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Results: During physiological knee flexion, the LER lengthened up to 11mm, corresponding to 22% of the resting length, in the early degrees of knee flexion and shortened from 40 to 60° of knee flexion regardless of femoral or tibial attachment locations. However, the ALL tibial position allowed complete LER shortening at 60° of flexion whereas an LER using a GT tibial attachment remained more lengthened. For the movements corresponding to a pivotshift test, the LER lengthened between 10.6 and 15.9 mm for GT tibial attachment site and between 5.9 and 11.6 mm for ALL attachment site.

Discussion: During physiological weight-bearing knee flexion, a proximo-posterior femoral location was associated with a lengthened LER in the early degrees of flexion and a shortening between 40 and 60° of flexion. In addition, LER lengthening occurred during a

Introduction

Return to sport after anterior cruciate ligament reconstruction is often not satisfying since only 63% of patients resume their pre-injury level of sports participation [START_REF] Ardern | Return to sport following anterior cruciate ligament reconstruction surgery: A systematic review and meta-analysis of the state of play[END_REF] and even then, this is associated with a high risk of re-injury [START_REF] Paterno | Incidence of second acl injuries 2 years after primary acl reconstruction and return to sport[END_REF][START_REF] Salmon | Incidence and risk factors for graft rupture and contralateral rupture after anterior cruciate ligament reconstruction[END_REF][START_REF] Shelbourne | Incidence of subsequent injury to either knee within 5 years after anterior cruciate ligament reconstruction with patellar tendon autograft[END_REF]. One of the possible causes of these suboptimal outcomes is a persistent lack of rotational and translational stability of the knee even after a technically adequate anterior cruciate ligament reconstruction [START_REF] Amis | Biomechanics of rotational instability and anatomic anterior cruciate ligament reconstruction[END_REF]. Consequently, lateral extra-articular reconstruction (LER) has generated renewed interest [START_REF] Sonnery-Cottet | Combined anterior cruciate ligament and anterolateral ligament reconstruction[END_REF][START_REF] Slette | Biomechanical results of lateral extra-articular tenodesis procedures of the knee: A systematic review[END_REF][START_REF] Marcacci | Arthroscopic intra-and extraarticular anterior cruciate ligament reconstruction with gracilis and semitendinosus tendons: A review[END_REF][START_REF] Krackow | Optimization of knee ligament position for lateral extraarticular reconstruction[END_REF] and is increasingly performed in patients with high-grade pivot-shift, in order to better control the coupled tibial internal rotation and anterior translation [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF].

However, there has been considerable debate regarding the anatomy of the anterolateral structures of the knee and therefore also the optimum positioning of femoral and tibial tunnels for LER. These should be located such that the LER confers physiological knee kinematics, specifically restoration of rotational control and avoidance of overconstraint [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF]. The recent literature, including in-vivo and in-vitro studies, has reported a range of different femoral tunnel positions which includes directly proximal to the lateral epicondyle [9-11-12], posteroproximal [START_REF] Van De Velde | In vivo length changes of the anterolateral ligament and related extra-articular reconstructions[END_REF][START_REF] Imbert | Isometric characteristics of the anterolateral ligament of the knee: A cadaveric navigation study[END_REF] or postero-distal [START_REF] Kernkamp | In vivo anterolateral ligament length change in the healthy knee during functional activities-a combined magnetic resonance and dual fluoroscopic imaging analysis[END_REF]. However, there is increasing consensus that a posteroproximal femoral attachment allows the most favorable behavior, with an LER that is lengthened in knee extension and shortened in flexion [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF][START_REF] Kittl | Length change patterns in the lateral extraarticular structures of the knee and related reconstructions[END_REF][START_REF] Wieser | Assessment of the isometry of the anterolateral ligament in a 3-dimensional weight-bearing computed tomography simulation[END_REF][START_REF] Van De Velde | In vivo length changes of the anterolateral ligament and related extra-articular reconstructions[END_REF][START_REF] Imbert | Isometric characteristics of the anterolateral ligament of the knee: A cadaveric navigation study[END_REF][START_REF] Kernkamp | In vivo anterolateral ligament length change in the healthy knee during functional activities-a combined magnetic resonance and dual fluoroscopic imaging analysis[END_REF]. With respect to the tibial graft insertion, Wieser, Furnstahl, Carrillo, Fucentese and Vlachopoulos [START_REF] Wieser | Assessment of the isometry of the anterolateral ligament in a 3-dimensional weight-bearing computed tomography simulation[END_REF] reported that, during a weight-bearing squat, the most isometric point was located at 37% of the postero-anterior width of the tibial plateau. Although all of these studies yield precious information for surgeons regarding the optimum positioning of LER grafts during non-altered physiological knee flexion, none of them has assessed the LER length changes that occur in the presence of the altered knee kinematics seen in the knee with persistent internal rotation and anterior translation instability following ACL reconstruction. To the best of our knowledge, only Imbert, Lutz, Daggett, Niglis, Freychet, Dalmay and Sonnery-Cottet [START_REF] Imbert | Isometric characteristics of the anterolateral ligament of the knee: A cadaveric navigation study[END_REF] investigated the effect of knee rotation on LER length. Among the three femoral graft positions tested, the postero-proximal graft had the greatest LER length variation when a 2 N.m internal rotation torque was applied with the knee fixed at 90°, while no difference was observed between the graft positions at 20° of knee flexion. However, this study was performed in-vitro and may not reflect LER length variation during a physiological in-vivo weight-bearing task. Furthermore, LER length variations were not measured during coupled knee internal rotation and anterior translation that corresponds to the knee instability observed during a pivot-shift test.

The purpose of this study was to assess the length-change behavior of LER during a physiological weight-bearing knee flexion task in a normal knee and in a computer simulated pivot shift scenario. It was hypothesized that a proximo-posterior femoral attachment site would allow graft lengthening in knee extension and shortening in flexion, and lengthening during altered knee internal rotation and anterior translation.

Patients and Methods

Patients

The baseline model for the analysis was based on a healthy male participant (Age: 35 years, Height: 1.75 m, Mass: 80 Kg) who volunteered to take part in the study. The patient declared no history of major lower limb injury. The protocol was approved by the Institutional Review Board of Hopital Privé Jean Mermoz (# 2017-02) in accordance with the ethical standards in the 1964 Declaration of Helsinki, and the participant gave informed consent to participate in the study.

Procedure and data collection

Firstly, a three-dimensional CT-scan of the participant right knee was performed (slice of 0.6 mm, Siemens Somaton, Erlangen, Germany). Secondly, in line with the methodology of Clement, Dumas, Hagemeister and de Guise [START_REF] Clement | Soft tissue artifact compensation in knee kinematics by multi-body optimization: Performance of subject-specific knee joint models[END_REF], the participant performed five quasi-static squats with 0, 10, 20, 30 and 60° of knee flexion standardized with a positioning jig. Each position was maintained inside the EOS ® system (EOS Imaging Inc., Paris, France) for five seconds in order to obtain biplane radiographic images.

Image processing and knee 3D kinematics

CT images were used to reconstruct the femur and tibia meshes using 3D Slicer 4.6.2 ® . 3D meshes of the tibia and femur were also reconstructed from the five biplane radiographs [START_REF] Chaibi | Fast 3d reconstruction of the lower limb using a parametric model and statistical inferences and clinical measurements calculation from biplanar x-rays[END_REF][START_REF] Kanhonou | A method to study 3d knee pseudo-kinematics using low-dose stereoradiography during static squat[END_REF]. This reconstruction process gives an accuracy of the positions and orientations of the femur and tibia of less than 0.3±0.3° and 0.3±0.2 mm respectively [START_REF] Kanhonou | A method to study 3d knee pseudo-kinematics using low-dose stereoradiography during static squat[END_REF]. CT-scan meshes were matched with the corresponded EOS meshes using an iterative closest point algorithm. In line with ISB recommendations [START_REF] Wu | Isb recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion--part i: Ankle, hip, and spine. International society of biomechanics[END_REF], 3D knee kinematics with six degrees of freedom were obtained for the five quasi-static poses. Then, a cubic spline interpolation was used (Matlab R2017b, The MathWorks Inc., Natick, MA) to compute the couplings between knee flexion angle (from 0 to 60°) and the five other degrees of freedom, namely, abduction-adduction, internal-external rotation, anterior-posterior translation, medio-lateral translation and craniocaudal translation.

LER attachment sites and length

A computer model (Opensim 3.3 [START_REF] Delp | Opensim: Open-source software to create and analyze dynamic simulations of movement[END_REF]) was used to assess LER length-changes with respect to knee kinematics. The model was composed of the CT-scan meshes and the couplings between the knee flexion angle and the five other degrees of freedom computed above from the EOS quasi-static squat images. In order to avoid the ligaments penetrating through the bones during the computer simulation, two wrapping objects were located on the femoral condyle and tibia.

In accordance with the consensus from the anterolateral ligament expert group [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF], femoral graft positions located posteriorly and proximally to the lateral femoral epicondyle were simulated. Specifically, six femoral graft insertions were located on two quarter-circles with a radius of 5 and 10 mm, and centered on the femoral lateral epicondyle.

For the tibia, two locations were considered. The first intended to replicate procedures that use a reflection of the iliotibial band, and was therefore located directly at its attachment to Gerdy's tubercle (GT). The second tibial graft located intended to replicate the most anterior location of an anterolateral ligament (ALL) graft at 1 cm posterior to Gerdy's tubercle [START_REF] Sonnery-Cottet | Combined anterior cruciate ligament and anterolateral ligament reconstruction[END_REF] (Figure 1). LER length-change behavior was determined by computing the distance between the femoral and tibial insertions.

Analysis

Firstly, LER length changes were computed for both physiological weight-bearing knee flexion with respect to the LER length computed for a resting position with the knee in full extension (Eq. 1).

(Eq. 1) with i, j, and k referring to a given knee flexion, internal rotation and anterior translation respectively.

Secondly, LER length were computed for altered kinematics, namely, increased internal rotation (up to 8°) and anterior translations (up to 12 mm) that can be observed in patients [START_REF] Bull | Intraoperative measurement of knee kinematics in reconstruction of the anterior cruciate ligament[END_REF]. In addition, average length variation of the LER was computed for two volumes representative of potential knee kinematics during a simulated pivot-shift test. The first volume corresponded to combined knee flexions between 10 and 30°, rotations between 1° and 8°, and anterior translations between 1 mm and 6 mm. The second volume was computed for the same knee flexions and rotations ranges but for anterior translations between 7 mm and 12 mm. Finally, a specific combination of knee flexion, internal rotation and anterior translation was also computed following the curve of the pivot-shift test reported by Amis, Bull and Lie [START_REF] Amis | Biomechanics of rotational instability and anatomic anterior cruciate ligament reconstruction[END_REF] (Figure 2).

Results

During the physiological, weight-bearing knee flexion task, knee flexion (from 0 to 60°) was associated with a non-linear knee internal rotation ranging from 0 to 21.7°, and with an anterior tibial translation ranging from 0 to 6.3 mm (Figure 2). In addition, regardless of the femoral and tibial graft locations, the LER lengthened by up to 11mm (corresponding to 22% of the surgery length) in the early degrees of knee flexion (between 0 and 40°) and shortened from 40 to 60° of knee flexion (Figure 3). Furthermore, for all femoral attachment sites, the posterior tibial graft (ALL position) led to less LER lengthening throughout knee flexion in comparison to the GT tibial attachment site (-7.72 ± 0.77 % on average).

In the case of simulated altered knee kinematics, an increased tibial internal rotation, particularly after 20° of knee flexion led the LER to lengthen whatever the graft location. In the same way, the LER lengthened with increased anterior tibial translation (Figure 4 and supplementary file). For the specific volumes corresponding to a pivot-shift test (increased internal rotation and anterior translation between -10 and -30° of knee flexion), regardless of the femoral graft location, the LER lengthened between 20 and 34 % of the resting length when a GT tibial attachment was used and between 11 and 26% when an ALL tibial attachment was used (Table 1). In addition, regardless of the femoral graft location, the anterior tibial position (GT) always lengthened more than the posterior one (ALL) for all simulated knee kinematics. Finally, when replicating the specific knee kinematics recorded for a pivot-shift test by Amis, Bull and Lie [START_REF] Amis | Biomechanics of rotational instability and anatomic anterior cruciate ligament reconstruction[END_REF], the LER lengthened during the early phase of the test (until 15° of knee flexion), with maximal values corresponding to the peaks of knee anterior translation and internal rotation, regardless of the femoral graft location.

Discussion

This study aimed to assess the length-change behavior of LER during a physiological weight-bearing knee flexion task (i.e. quasi-static squats) in a normal knee and in a computer simulated pivot shift scenario. The main findings are that postero-proximal femoral attachment sites result in LER lengthening in the early degrees of knee flexion and shortening around 40-60° of knee flexion during physiological weight-bearing knee flexion and that when a postero-proximal femoral attachment site is used, an LER becomes lengthened during a simulated pivot shift test.

Although this study was based on a single participant, the kinematics recorded during physiological weight-bearing knee flexions could be considered as representative of a healthy male population. Normal kinematics during a weight-bearing squatting task are usually characterized by a tibial internal rotation and anterior translation associated with knee flexion [START_REF] Yamaguchi | In vivo kinematics of anterior cruciate ligament deficient knees during pivot and squat activities[END_REF]. In the current study the participant knee kinematics were consistent with these previous reports since an internal rotation of between 0 and 20° and an anterior translation from 0 to 6 mm were demonstrated to be coupled with knee flexion between 0 and 60°.

The results of the current study are consistent with previous reports with respect to the observation that proximo-posterior femoral attachment sites are associated with LER lengthening in extension and shortening in physiological flexion [START_REF] Imbert | Isometric characteristics of the anterolateral ligament of the knee: A cadaveric navigation study[END_REF][START_REF] Kernkamp | In vivo anterolateral ligament length change in the healthy knee during functional activities-a combined magnetic resonance and dual fluoroscopic imaging analysis[END_REF]. In addition, similarly to a previous study [START_REF] Kernkamp | In vivo anterolateral ligament length change in the healthy knee during functional activities-a combined magnetic resonance and dual fluoroscopic imaging analysis[END_REF] we reported that an ALL tibial attachment location led to a greater shortening close to 60° of knee flexion when compared to a GT tibial attachment. Therefore, we may assume that an ALL graft location attachment site presents a more desirable behavior than GT since it is less likely to overconstrain physiological internal rotation in the flexed knee. LER's are performed in order to try to better control rotational and translational knee stability [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF]. The results of this study suggest that this function is achieved when a proximoposterior femoral graft location is used because the LER lengthened for both simulated increased tibial internal rotation and for increased tibial anterior translation. These results are in accordance with Imbert, Lutz, Daggett, Niglis, Freychet, Dalmay and Sonnery-Cottet [START_REF] Imbert | Isometric characteristics of the anterolateral ligament of the knee: A cadaveric navigation study[END_REF] who observed a lengthening of LER when an internal rotation torque was applied. The LER also lengthened during a simulated pivot-shift test, namely, a combination of tibial internal rotation and anterior translation. More precisely, the maximal lengthening was observed when the maximal anterior translation and internal rotation occurred during the pivot-shift test when simulated as described by Amis, Bull and Lie [START_REF] Amis | Biomechanics of rotational instability and anatomic anterior cruciate ligament reconstruction[END_REF]. It therefore seems logical that LER may help to restore normal knee kinematics especially when the knee is subjected to a combination of tibial internal rotation and translation. This is consistent with the findings of Inderhaug,

Stephen, Williams and Amis [START_REF] Inderhaug | Anterolateral tenodesis or anterolateral ligament complex reconstruction: Effect of flexion angle at graft fixation when combined with acl reconstruction[END_REF], who demonstrated significant improvement in rotational knee kinematics in cadaveric knees with LER. However, LER lengthening is only one component of the complex inter-play of factors that ensure the control of knee stability. The direction of LER vector should be assessed in future studies to address the assumption that it is indeed the lengthening of the LER that improves knee stability. Nevertheless, the lengthening behavior of LER observed in the current study reinforces the concept that LER could be indicated after anterior-cruciate rupture when the patient presents a pivot-shift grade 2 or 3 [START_REF] Sonnery-Cottet | Anterolateral ligament expert group consensus paper on the management of internal rotation and instability of the anterior cruciate ligament -deficient knee[END_REF] in order to better control knee stability.

Finally, in comparison to an ALL tibial LER graft position, the GT tibial attachment site resulted in greater LER lengthening during simulated increased tibial internal rotation and anterior translation. This raised concerns regarding the risk of overconstraint with a GT attachment site particularly because this location was not associated with a complete relaxation of the LER in flexion. Moreover, when examining the increased internal rotation, it was observed that the LER was instantaneously lengthened, even in the absence of pathological anterior translation. Therefore it is suggested that LERs based on a GT location are associated with a greater potential risk of overconstraint [START_REF] Slette | Biomechanical results of lateral extra-articular tenodesis procedures of the knee: A systematic review[END_REF] when compared to reconstructions based on a more posterior tibial position such as that used for anatomic ALL reconstruction.

There were several limitations of this study. The first was that only one participant was enrolled in this study. Nevertheless, the analysis performed in our study explores a large range of internal rotations and anterior translations and shall encompass the kinematic variability that would have been observed in a larger cohort study. Similarly, it is assumed that the range of femoral LER insertions encompasses the knee anatomy variability that would have been observed in a larger cohort study. Finally, ours results obtained during the physiological knee flexion are very similar than those of Kernkamp, Van de Velde, Hosseini, Tsai, Li, van Arkel and Li [START_REF] Kernkamp | In vivo anterolateral ligament length change in the healthy knee during functional activities-a combined magnetic resonance and dual fluoroscopic imaging analysis[END_REF] who performed their study on eighteen healthy knees. The second limitation was that altered kinematics were simulated from ranges of motion observed in the literature, which may differ from weight-bearing altered kinematics observed after anterior cruciate ligament reconstruction. Once again, an assumption was made that the wide analysis encompassed the variability encountered in post-operative knee kinematics. The third limitation was that only two tibial insertions were tested, instead of a broader range. However, these were selected to represent the two most popular tibial locations in contemporary surgical practice [START_REF] Sonnery-Cottet | Combined anterior cruciate ligament and anterolateral ligament reconstruction[END_REF][START_REF] Slette | Biomechanical results of lateral extra-articular tenodesis procedures of the knee: A systematic review[END_REF].

Conclusion

To conclude, computer modelling made it possible to analyze LER length variations for numerous knee positions corresponding to weight-bearing knee flexion, and for the first time, to typical pivot-shift kinematics. During physiological weight-bearing knee flexion, and regardless of the tibial attachment site, a proximo-posterior femoral location was associated with a lengthened LER in the early degrees of flexion and a shortening between 40 and 60° of flexion. In addition, LER lengthening occurred during simulated pivot-shift scenarios supporting the concept that a postero-proximal femoral LER attachment site presents a desirable behavior both during physiological knee flexion and altered knee kinematics. 
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 3 Figure 3-Relative (left) and absolute (right) lateral extra-articular reconstruction (LER) length variation during the physiological weight-bearing knee flexion task for the six femoral attachment sites (#1 to #6) and the two tibial graft locations (GT and ALL).

Figure 4 -

 4 Figure 4 -Length variation of LER with regard to knee flexion and internal rotation at three anterior tibial translations (0 mm, 6 mm and 12 mm) for three femoral attachment sites (#4, #5 and #6) and two tibial locations (GT and ALL). The inferior trajectory surrounded by black circles represent the coupling between knee flexion and internal rotation during weightbearing knee flexion task.

Table 1 .

 1 Mean ± standard deviation of the lateral extra-articular reconstruction (LER) length variation with respect to the LER length measured at full knee extension (expressed in absolute and relative values) for the specific volumes corresponding to the pivot-shift kinematics. Results are reported for the six simulated femoral graft (#1 to #6) and two tibial graft (GT and ALL) locations.
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