found in the distal part of the ITT system. 12 Thus, the
deep and capsulo-osseus fibers of the ITT might have been underestimated in their role as potent
restraints to ALRI, as evidenced by the biomechanical data on the ITT load-sharing with the ACL from

Noyes et al **> and the correlation with pivot-shift instability. +>4®



Although the present study presented an appropriate way of determining the contribution of
peripheral structures in restraining knee laxity, it had several important limitations to note. The
testing concentrated on the contribution of soft tissues in restraining knee laxity in a quasi-static
setup that did not include the axial compression loading present during gait, and thus simulated
clinical manual examination loading. This setup did not determine the contribution to functional
stability of muscle loading; the short knee specimens had no proximal continuity to the tensor fascia
lata, for example, and so the role of the ITT found in this work was likely to have been
underestimated. The contribution of each structure to resisting tibiofemoral displacements was
precisely derived from the intact/deficient kinematics of the knee using a repeated displacement-
controlled method. A force-controlled method, which allows measurement of the increased joint
laxity at a given load that follows the cutting of each structure, may appear to be more relevant for
clinical diagnosis, but the results are sequence-dependent and so care must be taken in interpreting
the resulting data. For example, if a minor restraint (such as the ALL) is the last structure left intact,
then cutting it will allow a large increase in laxity, but that does not mean that it carried a significant
load in use. Finally, it may be possible that resection of superficial structures — required here for
visualization of deeper capsular structures — led to results different to those which would have

resulted from isolated transection or real-world injuries.

Conclusion:

This study has measured the contributions of the ACL and anterolateral structures of the knee to
resisting tibial internal rotation motion, for both the intact knee and after ACL injury. The data may
offer guidance for the treatment of rotational instability of the injured knee. The ITT was found to be
the primary restraint to internal tibial rotation for both the intact and ACL-deficient knee, from 30°
to 90° knee flexion. The ITT was also found to be the primary restraint tointernal tibial rotation
induced by application of a simulated pivot shift test, at 15° to 45° knee flexion. The contributions of

the deep and capsulo-osseous fibers of the ITT imply a potent role in restraining anterior subluxation



of the lateral tibial plateau. This work did not find a significant restraining role for the ALL. These

data suggest that it may be appropriate to identify and possibly to reconstruct additional ITT injuries

in case of a suspected ALRI. Clinical research should focus on identifying additional peripheral

injuries in MRI and clinical examination studies.

Tables:

Table 1. Sequential cuts/resections and corresponding anatomical structures

Cuts Corresponding anatomical structure

Superficial layer of the iliotibial tract (ITT)*, biceps femoris muscle complex (including

Cut 1 (sITT) tendinous and aponeurotic arms of the long and short head.), biceps-capsuloosseous
iliotibial tract confluens, lateral retinaculum, lateral patellofemoral ligament, lateral
patellomeniscal ligament.

Cut 2 (deITT) Deep and capsulo—osseu; Iayer of the ITT (supracondylar insertion, insertion near the
septum, and retrograde insertion)
All structures running superficial to the LCL (anterolateral ligament; ALL described by Dodds

Cut 3 (ALL) .. .
et al., superficial capsule described by Seebacher et al.)

Cut 4 (Cap) Whole anterolateral capsule (ALL described by Claes et al., Vincent et al., and Helito et al.)

Cut 5 (ACL) Anterior cruciate ligament

Cut 6 (MCL) Medial collateral ligament (superficial and deep portion)

Cut 7 (PMC) Posteromedial corner (posterior oblique ligament, semimembranosus tendon,

posteromedial capsule)

Table 2. Contribution [%] of each structure restraining a 5Nm internal rotation torque (for abbreviations see

Table 1; shown as mean +/- SD; n=8 per group)

Cuts 0° 30° 60° 90°

Intact Def. Intact Def. Intact Def. Intact Def.
SITT 8.317.7 3.713.6 18.149.1  24.3+12.5 52.2+18.1 53.7+#15.3 55.8+20.4 55.6+16.1
dcITT 43339  18.3+114  25.6%9  33.2412.3 23.4+14.1 26%155 15.5+8.7  20.8+12.3
ALL 5.846.5 4.4+4.3 11+9.7 4.9+4.1 4.943.9 2.312.1 10+11.5 3.312.9
Cap 4.1+2.8 1.841.9 3.1+2.7 2+2.7 1.341.8 0.7+1.8 3.3+2.4 3.948.2
ACL 19.7+¢7.9 - 8.917.7 - 1+1.5 - 0.910.8 -
MCL - - 14.5+4 .4 - - - -
PMC - - 14.7+12.6 - - - -



Table 3. Contribution [%] of each structure restraining a 4Nm internal rotation torque in
response to a simulated pivot shift test (8Nm valgus torque) (for abbreviations see Table 1;
shown as mean +/- SD; n=8 per group)

Cuts 15° 30° 45°

Intact Def. Intact Def. Intact Def.
sITT 6.717.6 6.4+7.7 12.7+10.3 19+13.3 36.8£13.8  43.8+21
dcITT  17.3+7.8  27.2413.3 29.3#12.5 35.4413.8  35.5+13.4  28.4+17.2
ALL 11.1+11.4 6.9%4 13.8t14.4  5.845.1 8.417.8 2.9+2.2
Cap 4.1+3.4 23125 2.612.5 2.242.6 2.1+1.7 0.7+1.3

ACL 16.8£10.9 - 10.4+9.9 - 5.115.6 -



Captions for illustrations

Figure 1. Lateral aspect of a left knee: the femur extends proximally to the right, and the tibia
extends distally towards the bottom,left, with the patella at the top, left. Superficial layer of the
iliotibial tract (ITT) flapped down (1), proximal femoral insertion of the ITT (2), supracondylar
insertion of the ITT (3), retrograde insertion or capsulo-osseus layer (4), superior genicular artery (5),

lateral collateral ligament (6), fibular head (7), Gerdy’s tubercle (8), intermuscular septum (9).

Figure 2. Lateral aspect of a left knee: the femur extends proximally to the right, and the tibia

extends distally towards the left, with the patella at the top. A, superficial layer of the iliotibial tract
(ITT) and biceps femoris muscle complex removed. Gerdy’s tubercle (1), capsulo-osseus layer of the
ITT (2) inserting posterior to Gerdy’s tubercle, lateral collateral ligament (LCL) (3). B, insertion site of

the resected capsulo-osseus layer of the ITT (1), LCL (2).

Fig 3: lateral aspect of left knee: the femur extends proximally to the right, and the tibia extends
distally towards the left, with the patella at the top. Shown after removal of deep capsule-osseous
layer of ITT, leaving the extracapsular ALL exposed (arrows), passing over the proximal LCL. The
femoral attachment is proximal and posterior to the epicondyle; the tibial attachment is midway

between Gerdy’s tubercle and the head of the fibula.

Figure 4. lateral aspect of a left knee: the femur extends proximally to the right, and the tibia
extends distally towards the left, with the patella at the top. A, All structures running superficial to
the lateral collateral ligament (LCL) were removed. Gerdy’s tubercle (1), anterolateral capsule (2),
LCL (3), femoral attachment of the lateral head of the gastrocnemius muscle (4). B, After removal of
the anterolateral capsule, Gerdy’s tubercle (1), lateral meniscus (2), popliteus tendon (3), LCL (4),

femoral attachment of the lateral head of the gastrocnemius muscle (5).

Figure 5. Setup of the six degrees-of-freedom robotic system. The end of the moving arm of the
robot has the tibial pot attached to it via a force/torque sensor. The femur is secured in a fixed

mounting on the base.



Figure 6. Contribution [%] of tested structures in restraining a 90N anterior tibial translation at 0°,
30°, 60°, and 90°. Cross-hatched areas indicate results from the ACL-deficient group. sITT=superficial
layer of the iliotibial tract; dcITT= deep and capsulo-osseus layer of the iliotibial tract; ALL=
anterolateral ligament; Cap= anterolateral capsule; ACL= anterior cruciate ligament. Statistical

significance: *p<.05; **p<.01; *** p<.001. (Shown as mean + SD, n=8)

Figure 7. Contribution [%] of tested structures in restraining a 5Nm internal rotation torque at 0°,
30°, 60°, and 90°. There is only one result for each of the medial collateral ligament (MCL) and the
posterior medial corner (PMC) because they were only tested at 30° knee flexion, on four knees.
Cross-hatched areas indicate results from the ACL-deficient group. ITT=superficial layer of the
iliotibial tract; dcITT= deep and capsulo-osseus layer of the iliotibial tract; ALL= anterolateral
ligament; Cap= anterolateral capsule; ACL= anterior cruciate ligament. Statistical significance:

*p<.05; ¥*p<.01; *** p<.001. (Shown as mean + SD, n=8, apart from MCL and PMC when n=4)

Figure 8. Contribution [%] of tested structures in restraining a 4Nm internal rotation torque in
response to a simulated pivot shift test (4Nm internal rotation and 8Nm valgus rotation) at 15°, 30°,
and 45°. Cross-hatched areas indicate results from ACL-deficient group. sITT=superficial layer of the
iliotibial tract; dcITT= deep and capsulo-osseus layer of the iliotibial tract; ALL= anterolateral
ligament; Cap= anterolateral capsule; ACL= anterior cruciate ligament. Statistical significance:

*p<.05; **p<.01; *** p<.001. (Shown as mean + SD, n=8)
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Figures:

Figure 5 Set-up of robotic test system, with femur on fixed mounting and tibia attached to the end
of the robot arm.



Figure 1. Lateral aspect of a right knee. Superficial layer of the iliotibial tract (ITT) flapped down (1),
proximal femoral insertion of the ITT (2), supracondylar insertion of the ITT (3), retrograde insertion or
capsulo-osseus layer (4), superior genicular artery (5), lateral collateral ligament (6), fibular head (7),
Gerdy’s tubercle (8), intermuscular septum (9).



Figure 2. Lateral aspect of a left knee. A, superficial layer of the iliotibial tract
(ITT) and biceps femoris muscle complex removed. Gerdy’s tubercle (1),
capsulo-osseus layer of the ITT (2) inserting posterior to Gerdy’s tubercle, lateral
collateral ligament (LCL) (3). B, insertion site of the resected capsulo-osseus
layer of the ITT (1), LCL (2).



Fig 3: lateral aspect of left knee after removal of deep capsule-osseous layer of ITT, leaving the
extracapsular ALL exposed (arrows), passing over the proximal LCL. The femoral attachment is
proximal and posterior to the epicondyle; the tibial attachment is midway between Gerdy’s tubercle
and the head of the fibula.



Figure 4. lateral aspect of a left knee. A, All structures running superficial to the
lateral collateral ligament (LCL) were removed. Gerdy’s tubercle (1),
anterolateral capsule (2), LCL (3), femoral attachment of the lateral head of the
gastrocnemius muscle (4). B, After removal of the anterolateral capsule, Gerdy’s
tubercle (1), lateral meniscus (2), popliteus tendon (3), LCL (4), femoral
attachment of the lateral head of the gastrocnemius muscle (5).
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Figure 6. Contribution [%] of tested structures in restraining a 90N anterior tibial translation at 0°, 30°, 60°, and
90°. Cross-hatched areas indicate results from the ACL-deficient group. sITT=superficial layer of the iliotibial tract;
dclITT= deep and capsulo-osseus layer of the iliotibial tract; ALL= anterolateral ligament; Cap= anterolateral
capsule; ACL= anterior cruciate ligament. Statistical significance: *p<.05; **p<.01; *** p<.001. (Shown as mean +
SD, n=8)
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Figure 8. Contribution [%] of tested structures in restraining a 4Nm internal rotation torque in response to
a simulated pivot shift test (4Nm internal rotation and 8Nm valgus rotation) at 15°, 30°, and 45°. Cross-
hatched areas indicate results from ACL-deficient group. sITT=superficial layer of the iliotibial tract; dcITT=
deep and capsulo-osseus layer of the iliotibial tract; ALL= anterolateral ligament; Cap= anterolateral
capsule; ACL= anterior cruciate ligament. Statistical significance: *p<.05; **p<.01; *** p<.001. (Shown as
mean + SD, n=8)




