Posteromedial meniscocapsular lesions increase tibiofemoral joint laxity with ACL deficiency and their repair reduces laxity
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Title:
Posteromedial meniscocapsular lesions increase tibiofemoral joint laxity with ACL deficiency and their repair reduces laxity


Abstract:
Background: Injury to the posteromedial meniscocapsular junction has been identified following anterior cruciate ligament (ACL) rupture; however there is a lack of objective evidence investigating how this affects knee kinematics or whether increased laxity can be restored by repair. It is often overlooked at surgery, and that may compromise the result.

Hypotheses: 1. Sectioning the posteromedial meniscocapsular junction in an ACL-deficient knee will result in increased anterior tibial translation and rotation. 2. Isolated ACL reconstruction in the presence of a posteromedial meniscocapsular junction lesion will not restore intact knee laxity. 3. Repair of the posteromedial capsule at the time of ACL reconstruction will reduce tibial translation and rotation to normal. 4.  These changes will be clinically detectable.  

Study Design: Controlled Laboratory Study 

Methods: Nine cadaveric knees were mounted in a test rig where knee kinematics were recorded from 0°-100° flexion using an optical tracking system. Measurements were recorded with the following loads: 90-N anterior-posterior tibial forces, 5-Nm internal-external tibial rotation torques, and combined 90-N anterior force and 5-Nm external rotation torque. Manual Rolimeter readings of anterior translation were taken at 30° and 90°.
The knees were tested: intact, ACL deficient, ACL deficient and posteromedial meniscocapsular junction sectioned, ACL deficient and posteromedial meniscocapsular junction repaired, ACL patellar tendon reconstruction with posteromedial meniscocapsular junction repair, and ACL reconstructed and capsular lesion re-created. Statistical analysis used repeated-measures ANOVA and post-hoc paired t-tests with Bonferonni correction.

Results: Tibial anterior translation and external rotational were both significantly increased compared to the ACL deficient knee following posterior meniscocapsular sectioning (P < 0.05). These were all restored following ACL reconstruction and meniscocapsular lesion repair (P > 0.05). 
Conclusions: Anterior and external rotational laxities were significantly increased following sectioning of the posteromedial meniscocapsular junction in an ACL deficient knee. These were not restored following ACL reconstruction alone, but were restored with ACL reconstruction combined with posterior meniscocapsular repair. Tibial anterior translation changes were clinically detectable using the Rolimeter.
Clinical Relevance: This study suggests that unrepaired posteromedial meniscocapsular lesions will allow abnormal meniscal and tibiofemoral laxity to persist post-operatively, predisposing the knee to meniscus and articular damage. 
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What is known about the subject?: Lesions in the posterior meniscocapsular attachment have been identified in a number of studies investigating patients following ACL rupture. It is known that medial meniscus deficiency results in increased knee laxity and increased rates of OA at long-term follow up. However, it is not known how the meniscocapsular lesion affects knee laxity, whether it is possible to repair the lesion arthroscopically to restore stability, or if these changes are clinically detectable.
What this study adds to existing knowledge?: This study provides data to suggest that (a) posteromedial meniscocapsular lesions, which are often overlooked at surgery, result in significant increases in tibiofemoral anterior translation and external rotation laxities, and (b) these lesions can be repaired arthroscopically to restore knee kinematics intra-operatively. These findings suggest that surgeons should identify and address these lesions at the time of surgery. 

Introduction
The firm attachment of the medial meniscus (MM) to the posterior margin of the tibial plateau is well recognized26, 28. This relationship permits the MM to act as a secondary knee stabilizer when the anterior cruciate ligament (ACL) is deficient, resisting anterior tibial translation by acting as a block as the tibia moves anteriorly and the femoral condyle engages against the MM2, 10, 12, 15, 28. This results in increased posterior MM loading and is reflected in the high numbers of peripheral MM posterior horn tears associated with ACL rupture8, 19, 22, 23. 
Further to this it has been hypothesized that contraction of the semimembranosus at its insertion along the posteromedial capsule may stress the peripheral meniscus, resulting in meniscocapsular tearing9. This could occur at the time of injury or during subsequent instability episodes in the sub-acute or chronic situation when ACL injury is known to excite the hamstrings24. It could also be that the capsular injury occurs during the so-called medial contrecoup injury11 following subluxation of the lateral tibial plateau and during subsequent reduction of the tibia. These lesions are typically not detected with magnetic resonance imaging (MRI) since these are undertaken with the knee extended, when the meniscocapsular separation is reduced4, 16. Indeed they require careful intra-operative examination, possibly necessitating the use of an additional posteromedial portal, and certainly a viewing of the posteromedial recess by introducing the arthroscope through the intercondylar notch, and therefore can often go undetected25. 
Injury of the posteromedial meniscocapsular attachment at the time of ACL injury, followed by suture repair, was described in the 1980’s by Hamberg et al8 and Woods and Chapman30, and more recently by Bollen4. This lesion has been identified in up to 30% of patients with ACL injury16. Some orthopaedic surgeons, including authors of this paper, have become aware of subjective increases in AP laxity when this lesion is present and left unrepaired at the time of ACL reconstruction. Furthermore they have noticed considerable reduction in laxity on Lachmann testing once the lesion is repaired. However, there is debate regarding the efficacy of various suture techniques to allow repair at the time of ACL reconstruction25.  To our knowledge no biomechanical studies have examined knee laxity in the presence of a posteromedial meniscocapsular lesion with the ACL intact or deficient, or whether any increased laxity can be reduced with intraoperative repair. 
The aims of the present study, therefore, were to examine the following hypotheses: 1. That a posteromedial meniscocapsular lesion in ACL deficient knees causes increased anterior or rotatory knee laxity. 2.  That intact knee laxity can be restored with a patellar tendon ACL reconstruction and arthroscopic meniscocapsular repair. 3. That a posteromedial lesion in the ACL reconstructed knee causes greater rotational and anterior laxity to persist than in one with the lesion repaired. 4. That any changes in knee laxity could be measured using a Rolimeter21, and so would be clinically detectable. 
	

Materials and Methods
Specimen Preparation
Ten fresh-frozen cadaveric knees were obtained from a tissue bank following local research ethics committee approval. One was later found to have an ACL lesion, leaving 9 with a mean age of 48 years (range; 23-64, 5 male and 4 female) Specimens were preserved in sealed polyethylene bags at -20oC, thawed for 24 hours prior to use and then kept moist using water spray. The knee was prepared on one day, kept overnight in a refrigerator at 4oC, and the experiment was completed the following day. The femur and tibia were cut to approximately 200mm above and below the knee joint line and soft tissues more than 150mm from the joint line were removed. An intramedullary rod was cemented into the femur. The femoral rod was secured in a rig that allowed manual passive knee flexion-extension by moving the femur with the unconstrained tibia hanging vertically from 0°-110° (Figure 1). It was set to 6° valgus relative to the shaft of the femur to align the knee to the mechanical axis31. A pot with a 500mm long rod extending from it distally was cemented onto the distal end of the tibia. A Steinmann pin was drilled mediolaterally across the proximal tibia and semicircular hoops were mounted on this. These could be connected to weights via pulleys and strings to impose anterior and posterior drawer forces without inhibiting natural coupled tibial rotation. A 200mm diameter polyethylene disc was secured onto the hanging tibial rod. Hanging weights connected via a pulley and string system at opposite poles of the disc enabled the application of internal and external tibial rotational torque. All testing took place on the same day without removing the specimen from the test rig.

Optical Tracking
Tibiofemoral joint kinematics were measured using a Polaris optical tracking system (NDI, Waterloo, Ontario, Canada) with passive BrainLAB reflective markers (BrainLAB, Feldkirchen, Germany) mounted securely onto the tibia and femur. Sets of fiducial markers on the femur and tibia were digitized using a stylus probe following their fixation to anatomic landmarks. The femoral co-ordinate system used the anatomic axis (intramedullary rod) and a transverse axis from the medial to lateral epicondyles, which were exposed via small incisions. The tibial co-ordinate axis was defined using the intramedullary axis and the most medial and lateral points of the plateau. 
Kinematic data were processed using Visual3D (C-Motion Inc, Germantown, Maryland, USA). Zero-degrees knee flexion was defined when the tibial and femoral rods were parallel in the sagittal plane. Anterior-posterior translation was calculated as the perpendicular distance from the midpoint of the femoral epicondylar axis to the tibial coronal reference plane. This test method has been used previously6, 14, with the tracking system known to have a translational accuracy of 0.1mm13. The intact knee at full extension (0° flexion) was taken to be 0mm translation and 0° rotation, and all measurements were normalized to this. The motions described are tibial motion in relation to the femur. 

Clinical laxity measurement
To measure clinically detectable anterior tibial translation, a Rolimeter™ knee tester (Aircast Europa, Neubeuern, Germany) was used. This has been found to have high intra-tester reliability18 and specificity and sensitivity equivalent to the KT-1000 arthrometer21. Anterior laxity was assessed with knees positioned in the test rig to ensure standardization. The Rolimeter frame was applied to the anterior aspect of the tibial rod (with standard thickness padding added distally to account for where the shin would be) and centered proximally on the patella. Ink marks were made on the tibial tuberosity and patella to ensure the Rolimeter was positioned consistently throughout testing. The feeler was adjusted to rest over the tibial tuberosity to enable examination of anterior tibial translation. The Rolimeter was held in place by one examiner, whilst a surgeon manually applied a maximal anterior translation onto the tibia. Three measurements were taken at both 30° and 90° degrees flexion for each of the different knee states investigated. All tests were performed by the same experienced orthopaedic surgeon.

Surgical Procedures
With the knee mounted in the test rig, standard arthroscopy was undertaken through anterolateral and anteromedial portals to check that the specimen was suitable for experimentation. The patellofemoral, medial, and lateral compartments and the intercondylar notch were inspected for integrity of the menisci, joint surfaces and anterior cruciate ligament. One knee was found to be unsuitable due to ACL deficiency. There was early chondral damage in three knees. 
Once the intact knee had been tested the arthroscopy was repeated and the ACL excised using a combination of hand punches and power shaver. The knee was then tested again.
 To create the peripheral meniscal lesion as described by Bollen4, a Beaver knife was introduced through a proximal posteromedial portal to access the posteromedial recess. The knife was rotated to provide the best curvature of blade to create a peripheral lesion. The lesion was started laterally and taken medially to the junction of the posterior one third and anterior two thirds of the meniscus (Video 1). The lesion was made through the whole thickness of the peripheral meniscus. The cut was made while the arthroscope was introduced via the anterolateral portal through the intercondylar notch and into the posteromedial recess. Subsequent introduction of a probe via the anteromedial and posteromedial portals enabled inspection of the tear and the articular cartilage of the posterior medial tibia. The extent and depth of the lesion were confirmed by introducing the arthroscope through the posteromedial portal and also through the anteromedial portal into the medial gutter of the joint (Figure 2). With the arthroscope in the medial gutter the medial limit of the tear that had been created could just be inspected. Once the accuracy of the knife induced ‘tear’ was confirmed the knee was tested again.

The tear was repaired using curved and reverse-curved FastFix suture anchor devices (Smith & Nephew, Andover, MA, USA). Although it has been stated that use of the FastFix device is problematic for repairing these tears in this setting5, 25, 29, the technique was satisfactory: this was confirmed by introducing the arthroscope into the posteromedial recess via the anterolateral portal and also inspecting the repair via the posteromedial portal. The repair was undertaken at approximately 10 degrees knee flexion; near extension the inferior recess of the posteromedial synovial cavity is drawn up to be closer to the posterior horn of the medial meniscus (Video 1). The FastFix sutures could be seen to pass through the tear and penetrate the posterior capsule (Video 2). If a repair were to be undertaken with the knee in a flexed position, then the width of the recess between meniscus and posterior capsule would certainly risk the FastFix anchors deploying in an intra-articular portion. Sutures were placed proximally at 5mm apart. For every three superior sutures, on average, one inferior surface suture was placed. Five sutures were placed in each knee to ensure stability of the whole tear when tested by probing (Video 3). The experiment started by using FastFix-360 anchors, but some longer FastFix-Ultra devices became available and were used in the latter part of the study. Once the tear had been repaired satisfactorily the knee was tested once again. 
 
Following this the ACL was reconstructed using a mid-third patellar tendon graft. A 10mm femoral socket was drilled via the anteromedial portal. A 10mm tibial tunnel was drilled. The bone quality of the femur was never an issue but the bone was frequently soft on the tibial side. As a result, to improve fixation of the graft the bone blocks from the patella and tibia were crushed down to 10mm diameter to improve bone density. A single interference screw (8mm x 25mm RCI screw, Smith & Nephew) was used on the femur. An oversize screw (11mm x 25mm RCI) was required in the tibia and also the tibial bone block sutures were tied over a screw placed in the tibial shaft. On all occasions secure fixation was achieved. It was confirmed that knees could reach full physiological extension following ACL reconstruction. We did not formally measure the position of ACL grafts but they were all performed by an experienced ACL surgeon who checked the position arthroscopically. The knee was then tested again. 
 
By introducing the Beaver knife through the posterior portal, the suture line was cut to restore the tear to a state of instability. An arthroscope was introduced via the anterolateral portal through the intercondylar notch into the posteromedial recess to check this, and also via the posteromedial portal. Probing of the tear demonstrated the restoration of instability. The knee was then tested again. Finally the reconstructed ACL was resected using a combination of hand instruments and power shaver. The final tests were then made on the knee.
After the tests were completed, the knees were removed from the test rig and disarticulated to examine the deployment of the suture anchors into the posteromedial joint capsule.

 Testing Protocol
The 6 degrees of freedom data of the position of the tibia with respect to the femur was recorded with no external loads applied to the tibia, only the weight of the hanging tibia and attached rod which remained constant throughout testing. The kinematic data were also recorded with the following loads applied: 90-N tibial anterior drawer force, 90-N tibial posterior drawer force, 5-Nm tibial internal rotation torque, 5-Nm tibial external rotation torque, and a combined 5-Nm tibial external rotation torque and 90-N tibial anterior drawer force. The fifth load combination was used because it was hypothesized that the posteromedial meniscocapsular lesion would result in the largest changes being in both anterior translation and external rotation laxity. 
This test protocol of 6 loading conditions was repeated with the knee in 6 states: (1) intact (2) following arthroscopic ACL sectioning, (3) ACL deficient and posterior meniscocapsular lesion created, (4) ACL deficient and posterior meniscocapsule repaired, (5) ACL patellar tendon reconstruction and posterior meniscocapsule repair and (6) ACL reconstructed and capsular lesion re-created. During each loading condition, 3 cycles of knee flexion-extension between 0° and 110° were repeated manually.

Data Analysis
Custom written MATLAB scripts (The MathWorks Inc., Natick, MA, USA) calculated mean tibial translations and rotations at 10° intervals from 0°-110° flexion from the processed Visual3D motion data. The co-ordinate system was defined so that anterior tibial translation and external rotation were taken to be positive. Rolimeter readings were averaged and a mean recording taken for the two flexion angles (30° and 90°) in each knee state. 
A power calculation based on prior work using the same optical tracking system14, 21, determined that a sample size of 9 would allow identification of changes of translation and rotation of 1.9mm and 1.2° respectively with 80% power and 95% confidence. Dependent variables were anterior and posterior translation, internal and external rotation and anterior translation and external loading combined laxities, and Rolimeter measurements. Data were analyzed in SPSS (IBM Corp. Version 22.0. Armonk, NY, 2014). Shapiro-Wilk tests confirmed that the data were normally distributed.
The primary factors investigated were six knee states (intact, ACL deficient, ACL deficient + meniscocapsular lesion, ACL deficient + meniscocapsular lesion reconstructed, ACL reconstructed + meniscocapsular lesion reconstructed, ACL reconstructed + meniscocapsular lesion recreated), and flexion angle (0˚-100˚ at 10° intervals inclusive).  Seven two-way repeated measures analysis of variance (RM ANOVA) were performed comparing the effects of knee state across the arc of knee flexion for each of the dependent variables examined. Post-hoc paired t-tests with Bonferroni correction were applied when differences across test conditions were found to examine the four hypotheses defined in the introduction.

[bookmark: _Toc388879654]Results
Neutral Loading
Knee state had a significant effect on tibial translation in the knee when no external loading was applied (P < 0.001).  Sectioning the ACL and the deficient ACL in combination with the meniscocapsular lesion resulted in increased anterior tibial translation, which was restored with reconstruction and repair technique (Figure 3; see appendix for tables of data including mean and SD). Flexion angle was also found to have a significant effect (P = 0.001) on tibial translation, with anterior translation progressively increasing with deeper knee flexion. 

Rather than present normal laxity data, the following sections display changes from normal, which has greater clarity regarding residual laxities following different stages of the experiment.
Anterior Translation
Varying the state of the knee had a significant effect on anterior tibial translation following the application of a 90N anterior translation force (P <0.001). At 30° with the knee intact and a 90N anterior translation force applied, the tibia translated 2.8mm, this increased to 11mm following ACL sectioning (P < 0.0001) and further to 14mm (P <0.001) following creation of the meniscocapsular lesion. Repairing the lesion reduced anterior translation to 10.1mm (P=0.001), and ACL reconstruction reduced this further to 4.1mm (P<0.001) (Figure 4). Lastly, re-creating the meniscocapsular lesion by cutting the meniscus sutures in the ACL-reconstructed knee increased anterior tibial translation up to 7.1mm (P=0.01). 

Posterior Translation
There was no significant effect identified on tibial posterior translation laxity as a result of sectioning the ACL, creation of the meniscocapsular lesion, nor their reconstruction and repair respectively (P > 0.05). 

Internal Rotation
There was a trend for tibial internal rotation to increase following ACL sectioning, which was reduced with ACL reconstruction (Figure 5). However there was no overall significant effect identified between the different knee states on internal rotational laxity (P > 0.05). There was a significant effect of flexion angle identified (P < 0.01), with greater effects identified in early flexion (Figure 5). 

External Rotation
There was a significant effect identified on external rotation as a result of changing the knee state across all angles of knee flexion (P < 0.01). Tibial external rotation increased significantly, by 2.5° at 20° knee flexion, as a result of the creation of the posterior meniscocapsular lesion in the ACL deficient knee as the meniscus was free to move away from its tibial attachment. External rotation was reduced following meniscocapsular repair and increased again following cutting the repair (Figure 6). 

Combined external rotation plus anterior translation
There was a trend for increased anterior tibial translation following the application of a combined anterior and external rotational load to the knee following ACL sectioning and creation of the meniscocapsular lesion (Figure 7).  However there was no significant effect identified on tibial anterior translation laxity as a result of varying knee state when the knees were subjected to combined external rotational and anterior translation loads (P > 0.05).

Clinical anterior translation measurement
There was a clear and significant trend identified by the Rolimeter data (P <0.001) (Figure 8). This was in agreement with the anterior tibial translation data under a 90N anterior load, highlighting progressive increases in anterior tibial translation following ACL sectioning and meniscocapsular lesion creation, which were restored following ACL reconstruction and meniscocapsular repair. The Rolimeter data were consistent at both 30° and 90° flexion with changes in tibial translation measured by optical tracking (Figure 8), which were significantly higher in early knee flexion (P < 0.01).  

Effect of the creation of a posteromedial meniscocapsular lesion in ACL-deficient knees 
The addition of the posteromedial meniscocapsular lesion to an already ACL-deficient knee resulted in significant increases in anterior tibial translation from 0°-60° inclusive (P < 0.05) and external rotation at 0°-40° inclusive and 70° (P < 0.05). 

Effect of meniscocapsular repair in combination with ACL reconstruction 
Compared to when the ACL had been reconstructed using a patellar tendon graft and the meniscocapsular lesion was still present, there was a significant reduction in anterior tibial translation when the lesion was repaired, at 0°-60° (P < 0.05). A similar effect of reduced external rotation following lesion repair in this state was identified from 0°-40° and 70°-90° inclusive (P < 0.05).
Conversely when the meniscocapsular repair was released and the ACL left intact, there was a significant increase in anterior tibial translation (from 0°-50° inclusive (P < 0.05)) and external tibial rotation (at 0°, 20°, 30°, 50°, 60° (All: P < 0.05)).                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Difference between intact knees and those with the ACL reconstructed and meniscocapsular lesion repaired.
No significant differences were identified between the intact knees and those with the ACL reconstruction and meniscocapsular repair performed for either anterior tibial translation or external tibial rotation across any flexion angles from 0°-110° (All: P > 0.05).

Knee laxity changes detected with the Rolimeter 
Rolimeter readings increased significantly as a result of creating the meniscocapsular lesion, at both 30° and 90° knee flexion (P < 0.05). Readings reduced when the meniscocapsular lesion was repaired in the ACL reconstructed knee, at both flexion angles investigated (P < 0.05). When the repair was released, a significant increase in anterior tibial translation was measured by the Rolimeter at 30° (P < 0.05).  
Suture anchor deployment
With 5 FastFix devices in each knee, there were 10 suture anchors in each, giving 90 anchors in total: 62 FastFix-360 anchors, plus 28 FastFix-Ultra which were used in knees 6 to 9, with 3 or 4 Ultra devices in each of those 4 knees. Some of the 360 anchors had not engaged the capsule: 3 in knee 1, 2 in knee 2, 1 in each of knees 3 to 8, and none in knee 9; all 28 of the Ultra anchors had deployed correctly.

[bookmark: _Toc388879657]Discussion
This study identified significant increases in anterior tibial translation and external rotation in ACL deficient knees following posteromedial meniscocapsular sectioning. These laxities could be restored to intact values with surgical repair of the meniscocapsular lesion and patellar tendon ACL reconstruction. It was possible to detect changes in anterior tibial translation in the knees at different states during testing with the Rolimeter, indicating that these changes are clinically detectable, as is the clinical experience of the surgeon authors of the present study. In the presence of the meniscocapsular lesion, ACL reconstruction alone failed to restore normal joint kinematics. This has obvious implications for the ACL graft with the risk of overload and potential compromise of outcome. In the chronic situation, the combination of residual abnormal tibiofemoral joint laxity and pathological meniscal mobility implies an increased likelihood of damage and degeneration of both the meniscus and the joint surfaces. It can therefore be recommended that surgeons inspect the posteromedial meniscocapsular junction routinely via either an anterolateral or posteromedial portal during ACL reconstruction surgery to ensure that these lesions are identified and treated to avoid any residual post-operative laxity resulting from unrepaired lesions.
Posteromedial meniscocapsular lesions are becoming more widely recognised4, 16, 22, 25. Prior work has demonstrated the importance of the posteromedial capsule in providing stability to the extended knee20. However to date no biomechanical studies have investigated the relationship between the posterior oblique ligament and ‘ramp’ lesions, such as the effect of such an injury on tibiofemoral kinematics in ACL deficient knees. This study identified a significant effect of creating the menisco-capsular lesion in ACL-deficient knees, with both increased anterior translation and external rotation laxity identified as a result (P<0.05). Failure to identify and treat these lesions may have implications on post-operative recovery, since meniscal injury is closely associated with functional outcome following ACL reconstructive surgery 27. However, further clinical follow-up studies are required to determine whether untreated posteromedial meniscocapsular lesions would lead to symptomatic clinical instability or future medial compartment injury in patients following ACL reconstruction alone. 
Posteromedial meniscocapsular lesions present a surgical challenge to successfully repair them, and there have been reports of high failure rates7, 22. This study demonstrated that it is possible to repair posteromedial meniscocapsular lesions with FastFix™ (Smith and Nephew, MA, USA) repair sutures through traditional anterior portals, and that repairing the capsular lesion restored anterior translation and external rotational laxities to close to the intact state. Conversely, release of the repair resulted in increased tibial anterior translation and external rotation. Visualisation of the posteromedial recess during the study demonstrated that in knee flexion the posterior capsular wall folds and drops posteriorly and distally, whereas in knee extension it is pulled proximally and held taut against the back of the tibia (Video 1). For this reason the repair sutures in the present study were placed with the knee in no more than 10° flexion, when the capsular lesion was repaired.  
A previous report25 suggested that FastFix sutures could not adequately repair the meniscocapsular lesions described in this study. It was suggested that repair via a posteromedial portal using a suture ‘shuttle’ was the only effective method. Due to the physical constraints of the experimental rig used in the present study this technique was not possible. The only option was repair with an ‘all-inside’ suture device used as in the clinical situation with insertion from anterior portals, but that technique was also affected by access limitations. After the experiment, 11 of 62 360-type suture anchors were found within the joint capsule, possibly as a result of the knee not being able to be fully visualised at the time of suture placement due to the constraints of the test rig, or possibly due to the loading imposed during the tests (in the absence of any healing response at ‘time zero’), which could have pulled some anchors into the joint. The possibility of anchors left within the joint should not be ignored, and careful attention to deployment is imperative and any anchors within the joint should be removed. The present study clearly demonstrates biomechanical success of using the FastFix suture anchor system. The FastFix Ultra device has a longer needle and may therefore present advantages for repairs of these lesions: all 28 Ultra anchors had deployed correctly. Future studies are therefore necessary to identify optimal surgical techniques to address this specific meniscal lesion.

There are inevitable limitations to this experiment, many of which are inherent to all in vitro testing. Despite efforts to source younger specimens, the mean specimen age tested was above the typical age for this pathology. Rolimeter results reflect that AP laxity measurements in vitro duplicate clinical laxity tests of the passive ligament restraints, but there is a lack of knowledge about clinical rotational laxity3. Readings were taken from 0°-100°, which may not represent the full range of knee motion demanded in some sporting populations who are most likely to be affected by this lesion. The loading conditions used in this study only simulated those used in clinical situations and therefore muscle loads were not applied. This avoided assumptions about tissue loading, however it is therefore not known how the reconstruction or repair techniques would react to physiologic loading conditions. These limitations were offset by the ability to make repeated measurements on the soft tissue procedures described on the same specimen, eliminating patient or specimen related variability and enabling pairwise statistical comparisons to be performed. In addition, as with all laboratory cadaveric testing, the findings are only valid at time zero and the biological effects of graft and tissue healing cannot be accounted for in this experiment and require further in vivo studies. The repair technique described in this paper may not be possible in more chronic situations where reduction of the capsule to the posterior meniscal wall does not happen in the extended knee. In such cases it is possible that a more specific posteromedial approach and repair as previously described1, 17 may be necessary. However further studies are required to investigate this further. The posterior capsule was dissected from the tibia before the posterior oblique ligament (POL) was detected. We did dissect the knees following the study and it appeared likely that the POL fibres were separated from the tibial attachment, but it was difficult to determine the precise anatomy following the extensive testing in the area. Finally, an increased anterior translation laxity was not found when the knees were tested in fixed external rotation, and that is presumed to be because of the restraint from the deep and superficial parts of the MCL, which share the load with the ACL when the knee is in external rotation20. It is not known how much these structures are affected by the injuries that cause posteromedial capsular lesions.
These results have shown that posteromedial meniscocapsular lesions, which have been reported in up to 30% of patients following ACL injury30, result in external rotation and anterior translation laxities increasing by up to a further one third compared to the ACL deficient knee. These deficiencies are not eliminated with ACL reconstruction alone, but can be successfully addressed via surgical repair. Changes in knee laxity resulting from posteromedial meniscocapsular lesions are clinically detectable and surgeons should be vigilant to identify these lesions at the time of surgical intervention, as evidence suggests that they may not always be identified with MRI scan4, 16. Clinical studies should now be conducted to confirm these findings in vivo.
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Figure Captions:
Figure 1: Test rig used for the study. The specimen position was adjusted to approximately align knee and rig flexion-extension axes. (A): Manual passive flexion-extension movements were applied to the femur; the motion of the hanging tibia (B) was otherwise unconstrained. The anterior (C) and posterior forces were applied with weights connected to the proximal tibia by cables passed over pulleys. Internal and external rotation torques were applied with weights (D) connected to both sides of a polyethylene disc secured at the end of the tibial intramedullary rod.

[bookmark: _Ref411338758]Figure 2: Creation of the posteromedial meniscocapsular lesion in-vitro, viewed from posteromedial portal.  

[bookmark: _Ref402273055]Figure 3: Tibial translation for the 6 states of the knee examined with no external loading applied (mean values ± SD; n=9; # : transected)

[bookmark: _Ref402335125]Figure 4: The difference in anterior translation from the intact knee under 90N anterior load for the intact, ACL deficient, ACL deficient + meniscocapsular lesion, ACL deficient + meniscocapsular lesion repaired, ACL reconstructed + meniscocapsular lesion repaired, ACL reconstructed + meniscocapsular lesion recreated knees. The horizontal datum axis represents the ‘neutral’ position of the tibia with the intact knee with no external loading applied to it. Values above the datum axis represent greater anterior translation laxity in response to 90 N anterior drawer force (mean values ± SD; n=9;  # : transected)
[bookmark: _Ref402336001]Figure 5: The difference from the intact knee in tibial internal rotation under 5-Nm internal rotation torque for the different knee states (mean values ± SD; n=9;  # : transected)

[bookmark: _Ref402339171]Figure 6: The difference from the intact knee in tibial external rotation under 5-Nm external rotation torque for the different knee states (mean values ± SD; n=9; # : transected)

[bookmark: _Ref402430403]Figure 7: The difference of anterior translation laxity from the intact knee when loaded in combined tibial 90-N anterior drawer force and 5-Nm external rotation torque for the different knee states (mean values ± SD; n=9; # : transected)

[bookmark: _Ref402774726]Figure8: Rolimeter readings for anterior translation of the tibia (mean values ± SD; n=9). (*=P<0.05 versus the intact laxity at each knee flexion angle) (Menisc: meniscus; Recon: reconstruction;  # : transected.)
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TABLE 1: ANTERIOR TRANSLATION WITH NEUTRAL LOADING (FIGURE 3)
	
	
	
	
	
	
	
	
	

	Flexion Angle (°)
	Knee State
	

	
	Intact
	ACL Transected
	ACL Transected + Meniscal Lesion
	ACL Transected + Meniscal Repair
	ACL Recon + Meniscal Repair
	ACL Recon + Meniscal Lesion
	

	
	
	
	
	
	
	
	

	
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	

	0
	0.00
	0.00
	1.52
	1.03
	1.77
	1.14
	1.33
	1.27
	0.16
	0.98
	0.54
	1.70
	

	10
	0.86
	1.83
	2.50
	1.85
	2.56
	2.02
	2.07
	2.42
	0.89
	2.06
	1.43
	2.58
	

	20
	2.26
	3.81
	4.00
	4.26
	4.25
	4.28
	3.81
	4.77
	2.55
	3.82
	3.17
	4.25
	

	30
	4.03
	5.55
	5.71
	5.85
	5.98
	5.76
	5.30
	6.29
	4.51
	5.30
	5.11
	5.63
	

	40
	5.47
	6.25
	7.15
	6.65
	7.21
	6.66
	6.67
	7.30
	5.79
	6.43
	6.54
	6.64
	

	50
	7.17
	7.01
	9.05
	7.38
	9.29
	7.50
	8.63
	7.91
	7.89
	7.36
	8.37
	7.47
	

	60
	9.10
	7.77
	11.14
	8.13
	11.57
	8.10
	10.85
	8.68
	10.05
	8.21
	10.79
	8.42
	

	70
	11.51
	8.61
	13.67
	8.97
	14.21
	8.99
	13.07
	9.40
	12.32
	8.87
	13.14
	9.27
	

	80
	13.86
	9.55
	16.16
	10.05
	16.63
	10.09
	15.45
	10.48
	14.83
	10.10
	15.77
	10.31
	

	90
	16.11
	10.60
	18.35
	11.31
	18.71
	11.27
	17.67
	11.51
	16.76
	11.14
	18.01
	11.46
	

	100
	18.12
	11.80
	20.19
	12.60
	20.47
	12.54
	19.64
	12.76
	19.13
	12.05
	20.17
	12.42
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	





	TABLE 2: ANTERIOR TRANSLATION UNDER 90 N ANTERIOR DRAWER FORCE  (FIGURE 4)
	
	
	
	
	
	
	
	
	

	Flexion Angle (°)
	Knee State
	

	
	Intact
	ACL Transected
	ACL Transected + Meniscal Lesion
	ACL Transected + Meniscal Repair
	ACL Recon + Meniscal Repair
	ACL Recon + Meniscal Lesion
	

	
	
	
	
	
	
	
	

	
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	

	0
	1.72
	1.02
	6.10
	3.21
	8.99
	4.11
	5.71
	2.72
	2.52
	2.14
	4.55
	1.56
	

	10
	2.61
	0.69
	9.46
	2.73
	12.26
	3.58
	9.13
	3.49
	3.77
	3.94
	6.60
	3.06
	

	20
	3.09
	0.42
	10.78
	3.44
	13.79
	3.96
	9.85
	5.18
	4.24
	4.63
	7.18
	4.20
	

	30
	2.85
	0.95
	10.97
	3.52
	14.01
	4.38
	10.17
	5.52
	4.12
	5.14
	7.14
	4.90
	

	40
	2.49
	1.13
	9.75
	3.60
	12.70
	4.57
	9.21
	4.59
	4.41
	4.71
	7.06
	4.68
	

	50
	2.16
	1.04
	8.57
	3.07
	11.09
	4.70
	7.87
	3.38
	3.88
	4.41
	6.92
	3.85
	

	60
	2.02
	0.77
	7.46
	2.60
	10.01
	4.19
	6.99
	2.44
	3.45
	3.87
	5.57
	3.18
	

	70
	1.87
	0.89
	6.54
	2.11
	8.53
	3.85
	6.55
	1.96
	3.39
	3.46
	5.18
	2.30
	

	80
	1.89
	1.20
	6.14
	1.77
	7.86
	3.29
	6.28
	1.83
	3.23
	3.06
	4.81
	1.71
	

	90
	1.78
	1.01
	5.69
	1.24
	7.49
	2.80
	5.98
	1.79
	3.44
	2.89
	4.71
	0.95
	

	100
	2.06
	1.14
	5.49
	1.34
	7.27
	2.32
	5.83
	1.76
	3.21
	1.97
	4.57
	0.90
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	





	TABLE 3: INTERNAL ROTATION (Deg) (FIGURE 5) 
	
	
	
	
	
	
	

	Flexion Angle (°)
	Knee State
	

	
	ACL Transected
	ACL Transected + Meniscal Lesion
	ACL Transected + Meniscal Repair
	ACL Recon + Meniscal Repair
	ACL Recon + Meniscal Lesion
	

	
	
	
	
	
	
	

	
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	

	0
	2.73
	2.20
	2.80
	2.53
	2.55
	1.77
	1.67
	1.75
	1.97
	1.66
	

	10
	2.87
	1.45
	3.08
	2.06
	2.89
	1.83
	1.50
	1.57
	2.22
	1.78
	

	20
	2.55
	1.71
	2.54
	1.81
	2.47
	1.81
	1.18
	1.90
	1.67
	2.16
	

	30
	2.22
	1.60
	2.13
	2.06
	1.92
	1.99
	1.00
	1.50
	1.35
	2.15
	

	40
	1.73
	1.55
	1.75
	2.30
	1.54
	2.33
	0.66
	1.43
	0.90
	2.36
	

	50
	1.44
	1.47
	1.36
	2.40
	1.09
	2.37
	0.56
	1.53
	0.75
	2.18
	

	60
	0.99
	1.24
	1.04
	2.32
	0.76
	2.34
	0.20
	1.22
	0.71
	1.62
	

	70
	0.71
	1.25
	0.88
	2.37
	0.57
	2.46
	0.15
	1.39
	0.57
	1.72
	

	80
	0.56
	1.20
	0.74
	2.49
	0.39
	2.52
	-0.06
	0.88
	0.40
	1.50
	

	90
	0.64
	1.39
	0.68
	2.68
	0.36
	2.64
	0.03
	0.94
	0.48
	1.87
	

	100
	0.63
	1.59
	0.42
	2.28
	0.14
	2.78
	-0.08
	1.19
	0.18
	1.10
	

	
	
	
	
	
	
	
	
	
	
	
	





	TABLE 4: EXTERNAL ROTATION (Deg)  (FIGURE 6)

	Flexion Angle (°)
	Knee State

	
	ACL Transected
	ACL Transected + Meniscal Lesion
	ACL Transected + Meniscal Repair
	ACL Recon + Meniscal Repair
	ACL Recon + Meniscal Lesion

	
	
	
	
	
	

	
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD

	0
	1.15
	1.96
	3.42
	2.35
	1.17
	2.45
	-0.14
	1.13
	1.43
	1.23

	10
	1.45
	1.54
	3.64
	1.90
	1.68
	2.35
	0.49
	0.85
	1.51
	1.03

	20
	1.70
	1.22
	4.02
	1.48
	2.19
	2.07
	0.40
	0.64
	1.95
	0.94

	30
	1.67
	1.27
	3.87
	1.72
	2.39
	2.06
	0.55
	0.68
	2.15
	0.70

	40
	1.66
	1.34
	3.76
	2.16
	2.34
	2.27
	0.78
	0.96
	1.97
	0.83

	50
	1.40
	1.45
	3.61
	2.14
	2.24
	2.36
	0.50
	1.11
	1.78
	0.81

	60
	1.35
	1.55
	3.64
	2.35
	2.28
	2.39
	0.52
	1.25
	1.92
	1.04

	70
	1.23
	1.59
	3.63
	2.22
	2.04
	2.31
	0.44
	1.44
	1.77
	1.10

	80
	1.01
	1.65
	3.14
	2.25
	1.75
	2.11
	0.73
	1.57
	1.74
	0.93

	90
	0.80
	1.87
	2.98
	1.97
	1.52
	2.10
	0.32
	1.66
	1.33
	0.94

	100
	0.62
	1.70
	3.00
	1.79
	1.40
	2.01
	0.30
	1.91
	1.17
	1.21
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	TABLE 5: ANTERIOR TRANSLATION (mm) WITH COMBINED EXTERNAL ROTATION + ANTERIOR DRAWER LOAD (FIGURE 7)
	
	
	
	
	
	
	
	

	
	Knee State

	Flexion Angle (°)
	Intact
	ACL Transected
	ACL Transected + Meniscal Lesion
	ACL Transected + Meniscal Repair
	ACL Recon + Meniscal Repair
	ACL Recon + Meniscal Lesion

	
	
	
	
	
	
	

	
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD
	MEAN
	SD

	0
	2.13
	8.32
	4.63
	8.72
	5.19
	8.48
	4.39
	8.14
	3.05
	8.64
	4.19
	8.86

	10
	3.70
	8.19
	6.04
	8.20
	7.04
	8.34
	6.41
	8.17
	4.12
	8.37
	5.25
	8.53

	20
	4.65
	9.11
	7.11
	8.56
	8.33
	8.78
	7.62
	8.75
	5.47
	8.33
	6.70
	8.69

	30
	5.67
	9.22
	8.37
	8.72
	9.48
	9.12
	8.64
	9.08
	6.51
	9.00
	7.73
	8.98

	40
	6.19
	9.81
	8.92
	8.97
	10.12
	9.56
	9.44
	9.51
	7.19
	9.56
	8.35
	9.74

	50
	6.82
	10.53
	9.73
	10.07
	10.66
	10.47
	9.79
	10.46
	7.98
	10.36
	9.26
	10.56

	60
	7.63
	11.15
	10.89
	11.53
	11.36
	11.16
	10.44
	11.15
	9.03
	11.33
	10.04
	11.75

	70
	8.58
	11.77
	11.68
	12.29
	12.39
	12.03
	11.47
	12.13
	10.13
	12.61
	11.06
	12.61

	80
	9.45
	12.66
	12.39
	12.84
	12.98
	12.83
	12.19
	12.53
	10.71
	13.23
	11.81
	13.56

	90
	10.43
	13.69
	13.17
	13.51
	13.69
	13.54
	12.71
	13.09
	11.63
	14.25
	12.65
	14.68

	100
	11.57
	15.01
	13.97
	14.85
	14.53
	14.68
	14.35
	15.10
	12.36
	15.71
	13.22
	16.11




Appendices: Arthroscopic Videos
[bookmark: _Ref411350401]Video 1: Drawing up of the posteromedial synovial cavity near terminal knee extension
[bookmark: _Ref411354370][bookmark: _Ref411354361]Video 2: Experimental procedure showing lesion creation and repair
[bookmark: _Ref411354416]Video 3: Arthroscopic assessment of meniscal laxity
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Fig 6
[image: D:\My Documents\papers\Jo Stephen MPFL\7 meniscocapsular lesion\possibly final version\Figure 6.jpg]


Fig 7
[image: D:\My Documents\papers\Jo Stephen MPFL\7 meniscocapsular lesion\possibly final version\Figure 7.jpg]


Fig 8
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