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Biomechanics of the anterolateral structures of the knee.
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Synopsis: This paper describes the complex anatomical structures which pass across the lateral aspect of the knee, particularly the ilio-tibial tract and the underlying anterolateral ligament and capsule. It provides data on their strength and roles in controlling tibiofemoral joint laxity and stability. These findings are discussed in relation to surgery to repair or reconstruct the anatomical structures, or to create tenodeses with similar effect.
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Key points:
1. The primary soft-tissue restraint to tibial internal rotation has been found to be the deep layer of the ilio- tibial tract, connecting from Kaplan’s fibers on the femur to Gerdy’s tubercle on the tibia.
2. The anterolateral ligament has been found to be relatively weak and poorly aligned to resist tibial internal rotation, but damage here does increase laxity and may be a sign of other structures being damaged.
3. Although lateral tenodeses are not anatomical, they are effective in controlling tibial internal rotation.
Abstract
This article describes the anatomical structures on the anterolateral aspect of the knee, with the several layers of tissue which form the ilio-tibial tract (ITT) and the capsular structures. Among the capsular fibres is found the localised thickening which has been called the anterolateral ligament (ALL), which separates from the capsule and passes superficially over the lateral (fibular) collateral ligament. The ALL has been found to have differing strengths in several studies, typically below 200 N, whereas a graft taken from the ITT was several times stronger. Robotic methods have found that the ALL made a small contribution to resisting tibial internal rotation, while the larger overlying layers of the ITT were found to be the primary restraint. It was also reported that the isometry of the ALL depended on its femoral attachment, and that a point proximal and slightly posterior to the lateral femoral epcondyle gave close to isometric behaviour. 

Background:
Previously, the term anterolateral rotatory instability (ALRI) was synonymous for the instability caused by an isolated anterior cruciate ligament (ACL) injury. Hughston et al.1, was the first to popularize the idea that only a concomitant anterolateral capsular injury can induce this excessive anterior subluxation of the lateral tibial plateau. With the introduction of arthroscopic ACL surgery, these peripheral injuries fell out of focus. Although intra-articular reconstruction of the ACL restored knee kinematics in the anterior/posterior direction, it failed to completely abolish the pivot-shift phenomenon in some knees.2 This led to a more anatomical approach of intra-articular ACL reconstruction reproducing its oblique course to the posterior aspect of the femur using the medial portal technique.3 However, despite many efforts to improve tunnel positioning, graft tensioning, and after care protocols, still rotational laxity has not been completely abolished.4 
This residual rotational laxity after ACL reconstruction may come from additional injury of the peripheral structures, which gained broad interest after anatomical description of the anterolateral ligament (ALL) in 2013.5 Since then, many studies regarding anatomy, biomechanics and possible reconstructions have been conducted.6-10 However, there is still a lack of evidence on how to diagnose these injuries and more importantly which patients will benefit from an additional lateral extra-articular procedure.
Although this work has given promising biomechanical and clinical results, these questions must be clarified by level I studies. Similar to the medial side, anterolateral capsular structures may have a high healing potential, when the primary restraint to anterior tibial translation is reconstructed, so routine use of anterolateral procedures may place the patient at unnecessary risk of an additional extra-articular procedure. Conversely, undiagnosed anterolateral structure injuries may ´stretch-out’ over time in chronic cases and impose abnormal loads on the ACL graft, preventing it from healing in the bone tunnel.11 The purpose of the following review is to provide a biomechanical rationale regarding the anterolateral structures of the knee.

Anatomy of the anterolateral structures:
The anatomy on the anterolateral side of the knee can best be described in a layer-by-layer fashion. The first relevant layer is the iliotibial tract (ITT), which inserts onto the tibia at Gerdy’s tubercle and extents proximally as the fascia lata, merging into the gluteus maximus, gluteus medius, and tensor fascia lata muscle. The second layer is formed by the posterior fibre region of the superficial tract, which merges with the deep and capsulo-osseous structures of the ITT.12 (Figure 1)
The deep layer of the ITT becomes visible approximately 60 mm proximal to the lateral femoral epicondyle.12 A triangular area at the distal termination of the lateral intermuscular septum is formed by strong fibres (Kaplan-fibres) connecting the superficial ITT layer to the femur. The capsulo-osseous layer was described as the deepest layer of the ITT and provides a lateral capsular strengthening.13 This layer is also known as the retrograde tract insertion14 and attaches at the lateral femoral supracondylar region and passes distal, where it inserts slightly posterior to Gerdy’s tubercle. This ligament-like unit is composed of the deep and capsulo-osseous layers of the ITT, and forms a sling around the posterolateral aspect of the femur, inserting posterior to Gerdy’s tubercle and was described as “acting as an anterolateral ligament” by Terry et al.12,15 (Figure 2)
The next layer is formed by the mid-third lateral capsular ligament, which can be divided into a meniscotibial portion and a meniscofemoral portion.1  On the tibia it attaches between the anteroinferior popliteomeniscal fascicle (popliteus hiatus) and the posterior border of Gerdy’s tubercle approximately 6-9 mm distal from the joint line.16-20 The femoral attachment site was defined in the region of the lateral femoral epicondyle17,19 with several other attachments on the posterior aspect of the popliteus attachment and at the lateral gastrocnemius tendon attachment.21  
The recently re-discovered ALL, first published by Vincent et al.10, does not really fit in this layered anatomy. Depending on the author this ligament is either described as a capsular thickening or as part of the capsulo-osseous layer of the ITT. Claes et al.5 described a capsular ligament with a femoral insertion on the tip of the lateral femoral epicondyle, which was present in 97% of their dissected knees and an intimidate connection to the lateral meniscus was observed. Their description is very similar to the midthird lateral capsular ligament popularized by Hughston et al.1 
Anterolateral rotatory instability of the knee
It is well-known that the ACL is the primary restraint to anterior tibial translation (ATT) and the PCL to posterior tibial translation (PTT).22 It has been found that the tibia can be translated 30% more if it is free to rotate.23 This ‘coupled’ rotation in response to an anterior translation of the tibia results in a 3-10° internal rotation when examined by hand and slightly more in an ACL rupture. This is due to the more mobile lateral knee compartment, caused by the convex articular surfaces, the loose meniscocapsular attachment, and the less pronounced posterior wedge-effect of the relatively more mobile lateral meniscus.
From video analysis studies24, it is known that the trauma mechanism for non- contact ACL rupture involves a tibial internal rotational component. This is reinforced by the fact that the bone bruise found after a typical ACL rupture occurs at the posterolateral aspect of the tibia, which indicates this internal rotation movement. 25 In the actual injury situation, however, the abduction moment of the knee forces the lateral femoral condyle to slide posterior on the convex lateral tibial slope. This anterior subluxation of the lateral tibial plateau or the posterior subluxation of the femur, has been shown to put the ACL under excessive load, which may eventually cause the ACL rupture.26 Although the central position of the ACL does not suggest a potential restraint to internal tibial rotation, it has been shown that it has a significant impact at early flexion angles. At these flexion angles, the tightening of the ACL forces the tibia to rotate externally and locks the knee at full extension. This principle of the ‘screw home’ mechanism is lost in an ACL-deficient knee leaving the tibia to rotate internally.27
The ACL rupture mechanism also implies stretching or rupturing of the anterolateral structures, which cross the anterolateral joint line and are oriented in an oblique direction similar to the ACL.28 In the event of excessive anterior translation of the lateral tibial plateau, the anterolateral structures will have a much greater lever arm than the ACL to resist the combined anterior translation plus internal rotation motion. This is best shown by the Segond fracture, which is a bony avulsion of the lateral tibial rim caused by the anterolateral structures.29 (Figure 3) A combined injury of the ACL and the anterolateral structures will therefore lead to a high-grade translatory (anterior translation) and rotatory (internal rotation) instability, which may induce a high-grade pivot shift test.28
The pivot-shift test imitates this typical anterior subluxation mechanism of an ACL rupture and correlates best with functional and subjective patient outcome after ACL reconstruction.30 However, due to different bony geometry, integrity of the anterolateral and medial soft tissues, and hip abduction this test has a large inter-, and intraobserver variability.31,32 Based on recent biomechanical data one may speculate that this subluxation of the lateral tibial plateau will increase when an additional anterolateral structure damage is present.33 The reduction event in 30-60° of flexion, which is felt as the typical clunk, will then be pronounced similarly. In a clinical pivot-shift testing setup, however, it seems difficult to distinguish between a normal and a high-grade pivot shift, because of aforementioned variables. Thus, a specific clinical test to precisely identify ALRI is missing.

Structural properties of the anterolateral structures
When Werner Müller34 dissected the lateral knee structures in his ESSKA knee anatomy video he mentioned one basic biomechanical principle: “Big structures, big function, small structures, small function”. This does not necessarily mean that the bigger structures control anterior displacement of the lateral tibial plateau better than smaller structures. It strongly depends on fibre orientation (axis of alignment) to resist a certain displacement. The ITT, however, is tethered to the femoral metaphysis via the lateral intermuscular septum and the Kaplan fibres, therefore the capsulo-osseous layer forms a sling around the posterolateral aspect of the lateral femoral condyle, implying a potent role in restraining anterior subluxation of the lateral tibial plateau.13
The ALL has been found to have a mean tensile strength of 49,9 – 319,7 N and a mean stiffness of 20 – 26 N/mm. These results come from differing descriptions of the anatomy of the ALL. Zens et al.35 separated an isolated ALL structure, according to only one available anatomic paper at this time, which only had an ultimate strength of 50 N. Other studies obviously included the capsulo-osseous layer of the ITB and found an ultimate tensile strength of 175 – 319N and a mean stiffness of 20 – 26 N/mm.36,37 This is similar to the structural properties of the deep MCL, which is protected by the superficial fibres of the MCL38, like the anterolateral capsule and the deep fibres of the ITT are sheltered by the superficial ITT.  Conversely, an 18 mm wide strip of the ITT has been reported to have a mean tensile strength of 769 N.39

Length change patterns of the anterolateral structures:
In ligament surgery the term isometry indicates the constant length of a graft during range of motion. From ACL reconstruction studies we have learned that the effort to achieve true isometry will result in a non-anatomical graft placement, because isometry can only apply to a point to point connection and not to a graft or ligament attaching to an area of the bone.40 This will cause different length change patterns for different fibre regions. In order to reduce excessive length changes at each end of an attachment area, a flat ligament like the ACL and the superficial MCL will be twisted about its axis.41 It has also been shown that isometry depends more on the femoral attachment than the tibial attachment.
It seems logical that the area at the axis of knee flexion, the transepicondylar axis, will be near to isometric, because the posterior aspects of the femoral condyles are almost spherical. However, due to the knee’s roll-glide mechanism the lateral condyle rolls posteriorly on the increasing posterior tibial slope. This makes it impossible to find a perfect isometric tibiofemoral connection, which has been shown by Sidles et al.42. They also found that a structure attaching anterior to the epicondyle will stretch with knee flexion, while structures attaching posterior to the epicondyle will slacken with knee flexion. 
Looking at the ALL, two different attachment areas have been described. Vincent et al.10 and Claes et al.5 described an insertion area of the ALL anterior to and at the epicondyle, while several other studies8,37 described an attachment area proximal and posterior to the epicondyle. The anterior attachment ALL has been found to increase in length from 0-90° flexion by almost 20%.43 This, however, means that it cannot be tight at early flexion angles and only control laxity at higher flexion angles. Conversely the ALL which attaches posterior to the epicondyle may only control laxity at early flexion angle, and then slacken with knee flexion. This principle of the knee capsule also applies to the ITB, which can be divided into anterior and posterior fibre regions which act reciprocally. The posterior fibre region is tight in extension, while the anterior fibre region is tight in flexion. (Figure 4) The separation distance of the posterior attachment has also been measured by Dodds et al.8, by threading a suture along the ligament fibres attaching it to the tibia and a transducer. If the tibia was rotated internally the separation distance increased (that is, the structure was stretched, causing tension to resist the tibial motion), while external rotation decreased the separation distance. Thus, anterolateral structures attaching posterior to the lateral femoral epicondyle are tight in early flexion angles and, due to their oblique course, are able to restrain the anterior subluxation of the lateral tibial plateau.

Confusion surrounding the role of the anterolateral structures:
Hughston et al 1 were the first to popularize the term ‘anterolateral rotatory instability’ and associated it with a rupture of the midthird lateral capsular ligament and the ACL. However, they did not mention the capsulo-osseous layer of the ITT, which obviously runs directly above the anterolateral knee capsule. Terry et al.15 and later Viera et al.13 described the capsulo osseous layer of the ITT forming a sling around the posterolateral femur and called it ‘anterolateral ligament’ (Figure 3). This was implied to resist anterolateral rotatory instability and was found to have been ruptured in 93% of the functionally unstable knees that they reconstructed. This fits with the observation of Terry and Laprade that not only capsular structures insert at the Segond fracture, but also the capsulo-osseous layer of the ITB and the anterior arm of the biceps femoris muscle.44
Recently there has been much confusion regarding the anatomy of the anterolateral structures. A distinct structure running distally across the anterolateral joint line from the lateral femoral epicondyle was described by Vincent et al.10 in 2011 and later popularized by Claes et al.5. Since then many papers described the ALL as a capsular or extra-capsular structure. Some of them claimed that the capsulo-osseous layer of the ITB and the ALL are the same structure and should be termed the anterolateral complex, similarly to the posterolateral corner. However, in our own observations we found a clear layer-by-layer anatomy existing of the superficial ITT layer, the deep and capsulo-osseous layer of the ITT, and the anterolateral capsule. In fact, in some knees, some fibres separated superficially from the capsular layer, such that they passed superficial to the lateral collateral ligament, and were so pronounced that they formed a capsular thickening imitating a distinct ligament. This observation is in line with several other studies, which did not find a distinct ligament on the anterolateral side in fresh frozen knees, formalin embedded knees45, and foetal knees46.
There have been several cutting studies of the anterolateral side of the knee using a six degree of freedom robotic setup, and almost all reported a significant increase in laxity after cutting the ALL. Parsons et al.47 found a 30-45% contribution in restraining a 5Nm internal rotation moment in 35-90° knee flexion, falling to 5% near extension. Unfortunately, the ITB had been removed prior to testing, therefore most likely overstating the contribution of the ALL, as the ITB has since been shown to be the primary restraint. Another in-vitro study found a pooled laxity increase of 2.8° internal rotation in response to a simulated pivot shift, when the ALL was cut.48 They cut the ALL on the tibia midway between Gerdy’s tubercle and the fibular head (Segond location), which has been found to be the attachment site for the capsulo-osseous ITB layer and the anterolateral capsular structures. Thus, most likely this increase in laxity did not only come from the ALL, but also from the combined transection of the whole anterolateral structures, including the capsulo-osseous layer of the ITT. 
Kittl et al.33 were the first to distinguish between the different layers of anterolateral structures, dividing them into the superficial layer of the ITT, the deep and capsulo-osseous layer of the ITT and the capsular structures running superficial (ALL) and deep to the LCL (anterolateral capsule) in the ACL intact and ACL-deficient knee. They found that the ITT was the primary restraint (that is: it resisted more than 50% of the torque) to a 5 Nm internal rotation moment in 30-90° of flexion (Figure 4). The ACL had a significant contribution at full extension, which was taken by the capsulo-osseous layer of the ITT in the ACL-deficient state of the knee. Considering the ALL as the capsular structure which runs superficial to the LCL, it had only a minor role in resisting tibial internal rotation. Although these in vitro robotic studies present a scientific basis, that can only represent the ‘time zero’ situation immediately post-surgery, and the ultimate goal would be to measure rotational laxity in a weight-bearing situation or with a real-world injury.
Hudson et al 49 reported that, in a normally-aligned leg, walking caused tibial internal rotations of 13o during the stance phase. The axis of tibial internal-external rotation is close to the centre of the tibial plateau when the soft tissues are intact50, so the peripheral capsular and overlying tissues will then be subjected to a shearing effect of approximately 10-12 mm, as the rim of the tibial plateau moves in relation to the outer surface of the femur. This movement will cause elongation of any soft tissue structure that crosses the joint line, if it had an orientation slanting in the correct direction (for example, on the lateral aspect, the tissue will be stretched by tibial internal rotation if the tibial attachment is anterior to the femoral attachment; and vice-versa on the medial aspect).
Elongation of soft tissues leads to an elastic stretching response, and so they then resist the relative movement between the ends of the bones by increasing their tensile forces as the attachments move apart.
When Kittl et al 33 used a robot to measure the contributions to resisting tibial internal rotation with the soft tissues intact, they reported that, at 30o knee flexion, the superficial ITB resisted 18% of the torque imposed on the tibia, the deep ITB 26 %, the ALL 11%, the AL capsule 3%, the ACL 9%, the MCL 15%, and the posteromedial capsule (PMC) 15%. Thus, the ITB resisted 44% and the ALL and AL capsule together resisted 14%, a total of 58%. Similarly, the MCL plus PMC resisted 30%. Thus, with the 9% of the ACL, we approach 100% of the resistance to tibial internal rotation arising solely from the soft tissues crossing the joint, and so almost none from the engagement of the articular surfaces and menisci – in this non load-bearing test set-up. The situation will differ under the loads encountered during gait, but there has been little work on rotation of the load-bearing knee.

Conclusion:
Tibial internal rotation is controlled mostly by the lateral extra-articular structures, which are the lateral capsule and the iliotibial band. Based on recent findings the ITT is the primary restraint to internal tibial rotation and the pivot shift phenomenon as the knee flexes. The ALL is a capsular thickening, which has, similarly to the deep MCL, only a secondary role in restraining the anterior subluxation of the lateral tibial plateau.


Captions for illustrations
Figure 1: Lateral aspect of a left knee. The superficial layer (1) of the iliotibial band (ITB) has been flapped down, revealing the Kaplan fibres. The lateral superior genicular artery (5) passes through the lateral intermuscular septum (9) between the proximal (2) and supracondylar insertion (3). The retrograde insertion (4; capsulo-osseous layer) forms a sling around the posterolateral femur and inserts distally somewhat posterior to Gerdy’s tubercle (8). Lateral collateral ligament (6); fibular head (7). From Kittl C, El-Daou H, Athwal KK, et al. The Role of the Anterolateral Structures and the ACL in Controlling Laxity of the Intact and ACL-Deficient Knee. Am J Sports Med 2016;44:345-54; with permission.
[bookmark: _GoBack]Figure 2: (A) 1: Patella, 2: Quadriceps tendon, 3:lateral femoral condyle, 4: anterior cruciate ligament (ACL), 5: lateral meniscus, 6: caspulo-osseous layer of the iliotibial band, 7: tibial insertion site of the capsulo-osseous layer 8: Gerdy´s tubercle. (B) The ACL and the capsulo-osseous layer of the ITB form a sling around the lateral femoral condyle. From Vieira EL, Vieira EA, da Silva RT, et al. An anatomic study of the iliotibial tract. Arthroscopy 2007;23:269-74; with permission.
Figure 3: Segond fracture (anterior-posterior radiograph). 
Figure 4: Contribution of the anterolateral structures in controlling a 5 Nm internal rotation torque at 0°, 30°, 60°, and 90° knee flexion. Cross-hatched areas indicate results from the ACL-deficient knee (n=8). Together the superficial fibres (sITT) and the deep fibres (dcITT) of the iliotibial tract present the primary restraint to internal rotation at 30°- 90° flexion. Conversely, the anterolateral ligament (ALL) and the anterolateral capsule (Cap) show a non-significant contribution in restraining internal rotation. Medial collateral ligament (MCL; n=4); posteromedial capsule (PMC; n=4). From Kittl C, El-Daou H, Athwal KK, et al. The Role of the Anterolateral Structures and the ACL in Controlling Laxity of the Intact and ACL-Deficient Knee. Am J Sports Med 2016;44:345-54; with permission.
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