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			FOREWORDS

			Frank R. Noyes, M.D.

			The unsolved clinical dilemma regarding the successful treatment of the symptomatic meniscectomized knee in younger athletic patients is one of the highest priorities in orthopaedics requiring scientific advancements. This statement represents the final conclusion of my contribution in defining the success and failure of meniscus transplantation.  

			I wish to congratulate Drs. Alan Getgood, Tim Spalding, Peter Verdonk, Brian Cole and Wayne Gersoff for their vision and leadership in hosting one of the first international symposiums on meniscus transplantation (Toronto, 2013) and the current symposium (2015), and for compiling this monograph. The chapter titles, which span a wide range of issues, including basic science, transplant procurement and processing, sizing, surgical techniques, clinical evaluation and outcome analyses, are provided by experts with vast clinical experience.  

			It is the hope of all contributors that the initial short-term clinical success of meniscus transplantation, with decreased knee joint pain and increased function, may be improved long-term. The current long-term success rate is still not acceptable in terms of the surgeon’s and the patient’s goals in relation to the operation. This represents a problem requiring a breakthrough scientific advance that will most likely be found in sophisticated stem cell-scaffold research approaches and prosthetic meniscus implants. Even so, the advances in recent years - as detailed in this monograph - have been noteworthy, and have improved the surgeon’s ability to offer short-term improvements to our patients. Thank you for the opportunity to contribute to this symposium and monograph. 

			Rene Verdonk

			“Take it out, take it all out. Even if it’s not torn, take it out”

			Thus was the slogan offered by Smillie in referring to meniscal injuries - and this is not even 100 years ago!

			We have come a long way in trying to restore the anatomy and function of this weight-bearing cartilage body in the knee joint. Of course, in Smillie’s time there was a clinical need to unlock the locked knee joint in order to restore limb function and allow for normal gait. In the young knee, with good vital tissues and good and stable alignment, the remnant meniscus had a good chance to round off and function appropriately for years to come.

			However, when confronted with even minor additional injuries of the ligaments or cartilage, the “organ” that was the knee joint was noted as beginning to fail rapidly, leading to functional impairment and pain. Indeed, isolated ligament injuries, having been addressed over the years with obvious success, seem to behave less well when the injury is associated with meniscal impairment or absence.

			This was precisely the clinical setting within which Milaschowski and Wirth set the first indication for meniscal allograft transplantation (MAT) in the mid-1980s (the last century!), treating both ligament injuries and meniscal removal. Addressing meniscal preservation, clinical research followed using the then-valid cartilage preservation techniques, reporting potential success and leading to limited cell survival.

			Viable MAT evolved by using appropriate culture media and the recipient’s own serum, and this remains a technique used in full clinical practice. However, the current use of fresh frozen allografts has come to equal these success rates. In the longer term, this approach has become standard clinical practice.

			Following painful partial meniscectomy, MAT is generally not considered as an option. Segmental partial reconstruction can be an option to improve function with an individual patient. Teflon implants were once briefly used, but they were found to be too aggressive towards the underlying weight-bearing cartilage and were thus abandoned.

			Collagen meniscal implants have been used extensively on an investigational platform, leading to an increase in meniscal tissue on ‘second look’ arthroscopy. Long-term (10-year) studies have clearly shown better results in relation to clinical and radiological findings when compared to partial meniscectomy. Stronger implants using polyurethane resorbable material have presented a short-term and valuable alternative, both in terms of ease of surgical technique and in clinically relevant results. Both these potentially successful implants nonetheless lack a biological basis in addition to their biomechanical relevance, and this is the challenge for the future.

			Researchers in cartilage culture have been confronted with the issue of very slow cartilage cell metabolism, and hence its influence in evaluating clinical results. It appears that, even though short-term results are clinically most relevant, longer-term results are needed to confirm the role of partial meniscal implantation in restoring normal function to the knee.

			As research and clinical expertise increases, the basis for a satisfactory tissue response remains dependent upon the individual host (patient), with highly variable cell viability. This finding may lead to the determination of improved indications, and hence to better selective results. At any rate, the focused orthopaedic clinician confronted with these particular – and also debilitating – issues after total or partial meniscectomy has a right to move forward in using new approaches for the benefit of the patient.

			This book will foster both the stimulus and interest for all knee surgeons to continue research and clinical practice in this fast-evolving area of knowledge.

		

	
		
			PREFACE

			‘Save the meniscus’ has been a cry for many years, extolling the merits of preserving meniscus form and function. As we know, meniscectomy often results in pain and loss of function, and has been shown to be a clear precursor to later osteoarthritis. Surgeons have progressed from total to partial meniscectomy, removing only the torn portion, with repair being the preferred option, aiming to preserve joint function and minimizing the degenerative pathway. However, total or near total resection still occurs – which sometimes sadly could be avoided – with osteoarthritis inevitably occurring. It is therefore imperative that the message of meniscal preservation continues to resonate within the orthopaedic community so as to better treat our patients.

			This book provides a comprehensive review of the current work in the field of Meniscal Allograft Transplantation (MAT), a technique that has evolved since the late 1980s to deal with the symptomatic knee following meniscal resection. Authors from around the world representing the leaders in the field of meniscal preservation have combined forces to produce an accurate state-of-the-art synopsis of this important and expanding topic. Whilst MAT is no longer thought to be experimental, many aspects still need to be investigated to provide a long-term solution for the post-meniscectomy knee.

			The book begins with chapters focusing on meniscus preservation; anatomy, biomechanical function, methods of repair and reconstruction techniques with synthetic grafts for partial loss.

			Following a review of the history of MAT, the next chapters detail the current concepts in relation to the procedure. A successful operation requires the right indications and the right preparation. Chapters on graft procurement and preparation have been included, giving a detailed overview from both the perspectives of the surgeon and our tissue bank partners. We are extremely grateful to the latter, as they have been able to provide information which may help shed some light on the proprietary processes which they use to reduce the risk of infection without damaging the structural integrity of the tissue.

			A global perspective is provided in terms of surgical technique. There may be a transatlantic difference in whether to use bone or soft tissue fixation techniques, but this book provides a clear rationale for both; we hope that the clear outline of the options available give the reader a significant head start in adopting this important skill.

			We also want to move on from just considering MAT as a basic option for the meniscal deficient knee. Therefore chapters have been included which explore the limit on indications, by tackling the arthritic knee and use as a concomitant procedure to ACL reconstruction for stability. We also answer the questions on defining success and failure, and how best to measure success, so we can better advise patients on the expectation of return to sport and how best to rehabilitate their knee post surgery.

			Finally, a detailed systematic review of the outcomes following MAT is included, demonstrating the evidence for chondroprotection and concluding that MAT is no longer experimental.

			This book is a publication from attendees of the first ‘International Meniscus Reconstruction Experts Forum’ (IMREF) held prior to the ISAKOS congress in Toronto in 2013. We are extremely grateful to all of the contributing authors, without whom this work would have no substance and MAT would have no future. We look forward to future collaborations and translating the benefits to our patients.

			We are also delighted to be recognized by ISAKOS; this book will be launched at the ISAKOS congress in Lyon, in June 2015, and future IMREF meetings will coincide with the biannual ISAKOS congress.

			Lastly, we are extremely grateful to Francine Van Steenkiste and Lieve Vanden Berghe and all the staff at DJO Publications for their tireless support in bringing this work to fruition. The size of their effort and the size of this book is a tribute to the importance of MAT.

			Alan Getgood 

			Tim Spalding 

			Brian Cole 

			Wayne Gersoff

			Peter Verdonk

		

	
		
			Part I

			Meniscus Preservation

		

	
		
			Chapter 1

			Structure and Function of the Menisci 

			Camilla Halewood, Spyros Masouros, Andrew A. Amis

		

		
			Take Home Message

			•	The knee menisci fulfill the critical, primary role of load distribution in the knee and a secondary role in ensuring translational and rotational stability. 

		

		
			Introduction

			The menisci are two crescent-shaped pads of fibrous-cartilage, which minimize tibiofemoral joint contact pressure via their wedge-shaped cross-sections and microstructure, providing conformity of articulation between the femur and the tibia. They also add to the anteroposterior (AP) translational and internal-external (IE) rotational stability of the joint at some angles of knee flexion. Their contribution to the function of the knee joint is now extremely well understood; an injured meniscus is no longer simply treated as a nuisance and routinely removed, as it once might have been36. It has been demonstrated that the menisci do not act as the knee’s shock absorbers – the articular cartilage probably serves this purpose3,15, but their importance as load distributors and stabilizers has now been well described and should not be undervalued. 

			Size and shape

			The medial and lateral menisci are different to each other in size and shape, as are the two compartments of the tibial plateau that they cover (Figure 1). Looking down onto the top of the tibial plateau, the lateral meniscus is smaller than its medial counterpart and resembles an incomplete “o” in shape; it has been shown to cover around 59-70% of the slightly convex lateral tibial compartment6,11. The medial meniscus is larger and shaped more like a “C” – it covers less of the concave medial tibial compartment (between around 50-54%6,11). The protection that the menisci afford to the tibial articular cartilage is obvious (Figure 2). In cross-section, both menisci are “wedge”-shaped (Figure 3); the flat inferior surface sits on the tibial plateau, conforming to its shape, and the angled superior surface articulates with the femoral condyles. The lateral meniscus is of almost constant width, except for the regions close to its anterior and posterior horns, while the medial meniscus is much wider in its posterior half. A study conducted on 44 cadaver knees (22 pairs) found a large range in meniscal sizes (Figure 4, Table 1). This study also found that, while the width of the lateral compartment taken from a planar X-ray correlated well with actual lateral meniscus width, all other relationships describing actual meniscal dimensions from X-rays were found to be only fair or poor correlations35. This demonstrates that great care must be taken when sizing patients for allograft transplantations, and planar X-rays may not be fully reliable; Yoon et al. proposed a more accurate radiographic measurement method55. The same group also highlighted the importance of taking independent length and width measurements for allograft sizing; the length of the lateral meniscus cannot be accurately predicted from its width56.

			[image: ]

			Figure 1. A left-sided tibial plateau of a 65-year-old female with moderate patellofemoral (PFJ) osteoarthritis (OA) and mild tibiofemoral (TF) OA.
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			Figure 2. A left-sided tibial plateau of a 65-year-old female with moderate patellofemoral (PFJ) osteoarthritis (OA) and mild tibiofemoral (TF) OA with the menisci removed. Areas of cartilage damage where the menisci were not protecting the medial and lateral compartments are outlined.
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			Figure 3. Outlines of articular cartilage and menisci, constructed using sagittal MRI slices and segmentation: A) medial; B) lateral.

			[image: ]

			Figure 4. A left-sided tibial plateau showing meniscus sizing notation. MMC = medial meniscus circumference; MMW = Medial meniscal width; MML = Medial meniscal length; MMBW = Medial meniscal body width; LMC = Lateral meniscus circumference; LMW = Lateral meniscal width; LML = Lateral meniscal length; LMBW = Lateral meniscal body width.

			Table 1. Meniscal dimensions measured from 44 cadaver knees. Data taken from McDermott et al.35.
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			Fine composition of the meniscus

			Meniscal tissue is an extracellular matrix composed of approximately 75% water, 20% Type I collagen fibres and 5% non-collagenous substances, including proteoglycans, matrix glycoproteins and elastin50,54. Collagen fibres make up 75% of the dry weight of the menisci and are responsible for their tensile strength. Studies by Bullough et al.8 and Petersen and Tillman43 examined the fine structure of the menisci using photomicrography and scanning electron microscopy, respectively. Both studies found that the menisci have different microstructures in different areas. The upper femoral and lower tibial surfaces of the meniscus are covered with a mesh-like arrangement of thin collagen fibres, with no obvious pattern governing their arrangement. Moving towards the centre of the meniscus, the next layer (the lamellar layer) consists of an outer and an inner region. In the outer part, the collagen fibres are arranged radially, whereas in the inner portion they criss-cross each other at various angles. Finally, in the deep main layer, the collagen fibres are arranged circumferentially across the whole meniscal body-width (Figure 5).

			The menisci are not completely vascularized, with only the anterior and posterior horns (via the endoligamentous vessels) and the periphery (via the perimeniscal capillary complex) being well vascularized23. In cross-section, tears in the meniscus are described as occurring in differing vascular regions: the “red-red” (near the periphery, well vascularized on both sides of the tear), “red-white” (partially vascularized, predominantly on the peripheral side of the tear) and “white-white” (in the inner, non-vascularized) zones. The lack of vascularization in certain parts of the menisci explains why meniscal injuries are unlikely to repair themselves. Most of the meniscal innervation occurs at the highly vascularized locations.

			[image: ]

			Figure 5. The histology of the meniscus. 1) Superficial network; 2) Lamellar layer; 3) Central main layer. Arrowheads: Radial interwoven fibres. Arrow: Loose connective tissue. Taken from Petersen and Tillman43.

			Material properties

			It is the fine microstructure described previously that defines the material properties of the meniscus, with its circumferentially arranged fibres contributing to both its tensile and compressive strength properties.  

			Tensile

			Several studies have attempted to define the tensile properties of the human meniscus14,29,50. Reported tensile elastic moduli vary, depending on each specimen’s cross-sectional area and the region of the meniscus from which the specimens were harvested (Table 2). There are also experimental methodology discrepancies between the studies. However, in all three of these studies, for specimens taken along the line of the circumferential fibres, those taken from the anterior region of the meniscus tended to have a higher modulus than those taken from the central and posterior portions, although there is no obvious histological reason for this. Circumferential specimens taken were, on average, 10 times stronger than those taken radially, which may partly explain why circumferential splits are more common than radial tears.

			Table 2. Tensile modulus of the human meniscus (MPa).
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			Compressive

			Compressive aggregate modulus (stiffness) and permeability (a measure of how easily a fluid can flow through a material) of the human meniscus have been reported in the literature19,25,49. As with the tensile material properties, some of the compressive properties vary depending on which part of the meniscus is being tested. Aggregate modulus values lie between 0.09 and 0.23 MPa, tending to be higher in the anterior region. Permeability has been measured to be between 1.32 and 2.74 1015m4N−1s−1, but it does not appear to be dependent on the region within the meniscus. These modulus and permeability values are similar to those reported for articular cartilage26, but it has been shown that the dynamic modulus (the ratio of stress to strain under vibratory conditions) of articular cartilage is around eight times that of meniscal tissue15. The low permeability means that the menisci retain their load-bearing capacity during gait by resisting fluid loss under pressure.

			The meniscus is around 1,000 times stiffer in circumferential tension than in transverse compression, making it more able to withstand tension than compression. These properties explain the ability of the meniscus to conform to the variable geometry of the articular surfaces under compression, particularly during deep knee flexion on the medial side.

			The meniscal ligaments

			Investigating the biomechanical function of the menisci is complicated due to the ligaments that are attached to them. There are up to 12 ligaments that are connected to the medial and lateral menisci (not all are present in every person). Repair methods for serious meniscal injury by way of allograft transplantation should consider the functional contribution of these structures; there will be an inevitable loss of function and constraint post-allograft due to the loss of a proportion of these ligaments during transplantation surgery.

			The anterior inter-meniscal ligament (or transverse geniculate ligament) connects the medial meniscus to the lateral meniscus via the anterior fibres of their anterior horns, and appears to be present in most knee joints39. Its function is not well understood and does not appear to contribute to tibiofemoral contact characteristics44, but its position and orientation suggests that it may contribute to rotational stability.

			The coronary ligaments connect the outer circumference of the menisci to the proximal tibia. Not a great deal is known about their function. Presumably, they influence meniscal movement, although it has been demonstrated that damage to the anterior and posterior portions of the medial coronary ligament does not have a significant effect on tibiofemoral contact pressure32.

			The insertional (or meniscotibial) ligaments stem from the anterior and posterior horns and connect the menisci to the sub-chondral bone underneath the tibial plateau. These insertional ligaments are continuations of the circumferential collagen fibres found in the bulk of the meniscal tissue and help to vascularize the horns of the menisci. Kopf et al. examined the mechanical properties of the fixation to the tibia provided by these insertional ligaments in humans27. They hypothesized that the four connections would all fail at the same force. Their results confirmed this except for the anteromedial (AM) root, which was significantly weaker than both of the posterior attachments. All the insertions failed at the meniscus-bone interface. A similar, more recent study by Ellman et al., which used only relatively young (mean age 54.9 years; range, 40-61 years), male cadaver specimens, demonstrated a similar range of maximum failure loads for the four roots (509-565 N), although in that study the AM insertional ligament was actually the strongest12. Failure loads from these studies are presented in Table 3. Kopf et al. and Feucht et al. both examined the repair strength of various fixation methods for root rupture; both studies concluded that none of the repair methods adequately restored the pull-out strength of the meniscal root13,27.

			Table 3. Maximum failure loads of the four meniscal roots in cadaver knees. Data from Kopf et al.27 and Ellman et al.12.
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			These results highlight the importance of adequate fixation of a meniscus allograft, either by way of sutures only or with bone plug(s). There is little in the literature describing the failure loads of allograft fixation methods. A small cadaveric study found no significant differences between failure loads for the suture-only technique and one using a bone plug at the posterior horn (the mean failure load was 112 N for both), although they did observe a difference in failure mechanism, with the suture-only group failing by the posterior horn slipping along the suture and the bone plug group failing at the bone-suture interface22. In a prospective clinical study, Abat et al. found that there was a higher rate of complication and more meniscus extrusion when the suture-only technique was employed than when bone plugs were utilized1,2.

			The deep medial collateral ligament (dMCL) connects the medial edge of the medial meniscus to both the femur and the tibia, and provides secondary varus-valgus restraint to the knee joint45. It is sometimes regarded as two separate ligaments (the meniscofemoral and meniscotibial dMCLs).

			The anterior and posterior meniscofemoral ligaments (aMFL and pMFL), also known as the ligaments of Humphrey (anterior) and Wrisberg (posterior) – the MFLs connect the posterior horn of the lateral meniscus to the femur. Their incidence has been studied a number of times and there is large variability in the frequency of occurrence reported, but it is likely that they do not occur in all people18. However, it has been shown that they act as secondary restraints to the tibial posterior drawer between around 15° and 90° knee flexion and that they also contribute to external rotational stability between 60° and 120° knee flexion16.

			The meniscofibular ligament connects the lateral meniscus to the head of the fibula and augments the lateral coronary ligament38. Its exact function is unknown, but it has been suggested that it is tense while the knee is extended and the tibia externally rotated38, and so may add to the MFL’s function as a secondary restraint to external rotation.

			Functional biomechanics

			The menisci act in compression in the tibiofemoral joint, helping to distribute the joint load and protect the articular cartilage by creating a more congruent articulation between the tibia and femur. With this increased contact area there is an associated decreased contact pressure, so the menisci act to protect the articular cartilage. This is true across the whole range of motion of the knee because the menisci are able to move during knee flexion due to being connected to the tibia via the relatively mobile insertional ligaments. As the menisci are loaded they extrude radially out of the joint, causing hoop stresses in the tissue which are resisted by the tension in the insertional ligaments. The menisci also tend to translate posteriorly during knee flexion, ensuring congruency between femoral and tibial plateaus across flexion. As the knee flexes the femoral condyles rotate over the tibia compressing the menisci and pushing them posteriorly. The medial meniscus translates posteriorly less than the lateral meniscus due to the more concave shape of the medial plateau, and this leads to tibial internal rotation with flexion. Conversely, as the knee extends, it leads to the screw-home mechanism (Figure 6)51.
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			Figure 6. The motion of the menisci during flexion measured in patients using dynamic MRI. Weight-bearing knee flexion from 0° to 90°. Both menisci move a similar amount peripherally, but the lateral meniscus moves more posteriorly and the anterior horns move more than their posterior counterparts. Data taken from Vedi et al.51. Diagram not to scale.

			Because the menisci have attachments to the tibia and the femur, they also have a secondary restraining effect on the knee. At certain angles of knee flexion, the menisci are secondary restraints to anterior drawer4 and also restrain tibial internal-external rotation53. The meniscofemoral ligaments (MFLs) are secondary restraints to posterior drawer and external and internal tibial rotation17.

			Biomechanics of meniscal injury, repair and meniscectomy

			Depending on its type, size and location, an injury to the meniscus – one that does not require total meniscectomy – may often be repaired with simple suture repair, partial meniscectomy or partial meniscectomy followed by the insertion of a polycarbonate urethane (PCU) scaffold or implant. An unrepaired tear or lesion can lead to increased contact pressure and altered kinematics28,40. Long-term results suggest that repair of some kind improves the contact characteristics compared to partial meniscectomy48, but there are still biomechanical implications of meniscus repair that should be considered, such as the fixation method5, 33.

			Larger defects that require partial meniscectomy may be repaired using biodegradable PCU scaffolds, such as Actifit, or PCU spacers, such as NuSurface. Clinical outcomes for these products are promising, but there are no long-term results and clinical trials are still underway47,54.

			The complicated functional biomechanics of the menisci suggest that the consequences of meniscectomy would be significant. Several review articles have demonstrated that cartilage degeneration and onset of OA are more prevalent following meniscectomy10,34,41. In a study of 123 patients, Roos et al. found that those undergoing total meniscectomy were 14 times more likely to develop OA 21 years after surgery, compared to age- and gender-matched patient controls46. Claes et al. found that patients undergoing anterior cruciate ligament (ACL) reconstruction were 3.5 times more likely to develop OA if they also underwent meniscectomy10. Removal of the meniscus exposes the tibial plateau to higher contact pressures (Figure 7), resulting in biochemical changes in the articular cartilage. In an in vitro sheep model, using a ligament-driven flexion-extension loading rig, the consequences of total meniscectomy as early as 500,000 gait cycles were demonstrated using India ink staining (Figure 8)20. It has also been suggested that partial or total meniscectomy can affect knee joint kinematics and gait patterns7,30.
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			Figure 7. A pressure map demonstrating the consequences of meniscectomy, using a Tekscan K-Scan 4000 pressure-sensitive film inserted underneath the medial meniscus in a human cadaver knee at 0° flexion with a 700 N axial compressive load: A) intact; B) meniscectomized.
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			Figure 8. The consequences of meniscectomy, demonstrated using an ovine stifle model. Stifle A was left intact while stifle B had its medial meniscus completely excised. Both joints were cycled 500,000 times in a bespoke flexion-extension rig. After testing, the joints were disarticulated (1) and the medial compartment was coated with India ink (2). The ink was then washed off. The intact joint showed no damage while the meniscectomized joint showed significant cartilage damage (3)20.

			The lateral meniscus covers a larger proportion of its compartment than does the medial meniscus; when this is combined with the fact that the lateral compartment provides a less conforming articulation via the bony geometry (Figure 3), it implies that lateral meniscectomy may present a greater risk of OA development than medial meniscectomy. However, while some studies have found that patients who have undergone lateral meniscectomy perform worse than those with medial meniscectomy21,24,37, others have found that there is no significant difference between the two procedures9,31,42. In cadaver models, contact areas and pressures on both sides change by a similar percentage after various grades of simulated meniscal injuries (Figure 9)28,40.
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			Figure 9. The consequences of differing amounts of meniscus injury on mean contact pressure (left) and contact area (right) for the medial and lateral compartments, pooled across flexion angles ranging from 0° to 90°. The data is taken from two separate journal articles (medial data taken from Padalecki et al.40; lateral data taken from LaPrade et al.28) but the work was done by the same research group.

		

	
		
			Conclusions

			The menisci distribute load across the tibiofemoral joint, helping to protect the articular cartilage from damage caused by excessive localized contact stresses. Their clinical importance is now well understood thanks to the large number of studies that have been carried out examining their structure, function and behaviour. Serious meniscal injuries may leave the surgeon with no option but to excise the whole meniscus, particularly if the horns or periphery are injured and a scaffold or collagen spacer cannot be used. An untreated total meniscectomy leaves the knee vulnerable to cartilage damage and onset of OA.
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			Chapter 2

			Save the Meniscus!		Techniques and Outcomes of Meniscus Repair 

			Brian J. Rebolledo, Danyal H. Nawabi, Andy Williams

		

		
			Take Home Message

			•	The orientation of a meniscal tear will adversely affect the biomechanics of the tibiofemoral joint and will affect the healing process and potential following repair. 

			•	Current arthroscopic options for meniscal repair include inside-out, outside-in and all-inside techniques.

			•	Inside-out meniscal repair represents the gold standard technique, and along with all-inside repair, represents the most commonly-used technique today. Recent biomechanical data show that the two techniques are equivalent after cyclic loading in excess of 100,000 cycles.

			•	Mid-term data at five years are now available for arthroscopic meniscal repair and show a 15%-25% failure rate, which is similar for all techniques with the meniscus involved (medial or lateral), and may be more favourable in the presence of a concomitant anterior cruciate ligament (ACL) reconstruction.

			•	Meniscal root tears are challenging to repair and are currently addressed using arthroscopic transosseous suture repair or suture anchor repair. 

			•	Recent developments in biological augmentation and meniscal substitution continue to show promise, with future strategies directed at meniscal scaffolds and cell-based tissue engineering to preserve meniscal function.

		

		
			Introduction

			The first report of meniscal repair dates back to 1885, when Annandale reported the suturing of a ‘displaced semilunar cartilage4. Despite this early report, there was little momentum for preservation of a structure thought to be a functionless remnant. As our understanding of meniscal function has developed with respect to articular cartilage preservation, knee kinematics and joint stability, meniscal preservation is now attempted more frequently. While the techniques for meniscal repair have evolved, Annandale’s early notion to “save the meniscus” should still remain the goal in treating a meniscal injury.   

			In this chapter, we address the biomechanical function of the meniscus related to repair and discuss the benefits and limitations of current repair techniques. We report the latest outcomes data quoted in the literature and briefly look at future directions in the management of meniscal pathology.

			Biomechanics of meniscal tears

			The biomechanical functions of the meniscus are crucial to joint stability and chondroprotection. In addition to load-sharing, the meniscus plays a key role in joint lubrication, passive stabilization, increased congruity, and proprioception of the knee. A tear or change in the structural integrity of the meniscus interferes with its aforementioned functions. The aim of meniscal repair is to restore these functions through reconstruction of meniscal shape, structure and native attachments. 

			The characteristic wedge-shape of the meniscus allows it to absorb and translate the vertical compressive forces of the articular surface into concentric forces within its structure. Known as ‘hoop stresses’, these forces are then transmitted to the meniscal horns by virtue of a circumferential fibre architecture33. The functional ability of the meniscus to resist compressive loads by adapting its circumference based on ‘hoop stresses’ dictates the degree of biomechanical derangement that the various types of meniscal tears can cause. Expressed another way, tear morphology predicts how closely the repaired meniscus will replicate the biomechanical properties of an intact meniscus. Therefore, vertical or longitudinal tears do not compromise meniscal function to the same extent as a radial tear, which is orientated perpendicularly to the circumferential fibres. This principle can then be extrapolated to meniscal repair, in that the repair site of a vertical or longitudinal tear may experience less contact load than the repair site of a radial tear during the healing process. Following repair of a vertical tear, one can achieve a near-normal functioning meniscus and – subsequently – a high probability of successful healing37. 

			Techniques for meniscal repair

			The objective of meniscal repair is to restore native anatomy and biomechanics, with an eventual aim of joint preservation. Advances in surgical techniques and technologies have allowed for an expansion of the types of tears that are amenable to repair. In this section, we discuss open and arthroscopic techniques that are currently used and also discuss the current management of meniscal root tears.  

			Open meniscal repair

			Open repair has largely been replaced by arthroscopic techniques. However, it has proven favourable long-term outcomes and is particularly useful in addressing the most peripheral and posterior tears (within 1-2 mm of the meniscocapsular junction) of the medial meniscus within a tight medial compartment. These tears are typically also difficult to visualize and often require an accessory posteromedial portal for detection. The surgical repair first requires a longitudinal incision posterior to the medial collateral ligament, taking care not to disrupt the saphenous nerve and vein nearby. Next, through a vertical capsular incision, the meniscal rim can be visualized and repaired with 4-0 absorbable mattress sutures. In addition, peripheral tears of the anterior meniscus can also be reliably repaired with an anterior arthrotomy, if this approach is favoured over an arthroscopic outside-in technique. 

			DeHaven et al. reported successful long-term outcomes in 79% of patients who underwent open repair11. All of the tears addressed in this study were within 2 mm of the peripheral rim and 75% of the patients also had a concomitant ACL tear. To date, no prospective studies exist on the use of open meniscal repair. As mentioned previously, the development of arthroscopic repair techniques, has resulted in open meniscal repair being only seldom used. Nonetheless, this technique remains a viable option for peripheral meniscal tears and should not be ignored, since at times it is the only option available.

			‘Inside-out’ arthroscopic meniscal repair

			The ‘inside-out’ arthroscopic technique allows for fixation of a meniscal tear by placing vertical mattress sutures from inside the knee via a cannula and passing them safely, external to the joint capsule, where they are tied over the capsule under direct vision (Figure 1). The medial or lateral neurovascular structures must be protected at all times with carefully-placed retractors. This technique is still widely used and considered by many to be the gold standard for meniscal repair. Perhaps the main advantage of the technique is the consistent perpendicular suture placement. Vertical suture configurations are oriented perpendicular to the circumferential meniscal fibres and so grasp larger numbers of fibres without ‘cutting out’, which is more likely with horizontal sutures which are parallel to the circumferential fibres. As a result, vertical suture configurations result in stiffer repairs and pull-out strengths ranging from 60 N to more than 200 N (which is at least twice as strong as horizontal configurations). 

			Reported results using this technique have remained excellent (Figure 2). Successful short-term outcomes using the ‘inside-out’ technique have been reported as high as 90%26,30, and long-term data show a 76% survivorship at 10 years22. A prospective study of 50 patients treated with ‘inside-out’ repair of peripheral longitudinal tears of the posterior horn showed an impressive 96% healing rate by second-look arthroscopy3. Another prospective trial by Hantes et al. compared ‘inside-out’, ‘outside-in’ and ‘all-inside’ repairs in 57 patients with longitudinal meniscal tears >10 mm and with concomitant ACL tears in 51% of patients16. At two year follow-up, the ‘inside-out’ repair was shown to have the highest success rate. In addition to previous studies that report a 60-80% success rate in isolated tears treated by the ‘inside-out’ technique, this figure jumps to 85-90% when performed with a concomitant ACL reconstruction10,47. It has also been suggested that lateral meniscal repairs using this technique are more successful than medial repairs10. 
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			Figure 1. A) Flexible needles with attached sutures can either be passed straight through a double barreled cannula or pre-bent to facilitate suture placement during inside-out meniscal repair; B) Arthroscopic image of a cannula being positioned on the body of the medial meniscus before suture passage during inside-out meniscal repair
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			Figure 2. Arthroscopic image of a healed inside-out meniscal repair 4 months after repair. The arthroscopy was performed to investigate residual swelling and the repaired meniscus was stable on probing

			Table 1. Summary of current evidence for ‘all-inside’ meniscal repair.
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			‘Outside-in’ arthroscopic meniscal repair

			Originally described by Warren in 198548, the ‘outside-in’ technique was created with the intention of decreasing the risk of neurovascular injury while performing a lateral meniscal repair. This procedure has been shown to be most useful for meniscal tears involving the anterior and middle thirds of the meniscus39. In contrast to the ‘inside-out’ technique, which requires a 5-7 cm posteromedial or posterolateral incision, the ‘outside-in’ technique can be performed through a smaller incision, over the relatively safer anteromedial or anterolateral aspects of the knee. 

			Morgan et al. evaluated 74 ‘outside-in’ meniscal repairs with a second-look arthroscopy showing 65% being completely healed, 19% partially healed and 16% that failed35. In addition, it was noted that 11 out of 12 failures were tears in the posterior horn of the medial meniscus35. Previous studies have also demonstrated that the location of the tear and ACL status are important parameters for success using this technique35,46. 

			‘All-inside’ arthroscopic meniscal repair

			The ‘all-inside’ technique was created to reduce operative time, reduce morbidity from larger external incisions, reduce operative complications, and gain access to posterior horn tears that are closer to the midline. This technique has undergone rapid transformation through the years with respect to implant design, and is currently the most popular technique for meniscal repair (Table 1). Early first-generation implants included rigid arrows or bioabsorbable screw implants that were prone to failure9 and have been shown to cause subsequent chondral damage28. The T-Fix (Smith and Nephew, Andover, MA) anchor was one of the earlier devices introduced for ‘all-inside’ repair. This device consisted of a suture fixed on a bioabsorbable bar that was placed across the tear, with the bar deployed in an extra-capsular location. A second bar was deployed and then the two bars were connected by tying their sutures together and cinching the knot into place to achieve a vertical or horizontal mattress configuration (Figure 3). Second and third generation versions of both the arrow and T-Fix designs are now available on the market, and have resulted in improvements to both the ease and safety of insertion and reliability of fixation.

			One-to-two year outcomes of ‘all-inside’ devices are generally excellent, with the rate of meniscal repair failure increasing with longer follow-up. Barrett et al. reported a prospective study of 20 patients treated with the T-Fix anchor at one-year follow-up and found that 90% returned to pre-injury activity levels with no short-term complications6. Similarly, the arrow devices also have a low failure rate in the short-term, with the Biofix arrow being shown to have an 88% success rate at one-year follow-up19. Concerns, however, do remain with respect to irritation and possible chondral damage with some of the newer generation ‘all-inside’ techniques. 

			When looking at outcomes beyond two years, it is clear that results deteriorate with time, although the failure rates in the literature are highly variable. In a systematic review of ‘all-inside’ meniscal repair devices, Lozano et al. found that the failure rates ranged from 0% to 43.5%32. The majority of the studies included in this review were from the late-1990s and early-2000s, thus representing many of the earlier designs of ‘all-inside’ devices. Based on the lack of randomized controlled studies and comparative studies in their review, they were unable to make conclusions with respect to which devices had the lowest failure rates. They did, however, state that for the meniscus arrow and T-Fix device, there was a trend towards higher failure rates with longer follow-up.
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			Figure 3. A) Arthroscopic image of a peripheral lateral meniscal tear being examined with an arthroscopic probe; B) Arthroscopic image after repair using multiple all-inside vertical mattress configuration sutures

			Comparison of meniscal repair techniques

			One of the early and very few prospective randomized trials comparing the outcomes of ‘all-inside’ arrow-repaired menisci to ‘inside-out’ suture repair showed equivalent healing based on short-term second-look arthroscopy results2. In a more recent systematic review by Nepple et al. specifically looking at studies with a minimum of five-year follow-up, the failure rate of meniscal repair ranged from 20-24% based on the status of the ACL, the presence of a medial or lateral meniscus tear, and the repair technique used36. Fourteen cohorts were studied, which included an open repair in five, ‘inside-out’ in five, ‘outside-in’ in one, and ‘all-inside’ (with use of meniscal arrows) in three. The pooled rate of failure of open meniscal repair (23.1%) was found to be similar to that of ‘outside-in’ repair (23.9%), ‘inside-out’ repair (22.3%) and ‘all-inside’ repair (24.3%)36. No significant difference in the rate of meniscal repair failure at long-term follow-up was seen for ACL-intact compared with ACL-deficient knees. The pooled rate of failure of medial meniscal repairs (24.2%) was slightly greater than that of lateral meniscal repairs (20.2%). Approximately 30% of all failures occurred after two years post-operatively. The authors’ hypothesis regarding the maintenance of successful results at longer follow-up was rejected by their data, as the rate of repair failures was increased at intermediate-term follow-up compared with previously reported short-term results.

			In another systematic review by Grant et al., a comparison of the two most common techniques in current use – the ‘all-inside’ and the ‘inside-out’ – for isolated meniscal tears was performed13. Nineteen studies were included with a rate of clinical failure of 17% for ‘inside-out’ repairs and 19% for ‘all-inside’ repairs. There was also not a significant difference between the subjective clinical outcomes between the two groups. Complications were associated with both techniques with more nerve symptoms with the ‘inside-out’ repair and more implant-related complications with the ‘all-inside’ technique. Finally, Rosso et al. performed a biomechanical analysis of ‘all-inside’ arthroscopic meniscal repairs to their matched ‘inside-out’ vertical mattress controls, with cyclic loading to 100,000 cycles, followed by load-to-failure testing40. This study was performed to refute the hypothesis that ‘all-inside’ meniscal repairs show inferior biomechanical properties compared with their ‘inside-out’ suture counterparts. The study concluded that ‘all-inside’ meniscal devices show comparable biomechanical properties compared with ‘inside-out’ suture repair in cyclic loading, even after 100,000 cycles.

			Meniscal repair with concomitant ACL reconstruction

			There are multiple reports in the literature that have suggested that concomitant ACL reconstruction may improve the success of meniscal repair42,45,49,50. Long-term failure rates of combined ACL reconstruction and meniscal repair have varied from 0-29% at a minimum of five-year follow-up29,31,44. A recent report from the MOON knee group showed that ACL reconstruction with combined meniscal repair had sustained improved patient-reported outcomes and the success of meniscus repair at six-year follow-up50. In this multi-centre study50, the failure rate of meniscal repair with concurrent ACL reconstruction was 14% at six years, which is in contrast to the systematic review by Nepple et al., indicating a pooled rate of meniscal repair failure of 23.1% at five-year follow-up36. However, the Nepple study did acknowledge that, due to the small number of cases with concomitant ACL reconstruction in their paper, the finding of higher failure rates in this group may be underpowered.

			Explanations for improved meniscal repair success with ACL reconstruction have included, firstly, that a slower rehabilitation in patients recovering from a combined surgery produces a low-force environment for meniscal healing. Second, that the drilling of the tibial and femoral tunnels may produce a biologically optimized environment to stimulate meniscus healing49. Third, that meniscal injury patterns that accompany acute ACL disruptions may be more amenable to repair while meniscal tears in ACL-intact knees are more commonly degenerative in nature36. Finally, that the more recent reports of meniscal repair outcomes may be influenced by advances in technology and technique that have replaced older methods. Further long-term comparative data will help to clarify the current thinking that meniscal repair outcomes may be more favourable when performed concomitantly with ACL reconstruction. 

			Meniscal root tears

			Meniscal root tears represent disruption in the attachment points of the meniscus. When this occurs, the biomechanics and kinematic functions of the meniscus can be significantly compromised. This can ultimately lead to meniscal extrusion, making the meniscus effectively incompetent, and potentially to the rapid degeneration of the joint. 

			In order to address this clinical problem, meniscal root reattachment has become the focus of current management. Recently, root repair strategies have focused on transosseous suture repair and suture anchor repair. Despite the development of various techniques, limited clinical data is available on the management of meniscal root tears (Table 2). Ahn et al. first described a posterior trans-septal portal to visualize the root tear1. They also described using an ACL guide through the posteromedial portal, drilling a tunnel and then using sutures to secure the root detachment1. The fixation of a posterior horn tear has also been described using a transosseous suture repair tied over a button on the anteromedial surface of the tibia7. Suture anchor repair can also be used, and avoids tunnels that could interfere with concurrent or future ligament reconstruction. Engelsohn has described suture anchor repair by placement through an accessory posteromedial portal. Repairs were tensioned using standard knot-tying techniques through an anteromedial portal12. 

			Meniscal root reattachment has been shown to provide symptomatic relief and prevent degenerative changes24,38. However, re-tearing and the progression of degenerative disease are complications that are still observed with root repair. While the concept of root repair is now accepted as ‘best-practice’ for the management of these tears, there remains a great deal of controversy regarding the technique that should be used. Studies have focused on the pull-out strength of the repair technique, the ability to reproduce meniscal biomechanics, and a focus on clinical outcomes with longer follow-up are currently ongoing and are needed to elucidate the optimal surgical strategy for this challenging injury. 

			Table 2. Summary of the current evidence for meniscal root repair.
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			Biological augmentation of meniscal repair and future directions

			The future of meniscal repair has continued to show promise with biological augmentation techniques. New methods to augment meniscal repair continue to be developed in order to provide an environment that stimulates healing and neovascularization. One of the earlier techniques was the use of a fibrin clot that stimulated healing by acting as a chemotactic device for reparative cells of the meniscus5. Data supporting the use of a fibrin clot in the setting of repair compared to isolated meniscal repair have shown promise17. Newer techniques include mesenchymal stem cells18,51 to stimulate the chondrogenic process and platelet-rich plasma (PRP) to enlist available growth factors for meniscal repair20. 

			The development of a meniscal substitute and the use of tissue engineering to address meniscal injury have also been the focus of recent research. While various models have been studied, the use of material to repair or replace the injured meniscus would be the goal to improve functional symptoms and prevent the progression of osteoarthritis. Meniscal scaffolds have garnered much interest as a viable option. The ideal scaffold would allow for tissue ingrowth and promote bioactivity with the host tissue to incorporate and replace the existing scaffold. The difficulty remains in constructing a scaffold with optimal mechanics that could withstand everyday loading conditions while also replicating the geometry of the native meniscus. The Actifit® implant (Orteq, London, UK) consists of a soft polyester component and a more rigid polyurethane component. The polyester is fully biodegradable, provides flexibility and controls the rate of degradation. The polyurethane provides mechanical stiffness and is only partially resorbed in vivo. Recently, Bouyarmane et al. reported on the two-year clinical outcomes in a prospective multi-centre study of patients who received Actifit® for lateral meniscus segmental defects8. This study demonstrated clinically significant improvements of pain and function (VAS, IKDC and all KOOS sub-scales except sport) at six months and up to two years after surgery. While initial findings appear promising, further studies will need to include randomized controlled trials and an assessment of the histological response in these patients. 

			Cell-based techniques have also been studied, with a current focus on the use of autologous cells and allogeneic sources, as well as embryonic and adult stem cells. In the case of autologous cells, the model would be to obtain a sample or biopsy of meniscal cells, with a secondary operation to implant the tissue-engineered cells after expansion. This research remains preliminary, with the main limitation being the ability of cells to grow, integrate and provide long-term viability in an environment of meniscal injury. 	

		

	
		
			Conclusions

			The aim of saving the meniscus is to preserve and prevent the long-term sequelae of meniscal injury. Meniscal repair has continued to show positive short- and long-term outcomes, with innovative new techniques being developed to accomplish these. ‘All-inside’ repair devices are currently the most popular, with excellent short-term data, deteriorating with longer follow-up, but still encouraging in the medium-term and comparable to the gold-standard ‘inside-out’ technique. Biological augmentation and cell-based technology may improve repair rates and patient outcomes in the near future. The appreciation of meniscal function has established the concept of meniscal preservation. Future research requires the refinement of current techniques and the development of biological enhancement to ‘save the meniscus’.
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			The Role of Meniscus Scaffolds in Meniscus Preservation – Techniques and Outcomes 
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			Take Home Message

			•	Correct indications are mandatory: partial medial or lateral meniscal defect with intact meniscal horns; 

			•	Arthroscopic implantation is technically challenging where traditional surgical risks are present; 

			•	Conservative rehabilitation protocol: initial non weight-bearing and ROM protection with return to sport at 6-9 months; 

			•	Improvement of knee function, pain and sports activity in about 80-90%; 

			•	Scaffold resorption and maturation over time, good integration with native meniscus, no cartilage damage.

		

		
			Introduction

			The concept of a meniscal scaffold was introduced in the early nineties to prevent or delay the deleterious effects of meniscal deficiency. The rationale behind the use of a meniscal scaffold was to replace meniscal deficiency with a three-dimensional structure capable of supporting the production of a meniscus-like fibrocartilaginous tissue. 

			At the time of writing, two scaffolds have been approved and are available for clinical use outside of the United States:

			- The CMI-Menaflex® (Ivy Sports Medicine GmbH, Gräfelfing, Germany) is a porous collagen-glycosaminoglycan (GAG) matrix of defined geometry, density, thermal stability and mechanical strength11 composed of about 97% purified type I collagen, the most commonly found protein in the body. The remaining portion of the CMI consists of GAGs, including chondroitin sulphate and hyaluronic acid. The type I collagen is isolated and purified from bovine Achilles tendon, and then the collagen-GAG complex is chemically cross-linked to improve in vivo stability and implant handling characteristics. 

			- The Actifit® (Orteq Ltd, London, UK) is a synthetic polymeric scaffold of which 80% consists of a biodegradable polyester (poly-caprolactone) and the remaining 20% is made of polyurethane. The polyester portion provides flexibility and controls the degradation rate, while the semi-degradable stiff polyurethane portion provides mechanical strength. To obtain a material with excellent mechanical proprieties, the polyurethane is made without a catalyst, contributing to polymer biocompatibility and uniformity3.

			Basic science

			After in vitro studies that supported cellular ingrowth, the Menaflex-CMI® was tested on animal models, showing initially no evidence of cartilage wear or damage, and with evidence of meniscal tissue regeneration21,22. Later animal studies confirmed these findings, showing healing of the implant with regenerated tissue at the host meniscus rim, and increasing amounts of tissue invasion with associated resorption of the CMI over serial time points. In a canine model, there was complete CMI resorption and replacement at six months. Furthermore, MRI provided an excellent correlation with the gross and histological observations, supporting the findings of continued tissue ingrowth and maturation over time.

			In addition, the Actifit® scaffold underwent extensive animal testing. Canine studies revealed fully integrated scaffolds following implantation into meniscectomized joints, with evidence of meniscus-like tissue ingrowth and very mild signs of immunological response24. Further studies confirmed the safety of the scaffold, showing no deleterious effects on the articular cartilage and a friction coefficient similar to native meniscus after three months13,26.

			Patient selection

			Surgery for the symptomatic meniscus-deficient knee should be considered only after exhausting all nonsurgical measures. Accurate patient selection and both clinical and radiological evaluation is mandatory in order to obtain a good result and prevent early failure.

			The main indications to meniscal replacement with scaffolds are: prior loss of meniscus tissue, irreparable meniscus tears requiring partial meniscectomy, either traumatic or chronic post-traumatic meniscus tear, meniscus damage requiring greater than 25% removal with intact anterior and posterior attachments, and an intact rim over the entire circumference (except for the area of popliteal hiatus for the lateral meniscus). In the case of ACL deficiency, it should be corrected within 12 weeks of the scaffold implant. Patients should be compliant with a post-operative rehabilitation programme.

			The treatment of acute meniscal lesions with meniscal scaffolds remains controversial, as a multi-centric study published by Rodkey et al. using a medial Menaflex-CMI®18 reported no differences when compared to partial meniscectomy in acute meniscal lesions at mid-term follow-up. However, currently no analogous studies are available with Actifit®, and the long-term cartilage protection of these implants has not been fully studied.

			The main contraindications for meniscal replacement with scaffolds are: concomitant PCL insufficiency of the involved knee, diagnosis of untreated grade IV degenerative cartilage disease in the affected joint, uncorrected malalignment, systemic or local infection, and evidence of osteonecrosis in the involved knee. Generally, advanced chondral degeneration is the most common contraindication; however, it may be addressed concomitantly with chondrocyte transplantation, osteochondral grafting or synthetic scaffolds in the case of localized chondral defects. Moreover, malalignment is reported as causing abnormal pressure on the affected compartment; therefore, a corrective osteotomy should be considered when properly indicated. In addition, medical conditions like rheumatoid arthritis, relapsing polychondritis, severe degenerative osteoarthrosis and inflammatory arthritis are relative contraindications to scaffold implantation. The absence of symptoms remains a controversial issue, as prophylactic meniscus scaffold implantation is not routinely recommended.

			Pre-operative evaluation

			Obtaining an accurate history of knee trauma, injuries and surgical procedures is mandatory when initially evaluating the patient. Knee pain, swelling and mechanical symptoms exacerbated by physical activity are typical complaints after several years of adequate knee function post-meniscectomy.

			A targeted physical examination should be performed and the height, weight and BMI collected as well. With the patient standing, lower limb alignment is evaluated. The range of motion and ligamentous stability are assessed both for the affected and the contralateral knee. Pain and tenderness should be reported exclusively in the affected compartment and ipsilateral quadriceps strength and circumference reduction can be noted as a consequence of knee pain.

			Radiological evaluation should also be obtained pre-surgically. Weight-bearing antero-posterior radiographs of bilateral knees in full extension and a non-weight bearing at 45° of flexion laterally are required. Rosenberg views (45° flexion weight-bearing postero-anterior radiograph) are also helpful in detecting subtle joint space-narrowing, while long-view mechanical axis radiography is necessary to assess limb malalignment. MRI is helpful in evaluating meniscal defects, ligament lesions, sub-chondral bone pathologies and cartilage status.

			Surgical technique

			Meniscal replacement with a scaffold is a surgical procedure that is mainly performed arthroscopically; therefore, surgical skills are required in order to achieve good placement and device fixation. Although medial and lateral scaffolds are different in shape and size, the surgical technique is almost the same.

			Patient position

			The patient is positioned supine with a tourniquet insufflated to 300 mmHg and the knee is flexed to 90°. A leg holder is placed 5 cm proximal to the superior pole of the patella in order to allow valgus stress to open the medial compartment, while opening of the lateral compartment is achieved flexing the leg over the contralateral knee in the “figure-of-four” position.

			Arthroscopic setting

			A medial suprapatellar portal is usually performed for the water inflow, while routine anteromedial and anterolateral portals are made for scope and the instruments. The anterolateral portal is placed distal to the pole of the patella at the soft spot, about 1-2 cm lateral to the patellar tendon; the anteromedial portal is placed at the same level, about 1-2 cm medial to the patellar tendon. Next, a thorough arthroscopic examination is performed to verify whether all the indications to meniscal replacement are fulfilled. The anterior cruciate ligament (ACL) and cartilage status are assessed to correctly plan whether additional procedures are required.

			Preparation of the implant bed

			A full-thickness defect with a stable meniscal rim over the entire length is obtained, removing any degenerated or unstable meniscal tissue using a basket and a motorized shaver (Figure 1). When the defect reaches the white\red zone, a micro-fracture awl is used to obtain bleeding at the meniscal rim. The anterior and posterior attachment points should be trimmed square (radially) to better match the scaffold and improve device stability. A medial release with outside-in needle punctures and varus stress can be performed without leading to residual laxity, if the medial compartment is too tight for proper visualization. Alternatively, lateral compartment tightness and difficulty placing the scaffold into the defect represents an intra-operative contraindication implantation as poor healing and lateral laxity is a significant problem when lateral collateral ligament release is performed.
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			Figure 1. The meniscal lesion is identified arthroscopically (a) and any degenerate or unstable meniscal tissue is removed in order to obtain a full-thickness defect with a stable meniscal rim over the entire length (b).

			Preparation of the scaffold

			The previously prepared defect is measured using a specially designed measuring device through the ipsilateral portal, starting from the posterior aspect of the lesion (Figure 2a). The implant is oversized by 10% in order to obtain a good press-fit with improved stability. When popliteal hiatus is included in the meniscal defect, it could be necessary to oversize the scaffold by 15-20%, since it may recess into the hiatus during fixation.

			Once the correct size has been established, the scaffold is removed from the sterile package and trimmed using a fresh scalpel with an effort to match the angle of obliquity of the anterior and posterior aspect of the implant to the recipient site (Figure 2b).
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			Figure 2. A specially designed measuring device is inserted in the knee joint in order to exactly measure the length of the meniscal defect (a). With a scalpel, the CMI is then trimmed according to the correct size previously measured (b).

			Scaffold fixation

			The prepared scaffold is mounted on a curved atraumatic vascular clamp and directly inserted into the joint through the corresponding portal, which should be enlarged sufficiently to accommodate the tip of the fifth finger (Figure 3a). It is then released and manipulated to reach the correct position with a blunt probe (Figure 3b). Next, the scaffold is sutured to the capsule using standard suturing technique, or alternatively with all-inside sutures. This new-generation meniscal repair takes advantages of both the all-inside technique and biomechanical suture properties (Figure 4). Sutures are placed vertically using a standard technique every 5 mm along the periphery of the device, while anterior and posterior borders are fixed with two horizontal/oblique sutures. An inside-out suture placed every 5 mm could be used alone or in combination with this all-inside approach, although requiring the execution of posterolateral or posteromedial portals is required to access and retrieve sutures. When a lateral scaffold is implanted, care should be taken to avoid placing the sutures directly through the popliteal tendon, because the physiological micro-motion of this tendon might damage the still immature scaffold. Once the scaffold is sutured, stability is checked with a probe, the tourniquet is released and a drain (if used) is positioned with no suction.
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			Figure 3. The CMI is mounted on a curved clamp and directly inserted into the joint through the corresponding portal (a) and then released in the proper position (b).
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			Figure 4. The tip of the FasT-Fix device is inserted through the CMI (a) and the first “anchor” is released. Next, the capsule is pinched just above the first passage of the stitch. After the release of the second “anchor” of the device, the stitch is pulled and the remaining suture is cut, obtaining a vertical stitch (b).

			Concurrent procedures

			ACL reconstruction is the most frequent procedure associated with meniscal replacement. Since ACL reconstruction has been reported as creating a more favourable environment for meniscus healing after repair10, combined ACL reconstruction and scaffold implantation is recommended, when indicated. Scaffold insertion and fixation should be performed before definitive fixation of the ACL graft in order to allow better medial or lateral joint-opening during stress maneuvers. Similarly, when staged procedures are planned, meniscal replacement should be performed first. However, ACL reconstruction should be delayed for no more than 12 weeks after scaffold implantation, as knee instability could jeopardize the healing of the scaffold.

			Knee osteotomy is a frequently combined procedure as well, as neglected lower extremity malalignment represents a contraindication to scaffold implantation. We recommend a closing wedge lateral high tibial osteotomy (HTO)14 to correct for varus deformity, as it has been demonstrated to reduce tibial slope, reducing stress on the native or reconstructed ACL4,5,27. Valgus deformity is instead addressed through a closing wedge medial distal femoral osteotomy (DFO). When a combined scaffold implant and HTO or DFO is performed, the arthroscopic device implantation should be performed first.

			As advanced cartilage damage represents an explicit contraindication to meniscal replacement, no clear indications of cartilage treatment and scaffold implantation are available. Cartilage damage could be addressed through micro-fracture, osteochondral transplantation or autologous chondrocyte implantation (ACI) according to the cartilage status; however, these procedures should be performed before scaffold implantation in order to try to preserve the device. Therefore, if performed in sequence, meniscal replacement should be planned for at least three months following the cartilage procedure. Some surgeons may choose to perform the procedures concurrently.

			Rehabilitation

			Rehabilitation after scaffold implantation resembles the protocol after meniscal repair or meniscal allograft transplantation. Therefore, extreme care is mandatory in order to allow scaffold healing and a good outcome. The programme usually covers a period of six months and offers a balanced combination of strengthening and motion exercises, providing protection of the newly formed tissue throughout the delicate process of regeneration.

			The programme starts with one month of non-weight-bearing and a fulltime extension knee brace that is removed only to allow for progressive passive joint mobilization. Complete weight-bearing should be allowed after six-to-eight weeks after the implantation, while full range of motion (ROM) should be obtained at the sixth week post-operatively. Light exercises, including isometric quadriceps exercises, mobilization of the patella, heel slides, quad sets, anti-equinus foot exercises and Achilles tendon stretching are advised from week one. Increased open and closed exercises, jogging on level ground and sports-related exercises without pivoting could be performed from the third month. A gradual resumption of sport activity is allowed at the sixth month; however, contact sports should be delayed until the ninth month. In order to optimize the outcome, strict adherence to the programme is mandatory, even when the patient feels able to return to his accustomed activities sooner than expected. In case of concurrent procedures, the rehabilitation programme should be tailored accordingly.

			Risks and complications

			There have been no reported risks specific to the Menaflex-CMI® and Actifit® implants. Most reported complications are related to the surgical technique. Saphenous nerve injury has been reported after medial scaffold implantation as a possible consequence of suture placement2. Knee instability could theoretically represent a drawback of excessive medial or lateral release performed to allow the compartment to open18, while popliteus tendon entrapment could be caused by improper scaffold fixation when the popliteal hiatus is involved. Other complications, like pain, swelling, wound infection and deep vein thrombosis have been, with the incidence ranging from 0% to 32%, depending upon the length and detail of follow-up.

			Failure and the re-operation rate are about 10% at mid-term, and the causes include persistent pain, swelling, infection or mechanical failure of the scaffold. 

			Results

			Outcomes following Menaflex-CMI® implantation have been extensively studied. A recent systematic review reported that satisfactory outcomes are achieved in about 70% of patients7. The pivotal study of Menaflex-CMI® surgery is a multicentre randomized controlled trial performed by Rodkey et al.18 enrolling about 300 patients and comparing medial Menaflex-CMI® implantation to medial meniscectomy at five-year follow-up. The authors reported better results and lower re-operation rates in patients with chronic meniscal deficiency treated with CMI implantation. Regarding acute meniscal lesions, no significant differences have been found compared to the control group, and the primary indications for Menaflex-CMI® remain for patients following previous meniscectomy and proper symptoms. The potential long-term chondro-protective effect of the scaffold has been studied by Zaffagnini et al.30 with a controlled clinical trial revealing reduced signs of knee osteoarthritis and better clinical results (pain and function) in patients treated with medial Menaflex-CMI®. Good results have also been reported for the lateral Menaflex-CMI®8,29,31. Overall, the clinical results appear to improve after six months and peak at one-year follow-up, and remaining generally stable at 10-year follow-up. 

			Regarding combined procedures, Hirschmann et al.8 reported a case series of 67 patients where 53 of them were treated with medial or lateral CMI combined with ACL reconstruction, showing a wider area of bone marrow oedema and inferior clinical results compared to isolated Menaflex-CMI® at one-year follow-up. Linke at al.12 performed a controlled study involving 60 patients with varus alignment and medial meniscus deficiency, showing no significant difference in the short-term between patients who underwent high tibial valgus osteotomy (HTVO) plus medial Menaflex-CMI® and isolated HTVO. Other authors reported good results after combined Menaflex-CMI® implantation and micro-fractures or MACI19,23,28. 

			Histological specimens obtained from second-look arthroscopy revealed the presence of regenerated tissue similar to the fibrous composition of meniscal cartilage after six months.23 Other studies have reported the inhibition of osteoarthritic degeneration at 24-month follow-up17 and progressive resorption of the scaffold with a complete absence of the implant at five years2. MRI evaluation showed an early progressive reduction of scaffold size, followed by a slower change of signal intensity toward an iso-intense signal analogous to the normal meniscus (Figure 5)2,6,16,29,30.
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			Figure 5. MRI of a medial CMI 10 years after the implant with coronal (a) and sagittal (b) views. The scaffold is still clearly visible but with a reduced size and slightly higher signal compared to the native meniscus.

			The clinical experience with Actifit® is still limited due to its more recent European Union regulatory clearance, allowing distribution and implantation in July 2008. However, the results are promising and not inferior to Menaflex-CMI®. The main clinical data is derived from a single multi-centric European study of 52 patients with both medial and lateral meniscal defects following previous meniscectomy. The clinical evaluation showed a significant improvements in knee function, pain and sports activity after six months with maintenance of the results at 12 and 24 months. The two-year re-operation and failure rate was 17.3%, mostly due to the surgical procedure and not to the scaffold itself, while only 7% of the adverse events registered during the follow-up were related to the scaffold; these were mostly knee pain, effusion and swelling. Lateral meniscus implantation appeared to be associated with a higher rate of failure. The cartilage status at 24-month follow-up MRI evaluation was stable or improved in 92% of cases. The MRI evaluation showed a significant enhancement of the scaffold signal over time resembling tissue ingrowth and vascular proliferation in 82% of patients (Figure 6)25. Furthermore, the second-look arthroscopy showed good integration of the scaffold with the native meniscus, with no suture loosening (Figure 7), while histological examination at 12 months revealed fully vital material, no adverse reaction to the scaffold material and a regenerated tissue composed of type I collagen, fibroblasts and fusiform fibrochondroblast-like cells26. Other reports1,9 with probable overlapping bias have demonstrated similar results; Kon et al. showed good knee function and return to sports activity in a single-centre cohort of 18 patients9, while Bouyarmane et al. demonstrated similar improvements in patients who underwent lateral scaffold implantation1.

			The short-term results of both Menaflex-CMI® and Actifit® have been reported in a small prospective study showing no substantial differences20. Moreover, both scaffolds have been used by Marcacci et al.15 to treat uni-compartmental osteoarthritis through an integrated biomechanical and biological approach as an alternative to metal resurfacing involving combined ACL reconstruction, knee osteotomy and cartilage reconstruction with an osteochondral biomimetic scaffold.
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			Figure 6. Sagittal MRI slice before medial Actifit® implant (a) after 6 months (b) and after 12 months (c). Posterior horn defect-filling and progressive enhancement of the scaffold signal is present.
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			Figure 7. Arthroscopic appearance of medial Actifit® seven months after the implant. The scaffold appears in place, with good integration with the native meniscus.

		

	
		
			Conclusions

			Meniscal scaffolds represent an attractive surgical option for irreparable meniscal lesions in appropriately symptomatic patients. Although a wide range of conditions could be potentially treated, good results are strictly dependent upon adherence to proper surgical indications. Good-to-excellent results have been reported, ranging from 70% to 90%. Both Menaflex-CMI® and Actifit® have been reported to undergo resorption and substitution with a meniscus-like tissue with the potential of chondroprotection. Despite the clinical benefits of these scaffolds, further long-term studies are needed to confirm outcomes over time and the protective effects on articular cartilage, especially for the Actifit® scaffold.
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			Our understanding of the importance of the human meniscus has evolved considerably over the last 100 years. At the turn of the last century, the menisci were widely believed to be vestigial tissues, the remnants of muscular migration during our evolution from amphibian to bipedal mammal8. The operative treatment of symptomatic meniscal tears consisted of open total-meniscectomy, a procedure believed to be at worst benign and at best even protective against the development of osteoarthritis (OA)47,49. This chapter will follow the genesis of meniscal allograft transplantation (MAT), from the early years of meniscal preservation through to the present day, detailing a number of surgeons and scientists in the field who have pioneered the research behind the procedure.

			Meniscectomy – the beginning of the end

			In 1936, King described articular degeneration in canine knees after the removal of all or part of the medial meniscus37. He noted that the amount of degeneration observed appeared to be proportional to the size of the meniscal segment removed. In 1948, Fairbank published his landmark work on changes in the human knee joint following meniscectomy18. In his study, he observed the radiological changes of ridge formation, joint-space narrowing and flattening of the femoral condyle in the affected compartment after meniscectomy. He postulated a role for the meniscus in weight-bearing, and that removal of the meniscus may lead to overloading of the articular cartilage on the affected side of the joint. He concluded that meniscectomy was not “wholly innocuous.”

				

			Further clinical studies confirmed an increase in degenerative changes following meniscectomy. In 1968, Jackson reported radiological evidence of degeneration in 21% of 577 operated knees compared to 5% for the unaffected side after five years31. In those patients who were followed for over 30 years, the rate of degenerative change in the operated knee was 67%. In 1974, Johnson reported the results of 99 meniscectomies at a mean follow-up of 17.5 years32. He found at least one Fairbank change in 74% of operated knees compared to 6% for the contralateral knee, and that the frequency of clinically unsatisfactory results increased with the number of Fairbank’s changes present.

				

			Subsequent biomechanical studies supported the role of the meniscus in load transmission. In 1975, Walker used a casting technique in disarticulated knees to investigate contact areas under load86. He found that the lateral meniscus carried most of the load on the lateral side of the joint, while in the medial compartment the load was shared equally by the meniscus and the exposed articular cartilage. Fukubayashi performed a similar study using both casting and pressure-sensitive film20. He found the contact area to be 80% on the lateral meniscus and 64% on the medial meniscus under a load of 1000 N, and that peak contact pressures rose from 3-4 MPa to 6 MPa after the removal of the menisci. Seedhom demonstrated that partial meniscectomy had a less drastic effect on load distribution than total meniscectomy, and noted the importance of maintaining the meniscal rim61,62.

				

			At the same time, evidence was emerging about the role of the meniscus in joint stability. In 1982, Levy and Warren demonstrated significantly increased anterior translation of the tibia in the ACL-deficient knee after removal of the medial meniscus45. Similar findings regarding the posterior horn of the medial meniscus from Shoemaker et al. prompted them to suggest that it “should be retained during partial meniscectomy whenever possible”63.

			Preserve the meniscus! 

			The mounting clinical and laboratory evidence of the importance of the meniscus in load transmission and joint stability sparked a move towards meniscal preservation. Knee function was shown to decline25 and radiographic OA to increase 2 in proportion to the amount of the meniscus removed. Arthroscopic partial meniscectomy was preferred to open total-meniscectomy, with improved clinical outcomes being demonstrated16,17. Meniscal repair was also advocated where possible48,52. Encouraged by an improved understanding of the vascularity5 and healing potential of the meniscus6,24, research into the indications and technique of meniscal repair led to a proliferation of repair devices19 and improved outcomes for many patients66,67.

				

			Despite these efforts, a number of patients continued to require sub-total or near-total meniscectomy for complex tears or failed repairs. In the younger, symptomatic patient for whom arthroplasty was a poor option, attention turned to the concept of meniscal replacement. Three replacement options were possible: prosthetic meniscal replacement, interposition grafts and MAT.

			Meniscal Replacement

			 

			A number of potential prosthetic materials were investigated in animals, with varied results38,65,71,75,85. One such prosthesis to reach clinical use was the Collagen Meniscal Implant (CMI). This implant was developed as a scaffold to encourage functional tissue regeneration in partial meniscus defects72. Despite encouraging early results57,91, the CMI is not in widespread use and is not available in the United States. More recently, encouraging results have been reported for a polyurethane scaffold81.

				

			Much of the work on interposition grafts was performed by Dieter Kohn in Hannover, Germany. Fat pad interposition was trialled in sheep and found to be unsatisfactory39,40. Tendon interposition, using patella or quadriceps tendon autograft, was more promising, leading to a human trial using a quadriceps tendon graft39,41. In human subjects, however, no advantage over meniscectomy was demonstrated55.

			Pre-clinical studies of MAT

			The earliest animal studies of meniscal transplantation were published in the late 1980s. Canham and Stanish, in Halifax Canada, developed a procedure for meniscal transplantation in the medial compartment of the canine knee10; they then studied the effect of meniscal autograft and allografts preserved in either glutaraldehyde or foetal calf serum with antibiotics. In the glutaraldehyde group, all knees had persistent effusions and showed poor healing at two months. In the autograft and calf serum groups, however, good peripheral healing was noted without inflammation. They recognized the importance of correct allograft sizing for chondral protection, and speculated that the future would see “the placement of a properly-sized meniscal allograft from a bank of available meniscal tissue.”

				

			Steven Arnoczky and Russell Warren, from the Hospital for Special Surgery in New York, contributed a number of important early studies. In addition to their work on meniscal vascularity and healing5,6, they published a number of canine studies investigating the effect of cryopreservation on the meniscus4 and cellular repopulation of deep-frozen allograft menisci after transplantation3. In their animal study of 14 cryopreserved meniscal allografts in dogs, all the grafts healed without evidence of inflammation, and while some degenerative change was observed it was much less than that seen after meniscectomy7.

				

			Douglas Jackson in California investigated meniscal transplantation in a goat model. In his study comparing autograft, cryopreserved and deep-frozen allografts, he found good gross appearance, peripheral healing, revascularization and cellularity in all three groups, but a significant decrease in proteoglycan content in both allograft groups29. Using DNA techniques, he also found the fresh meniscal allograft to be completely repopulated by host cells at four weeks post-implantation, casting doubt on the belief that viable cells were required for successful transplantation30. This suggestion was supported by another goat study, with Fabbriciani et al. in Rome showing no advantage of cryopreserved menisci over deep-frozen, acellular allografts17.

				

			Much of this early work concerned the effects of various preservation methods on the allograft. This was of particular importance after contemporary reports of HIV transmission from fresh-frozen allograft bone64. Yahia and Zukor, from Montréal, demonstrated the inferior biomechanical characteristics of irradiated meniscal allografts in a rabbit model89, echoing the findings for the irradiation of other musculoskeletal grafts22.

				

			In 1997, Cummins et al. studied the effect of meniscal transplantation on degenerative change in a rabbit model13. Not only did animals receiving a meniscal allograft at the time of meniscectomy show less chondral degeneration than control animals undergoing meniscectomy alone, but rabbits receiving a delayed allograft appeared to show some chondral regeneration. More recently, Kelly, Warren and Rodeo investigated the chondroprotective effect of MAT in a sheep model34. Using a number of measures, including T2 mapping, they found significantly less chondral degeneration in knees receiving an allograft after meniscectomy compared to knees receiving a meniscectomy alone; however, this result remained inferior to non-operated control knees.

			Early human studies

			Human trials proceeded in parallel with these animal studies. The first human meniscal allograft transplant was performed by Milachowski at the Munich-Großhadern University Hospital in 1984 and reported in the literature in 198950. Between 1984 and 1986, a total of 22 meniscal transplants were performed at this centre, using lyophized gamma-sterilized or deep-frozen allografts. All were performed as open procedures in conjunction with anterior cruciate ligament (ACL) reconstruction. While a significant number of grafts were noted to have reduced in size at second-look arthroscopy, particularly in the lyophilzed group, 17 of the 20 patients with more than six months follow-up were satisfied with the outcome of the procedure. Carl Wirth, together with Milachowski and Dieter Kohn, would publish the long-term results from the Hannover Medical School in 200287.

			The European experience

			A number of other European centres began work on meniscal transplantation at this time. In Belgium, Rene Verdonk pioneered viable meniscal transplantation, performing his first human meniscus allograft transplant in 1989 (Figures 1-3). Believing that intact cellular function could provide an advantage over acellular frozen allografts, he developed and validated the technique for viable graft conservation in the laboratory, completing his PhD thesis on the subject in 1992. Together with his son, Peter Verdonk, he has contributed a number of important large, long-term studies of clinical and radiological outcomes, as well as investigating the outcomes of total knee arthroplasty in the setting of failed meniscal transplantation16,80,82,83.

				

			In 1991, Herman de Boer, from Herleen in the Netherlands, reported a case of a lateral meniscus allograft transplant in a 48 year old using a cryopreserved meniscus15. Second-look arthroscopy at six months showed meniscal healing, and biopsy suggested that meniscal cells had survived the procedure. At one year, the patient was pain free and able to work. De Boer, working together with Ewoud van Arkel, would go on to publish a number of studies investigating clinical76 and radiological78 outcomes and survivorship77 after MAT.
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			Figure 1.  The MAT techique used viable meniscal allografts. These were kept in Dulbecco’s medium at 37°C which was changed very 3 days for a duration of 14 days prior to implantation. (courtesy of Prof. Rene Verdonk)
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			Figure 2.  These images illustrate the first MAT in Gent.  The first generation implantation techinque for MAT required dual incisions, both anterior (a) and posteromedial (b). The allograft was introduced from posterior and the slipped in past the MCL to anterior and fixed in place like an “ open “ extended meniscal suture. (courtesy of Prof. Rene Verdonk)
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			Figure 3.  This is a sagittal MRI of the first patient from the Gent series at 12 months post operatively. At that time Gent University Hospital did not have MRI therefore thse images were taken in Brussels University Hospital courtesy of Dr Shahabpour. (courtesy of Prof. Rene Verdonk)

			MAT in North America

			The first published report of free meniscal transplantation in North America came from John Garret in Atlanta21. Between 1986 and 1988, he performed six meniscal transplants using fresh allograft and an open technique, including three in conjunction with ACL reconstruction, two with osteochondral allografting and one with both ACL reconstruction and osteochondral allografting. At 24-44 months, all reported minimal or no pain, and second-look arthroscopy in four cases revealed healing of the periphery and horns. Furthermore, he felt that stability was improved in the knees undergoing concurrent ACL reconstruction.

				

			In 1997, John Cameron from Toronto reported what was then the largest series of meniscal allograft transplants, with 67 procedures performed between 1988 and 1994 using fresh-frozen, gamma irradiated tissue9. Using a modified version of the Lysholm score, 86.6% were classified as good-to-excellent at a mean 31 months follow-up. This work built on the experience of Allan Gross, who pioneered the use of osteochondral allografts and used a number of composite osteochondral and meniscal allografts92.

				

			Frank Noyes, from Cincinnati, has been a leading proponent of meniscal preservation. Although much of his research has involved meniscal repair, and in particular the repair of complex lesions as well as lesions in the avascular zone53,58, he has contributed a number of studies regarding meniscal allograft preservation26,27,28, in vivo motion56 and extrusion54.

			Kevin Stone, from San Francisco, along with Steve Arnoczky, Bill Garrett and Marlowe Goble, from Utah, began the Meniscal Transplantation Study Group in 1986. In addition to his research output, encompassing work on meniscal allograft sizing68,73 and survival69,70,74, as well as meniscal replacement71,72, Stone has chaired the annual meeting of the Meniscal Transplantation Study Group since the mid-1990s.

				

			In Chicago, Brian Cole has been an active researcher in the field. His contribution has been wide-ranging, from basic science to clinical studies. His laboratory investigations have included work on meniscal preservation46 and sizing79, and contact pressures with various implantation techniques84. Clinical studies reported by Cole et al. include a number of prospective outcome studies of MAT12,60, as well as specific reports regarding MAT in conjunction with articular cartilage repair procedures59, chondral repair plus osteotomy23 and femoral osteochondral allografting1. In addition, he has published one of the few studies concerning the outcome of revision MAT90.

			MAT reaches Australasia

			In Asia, Seong-Il Bin and Jong-Min Kim’s team, from Seoul in South Korea, has published a large number of studies regarding meniscal transplantation. In addition to clinical studies after isolated MAT35-36, much of their work has focused on radiological outcomes and the correlation between meniscal extrusion and clinical outcome14,42,43,44.

				

			In Australia, Gregory Keene et al., from Adelaide, reported a case of fresh meniscal allograft transplantation in a professional footballer in 198733. At second-look arthroscopy after six months, the meniscus was healed peripherally; however, the anterior and posterior roots had not. In Brisbane, Peter Myers has been a major proponent of meniscal transplantation, recently publishing a systematic review of the technical aspects of the procedure51.

		

	
		
			Conclusion

			The current practice of MAT has evolved over the last century, from the early work of Fairbanks et al., who understood the importance of meniscus preservation, to the early pioneers of the procedure in Europe and North America. While not exhaustive, this list of clinician researchers and their associated work has enabled MAT to reach its current status as an integral part of the surgical repertoire for treating early degenerative joint disease.
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			Take Home Message

			The indications for meniscus allograft transplantation with evidence and consensus are:

			•	Post-meniscectomy syndrome: uni-compartmental pain, functional absence of the meniscus, stable and well-aligned knee, minor cartilage damage.

			•	Prophylactic in young patients, especially lateral MAT.

			•	ACL deficient patients who had a prior ACL reconstruction with a concomitant medial meniscectomy. Adding a medial meniscus will further stabilize the joint, as the meniscus acts as a secondary stabilizer.

			Extended indications:

			•	Salvage the situation in the young arthritic patient to postpone an arthroplasty.

			•	Young, athletic patients with functional meniscus deficit.

			•	Combined procedures (ligament reconstruction, realignment procedure).

			•	Extended indications may be accompanied with a higher failure risk.

		

		
			Introduction

			It is well-documented that the menisci play an important role in the proper biomechanical functioning of the human knee joint. The loss of meniscal tissue leads to reduced congruency of the articular surfaces of the distal femur and the tibial plateau. This means a decrease in the intra-articular contact area and an increase in loading pressure. The articular cartilage is not able to compensate for these biomechanical changes in the long-term; therefore, the risk of early degeneration is significantly higher in meniscus-deficient knees. Since the famous Fairbank study from 19484, it is evident that these changes end in osteoarthritis in the long-run.

			Functional meniscus deficiency

			Failure of meniscus repair usually means re-arthroscopy and secondary resection. The extent of this resection influences the process of degeneration3,9. Besides the loss of meniscus volume, the influence of repair quality and meniscus function has to be considered. An intact ring structure is essential for proper function. Any interruption of this ring reduces the hoop stress and leads to insufficient transmission of axial loads. Therefore, it is important to introduce the concept of functional meniscus loss (Figure 1). This situation can arise even if there is no or very little deficiency of the meniscal tissue, for instance, in complete radial tears or root tears. Except for root tears, meniscus allograft transplantation (MAT) is the only surgical treatment option in many of these cases. A prerequisite for artificial meniscus substitutes is an intact hoop fibre structure of the meniscus remnant, therefore, meniscus implants and MAT have different groups of indications.

			[image: ]

			Figure 1. Partial meniscectomy with resection of about 30% of the medial meniscus. The ring structure is still intact (a). Radial tear of the medial meniscus. The extent of the resected meniscus volume is much lower, but the fibre hoop structure is interrupted (b). This situation results in functional meniscus deficiency.

			Indications for meniscus allograft transplantation (Table 1)

			The goal of MAT is to limit or even preclude the negative effects of meniscus loss, which means reconstruction of joint biomechanics, relief of pain, improvement of knee function and prevention of osteoarthritis. Considering these facts, there are three main indications for MAT.

			Table 1. Main indications and characteristics for meniscus allograft transplantation.

			[image: ]

			Check for additional lesions (ligaments, alignment)

			Post-meniscectomy syndrome

			Uni-compartmental pain in a meniscus-deficient knee without severe damage of the hyaline cartilage is called ‘post-meniscectomy syndrome’ (Figures 2a, b, c). Cartilage defects should not exceed ICRS grade III (Table 2) and the knee should be stable and well aligned. If one of these preconditions is not present, combined procedures are essential. There is some evidence that the treatment of the lateral compartment is of greater importance due to the fact that degeneration appears earlier, being laterally caused by the incongruence of the joint surfaces of the distal femur and the proximal tibia5,15,16.
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			Figure 2. Twenty-eight-year-old female patient with an empty lateral compartment; the articular cartilage is partly replaced by the repair tissue (a). The same patient after lateral meniscus allograft transplantation (b). Post-operative MRI of the same patient confirming an anatomical graft position 12 weeks post-surgery (c).

			Table 2. ICRS grading of cartilage defects.
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			Prophylactic MAT

			The decision as to whether or not to treat a patient in a prophylactic situation is sometimes not easy. In particular, young post-traumatic patients and patients with pre-existing risk-factors such as a discoid meniscus may profit from prophylactic treatment.

			First of all, symptomatic and asymptomatic patients have to be distinguished. According to the published studies that show overall high clinical success rates and low complication rates, MAT is certainly a suitable option in the symptomatic patient2,15. On the other hand, there is a lack of clinical evidence for the treatment of asymptomatic patients. Experimental data show controversial results for the potential chondroprotective effect of MAT. Rijk et al. conducted an animal study in rabbits in which they could not find any radiological difference between MAT and the control group (meniscectomy) at 12 months follow-up8. In contrast, McDermott et al. were able to show that tibio-femoral contact pressure decreases to normal values after MAT in a human cadaver model. They concluded that MAT is effective in terms of chondroprotection7. Furthermore, a clinical study by the Verdonk group demonstrated the potential chondroprotective effect of MAT14. In the face of a lack of surgical alternatives – especially in the lateral compartment – and the predictable adverse natural course of the knee, MAT cannot be recommended generally, although it can be an individual option in the hands of an experienced surgeon (Figures 3a, b).
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			Figure 3. 14-year-old female patient with six prior arthroscopies, including implantation of a collagen meniscus implant (CMI). The implant failed and the patient suffered from uni-compartmental post-meniscectomy pain (a). Isolated medial MAT was performed arthroscopically. The patient has a follow up of 36 months now and is back to sports with a normal knee (b).

			Salvage indications

			Following the above-mentioned facts, the chance for clinically successful MAT may be limited by osteoarthritic changes. However, some studies report promising clinical and functional results even in arthritic knees10,11. Stone et al. reported a success rate of 89.4% with a mean failure time of 4.4 years as assessed by Kaplan-Meier survival analysis. There was significant mean improvement in pre-operative versus post-operative self-reported measures of pain, activity and function. For a selected group of younger arthritic patients who refused an arthroplasty procedure, MAT can be a bridging solution. In contrast to non-arthritic patients, the risk for failure is higher.

			The role of MAT in athletes

			Thus far, MAT in athletes has been recommended with caution because of expected high failure rates and long recovery times. Professional athletes were usually only scheduled for surgery if they committed to retiring from professional sports. Actual published data seem to revise this cautious thinking. Marcacci et al. recently reported a series of 12 professional soccer players who underwent MAT either isolated or in a combined procedure6. 92% returned to playing soccer professionally, and at 36 months follow-up nine (75%) were still playing professionally (Tegner 10) and two semi-professionally (Tegner 9). The mean time for returning to competition was 10.5 months. All clinical scores improved. This data may allow us to extend the indications in competitive sportsmen, even though the risk for mid- or long-term failure may be higher. High-level clinical data to evaluate the long-term results of MAT in athletes are still not available.

			Combined procedures

			Ligament stability

			There is also strong agreement that patients with ACL-deficiency and an absent medial meniscus profit from medial MAT. The medial meniscus is an important secondary stabilizer of the knee. Therefore, the meniscus graft is expected to protect the ACL and vice-versa5,12. Clinical studies show that knee instability has an impact on MAT results. Van Arkel and DeBoer reported higher failure rates in ACL-deficient knees using medial MAT13. In conclusion, it is recommended to create knee stability simultaneously either with or else prior to MAT. The single-stage combination is technically demanding but complications are not more frequent than in isolated MAT, as shown in our own series1. 

			Alignment

			The foundation of reconstructive knee surgery is a correctly-aligned leg. In varus malalignment the medial compartment is overloaded, which is a risk factor for meniscus and cartilage damage. In case of medial meniscus allograft transplantation, the graft has to resist this greater pressure if the axis is not corrected. Valgus osteotomy reduces the pathological forces, as a result of which a protective effect for the cartilage and transplant can be expected. This is also supported by the results in the literature. Verdonk et al. reported the best clinical results and survivorship in cases with combined medial MAT and high tibial osteotomy14. We can confirm these results in our analysis of the subgroups1. On the other hand, Stone et al. found that the survival of the transplant was not affected by axial alignment10.

			Due to the lower frequency of valgus malalignment, there is a lack of evidence to determine the influence of varus osteotomy on the results and survivorship of lateral MAT.

			In conclusion, the evidence for combined procedures is rather poor. There are no high-level clinical studies (level I/II) available right now that clarify the role of corrective osteotomies in conjunction with MAT.

		

	
		
			Conclusion

			MAT should no longer be considered experimental surgery, as stated years ago2. Nonetheless, it remains unchanged that the procedure is relatively rarely indicated (estimated 1/1,000,000 population). Careful patient selection is essential to achieve good clinical outcomes. Studies show good clinical results of the classic indications, showing broad consensus in the literature5. Recent studies even suggest expanding these classic indications and show good results even in arthritic patients and competitive sportsmen6,11. Finally, the absence of alternatives in the painful meniscectomized knee has to be considered a strong argument for MAT in selected patients, although the absence of conservative control groups in the published studies makes it impossible to confirm the degree of chondroprotection of this treatment.
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			Chapter 5.2

			Methods for the Pre-operative Sizing of Meniscus Allografts 

			Camila Kaleka, Moises Cohen

		

		
			Take Home Message

			•	The sizing of the meniscal allograft is crucial during meniscus transplantation.

			•	Sizing is usually based on pre-operative measurements and standard X-rays to determine width and length.

			•	The accuracy of meniscal measurement methods is still debated.

			•	A number of methods based on radiographic and magnetic resonance imaging, as well as anthropometric data, have been proposed, but their reproducibility and reliability remain unclear.

		

		
			Introduction

			The success of human meniscal transplantations depends upon accurate measurements to match the donor and recipient knees. A number of measurement techniques for the meniscus have been described based on plain radiographs, 3D computed tomography, magnetic resonance imaging (MRI) and anthropometric data3,6,8. Only a small number of studies have focused on the consequences of measurement errors during meniscus allograft transplantations, suggesting that 5-10% of size discrepancies could be well-tolerated by the knee1,9. In particular, if the graft is too large, then it will not bear load and the forces on the articular cartilage will increase; if the graft is too small, then the forces across the meniscus are increased and this can lead to the failure of the graft1.

			If accurate size-matching is going to be achieved, then the only feasible way to achieve this is for grafts to be available from a bank with an inventory with a wide spectrum of sizes. This is in addition to the obvious requirement to match left versus right and medial versus lateral.  

			Donor sizing

			The meniscus of the donor goes through an initial aseptic cleansing process in a controlled environment. During the allograft’s preparation and before packaging, the menisci are directly measured to acquire the maximum width and length. During the dissection, the antero-posterior and latero-medial dimensions are measured, as well as the width of the meniscus at its anterior, medial and posterior parts. All measurements are recorded on standardized charts and are catalogued in the tissue bank inventory, providing a wide range of meniscal transplants5. 

			Recipient sizing

			A number of methods have been proposed to assess meniscal measurements, but it is not clear which methods are the most accurate or reliable. It is important to measure the width and length of the meniscus independently during pre-operative sizing for a meniscal allograft transplantation procedure11. Meniscal measurements obtained from plain antero-posterior and lateral radiographic films, as proposed by Pollard et al.6, are the most widely used. According to this method, the width of the meniscus is measured in the antero-posterior view by establishing the distance between two vertical lines perpendicular to the joint line, one of them tangential to the margin of the tibia metaphysis, and the other between the medial and lateral tibial eminence in both knees. The length of the meniscus is then measured on the lateral radiographic view by establishing the size of the tibia plateau, and then a line is drawn at the level of the articular line between the anterior surface of the tibia above the tuberosity and a parallel line that is tangential to the posterior margin of the tibia plateau (Figure 1). The medial meniscus corresponds to 80% and the lateral meniscus to 70% of the measurement of the tibial plateau on the sagittal plane6. Calibrators for correction of magnification are needed to correctly calculate the size. This method is still widely used, but presents a number of flaws, especially when addressing the lateral meniscus.
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			Figure 1. Meniscal measurements obtained from plain anteroposterior (AP) and lateral  radiographic films, as proposed by Pollard et al.6 A) AP radiograph measuring the width of the meniscus by establishing the distance between two vertical lines perpendicular to the joint line, one of them tangent to the margin of the tibial metaphysis, and the other one between the medial and lateral tibial eminence; B)  Lateral radiograph measuring the length of the meniscus by establishing the size of the tibia plateau - a line is drawn at the level of the articular surface between the anterior surface of the tibia above the tuberosity and a parallel line that is tangent to the posterior margin of the tibia plateau.

			Yoon has proposed a modification of this method based on a mathematical model that should increase accuracy; the equation proposed by Yoon et al.10 to establish the length of the lateral meniscus is as follows: (0.52 x length of the tibia plateau established by Pollard’s method) + 5.2. 

			Computed tomography has also been used to determine the measurements of the lateral meniscus independently, although it exhibits less error in the measurement of the tibial plateau than X-rays; it is also costly and exposes the patient to an increased amount of radiation4. 

			A number of more recent studies using MRI have tried to establish a more geometrically accurate allograft size based on specific meniscus measurements2,3,7. MRI of the contra-lateral unaffected knee - although costly - may be useful in determining the required size, and is a reproducible method of measuring both the width and length of both menisci12. By the use of mid-coronal images of the contra-lateral knee, the width of each meniscus can be measured by the distance from the corresponding tibial eminence to the meniscocapsular junction. By the use of mid-sagittal images, the widths of the anterior and posterior horns are measured as well the whole length from the most anterior margin to the most posterior margin12. Via the axial images, the best image of the long axis of the meniscus can be achieved on the longitudinal plane, parallel to the tibial plateau, in order to acquire the meniscal length by measuring the distance between the most anterior point of the anterior horn and the most posterior point of the posterior horn. The meniscal width can be established by first drawing a line that connects the more central points of the root and then measuring the distance between the external contour and this line, perpendicular to the length line (Figure 2).
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			Figure 2. Axial images of the long axis of the meniscus. To acquire meniscal length (blue line) by measuring the distance between the most anterior point of the anterior horn and the most posterior point of the posterior horn; meniscal width (white line) is established by first drawing a line that connected the more central points of the root and then measuring the distance between the external contour and this line, perpendicular to the length line. A) Medial Meniscus; B) Lateral Meniscus.

			Other authors believe that anthropometric data can substitute MRI in determining meniscal dimensions. Van Thiel et al. have proposed a multivariate regression formula using anthropometric data to establish the meniscal length and width using gender, weight and height (when height is in centimetres, the coefficient has to be divided by 2.54)8. The methodology established by Van Thiel et al.8 is as follows:

			Meniscus Size = [constant coefficient] + [(coefficient of height x height)] + [(coefficient of weight x weight)]

		

	
		
			Conclusion

			The goal of meniscus transplantation techniques should be to replace the original tissue with a meniscus of the same size, and therefore accurate and reproducible sizing methods are essential to the overall success of a meniscal transplant. 
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			Chapter 5.3

			Meniscal Allograft Preparation 

			Robert McCormack, Craig Ross, Ryan Hodgins

		

		
			Take Home Message

			•	There is considerable variation between tissue banks, and surgeons should have some knowledge regarding how the tissue banks they utilize prepare meniscal allografts. 

			•	When choosing meniscal allografts, tissue banks should be chosen that meet the highest standards (i.e., accredited by the equivalent of the AATB in North America or the Competent Authorities in Europe). 

			• Most meniscal allografts are either fresh or fresh-frozen and are prepared aseptically. They are not irradiated due to concerns that radiation will alter the structural integrity of the meniscus.

		

		
			Introduction  

			As musculoskeletal allograft use has increased in popularity, so has the number of tissue banks. In 2007, a survey by the American Association of Tissue Banks (AATB) revealed that over one million musculoskeletal grafts were distributed from over 1,000 tissue facilities in the United States alone1,30. This chapter will focus on meniscal allograft preparation, highlighting the considerable variability between tissue banks regarding graft handling, including procurement, sterilization and storage techniques. We will also review the risks of allografts, including infection and disease transmission. The goal is to provide the surgeon with the tools to assess the quality of the banks that are providing tissue. 

			Regulation of tissue banks 

			The rapid expansion of tissue banks and allograft use has necessitated regulation to promote safety and efficacy. In 1976, the not-for-profit AATB was founded, with the goal of establishing voluntary standards for tissue quality and testing, and to optimize the clinical performance of allografts. These standards also established requirements for informed consent, thorough donor screening and testing, as well as standards for the recovery, processing, storage, packaging, labelling and distribution of transplantable human tissues. While the AATB has provided leadership in allograft handling, unfortunately, it accredits only 95 musculoskeletal tissue banks38 (approximately 10% of tissue banks in the United States).  

			In the United States, the Food and Drug Administration (FDA) is the regulatory body that has the power to fine or imprison operators of tissue banks, close down tissue banks and demand recall of tissues. However, of the 1,970 tissue banks registered with the FDA in 2005, only 13.7% have been inspected. Since 1994, the FDA has issued a recall of more than 61,000 tissue products, and the majority of these (59,476) were musculoskeletal allografts30. In response to this, the FDA published new regulations (21 CFR Part 1271). These consisted of three essential parts: 1) All tissue banks must be registered with the FDA and list all products manufactured; 2) Donor eligibility must be determined by screening and testing for communicable disease; 3) Current good tissue practice must be followed during the preparation of tissue. Good tissue practice includes the reporting of adverse reactions, the tracking of tissue from the donor to the consignee (not the recipient), and the proper labelling of tissues. The provisions in these regulations also state that tissue banks are subject to inspection and enforcement. This federal oversight was strengthened in 2006 by the Human Tissue Task Force, in collaboration with the Center for Biologics Evaluation and Research. Their goal was to further reduce the risk of disease transmission and ensure the safety of products41. 

			The American Academy of Orthopaedic Surgeons recommends that all allograft tissues be acquired from AATB-accredited tissue banks, and that surgeons be familiar with their tissue banks. Furthermore, a surgeon should have some background knowledge regarding the different sterilization and preparation methods for allograft tissues. However, a recent survey completed by the American Orthopaedic Society for Sports Medicine found that 57% of survey respondents did not know the safety track record or clinical results of their tissue bank2. 

			Historically, Europe’s tissue banking policy has been less well-defined, varying significantly between countries26. In 1992, 18 countries established the European Association of Tissue Banks (EATB), with goals similar to the AATB. However, it is the European Commission (EC) that provides the statutory framework for all European Union (EU) nations regarding the handling of human tissues and cells. This includes all steps from donation through distribution, including traceability, reporting and importation/exportation10-12. 

			In 2005, the EU identified various Competent Authorities (CAs) to accredit tissue banks and implement EC directives in each Member State37. This structure allows for a comprehensive system for reporting, investigating and evaluating serious adverse reactions and events39. CAs are empowered to inspect tissue banks and impose suspensions or penalties as required15.     

			Tissue procurement

			Tissue procurement begins with obtaining consent for donation. Consent must include the possible uses of all donated tissue, including research. Federal law mandates that tissue donors be screened for potential exposure to HIV, Hepatitis B and Hepatitis C. Blood samples are acceptable if taken either at the time of tissue procurement or from the current hospital admission. 

			The expectation is that procurement occurs in an aseptic environment, but the interpretation of aseptic protocols among tissue banks has been variable. A survey of tissue banks by Vangsness et al. in 1996 showed that tissue retrieval took place in a variety of environments: operating rooms (33%); hospital morgues (39%); coroners’ facilities (22%); and tissue banks (14%)44. A similar survey by the AATB in 2007 revealed some improvement, though there remained persistent variability in aseptic collection environments: operating rooms (51%); dedicated tissue recovery suites (22.7%); medical examiners’ facilities in either a dedicated suite (9.4%) or an autopsy room (2.1%); morgues (9%); and funeral homes (5.4%)1. The time-to-procurement of tissue after death is also important in preventing disease transmission. According to AATB guidelines, tissue procurement should take place within 24 hours after death if the donor is cooled, and 15 hours if the donor is not cooled42.

			Meniscal allograft harvesting

			Menisci are typically harvested through a transverse arthrotomy. The cruciate ligaments and the lateral collateral ligament are released and the knee is dislocated. Next, once the meniscus is determined to be free of macroscopic tears or degenerative changes, it is harvested, with or without bone plugs, through atraumatic techniques. Often, a small rim of synovial tissue is included to help with the handling. The meniscus is then placed in a sterile container containing a physiological solution46. 

			Disease transmission and tissue sterilization  

			Despite careful donor screening and processing, allograft tissues continue to pose a small risk of bacterial or viral infection, reported as 0.014% in a survey by the AATB42. In the case of musculoskeletal allografts, the literature reports a limited number of cases of viral transmission, with four cases of HIV8,36, seven cases of Hepatitis C (HCV)7,13,16,40, and one case of Hepatitis B34. Significantly, a majority of these examples occurred before the FDA required stringent donor screening. Since 2007, the FDA has required screening of donor blood as well as nucleic acid testing for HIV and HCV. Nucleic acid testing improves detection rates by reducing the window period, which is the time between when the virus is contracted and when it is detectable by standard blood tests. The risk of HIV transmission through bone allografts has been estimated to be as low as one in 1.6 million5. Bacterial infections with allograft implantation are also rare. In the case of meniscal allografts, a 2007 systematic review found three cases of bacterial infection in 15 studies, and no reported cases of HIV transmission27. One death has been reported in a musculoskeletal allograft, attributed to clostridium spp.9. 

			Although the relative and absolute risks of disease transmission in meniscal allograft transplantations are very low, they cannot be ignored. Because meniscal allografts are not employed in life-saving surgeries, they will continue to be held to a higher standard. 

			Following procurement, allograft tissues are prepared and secondarily sterilized to help prevent disease transmission. An ideal agent for secondary sterilization should be safe, readily available, inexpensive, and eradicate the majority of micro-organisms but not affect the structural integrity of the tissue. Tissues can be prepared to be aseptic or sterile. Aseptic preparation involves achieving a sterility assurance level (SAL) of 10-3. This means that the chance of a microbe surviving is 1 in 1,000. Meanwhile, sterilization is defined as an SAL of 10-6, which means that there is a less than 1 in 1,000,000 chance of a microorganism surviving. In the United States, the FDA has deemed aseptic preparation (SAL of 10-3) to be acceptable, although many tissue banks apply the AATB sterility recommendations, achieving a 10-6 SAL42. 

			To achieve an SAL of 10-3, most major tissue banks use proprietary methods to cleanse the tissue of microbes and to prevent contamination. These typically include antibiotic solutions. To achieve an SAL of 10-6, secondary processing such as gamma irradiation or ethylene oxide may be employed. 

			Gamma irradiation is believed to be both bactericidal and virucidal through the direct alteration of nucleic acid and the formation of free radicals20. Doses of 1.5-2.5 Mrad are sufficient to kill bacteria, but higher doses are needed for viruses43. Greater than 3.5 Mrad is required to inactivate HIV in allograft tissue14. The presence of free water is essential in the formation of free radicals. Accordingly, tissues in a freeze-dried or frozen state require significantly higher doses of radiation for sterilization. Unfortunately, the higher doses commonly used in meniscal processing have been shown to negatively impact the structural and mechanical integrity of these allografts28,48. As a result, although gamma irradiation is an effective sterilizing method, its utility is ultimately limited. In a systematic review by Matava in 2007, only two of the 15 studies used meniscal allografts sterilized with gamma irradiation27. Currently, the use of irradiated meniscal allografts is not recommended6,33. 

			Ethylene oxide is another sterilization method used in musculoskeletal allograft preparation. However, several studies have shown that persistent soft-tissue synovitis occurs when ethylene oxide is used in allografts that are used intra-articularly23,31. Jackson showed that seven out of 109 patients developed persistent synovitis after undergoing anterior cruciate ligament reconstruction with patellar tendon bone sterilized with ethylene oxide. Once the allograft tissues were removed, the synovitis resolved23. Because of these safety concerns, ethylene oxide is typically not used in meniscal allograft sterilization. 

			Currently, most meniscal allografts are prepared aseptically and do not undergo secondary sterilization processes. However, because of the variability in meniscal allograft preparation, orthopaedic surgeons are urged to enquire into and learn what process their tissue bank employs and the sterility level of the meniscal allografts. 

			Types of meniscal allografts (allograft storage) 

			Currently, there are four storage methods for meniscal allografts: fresh grafts,

			cryopreserved grafts, fresh-frozen grafts and lyophilized grafts. Fresh-frozen grafts are most commonly implanted; however, it is worth discussing each storage method. 

			Fresh meniscal grafts may be the most ideal because they contain viable chondrocytes. These cells help maintain the extracellular matrix, which may positively affect the mechanical properties of the meniscus4,35. Verdonk demonstrated a high clinical success rate with fresh grafts, and showed that 36 out of 40 fresh grafts were intact on post-operative MRIs. Moreover, in 12 patients who had a second-look arthroscopy, all 12 grafts were intact and viable (macroscopically as well as microscopically)45. On the other hand, the timing of the procurement and transplantation of fresh meniscal allografts can be challenging. Verdonk has suggested that the ‘cold ischemia’ time should be less than 12 hours46, while other authors have suggested that the procurement should be carried out within four to six hours of death to ensure viability21. The graft must then be stored at 4°C in a culture medium containing antibiotics and the patient’s own serum. Grafts can be stored in this way for 10-14 days without seriously affecting cell viability24. Clinically, this poses logistical issues, as the short time-window makes it difficult to transport and implant the fresh grafts into appropriately matched recipients. Compounding this, fresh grafts have been associated with a higher risk of disease transmission, because the foreshortened time window precludes some serological testing and chondrocyte-preservation strategies preclude sterilization.   

			Cryopreserved grafts preserve some cell viability, but research results have been mixed. Studies have shown that between 4% and 54% of cells are viable19, but there are concerns regarding significant chondrocyte apoptosis47. This method involves submerging the meniscus in a culture medium with a cryoprotective agent (usually glycerol or dimethyl sulfoxide) and an antiseptic agent. This is followed by freezing at a controlled rate to minimize cellular damage. At a typical temperature of -196°C, the medium/tissue can be stored for prolonged periods. The advantages of this storage technique include: 1) no significant alteration of the microarchitecture of the meniscus; and 2) preservation of some cellular viability. The disadvantages include: 1) technical difficulties; 2) cost; and 3) no provision for secondary sterilization methods.

			Fresh-frozen grafts can be stored at -80°C for up to five years, which is one of the reasons why they are the most commonly used meniscal allografts. This method involves placing the procured meniscus in a physiological solution with an antibiotic agent, followed by rapid freezing32. At the time of surgical implantation, the meniscal allograft is usually thawed in another antibiotic solution. A disadvantage of this storage method is that it results in negligible cell viability. However, it has advantages, including a lower risk of disease transmission due to secondary sterilization, simplicity and relatively lower expense. Interestingly, the lack of cell viability has not been shown to adversely affect meniscal graft survival or clinical outcomes3,6,22. 

			Lyophilized grafts currently play a small role in meniscal allograft storage types. This type of storage involves the dehydration of tissue during freezing in a vacuum. The allograft then needs to be thawed and rehydrated before transplantation in the recipient. This storage method allows easy and lengthy storage, as it can be stored at room temperatures. However, this method significantly alters the biomechanical properties and size of the allograft meniscus18,25. Moreover, some clinical studies have shown inferior results and more frequent effusions and synovitis17,29. Due to these findings, lyophilized methods are not currently recommended for meniscal allograft storage.   

			There is considerable variability in graft storage and sterilization, as exemplified in a recent systematic review by Matava of meniscal allograft transplantation27. In this review of 15 studies, three studies used fresh grafts, seven studies used cryopreserved grafts, four studies used a mixture of storage methods, and one study did not provide the storage method. This review also looked at sterilization methods. In four studies, the grafts were sterilized with gamma irradiation, in five studies there was no secondary sterilization method used, and in six studies the sterilization method was not provided27.   

			There are supporters of both fresh grafts with viable chondrocytes and fresh-frozen grafts with no viable chondrocytes. The importance of cell viability in meniscal allografts is unclear and, to date, no studies have demonstrated a clear advantage between the two.

			The lower cost and relative simplicity of fresh-frozen grafts account for their greater popularity at most centres. In the 2007 AATB annual survey, all the meniscal allografts that were distributed were frozen1. 

			A survey of the members of the International Meniscal Reconstruction Experts Forum found that fresh-frozen was the choice of 87% (Toronto 2013). 

		

	
		
			Conclusion  

			There remain significant unresolved questions regarding the optimal preparation, storage and sterilization of meniscal allografts. Currently, fresh-frozen grafts are most common and - fortunately - the risk of bacterial and viral transmission is small. This risk has been further minimized with appropriate donor screening (including nucleic acid testing) and good tissue-procurement practices. 

			Given the variability between tissue banks, it is essential that surgeons have some knowledge of their tissue banks’ allograft preparation techniques and the allografts’ levels of sterility. 

			To help reduce the variability in allografts and minimize patient risk, surgeons should work with tissue banks that meet the highest standards. This means the equivalent of AATB accreditation in North America or else certification by the national Competent Authorities in Europe. In short, surgeons need to know their tissue banks.
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			Chapter 5.4

			Meniscal Allograft Preparation - The Industry Perspective* 

			Alan Getgood, Amelia Bell, Matt Citro, Christopher Byczko

		

		
			Take Home Message

			•	Clear regulations exist regarding the process for the procurement and distribution of meniscal allografts that all tissue banks must follow which are governed by the American Association of Tissue Banks (AATB).

			•	A minimum standard of donor screening is in place to ensure patient safety.

			•	Tissue cleansing processes differ across many tissue banks – it is important that surgeons understand what processes each bank utilize and how this may affect the tissue they are using.

		

		
			Introduction

			The following summary provides an industry perspective regarding the procurement, processing and distribution of meniscal allografts from three of the leading tissue banks in the United States. While the process of donor identification and tissue procurement is similar and based upon AATB standards, the processing of tissue varies between tissue banks based upon the proprietary methods developed. It is important that the surgical community be aware of the variety of methods available and how they may impact the tissue being used.

			RTI Surgical™

			Tissue recovery

			A tissue donation is a gift provided by a donor to enhance the quality of life of others. It is strictly voluntary – the donor must authorize the donation or else the donor’s family may authorize the donation if a deceased donor is not a registered organ and tissue donor. Recovery of the tissue is performed with respect for the donor using aseptic surgical techniques. 

			Screening for patient safety

			To make an initial determination as to whether tissues may be appropriately recovered, licensed tissue recovery organizations are responsible for obtaining appropriate consents and conducting federally-mandated donor screening, such as a medical and donor risk assessment interview with the next of kin. The following criteria for determining donor eligibility are established by the US FDA, the AATB and individual states. All tissue banks must adhere to these criteria:

			• Cause of death: Donors are only accepted if the cause of death is indicated by available records.

			• Donor risk assessment: An interview with the family/next of kin and a behavioural/lifestyle risk assessment.

			Following the recovery of tissues, the tissue recovery organizations (i.e., organ procurement organizations – OPOs) provide the tissue to processors for processing into transplantable allografts.

			Donor qualification

			At RTI Surgical, after obtaining tissue from licensed tissue recovery organizations, records from the recovery agency are evaluated and the following donor risk assessment is performed:

			• Medical record/hospital records review.

			• Medical examiner’s/coroner’s report (when available).

			• Laboratory, pathology and radiology reports (when available).

			The final determination of donor eligibility is made by RTI Surgical’s medical director – a licensed physician – using all available, relevant information.

			Testing for patient safety

			At RTI Surgical, an extensive panel of infectious disease and microbiological tests is performed on the donor tissue. These results are subject to stringent acceptance criteria in order to release the donor tissue. In addition to infectious disease testing on the donor’s blood, microbiological testing is used throughout the process (where appropriate) to screen for potential contamination and to provide confirmation of the tissue’s suitability for transplanting. Infectious disease testing:

			• HIV 1 and 2 antibody.

			• Hepatitis C virus antibody.

			• Hepatitis B surface antigen.

			• Hepatitis B core antibody (total). 

			• Treponema pallidum (syphilis).

			• Human T-cell lymphotropic virus I/II antibody.

			• HIV-1/HCV NAT-TMA.

			Microbiological testing:

			• Pre-processing culturing: Performed before processing begins; removes potentially unsuitable tissue from the process.

			• Sterility confirmation: Performed at packaging for products that are not terminally sterilized; confirms sterility achieved during processing.

			• Environmental controls: Monitors cleanliness of the processing environment.

			Allograft processing

			Allografts are processed in different ways according to the individual processors’ methods. RTI Surgical processes three types of allografts: soft tissue (including membranes), bone and bone paste/putty, in certified ISO Class 5 to Class 7 clean rooms to minimize environmental contamination of the tissue. 

			Sterilization

			It is important to note that all tissue banks must comply with standard donor testing and screening steps, but sterilization is not a processing requirement. RTI Surgical has invented fully validated sterilization processes that include viral inactivation steps. These processes sterilize tissue and are scientifically proven to address the donor-to-recipient disease transmission risk while preserving tissue strength and biocompatibility. 

			BioCleanse® Tissue Sterilization Process

			RTI Surgical’s patented BioCleanse Tissue Sterilization Process is an automated, pharmaceutical grade process. BioCleanse sterilization is used on grafts that provide a natural biologic scaffold in orthopaedic, spine and sports medicine procedures.

			The BioCleanse processing system sterilizes tissue to SAL 10-6 using a complex, proprietary combination of mechanical and chemical processes working in conjunction with each other. The mechanical component applies oscillating pressure in the presence of the chemical agents, which gently perfuse and completely penetrate the tissue. The combination of chemical agents removes blood and lipids, and inactivates or removes pathogenic microorganisms.

			The BioCleanse process is validated to eliminate pathogenic organisms, including HIV, hepatitis B and C, bacteria, fungi and spores. Repeated rinses throughout the process remove debris and final rinses remove residual chemicals, leaving the tissue biocompatible. The BioCleanse process does not sterilize using excessive heat or irradiation.

			Storage and distribution

			At RTI Surgical, prior to distribution, allografts are stored at temperatures validated to maintain the shelf-life of the allograft. Allografts are distributed in qualified coolers to maintain appropriate temperatures. 

			Conclusion

			Every surgical procedure involves risk from multiple factors. To reduce risk in procedures involving allograft, processors should employ safeguards at various stages, including: pre-recovery donor screening by the recovery agency; pre-transplantation donor qualification and tissue evaluation, including laboratory testing; and advanced tissue processing technology, including sterilization. RTI Surgical is the only processor that sterilizes tissue using methods validated by tissue type in order to preserve tissue functionality.

			Musculoskeletal transplant foundation

			Graft recovery

			MTF believes that donor screening is a critical first step to providing high-quality tissue. MTF’s standards exceed those set by the FDA, the AATB and most other tissue banks. MTF rejects far more donors than they accept and it never accepts donors who have been deferred for medical reasons by another tissue bank. The selection criteria is established and overseen by a Medical Board of Trustees, and they set the standards based on what is best for recipients. 

			Processing

			All MTF tissue is processed aseptically and the processing methods are designed so that the mechanical and biological integrity of the graft are not altered during processing. Aseptic processing at MTF is performed in ISO Class 4-certified clean rooms in accordance with current AATB standards. The environment of all processing clean rooms and work areas is routinely monitored to ensure that the sterility of the tissue is maintained during all stages of tissue processing.

			Meniscus sizing

			MTF uses proprietary, state of the art patient-matching technology (including but not limited to high-resolution image capture, and measurement and analysis techniques) to ensure an optimal match between the meniscus graft and the transplant recipient. 

			Sterilization (use of radiation)

			MTF exceeds industry standards by deploying the VanGuard Method™ of bioburden testing. This proprietary method is a highly reproducible method of detecting both qualitative and quantitative levels of incoming donor bioburden. It is more advanced than the current industry standard of recovery swabs. MTF is the only tissue bank to employ this highly sensitive testing method, which allows MTF to ensure that all tissues are processed without the need for harsh chemicals or sterilization techniques. MTF does not use terminal sterilization on our tissue grafts.

			Storage

			Meniscus grafts are provided in both a frozen and ready-to-use (i.e., fresh) state. Ready-to-use meniscus grafts are provided with a media solution in a sterile package and can be stored for up to 35 days in a standard refrigerator (4 ºC). Frozen meniscus grafts are provided in a sterile package and can be stored for up to five years in a standard freezer (-40 ºC or colder). 

			Distribution

			MTF distributes all of their meniscus grafts from facilities in Edison, NJ, and Olyphant, PA. MTF’s shipping procedures have been validated to ensure the maintenance of graft integrity throughout the distribution and delivery process for both frozen and read-to-use meniscus grafts. 

			JRF Ortho

				

			Graft recovery and donor selection/criteria: Donors aged 12–35 are recovered by the AlloSource and Community Tissue Services (CTS) groups, where the procedures meet or exceed all the AATB and FDA standards. A complete medical review, a series of three separate microbial cultures, and a complete serological panel are conducted and reviewed by the medical director, thereby ensuring suitability for transplantation.

			Processing and sterilization

			Menisci are minimally processed using aseptic techniques within 48 hours of donor death with a proprietary cleansing method. Aseptic processing is performed in ISO Class 5 to 7-certified clean rooms in accordance with current AATB standards.

			Meniscal allografts are produced and stored for transplantation through several different methods: fresh, cryopreserved and deep frozen. The methodologies of fresh and cryopreserved menisci are intended to preserve the viability of the cells, whereas deep freezing does not. Experimental studies and clinical results have shown that all types of preserved menisci readily heal to the recipient tissues.

			Meniscus sizing

			The meniscal allografts come prepared with a pre-cut bone block providing surgeons with the option to use their preferred transplantation technique. Each of the allografts is specifically matched to a unique patient through x-ray or MRI images using the Pollard Method or other established size-matching techniques, respectively.

			Storage

			Frozen meniscus grafts are provided in a sterile package and can be stored for up to five years in a temperature-controlled freezer (-40 ºC or colder). 

			Distribution

			JRF Ortho specializes in providing orthopaedic surgeons with a high cell-viability and a wide spectrum of available cartilage solutions. Our menisci are processed by AlloSource while local representation and instrumentation is provided through contract with Arthrex Inc. (Naples, FL). JRF Ortho measures and matches grafts to the patient while also serving as the tissue distributor. Due to the unique member relationship with both AlloSource and CTS, JRF Ortho offers one of the largest selections of menisci in the industry. 

			*Acknowledgements:  We are grateful for the support from our tissue bank partners in providing this information for publication in this book.

		

	
		
			Chapter 5.5

			Viable vs. Frozen Meniscus Allografts – A Clinical and Imaging Short-term Pilot Study 

			Jaap van der Maas, Pieter Vansintjan, Rene Verdonk, Peter Verdonk

		

		
			Take Home Message

			•	Meniscal allograft transplantation (MAT) is a good option in the young, symptomatic, post-meniscectomized knee for pain relief and for the improvement of function.

			•	In the short-term, there are no statistical differences in clinical or radiological outcomes between viable or deep-frozen allografts.

		

		
			Introduction

			Ever since Fairbank described the radiographic degenerative evolution of the post-meniscectomized knee in 19481, the functional importance of the meniscus has been more appreciated. Locht et al. performed the first work in MAT at the beginning of the 1980s with the transplantation of proximal tibial osteochondral allografts in combination with the meniscus2. In 1984, Milachowski performed the first MAT in a human being5. Currently, there is growing evidence in the literature that a MAT, given the right indications, results in a significant improvement in function and pain relief in the knee, in the short-term as well as in the long-term4-16. Many variables contribute to the result, such as surgical technique and the sizing of the allograft, but also the preservation technique of the allografts. This chapter will focus on the differences in outcomes associated with the transplantation of viable meniscus allografts in comparison to standard traditional techniques.  

			Preservation technique

			Preservation techniques of allograft menisci include lyophilization, deep-freezing, cryopreservation and viable culture5. These are covered in more detail in Chapter 5.3. While lyophilization has been abandoned because of inferior clinical and radiological results due to shrinking of the graft, the latter three have shown little difference in outcome (although a comparative study has never been performed). However, biological and histological evidence suggests that the repopulation potential of the host cells of implanted grafts that have viable donor cells within (i.e., viable allografts with approximately 90+% viable cells and cryopreservation with approximately 40% viable cells) is significantly higher than for deep-frozen acellular grafts. 

			Viable versus deep-frozen grafts

			A recent histological study by Moran et al. showed enhanced morphology, cell distribution and regenerative patterns in viable allografts compared to deep-frozen allografts following surgical implantation4. In that study, biopsies of fresh-frozen allograft (n=20) and viable allograft (n=18) were obtained at second-look arthroscopy. A histological evaluation of tissue morphology and cell density/distribution was performed using haematoxylin-eosin (H&E) staining. Immunohistochemistry was utilized to detect the presence of CD34 (present on progenitor cells and blood vessels) and SMA (smooth muscle actin) positive structures and aggrecan. Collagen presence was investigated using picro-sirius red staining.

			Cell density in the deep zone of the meniscus replacement was significantly higher in viable allograft compared to deep-frozen allograft (p<0.01). CD34 staining was significantly higher in viable allografts versus deep-frozen allografts (progenitor cells, p<0.05; blood vessels, p<0.01). There were no significant differences in SMA or aggrecan staining across groups. Both specimen types demonstrated the strong presence of collagen type I.

			Since the long-term function of grafts is believed to be strongly determined by the cells residing in the graft by producing an extracellular matrix and by providing a healing response to microtrauma, we further compared the clinical and radiological outcomes after deep-frozen and viable meniscus allografts in a small patient cohort (n=12, six deep-frozen, six viable).
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			Figure 1. a) viable meniscus allograft one year after implantation showing complete repopulation; b) deep-frozen allograft one year after implantation showing only superficial repopulation of the graft.

			Graft procurement and storage

			All the allografts were harvested from donors who had died after a disease of short duration, none of whom had received corticosteroids or cytostatic drugs. The maximum age for the donors was set at 45 years old, with all grafts being obtained within 24 hours post-mortem.

			The deep-frozen allografts were obtained from the tissue bank of the University Hospital of Ghent after comparative sizing with the recipient via antero-posterior and lateral radiographs. After sterile operating room preparation of the graft, it was immediately transported to the tissue bank and conserved at -80 °C. Following the standard screening for transmittable diseases, these grafts were released from the tissue bank for transplantation.

			Viable allografts were harvested likewise and immediately conserved in a solution of Dulbecco’s Modified Eagle Medium (D-MEM; Gibco Invitrogen, Merelbeke, Belgium) enriched with 20% of autologous serum from the recipient, which had been obtained prior to harvest and stored at -80 °C. The graft remained in this medium for a period of 14 days at 37 °C with the medium being replaced every three days in a sterile fashion. During this conservation time, the donor was screened for transmittable diseases9.

			Clinical Outcome

			All the patients were scored pre-operatively, at six weeks, three months, six months, and one and two years post-operatively. Questionnaires were used to score the patients clinically, including KOOS, modified HSS and SF-36. The KOOS questionnaire was validated in Dutch for the follow-up of MAT. The KOOS and SF-36 were filled out by the patient while the modified HSS questionnaire was filled out by an independent orthopaedic surgeon after conducting a clinical examination in a standardized fashion.

			No significant differences in clinical outcome could be observed at every time point between deep-frozen and viable allografts up to two years after transplantation. All the patients showed significant and similar improvements in pain and function.
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			Figure 2. KOOS outcome of deep-frozen and viable allografts.

			Radiological Outcome

			Over the short-term, there was no progressive joint-space narrowing in either the viable or the deep-frozen group using the IKDC grading system.

			Magnetic resonance imaging was also compared between the two groups. No difference in signal intensity was observed when comparing all the menisci six weeks post-operatively to one year post-operatively. There were more tears in the posterior root of the viable menisci (50%) compared to no tears in the deep-frozen subgroup. A degree of meniscal body extrusion was seen in all the allografts after one year. Five viable and four deep-frozen allografts presented with complete extrusion on the coronal mid-body section and one viable and two deep-frozen were partially extruded.

			The status of the articular cartilage remained constant over one year in both subgroups using the Yulish grading system. 

		

	
		
			Conclusion

			The results of this small study suggest that there are no clinically significant differences between viable and deep-frozen MAT after two years.

			Although histological evidence now suggests significant differences in cell morphology, cell distribution and regenerative potential, this difference in not reflected in the short-term clinical and radiological outcomes. Longer and more extensive comparative studies are required to investigate this subject more thoroughly.
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			Chapter 5.6

			Establishing a Meniscal Allograft Tissue Bank 

			Francois Tudor, Peter Myers

		

		
			Take Home Message

			Establishing a ready source of meniscal allografts requires:

			•	Knowledge of local and national regulations regarding the harvesting, storage and use of musculoskeletal tissues in living recipients; 

			•	Knowledge of the expected requirements for meniscal transplants in the catchment area and of local patient demographics to guide the number and size of the grafts harvested and stored;

			•	Developing a relationship with local bone banks, including training technicians in donor identification, harvesting techniques, graft measurements and the identification of damaged or suboptimal menisci;

			•	Building a database to allow grafts for recipient matching and surveillance.

		

		
			Introduction

			There are many difficulties associated with attempting to establish a tissue bank of any sort. Differing regulations in different countries and the variable requirements of individual surgeons and their practices determine the need and relevance of a specific type of tissue bank in the surgeon’s city, region or country. 

			Cultural, religious or legislative restrictions on human tissue retrieval and use will also determine the possibility of establishing a tissue bank. Where there are none of these restrictions, it is likely that some form of tissue banking will already be established, and it should be relatively easy to add the retrieval and preparation of menisci to the collection of tissues already banked. In countries such as the USA, where legislation allows tissue banking to be run as a profitable enterprise, private companies and institutions often undertake the logistics of regulatory requirements, procurement, preparation and distribution of transplant material with limited input from surgeons.

			For a surgeon wishing to begin meniscal allograft surgery in a region where these are not routinely procured, it is important to determine the expected requirement for meniscal allografts and the general demographics of the recipient population. These data will guide the tissue bank staff in the prioritization of graft harvesting and the numbers required.

			Education of the tissue banking technicians is essential, focusing on meniscal retrieval, measurement and preparation. The inclusion criteria for donors would generally be the same as for other musculoskeletal tissues being retrieved by the bank. However, for the meniscus it is important that the age of the donor be relatively young (preferably less than 45) and that it be structurally intact with no obvious abnormality or damage.

			Commonly, musculoskeletal tissues are fresh-frozen, and this method is acceptable and proven for meniscal storage with minimal effect on its mechanical properties. It is important that the surgeon, in conjunction with the bone bank, establish a detailed database to include de-identified details of the donor, the menisci retrieved and the sizing measurements, along with details of potential recipient sizing. 

			This chapter provides further guidance on working closely with a local bone bank to establish a source of meniscal allografts.

			Donor identification and testing

			Most countries utilize an “opt-in” system, by which potential donors will choose whether they wish to and which organs they are willing to donate in the event of a fatal injury. They will usually be enrolled on a national database and carry a form of identification to stipulate their wishes. National and international variations exist, and regulations must be determined locally.

			Routinely, all donors will have undergone screening prior to organ harvesting to identify and exclude individuals at high risk of disease carriage. This process includes reviewing the patient’s history, physical examination and blood testing to include HIV, hepatitis and other serious transmissible diseases. It is not advised to utilize tissue from donors with any history of previous intravenous drug abuse, active or previous cancer, or active infection. 

			Harvesting and measurement

			The menisci are harvested attached to the underlying tibial bone segment, which can then be split into medial and lateral blocks. It is important that the whole meniscus and bone block be preserved. Instruction of the mortuary staff by the orthopaedic team will ensure that they are able to harvest the menisci accurately. Careful retrieval and preparation of the meniscus is important, as any laceration of meniscal tissue or separation from the bone block would preclude its suitability for use. Excess synovium and capsular tissue can be removed at the time of harvest, but this does not need to be too aggressive as the surgeon will do final preparation at the time of implantation.

			At the time of retrieval, each meniscus must be carefully checked for any congenital abnormality (such as a discoid malformation) and for any tears, degeneration, excessive chondrocalcinosis or other pathology which may affect the longer-term function of the meniscus. If there is any doubt as to the suitability of a particular graft, a photograph can be sent to the surgeon to determine whether it should be discarded.

			The retrieval of donor material can be undertaken either in an operating theatre or in a mortuary setting. Obviously, the ideal situation for sterility is in an operating theatre, and this is possible if the donor is undergoing multi-organ live donation. In these cases, following retrieval of the major organs, the menisci can be harvested in a sterile fashion as fresh tissue, measured and placed immediately into sterile containers for fresh-freezing. In reality, this rarely occurs due to time pressures and surgeon availability.

			Mortuary harvesting may not be ideal from a sterility point of view, but it is more readily available and practical. Grafts are harvested in the mortuary within 24 hours of death, provided the body has been refrigerated within six hours of death. There are local requirements of cleanliness within the mortuary, but the tissue retrieval process needs to be performed as closely to operating theatre sterility as possible. This requires extra preparation, draping and gowning, as would usually be performed in an operating theatre setting.

			After harvesting, meniscal length and width are measured, and these dimensions are documented on a de-identified database that also includes the donor’s sex, height and weight details. Length is determined by marking the margins of the meniscus in the longest anterior–posterior direction. Width is determined by marking the distance between the medial or lateral tibial spine and the margin of the respective meniscus (Figure 1). Each item receives a unique identification number.

			It is important to clearly differentiate between left and right knees and between medial and lateral menisci, both on the stored graft and in the documentation. Writing on the surface of the tibia with a sterile marking pen is the best method of marking the graft at the time of harvesting.

			[image: ]

			Figure 1. Medial and lateral menisci attached to the tibial bone block. Measurement in progress.

			Graft preparation, decontamination and storage

			Over the years, a number of methods have been utilized to ensure that grafts will not transmit infectious diseases to the recipient. Irradiation at low doses does have bactericidal properties, but the doses required to kill viruses are so high that this has an effect on the structural properties of the graft, with a significant detrimental effect on graft function and survival6. For this reason, irradiation is rarely used in meniscal graft preparation. 

			There are two methods of storage: cryopreservation and fresh-freezing. Fresh-frozen grafts are harvested, washed thoroughly (which may include chemical decontamination with antibiotics and/or ethanol) and then frozen at -80°C. Grafts stored in this manner have been widely reported in the literature to function well in long-term follow-up studies2,3. 

			Cryopreservation involves controlled-rate freezing to temperatures in the region of -190°C in cryoprotectants glycerol or dimethyl sulphoxide in order to protect cells (although only about 10% of meniscal cells remain metabolically active). Theoretically, the presence of living cells should aid the in-growth and survival of the allograft, but currently there is no evidence of this method providing better results than fresh-frozen grafts4. 

			In our institution, cleaning is achieved by washing in alcoholic chlorhexidine, once immediately after harvesting, a second wash at the time of preparation and measurement, and a third wash just prior to storage. Tissue specimens and washing swabs are taken at each stage for culture over two weeks, with any specimen reporting a positive culture being discarded. The meniscal allografts are fresh-frozen at -80°C.

			At the time of surgery, the graft is thawed in a series of three alternating solutions of aqueous betadine and saline prior to preparation. After preparation, the graft is then soaked in vancomycin solution prior to implantation. It is vital to ensure that the graft does not become desiccated during the preparation process.

			In cases involving the transplantation of tissue from ‘live multi-organ’ donors, surveillance of the recipients of the non-musculoskeletal transplants over three to four months will allow the detection of any possible disease transmission or contamination. Such a finding would result in the meniscus being discarded. This quarantine period, along with any time for checking of the outcome of the pathology testing of samples taken during the preparation process, allows for a certain level of security that the grafts are clean and as close to sterile as possible.

			Database

			A de-identified database containing full graft descriptions is required and must be kept up to date, with details including graft laterality (medial or lateral), the side (right or left) and dimensions (length and width), harvesting and expiry dates, a graft identification number, and the donor’s height, weight and sex information. The database also contains similar details of potential recipients, and includes x-ray measurements according to the Pollard method7. 

			This database allows for the easy identification of matches and the storage of data about all transplants for the future analysis of results and auditing. It is essential that both the surgical and the tissue bank teams regularly update and coordinate this information.

			Recipient identification and measurement

			In order to achieve the best mechanical advantage, it is vital that the implanted meniscus matches the size and shape of the original as closely as possible. In cadaveric knees, poorly size-matched lateral menisci – in comparison to well-matched grafts – have been shown to increase the forces through the articular cartilage or meniscus1. There are a number of reported methods for estimating the size of the recipient’s original meniscus, including matching by patient size and weight, measurements from calibrated x-rays, and estimation from MRI measurements. MRI and x-ray have been shown to be equivalent8 in accuracy when estimating meniscal size, while measurements of the native tibial plateau have been shown to closely correlate with meniscal size in cadavers5. 

			The Pollard method of recipient sizing from x-rays is most frequently reported in the literature7. Measured from calibrated AP and lateral x-rays of the affected knee, this method calculates the meniscal length and width for both medial and lateral menisci with a mean measurement error of 8%. 

			To ensure a closer approximation of the shape of our meniscal transplants, we use these measurements to produce an estimated circumference of the recipient’s “native” meniscus. This is performed using the length and width measurements to calculate the circumference of an ellipse, which is then halved to derive the estimated circumference of the original meniscus. This allows comparison with the circumference of the graft measured by the bone bank.

			The senior author has found this to be a useful technique when assessing sizes, as the ideal graft should be slightly larger circumferentially than the recipient. Anecdotally, the senior author prefers the graft to be around 5 mm larger in circumference.

			Consent

			Prospective meniscus transplant recipients are made aware of the specific risks of meniscal transplantation, including disease transmission, graft rejection and failure, along with other possible surgical risk-factors, and a procedure-specific consent form is signed. 

			Post-transplant surveillance

			Patients will have a wound review at two weeks, followed by clinic review at three, six and 12 months post-op. Subsequent reviews are scheduled at two and five years. Repeat MRI or arthroscopy are not routinely performed. Such review involves assessment for symptoms including worsening pain, swelling and mechanical symptoms. Clinically, the patient is assessed for an effusion, range of motion, joint-line tenderness and joint stability. Any worrying features would warrant further investigation with MRI. At each follow-up visit after three months, the patients complete a functional outcome questionnaire which includes Lysholm, Tegner and IKDC scores.

		

	
		
			Conclusion

			Establishing a supply of meniscal allografts in a specific area entails working closely with a local bone bank to collect grafts of appropriate size and number. Meniscal harvesting, preparation and storage methods can greatly affect the graft’s integrity, and these stages must be guided and supervised carefully by the surgeon. An accurate database can facilitate graft-recipient matching and patient follow-up, and should be designed with these in mind.
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			Chapter 5.7

			Is MAT Chondroprotective? 

			Moira McCarthy, Marcia Voigt, Scott Rodeo

		

		
			Take Home Message

			•	Meniscal allograft transplantation has been shown to improve symptoms following meniscectomy by decreasing abnormal joint loading and increasing the joint contact surface area.

			•	MAT may prevent degeneration of normal articular cartilage, however its effect in the degenerative knee are less positive.

			•	Further research is required to optimise the chondroprotective effect of MAT.

		

		
			Introduction

			Meniscal allograft transplantation (MAT) is a viable treatment option for irreparable meniscal tears or prior meniscectomies resulting in functional meniscal loss. The meniscus provides important knee functions, including load transmission, shock absorption, knee stability and joint lubrication. Meniscus loss can lead to progressive degenerative changes and osteoarthritis. This chapter reviews the rationale, indications and contra-indications for MAT in order to address the question: Is MAT chondroprotective? An articular cartilage-focused background of meniscal function and the biomechanical changes following meniscectomy are also provided to identify the influential factors in post-meniscectomy arthritis and to establish the importance of restoring the chondroprotective properties of an intact meniscus.

			Meniscal function

			The medial and lateral meniscal collagen architecture, biochemical composition and proteoglycan-collagen network provide shock absorption and load transmission between the femur and the tibia1,32,54. This aids knee stability, joint proprioception, lubrication, cartilage nutrition and protection, and osteoarthrosis prevention1,24,30,33,35,44,54.

			The menisci transmit load via an increased joint contact surface area and tibiofemoral congruency54. The articular cartilage in the knee is loaded during walking, running and standing, and the menisci prevent damage to articular cartilage and sub-chondral bone. Water and type I collagen allow the meniscus to withstand high compressive forces. Proteoglycans and water provide a swelling pressure that decreases the peak stress across the articular surfaces, thus preventing progressive cartilage degeneration. The meniscus supports cartilage nutrition by compressing synovial fluid into the articular cartilage and maintaining a lubricating film over the surface35,44.

			When weight-bearing, the meniscus experiences tensile “hoop” stress from radially extrusive forces. The percentage of joint load depends on the knee flexion angle and femoral translation and rotation, and differs between the medial and lateral menisci2,33,49,54. Total or partial meniscectomy increases peak contact stresses on articular cartilage between 40% and 700%49. The meniscus is essential for the long-term health and stability of the knee. In essence, the native menisci are chondroprotective.

			Consequences of meniscectomy

			Meniscectomy outcomes are affected by the presence of concomitant cartilage defects or degeneration, the amount and location of meniscal tissue removed, ligament stability and malalignment. Meniscectomy decreases the contact area by up to 75% and increases peak contact stresses by up to 235%, resulting in cartilage damage ranging from surface fibrillation to full-thickness cartilage loss23,25. Fairbank11 has reported degenerative changes including the formation of a ridge on the margin of the condyle, joint space narrowing and condyle flattening. Joint space narrowing and progressive degenerative joint disease are seen in long-term follow-ups5,19. Pengas40 reports that adolescents who underwent open total meniscectomy at 40-year follow-up experienced a greater than four-fold increased risk for osteoarthritis and a 132-fold increase in the rate of total knee replacements. 

			Generally, the amount of meniscal tissue resected is inversely related to knee function33. Partial meniscectomies in ACL-deficient knees lead to twice the incidence of Fairbank’s changes compared with meniscus repairs, untreated stable tears and normal menisci16. The degree of circumferential collagen fibre disruption and the ability of the meniscus to distribute forces is important. With significant disruption, partial meniscectomies may mimic total meniscectomy outcomes33. Pre-existing cartilage damage also influences patient outcomes. Schimmer48 has reported that 62% of patients with cartilage damage and a partial meniscectomy experienced good or excellent results as compared to 94.8% of patients with isolated tears and no pre-existing chondral lesions.

			Patients who undergo medial meniscectomies achieve better outcomes than their lateral meniscectomy counterparts due to the less rapid progression of degenerative changes in the medial compartment19,33,34,55. Anatomical differences between the compartments support such data: the convexity of the medial femoral condyle aligns with the concavity of the medial tibial plateau, whereas the convexity of the lateral femoral condyle is mirrored by the convexity of the lateral tibial plateau. Following meniscectomy, the peak stress in the lateral compartment is significantly greater than medially. These are fundamental concepts to review when evaluating a patient’s status following meniscectomy and indications for possible MAT in relation to preserving and protecting articular cartilage.

			Biomechanical studies of meniscus transplantation

			The goal of MAT is to allow patients to regain biomechanical meniscal function and protect the articular cartilage surfaces of the knee. MATs provide increased joint surface area and decreased contact stresses compared to meniscectomies; however, normal contact mechanics are not fully restored39. Paletta et al.39 have reported that lateral MAT decreases peak contact pressures by 55-65% as compared to a 235-335% increase after total meniscectomy. Cadaveric studies show that improved stress distribution only occurs with bone plug fixation of the anterior and posterior meniscal horn attachments. Surgical technique affect the success of MAT and the degree of articular degeneration39,51.

			Nonetheless, does meniscal transplantation protect the underlying cartilage? Cummins9 has found histological evidence of fewer degenerative changes with MATs compared to meniscectomies. Kelly20 has shown in a sheep model that meniscal kinematics and cartilage wear were closer to normal in knees treated with an allograft as compared to meniscectomized knees. 

			The biomechanical performance of an allograft - and thus its chondroprotective - success depends upon the graft’s material properties, the fixation method and its placement. Alhalki3 reports that medial MAT requires anatomic fixation of bone plugs attached to meniscal horns to replicate normal contact mechanics. Bone block transplantation is stronger and stiffer than suture-only fixation. Paletta39 has reported that transplantation with bone plug fixation increases the contact area by 42-65%. Chen et al.6 have reported that a MAT that has a tibial bony bridge or both horns securely attached provides similar results to an intact joint. If one horn is secured, the results lie between an intact and a meniscectomized joint; if neither is secured, the results are similar to meniscectomy.

			Indications for concomitant chondroprotective procedures

			Due to a high failure rate for MAT in patients with advanced arthrosis, MATs are indicated for patients less than 50 years old with a history of total or sub-total meniscectomy, and with pain localized to the meniscus-deficient compartment (Figure 1). To maximize outcomes, the knee must be ligamentously stable, well-aligned and without chondral lesions worse than grade II. Clinical considerations include the articular cartilage status, limb alignment, whether MAT will be combined with a cartilage repair/restoration or osteotomy, and joint stability.
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			Figure 1.  Patient with deficient lateral meniscus who complains of unicompartmental symptoms.  a) Sagittal MRI showing deficient lateral meniscus; b) Arthroscopic image showing complete loss of lateral meniscus; c) Arthroscopic images of lateral MAT at implantation with 12 month second look arthroscopy (d); and 12 month follow up MRI showing healed meniscus with no extrusion (e & f).

			A common indication for MAT is localized pain in a tibiofemoral compartment that is meniscus-deficient. Pain and swelling are common symptoms, while mechanical complaints of locking and catching are infrequent. Evaluation of the cartilage status using MRI and alignment using full-length radiographs are recommended. MAT is indicated in patients with partial-thickness cartilage loss of grade I or II, or a focal cartilage lesion that is amenable to resurfacing. Advanced degeneration produces poorer, less predictable results, and cannot afford the chondroprotection of a MAT in the presence of normal articular cartilage8,13,52. 

			Further information is needed to determine how the size, location and depth of cartilage lesions affect the mechanical function and biological incorporation of a meniscus transplant. A small, focal cartilage lesion may permit load-bearing around the periphery of the lesion, resulting in a mechanical environment that is suitable for a meniscus transplant that can protect the surrounding chondral surfaces. Patients who have undergone meniscectomy often demonstrate posterior cartilage lesions11,36. This results in joint-space narrowing on flexion weight-bearing radiographs, and it is concerning since the normal meniscus and the transplant are loaded in flexion54. While mild cartilage loss in the weight-bearing aspect may be an indication for MAT, larger and more advanced cartilage lesions predispose a MAT to failure. Cartilage abnormalities must be evaluated pre-operatively and intra-operatively to determine if a cartilage restorative procedure is indicated. While MAT may be chondroprotective of intact articular cartilage surfaces, the presence of chondral degeneration prior to meniscal transplantation may set the stage for the failure of the MAT and the progression of cartilage loss and osteoarthritis. 

			Protective effect of the cartilage restorative procedure

			A concomitant cartilage-resurfacing and MAT protects the healing potential of the cartilage surface, as the meniscus graft reduces contact stress. Performing both procedures provides the best results when there are cartilage lesions with meniscal deficiency. Good outcomes have been reported for MAT combined with autologous chondrocyte implantation (ACI) or osteochondral allograft12,46. The authors favour osteochondral tissue (autograft or allograft) for cartilage resurfacing (Figure 2), as this provides immediate restoration of the surface rather than an extended time period for new tissue formation (micro-fracture or ACI). The critical amount of meniscal loss and/or cartilage defect that necessitates and maximizes outcomes of MAT and cartilage restoration is currently undefined. Concomitant procedures cannot routinely be recommended without clear indications for both procedures. The ability of concurrent cartilage restoration procedures to stop chondral degeneration and allow the MAT to provide a chondroprotective function is unclear.

			Meniscal transplantation with osteotomy

			Varus malalignment may occur with a medial meniscectomy, while valgus deformity may occur with a lateral meniscectomy. Osteotomy is indicated for malalignment to correct the mechanical axis and to unload the affected compartment. This may provide chondroprotection by reducing the amount of load the compartment has to withstand, thus reducing the potential for progressive cartilage wear. Osteotomy alone may result in recurring symptoms if the arthrosis progresses in the unloaded compartment17. Although MAT in combination with an osteotomy may forestall recurring arthritis symptoms, there is limited data to support combined procedures or a chondroprotective effect of the MAT in the setting of another potentially chondroprotective procedure. Indications for MAT with an osteotomy include only young patients with preserved articular cartilage or a treatable focal chondral lesion, as well as maintenance of the normal architecture of the sub-chondral bone. For concurrent procedures, tunnel placement for the meniscus horn attachment and internal fixation devices must be optimized.
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			Figure 2.  Lateral MAT plus osteochondral autograft (OAT) plug. a) & b) Sagittal MRI showing complete loss of the lateral meniscus associated with a focal chondral defect on the lateral femoral condyle;  c) Arthroscopic image of lateral MAT at implantation; d) Focal chondral defect on lateral femoral condyle; e) Recipient defect prepared with proprietary instruments;  f) Osteochondral plug being inserted; g) Final appearance of osteochondral plug.

			Early/Prophylactic meniscal transplant

			Should prophylactic MAT be performed when a patient undergoes a functionally complete meniscectomy, particularly on the lateral side where degeneration occurs at a faster rate due to the joint geometry11? The goal in this setting would be to prevent progressive cartilage degeneration. Although the theoretical benefits of early meniscus transplantation are appealing, prophylactic MATs cannot be routinely recommended due to lack of long-term outcome data.

				

			Most authors do not recommend MAT in truly asymptomatic patients. Patients typically do not have symptoms referable to a meniscal-deficient compartment in the early years following meniscectomy. Objective indicators (high resolution MRI41,42) can detect early asymptomatic chondral changes. In the future, synovial fluid analyses of cytokines, such as interleukin-1547, matrix metalloproteinase activity, or collagen and proteoglycan breakdown products, may help determine when a compartment is at risk for progressive cartilage degeneration in the meniscal-deficient, asymptomatic state. In the setting of an at-risk compartment, MAT may be indicated for chondroprotection.

			Contra-indications influencing chondroprotection

			It is important to evaluate the relevant contra-indications when considering whether to indicate a MAT for chondroprotection. Contra-indications for MATs include advanced cartilage degeneration with osteophyte formation, changes in condylar geometry (flattening), joint space narrowing, ligament instability and axial malalignment. 

			Grade IV articular changes produce unfavourable results13,14. The lesion location, size and depth influence success. Full-thickness lesions on the posterior femoral condyle or tibia greater than 10-15 mm in width or length are predisposed to failure due to articulation with the meniscus in flexion4,10,38,52. Secondary contra-indications include skeletal immaturity, synovial disease, joint infections, inflammatory arthritis and obesity28. 

			Varus-valgus malalignment and ligament instability cause early transplant failure. Increased contact pressures due to malalignment may accelerate graft degeneration and tearing. Staged or concomitant correction via osteotomy and/or ligament reconstruction may improve outcomes4,10,38,52. Joint space narrowing and femoral condyle flattening reduce the articular congruence and smoothness of the joint, increasing the risk of meniscus transplant failure. 

			Transplantations are recommended to young patients with no more than early articular cartilage degeneration and normal alignment. These may also be recommended in young patients who have undergone total meniscectomy and cartilage restoration with focal areas of grade IV articular disease, thereby giving these young patients the best possible chance of chondroprotection, although the results are variable. Patient evaluation should include standing long-leg radiographs and MRI to assess the mechanical axis and hyaline cartilage thickness and health.

			Results of meniscal transplantation

			MATs do not perfectly mimic a normal, intact knee. Various degrees of degeneration are common, but MATs’ ability to improve knee function and have a chondroprotective effect makes them viable procedures. While MAT is an effective treatment for meniscectomized knees, and relieves pain and may delay cartilage degeneration, unfavourable outcomes may occur26. These include degeneration, deformation, tearing and structural changes during the remodelling process26. Influential factors include the graft type and size, the degree of arthrosis, meniscocapsular healing and extrusion26,44. 

			Studies suggest improved healing rates of transplants with attached bone plugs. Bone plug healing seems more secure and reproducible than meniscus healing to the bone, allowing for greater load transmission6,39,44. This reduces peak contact stresses within the involved compartment, likely protecting the compartment by decreasing the rate of cartilage degeneration. Rodeo et al.43 have reported that transplantation with bone plugs yields significantly better results than that without attached bone43. Arthroscopic inspection in a subset of the patients showed normal appearance, consistency and position in the knee joint. There was minimal articular cartilage degeneration, though some degenerative changes were common in the posterior horn, with abnormal intra-meniscal signal intensity on MRI43.

			The most frequent complication is a traumatic tear of the posterior horn of the meniscus due to incomplete or failed healing4. Early MAT failures are due to abnormal loads from cartilage degeneration, malalignment or ligamentous instability. Malalignment and resultant excessive loads lead to the accumulation of microscopic damage prior to revascularization and cellular repopulation26. A realignment osteotomy with MAT may be beneficial in this setting4.

			Failure rates are associated with the degree of arthrosis. Histologically, failed transplants show abnormal tissue remodelling, including minimal or incomplete cellular repopulation, disorganized collagen orientation, and/or an increase in water content and decrease in proteoglycan concentration18,37. All MATs undergo variable degrees of remodelling43.

			Garrett13 suggests that less favourable results for meniscal allograft procedures are associated with grade IV articular changes, and deterioration of the meniscal structure is likely due to a lack of articular congruence and excessive mechanical loads on the tissue. Garrett13 further confirms that failure rates are related to the degree of arthrosis present at the time of surgery. Of 43 patients, there were two failures out of 32 patients who had grade III chondral changes, whereas there were six failures out of 11 patients who had grade IV chondral changes at the time of transplant13. This provides evidence that, while MAT may be chondroprotective in the setting of preserved articular cartilage, the outcomes are more variable and less positive when cartilage damage is already present at the time of MAT.

			Favourable results are closely associated with the degree of arthrosis at the time of transplantation: the less arthrosis that is present, the better the outcomes13,36,37,43. Improved load transmission reduces pain and increases functionality13,29,43,53. Patients report improved pain, function and swelling. Young, healthy individuals with minimal degenerative changes are able to return to light sport36. 

			Lee’s26 review of the current literature shows that recent reports of clinical and objective meniscal allograft outcomes are favourable. Ha15 reported complete healing in 80% of patients who underwent a medial MAT. Kim21 reported satisfactory results in 69% of patients who underwent a lateral MAT. Marcacci31 found pain relief and functional improvement in 94% of patients at 40-month follow-up. Interestingly, they also reported improved cartilage condition on the femur and tibia at 36-month follow-up, suggesting a directly measurable chondroprotective effect. Kim22 reported that 81.8% of patients had satisfactory results, 7.3% fair and 10.9% poor. We advise against a return to high load and repetitive impact sports, while light sporting activities are allowed.

			Mechanisms of failure of meniscal transplants

			Cartilage degeneration is the primary cause for MAT failure. Fairbank’s changes are associated with meniscal degeneration36. The posterior horn of the meniscus has the highest contact stresses and is the most common site of degeneration and tearing. Graft-sizing is critical for the restoration of contact mechanics. An undersized graft may lead to excessive meniscal loads due to poor congruity with the femoral condyle and point-loading. An oversized graft may extrude from the compartment and provide no meniscal function. Proper graft sizing and placement of the anterior and posterior horns is essential for proper load transmission, contact stress distribution, and in order to prevent extrusion7,27,50. The bony attachment of the horns provides stronger repair for both medial3 and lateral6 MATs. Improper mechanical sizing and surgical techniques may decrease the chondroprotective success of MAT.

			Biological failures are more complex. Structural remodelling of the allograft matrix is associated with graft revascularization and host cell repopulation. Remodelling may weaken the tissue and lead to a predisposition to tearing during healing processes. Rodeo45 reports that allografts repopulate with cells derived from the synovial membrane. A sub-clinical immune response may cause graft shrinkage and persistent effusions, and may negatively modulate cellular repopulation and revascularization45. Although these factors may be less under the surgeon’s control than the technical and mechanical issues described above, the biological milieu in which the MAT is placed may have an effect on its ability to protect the articular surfaces.

		

	
		
			Conclusion

			MATs are useful for patients who are functionally meniscal-deficient. Meniscus allografts can improve symptoms following meniscectomy by decreasing abnormal joint loading and increasing the joint contact surface area. A technically well-performed MAT may prevent the degeneration of otherwise normal articular cartilage, but the results of MAT in a knee with cartilage degeneration are less positive. Further study of the allograft structure, cellular repopulation and revascularization are important to the success of this procedure and the ability to prevent progression to osteoarthritis.

		

	
		
			References

			1. Aagaard H, Verdonk R: Function of the normal meniscus and consequences of meniscal resection. Scand J Med Sci Sports. 1999;9(3):134-140.

			2. Ahmed AM, Burke DL: In-vitro measurement of static pressure distribution in synovial joints--Part I: Tibial surface of the knee. J Biomech Eng. 1983;105(3):216-225.

			3. Alhalki MM, Howell SM, Hull ML: How three methods for fixing a medial meniscal autograft affect tibial contact mechanics. Am J Sports Med. 1999;27(3):320-328.

			4. Cameron JC, Saha S: Meniscal allograft transplantation for unicompartmental arthritis of the knee. Clin Orthop Relat Res. 1997;(337)(337):164-171.

			5. Chatain F, Robinson AH, Adeleine P, et al: The natural history of the knee following arthroscopic medial meniscectomy. Knee Surg Sports Traumatol Arthrosc. 2001;9(1):15-18.

			6. Chen MI, Branch TP, Hutton WC: Is it important to secure the horns during lateral meniscal transplantation? A cadaveric study. Arthroscopy. 1996;12(2):174-181.

			7. Choi NH, Yoo SY, Victoroff BN: Position of the bony bridge of lateral meniscal transplants can affect meniscal extrusion. Am J Sports Med. 2011;39(9):1955-1959.

			8. Cole BJ, Carter TR, Rodeo SA: Allograft meniscal transplantation: background, techniques, and results. Instr Course Lect. 2003;52:383-396.

			9. Cummins JF, Mansour JN, Howe Z, et al: Meniscal transplantation and degenerative articular change: an experimental study in the rabbit. Arthroscopy. 1997;13(4):485-491.

			10. de Boer HH, Koudstaal J: Failed meniscus transplantation. A report of three cases. Clin Orthop Relat Res. 1994;(306)(306):155-162.

			11. FAIRBANK TJ: Knee joint changes after meniscectomy. J Bone Joint Surg Br. 1948;30B(4):664-670.

			12. Farr J, Rawal A, Marberry KM: Concomitant meniscal allograft transplantation and autologous chondrocyte implantation: minimum 2-year follow-up. Am J Sports Med. 2007;35(9):1459-1466.

			13. Garrett JC: Meniscal transplantation. Am J Knee Surg. 1996;9(1):32-34.

			14. Garrett JC, Steensen RN: Meniscal transplantation in the human knee: a preliminary report. Arthroscopy. 1991;7(1):57-62.

			15. Ha JK, Sung JH, Shim JC, et al: Medial meniscus allograft transplantation using a modified bone plug technique: clinical, radiologic, and arthroscopic results. Arthroscopy. 2011;27(7):944-950.

			16. Henning CE, Lynch MA: Current concepts of meniscal function and pathology. Clin Sports Med. 1985;4(2):259-265.

			17. Holden DL, James SL, Larson RL, et al: Proximal tibial osteotomy in patients who are fifty years old or less. A long-term follow-up study. J Bone Joint Surg Am. 1988;70(7):977-982.

			18. Jackson DW, McDevitt CA, Simon TM, et al: Meniscal transplantation using fresh and cryopreserved allografts. An experimental study in goats. Am J Sports Med. 1992;20(6):644-656.

			19. Johnson RJ, Kettelkamp DB, Clark W, et al: Factors effecting late results after meniscectomy. J Bone Joint Surg Am. 1974;56(4):719-729.

			20. Kelly BT, Potter HG, Deng XH, et al: Meniscal allograft transplantation in the sheep knee: evaluation of chondroprotective effects. Am J Sports Med. 2006;34(9):1464-1477.

			21. Kim CW, Kim JM, Lee SH, et al: Results of isolated lateral meniscus allograft transplantation: focus on objective evaluations with magnetic resonance imaging. Am J Sports Med. 2011;39(9):1960-1967.

			22. Kim JM, Lee BS, Kim KH, et al: Results of meniscus allograft transplantation using bone fixation: 110 cases with objective evaluation. Am J Sports Med. 2012;40(5):1027-1034.

			23. Korkala O, Karaharju E, Gronblad M, et al: Articular cartilage after meniscectomy. Rabbit knees studied with the scanning electron microscope. Acta Orthop Scand. 1984;55(3):273-277.

			24. Kurosawa H, Fukubayashi T, Nakajima H: Load-bearing mode of the knee joint: physical behavior of the knee joint with or without menisci. Clin Orthop Relat Res. 1980;(149)(149):283-290.

			25. Lanzer WL, Komenda G: Changes in articular cartilage after meniscectomy. Clin Orthop Relat Res. 1990;(252)(252):41-48.

			26. Lee BS, Kim JM, Sohn DW, et al: Review of Meniscal Allograft Transplantation Focusing on Long-term Results and Evaluation Methods. Knee Surg Relat Res. 2013;25(1):1-6.

			27. Lee DH, Kim JM, Lee BS, et al: Greater axial trough obliquity increases the risk of graft extrusion in lateral meniscus allograft transplantation. Am J Sports Med. 2012;40(7):1597-1605.

			28. Lee SR, Kim JG, Nam SW: The tips and pitfalls of meniscus allograft transplantation. Knee Surg Relat Res. 2012;24(3):137-145.

			29. Lubowitz JH, Verdonk PC, Reid JB,3rd, et al: Meniscus allograft transplantation: a current concepts review. Knee Surg Sports Traumatol Arthrosc. 2007;15(5):476-492.

			30. Maitra RS, Miller MD, Johnson DL: Meniscal reconstruction. Part I: indications, techniques, and graft considerations. Am J Orthop (Belle Mead NJ). 1999;28(4):213-8 contd.

			31. Marcacci M, Zaffagnini S, Marcheggiani Muccioli GM, et al: Meniscal allograft transplantation without bone plugs: a 3-year minimum follow-up study. Am J Sports Med. 2012;40(2):395-403.

			32. Masouros SD, McDermott ID, Amis AA, et al: Biomechanics of the meniscus-meniscal ligament construct of the knee. Knee Surg Sports Traumatol Arthrosc. 2008;16(12):1121-1132.

			33. McDermott ID, Amis AA: The consequences of meniscectomy. J Bone Joint Surg Br. 2006;88(12):1549-1556.

			34. McNicholas MJ, Rowley DI, McGurty D, et al: Total meniscectomy in adolescence. A thirty-year follow-up. J Bone Joint Surg Br. 2000;82(2):217-221.

			35. Messner K, Gao J: The menisci of the knee joint. Anatomical and functional characteristics, and a rationale for clinical treatment. J Anat. 1998;193 ( Pt 2)(Pt 2):161-178.

			36. Noyes FR, Barber-Westin SD: Prospective evaluation of allograft meniscus transplantation: a minimum 2-year follow-up. Am J Sports Med. 2006;34(12):2038-9; author reply 2039.

			37. Noyes FR, Barber-Westin SD: Meniscus transplantation: indications, techniques, clinical outcomes. Instr Course Lect. 2005;54:341-353.

			38. Noyes FR, Barber-Westin SD, Rankin M: Meniscal transplantation in symptomatic patients less than fifty years old. J Bone Joint Surg Am. 2004;86-A(7):1392-1404.

			39. Paletta GA,Jr, Manning T, Snell E, et al: The effect of allograft meniscal replacement on intraarticular contact area and pressures in the human knee. A biomechanical study. Am J Sports Med. 1997;25(5):692-698.

			40. Pengas IP, Assiotis A, Nash W, et al: Total meniscectomy in adolescents: a 40-year follow-up. J Bone Joint Surg Br. 2012;94(12):1649-1654.

			41. Potter HG, Chong le R: Magnetic resonance imaging assessment of chondral lesions and repair. J Bone Joint Surg Am. 2009;91 Suppl 1:126-131.

			42. Potter HG, Rodeo SA, Wickiewicz TL, et al: MR imaging of meniscal allografts: correlation with clinical and arthroscopic outcomes. Radiology. 1996;198(2):509-514.

			43. Rodeo S, WIlliams R, Johnson D: Meniscus and Cartilage Injury: Does Meniscal Allograft Transplantation Prevent Articular Cartilage Degeneration? in: Controversies in Knee Surgery. Oxford University Press, 2004, pp 553.

			44. Rodeo SA: Meniscal allografts--where do we stand? Am J Sports Med. 2001;29(2):246-261.

			45. Rodeo SA, Seneviratne A, Suzuki K, et al: Histological analysis of human meniscal allografts. A preliminary report. J Bone Joint Surg Am. 2000;82-A(8):1071-1082.

			46. Rue JP, Yanke AB, Busam ML, et al: Prospective evaluation of concurrent meniscus transplantation and articular cartilage repair: minimum 2-year follow-up. Am J Sports Med. 2008;36(9):1770-1778.

			47. Scanzello CR, Umoh E, Pessler F, et al: Local cytokine profiles in knee osteoarthritis: elevated synovial fluid interleukin-15 differentiates early from end-stage disease. Osteoarthritis Cartilage. 2009;17(8):1040-1048.

			48. Schimmer RC, Brulhart KB, Duff C, et al: Arthroscopic partial meniscectomy: a 12-year follow-up and two-step evaluation of the long-term course. Arthroscopy. 1998;14(2):136-142.

			49. Seedhom B HD: Transmission of load in the knee joint with special reference to the role of the menisci: II. Experimental results, discussion, and conclusions. Engineering in Medicine. 1979;8(220).

			50. Sekaran SV, Hull ML, Howell SM: Nonanatomic location of the posterior horn of a medial meniscal autograft implanted in a cadaveric knee adversely affects the pressure distribution on the tibial plateau. Am J Sports Med. 2002;30(1):74-82.

			51. Szomor ZL, Martin TE, Bonar F, et al: The protective effects of meniscal transplantation on cartilage. An experimental study in sheep. J Bone Joint Surg Am. 2000;82(1):80-88.

			52. van Arkel ER, de Boer HH: Human meniscal transplantation. Preliminary results at 2 to 5-year follow-up. J Bone Joint Surg Br. 1995;77(4):589-595.

			53. Verdonk R, Volpi P, Verdonk P, et al: Indications and limits of meniscal allografts. Injury. 2013;44 Suppl 1:S21-7.

			54. Walker PS, Erkman MJ: The role of the menisci in force transmission across the knee. Clin Orthop Relat Res. 1975;(109)(109):184-192.

			55. Yocum LA, Kerlan RK, Jobe FW, et al: Isolated lateral meniscectomy. A study of twenty-six patients with isolated tears. J Bone Joint Surg Am. 1979;61(3):338-342.

		

	
		
			Chapter 6

			Operative Decision Making 

			Chapter 6.1

			The Role of Realignment Osteotomy with MAT 

			Luke Spencer, Alan Getgood

		

		
			Take Home Message

			•	Varus or valgus malalignment directly correlates with increased tibio-femoral contact pressures in the affected compartment, leading to progressive chondral degeneration.

			•	MAT does not fully restore normal contact pressures in the tibio-femoral joint.

			•	Correcting alignment in combination with MAT will lessen tibio-femoral loads in the appropriate compartment, thereby protecting the MAT by providing an optimized biomechanical environment in which the graft can heal and function.

			•	Tibial corrections will address alignment throughout the full range of flexion and extension, whereas femoral-based osteotomies will only fully function in extension. The location of the deformity will dictate which technique is most appropriate.

			•	The combined approach may lead to improved knee function and provide a greater opportunity for a reduction in disease progression and an increase in longevity of any successful outcome.

		

		
			Introduction

			In 2010, Verdonk introduced the concept of the joint as a functioning organ1. The joint organ requires favourable axial alignment, adequate stability, functioning menisci and intact cartilage to survive in the long-term. Biomechanical and clinical studies have shown that knees undergoing subtotal or total meniscectomy are at risk of overload, osteoarthritis and joint deterioration in the long-term2,3. 

			In the varus or valgus knee, loss of the medial or lateral meniscus, respectively, can result in the physiologically aligned knee becoming pathological. The resulting rotational moment about the knee (adduction moment in the varus knee; abduction moment in the valgus knee) has been shown to increase compartment load and result in accelerated chondral degeneration4-6. Therefore, further treatment for a painful knee post-subtotal or -total meniscectomy is warranted.

			 

			MAT has become a standard surgical option in the treatment of patients with medial or lateral compartment knee pain in the face of meniscus deficiency. El Attar has defined the ideal candidate to undergo isolated MAT7, the full details of which are covered elsewhere in this book. However, isolated meniscal transplantation is relatively unusual because the ideal candidate - with an otherwise intact joint - is rare. It is often the case that ligament instability and malalignment need to be addressed prior to - or simultaneously with - the MAT procedure8.

			This chapter will outline the biomechanical principles of realignment osteotomy, provide evidence for the role of osteotomy with MAT, and outline the surgical technique utilized at our institution.

			Biomechanics of realignment osteotomy

			The alignment of the lower limb has a major influence on the proportion of load shared between the compartments of the tibio-femoral joint9,10. Knee adduction moment in the varus knee, calculated from 3D gait analysis, is a valid11 and reliable12 proxy for the dynamic load on the medial compartment10. An external adduction moment is created in the stance phase of gait, as the ground reaction force passes medially to the knee joint centre. Although present in neutral alignment, the knee adduction moment during stance is considerably higher in varus alignment10.

			There is a correlation between the knee adduction torque and medial contact force for a variety of gait patterns11. In the valgus-aligned knee, a similar knee abduction moment is observed, which can adversely affect the compartment pressures in the lateral compartment.

			Segal et al. demonstrated in a longitudinal cohort study that articular cartilage loss was directly correlated to tibio-femoral contact stresses13. Teichtahl et al. showed that for every 1˚ of varus alignment, articular cartilage loss increased by 0.44% per year, as measured on MRI14. Foroughi et al. (2009) then showed that the adduction moment was directly correlated with severity of OA disease and progression15. It is therefore clear that articular cartilage loss is directly related to peak knee adduction moment. 

			The goal of realignment osteotomy is therefore to reduce the adduction or abduction moment of the knee - for varus and valgus knees respectively - to offload the affected compartment and reduce pain. Birmingham et al. demonstrated that valgus medial opening wedge high tibial osteotomy (HTO) resulted in substantial and clinically important reductions in the load on the medial tibio-femoral compartment, with associated improvement in patient reported outcomes16. Similar results were found in a study by Collins et al., in which abduction moments were found to be reduced as a result of varus lateral opening wedge HTO, as well as improvements in patient-reported outcomes17. 

			To achieve the desired offloading of the compartment, the mechanical axis is moved to a predetermined position in the knee. The most common deformity when treating osteoarthritis is varus malalignment in the face of medial arthrosis. Many surgeons aim to move the axis beyond the centre of the knee, to the Fujisawa point. This is 62% of the medial–lateral width of the knee joint from the medial edge18. Fujisawa fails to provide a mechanical rationale for using this point. Rather, it appears to have been a subjective judgment based on the results of chondral biopsies in a small series of HTOs19. It is therefore unclear from the current literature whether Fujisawa’s desired correction is optimal for biological augmentation. Agneskirchner et al. investigated the effect on the tibio-femoral articular contact pressures by moving the resultant force vector from medial to lateral during sequential medial opening wedge osteotomy in cadavers20. They found that the contact pressure in the lateral compartment was already 70% higher than that in the medial compartment when the load vector passed through the centre of the knee, and that it continued to increase as the valgus angulation increased21. It is therefore suggested that a desired correction would be between 50% and 62.5% medial to lateral in order to achieve the appropriate degree of compartment unloading. The same principles may be applied to the valgus knee, where correction in alignment should aim to be either neutral or slight varus; however, no studies have determined the optimal alignment for longevity of successful treatment outcomes.

			Evidence for realignment osteotomy with MAT

			The goal of MAT is to reduce pain in patients who have had a previous subtotal or total meniscectomy by redistributing the load in the affected compartment. Previous chapters have outlined the important role that the meniscus plays in sharing load in the tibio-femoral compartment, particularly on the lateral side, where it increases the conformity of the joint surface and distributes load evenly across the articulation. The effect of partial and subtotal meniscectomy has also been demonstrated in previous chapters, with loss of meniscus having been shown to increase contact pressures in the affected compartment. Studies have also shown that the lateral meniscus transmits a greater proportion of load in the lateral compartment during weight-bearing than the medial meniscus does for its own compartment22. This may indicate that alignment correction in a valgus knee is more critical. Although the cartilage in a varus-aligned knee is more degenerative at the time of meniscal transplantation, the improved biomechanical environment after alignment-correction may render MAT less prone to failure and degeneration23.

			Verdonk et al. highlighted that full restoration of contact pressures after MAT has yet to be demonstrated in vitro23. Van Thiel et al. observed that a 3˚ valgus correction of a neutrally aligned knee with concurrent medial MAT can decrease the peak and total medial compartment contact pressures significantly24. This was seen without a corresponding increase in lateral peak pressures. Thus, this may be the only way to achieve normal contact pressures in MAT, and suggests that there may be a biomechanical advantage to overcorrection, even in the neutrally aligned knee.

			Outcomes after HTO for osteoarthritis (OA) are well-established25,26. In a Finnish registry study, osteotomy survival was reported as 89% at five years, dropping to 73% at 10 years27. It is not clear from current studies whether combining HTO with MAT will lead to longer-term improvements in outcomes. In a 2011 meta-analysis, MAT was performed as an isolated procedure in only 36% of cases, with osteotomy performed as an associated procedure in 19% of cases7, indicating that it is a common procedure in combination with MAT. 

			A number of clinical reports of MAT exist in the literature, the majority of which support the need for alignment correction7,28. In 1995, Van Arkel reported that patients with pre-operative malalignment had poorer results; hence, MAT was then only performed in patients with a normally aligned knee29. The suggestion was that malalignment caused abnormal pressure on the graft and therefore could be responsible for the impairment of revascularization, or could cause vascular damage in a later phase30. Verdonk showed that MAT associated with HTO can have better outcomes than MAT alone23. The overall failure rate was 18%. However, the MAT + HTO group had significantly better HSS pain scores at final follow up, whilst the KOOS scores for all subscales were substantially higher for MAT + HTO compared to MAT (medial or lateral) alone. However, given these clinical benefits, axial alignment did not correlate with progression of cartilage degeneration or signal intensity on MRI.

			Parker et al. demonstrated in an MRI study that HTO could slow the progression of cartilage loss and, in some circumstances, initiate the recovery of the articular surface31. This was hypothesized to be secondary to an improved mechanical environment after HTO. It remains to be seen whether adding a MAT could augment this process and add a secondary level of chondroprotection yet to be observed in clinical studies.

			However, in a study of patients undergoing MAT with Outerbridge grade III or IV degenerative changes, Stone et al. demonstrated no improvement in MAT survival in patients with the addition of alignment correction or chondral procedures at the time of MAT28. They found that axial malalignment of less than 7˚ did not affect MAT survival; however, severe malalignment (>7˚) was addressed with osteotomy in the same study. It was acknowledged that the results of this study were contrary to the conventional prediction that osteotomy may reduce cartilage degeneration, and it is covered in greater detail in another chapter in this book.

			In summary, biomechanical studies support the role of an unloading osteotomy to improve contact stresses in a compartment undergoing MAT. While clinical studies have shown the benefit of realignment osteotomy, no randomized comparative studies have been performed to ascertain whether the perceived benefit in changing alignment corresponds to a direct clinical benefit. However, based on the evidence available, it is the practice of the senior author to perform realignment osteotomy in combination with MAT when the weight-bearing axis falls within the affected compartment.

			Surgical technique

			Patient assessment: Important factors regarding the addition of osteotomy to MAT include patient co-morbidities and smoking status. A study looking at the complications of HTO in our institution found that diabetics and smokers were associated with an increased risk of post-operative complications32. Gait assessment is important to check for a dynamic varus or valgus thrust (coronal plane movement during stance phase). An added hyperextension moment on heel strike is indicative of a further posterior soft tissue attenuation issues, usually in the opposite corner to the involved compartment.

			Assessment of prior skin incisions, if present, is important, as this may dictate the surgical approach both now and for potential future operations. Assessment for all other pathologies that may be also addressed - either concomitantly or as a staged procedure - must be undertaken. These include stiffness, instability, malalignment and chondral/osteochondral involvement. 

			Radiological assessment specific to osteotomy considerations includes, antero-posterior, Rosenberg, lateral and hip-to-ankle double leg standing alignment radiographs. Varus/valgus or kneeling posterior stress views may be considered if dealing with complex instability patterns.
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			Figure 1. Osteotomy decision making. Algorithm demonstrating different realignment osteotomy options depending upon type of pathology and site of deformity.

			Osteotomy planning: Figure 1. shows a flow diagram of the decision-making process which can be used. Factors that should be taken into account include:

			1. Site of correction – tibia or femur?

			2. Degree of correction required – to neutral or overcorrection?

			3. Single or bi-planar correction – is there associated antero-posterior instability?

			4. Opening or closing wedge – dependent upon the approach used and surgical preferences. 

			5. Hardware choices – ensuring that the hardware is not prohibitive of MAT or further procedures.

			6. Concurrent vs. staged procedures – dependent upon the surgeon’s skill, the duration of the procedure and hardware interference.

			In the varus knee, a medial opening wedge HTO (MOWHTO) is the author’s first choice due to the ability to correct both coronal and sagittal planes, the ability to easily titrate the degree of correction, and the lack of disruption to the proximal tibial anatomy as seen in lateral closing wedge procedures8. The choice of site of correction in the valgus knee is dependent upon the site of the deformity. If the valgus is secondary to cartilage and meniscus loss, with only a small degree of valgus, a lateral opening wedge HTO (LOWHTO) is the procedure of choice, as it addresses the problem throughout the range of flexion and extension, and the surgical approach is easier when doing a concomitant lateral MAT17. Great care must be taken not to increase the proximal tibial joint line obliquity by more than 10˚, as this has been presumed to be associated with poor outcomes32-34.

			If the deformity is primarily in the femur, i.e., if the anatomic lateral distal femoral articular angle (aLDFA) is abnormal (<800), then a femoral-based correction is preferred. In this instance, the medial closing wedge distal femoral varus osteotomy (MCWDFVO) is the procedure of choice, due to the ease of approach, the stability of the construct and good healing potential. A lateral opening wedge DFVO is an alternative option. 

			 

			Degree of correction: Fujisawa indicates that moving the mechanical axis into the opposite compartment is beneficial in isolated HTO35. The optimal degree of correction with associated MAT - whether neutral or over-correction - is unknown. It is the authors’ preference to correct the mechanical axis of the varus knee to the down slope of the lateral tibial spine, while in the valgus knee to correct to neutral. The method of Dugdale et al.36 is used to calculate the correction for the MOWHTO (Figure 2), which may be modified for the LOWHTO and the MCWDFVO. 
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			Figure 2. Pre-operative planning based on long leg hips to ankle alignment views.  a) Normal anteroposterior alignment angles; b) Sagittal slope; c) & d) Calculation of size of opening correction based on the method by Dugdale et al.36
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			Figure 3.  Surgical technique for medial opening wedge high tibial osteotomy (MOWHTO). This is a right knee undergoing MOWHTO. A tourniquet is applied with lateral post and foot roll to support knee held at 900 of flexion.  a) Oblique skin incision over pes anserinous allowing greater soft tissue envelope to overly the plate, helping reduce wound infection and reduce risk to sartorial branch of saphenous nerve; b) The sartorious fascia is split and a blunt retractor is placed posteriorly protecting the neurovascular structures.  The MCL is then cut at the level of the osteotomy; c) A guide pin is placed in the line of the osteotomy, stopping at the the level of the proximal tib/fib joint.  The lateral hinge should be at least 1.5 times greater the distance from the lateral joint line than to the lateral cortex to help avoid intra-articular propagation of the osteotomy; d) Following creation of the osteotomy with oscillating saw and osteotome, the wedge is opened with a spreader; e) The osteotomy is held open with a wedge or laminar spreader and the plate is applied; f) The screws are inserted percutaneously and the locking plate internal fixator is fixed in place as shown.

			MOWHTO technique: (Figure 3) When performing a medial MAT with HTO, the meniscus bed is prepared arthroscopically and the insertion of the anterior and posterior roots is marked. The HTO is then completed prior to drilling tunnels and passing the MAT graft:

			• Approach – An oblique skin-incision is prepared to ensure that as much soft tissue as possible overlies the hardware in order to try and reduce the incidence of infection. A distal MCL release must be performed to prevent a tension band on the medial side when opening the wedge. A blunt retractor is then placed posteriorly after elevating the posterior periosteum to protect the neurovascular structures.

			• Osteotomy and wedge opening – the desired level of the osteotomy is marked so as to ensure that there is enough room for the MAT tunnels and hardware proximally in the metaphysis. A guide pin is placed from medial to lateral, making sure that the lateral hinge point is 1.5-times the distance from the lateral joint line to the lateral tibial cortex. The osteotomy is performed with an oscillating saw and is continued with an osteotome under fluoroscopic control, with the posterior retractor in place at all times, and leaving a lateral hinge. The wedge is then opened slowly, taking care not to fracture the lateral hinge. Due to the geometry of the antero-medial wall of the proximal tibia, the wedge should open approximately double the distance postero-medially as antero-medially so as to ensure that the tibial slope is not inadvertently altered. 

			• Fixation – once the desired correction is achieved, based on pre-operative calculations, the hardware is applied as per the manufacturer’s guidelines. The proximal screws are inserted first, followed by one distal screw. At this stage, the knee can be brought out to extension in order to attempt to close the wedge down anteriorly, thereby reducing the chance of increasing tibial slope. The excess bone from the meniscus allograft is then used to fill the defect.

			• Rehabilitation – the rehabilitation is guided by that of the MAT. This generally entails touch weight-bearing for six weeks, with range of movement limited to 0-900. At six weeks, patients may weight-bear as tolerated but refrain from squatting until three months post-operatively.
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			Figure 4. Surgical technique for lateral opening wedge high tibial osteotomy (LOWHTO). This is a right knee undergoing LOWHTO. A tourniquet is applied with lateral post and foot roll to support knee held at 900 of flexion. a) Curvilinear skin incision on lateral side of the knee midway between lateral border of patella and anterior border of fibula head.  This may be extended if a lateral MAT is being performed and an arthrotomy is required; b) Tibialis anterior is elevated off the proximal tibia and a blunt retractor is placed posteriorly to protect the neurovascular structures.  Another blunt retractor is placed under the patella tendon to allow visualisation of the anterior interval; c) & d) The osteotomy is performed with oscillating saw and osteotome under fluoroscopic guidance; e) & f) The spreader is inserted and the osteotomy is opened to the desired correction;  g) The osteotomy is held open with a wedge and the correction/alignment is checked; h) & i) The lateral plate is bent to fit the lateral cortex and applied in a standard method using locking screws.

			LOWHTO technique: (Figure 4) A similar process regarding the order of HTO and MAT is followed:

			• Approach – a lateral-longitudinal skin incision is made centred between the tibial tubercle and the anterior border of the fibula head. The tibialis anterior is elevated off the bone and retracted postero-laterally, taking the nerve with it. The dissection is carried on to the anterior capsule of the proximal tibial-fibula joint, which is opened and mobilized, negating the need for fibula osteotomy. A blunt retractor is then placed posteriorly after elevating the posterior periosteum to protect the neurovascular structures.

			• Osteotomy and wedge opening – a similar process is followed as per the MOWHTO, except that the pin is placed from lateral to medial, and the wedge should have equal posterior and anterior gaps. This is again due to the proximal tibial geometry, which is more uniform on the lateral side than on the medial side. 

			• Fixation – a lateral locking plate is utilized to maintain the correction. Similar to the MOWHTO, the excess bone from the meniscus allograft is then used to fill the defect.

			• Rehabilitation – the MAT procedure dictates the rehabilitation as above.
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			Figure 5.  Surgical technique for medial closing wedge distal femoral varus osteotomy (MCWDFVO).  This is a right knee undergoing MCWDFVO. A tourniquet is applied with lateral post and foot roll to support knee held at 900 of flexion.  a) & b) Medial incision to the knee followed by a subvastus approach to distal femur; c) A guide pin is inserted in an oblique fashion, proximally on the medial cortex so that when the wedge closes, there is no step in the cortex.  The pin is aimed for the medial cortex, just at the level of the radiographic ‘scar’ of the posterior condyle; d) A further 2 pins are inserted to allow for planning of a closing wedge, as well as a biplane anterior cut in the coronal plane.  This adds a greater degree of stability to the construct when closing and fixing; e) & f) The corticocancellous wedge is removed; g) & h) The plate is applied and fixed with locking screws.

			MCWDFVO technique: (Figure 5) With this technique, it is the authors’ preference to perform the osteotomy first and then proceed with the MAT in its entirety. This is due to the inherent stability of the MCWDFVO:

			• Approach – A longitudinal para-median skin incision is made over the distal femur and a sub-vastus approach is made. The distal femur is exposed, the neurovascular structures are elevated away from the posterior femur, and a blunt retractor is placed for protection throughout the procedure. A further blunt retractor is placed anteriorly under the vastus medialis. 

			• Osteotomy and wedge opening – a bi-planar closing wedge osteotomy is planned and measured out as per the pre-operative planned correction. The bi-plane cut helps control coronal and sagittal displacement during wedge production and closure. A guide pin is inserted from the medial cortex to a position on the lateral side, just superior to the sub-chondral density of the posterior condyle. A further three pins may be inserted to mark out the size of the wedge, all culminating at a similar point on the antero-posterior fluoroscopic view, 5 mm from the cortex. The osteotomy wedge cut is then completed with an oscillating saw and an osteotome, and the wedge is removed. The wedge is then closed with a varus force applied to the leg and a medial locking plate applied. 

			• Fixation – the distal metaphyseal screws are inserted first, followed by a proximal non-locking screw to achieve compression at the osteotomy site. The other holes are then filled with locking screws.

			• Rehabilitation – the MAT procedure dictates the rehabilitation as above.

			Summary

			While MAT has shown good medium- to long-term outcomes, it is generally accepted that it should not be performed in a knee where the mechanical axis runs through the affected compartment. The biomechanical rationale for unloading realignment osteotomy is clear, with a reduction in articular contact stress and a resultant reduction in chondral wear. Although there is currently no clinical evidence to support this hypothesis, it is suggested that concomitant HTO with MAT may provide superior outcomes in the long-term, and that it may have an additive role in improving the chondroprotective effect of MAT.

			There are a number of surgical options available when realignment osteotomy is indicated. It is important that a thorough examination and radiological assessment of the patient is performed, paying close attention to the site of deformity so as to best select the most appropriate method of correction for that individual patient to result in optimal clinical outcomes.
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			Chapter 6.2

			Combined MAT and Articular Cartilage Restoration 

			Wayne K. Gersoff

		

		
			Take Home Message

			•	Articular cartilage injuries can result from loss of meniscal function.

			•	The articular cartilage and the meniscal cartilage have a symbiotic relationship.

			•	The results of combined meniscal allograft transplantation and articular restoration are encouraging as regards improving the function of the knee joint.

		

		
			Introduction

			Injuries to the articular cartilage of the knee can be caused by multiple factors, including blunt trauma, chronic instability, pathological malalignment, repetitive overloading and meniscal deficiency. The presence of an articular cartilage lesion and functional meniscal deficiency can present challenging conditions for both the surgeon and the patient. As techniques for articular cartilage restoration (ACR) have continued to develop and techniques of meniscal allograft transplantation (MAT) have continued to improve, this challenging condition has become a highly treatable pathology.

			Clinical considerations

			The role of the meniscus as a shock absorber and load transmitter in the knee joint has been well-documented1. In addition, the long-term outcome of total meniscectomy with the development of ipsilateral degenerative joint disease has been recognized2. The resultant increase in contact stress and decrease in joint-contact surface ultimately leads to the overloading and breakdown of the articular cartilage. Partial meniscectomy, especially if it involves the posterior horn, can also lead to significant increases in contact stress on the corresponding articular cartilage. The roles of axial alignment and joint stability are also important considerations for both MAT and ACR.

			Prior to the development of techniques for ACR, the indications for MAT were limited to knees in which there was Outerbridge Grade 2 or less articular cartilage injury. Unfortunately, the potential consequences of loss of meniscal function involve the breakdown of the articular cartilage. MAT procedures performed in the presence of articular cartilage disease of the same compartment have demonstrated worse clinical outcomes3. The general optimal indications for ACR include the presence of a functional meniscus. Without the presence of a functional meniscus, the increased loads will ultimately lead to the failure of ACR. There exists a symbiotic relationship between the meniscus and the corresponding articular cartilage which must be preserved as best as possible for the health of the knee joint.

			With the development of improved techniques and understanding of MAT and the ongoing development of methods for ACR, it is possible to improve clinical outcomes and obtain good-to-excellent functional results that are similar to the results of either procedure performed separately (Figure 1).
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			Figure 1. 19 year old male who underwent subtotal lateral meniscectomy three years prior to presenting with lateral sided pain. a) Arthroscopic view of lateral compartment showing lateral meniscus deficiency and chondral damage to lateral femoral condyle.  He underwent lateral MAT and autologous chondrocyte transplantation.  Unfortunately he had another knee injury whilst skiing 4 years later resulting in the need for an ACL reconstruction.  b) and c) show the resultant lateral MAT and ACI at the time of ACL surgery. 

			Surgical considerations

			The indications for combined MAT and ACR comprise the integration of the indications for each individual procedure:

			1. A knee with symptoms isolated to that compartment.

			2. A correctable articular cartilage injury.

			3. Joint stability or correctable stability.

			4. Appropriate axial alignment or correctable alignment.

			5. Patient acceptance and understanding of the process of rehabilitation and healing.

			Symptoms that are present but which are not related to the compartment of concern will not be corrected by this combined procedure. In addition, if the patient is truly asymptomatic then it is unnecessary to perform such a complex operative procedure. 

			The area of articular cartilage injury must be correctable regardless of the technique chosen. While the techniques may vary for ACR, no technique is indicated to attempt to completely resurface an arthritic joint. Indeed, the flattening of the femoral condyle seen on radiographs is not only an indication of osteoarthritis but also a contra-indication for MAT.

				

			The abnormal stresses developed secondary to either ligamentous instability or axial malalignment can ultimately cause damage to either the MAT or the ACR. Depending upon the comfort level of the surgeon and the extent of correction required, the procedures to restore stability or correct malalignment can either be staged or else performed concomitantly.

			The ultimate result of this combined procedure is not only dependent upon the surgeon but also the patient. This is a complex procedure and the patient must understand the extent of the surgery, the potential complications and the possibility of a secondary procedure, the challenges of rehabilitation, and the realistic goals of expected function. This partnership or understanding must be established prior to proceeding with this complex surgery.

			Surgical technique 

			There are several different techniques currently utilized for MAT: double-bone plug, bone bridge and no-bone fixation techniques. Each of these techniques is discussed elsewhere in this book and each has its merits. The decision as to which technique to utilize will be surgeon-dependent. There are also several different techniques currently available for the treatment of articular cartilage defects. Some of these technologies are not currently available in North America. Regardless of the technique chosen for either the MAT or the ACR, there are important considerations for the surgical approach to this complex problem.

			The first part of the procedure involves the arthroscopic evaluation of the knee to determine whether it is still an appropriate candidate for MAT and ACR. This is extremely important before creating any bony tunnels for the MAT or arthrotomy for the ACR, especially if the knee has not been evaluated recently. After it is determined that the knee is appropriate, it is recommended to then proceed with all the arthroscopic work associated with the MAT. Simultaneously, the meniscal allograft tissue can be prepared by an assistant. The meniscal allograft tissue can then be introduced into the appropriate position in the knee and fixation of the meniscal tissue can be completed. By placing and fixating the meniscus prior to the ACR procedure, the risk of damage to the ACR can be minimized. The arthrotomy can then be created by extending the incision created for the placement of the meniscal allograft and the ACR performed by the surgeon’s preferred technique.

			If access to the femoral condyle lesion is difficult because the lesion extends posteriorly on the condyle, then it may be appropriate to delay final anterior fixation of the meniscus until the chondral surface has been repaired. This may make it easier to reach the posterior margin of the chondral defect.

			Results

			The overall results of ACR and of MAT as separate procedures have been very successful. However, what are the results of combined ACR and MAT? 

			Seven studies4-10 and one systematic review11 were identified in the literature. These publications spanned 2002-2014. Overall, these studies looked at 163 patients with an average age of 34 years. There were 101 males and 62 females with the involvement of the medial compartment in 101 knees, the lateral compartment in 60 knees and combined medial and lateral pathology in two knees.

			The articular cartilage defects averaged 5.1 cm2 and were treated by multiple techniques: microfracture (2%), autologous chondrocyte implantation (50%), osteochondral autograft (12%) and osteochondral allograft (36%). Regardless of the evaluation system utilized, all the studies demonstrated an improvement in clinical outcomes at post-operative follow-up versus pre-operative evaluation. The average follow-up was 38.2 months. Overall, subsequent surgical procedures were required in 10-40% of patients, with the overall failure rate reported as 12%.

			Discussion

			Injuries to the meniscus continue to be a common problem in the knee. Although techniques for the salvage of torn meniscal tissue have improved, there remain situations that will require either subtotal meniscectomy or functional subtotal meniscectomy. The development of symptoms related to the affected compartment then becomes an indication for MAT. However, if left untreated the symptomatic post-meniscectomy knee can ultimately lead to injury of the articular cartilage. Indeed, it can be debated that the development of pain is actually secondary to the overloading of the articular cartilage, even in the absence of observable cartilage breakdown. A contra-indication for MAT has been greater than Grade 2 chondral injury. With the development of ACR procedures, this has become a treatable condition.

			Articular cartilage injuries can occur for multiple reasons, including meniscal deficiency. The results of ACR in the absence of a functional meniscus have not been as successful as those with a functional meniscus. By utilizing MAT in combination with ACR, it allows for the biomechanical protection of the repaired articular cartilage. The combined procedure of MAT and ACR is indicated in the appropriate knee to restore the symbiotic homeostasis of the knee joint as best as possible. If only one of the procedures is performed - despite indications for both - then the result will be sub-optimal, with eventual failure of the index procedure.

			The reported results of combined MAT and ACR have been encouraging11. Overall, there has been improvement in the symptoms and function of these patients as compared to pre-operatively. Indeed, the results are comparable to those obtained by either MAT or ACR alone. The question of the longevity and durability of this combined procedure is still not clearly defined. Short-term and mid-term results have been similar to those of MAT or ACR as independent procedures. Perhaps it can be assumed that the longer-term results of combined MAT and ACR will continue to be similar to the longer-term results of MAT or ACR alone.

			Combined MAT and ACR should certainly be considered an option for treatment in the appropriate knee. The prognosis if no treatment is attempted will be poor, with the development of osteoarthritis, increased symptoms and decreased function.

			While the long-term results are yet to be determined, if combined MAT and ACR can prolong the longevity of the knee and serve as a bridging procedure, it is well worth performing.

		

	
		
			Conclusion

			There exists a symbiotic relationship between the meniscus and the articular cartilage. The disruption of this relationship, especially by the removal of the meniscus, can result in worsening knee symptoms, decreased function and the development of osteoarthritis. The combined procedure of MAT and ACR can improve these symptoms, increase function and - potentially - slow the rate of osteoarthritis in the affected knee.
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			Chapter 6.3

			Soft Tissue versus Bone Fixation for MAT 

			Juan C. Monllau, Pablo E. Gelber, Xavier Pelfort

		

		
			Take Home Message

			•	Meniscal allograft transplantation performed with either the soft tissue or bone fixation technique leads to good functional and radiographic results at mid-term follow-up. 

			•	There is no current evidence that either of the graft fixation methods provide superior outcomes over the other relative to the functional and radiographic results. 

			•	Recent data suggest that there is a considerably higher rate of complications and allograft extrusion in transplantations performed with only soft tissue fixation. These factors should be considered when choosing the surgical technique.

		

		
			Introduction

			There is controversy regarding the best fixation method for meniscal allograft transplantation (MAT). The first transplanted meniscal tissue was performed some decades ago as part of a massive fresh osteochondral allograft with its corresponding meniscus included to reconstruct posttraumatic defects of the tibial plateau33. However, the transplantation of a meniscus as a free graft was subsequently developed in Germany in the mid-1980s22 and it became popular as a simple method of meniscus transplantation without any bone block at its ends. This was meant as a way to simplify the fixing technique, by securing the graft with sutures alone to the soft tissue of the corresponding host knee compartment.

			Current biomechanical as well as clinical data have provided controversial information relative to the superiority of one fixation technique over the other. This chapter evaluates the available information and evidence.

			Experimental studies

			Based on the first biomechanical investigations, it has been generally accepted that better load transmission is obtained when the meniscal horns of the graft are transplanted with bone plugs (the bony-fixation technique)3,5. However, the study-design of these investigations was somewhat questionable and did not exactly reproduce the time-zero condition of the MAT procedure.

			Recent biomechanical evaluations have questioned these findings14,21. McDermott et al.21 showed that lateral meniscal allografts that were only fixed with sutures made for slightly higher articular surface contact pressure than when they had bone fixation – but the difference was small. In effect, therefore, there is only a small advantage from adding bony fixation to suture fixation. Hunt et al.14 tested the necessity to fix the posterior horn of the medial meniscus trans-tibially with only sutures or with a bone plug attached to it, and demonstrated no difference in mean pull-out strength. The authors concluded that it may not be necessary to use an attached bone plug in the posterior horn for medial transplant fixation, and that the choice of using sutures alone eased the technique of surgery when compared to using a bone plug plus sutures. In addition, other experimental studies have shown good healing of the transplanted allograft when both horns are sutured without bone plug fixation8,25. As a conclusion, no strong evidence currently exists to show the biomechanical advantage of either of the two techniques.

			Clinical studies 

			Meniscal allograft transplantation has come to be well-accepted and has been shown to provide significant pain relief and functional improvement on a short- and medium-term basis. Favourable outcomes with both bony and soft tissue fixation of the meniscal horns are reported in different clinical settings.

			Long-term series (> 10 years) show deterioration of both functional and radiological outcomes over time19. Despite this, a majority of the patients maintain improved scores in comparison with the pre-operative state. The longest series were started in 1984 by Milachowsky et al.22. They reported on their first five patients who had undergone MAT with concomitant ACL reconstructions after 20 years of follow-up. They performed the transplantation with an open procedure and fixed the lyophilized allograft with sutures alone to the capsule, although they further stabilized the posterior horn through a bony bridge in the inter-condylar area in some cases. The five patients showed a Lysholm score ranging from 21 to 97 points, indicating that clinical results were good in some cases. However, all of them showed some radiographic evidence of joint degeneration27. The same study group showed that the results of their first 23 cases of MAT all fixed with the same technique had a mean Lysholm score of 75±23 points at 14 years of follow-up32. They also observed that only those allografts that had been preserved with a deep frozen technique showed good conservation in the magnetic resonance imaging evaluation. Although these long-term follow-up results of early MAT cases appear less than promising, little can be concluded with regard to its soft-tissue fixation. They mostly used lyophilized allografts as well as contra-lateral lateral menisci for medial meniscal transplantation in most cases without recognition of the crucial importance of joint congruity and graft size7.

			Recent short- or mid-term objective evaluation studies provide more favourable results than past studies. There are clinical studies in which satisfactory results have been obtained with the only-suture technique. Some of these studies included trans-tibial fixation of both meniscal horns11, while others included trans-tibial fixation of only the posterior horn19 and others where there was no trans-tibial fixation at all30. While the functional outcomes had improved and no joint space narrowing was detected, the failure rate varied from 6% to 30%. Again, several different variables make these studies difficult to compare.

			Similarly, satisfactory results with a variable failure rate have been reported in series of MAT that were performed with bony-fixation12,17,20,26. In the Ha et al. study12, half of the patients underwent second-look arthroscopy. They observed that complete healing of the grafts was observed at the anterior root, posterior root and meniscal rim in 11 cases (100%), nine cases (81.8%) and 10 cases (90.9%), respectively. Cartilage degeneration was advanced in four cases (36.4%). The definition of failure in MAT varies between studies, as do reported rates. Failure rates ranging from zero12 through to 12.5%17 and reoperation rates of 32%20 up to 45%26 have been published. Interestingly, the studies with a higher reoperation rate obtained an allograft survival rate of 95%, as most of the revision surgeries were performed either as arthroscopic debridement procedures20 or only as partial meniscectomy of the allograft meniscus26.

			It is difficult from this data, therefore, to compare different studies of MAT while only considering the two methods of allograft fixation. This is due to the small number of subjects, different concomitant surgical procedures, various graft preservation methods, and the different outcome evaluation criteria that the different studies have.

			A long-term follow-up study performed by Hommen et al.13 reported the results of 14 medial and eight lateral cryopreserved meniscus allografts after 10 years of follow-up. It is one of the few clinical studies that compare both fixation techniques. In most cases, the grafts were fixed with only the soft-tissue technique, although some of them included a bone plug in the posterior horn. Improvement in the Lysholm score and pain score was seen in 90% of the patients. However, the failure rate was 35% when failure was defined as a Lysholm score of <65 or no improvement in the pain score. When analysing the outcomes with regard to the fixation technique, the bone plug and soft-tissue fixation method yielded similar post-operative Lysholm results (73 and 77, respectively; P=0.32) and similar post-operative pain scores (2.7 and 2.2, respectively; P=0.76). However, the low number of cases of each group makes the comparison statistically weak.

			There was another study that compared soft tissue versus bony fixation between two small groups of patients6. However, the soft-tissue technique was performed with an open surgical procedure, while those MATs performed with bony fixation were operated on arthroscopically. The conclusion in that study was that an open procedure with only soft-tissue fixation led to a higher degree of meniscal allograft extrusion.

			Recently, some clinical comparisons between both fixation methods have been published1,2. In a prospective study of 88 MAT with a mean five-year follow-up, the authors compared 33 of the grafts that were fixed with the only-suture technique versus the remaining 55 cases performed with the bony-fixation method. Both groups of patients were comparable in terms of age, gender, radiographic and functional pre-operative state. There was a significant improvement in the Lysholm, Tegner and VAS scores without differences between groups (p=0.28), while the radiographic evaluation did not show any joint-space narrowing (p=0.34)2. In the same group of patients, magnetic resonance imaging evaluations were performed in order to determine the degree of meniscal extrusion1. In agreement with more recent data reported by De Coninck et al.6, a higher percentage of extruded meniscal tissue in the only-suture technique (p<0.001) was observed. More interestingly, they found a complication rate of 33.3% in patients with the only-suture technique (2 arthrofibrosis, 2 infections, 7 graft tears) along with an allograft failure rate of 9%. In the group of patients who underwent MAT with the bony-fixation method, the complication rate was 16.4% (3 arthrofibrosis, two infections, four graft tears) with an allograft failure rate of 3.6%. It was concluded that MAT with either technique provided similar functional and radiographic results at mid-term follow-up, but there was a considerably higher rate of complications in transplantations performed with the only-suture technique compared to those with bony-fixation2.

			Difference between surgical techniques

			The detailed surgical technique for meniscal transplantation is covered elsewhere in this book, but in overview the two techniques involve graft preparation, arthroscopic preparation of the meniscal bed, insertion and fixation. We include here some specific detail of the procedures in our practice.

			 

			Graft preparation

			Residual synovial tissue is dissected from the allograft at the menisco-synovial junction with a scalpel (Figure 1a). The upper side of the meniscus and the union between the middle and posterior thirds are marked with a skin marker. In the soft tissue fixation technique, the posterior and anterior horns are sutured in a whipstitch manner (Figure 1b) and a suture is passed at the junction between the posterior horn and the body of the meniscus in order to assist with introduction into the joint24.

			Bony fixation can be achieved either with bone plugs (medial meniscus) or a bone bar (lateral meniscus). In the former, two cylindrical bone blocks of 6-7 mm diameter and 8 mm depth are cut at the end of the meniscal attachment ligaments. The whipstitch suture runs through a 1 mm tunnel pre-drilled with a k-wire at the centre of these bone cylinders (Figure 1c). The bone bridge graft is prepared by cutting a 10 mm-deep and 7-8 mm-wide bone graft bar that includes both meniscal anatomical attachments (Figure 1d)24.
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			Figure 1. Meniscal allograft preparation: a) the residual synovial tissue is dissected from the allograft at the menisco-synovial junction using a scalpel; b) in the soft tissue fixation technique, both horns are preferably sutured in a whipstitch manner for later trans-tibial fixation; c) in the bone-plug technique, two cylindrical bone blocks 6 to 7 mm in diameter and 8 mm in depth are left at one or both horns. A suture will then be passed through a 1 mm tunnel pre-drilled with a k-wire at the centre of these bone cylinders; d) a bone bridge meniscal allograft is prepared by shaping a bone bar with a depth of 10 mm and a width of 7 or 8 mm.

			Arthroscopic preparation

			The remaining host meniscus is debrided to get a uniform and stable rim with a good blood supply. Maintaining a rim is important to help with fixation and to limit later allograft extrusion. Radiofrequency trephination can be performed on the peripheral rim to stimulate the healing response and improve repair healing23. Radiofrequency creates an area of synovial necrosis that is substituted by a newly-formed and more vascular synovial layer. To help visualize the posterior horn attachment and for correctly positioning the drill guide, the tibial spine can be flattened with a burr or a limited notchplasty can be performed under the posterior cruciate ligament.

			The soft tissue-only fixation technique

			In the soft tissue fixation technique, we prefer trans-tibial fixation using a whipstitch mattress with a Nº 2 high-strength suture (i.e., HiFi®, ConMed, Largo, FL) rather than a direct suture to the remaining meniscus.

			Two 4.5 mm bone tunnels are drilled at the anterior and posterior horn anatomic

			sites of meniscal insertion, recognizing the importance of accuracy for load transmission and articular cartilage preservation16,28,31, and taking into account the variable anatomy of the anterior horn insertion4,15. Tunnels are drilled with the help of a standard or modified ACL tibial guide (Figure 2) and the sutures are pulled through before securely tying over the tibial cortical surface.

			The allograft is fixed to the rim with a conventional suturing technique. All-inside sutures are preferred for the posterior horn while in the meniscal body and anterior horn - where the allograft cannot be approached with the all-inside devices - it is fixed with an outside-in repair technique24.
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			Figure 2. Trans-tibial MAT fixation: a) two 5 mm bone tunnels are drilled at the anatomic sites of the anterior and posterior horns with the help of an ACL tibial guide; b) the sutures placed at both meniscal horns are pulled through each tibial drilled tunnel and secured over the tibial cortical surface.

			The bone fixation technique

			The bone fixation can be performed with isolated bone plugs at each end or at just the posterior meniscal horns, or else by using a bone bridge and slot technique. If a bone plug technique is chosen, the technique follows the same guidelines outlined in the only soft-tissue technique. Two 8 or 9 mm tibial tunnels (over-drilled by 1 mm) instead of smaller tunnels are preferable. The articular exit of the tunnel can be slightly widened with a burr24. On the medial side, it is usual to use two bone plugs due to the distance between the meniscal horns. On the lateral side, although a bone plug technique can be performed, we consider a bone bridge technique to be preferable. It allows for a reliable and strong fixation and exhibits some additional advantages, despite resecting more bone:

			•	The lateral meniscus insertion sites show little variability

			•	The anterior and posterior horns are close to each other

			•	Taking the bone bridge eliminates the risk of incorrect horn placement

			•	Both horns are slightly lateral to the tibial cruciate ligament attachment footprint, allowing direct access

			The bone bridge procedure requires the creation of a trough in the tibial plateau using the bridge-in-slot technique9. A guide pin connecting the anterior and posterior horns is followed by a drill and the trough is finally shaped with a 7 or 8 mm-width box cutter (Figure 3). The same width- and length-matched size must be obtained with the graft. The instrumentation (J. C. Monllau Meniscal Transplant Set. Surgival, Valencia, Spain) (Figure 4) is brought into the joint to create a lateral or medial portal just in line with the desired position of the planned trough. Alternatively, the so-called keyhole technique, which creates the cross-section of the bridge, such as a keyhole, can be used.

			The graft is placed in its bed by sliding in the bone bar, which can be fixed with interference screws9 or left alone, as the bar is usually stable and kept in place by the joint congruence24. As before, the allograft is secured to the host bed with all-inside or outside-in suturing techniques.
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			Figure 3. Bone-bridge technique: a) a trough is created in the tibial plateau using the bridge-in-slot technique shaped with a 7 or 8 mm-width box cutter; b) arthroscopic view of the meniscal allograft in place.
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			Figure 4. Specifically designed instrumentation (J. C. Monllau Meniscal Transplant Set. Surgival, Valencia, Spain): a) a modified tibial guide; b) 7 and 8 mm-wide bone cutter; c) guide pin and its corresponding drill; d) measurement device for the meniscal allograft.

			Aspects of rehabilitation differences

			No distinction in the rehabilitation protocol is made relative to the fixation technique. Immediate quadriceps and hamstring muscle exercises as well as passive range of motion from 0° to 60° are initiated. Range of motion is progressed gradually to 90° flexion by the end of the first month. Partial weight-bearing with a knee immobilizer is allowed at three weeks and progressed to full weight-bearing at about six weeks. Patients return to a normal workload by the fourth month after surgery. Running and pivoting activities are allowed by the sixth month, depending upon patient compliance.

		

	
		
			Conclusion

			In summary, horn fixation may be achieved through bone plugs (medial meniscus), bone bridge (lateral meniscus), transosseous sutures or (uncommonly) sutures attaching the graft into the meniscal horn remnants. The periphery is fixed through sutures tied on the capsule. It is probable that both bone and suture fixation techniques provide adequate biomechanical and clinical outcomes whenever both are secure and strong enough. Although currently there are no clear significant differences between the use of bone and suture fixation, recent information suggests that the bone on bone fixation is more solid, may have a lower complication rate, and may contribute to avoiding transplant extrusion.
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			Chapter 6.4

			The Role of Biologics in MAT  

			Brian Grawe, Scott Rodeo

		

		
			Take Home Message

			•	The precise role of biologics for the augmentation of meniscal allograft transplantation has yet to be fully determined. 

			•	A myriad of possible options exist in the armamentarium for surgeons performing meniscus transplantation, including the addition of growth factors, gene transfer therapy, MMP inhibition, host response modulation, and cell-based therapy. 

			•	Future work will ultimately need to translate the findings from pre-clinical studies that have evaluated tissue engineering strategies for treatment of the meniscal deficient knee to patients undergoing meniscus transplantation.

		

		
			Introduction

			The menisci represent a pair of complex functioning semicircular-shaped fibrocartilages within the tibiofemoral joint. They act in concert to allow for load distribution, knee joint stabilization, the improvement of joint congruency, and the enhancement of articular cartilage lubrication and nutrition14,21,39,44. When the menisci sustain injury leading to damaged or torn tissue, these functions become compromised, possibly leading to progressive joint degeneration7,42. When repair of the symptomatic meniscal tear is not a feasible option, treatment often involves partial or complete meniscectomy. In select patients with meniscal deficiency, meniscal allograft transplantation becomes a viable treatment option to restore knee kinematics, decrease articular contact stress, and provide pain relief32.

			Clinical outcomes following meniscal allograft transplantation have demonstrated favourable results, with predictable improvements in pain, swelling and knee function16,19. However, there is a paucity of evidence demonstrating complete restoration of meniscal function with allograft transplantation, as the short-term reoperation rates and long-term failure rates have been reported as 32% and 20%, respectively27,35. The application of biologics to provide a more suitable environment conducive to healing and soft-tissue integration of the allograft tissue offers a host of different therapeutic modalities that have received a great deal attention in the recent literature22,36. The term “biologics” refers to natural products that are harvested and subsequently utilized to augment the biological events that are required for tissue healing1. Broad categories that encompass biologics as they relate to therapeutic tactics in conjunction with meniscal allograft transplantation can be delineated into various tissue-engineering strategies along a continuum that includes growth factor augmentation, gene transfer, modulation of the intra-articular environment, and cell-based therapies.

			The precise role of biologics and their therapeutic role in meniscal allograft transplantation have yet to be clearly defined. The focus of this chapter is to appraise the pre-clinical and clinical data regarding approaches that are aimed at improving the biological healing, host integration and remodelling of meniscal allograft transplantation tissue.

			Growth factor augmentation

			Much of what is known with regard to the growth factor activation of meniscal fibrochondrocytes can be extrapolated from their attempted use on healing tears or defects of the meniscus. There is also a large body of work that investigates the potential use of growth factors to manipulate the protein synthesis or cell culture conditions of isolated meniscal cells41. Defining and then targeting specific growth factors that could potentially promote the biological integration and remodelling of meniscal allograft tissue is an arduous task. Generally speaking, the cytokine or protein must be capable of stimulating intrinsic meniscal fibrochondrocytes as well as the cells that repopulate the transplanted tissue, which are likely derived from synovium. The cytokine should positively affect cell proliferation, cell differentiation, cell chemotaxis, cell survival, angiogenesis, and matrix synthesis and remodelling, while maintaining an appropriate balance of the inhibition and activation of proteases within the healing environment. Ideally, the most suitable growth factors would produce anabolic effects on chondrogenesis, preserve the phenotype of the fibrochondrocytes, and be amenable to stable delivery in a scaffold8. Numerous growth factors have been examined for use in meniscal cells. This data are summarized in Table 1.

			Table 1. Studied growth factors on meniscal cells (FGF=fibroblastic growth factor, Human PL=platelet lysate, ECGF=endothelial cell growth factor, PDGF-AB=platelet-derived growth factor, TGF-β=transforming growth factor, HGF=hepatocyte growth factor, BMP-2=bone morphogenic protein, IGF-1=insulin growth factor, DNA=deoxyribonucleic acid).
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			Most relevant to allograft healing is the fact that meniscal cells from different zones (inner, middle and peripheral) can behave differently when they are stimulated with a range of cytokines3. Bhargava et al. demonstrated that DNA synthesis in the cells at the periphery of the meniscus was higher in 10% serum as opposed to the cells in the middle or inner zones. Furthermore, this study found that platelet-derived growth factor (PDGF), bone morphogenic protein-2 (BMP-2) and hepatocyte growth factor (HGF) all produce stimulation of DNA synthesis throughout all three zones of the meniscus. Insulin-like growth factor-1 (IGF-1) increased cell migration from meniscal cells from the middle zone, while interleikin-1 (IL-1) and epidermal growth factor (EGF) stimulated cell migration from the periphery of the meniscus3,22. These positive effects on cell migration were documented as up to a 40-50% difference41. Zone-specific cell migration has important implications in the healing of a meniscal allograft transplant, as the periphery of the tissue serves as the starting point for host-allograft tissue integration. 

			Laboratory studies have also revealed that the concentration of a specific growth factor might be as important as the specific type of growth factor selected for the biological enhancement of meniscus repair and remodelling. Transforming growth factor-β1 (TGF-β1) has been shown to have a dose-dependent effect on the production of collagen and glycosaminoglycan (GAG) components in monolayer cultures of meniscal fibrochondrocytes33,34. These findings in relation to TGF-β1 and its positive effect on meniscal extracellular matrix production were further corroborated by Gunja et al., who demonstrated a 15-fold and eight-fold increase in the production of collagen and GAGs, respectively11. 

			In vivo studies utilizing animal models have focused on the ability of certain growth factors to induce the healing of critical-sized defects in the meniscus. Specifically, hyaluronic acid, platelet-rich plasma (PRP) and endothelial cell growth factor (ECGF) were evaluated in these studies. Suzuki et al. were able to demonstrate an increased rate of healing in defects made in the anterior horn of the lateral meniscus with the use of weekly injections of hyaluronic acid40. Ishida et al.18 demonstrated improved healing of the inner zone defects in rabbit menisci via PRP delivery in a gelatin hydrogel, where the repaired tissue closely resembled fibrocartilage. The work of Zellner et al.46, in contrast, revealed no improvement of healing with PRP delivered in a hyaluronan-collagen composite matrix for the treatment of similar defects. Most relevant to allograft tissue healing, Nabeshima et al. performed a pilot study on the effect of ECGF in improving short-term healing of the allograft tissue to the host joint capsule, as this factor has been shown to produce healing tissue in dog meniscal defects13,30. In this study, the addition of ECGF to the tissue healing interface produced increased healing rates at one week in comparison to both sham and control groups. The ECGF-treated group also demonstrated earlier and more robust cellular repopulation at four and eight weeks. Unfortunately, these promising effects were only short-lived, as none of these differences persisted past the 12-week mark30 (Figure 1).
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			Figure 1. Demonstrates intra-operative photographs of PRP application to aid in the repair of the meniscus.

			Gene transfer

			Gene therapy techniques also offer an attractive and promising option for the enhancement of meniscal allograft healing. Goto et al. were the first to demonstrate the feasibility of this therapeutic approach and its possible application in meniscus healing. Their work demonstrated that it is possible to transduce meniscal cells with both adenoviral and retroviral vectors9. Gene expression persisted for 20 weeks in vitro and three to six weeks in vivo4,9. In a follow-up study, Martinek et al. were able to transfect allograft menisci in an ex vivo fashion with viral vectors encoding for the marker genes lacZ, luciferase and green fluorescence protein26. Although gene expression declined over time, superficial cell layer expression was present for four weeks26.

			Growth factors have also been used in conjunction with gene transfer to the meniscus cells. The principal cytokines that have been studied to date include HGF, TGF-β1 and FGF38. HGF was able to induce peripheral angiogenesis when used in combination with calf meniscal cells on an absorbable scaffold17. In a separate study, the addition of the TGF-β1 gene to cells was shown to increase all types of collagen without altering the ratio between collagen and non-collagen protein synthesis10. Cucchiarini et al. investigated the efficacy of FGF gene transfer on human meniscal cells in vitro. This work showed an increased rate of cell proliferation, along with metabolic activity and cell survival after transfection with the FGF gene6.

			On the whole, the application of gene transfer strategies to improve meniscal allograft incorporation has some potential, with the pre-clinical work still in the very early stages. In the future, several variables must be addressed prior to clinical application: 1) identification of the optimal vector for gene transduction, 2) the ideal combination of genes to be transferred, 3) the most efficacious cell-type to be used, and 4) safety issues38.

			Modulation of the intra-articular environment

			Techniques that modulate the tibiofemoral joint and subsequent post-implantation environment of the healing meniscal allograft tissue could ultimately allow for improved integration and remodelling during host-allograft incorporation. These techniques include the modification of host inflammatory mediators, matrix metalloproteinase (MMP) inhibition and the modulation of the host immune response. Although much of the data regarding modification of the host’s articular response after meniscal allograft transplantation are based on preclinical studies, this line of investigation does provide a framework for future investigations aimed at improving allograft incorporation. 

			Interleukin-1β (IL-1β) is a cytokine that is released after an injury or surgery on a joint41. The presence of IL-1β has been demonstrated to increase the production of MMPs within the fibrochondrocytes of the meniscus, which can lead to matrix degradation. Cell culture models demonstrate that IL-1β suppressed cell accumulation inhibited tissue formation at the meniscal repair site and resulted in decreased interfacial shear strength23. Wilusz et al. demonstrated that chronic exposure of meniscal explants to IL-1β resulted in the decreased interfacial shear strength of the tissue at 14 and 28 days, and no cell accumulation occurred for the initiation of the repair cascade45. This same lab then sought to determine the effect of MMP inhibition in both the presence and absence of IL-1β in isolated meniscal cells from porcine knees. The results of this follow-up experiment demonstrated that MMP inhibition alone allowed for an increase in collagen accumulation at the repair site. More importantly, broad spectrum MMP inhibition in the presence of IL-1β increased the shear strength at the repair site two-fold. Explants exposed to IL-1β alone exhibited increased MMP production, with a resultant decrease in shear strength at the repair site28.

			The long-term clinical relevance of the host immune response in response to meniscal allograft transplantation has yet to be determined36. Second-look biopsies performed by Rodeo et al. at a mean of 16 months after meniscal transplantation demonstrated cellular repopulation of the allograft tissue with cells expressing phenotype markers for both synovial cells and fibroblasts (Figure 2). Some of the biopsy specimens did contain a small number of immunoreactive cells (B-lymphocytes or cytotoxic T-cells); however, these findings did not correlate with clinical outcomes and there were no cases of frank rejection37. It has long been know that meniscal allograft tissue contains class I and II histocompatibility antigens20, and it has also been shown that this can lead to host sensitization43. However, there is only one case report in the literature concerning acute host rejection of a cryopreserved allograft12.
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			Figure 2. a) Photomicrograph of a meniscal allograft biopsy, with cells mainly at the edge of the tissue; b) Deeper tissue demonstrates incomplete cellular repopulation.

			Taken in concert, this information likely means that acute rejection of a meniscal allograft is unlikely to affect short-term outcomes; however, a subtle immune response could contribute to delayed graft-healing, impaired revascularization, persistent knee effusions, graft shrinkage or graft degeneration37. It is clear that a better understanding of the host immune response towards meniscal allograft tissue could ultimately lead to better strategies to improve the biological healing of the graft. From a therapeutic standpoint, it might be preferable to prevent cellular repopulation, thus avoiding the decrease in intrinsic tissue biomechanical properties associated with matrix remodelling that occurs with cellular repopulation. This approach would require the implantation of the tissue with viable cells combined with methods to ensure the survival of the implanted cells. Future studies should focus on the possible utility of preserving transplanted cells, modulating the host immune response and allowing for the viable transplanted tissue to synthesize matrix molecules and repair microscopic matrix damage. 

			Cell-based therapies

			Multiple potential sources for cells exist for use in tissue engineering strategies for meniscal healing and allograft integration. Potential cell lines can be principally divided into the categories of differentiated and undifferentiated cells. Fibrochondrocytes, synovial membrane cells, fat pad cells and allogenic chondrocytes have all been investigated as possible options for use as differentiated cells lines in meniscal tissue regeneration22. Ideally, the best tissue would be sourced from a resident location, i.e., the meniscectomized meniscus itself or the non-weight bearing articular cartilage of the knee43. Separate studies by Nakata et al. and Baker et al. have demonstrated the feasibility of expanding human meniscal cells after post-surgical harvesting following a surgical partial meniscectomy2,31. In a similar fashion, pre-clinical work performed by Marsano et al. demonstrated that articular cartilage cells have the potential to generate tissue similar to the meniscus when subjected to appropriate mechanical stimuli24. A later study by Marsano et al. then sought to compare the utility of various differentiated tissue types for the purposes of the tissue engineering of biological meniscus constructs. This follow-up investigation demonstrated that only articular cartilage cells were able to produce tissue resembling the meniscus when placed in a pellet culture and delivered via a scaffold to a nude mouse animal model (in contrast to cultures of the inner meniscus cells, fat pad cells and synovial membrane cells)25. This pre-clinical work offers some promise; however, issues of stable delivery, the number of available cells and donor site morbidity present significant challenges in the application of these cell sources as therapeutic options for meniscal allograft transplantation.

			More recent work has focused on the potential of mesenchymal stem cells as a source of undifferentiated cells for tissue engineering strategies for the improvement of meniscal healing. The findings from this pre-clinical work could possibly be extrapolated to techniques to improve host-allograft healing and eventual graft remodelling. The primary advantages of utilizing progenitor cells are that they can be harvested from various sites in the body, that they are available in relatively large quantities, that they can be expanded in an ex vivo fashion, and that they are multi-potent in nature4. MSCs have also been described as trophic mediators by Caplan et al., whereby the cells not only provide a substrate for healing and regeneration but also secrete paracrine factors that can enhance the tissue repair response5. Mesenchymal stem cells can be derived from several sources, including bone marrow, the synovial membrane, peripheral blood and adipocytes. True MSCs are characterized by a specific cell surface marker profile (positive for cell surface markers CD 73, CD 90 and CD 105, and negative for CD11b, CD34, CD45 and HLA-DR), and bone marrow-derived stem cells (BMSCs) are the most readily used for orthopaedic surgery applications15. Recently, a study by Zellner et al. investigated the possible use of BMSCs for the augmentation of a punch defect in the avascular zone of a rabbit menisci. Hyaluronan-collagen matrices were seeded with no cells, PRP, autologous bone marrow or autologous mesenchymal stem cells (marrow-derived). The study revealed that, after 12 weeks, the matrices seeded with stem cells demonstrated meniscus-like repair tissue.

			Although the promise of cell-based therapy offers enormous potential, future work stills needs to elucidate many factors, including the appropriate concentration of cells to be delivered, the role of concomitant growth factor applications, the optimal scaffold for cell delivery, and the most efficacious cell line27. A further limitation includes the small number of actual cells that are derived from sources such as bone marrow (roughly 0.01% of the total mononucleated cells)29.

		

	
		
			Conclusion

			The precise role of biologics for the augmentation of meniscal allograft transplantation has yet to be fully determined. A myriad of possible options exist in the armamentarium for surgeons performing meniscus transplantation, including the addition of growth factors, gene transfer therapy, MMP inhibition, host response modulation, and cell-based therapy. Future work will ultimately need to translate the range of pre-clinical studies that have evaluated tissue engineering strategies for meniscus repair/regeneration, for possible use in augmentation of meniscus transplantation.
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			Challenging Indications for MAT – the Osteoarthritic Knee  
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			Take Home Message

			•	This chapter challenges the view that meniscal allograft transplantation is contra-indicated in the osteoarthritic knee.

			•	Data indicate that a meniscus allograft can survive for up to 15 years in the presence of treated grade IV arthrosis in the same compartment. 

			•	It is unknown whether the meniscus functions as a normal meniscus or simply as an inter-positional soft-tissue arthroplasty. 

			•	Meniscal allograft transplantation can be used in higher-risk patients with reasonable expectations of allograft survival.

		

		
			Introduction

			The meniscus in the knee joint acts as a joint stabilizer and shock absorber as the femoral condyle bears weight on the tibia, translating and rotating on the tibial plateau. The function of this joint cartilage is lost even with partial resection11. As a result, the knee transmits force in a concentrated area, leading to early articular cartilage wear and arthritis8,12,13. The removal of the meniscus, whether complete or partial, often leads to pain2,9. Patients without an intact meniscus have few choices: live with the pain; use injections, such as hyaluronate; undergo joint debridement procedures; osteotomy; meniscus regeneration with a collagen scaffold; meniscus allograft transplantation; or artificial joint replacement. 

			The preservation of the meniscus by suture repair became somewhat popular with the advent of arthroscopy and suturing devices, as popularized by Johnson et al.10. The belief that only peripheral tears could heal was further emphasized by landmark images published by Arnoczky revealing that only the peripheral third of the meniscus had a blood supply1. The corollary that the inner margin tears of the avascular portion of the meniscus could not be repaired was not demonstrated; however, it became incorporated into popular belief.

				

			Subsequent studies by Richard Webber have demonstrated that the cells of the meniscus can be grown in a tissue culture and can migrate25. Studies by Stone et al. demonstrated that the meniscus could be regenerated when provided with an appropriate regeneration template made of GAG cross-linked collagen sponges in both dogs and humans20. Meniscus reconstruction using these templates is referred to as a “collagen meniscus implant” (or CMI), and was briefly approved for use in the US and is available for clinical use in Europe. 

				

			The replacement of the meniscus with artificial materials has usually failed, although some early encouraging data have been reported with an Actifit device made of polyurethane5,24. However, the appearance on follow-up of this device by MRI was discouraging24. 

			Meniscus allograft transplantation was first performed in humans at the turn of the century, but the cases of Milachowski in 1986 stimulated renewed interest in the field14. The procedure did not become more widely used until the advent of organized tissue banks in the late 1990s. Early efforts at meniscus allograft replacement in knees with pristine surrounding cartilage appeared to provide pain relief and durability3,10,16-18,23. The view became established that meniscus transplantation should be reserved for the healthy young knee,4,7,15,17,26 as it was believed that there would be little benefit and even less survival in the arthritic knee. 

			However, it is the arthritic patient who often complains of uni-compartmental pain, who is missing the meniscus, and who is often too young or too athletic to consider artificial joint arthroplasty. The few instances in which a meniscus allograft was placed in an arthritic knee were reported to have poor results6,27. This became the often-repeated lore at many clinical orthopaedic meetings. Nonetheless, patients who need meniscus replacement are most often 30-60 year-olds who have lost their meniscus - often due to participation in sports in college - with resulting compartmental arthritic development. These patients wish to continue living an active lifestyle and want to delay artificial joint arthroplasty until they are older. To serve this need, and to answer the question “Can meniscus replacement be performed in an arthritic knee and will it last?” we conducted a prospective outcome study and reported the results in the May 2006 issue of Arthroscopy: The Journal of Arthroscopic and Related Surgery22. Subsequent results combining articular cartilage repair techniques with meniscus allograft transplantation were reported in the July 2010 issue of the Journal of Bone and Joint Surgery [Br]19. 

			Patient selection

			Who is a surgical candidate for a meniscus allograft transplant? Certainly, a young person who has lost his lateral meniscus to an unfortunate injury or surgery is the most compelling case. Loss of the lateral meniscus in a young person always leads to significant degenerative arthritis, which must be prevented by aggressive efforts to repair or replace the meniscus at the time of injury.

				

			Loss of the medial meniscus in a young person is slightly less urgent. Some joints degrade quickly after meniscectomy, and others degrade over the course of decades. The most common reason for a near total meniscectomy today is the very large bucket-handle tear which, whether due to lack of skill, confidence or belief in healing potential, the surgeon removes rather than repairs. It is this meniscectomy, a failed repair, a comminuted and degenerated meniscus or a cystic meniscus which the surgeon excises and which often leaves the patient unprotected. 

			Arthritic knees present the most challenging picture, yet the arthritic patient between the ages of 30 and 60 who has lost his meniscus playing high school or college sports and who presents with predominantly uni-compartmental arthritis is the largest patient population asking for biological rather than artificial joint replacement. Unique challenges facing arthritic patients include factors such as their age and the severity of any arthrosis. These patients know the temporary nature of artificial materials; they know the impact of sports restrictions; they have heard the horror stories of revisions and infections of artificial joint replacements. They ask the question: “Doc, isn’t there something you can insert into my knee as a shock absorber?”  They are content if the shock absorber can last even five years, and if it can be done arthroscopically they expect that the surgeon will be able to repeat the treatment if the allograft fails or that they will have eventually gotten “old enough” for a knee replacement.

			But how arthritic is too arthritic? What are the inclusion and exclusion criteria? Clearly, inflammatory arthritis would constitute too enzymatically and biochemically degradative an environment for cartilage transplantation of any type. The complete eburnation of a compartment with uncorrectable axis deformity that prevents insertion of a new meniscus would lead to rapid failure.  However, how much axis deformity is acceptable?  

			Can the eburnation be treated with a cartilage-grafting procedure?

			In patients who refuse (or are too young or active for) artificial joint replacement, a cartilage repair procedure, such as a paste graft, can be combined with a meniscus transplant in the bipolar eburnated knee (Figure 1). The issue of whether or not to perform an osteotomy is the surgeon’s choice21. One might speculate that an osteotomy alone for grade IV arthritis might have been satisfactory, but the outcomes of osteotomy are short-term, the recovery period is long, and the risk of complications is high. Conversely, adding a meniscus transplant to an osteotomy might improve the outcome in the meniscectomized knee. However, a long-term study of meniscus transplantation combined with articular cartilage repair (2-12 years) revealed no difference in outcomes for malaligned knees with up to seven degrees of pre-operative varus or valgus19. Therefore, many patients choose to avoid the disability and pain of an osteotomy and simply treat the missing articular and meniscus cartilage. Ignoring the mild-to-moderate angulation deformity makes for much faster recovery with less risk.
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			Figure 1. Meniscus allograft in the arthritic knee. A) Pre-operative PA flexion radiograph of a 39-year-old male one-year post-meniscectomy with noticeable joint-space narrowing; B) Pre-operative coronal MRI documenting lateral meniscus bucket-handle tearing and bipolar cartilage lesions; C) Arthroscopic view of the right knee bucket-handle tear displaced into the inter-condylar notch; D, E) Eburnation of the femoral condyle and tibial plateau; F) Micro-fracture of the tibial plateau; G) Placement of the meniscus allograft; H) Arthroscopic view of the allograft 17 months post-operatively; I) AP radiograph five years post-operatively showing improved joint space; J) Five-year post-operative coronal MRI revealing the presence of the transplanted meniscus and maturing degenerative changes.

			What is the work-up?

			Careful history-taking and physical examination

			Careful history-taking and detailed physical examination is the initial step. The location of the pain is one of the early inclusion or exclusion data points. Pain must be primarily uni-compartmental. If the patient complains of pain throughout the knee, a compartment repair is not likely to be sufficient. 

				

			Subjective pain and functioning improvement are important considerations in determining success. A history of litigation, worker’s compensation conflicts, anger at former physicians, unwillingness to take time for the rehabilitation programme or unrealistic expectations of having a “normal knee” are subjective concerns which, in our hands, often lead to exclusion.

				

			In the physical exam, observation of the patient walking and attempting to run (even in short bursts, e.g., “just to get out of the way of an oncoming truck”) is usually sufficient to reveal gait abnormalities that are either correctable or fatal for the biological repair. Significant postero-lateral thrusts require osteotomy or total joint replacement. Collapsing arches with loss of motion in the ankle joints require treatment with various modalities, such as heel wedges and orthotics. Loss of hip rotation and limping from causes outside of the knee joint must be addressed before consideration of biological joint reconstruction can proceed.

				

			The overweight patient presents unique challenges to biological joint reconstruction procedures and can be counselled to optimize his weight and training programme. All patients are encouraged to focus on a core-strengthening programme with a diet supporting weight-loss and strengthening. 

				

			An instability examination, focusing on the presence of a pivot shift, is conducted to assess the ACL. Tests for PCL, medial, lateral, posterior and postero-lateral instability are conducted. These can be corrected during the same surgery if the diagnosis is made in advance.

				

			The patello-femoral exam is focused not only on the presence of the common occurrence of crepitus but also on the presence of pain with loading. Significant anterior knee pain sometimes only requires the treatment of osteochondral defects or arthrofibrosis. If the anterior knee pain is mechanical in nature and uncorrectable, then biological reconstructions are not indicated.

				

			The presence of painful medial or lateral osteophytes should be identified and removed. Removing these impinging osteophytes leads to improvement in validated subjective questionnaire pain scores (WOMAC, IKDC, Tegner questionnaires) in our experience.

				

			Patients living with joint pain change their gait, lose muscle definition, wear out their shoes abnormally, and are often unaware of how much they compensate in life for these deformities. A careful physical therapy assessment and training programme concurrent with surgery and for up to a year post-operatively can dramatically improve the outcome of the biological knee reconstruction procedure. 

				

			If the opposite knee is abnormal, then the correction of one knee without addressing the other knee leads to abnormal gait and incomplete satisfaction. Generally, significant bilateral varus malalignment and eburnation is better treated with artificial joint arthroplasty in middle-aged and older patients. 

			 	

			Ligament reconstruction - if instability is present - should be performed simultaneously with meniscus cartilage transplantation. The common scenarios include anterior cruciate ligament (ACL) deficiency with and without postero-lateral corner laxity and the combination of posterior cruciate ligament (PCL) laxity with medial osteoarthritis. In our experience, even in the arthritic knee, ligament reconstruction is beneficial so long as the meniscus is replaced and the arthritic cartilage surface is treated. The fear that the joint will be made “too tight” and produce more pain is unfounded. The biggest risk in all of these procedures - but especially in cases of combined ligament and meniscus transplantation - is the development of arthrofibrosis, which must be combated by an early range-of-motion (ROM) programme. 

			Careful imaging studies

			We use current AP, 45-degree PA flexion, lateral, skyline and full-length hip-to-knee X-ray images on all knees considered for cartilage replacement. We also use a high-field dedicated extremity 1.0 Tesla MRI (ONI Corporation) for all knees with sequences optimized for cartilage imaging.

				

			The most important reason for the MRI in the obviously arthritic uni-compartmental knee is to be sure of the status of the cartilage in the opposite compartments and to assess the degree of osteonecrosis, if present. Neither X-ray alone nor MRI alone is sufficient. Additionally, to research the outcome of the cartilage transplantation procedures, pre-operative and post-operative MRIs with cartilage-optimized sequences are the preferred imaging method.

			Results and lessons learned from our first 247 cases

			The published data of our prospective longitudinal survival study of meniscus allograft replacement presented survival data for 115 patients (119 allografts) with significant arthrosis (Outerbridge grades III-IV). The mean age of patients in the study was 47 years (range, 14 to 73 years).

				

			Failure was established by previous studies as the removal of the allograft without revision or else progression to a total or uni-compartmental knee replacement. Thirteen patients were lost to follow-up. The success rate was 94 out of 119 allografts (79.0%) with a mean failure time of 4.6 years. Of these, 18 progressed to knee replacement at a mean of 5.1 years (range, 1.3 to 10.4 years). The Kaplan-Meier estimated mean survival time for the whole series was 9.9 ± 0.4 years (95% CI). Cox’s proportional hazards model was used to assess the effect of the covariates on survival, with age at the time of surgery (p = 0.026) and number of previous operations (p = 0.006) found to be significant. Patients experienced significant improvements at all periods of follow-up in subjective outcome measures of pain, activity and function (all p-values < 0.05), with the exception of the seven-year Tegner index score (p = 0.076), as assessed by a Wilcoxon rank-sum test. 

				

			Data from our study on meniscus transplantation in previously high-level athletes (presently in review for publication) followed patients at two, three, five, seven, 10 and 15 years post-operatively. Patients with a pre-injury Tegner Activity score of ‘8’ or higher and OB grade II or IV were included in the study for a total of 49 patients.

			Failure was broadened from previous published studies to include revision meniscus transplantation as well as unresolved pain. These criteria were in addition to previously established failure criteria of surgical removal or progression to arthroplasty. The Kaplan-Meier mean estimated survival time for this athletic population was calculated at 12.6 ± 0.7 years (95% CI, 11.2–14.0 years). Eleven (22.4%) meniscus transplants failed between 1.4 and 14.7 years at an average of 5.2 ± 4.4 years. Patients reported significant improvements in pain and function levels throughout the course of the two-to-15 year follow-up period and persistent significant improvements in activity levels starting at three years post-primary meniscus transplantation. We did not find any hazardous effect of potentially confounding clinical variables on transplant survival in the study population. This study shows that meniscus transplantation can improve pain and function levels in patients while simultaneously allowing them to participate in moderate-to-high-level sports activities.

				

			In total, our clinic performed 247 meniscus allograft transplantations in 219 (163 male and 56 female) patients to treat 229 unique meniscus injuries between March 1997 and December 2012. The mean age at the time of primary implantation was 45.5 ± 11.7 years old (range, 14 to 76 years). 

				

			Of the 229 primary meniscus allografts, 16 (7.0%) required at least one revision. Patients underwent primary revisions at an average of 1.17 ± 1.21 years (range, 35 days to 4.04 years) after primary meniscus allograft transplantation. Two (12.5%) of the 16 revised transplantations required a second revision, one at 10 weeks after primary revision and the other at 11 weeks after primary revision (15 weeks and 3.5 years after primary transplantation, respectively). Two (12.5%) of the 16 revised transplantations progressed to a total knee replacement, one at 3.3 years after primary revision, and the other at four months after primary revision (3.9 years and 216 days after primary transplantation, respectively). One (6.3%) of the 16 revised transplantations progressed to a uni-compartmental knee replacement 2.2 years after primary revision (4.4 years after primary transplantation). One (6.3%) of the 16 revised transplantations was removed 1.1 years after primary revision (1.7 years after primary transplantation). 

				

			The remaining 213 primary meniscus allograft transplantations did not undergo any revision surgeries; however, 11 (5.2%) progressed to a total knee replacement at a mean time of 5.9 ± 3.6 years (range, 10 months to 10.4 years), 11 (5.2%) progressed to a uni-compartmental knee replacement at a mean time of 3.4 ± 2.2 years (range, 9 months to 7.4 years), and nine (4.2%) were removed at a mean time of 3.2 ± 2.6 years after primary transplantation (range, 1.0 to 9.0 years).

				

			As of December 2012, 180 (78.6%) of the 229 meniscal injuries treated with meniscus allograft transplantation are successfully providing reduced pain, improved function and increased activity levels as compared to pre-surgery for the patients. Improvements noted in pain and functioning may be attributed to the transplant, the rehabilitation programme, the attentive care of the medical team or the concomitant procedures. For our study, the concomitant procedures deemed significant based on possible effects on transplant survival include articular cartilage paste grafting, micro-fracture, ACL reconstructive surgery, postero-lateral corner reconstruction and/or meniscal repair meniscectomy in the compartment opposite the transplant site. 

				

			Of the 229 primary meniscus allograft transplantations, 115 (50.2%) also required cartilage repair surgery, including articular cartilage paste grafting, micro-fracture or else a combination of the two. Ten (4.4%) of the allograft transplants were placed while also performing ACL reconstructive surgery. Five (2.2%) were placed while performing a postero-lateral corner reconstruction. Forty-two (18.3%) received a combination of two or more concomitant procedures. We observed a 75.7% (128 of 169) survival rate for all primary meniscal allograft transplants that were performed with one or more concomitant procedures. The remaining 57 (24.9%) primary meniscus allograft transplants were placed without any significant simultaneous procedures, and of these there was an 86.0% (40 of 57) survival rate. 

				

			Meniscus allografts can survive in a joint with arthrosis, challenging the contra-indications of age and arthrosis severity. Figure 1 is representative of the level of arthrosis and long-term outcomes observed in the patients of this study. These results compare favourably with those in previous reports of meniscus allograft survival in patients without arthrosis3,10,16-19,23.

			Summary of results

			Our experience confirms that a meniscus allograft can survive for up to 15 years in the presence of treated grade IV arthrosis in the same compartment. Whether it functions as a normal meniscus or simply as an inter-positional soft-tissue arthroplasty is unknown. Compared with other outcome studies, the patients in this study had successful meniscus allografts despite being older and having well-documented severe degenerative disease, both of which were previously believed to be contra-indications for meniscal allografts. Our results show that meniscal allograft transplantation can be used in higher-risk patients with reasonable expectations of allograft survival, as well as in athletes who return to sports. The previous limitations of age and severity of arthrosis are overstated, and these results are comparable to those of other studies in which patients were younger and without arthrosis.

		

	
		
			Conclusion

			Injury and arthritis lead to significant disability. Traditional methods for the treatment of cartilage damage in the knee have focused on the removal of damaged tissue and eventual artificial joint replacement. Current thinking supports the regeneration and replacement of damaged tissue, including the articular and meniscus cartilage. The data and techniques presented in this chapter demonstrate long-term survival of the replaced tissues and improvement in joint function. The future of joint replacement lies in the biological rather than the bionic realm.
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			Chapter 7

			Surgical Techniques 

			Chapter 7.1

			Soft-tissue Fixation Through Two Bone Tunnels 

			Peter Verdonk , Tim Spalding, Ben Parkinson, Cathal Moran

		

		
			Take Home Message

			•	This technique allows the insertion of the meniscal allograft without bone plugs.

			•	Secure fixation of the meniscal horns is achieved through bone tunnels at the attachment sites.

			•	Peripheral fixation is achieved using a combination of all-inside and inside-out suture systems.

			•	With attention to detail, this technique has several advantages over the use of bone blocks and has been shown to provide comparable results.

		

		
			Introduction

			Arthroscopic meniscal allograft transplantation with soft-tissue fixation offers several advantages over bone-plug techniques. It allows for a less complicated and more minimally-invasive technique, while obtaining stable and secure graft fixation. This chapter details the factors in deciding the merits of soft-tissue fixation versus bone-plug or bone-bridge fixation techniques and describes our minimally-invasive arthroscopic technique. 

			Soft-tissue versus bone-plug fixation techniques

			Controversy persists regarding the advantages of soft-tissue versus bone-plug fixation for the meniscal roots. Several early cadaveric biomechanical studies showed that bone-plug fixation provided better strength than soft-tissue fixation2,3,7,12. However, more recent biomechanical studies have found no advantage with the addition of bone plugs8,10. Meniscal transplants secured by soft-tissue fixation only have shown histological advantages compared to bone-plug fixation grafts. Significantly higher cellular viability and collagen organization was found on biopsies of grafts secured by soft-tissue fixation only14. This may be related to a higher immunological host-response caused by the addition of bone plugs. Another disadvantage of bone-plug grafts is the risk of increased articular cartilage damage if they are malpositioned9,16.

			When the secure and stable fixation of the meniscal graft is obtained, it will allow the biological healing of the horns and peripheral rim4. This is supported by a meta-analysis and multiple clinical studies that have shown comparable graft survival and outcomes between the two different fixation techniques1,5,6,11,13,15,17-23.

			Surgical technique

			Overview of the principles behind the surgical technique 

			The technique involves dissecting the meniscus off the donor tibial plateau and preparing each end with non-absorbable sutures. The sutures are then led through carefully-placed bone tunnels in the prepared meniscal horn insertion sites. The graft is passed into the knee through a working portal and fixed in place with a combination of all-inside devices and inside-out suture loops tied over the capsule. Sutures for the anterior and posterior horns are tied over a bone bridge on the proximal tibia (Figure 1).
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			Figure 1. Artistic representation of a lateral meniscal allograft transplant.

			The key stages are:

			1. Patient positioning

			2. Graft preparation

			3. Knee arthroscopic evaluation

			4. Recipient bed preparation 

			5. Posterior and anterior horn insertion site preparation

			6. Posterior and anterior horn tunnel creation

			7. Middle traction suture placement

			8. Graft passage

			9. Graft fixation

			10. Final suture fixation

			11. Wound closure 

			12. Post-operative rehabilitation

			Technique options

			Two initial decisions need to be made relating to parachuting the graft into the knee and preparing the suture tunnels.

			Decision 1. Same or contra-lateral compartment insertion of the graft? The favoured technique is to insert the graft from the contra-lateral portal (medial portal for the lateral meniscus and lateral portal for the medial meniscus) while maintaining the arthroscope in the affected compartment. Depending upon previous scarring or personal preference, the graft can be inserted from the same side of the knee if desired.

			Decision 2. Preparation of the anterior horn suture tunnel before or after insertion of the graft? With a well-sized graft, the favoured technique is to prepare both posterior and anterior horn suture tunnels prior to insertion. However, if there is doubt about adequate graft size, then the anterior horn tunnel can be fashioned later, once the most appropriate position has been chosen, and tailored to the graft.

			1. Patient positioning

			The procedure is performed under general or regional anaesthesia with appropriate prophylactic antibiotics. The patient is supine on the operating table with a thigh tourniquet, single-thigh side-support and a footrest supporting the knee at 90 degrees. For a lateral meniscal transplant, the knee will be moved to the figure-of-four position. For a medial meniscal transplant, the leg will be abducted and rested against the outer hip of the operating surgeon. 

			2. Graft preparation

			The meniscus allograft is usually supplied as a medial or lateral hemi-plateau with the meniscus attached as shown in Figure 2a. The graft is confirmed to be of the correct side and limb prior to the initiation of anaesthesia, and is thawed to room temperature as per the tissue bank’s specific instructions (usually about 15 minutes in warm water or one hour at room temperature). Preparation prior to the start of surgery or preparation by an assistant during the initial arthroscopy helps minimize tourniquet time.

			 

			The periphery of the meniscus needs to be trimmed to the true margin of the meniscus and freshened with a sharp blade or needle to aid integration and healing. The superior surface of the meniscus is marked to aid in orientation. 

			In the case of the lateral meniscus, the most anterior margin of the popliteal hiatus is also marked and a No. 2 non-absorbable suture is placed as an oblique vertical mattress. For the medial meniscus, a similar vertical mattress suture is inserted 40% of the circumference from posterior to anterior. These sutures represent the middle traction suture (Figure 2b). The meniscus is sharply dissected off the plateau and care is taken to de-bulk the attachment point of the meniscal horns of any excess soft tissue. 

			The anterior and posterior horns of the allograft are then prepared. Number-two Ultrabraid (Smith and Nephew) sutures are placed into the posterior and anterior roots using a modified whip stitch, passing the suture a minimum of three times along the meniscus and back again to ensure a good hold (Figure 2c). It is important to ensure that the sutures emerge on the inferior aspect of the footprint of the meniscal root. 

			The prepared graft (Figure 2b) is then wrapped in a vancomycin-soaked swab (500 mg in 100 ml saline) in order to reduce the risk of bacterial infection, and is placed securely on the scrub table awaiting implantation.
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			Figure 2. a) Meniscal allograft as supplied by the tissue bank; b) Prepared meniscal allograft with meniscal root sutures and a middle traction suture; c) A whip stitch along the meniscal horn, exiting through meniscal root footprint.

			3. Knee arthroscopic evaluation

			The thigh tourniquet is inflated after all the draping and preparation has been performed to minimize the tourniquet time for the surgery. Longitudinal antero-medial and antero-lateral arthroscopy portals are made to allow for later extension and positioned just next to the patella tendon. 

			A complete arthroscopic examination and assessment is performed documenting the state of the joint surfaces and treating any co-existent pathologies. Particular attention should be paid to the integrity of the opposite compartment if a concomitant offloading osteotomy is to be performed. 

			Chondral lesions in the affected compartment are treated, noting that the optimal indication for transplantation is the chondral surface, showing changes of ICRS grade 3a or less. Small areas of bare bone (ICRS grade 3b or c) can be treated by the micro-fracture procedure. Treatment options for larger cartilage defects include micro-fracture and cartilage transplantation.

			4. Recipient bed preparation

			The host meniscus is assessed and prepared by resecting the remaining meniscal tissue using a combination of arthroscopic punches and a shaver to leave - where possible - a 1-2 mm peripheral vascular rim of native meniscal tissue that will support the meniscal allograft. The recipient bed and synovium are rasped using a diamond tip rasp and fenestrated with a micro-fracture awl to assist with the healing and vascularization of the graft (Figures 3a-d).
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			Figure 3. a) Pre-transplant arthroscopic image of an extruded and deficient lateral meniscus after prior meniscectomy; b and c) Straight and 90-degree punches are used to resect the residual meniscal tissue to the vascular rim; d) A chondral pick is used to puncture the meniscal rim and to encourage bleeding and vascular ingrowth.

			5. Posterior and anterior horn insertion-site preparation

			The tunnel positions for meniscal root attachment points, as shown in Figure 4, are identified in the knee. 

			For the medial meniscus: 

			• The posterior horn insertion is just posterior to the medial tibial spine in a small fossa.

			• The anterior horn-insertion point is anterior and medial to the insertion of the ACL on the superior surface of the tibial plateau. 

			For the lateral meniscus:

			• The posterior horn insertion is just posterior to the ACL, between the tibial spines. 

			• The anterior horn insertion is identified anterior to the lateral tibial spine and just lateral to the ACL. Some of the ACL attachment fibres may cover the meniscal insertion, and these can be elevated to show the insertion. 

			The meniscal horn insertion sites are prepared using a combination of an angled punch to resect the remaining meniscus, a meniscal shaver and a closed cup curette, exposing sub-chondral bone over a 5-6 mm diameter area.

			[image: ]

			Figure 4. Illustrative image of the meniscal root insertion sites.

			6. Posterior and anterior horn tunnel creation

			To prepare for the bone tunnels of the meniscal horn sutures, a 2 cm horizontal skin incision is made on the proximal tibia. The incision is made on the opposite side of the tibia to the meniscus being transplanted. On the medial side, this is just above the hamstring tendon insertion on the bare area of the tibia, and on the lateral side this is just under the flare of the antero-lateral tibia. A 1 cm area of bare bone is exposed, elevating the tissue and the periosteum. The knot of the anterior and posterior horn sutures will later be tied over a bone bridge and buried close to the bone in order to avoid subcutaneous irritation. 

			As mentioned earlier, our preference is to create a working portal on the side that is contra-lateral to the affected compartment and view from the affected side; for example, a medial working portal and a lateral arthroscopy portal for a lateral meniscal graft. The working portal is created by extending the relevant longitudinal arthroscopy portal to 2 cm, followed by insertion of a silicon cannula (10 x 20 mm cannula in thin patients or 10 x 30 mm cannula in larger patients) (Figure 5d). 

			The meniscal allograft transplantation drill-aimer guide is inserted through the working portal and positioned in the posterior horn insertion point (Figure 6). The drill-guide sleeve is then inserted into the handle and positioned onto the tibia through the prepared incision. The posterior horn suture tunnel is drilled with a long 2.4 mm diameter beath pin, visualizing the tip emerging through the bone. The guide wire is over-drilled with a cannulated endobutton 4.5 mm drill (Smith and Nephew), leaving the tip carefully positioning just proud of the tibial plateau surface. A closed-cup curette can be used to help protect inadvertent damage to the articular surfaces and to help retract meniscal tissue, aiding visualization. The guide wire is removed, leaving the endobutton drill bit in situ. A loop of 2/0 prolene is passed through the endobutton 4.5 mm drill bit on a suture passer and is retrieved through the working portal using a suture manipulator (Figure 5a). The 4.5 mm drill is removed, leaving the suture in situ. The free end of this lead suture is then passed through the loop and clipped so that it hangs unsupported out of the way.

			The meniscal transplantation drill-aimer guide is reintroduced through the working portal. The tunnel for the anterior horn is drilled in the centre of the attachment footprint with the same sequence of steps (Figure 5b). The suture ends are brought out through the working portal, clipped and hung to the opposite side of the knee (Figures 5c and d). The suture manipulator is run along the sutures to ensure that there is no twisting or inadvertent creation of a soft-tissue bridge.
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			Figure 5. a) Posterior root insertion site for the lateral meniscus. The lead suture is passed through the 4.5 mm cannulated drill and retrieved through the working portal; b) 4.5 mm cannulated drill in position for the anterior root insertion site of the lateral meniscus; c) Arthroscopic image of the lead sutures passing out through the working portal; d) Photograph of the medial working portal with the lead sutures for a lateral meniscus allograft. 
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			Figure 6. Artistic representation to illustrate the aimer guide on the lateral meniscus posterior root insertion site.

			Alternative technique for anterior horn tunnel preparation 

			If the size of the graft is considered to be potentially small, then the anterior tunnel can be drilled after the insertion of the meniscus in order to allow for this to be positioned slightly away from the anatomic position. This will optimize tibial plateau cover and avoid over-tensioning the small meniscus, which can result in early tearing from the rim. The posterior two-thirds of the meniscus are held in position and the anterior horn is drawn toward the anatomic insertion point. The optimal anterior tunnel position is then drilled; the anterior horn sutures are passed through the bone tunnel and tied with the posterior horn sutures over the tibial bone bridge.

			7. Middle traction suture

			The next stage is the insertion of two loops for the middle traction and fixation suture. An 18 gauge needle is used to localize the correct insertion point (Figure 7). For the lateral meniscus, this point is just anterior to the popliteus tendon. For the medial meniscus, this is 40% of the meniscal circumference from the posterior horn insertion. An Accupass suture device (Smith and Nephew) pre-loaded with a loop of No. 1 PDS is then used, from outside-in, to position two loops of sutures on the superior and inferior aspect of the meniscal bed directly above each other. Each loop is then gathered through the working portal and clipped to one side, once again checking for twisting with the other suture loops. Care is given to clearly identify the inferior and superior suture loops separately by, for example, clipping the inferior one with a small clip and the superior one with a large clip.
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			Figure 7. Insertion of middle traction suture from outside-in.

			8. Graft passage

			Now that all the passing sutures are in place, the graft can be ‘parachuted’ through the working portal into the knee joint. The assistant holds the graft in the correct orientation adjacent to the working portal (Figure 8). Commencing with the posterior horn sutures and then working anteriorly, all the meniscal sutures are pulled into position using the pre-placed shuttle sutures. The graft is now ready to be delivered into the knee through the working portal. Traction is first applied through the posterior sutures to pull the meniscus into the knee. The middle traction sutures are then used to complete the insertion of the meniscus into the knee. Sometimes it is necessary to ‘persuade’ the meniscus into position under the femoral condyle using the arthroscopy blunt obturator. There is no traction applied to the anterior horn sutures until the meniscus is in place within the knee. 

			The anterior and posterior horn sutures are held temporarily over the bone bridge using a single-knot throw and a clip. The graft is inspected arthroscopically to assess its size and position, ensuring that it is snug against the meniscal bed. 
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			Figure 8. Lateral meniscal allograft positioned for insertion into the knee.

			9. Graft fixation

			The graft is fixed using a hybrid technique of all-inside, inside-out and outside-in suture systems. With the arthroscope initially in the working portal, the first Fast-Fix 360 meniscal repair device (Smith and Nephew) is introduced through the ipsilateral compartment portal using a slotted cannula. Maintaining tension on the middle sutures, the posterior third is fixed to the prepared meniscal rim using the Fast-Fix 360 system, inserting sutures on the superior and inferior surfaces in a stacked vertical mattress pattern. Portals can be switched to ensure that an adequate fixation angle is achieved. A minimum of four suture devices is recommended, and by joy-sticking with the needle the allograft can be optimally placed on the rim. 

			The middle and anterior thirds of the meniscal graft are secured using an inside-out suture technique with a 2/0 Ultrabraid. The sutures are inserted from the working portal in a stacked vertical mattress pattern. A curved inside-out cannula system is used, preferably achieving at least six to eight loops in the body and the anterior third, evenly spread on the superior and inferior surface of the meniscus. Great care must be taken not to invert or evert the meniscus with the final suture configuration (Figures 9a and b). If there is inadequate suture hold on the anterior 1-2 cm, then outside-in needle suture placement is required, using the Meniscal Mender suture system (Smith and Nephew).

			The inside-out sutures initially emerge directly through the skin. Once the fixation is complete, a 2-3 cm longitudinal incision is made between the sutures on the outer knee, while avoiding damaging the suture threads. Dissection scissors are used to spread the skin and subcutaneous tissue in one layer down to the capsule, thereby avoiding any nerve injury. With a Langebeck-style retractor elevating the skin and subcutaneous tissue, the sutures can be seen and retrieved using an arthroscopic hook (Figure 10).
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			Figures 9 a and b) Vertical mattress sutures are placed on the superior and inferior surface of the meniscal graft.
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			Figure 10. Inside-out sutures are retrieved and tied over the capsule. For illustrative purposes, a larger than normal incision has been made to demonstrate this step.

			10. Final suture fixation

			When tying the sutures, it is important to evaluate the position of the meniscus in the knee. Sutures should be tied so that the meniscus fits snuggly against the capsule. In general, the capsule sutures are tied first and in the order determined by the visual assessment of the meniscus. Finally, the anterior and posterior root sutures are tied under strong tension over the bone bridge. This has the effect of pulling the meniscus and the capsule into the correct position, thus minimizing radial displacement and extrusion. Figures 11a and 11b illustrate the arthroscopic images of the meniscal transplant before and after – note the tibial plateau coverage provided by the graft.
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			Figures 11 a and b) Pre- and post-lateral meniscus transplants.

			11. Wound closure

			Wounds are irrigated with saline. All sharps and instruments are retrieved and confirmed, and the wounds are closed in layers with clips or sub-cuticular sutures to the skin. Local anaesthetic infiltration is performed according to personal preference.

			12. Rehabilitation

			The knee is placed in a range-of-motion brace post-operatively and weight-bearing is limited to touch weight-bearing for six weeks to minimize the hoop stress placed on the graft. During this initial period, the brace should locked in extension when walking. Active and passive flexion up to 90 degrees is encouraged when non-weight bearing. From six weeks, the brace is removed and full flexion is allowed. Weight-bearing is gradually increased from six weeks, until full weight-bearing with a normal gait is commenced at eight weeks. Squatting and loading in deep flexion is to be avoided for a minimum of three months. Isometric quads and straight leg-raise exercises can commence immediately post-operatively, with closed-chain exercises introduced at eight weeks. 

			The rehabilitation is based on a goal-orientated programme, with patients progressing on an individual basis once they achieve certain key functional levels. Generally, patients can be ready for normal activities by nine months. If the patient is keen to get back to sport, a second-look arthroscopy or MRI can be performed to assess the graft and aid in deciding whether participation in sports may be commenced. Patients are advised of the risks involved in participating in high-impact and loading sports after a meniscal transplant. A more detailed rehabilitation programme is included in a later chapter.

		

	
		
			Conclusion

			Our minimally-invasive arthroscopic meniscal transplantation technique has provided secure and stable fixation over the last decade. As demonstrated, it provides an adaptable and reproducible technique to accommodate individual graft sizes without compromising the fixation. The procedure described above provides a reliable method for surgeons to undertake meniscal transplantation without the disadvantages of other techniques. 
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			Chapter 7.2

			Soft Tissue Fixation with Single Posterior Horn Bone Tunnel 

			Maurilio Marcacci, Alberto Grassi, Giulio M. Marcheggiani Muccioli, Andrea Benzi, Marco Nitri, Stefano Zaffagnini

		

		
			Take Home Message

			•	The importance of patient selection and tissue bank quality.

			•	Posterior horn tunnel fixation and anterior horn capsule sutures allow transplantation in case of size mismatching.

			•	The high rate of graft extrusion (although similar to rates published in the current literature).

			•	Good clinical results in high-functioning young athletes.

		

		
			Introduction

			Among the numerous surgical techniques for performing meniscal allograft transplantation (MAT), one of the most controversial topics concerns the method of fixation. Although the technique of peripheral capsule fixation is generally agreed upon, the bony or soft-tissue fixation of the meniscal horns remains a matter of debate.

			Historically, the soft-tissue fixation of meniscal allografts has been considered easier and less demanding compared to bone fixation techniques, while biomechanical studies indicate that superior transmission of load occurs when fixing the meniscal horns with bone-plugs4,5. However, from the clinical point of view, the superiority of one fixation technique over another has not been clinically demonstrated. Good results have in fact been reported with both bone plug techniques8,13 and open and arthroscopic soft-tissue techniques3,7,15,16. McDermott12, in one of the few biomechanical studies comparing different fixation methods, showed similar results in the reduction of articular stress using only sutures or bony fixation in lateral meniscus transplantation. Moreover, Abat et al.1 showed similar results between the two fixation techniques, also in the clinical setting, reporting similar pain, sports activity, knee function and osteoarthritis changes in the two groups. 

			With regard to soft-tissue fixation, two methods are basically defined: a suture-only technique performed with simple peripheral sutures and without any horn fixation14, or else horn fixation through trans-osseous tibial tunnels3,16. Despite the important concept of horn fixation, similarly good results have been reported with both methods.

			The surgical technique for MAT described in the present chapter represents a hybrid technique between no horn fixation and trans-osseous horn fixation, as two trans-osseous tibial tunnels are usually performed, while the anterior horn tibial tunnel is substituted by capsule fixation in case of graft size mismatching.

			Graft preparation

			Harvesting and processing

			All the procedures are coordinated by the Cell and Musculoskeletal Tissue Bank (BTM) of the Istituto Ortopedico Rizzoli. A team comprising four orthopaedic surgeons performs the explant from the donor in a sterile fashion. Swabs for microbiological exams are taken at the end of the procedure before body reconstruction with the prosthesis. For MAT purposes, the donor should be younger than 55 years, and the explant should be performed no more than 24 hours following the donor’s death. The whole tibia is explanted, complete with both menisci, the patellar tendon and the patella. Tissue bank operators, according to graft requests, perform the further preparation of the graft.

			The grafts are cleansed and rinsed before being sent though a purge/soak process to facilitate the removal of blood and lipids from the bone block and the cleaning of the tissue. The graft is then placed in a sterile container with a DMEM culture and brought to the tissue labs. The following day, antibiotics are added to the graft. No gamma ray sterilization is performed. The menisci are also evaluated for tears, hard spots and weak insertion points, and measurements of the length and width of each meniscus are taken. For a MAT procedure, the tibial hemi-plateau with the corresponding meniscus is separated from the tibial bone. Finally, the graft is stored at -40°C or below until implantation according to the American Association of Tissue Banks standards. 

			The requested meniscus reaches the operating room in a sterile bag, still attached to the proximal-tibial hemi-plateau.

			Sizing

			All the patients are screened with MRI, standard (antero-posterior and lateral) Rosenberg and long-leg radiographs before the surgery to determine their suitability for MAT. Graft sizing is performed using the Van Thiel method utilizing a regression formula based on gender, height and weight, which is able to predict the meniscal size similar to current radiographic techniques6. A detailed medical history of the recipient is obtained and a complete physical examination is also performed. 

			Preparation

			In the operation room, the sterile bag is opened and the graft is thawed in a physiological solution for 30 minutes. The meniscus is prepared by removing the surrounding tissue at the peripheral capsular insertion. The anterior and posterior horns are detached from the tibial insertion without bone plugs, after which the sutures are placed: one non-absorbable suture (Ethibond No. 2, Ethicon, Somerville, Massachusetts) is secured to the posterior meniscal horn in a modified Mason-Allen fashion, and an absorbable suture (Polysorb No. 2, Coviden, Mansfield, Massachusetts) in secured to the anterior meniscal horn in a modified Kessler fashion. The superior portion of the meniscus is marked with radial signs with a surgical marker to prevent mismatching and twisting during arthroscopic insertion (Figure 1).
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			Figure 1. The meniscal allograft still attached to the tibial hemi-plateau. The posterior horn is secured with one non-absorbable suture (Ethibond No. 2, Ethicon, Somerville, Massachusetts) in a modified Mason-Allen fashion, while the anterior horn is secured with an absorbable suture (Polysorb No. 2, Coviden, Mansfield, Massachusetts) in a modified Kessler fashion. The superior portion of the meniscus is marked with radial signs.

			Surgical Technique

			Arthroscopic setting

			The transplantation is performed arthroscopically using a single- or double -tunnel technique. The patient is placed in the supine position on the operating table. A pneumatic tourniquet is placed as high as possible around the proximal part of the thigh, with a support placed laterally at the upper level of the knee to stress the joint during arthroscopic evaluation. After preparation and draping of the leg, the arthroscopic supero-medial portal for the inflow cannula, the antero-lateral portal for the camera and the antero-medial portal for the instruments are made. A standard diagnostic arthroscopic procedure is performed to evaluate whether concomitant procedures are needed.

			Bed preparation

			The remnant of the native meniscus is removed until the meniscus-capsular zone is reached. A bleeding bed is created at the periphery by passing a Steadman awl (commonly used to perform micro-fractures) multiple times through the remaining meniscal rim. 

			Posterior horn tunnel creation

			A 3 mm drill is used to prepare one tibial tunnel (with the freehand technique) to secure the suture corresponding to the posterior meniscal horn to the anterior tibial cortex. This posterior tibial tunnel is created before the graft is placed into the joint. For medial meniscal transplantation, the posterior tunnel is placed behind the medial tibial spine and in front of the PCL tibial insertion site (Figure 2a). For lateral meniscal transplantation, the tunnel is placed behind the ACL tibial insertion (Figure 3). The tibial entrance of the tunnel is on the antero-medial side of the tibia for both medial and lateral meniscal transplantations.
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			Figure 2. In the medial MAT, the posterior tibial tunnel is created behind the medial tibial spine and in front of the PCL tibial insertion site (red circle) (a); the anterior tunnel is created and directed toward the anterior horn attachment, where a suture passer is inserted to retrieve the corresponding suture of the graft (b).
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			Figure 3. Tunnel direction in case of lateral MAT, visualized in sagittal (a) and axial (b) MRI slices: anterior horn (yellow) and posterior horn (red).

			Graft insertion and posterior horn fixation

			A knot pusher is used to pass a shuttle suture (Vicryl No. 1, Ethicon) through the posterior tibial tunnel. The shuttle suture is therefore retrieved from the corresponding portal and tied to the non-absorbable suture placed into the posterior horn. Pulling back the shuttle suture from the anterior aspect of the tibia, the suture placed at the posterior horn is dragged from inside the joint to the outside of the tibia. The graft is then introduced into the joint with a fine, smooth Klemmer forceps through the corresponding arthroscopic portal enlarged to 1 cm. The graft is located correctly by pulling the suture fixed to the posterior meniscal horn (Figure 4). Graft twisting is avoided by pulling the suture and at the same time holding the graft with the Klemmer forceps.

			Graft fixation to the capsule is performed using all-inside Ultra Fast-Fix vertical stitches (Smith & Nephew, Andover, Massachusetts), starting from the posterior horn, close to the insertion point of the meniscus (Figure 5). The stitches should be placed every 8-10 mm. If the graft creases while suturing, a vertical stitch is placed in the under-surface of the graft (Figure 6).
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			Figure 4. After insertion, the graft is located correctly by pulling the suture fixed to the posterior meniscal horn and driven with the probe.
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			Figure 5. The all-inside stitches are placed (a) and the knot is tied using the probe to avoid graft damage (b).
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			Figure 6. If the graft creases or elevates while suturing, a vertical stitch is placed in the under-surface of the graft.

			Anterior horn fixation

			If the graft is found to be the correct size, a horizontal stitch is placed near the border between the body and the posterior horn to give more stability (Figure 7). Next, a second tibial tunnel is created and directed toward the anterior horn attachment, and the suture secured to the anterior horn graft is passed through the second tibial tunnel (run on) (Figure 2b). Finally, the anterior horn of the transplanted meniscus is then fixed to the remnant of the anterior horn of the native meniscus by an “outside-in” standard suturing technique using PDS II No. 2-0, Ethicon (Figure 8).

			If the graft is not the right size (Figure 9a), the anterior tibial tunnel is not created. Instead, an additional arthroscopic portal is established at the same level as the end of the anterior horn of the graft, through which the suture placed in the anterior horn is retrieved. The same suture is used to fix the graft to the capsule using a free needle (Figure 9b).

			Finally, the transplanted meniscus is checked for stability and size matching (figure 10), the skin is closed, and a compressive bandage and a full extension brace are applied.
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			Figure 7. If the graft is found to be the correct size, a horizontal stitch is placed near the border between the body and the posterior horn (a) to give more stability, and the graft is secured by pulling the knot (b).
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			Figure 8. The outside-in suture is performed, piercing the meniscal graft from outside the joint with an 18G needle. A PDS II No. 2-0, Ethicon, is introduced in the needle (a) and retrieved form the antero-medial portal with a grasp. The needle is removed and inserted again through the allograft in a more anterior position (b). Another suture is placed through the needle and retrieved from the portal. Outside the joint, one suture is looped and the free end of the other suture is inserted in the loop. By pulling the looped suture, the other suture is retrieved through the graft and can be secured on the capsule after a 3-5 mm skin incision is made.
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			Figure 9. If the graft does not reach the anatomic anterior horn of the native meniscus (white arrow) (a), an additional arthroscopic portal is established at the same level as the end of the anterior horn of the graft (black arrow) and the suture placed in the anterior horn is retrieved (b) and sutured to the capsule using a free needle.
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			Figure 10. Final appearance of the transplanted allograft.

			Concomitant procedures

			If concomitant procedures are needed, we always start with the MAT. In the case of concurrent ACL reconstruction, a more horizontal anterior tibial tunnel is made so as not to interfere with the ACL tibial tunnel.

			In case of either closing or opening wedge valgus tibial osteotomy, the tunnels of the MAT procedure should be carefully placed as proximal as possible in order to lie above the subsequent tibial cut. This is fundamental in order to avoid accidental damage to the anterior and posterior horn sutures by the blade or the osteotome (and the consequent loss of allograft fixation).

			In cases of articular cartilage procedures, MAT is performed first in order to avoid accidental damage to the reconstructed cartilage during the meniscus allograft introduction and fixation.

			Rehabilitation

			The post-operative rehabilitation protocol starts with a two-week period of non-weight-bearing and immobilization, followed by toe-touch weight-bearing, restriction of range of motion (ROM) (0°-90° during weeks three to four and then free ROM), isometric exercises and closed-chain strengthening.

			At post-operative week six, full weight-bearing is started and patients are allowed to fully flex the knee. Sports-specific exercises are started after three months, while the return to non-contact activities is not allowed until the fourth month. Patients are advised not to resume highly demanding sports activities until after eight months post-operatively.

			Results

			Almost 200 patients have been treated with the present surgical technique, reporting good and satisfactory clinical results similar to those reported in the current literature.

			A series of 32 patients operated on with the single-tunnel MAT technique were evaluated at 36-months follow-up9. The 16 patients with medial and 16 with lateral MAT reported significant improvement in pain, knee function and sports activity. The MRI evaluation showed no progression of cartilage degeneration and, in a few cases, also showed improvement of cartilage status. High rates of graft extrusion were observed, with 70% of allografts (50% medial and 87% lateral) affected11. However, this finding is similar to those reported in various case series in the literature. Furthermore, similar rates have been reported both with soft tissue and bony fixation, although Abat et al.2 most recently reported higher rates of extrusion in allografts fixed using the soft-tissue technique. 

			The present MAT technique was also used to treat post-meniscectomy syndrome in 12 young professional soccer players from the main European leagues8. The six athletes who underwent medial MAT and the six who underwent lateral MAT (at a mean age of 24.5 years) reported improvement in knee function and a decrease in pain at one- and three-year follow-up. Eleven (92%) were able to return to playing soccer between seven and 10 months. Nine (75%) were also able to compete at the same pre-injury level, demonstrating that accurate patient selection, a tailored rehabilitation programme and patient motivation can also produce good clinical results in highly functionally-demanding young athletic patients.

			Meniscal transplantation with this technique was also effective in the treatment of uni-compartmental osteoarthritis through an integrated biological and biomechanical approach as an alternative to metal resurfacing. These patients with medial or lateral osteoarthritis reported short- to medium-term pain reduction and improvement in sports activity after a combination of meniscal replacement, lower-limb realignment and osteochondral scaffold implantation10, thus highlighting the MAT procedure as a salvage procedure delaying knee prosthesis in patients with degenerative joint disease.

		

	
		
			Conclusions

			The present surgical technique of MAT with soft-tissue graft fixation can produce good clinical results in both the general population and in young, in young, high-functioning athletes. The all-arthroscopic technique offers an easier technique while reducing the morbidity of the procedure. Furthermore, the use of an anterior horn capsule fixation allows the transplantation to be performed in the instance of a slight graft size mismatch.
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			Chapter 7.3

			Bone Plug Technique 

			Evan W. James, Christopher M. LaPrade, Robert F. LaPrade

		

		
			Take Home Message

			•	Bone plug fixation is a highly efficacious technique for medial meniscus allograft transplantation in patients with pain and swelling due to insufficient meniscal tissue and minimal early onset osteoarthritis.

			•	Many patients are able to return to a pre-injury level of activity, including competitive sports. 

		

		
			Introduction

			The meniscus is a semilunar cartilaginous structure that functions to disperse axial loads exerted on the tibiofemoral joint into hoop stresses, thereby helping to preserve the integrity of the knee articular cartilage4,13,15,16. When the meniscus is torn, or partially or totally resected, the function of the native intact meniscus is compromised, which may lead to early or accelerated osteoarthritis10,14. In recent years, the value of meniscal tissue-preserving procedures, typically involving meniscus repair, has been increasingly recognized1. While many patients may experience significant benefits from a meniscus repair, some patients experience pain and swelling due to insufficient meniscal tissue, and as such a repair is unable to be performed. 

			Medial meniscus allograft transplantation is a popular alternative to meniscal repair when a repair is not possible, and it can be a highly effective treatment option for younger patients with healthy articular cartilage, stable knee ligaments and neutral alignment12. When performing medial meniscus allograft transplantations, the bone plug fixation method is one of the most commonly used techniques due to the increased stability provided by the bone plug6,9,12,19. This chapter will highlight the bone plug fixation method for medial meniscal allograft transplantation, focusing on indications for surgery, the advantages of the bone plug method, surgical technique, principles of rehabilitation, and clinical outcomes. 

			Indications for surgery

			Candidates for meniscus allograft transplantation suffer from insufficient meniscal tissue, and typically range between the ages of 15 and 45 years old. LaPrade et al. reported an average age at surgery of 27 years old in a consecutive series of 40 patients12. In addition, there should be no signs of significant osteoarthritis in the affected compartment of the knee and no concurrent ligament instability9,12. The patient should be in neutral lower extremity alignment, which can be readily assessed using standing long-leg radiographs. However, patients with ligament instability and malalignment may still be considered candidates if these pathologies are addressed either through staged surgeries or simultaneously at the time of meniscus transplantation5,8,11,20. 

			Advantages of the bone plug fixation method

			The main advantage of the bone plug fixation technique is that it allows for the preservation and transplantation of the meniscus root attachments in the grafted meniscus, and secure fixation on the tibial plateau. Through these anchoring points, the meniscus is less likely to extrude from its anatomic position on the tibial plateau, which allows the meniscus to cushion against tibiofemoral contact pressures and protect the articular cartilage. In a biomechanical study, Alhalki et al. reported that a medial meniscus autograft transplantation with a bone plug was able to restore mean tibiofemoral contact pressures and areas to the intact knee; however, this technique did not restore peak tibiofemoral contact pressures to the intact knee2. This study also tested a suture fixation transplantation technique (without bone plugs) and found that, while this technique restored the mean contact pressures, it was not able to restore the native peak or mean tibiofemoral contact pressures. Therefore, the authors concluded that a stronger method of fixation, such as with a bone plug, was necessary in order to better replicate the native biomechanics of the intact medial meniscus2.

			Surgical technique

			Making way for the graft

			The patient is placed in the supine position with the surgical leg anchored at the distal thigh and the non-operative leg abducted in a leg holder (Figure 1). Diagnostic arthroscopy is performed to evaluate the articular cartilage surfaces and investigate the meniscal tissue to confirm whether the patient is a candidate for meniscus transplantation. Preparation for the meniscal transplant involves first identifying the posterior root attachment of the medial meniscus and debriding any residual meniscal tissue to a 1-2 mm vascular recipient rim. It is important to not remove all of the meniscal tissue because the meniscal transplant graft is sutured and heals to the residual native meniscus tissue rim along the capsule. If the meniscus tissue rim is resected, it could lead to meniscal graft extrusion. Once the meniscal rim has been prepared, attention is turned to the preparation of the medial meniscal posterior root attachment site12.
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			Figure 1. Intra-operative positioning showing the surgical leg anchored at the distal thigh and the non-operative leg placed to the side in a leg holder.

			The attachment site of the posterior root of the medial meniscus is isolated, and all residual meniscal attachments and surrounding soft tissue are debrided using a shaver. A small bony bed is prepared at this site using a 90° curette. An ACL aiming device is then used to drill a pin, which enters the anteromedial proximal tibia and exits at the root attachment posteriorly. It is important to recognize that this guide pin should exit on the posteromedial downslope of the root attachment posteriorly and not exit along the plane of the medial tibial plateau. In addition, this guide pin exits just anterior to the posterior cruciate ligament, where it courses posteriorly to its tibial attachment. This guide pin can then be over-reamed with an 8-9 mm diameter acorn-tipped reamer. It is important to clean around the intra-articular bony aperture with a backbiter device and a shaver to remove any soft tissue or bony spicules which would interfere with the bone plug passage into the tunnel.

			Once the tunnel is reamed, both the medial meniscal repair incision and the anteromedial arthrotomy can be performed (Figure 2). The medial meniscal repair incision is localized by placing a probe into the joint and palpating over the probe to best locate the incision. A vertical incision is then made down to and through the sartorius fascia. A blunt dissection is then performed posteromedially such that a retraction device can be inserted between the posteromedial joint capsule and the medial head of the gastrocnemius. This retractor should also be located proximal to the direct arm of the semimembranosus at its tibial attachment. A probe should be placed through the intercondylar notch and palpated posteriorly with one’s index finger to verify that there are no interposing soft tissues. 

			The anterior arthrotomy is then performed along the medial aspect of the patellar tendon. The more central and overhanging aspect of the retropatellar fat pad is sharply excised. Dissection is then performed down to the anteromedial tibia to identify the anterior horn of the medial meniscus attachment site. This area should be dissected out and identified, but not detached, at this point.
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			Figure 2. A) Illustration demonstrating the surgical approach for a right knee medial meniscus allograft transplantation; B) Illustration of the medial sutures and bone plug sutures inserted after the meniscus allograft has been secured in place. Reproduced with permission from: LaPrade et al. 201012.

			Preparing the graft

			After arthroscopic confirmation of the patient’s candidacy for medial meniscal transplantation, the graft is slowly thawed in room temperature saline12. The medial meniscal transplant graft is prepared from a whole or hemi-proximal tibial plateau (Figure 3). The meniscal root attachments are carefully and sharply isolated out such that their most prominent fibres are identified. Meniscal transplant grafts then have four vertical #0 non-absorbable sutures placed through the superior and inferior meniscal surfaces of both the anterior and posterior horns at a distance of 1 cm from the meniscocapsular junction. These sutures are later utilized to shuttle the meniscal allograft into place. A coring reamer is then used to core out a 9 mm diameter bone plug, which incorporates the root attachment, and the bone plug is shortened to 8-10 mm in length. These 9 mm diameter bone plugs correspond to the 9 mm bone tunnels that are reamed at the anatomic attachments of the anterior and posterior roots of the medial meniscus. Passing sutures are then passed up the bone plug and weaved through the substance of the meniscal root before exiting through the bone plug again (Figure 4).
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			Figure 3 A-F. A) meniscus allograft tissue; B) a guide pin is placed through the meniscus root attachment; C) a bone plug is created using a hand reamer; D and E) bone around the reamer; F) sutures are passed in the anterior and posterior bone plugs and the anterior and posterior horns.
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			Figure 4. A medial meniscus allograft demonstrating proper suture placement.

			Inserting the graft

			After the graft is prepared, four shuttle sutures are passed through the posteromedial capsule to facilitate passage of the non-absorbable #2 sutures placed into the posterior horn of the medial meniscus transplant3,12. A shuttle suture is also passed up the posterior horn reamed tunnel to pass the sutures placed into the medial meniscal posterior bone plug. The bone plugs of the posterior horn of the medial meniscus allograft are then positioned inside the 9 mm bone tunnel on the tibial plateau of the posterior root (Figure 5). The sutures through the posterior horn of the medial meniscus are then passed through the transtibial bone tunnel and secured on the anteromedial tibia over a surgical button. A closed-socket bone tunnel is then prepared using a guide pin at the anatomic attachment of the anterior horn of the medial meniscus and reamed to create a 9 mm-wide by 15 mm-deep bone tunnel.
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			Figure 5. The bone plug is guided into a closed socket tunnel at the location of the native meniscus root attachment.

			Securing the graft

			After reduction of the bone plugs into their respective bone tunnels at the anatomic attachments of the anterior and posterior meniscal roots, the previously placed sutures through the anterior horn are secured to the anterior capsule of the meniscus through a horizontal mattress stitch12. The sutures through the posterior horn and posterior capsule of the transplant are then also tied to each other using a horizontal mattress stitch to provide a very secure posterior horn fixation. The mid-body of the meniscal transplant is then secured to the joint capsule using 6-10 non-absorbable sutures with an ‘inside-out’ arthroscopic technique (Figure 6).
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			Figure 6 A-C. A) the native meniscus is debrided towards the capsule, being careful to leave a small rim of native meniscal tissue intact to facilitate the healing of the grafted meniscus; B) sutures are passed through the capsule prior to inserting the grafted meniscus to facilitate securing the graft; C) a suture passer is used to fix the allograft to the capsule. MFC, medial femoral condyle; MM allograft, medial meniscus allograft; MTP, medial tibial plateau.

			Principles of rehabilitation 

			Patients are non-weight-bearing and are placed in a knee immobilizer for the first six weeks after surgery11,12. Quadriceps sets and straight leg raises are performed beginning on post-operative day one7. Range of motion is limited to full extension during the first week, restricted from 0-90° during weeks two and three, and increased as tolerated thereafter. At six weeks, the patients are allowed to progressively wean off crutches once they are able to walk without a limp and partial-to-full weight-bearing is initiated as tolerated. At this time, the patients can begin using a stationary bike set at low resistance and use a leg press machine set at one-quarter body weight with all repetitions performed in less than 70° of knee flexion. Additionally, deep squats and sitting cross-legged are restricted for the first four months. After completing a muscular endurance base-building phase, walking, cycling, swimming and other low-impact exercises are encouraged to promote the full restoration of muscle function. A return to high-impact sporting activities generally occurs after 6-9 months. 

			Complications

			As with any surgical procedure, complications do sometimes occur. Tearing of the allograft has been reported, with studies reporting tears in 12.5-16.4% of patients9,12. Other reported complications include allograft extrusion, allograft degeneration, persistent pain, infection and synovitis9,12,17. 

			Outcomes

			Outcomes after meniscus transplantation are generally favourable, and many patients return to a high level of function6,12,18,20. LaPrade et al. reported on the outcomes of 40 patients for a minimum of two-year follow-up after medial or lateral meniscus allograft transplantation with a bone plug fixation12. The IKDC subjective score increased from 51.2 to 68.2 (P < 0.001), as did the Modified Cincinnati knee scores from 52.3 to 73.2 (P < 0.001). 

			Ha et al. also reported outcomes of medial meniscus allograft transplantation using a bone plug at two-year follow-up6. The mean Lysholm scores increased from an average of 68.2 pre-operatively to 89.7 at follow-up (P < 0.05). The mean IKDC scores also improved from 60.3 to 85.4 (P < 0.05). On magnetic resonance imaging (MRI), the authors also reported that 100%, 83.3% and 94.4% of patients had complete healing at the anterior root, the posterior root and the meniscal rim, respectively. One patient’s graft failed at the posterior root. Eleven patients also underwent second-look surgery at a mean of 22 months post-surgery, and 100%, 81.8% and 90.9% of patients had complete healing at the anterior root, posterior root and meniscal rim, respectively.

		

	
		
			Conclusions

			In summary, the bone plug method for meniscus allograft transplantation offers the advantage of re-establishing the anterior and posterior anchoring points of the meniscus to most accurately re-approximate the native meniscal root attachments. The bone plug fixation coupled with suture fixation along the anterior and posterior meniscal horns and the meniscus mid-body yields a secure graft that offers the optimal chance for healing during rehabilitation. Once the meniscus heals, it can again transmit axial loads into hoop stresses, which protects against the degeneration of articular cartilage. While technically challenging, this method results in excellent outcomes post-surgery, with most patients able to return to pre-injury levels of activity.
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			Chapter 7.4

			Dove Tail Technique 

			Christopher G. Stevens, Thomas R. Carter

		

		
			Take Home Message

			•	Stringent patient selection is key to success.

			•	Any additional pathology (e.g., ACL) should be corrected to optimize outcome.

			•	Meniscal allograft transplantation is not an alternative to arthroplasty.

			•	Proper portal placement is the key to complete visualization of the posterior horn; therefore, the contralateral portal should be made first and a spinal needle used to localize the portal of the involved compartment.

			•	The initial sutures should be placed posterior-to-anterior to assist in proper graft position.

			•	Improper tibial channel depth can limit motion and make the reduction of the meniscus difficult.

		

		
			Introduction

			Meniscal allografts have been shown to be beneficial in symptomatic patients with meniscectomy and limited arthritis4,5,7-10,13,14,17-19. Although many techniques exist, basic science studies have demonstrated that the maintenance of the root attachments to bone better replicates the mechanics of the normal meniscus1,6,11. The dovetail technique was developed as a way to preserve the native meniscal horn attachments of the allograft and also to provide secure fixation of the allograft within the knee.

			History/physical examination/imaging

			The history and physical examination are typically similar for all patients who are under consideration for meniscal transplantation, and have been previously described in the earlier chapters of this publication. In brief, patients should have a symptomatic compartment with loss of the majority of the meniscus that affects their activities of daily living (ADLs). Their physical examination is typically benign, with the exception of joint line tenderness of the affected compartment and possible mild effusion. Imaging of these patients should typically include 30 degree patella, lateral and 45 degree weight-bearing views, as well as a full limb view for assessment of mechanical alignment. In addition, radiographs should include magnification markers to allow for meniscal sizing.

			Indications/contraindications

			Indications

			The ideal patient for meniscal allograft is a young patient with a history of at least the majority of the meniscus excised and symptomatic unilateral compartment pain in an otherwise normal knee. However, few patients meet these criteria, and each patient needs to have a thorough evaluation as to the degree of chondromalacia, other knee pathology and post-op activity expectations. 

			Contraindications

			•	Grade IV chondromalacia in the affected compartment

			•	Diffuse knee chondrosis

			•	Unaddressed ligamentous laxity

			•	Unaddressed mechanical axis malalignment

			•	Obesity

			•	Inflammatory arthropathy

			•	Avascular necrosis

			Pre-surgical considerations

			Associated procedures

			It is not uncommon for patients undergoing meniscal transplantation to have associated pathology in the knee. Typically, contained chondral defects and ligamentous instability can be addressed in the same setting as the meniscal transplantation, as can correction of limb malalignment. However, if an osteotomy and ligament reconstruction are also to be performed, the procedure is commonly staged due to concerns of tunnel or screw overlap, and adequacy of fixation. Once the osteotomy is healed, the meniscus transplantation and ligament reconstruction are then completed.

			Allograft sizing

			Various techniques for meniscal sizing have been described, including the use of magnetic resonance imaging, computed tomography and conventional radiographs3,12,15. It is absolutely essential to obtain precise 45 degree PA and lateral views, as any obliquity may hinder proper allograft sizing. Ultimately, it is up to the surgeon to verify that the graft is size-matched.

			Meniscal graft harvest and processing

			Although it is prudent to mention the risk of disease transmission when discussing the transplantation of any allograft tissue, it has been shown to be minimal in the case of meniscal allografts 2. One particular factor that the surgeon can control in minimizing the risk is to ensure that the tissue bank has been certified by the American Association of Tissue Banks. In order to be certified, tissue banks must adhere to stringent protocols for procurement and processing (see chapter 5.4).

			One additional concern with allograft usage is host intolerance (or immune reaction). Because of these concerns, fresh grafts are not recommended. The most commonly used grafts are fresh-frozen grafts, which are acellular. It is imperative that the grafts used have not been irradiated in the processing of the graft, as there is sufficient biomechanical evidence that this process significantly weakens the grafts16,20.

			Surgical technique

			Site preparation

			Initially, the portal opposite the graft is created immediately adjacent to the patellar tendon. The placement of the portal in this location allows for the passage of the arthroscope through the notch to visualize the posterior horn attachment, which is vital for proper graft placement. The tourniquet is typically not insufflated at the start of the procedure in order to ‘save’ tourniquet time. The preparation of the bone channel often results in bone bleeding, which precludes proper visualization and may necessitate the use of a tourniquet. The graft (Figure 1) should not be opened until a diagnostic arthroscopy has been performed so as to ensure that the patient meets the criteria for meniscal allograft transplantation. Next, the involved compartment portal is made, first using a spinal needle to confirm that the portal is being made directly in-line with the meniscal horn attachments; failure to do so may result in obliquity, and thus difficulty in bone channel preparation later. Once the portals have been established, the remaining meniscus is debrided, leaving the peripheral 2 mm rim in place to serve as a site for which to anchor the graft. Vascularity within the debrided tissue should be clearly visualized as well, with the tourniquet down (Figure 2). Alternatively, if the anterior horn of the meniscus is still present, this can be debrided later on in the procedure when the mini-arthrotomy is made. Next, a shaver or burr is used to level the tibial spine to the same height as the tibial plateau articular cartilage, so that the channel-preparation tools can be seen along the entire anterior-posterior dimensions of the tibial articular cartilage, thus aiding proper channel height and alignment. Depending on the difficulty in visualizing the posterior horn attachment, a formal notchplasty may be performed at the surgeon’s discretion.  

			The working portal is now extended to approximately 3 cm in length and a customized osteotome is brought into the knee to serve as a guide for further channel preparation. The osteotome is placed at the midline of the tibial spine and follows the initial trough created by the burr (Figures 3A and B). Ideally, it should pass directly adjacent to the wall of the notch, hugging the anterior cruciate ligament (ACL) insertion to allow room for proper drill placement. As the osteotome is passed, care should be taken to visualize the graduations to ensure that the posterior slope of the knee is replicated. As the osteotome is inserted towards the posterior aspect of the plateau, care should be taken to ensure that the most posterior 1-2 mm of the cortex are not violated. Next, the osteotome guide is assembled and a 6 mm drill is used to initiate the channel (Figure 4). It is followed by exchanging the osteotome guide for a 7 mm drill guide, and the drill is used to deepen the channel (Figure 5). The preparation of the channel is then completed by the use of a rasp or channel dilator to expand the channel and compress the cancellous bone at its borders (Figure 6A-B). 

			An alternative for channel preparation is to use a drill guide. The benefits of this are that it is less technically demanding and less time consuming. However, the drawbacks are that the guide pins are not visualized for the entire time, and therefore an increased risk of neurovascular injury exists. Technically, the drill guide is placed in-line with the initially burred trough and secured to the tibia. Two guide wires are placed within the drill sleeves and are advanced to the posterior tibial cortex. There are calibrations on the drill guide to help determine the correct pin depth. Once the guide wires have been placed, the guide and sleeves are removed and the cannulated drill is used to prepare the channel, ensuring that the drill is visualized at all times along its course.  
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			Figure 1. Fresh frozen lateral meniscal allograph with bone block attachment.
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			Figure 2. Meniscal-deficient lateral compartment.  Note the vascularity within the peripheral meniscus and capsule.
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			Figure 3. A) Drill guide osteotome outside the knee.
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			B) Arthroscopic view of the osteotome being inserted parallel to both the anterior and posterior horns.
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			Figure 4. The drill guide attaches to the osteotome and a 6mm drill is used to initiate the channel.
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			Figure 5. The 6mm & 7mm drills are used to form the channel for the bone block.
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			Figure 6. A) The dovetail rasp ensures that the channel can accommodate the graft; B) Completed channel.

			Preparation of the allograft

			The allograft is prepared on the back table with the use of specific cutting guides to ensure optimization between the recipient channel and the graft. In addition to being more accurate than freehand preparation for the graft, it also saves time. The graft must first be trimmed of all soft tissue attachments so that the horns of the meniscus are flush with the bone. The end of the dovetail design dilator or rasp is then used to mark the graft as a dovetail template. The graft is placed with the meniscus facing down into the workstation clamp and secured (Figure 7A and B). Next, the graft is cut using a sagittal saw and the three cutting guides (vertical, horizontal, oblique) to give the resultant dovetail design (Figure 8A-C). Using the graft sizer, the prepared allograft is slid through the channel (Figure 9A and B) to ensure its proper fit in the knee. Any adjustments should be made prior to graft insertion, since graft removal in a tight channel can be difficult and damage the graft.
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			Figure 7. Meniscal allograft secured in the preparation station.
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			Figure 8. A) Vertical; B) Horizontal; and C) Oblique cuts of the bone block by the dovetail-specific preparation blocks.
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			Figure 9. A) Demonstration of the trapezoidal cut of the bone block sliding through the graft sizing block; B) Proper sizing of the bone block demonstrated by retention of the bone within the sizing block.

			Graft insertion

			With the graft prepared, attention is then turned back to the patient and a standard posterolateral incision is made to retrieve meniscal sutures. A reduction suture is placed into the posterior aspect of the graft (Figure 10) and is used to assist bringing the graft into the knee joint. It is important that this suture is placed in the posterior 1/3 of the meniscus, otherwise the graft may not be pulled posteriorly into the joint but rather be pulled outwards and impede graft reduction. After the suture has been retrieved, the edge of the allograft bone is aligned with the channel under direct visualization, and gentle pressure is applied while concurrently pulling on the reduction suture. It is important that extreme force should not be applied so as to avoid potential complications, such as the suture tearing through the graft, allograft fracture or over-reducing the graft. If necessary, a tamp and mallet can be used to assist in reducing the graft. However, the surgeon must remain cognizant of the remaining posterior wall to prevent ‘blow-out’.

			[image: ]

			Figure 10. Notice the reduction suture allows for proper ‘reduction’ of the allograft to the periphery

			Anchoring the graft and closure

			With the graft seated in its proper location, it is secured using meniscal sutures (Figure 11). It is recommended that the initial sutures be placed in the posterior and middle portion of the meniscus to assist with anatomic placement. The anterior horn is typically the most amendable to change in positioning and is thus secured last. Often, vertical and horizontal sutures are used to ensure that the graft is well secured and anatomically positioned. Typically, 8-10 sutures are all that are needed. Techniques using all-inside devices have been described, but they have certain technical drawbacks in addition to increased costs. We have found that the use of these devices exhibits a propensity to pull the graft outwards and make anatomic placement difficult. All-inside devices are more appropriate for use after the graft is initially secured with inside-out sutures, and also for the most posterior aspect of the graft where suture retrieval is difficult. With the graft fully secured, the wounds are closed based upon the surgeon’s preference, and the post-operative dressing is applied. A hinged knee brace is also applied and locked in extension.
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			Figure 11.  Final placement of the lateral meniscal allograft with inside-out sutures.

			Post-operative care and rehabilitation

			Depending on the patient’s pain tolerance and the surgeon’s comfort level, the procedure can be performed on an outpatient basis or else admitted for 23-hour observation. The initial follow-up is typically 7-10 days after the operation. A baseline radiographic series should be obtained at this time to document the bone bridge placement. Patients are followed monthly until a stationary point in the care is obtained.  

			The rehabilitation of the extremity typically follows a step-wise process. The brace is initially locked in full extension and the patient is allowed to partially bear weight. Range of motion from 0-900° is initiated after the patient demonstrates the ability to perform a straight leg raise. At four weeks, the patient can be progressed to full weight-bearing and the brace is discontinued. After this point, standard meniscal repair protocols are followed unless concomitant procedures dictate otherwise.

			Although this procedure is not intended for patients to return to high-impact sports, return to ‘full’ activities is allowed at four months if the strength of the involved limb is 90% of the contralateral limb and coordination testing is normal However, most patients do not reach this level until six months post-op.

			Complications

			Complications of meniscal allograft transplantation include infection, arthrofibrosis, popliteal tendon injury (lateral meniscus transplant), peripheral nerve injury (the saphenous nerve for medial meniscus transplant, the common peroneal nerve for lateral meniscus transplant), as well as vascular injury (popliteal artery and vein). Additionally, fracture of the bony allograft component, blowout of the posterior wall of the recipient channel, meniscal tearing at the location of the ‘reduction’ suture, graft extrusion due to improper placement or sizing, loss of fixation, as well as failure of the allograft to heal to the host tissues, can also occur.

			Review of the literature

			The diversity of the literature on meniscal allografts is extensive. Early studies reported mixed results, but the techniques and indications were still being refined. At present, the graft survival rate is approximately 80% at 10-years follow-up, with most patients reporting good-to-excellent results. There are many short-term and mid-term studies published; however, the number of long-term studies is still small and shows that the ability of meniscal allografts to slow the progression of arthritis is still undetermined. A summary of long-term outcome studies is summarized in Table 14,5,7-10,13,14,17-19.

			Table 1. Long-Term Studies of Meniscal Allografts
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			Conclusion

			Many methods for meniscal allograft transplantation are available. The dovetail technique is technically challenging but preserves the bony attachment of the meniscal horns and allows for a press-fit form of fixation. The long-term outcomes of meniscal allografts do show obvious subjective pain relief; however, strict patient selection criteria are vital to success, and the durability of the grafts is of concern. The ability of meniscal allografts to prevent the progression of arthritis is still unknown.
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			Chapter 7.5

			Bone Bridge Technique 

			Brian J. Cole, Adam B. Yanke, Scott R. Pepin, Jack Farr II

		

		
			Take Home Message

			•	The bone bridge technique for meniscal transplantation allows for the efficient and accurate placement of the meniscus with the maintenance of the native antero-posterior horn relationship.

		

		
			Introduction

			Meniscal allograft transplantation (MAT) can be accomplished through several techniques, including soft tissue attachment, bone plug insertion and the bone bridge and slot method. The latter has typically been reserved for the lateral meniscus due to the proximity of the lateral meniscal horns compared to the medial side. However, the authors believe the medial bridge and slot technique to be technically feasible in all but very small knees and it may offer biomechanical advantages as well. 

			Rationale

			Bridge over bone plug

			Since time-zero biomechanics studies demonstrate that medial forces cannot be restored with historical soft-tissue fixation, the authors prefer osseous fixation1. The authors acknowledge that the clinical outcomes for soft-tissue fixation are equivalent to bone fixation, even in the face of these biomechanical studies13. The studies do show less graft extrusion with bone fixation, yet the long-term implications are unknown. With regard to osseous fixation, the surgeon can choose between the bone bridge technique3 and the bone plug method.

			The decision to use the bone bridge technique is influenced by the compartment and concomitant procedures, e.g., concomitant anterior cruciate ligament (ACL) reconstruction and high tibial osteotomy (HTO). When performing a medial MAT with ACL reconstruction, the bone plug technique is preferred over the bridge method so as to avoid the intersection of the ACL tunnel and slot/bridge9,10. While medial bone bridge MAT and ACL reconstruction have been described12, they are technically more difficult and not preferred by the authors. On the other hand, concomitant HTO makes the bone plug technique more challenging. Again, although concomitant bone plug MAT and HTO methods have been described2, these are technically more difficult with no perceived benefit over the bridge technique. Therefore, the authors prefer the bridge technique for medial MAT with HTO.

			Outside of these specific situations, the bone bridge method may be used for most situations that indicate medial or lateral meniscus transplantation. In fact, the proximity of the lateral anterior and posterior horns as well as the increased excursion in this compartment makes the bone block well suited for lateral meniscal transplantation. One hypothetical advantage of the bone bridge technique is the maintenance of the native antero-posterior distance between the meniscal roots if the transplant is a well size-matched. This could allow for improved hoop stress transference, and in turn decrease the contact load and increase the contact area. The argument against using the bridge to set horn attachment sites is that the bone plug technique allows mobility for the anterior horn, enabling the placement of the meniscal insertions to the surgeon’s preference, regardless of any meniscal graft mismatch. However, it is reported that placement of the horns at a non-anatomic position for the transplanted meniscus alters the hoop-stress properties1. 

			Biomechanical data from Verma et al. demonstrate that both bony techniques allow for the restoration of the tibial contact area and pressure to that of the native, uninjured state14. Therefore, an additional rationale for use of the bone bridge technique is not only horn distance preservation but also to improve access to the posterior horn insertion in the medial compartment. As the medial compartment is more constrained, access to the posterior aspect can be particularly challenging and, in the setting of the bone plug technique, requires accessory posterior medial portal viewing, occasional MCL release, and femoral wall/tibial spine notchplasty. These may be avoided with the bridge technique, as the slot improves the room for the anterior-to-posterior passage of the graft while using anterior visualization. Proponents of the bone plug technique mention that this requires removal of the medial tibial spine articulation with the femur; however, careful crafting of the osseous portion of the graft can allow for at least partial restoration of the spine, and many surgeons remove a portion of the spine during the plug technique to aid in the plug’s anterior-to-posterior passage.

			Indications

			In general, meniscal transplantation indications include symptoms consistent with post-meniscectomy syndrome (focal ipsilateral joint line pain), minimal-to-no radiographic joint-space narrowing or squaring, patient age generally under 55 years old, and modifiable co-morbidities (focal chondral defect, malalignment or ligament deficiency). As noted above, the only specific scenarios that would modify indications to perform a medial bone bridge technique are concomitant ACL reconstruction and HTO.

			Technique

			Diagnostic arthroscopy and preparation

			As with all meniscal transplantation procedures, the surgeon should first ensure that proper indications are maintained at the time of arthroscopy as regards the amount of chondrosis present in the affected compartment. If a concomitant articular cartilage procedure is planned, the authors prefer to perform the arthroscopic meniscal transplantation first and then proceed with the open portion of the case. Once the decision is made to proceed, the meniscus is debrided to a stable peripheral meniscal-capsular 2 mm rim (Figure 1). Maintenance of this rim will allow for more accurate placement of the graft and theoretically aid in capturing/containing the transplant in an effort to decrease extrusion. This can be assisted with the use of a #11 blade scalpel to increase the amount of surface area available for the arthroscopic shaver. Once complete, a rasp can be used to abrade the rim along with a small Kirschner wire for trephination in order to stimulate healing. Pie-crusting the deep medial collateral ligament (MCL) can allow for increased visualization in the medial compartment; however, in our experience this is typically not necessary in the bridge-slot technique. 

			A standard postero-medial or postero-lateral meniscus repair exposure is then performed in line with the respective femoral epicondyle. The incision should be one-third above the joint line and two-thirds below the joint line. A Henning retractor or spoon is placed in the plane between the gastrocnemius tendon and the capsule to help guide the needles through the incision and protect the neurovascular structures of the posterior knee.
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			Figure 1. The meniscus has been debrided except for 2 mm of the periphery, and this has been trephined and rasped to allow for peripheral bleeding.

			Slot Preparation

			Once the compartment is prepared, an 18-gauge spinal needle is introduced just central to the ipsilateral working portal through the medial (medial meniscus) or lateral (lateral meniscus) one-third of the patellar tendon in order to overlay the centre of the respective anterior and posterior horns (Figure 2). The needle is also placed parallel to the tibial slope. After this trajectory is confirmed, a mini-arthrotomy (3 cm) is created with two-thirds below and one-third above the needle. A small (3 mm) wall notchplasty may need to be performed to aid in posterior horn visualization and graft passage (Figure 3). Care should be taken so as not to violate the femoral attachment of the PCL for medial transplants and of the ACL attachment for lateral transplants.
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			Figure 2. A spinal needle is introduced anteriorly in line from the anterior horn attachment to the posterior horn attachment in order to determine the location of the anterior arthrotomy.

			[image: ]

			Figure 3. A 3 mm notchplasty is performed on the medial femoral condyle to aid in posterior horn visualization and graft passage.

			Next, viewing from the contralateral portal, soft tissues are removed using radiofrequency cautery in line with the horn attachments, followed by a 4.5 mm burr in the same orientation as the spinal needle, so that a superficial reference slot is formed (Figure 4). Keep the tip of the burr and ablation device facing the tibia to avoid ACL, condyle or plateau cartilage injury. Once the slot is at the depth of 4 mm, the 4 mm diameter depth gauge guide is placed in this superficial reference slot.
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			Figure 4. The arthroscopic burr is placed in line with the anterior and posterior meniscal horns to allow for the creation of the superficial reference slot.

			The guide is positioned posteriorly to an over-the-back of the tibia position, ensuring that it is parallel to the tibial surface (observing that the guide is evenly seated in the superficial reference slot). With the outrigger device attached, the pin guide is inserted to meet the anterior tibia. The guide pin is inserted through the jig to – but not through – the posterior cortex (Figure 5). The depth gauge and outrigger can be removed and an 8 mm reamer is passed over the guide pin to the posterior cortex. Ideally, the leading edge of the reamer is just visible at the base of the superficial reference slot. Next, a bull nose box osteotomy is advanced through the trough back to the posterior cortex (Figure 6). The osteotomy may migrate superiorly or inferiorly – keep it parallel to the slope by visualizing the vertical tines to avoid condyle injury or “snow ploughing” as it is advanced posteriorly. At times, it may be helpful to alternate with the burr posteriorly to ensure that this bone is adequately removed and to allow for a proper trajectory. A pituitary rongeur or arthroscopic grasper can then be used to remove any remaining bone within the slot. The slot is then rasped, first with a rectangular 7 mm rasp and followed by an 8 mm rasp, creating a rectangular slot measuring 8 mm wide and 10 mm deep. The numbers at the top of the rasp can be used to confirm the antero-posterior dimensions of the allograft bone bridge (Figure 7).
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			Figure 5. The depth gauge is in the superficial reference slot and hooked over the top of the tibia. The guide pin is placed in the distal guide parallel to the joint surface up to the posterior cortex.
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			Figure 6. The box osteotomy entering the tunnel. It is used to square off the slot, taking care to not “blow out” the back wall and to stay parallel to the tibial surface.
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			Figure 7. The 8 mm rasp is placed with firm pressure on the tibia to allow for efficient use. Note that the markings on the superior edge correspond to the antero-posterior length of the osseous bridge from the posterior cortex.

			Graft preparation and passage

			After thawing the graft in sterile saline, excess soft tissue around the meniscal rim or at the anterior and posterior horns should be removed. The meniscal allograft bone bridge is then prepared with an oscillating saw to a width of 7 mm which completely contains the bony insertion of both meniscal horns. A transverse cut is also made 10 mm below the meniscal horns to set the depth of the bone bridge. Excess bone posterior to the posterior horn is removed so that the bone bridge will fully sit within the slot. The sizing and shaping of the bone bridge is aided with the use of the rectangular sizing block/cutting jig (Figures 8 and 9).
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			Figure 8. The bone bridge is on its side in the cutting jig with a 7 mm cutting plane wall. After trimming the bone bridge, its width will then be 7 mm.
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			Figure 9. The bone bridge is in the rectangular sizing block, which is 8 mm wide and 10 mm deep. To confirm the proper size of the bone bridge, the anterior and posterior horns are flush with the block, which slides freely within the slot.

			The junction of the middle and posterior third is marked and a vertical mattress pull-through suture is placed at this junction (Figure 10). A zone-specific cannula is used to place a nitinol wire (Arthrex, Inc., Naples, FL) in the postero-medial (medial meniscus) or postero-lateral (lateral meniscus) corner of the joint. The loop end of the wire is pulled out the anterior arthrotomy incision. The passing suture on the meniscus is placed in the loop and advanced through the arthrotomy and out through the postero-medial or postero-lateral meniscus repair incision in order to begin to introduce the meniscus graft into the joint. The bone bridge is passed first, followed by the soft tissue component, which is reduced (similar to reducing a displaced bucket handle tear) under direct visualization with a probe and firm constant traction on the tag stitch. Placing a compartment appropriate varus or valgus stress on the knee and cycling the knee can also aid in reduction.
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			Figure 10. A vertical mattress stitch is placed at the junction of the middle and posterior third of the meniscus. Pull-through traction sutures have also been placed at the anterior and posterior horns.

			Graft fixation

			After passing the graft, an army navy retractor is placed with the long end on the medial (medial meniscus) or lateral (lateral meniscus) portion of the arthrotomy with downward force to aid in keeping the bridge in the slot. A freer elevator is brought from antero-superior to postero-inferior to lever down on the posterior aspect of the graft. With these in place, a tap is placed central to the bone bridge to allow for an interference screw (typically a 7x23 mm biocomposite screw) (Figure 11). Care should be taken to avoid having the screw migrate superiorly. Alternatively, pull-through sutures may be placed at both horns of the bone bridge and tied anteriorly through bone tunnels in the tibia (Figures 12 and 13). The remainder of the meniscus is fixed with an inside-out repair technique working from posterior to anterior. An all-inside device can be used for the most posterior portion if necessary. Approximately 6-10 sutures are used in total in a vertical mattress pattern, alternating through the capsule and meniscus superiorly and inferiorly. These are tied in extension and the posterior incision is closed in layers. The anterior aspect of the meniscus is closed to the capsule in an open fashion before closing the arthrotomy.
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			Figure 11. An interference screw is placed central to the bone bridge within the tibial slot.
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			Figure 12. Pull-through sutures at the posterior and anterior horns are used to assist in pulling the bone bridge into the slot.
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			Figure 13. The bone bridge and meniscus are reduced into the slot and corresponding compartment. The pull-through sutures are then tied over the anterior cortex of the tibia to provide fixation of the bone bridge.

			Outcomes

			In general, the outcomes for meniscal transplantation have been promising and continue to improve4. However, the evaluation of this heterogeneous data can be confusing in addition to the number of concomitant procedures that are commonly performed along with different MAT techniques. Several authors have specifically reported on the clinical outcomes of MATs utilizing the bone bridge technique, with satisfying results.

			One of the first reports of the bone bridge technique was made by Rueff et al. in patients undergoing concomitant ACL reconstruction12. Using cryopreserved menisci, all patients saw a significant improvement in Lysholm and IKDC scores, with 88% of patients willing to undergo the procedure again. We have published outcomes in the setting of concomitant cartilage restoration procedures. The combination of MAT with first-generation ACI demonstrated that clinical improvements in Lysholm and Cincinnati scores were present, though they were not equivalent to those of isolated procedures7. In this population, there were no differences in medial versus lateral compartment outcomes. Further studies in concomitant cartilage restoration patients demonstrate that results with the bone bridge technique yield 76% mostly or completely satisfied outcomes, with 90% of patients willing to undergo surgery again11. When comparing this to the outcomes of MATs using the bone plug technique, the results are similar with significant improvements in Lysholm and IKDC scores8. Further analysis is necessary to determine whether there are clinical benefits to performing the bridge technique over the bone plug- and soft tissue-only fixation techniques.

		

	
		
			Conclusion

			Bone bridge in slot meniscal transplantation as described by Coleet et al.3 and Farr et al.6 is a viable option. Clinical outcomes appear promising, with relatively long-term follow-up. Further work is necessary to determine whether maintenance of the native antero-posterior relationship of the meniscal roots provides superior hoop-stress properties with the desired level of chondroprotection.

			 

			All figures reprinted from Cartilage Restoration, Meniscal Transplantation Techniques (2014) pp. 199-221, Farr J, Gomoll AH.© Springer Science+Business Media New York 2014. With kind permission from Springer Science+Business Media.
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			Chapter 7.6

			Medial MAT Using the Three Tunnel Technique 

			Kevin R. Stone, Jonathan R. Pelsis, M. Siobhan Luce, 

			Ann W. Walgenbach

		

		
			Take Home Message

			•	Use a circumferential leg holder for tight control of the femur.

			•	The trick to trimming the anterior one-quarter of the meniscus is to use a backbiter, either right- or left-sided, or a long-handled knife through the ipsilateral portal.

			•	Avoid using any electrocautery or bipolar units on the meniscus, as blood supply determines the rate of healing.

			•	When preparing the posterior tunnel, it is important to watch and feel the pin to avoid past-pointing. If the guide pin is placed higher up or more anterior on the tibial plateau, the resulting anterior edge of the 7 mm hole will permit anterior subluxation of the meniscus, resulting in either tearing of the posterior horn or loss of flexion. This is the most common mistake in medial meniscus transplantation.

			•	Different-sized clamps should be used to keep the meniscus sutures sorted prior to tying.

			•	Take care not to penetrate into the ACL tunnel if one has been drilled for a ligament reconstruction.

			•	A common mistake is to twist the posterior and corner stitches onto each other, preventing seating of the allograft. This must be identified, the meniscus removed, and un-twisted.

			•	Marking the inferior surface of the meniscus helps to maintain graft orientation during insertion.

			•	Open dissection with posterior medial incisions has been eliminated by this technique, with a reduction of entrapment of superficial sensory nerves.

		

		
			Introduction

			Loss of the meniscus leads to pain and arthritis. Replacement of the meniscus in pristine knees relieves pain, stabilizes and protects the joint3,4,6,12. In arthritic knees, meniscus replacement, when combined with cartilage repair, relieves pain, improves function and delays the time for artificial joint replacement 1,2,5,7,8,11. To provide this level of improvement, the meniscus must be replaced in an anatomic fashion, securing the tissue to the tibia and reproducing both the meniscal-tibial attachments and the synovial attachments. The surgical steps below describe our three-tunnel technique for anatomic meniscus replacement. This technique has been published previously by the senior author9,10, and this chapter represents an update to the technique with tips on how to improve ease, safety and speed.

			Setup

			Our “all-arthroscopic” meniscus transplantation technique is accomplished through tight control of the femur in order to permit easy exposure of the back corners of the knee joint. This can only be accomplished with a circumferential leg holder, such as the Smith & Nephew Surgical Assistant Leg Holder (Smith & Nephew Inc., Memphis, Tennessee). Leg posts, human holders and open “U” designs do not permit the same oblique angulation for access in the tight knee. The end of the operating room table is either fully bent or else removed. Instruments are placed on a Mayo stand above the patient’s abdomen. No tourniquet is used; water pump infiltration provides haemostasis without the time pressure of the tourniquet, and if vessel penetration occurs it is recognized immediately in the absence of a tourniquet.

			Initial preparation

			A complete arthroscopy and treatment of other issues, such as ligament instability, precedes meniscus transplantation. If an ACL reconstruction is to be performed, we drill the holes but do not fix the graft until the end, to allow for the extra laxity necessary for visualization.

			In the setting of significant exposed bone that requires an articular cartilage repair procedure, such as paste grafting, we perform the repair procedure first, initiate four weeks of continuous passive motion with a CPM machine, and then insert the meniscus allograft in a second procedure, usually at the six week post-op time-point. The reason for the delay is our concern that the CPM machine might loosen the meniscus allograft.

			Preparing the knee for the meniscus allograft

			The edges of the remaining meniscus cartilage are trimmed, thereby stimulating the blood supply while maintaining the rim of the meniscus to receive the allograft. Avoid using any electrocautery or bipolar units on the meniscus, as blood supply determines the rate of healing. The trick to trimming the anterior one-quarter of the meniscus is to use a backbiter, either right- or left-sided, or else a long-handled knife, through the ipsilateral portal. Preserving the rim is the key to preventing subluxation into the medial or lateral gutter and pseudo-shrinkage of the allograft, which has been previously reported.

				

			The meniscus is then needled using a 1.6 mm smooth drill pin passed through an AO-drill guide modified by rounding the tip of the guide to diminish the chance of damaging the surrounding articular cartilage. The needling brings in new blood supply and creates channels for cellular in-growth13. On the medial aspect, the needle is passed repeatedly through the deep fibres of the medial collateral ligament, creating a “Swiss cheese” effect. When valgus force is applied, opening of the joint is permitted even in the tightest of knees.

			Creating the three tunnels for a medial meniscus allograft

			The posterior horn tunnel

			The three-tunnel technique for the medial meniscus transplantation requires that the three holes be placed optimally for meniscus insertion and fixation10. The posterior hole is made with a custom-modified drill guide (Conmed Linvatec, San Mateo, CA) that has a concave superior curvature to allow passage under the femoral condyle. The tip has a spoon to protect against unfortunate drill passage into the posterior neurovascular structures. The tip of the guide has a point, which must be placed at the bottom of the posterior medial eminence next to the PCL insertion.

			A drill pin is passed from the anterior tibial cortex into the guide tip while watching and feeling the pin to avoid past-pointing. If the guide pin is placed higher up or more anterior on the tibial plateau, the resulting anterior edge of the 7 mm hole will permit anterior subluxation of the meniscus, resulting in either tearing of the posterior horn or loss of flexion. This is the most common mistake in medial meniscus transplantation. A 7 mm cannulated drill is then driven over the pin under direct visualization with a curved curette positioned to catch the drill pin. The 7 mm drill is left in place and a suture passer with a #1 nylon loop is passed up the bore and brought out through the medial portal. The drill is then removed. Prior to pulling out the nylon loop, the medial portal must be thoroughly cleared of soft tissue or else the implant will catch upon insertion. We use a large shaver, followed by an oval obturator, and finally a large clamp spread wide in the 2 cm portal.  

			The posterior corner tunnel

			The second hole is placed 1-1.5 cm around the tibia from the posterior root insertion. A 4.5 mm cannulated drill is used here, since the meniscus will not be dunked into the hole. A blue PDS® suture loop is passed and brought out through the medial portal. Different-sized clamps should be used to keep the sutures sorted.

			The anterior horn tunnel

			The third - or anterior - hole is placed by identifying the natural insertion site of the recipient, which is often over the anterior edge of the tibial plateau (Figure 1). A straight AO guide is placed followed by a drill pin buried only 1 cm into the bone. This pin is over-drilled with the 7 mm drill through the medial portal to a depth of 1 cm, thereby creating a socket to insert the anterior horn of the meniscus. Care is taken not to penetrate into the ACL tunnel if one has been drilled for a ligament reconstruction. A triangular drill guide is placed into the socket and a pin placed from the anterior medial tibial cortex to the tip of the guide and then over drilled with the 4.5 mm cannulated drill. Again, a nylon suture loop is passed and exited through the medial portal.
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			Figure 1. Lateral view of the three tunnels placed through the tibia for meniscal insertion and tibial fixation. Adapted from “Meniscal Allografting: The Three-Tunnel Technique,” by KR Stone and AW Walgenbach, 2003, Arthroscopy, 19, p. 429. Copyright 2003 by the Arthroscopy Association of North America.

			Preparing the medial meniscus allograft

			The medial meniscus allograft is prepared on the back table. It is separated from the tibial plateau with a knife, retaining the meniscal tibial “skirt” with ligaments around the periphery, the periosteum at the anterior horn and a 6 mm oval block of bone on the posterior horn. A different-colour strong resorbable suture is then weaved into the two horns and the posterior quarter, matching the 1-1.5 cm distance from the horn to the posterior hole. The bottom of the meniscus is marked with a skin marker to create Walgenbach lines, which assist in the differentiation between the top and bottom should twisting occur. A separate 2-0 PDS suture on a 10 inch needle is then passed through the mid-body of the meniscus allograft. An 18 gauge needle is then passed from outside the knee to the under-surface of the mid-body of the meniscus remnant. A looped suture passing wire (Arthrex, Naples, Fl) is passed from outside to in, grasped and pulled out the widened anterior portal. The 2-0 PDS suture is passed through the wire loop and pulled out the knee. This provides a direct medial pulling force on the meniscus when it is pulled into the knee. The horns and corner stitches are loaded into the loop stitches and pulled into the knee. A common mistake is to twist the posterior and corner stitches onto each other, preventing seating of the allograft. This must be identified, and the meniscus removed and untwisted. When seated, clamps are placed on the suture against the anterior tibia as temporary fixation.

			Medial meniscus allograft fixation

			We prefer an inside-out suture technique utilizing curved, cannulated guides. We use 10 inch needles with a PDS® suture, taking care to pass them both above and below the meniscus in vertical stitch orientation. It is important to note that the bottom of the allograft must be sewn to the bottom of the meniscus remnant rim and the top of the meniscus to the corresponding top of the rim. Avoid making large, open posterior, medial or lateral incisions, and instead make two or three small stab wounds, which can be stretched to retrieve the passed suture needles. Avoid sewing directly to the synovium or the meniscus will sublux into the gutter. We sew from back to front, changing the angle for the guides as needed. When the meniscus looks balanced, the anterior, corner and posterior sutures are tied while visualizing the tension on the meniscus. These sutures are tied prior to tying the knots on the middle of the meniscus in order not to pull the horns away from the tunnel insertions. The knee is taken through full range of motion, and meniscus-stability is checked with a probe.
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			Figure 2. An allograft meniscus (left) that has been prepared with the meniscal-tibial skirt ligaments intact, and a cross-sectional view of the meniscus (right) with the skirt ligament seen attaching the peripheral rim of the meniscus to the tibial plateau.

			Post-operative rehabilitation

			The primary goal of the meniscus allograft rehabilitation protocol is to protect the allograft healing, with a secondary goal of restoring range of motion. General considerations include partial weight-bearing status for four weeks post-operatively in a hinged rehabilitation brace locked in full extension. Out-of-brace range-of-motion exercises can begin on day one under the supervision of the physiotherapist unless otherwise indicated. Regular assessment of gait to avoid compensatory patterns should be made, as well as regular manual mobilizations to surgical wounds and associated soft tissue, in order to decrease the incidence of fibrosis. Stretching five times daily by bending the knee back as far as tolerated for 10 seconds is encouraged, while no resisted leg extension machines, and no high-impact, cutting or twisting activities are allowed for at least four months post-operatively.

				

			The rehabilitation protocol can be described in two phases: a maximal protective phase and a moderate protective phase. The maximal protective phase is from weeks one to four, and includes icing and elevation, range-of-motion exercises and whole-body and well-leg training. The moderate protective phase is from weeks four to 12, and includes stretching, manual treatments to restore range of motion, the introduction of functional exercises (i.e., partial squats, calf raises and proprioception exercises), road cycling as tolerated, slow walking on a low-impact treadmill, and lateral training. Exercises increasingly focus on single-leg exercises, strength training and sport-specific training for a gradual return to activities (Table 1).

			Table 1. Rehabilitation protocol.
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			Discussion

			The three-tunnel technique fixes the meniscus to the posterior portion of the tibia, diminishing the chances of subluxation. Additional fixation may be provided by the use of suture anchors at the mid body or anterior portion for those knees lacking any meniscus rim.

			We perform a day-one post-op MRI on all meniscus transplant patients to confirm the accurate placement of the meniscus. On occasion, this has revealed a posterior horn of the medial or lateral meniscus that is too far anterior on the tibial plateau. It is best to revise that meniscus immediately or else failure is likely.

			Advances in meniscus transplantation will include better recreation of all the meniscus tibial and femoral attachments. Additionally, cell and growth factor pre-loading may speed healing and prolong the survival of meniscus transplants.

			In summary, meniscus transplantation requires attention to detail, but is a rewarding soft-tissue reconstruction which, when combined with articular cartilage repair techniques, can be successful in providing improvements in function, activity and pain levels in pristine as well as arthritic knees.
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			Chapter 7.7

			MAT Combined with ACL Reconstruction 

			Dimitrios Giotis, Rainer Siebold

		

		
			Take Home Message

			•	The combination of meniscus allograft transplantation with ACL reconstruction is a very difficult procedure, recommended only for very experienced knee surgeons.

			•	The surgical challenge includes separate bone tunnel placements, specific technical requirements of both procedures and the length of the procedure.

			•	The combination might be a beneficial treatment option for properly selected patients who display pain after total or subtotal meniscectomy along with ACL instability.

			•	The procedure may provide relief of symptoms, restoration of relatively normal knee function, and delay in the degenerative process.

		

		
			Introduction

			The meniscus is a substantial structure for knee joint homeostasis and the maintenance of normal knee function2. Primarily, it is considered crucial for load transmission and shock absorption across the knee joint1,6,10,17,18,31,38. In particular, it has been found that nearly 60% of the load across the knee joint is transmitted through the menisci, especially the lateral one13.

			 

			Although lateral meniscectomies can cause more rapid degenerative changes, these changes can be even more dramatic when medial meniscectomies are performed13,17. However, if the meniscal damage is irreparable and the magnitude of the injury is extensive, the preservation of the meniscus might be impossible and complete meniscectomy will be required. Hence, in patients with total meniscectomy, meniscus allograft transplantation might be an advisable option for treatment. 

			The progression of osteoarthritis in a meniscus-deficient knee, especially the medial knee, is accelerated when there is a coexisting anterior cruciate ligament (ACL) deficiency1,17,22. The management of this situation becomes even more difficult when the patient is young and active. For such patients with a combined prior total meniscectomy and an ACL injury, there have been several reconstructive options proposed, such as isolated ACL reconstruction31,32, ACL reconstruction combined with osteotomy24 and isolated osteotomy9. However, in these complicated cases, meniscus allograft transplantation with concomitant ACL reconstruction might be an alternative surgical solution to reduce pain, enhance knee stability and function, and possibly inhibit the degenerative process.

			The purpose of this article is to review the literature and present the results of combined meniscal allograft transplantation and ACL reconstruction, and to determine whether this kind of surgery can provide satisfactory outcomes regarding knee stability and the protection of cartilage in patients with prior meniscectomy and ACL deficiency. 

			Review of the literature and results

			It has been reported that the development of knee osteoarthritis in meniscus-deficient knees is accelerated when there is a concurrent ACL injury. Levy et al. reported greater anterior tibial translation in knees with combined medial meniscectomy and ACL tearing compared with knees that had undergone isolated ACL transection17. In parallel, Jacobsen reported severe knee joint osteoarthritis in ACL-deficient patients two years post-injury, proposing that meniscal loss is the primary factor driving acceleration of the osteoarthritic process12. Cole et al. found that ACL graft forces increased in cadaveric knees after medial meniscectomy, proposing that medial meniscus transplantation at the time of ACL reconstruction might restore the non-impaired meniscal function, protect the ACL graft and decrease the risk of graft failure4.

			The first meniscus allograft transplantation was performed by Wirth et al. in 198419. They reported that medial meniscal transplantation in 22 knees could offer satisfactory outcomes, but two concerns had to be taken into consideration: graft shrinkage and the use of freeze-dried grafts (lyophilized). Since then, outcomes for MAT with ACL reconstruction have been promising in terms of decreasing knee swelling and pain and improving knee function and stability; however, generally only short-term outcomes are reported and very few published studies that have investigated the long-term results following meniscal allograft transplantation or the outcome of combined ACL reconstruction with meniscus allograft transplantation.39 or the outcome of combined ACL reconstruction with meniscus allograft transplantation. Wirth et al was the first to report the results of meniscal transplantation with simultaneous ACL reconstruction in a prospective long-term study. They evaluated 23 patients who underwent combined medial meniscus allograft transplantation and ACL reconstruction with a BPTB autograft and reported a median Lysholm score decrease from 84 ± 12 three years post-operatively to 75 ± 23 14 years post-operatively. Furthermore, they compared this group of patients with control groups comprising patients who had undergone ACL reconstruction along with either meniscectomy/untreated irreparable meniscus (n=11) or with intact menisci (n=10), though without finding significant differences among the comparative groups. Finally, they observed that the fresh-frozen graft was preserved on MRI but that the lyophilized graft showed significant shrinkage.

			Van Arkel and de Boer34 reported the largest series and were the first to strongly recommend combined simultaneous ACL reconstruction along with meniscal allograft transplantation in cases of combined meniscectomy with knee instability. They suggested that this surgical combination could provide a bidirectional relation between the meniscus allograft and the ACL graft. The functionally competent meniscus could protect the ACL graft and decrease the risk of graft failure, while the reconstructed ACL could provide knee stability and protect the meniscus transplant. Verdonk36 also examined 16 fresh meniscal allograft transplants with an accompanied ACL reconstruction, reporting improvements in stability, pain and stair-climbing ability in the follow-up evaluation at mean 3.1 years (range, 1 - 6.2 years). Furthermore, Ryu et al.28 evaluated 28 patients after meniscus transplantation with a follow-up time of on average 33 months and reported improved knee function in patients with combined medial meniscus transplantation and ACL reconstruction compared to patients with isolated medial meniscus transplantation; however, they did not describe the specific method of ACL reconstruction.

			Yoldas et al.41 examined clinical and patient-reported outcomes of 31 patients (34 fresh-frozen non-irradiated allografts) following meniscal allograft transplantation with (20 participants) and without (11 participants) combined ACL reconstruction with a minimal two-year follow-up (mean, 2.9 years). The results indicated that there was no difference as to which meniscus was transplanted. In the majority of patients, no knee pain, swelling or instability during activities of daily living were observed. However, few could take part in strenuous sports without pain. 71% of patients (22/31) were “greatly improved,” 26% (8/31) were “somewhat improved,” and only 3% (1/31) reported “no change as a result of the surgery.” Almost all patients (30/31) had an International Knee Documentation Committee (IKDC) score of A or B, while the mean Lysholm score was 84 ± 14. Using the IKDC rating of instability and the instability question from the Lysholm Knee Scale, it was demonstrated that 64% of patients who underwent isolated meniscus allograft transplantation could participate in moderate sports without instability, whereas this percentage increased to 83% for patients with combined meniscus transplantation and ACL reconstruction, and to 75% for patients with combined meniscus transplantation and revision ACL reconstruction. The researchers considered that the meniscal transplantation was the main reason for the improvement of knee function whereas the ACL reconstruction was responsible for the enhancement of patients’ knee stability.

			Rueff et al.27 examined 5 year outcomes in patients who underwent combined MAT and ACL reconstruction compared to those who underwent meniscal repair or partial meniscectomy with an ACL reconstruction. Each patient was evaluated by the meniscus allograft clinical registry questionnaire, which combined the modified Lysholm knee scoring scale, the IKDC subjective knee evaluation, and the knee pain level score on a 10 cm visual analogue scale. With the exception of swelling (which was less in patients without meniscal transplantation), the authors did not indicate significant differences concerning all the other examined parameters, such as pain, knee stability, squatting, stair climbing, sitting, rising from a chair, running, jumping, and stopping quickly, among the patients of the two examined groups. However, the patients who had undergone meniscal transplantation displayed greater reductions in knee pain as recorded on a visual analogue scale.

			Sekiya et al.29 also reported promising results regarding combined allograft meniscal transplantation and allograft ACL reconstruction. They evaluated the clinical and radiographic results in 28 patients after combined meniscal allograft (non-irradiated cryopreserved tissue) transplantation and allograft (fresh-frozen patellar tendon) ACL reconstruction (19 primary; nine revision). The average follow-up time was 2.8 years (range, 1.8 to 5.6). With the use of IKDC overall subjective assessment, it was indicated that 86% of the patients displayed normal or nearly normal scores, and almost 90% had normal or nearly normal Lachman and pivot-shift test scores, with slightly better results for the primary ACL reconstructed patients as compared to the revision ACL reconstructed patients. However, the patients displayed an average increased anterior translation of 1.5 mm in the operated knee as compared to the intact contra-lateral knee. There was no significant difference in radiographic joint space narrowing compared to the contra-lateral intact knee. 

			Similar results were presented by Graf et al.8, but with a longer follow-up time. In this study, the clinical and radiological long-term outcomes of eight patients after combined medial meniscal allograft transplantation and ACL reconstruction were assessed with a minimum of 8.5 years follow-up. Each patient had undergone a previous total or near-total medial meniscectomy before consideration for medial meniscal allograft transplantation. Concerning the ACL reconstruction, patellar tendon allograft was used in six cases while patellar tendon autograft was used in two patients. The researchers found reliable improvement in pain, swelling, stability and knee function. In particular, regarding the subjective clinical outcomes, IKDC symptoms evaluation revealed two normal scores, five nearly-normal scores and one abnormal score. The IKDC function test showed five normal scores, one nearly-normal score and two abnormal scores. Most importantly, six patients reported that they were extremely pleased with the function of the knee and were active in recreational sports. Lastly, the range of motion was normal in six cases and nearly normal in two. However, regarding the radiographic evaluation, six of eight patients showed progressive narrowing of the medial knee joint space. 

			The study with the longest follow-up time (20 years) in the literature for combined meniscus allograft transplantation and ACL reconstruction was the article of von Lewinski et al.37. This case series study was the follow-up to the research of Wirth19, which was the first study of free human meniscal allograft transplantation. In this article37, the results of the IKDC score were similar to those of Graf et al.8. However, the small sample size (which comprised only five patients) was a considerable disadvantage and cannot be ignored. On the other hand, there are very few studies in the literature that are against combined meniscus allograft transplantation and simultaneous ACL reconstruction. Kohn’s15 personal view was that meniscus transplantation should not be performed in combination with the correction of knee instability, deformity or cartilage repair. Other reports14,20 have supported the view that the harvesting of the autograft tissue might impair knee function in patients with ACL deficiency and concurrent severe meniscus damage, proposing the use of allograft in such cases.

			Technical issues

			Indications for combined meniscus allograft transplantation and ACL reconstruction

			History, physical examination and imaging techniques, including radiographs and magnetic resonance imaging (MRI), are needed to identify the appropriate patient for combined meniscus allograft transplantation and ACL reconstruction19,21,33,35. The criteria for the selection of candidates for both meniscal transplantation and ACL reconstruction are both subjective (including pain and instability) and objective (embracing joint stability, age, articular cartilage status and mechanical alignment). The profile of a candidate might be proposed as27,29,41: 

			• Young (but without any age limitation); 

			• A history of prior total or nearly total meniscectomy; 

			• Joint line or compartment pain during activities of daily living and/or sports;

			• Knee instability due to ACL injury or a previously failed ACL reconstruction.

			Based on criteria established by Rosenberg et al.26, patients with joint space narrowing greater than 2 mm in an antero-posterior (AP) radiograph with weight-bearing in 45° flexion are critical candidates, due to advanced degenerative changes. In cases where the status of the articular cartilage cannot be assessed with the use of MRI, a diagnostic arthroscopy should be performed. Patients with chondral lesions of Outerbridge23 grade II and small areas of grade III could be treated surgically. However, large areas of grade III chondral lesions and any grade IV should be considered contra-indications to meniscal transplantation. In parallel, asymmetry of greater than 4° in the mechanical axis - from side to side - should be considered as a contra-indication to meniscal transplantation29. In these cases, an osteotomy may be considered to realign the mechanical axis before - or concomitantly with - the meniscal transplant procedure29,41. Other exclusion criteria would be rheumatoid arthritis, gout, obesity and radiographic evidence of medial femoral condyle flattening8.

			Donor

			The size of the meniscal allograft is based on pre-operative lateral and AP radiographic measurements3,30. Sub-chondral dimensions in the AP and lateral knee radiographs should be matched with the underlying allograft tibial plateau. Current practice trends have witnessed the use of MRI to assess the size of the meniscal allograft. The method of preservation and sterilization of the meniscal allografts may be a very important factor in the final clinical outcome. Regarding preservation, meniscal allografts may be fresh, fresh-frozen or cryopreserved36. Fresh tissue transplantation would theoretically be the ideal allograft. However, the difficulties involved in preservation make its use difficult or even non-feasible16. Cryopreserved meniscal allograft can also help maintain cell membrane integrity and provide a cell viability of approximately 10% to 40%16, avoiding the potential interstitial cell damage associated with fresh-frozen allograft use11. However, cell viability might not be an important parameter for meniscal allograft transplant performance, as viable donor cells seem to be replaced with host cells11. In relation to sterilization, in several studies the meniscal allograft was not irradiated, as a dose of 2.5 mrads irradiation was correlated with a high graft failure rate21,29,41 or else alterations in the mechanical properties of the allograft40. On the other hand, there are studies where the meniscal allograft is γ-irradiated at 3.0 mrads in order to kill the HIV-1 virus5,8. Regarding the immune response to meniscal allografts, Goble et al.7 have shown that there is no correlation between immune response and graft failure or rejection. 

			Several authors8,27,29 prefer a fresh-frozen or cryopreserved irradiated patellar tendon allograft for ACL reconstruction in cases of combined surgery of meniscal transplantation and ACL reconstruction. However, today, most knee surgeons seem to prefer the use of autografts (e.g., hamstrings, patella tendons or quadriceps tendons).

			Surgical techniques

			Typically, the meniscus is transplanted first, followed by reconstruction of the ACL. This order is preferable in order to avoid graft loosening and to protect the ACL graft during the manipulations needed for meniscal transplantation8. The technique of allograft transplantation is described in detail in this book. In our patients, we perform a bone tunnel-bone plug technique for the medial meniscus and a bone bridge technique for the lateral meniscus (Figs. 1a and b). The ACL reconstruction is then performed in a standardized fashion, usually using a single-bundle technique with the above-mentioned graft choice. The most critical point is the tibial bone tunnel, which should not interfere with the anterior bone tunnel of the meniscus. This is especially critical for the anterior bone tunnel of the medial meniscus, because the meniscus insertion is just anterior to the tibial ACL insertion. We use standard arthroscopic portals, with the portal at the side of the transplantation (medial or lateral) enlarged to a mini-open incision (3 cm). A conventional tibial ACL aimer is used. The tibial ACL bone tunnel is first drilled at a 60° angle about 1 cm medial to the tibial tubercle. The bone tunnel for the anterior horn of the medial meniscus is drilled thereafter, at a 50° angle and from 2.5 cm medial to the tibial tubercle. The two bone tunnels should not merge. The bone tunnel for the anterior horn of the lateral meniscus is positioned lateral to the bone tunnel of the tibial ACL insertion, and is therefore easier to perform laterally. Using conventional reamers, the diameter of the bone tunnels for the meniscus allograft is usually 5-6 mm, depending upon the diameter of the meniscal root and the small bone block attached. Fixation of the allograft roots is made over the tibial bone bridge with the attached No. 2 fibre wire sutures. The ACL graft is fixed thereafter (femoral suspensory button and tibial bioresorbable screw).
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			Figure 1. a) Preparation of a medial meniscus allograft with a bone plug at each root for anterior and posterior bone tunnel fixation; b) Preparation of a lateral meniscus allograft with a bone bridge.

			Post-operatively, the range of motion is trained as tolerated, starting with a continuous passive motion machine (CPM). Partial weight-bearing is performed for four-six weeks. Crutches are discontinued providing that the patient has full knee extension, 90-100° knee flexion and an absence of (or minimal) swelling. Rehabilitation is continued for three to six months with an emphasis on restoring full motion and strength. Patients are allowed to swim front crawl and aqua-jog after two to three months, returning to running after six months and to light sports after nine months. Return to strenuous activities that include pivoting, jumping or twisting is critical, and can only be sanctioned in specific cases8,27,29,37,41. There is no difference in rehabilitation between the medial or lateral allograft.

		

	
		
			Conclusion

			The combination of meniscus allograft transplantation with ACL reconstruction is a very difficult procedure, recommended only for very experienced knee surgeons. The surgical challenge includes separate bone tunnel placements, specific technical requirements of both procedures, and the length of the combined procedures. The combination might be a beneficial treatment option for properly-selected patients, who display pain after total or subtotal meniscectomy along with ACL instability. The procedure may provide relief of symptoms, restoration of relatively normal knee function, and delay in the degenerative process.
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			Chapter 7.8

			Combined Osteochondral Allograft and MAT 

			Alan Getgood, William Bugbee

		

		
			Take Home Message

			•	Combined MAT plus fresh OCA is a rare surgical procedure which is indicated for the treatment of concomitant meniscus loss and osteochondral pathology in a patient who has pain in the affected compartment and who is too young to undergo partial or total joint arthroplasty.

			•	Satisfactory graft survivorship and good patient-reported outcomes have been found; however, patients should be made aware of the high complexity of the surgery and the relatively high rate of re-intervention associated with it.

			•	The best results are found in patients with unipolar, unicompartmental disease caused by trauma.

		

		
			Introduction

			Previous chapters have outlined the important symbiotic relationship of the meniscus and articular cartilage in providing a congruent joint surface for optimized knee function. Due to the important role of the meniscus in load distribution, shock absorption, stability and lubrication, meniscus loss has been directly implicated in the development of chondral degeneration and osteoarthritis20. It is therefore very common to find chondral and meniscal pathology co-existing in the same joint, both of which may often need to be treated, to obtain an optimal post-operative recovery and return to function. 

			There are numerous biological options available for the treatment of chondral injury, which can be broadly categorized into four groups based upon the technology utilized22:

			1. Marrow stimulation techniques – these include micro-fracture and abrasion arthroplasty. While good results have been reported, particularly with micro-fracture, longevity of symptom relief has suffered due to the perceived loss in biomechanical function over time and the advancement of the sub-chondral bone plate21. Micro-fracture is mostly recommended as a first-line treatment in small chondral defects of the femoral condyle that are less than 2 cm2.

			2. Osteochondral transplants – these include both autologous and allogeneic transplants. Osteochondral autograft transplant (OAT) - or mosaicplasty - has been utilized successfully in osteochondral defects of small- to medium-size. Challenges include matching the topographic anatomy of the curved surface of the femoral condyle with multiple small cylindrical plugs, as well as donor tissue availability and subsequent donor-site morbidity. Allograft tissue has been used successfully and is the main focus of this chapter. 

			3. Cell-based repair – autologous chondrocyte implantation (ACI) was popularized in the early 1990s following a landmark study by Brittberg et al., in which chondrocytes, harvested from an articular cartilage biopsy are expanded in a monolayer cell culture and then re-implanted six to eight weeks later under a periosteum flap in the cartilage defect (first generation)2. This has evolved to second generation (collagen membrane) and third generation (cells grown on a matrix and then implanted) techniques. Randomized clinical trials have shown the superiority of ACI over marrow stimulation techniques as regards the quality of the repair tissue25, 28 and have subsequently been recommended for larger defects of the chondral surface.

			4. Synthetic/biological scaffolds – this technology incorporates porous scaffolds made of synthetic or biological materials which can act as a framework for cells to attach and produce an extracellular matrix in an attempt to regenerate the appropriate tissue type. Numerous osteochondral scaffolds are available, but they are generally used to treat small, focal defects. Regulatory challenges in the United States have limited the clinical options available.

			The ultimate aim of articular cartilage restoration procedures is to provide pain relief and return of function while avoiding unicompartmental or total joint arthroplasty, or at least delay the need for such treatment until the patient is at a more suitable age when their physical demands are not as great and the risk or repeated revision is lower19. Successful articular cartilage repair necessitates the existence of a functional meniscus to provide chondroprotection for the biological repair process. A prerequisite of most clinical trials of new cartilage repair technologies for Food and Drug Administration (FDA) regulatory approval is the presence of at least 50% of the native meniscus in the affected compartment, which should also have peripheral circumferential continuity to maintain adequate restoration of hoop stress14. This therefore provides a clear indication for meniscus allograft transplantation (MAT) in the context of articular cartilage repair in the face of a deficient meniscus. Although the natural history of the meniscal-deficient knee may be unpredictable in any one individual - as some patients tolerate meniscal deficiency better than others - the overwhelming long-term data suggest that meniscal injury and/or loss is a strong risk factor for degenerative arthropathy.

			This chapter will outline the indications and surgical techniques for combined MAT and osteochondral allograft (OCA). The technique for utilizing other cartilage repair techniques with MAT has been covered in a previous chapter.

			Indications

			The efficacy of MAT and fresh OCA procedures as individual treatment modalities for select applications is well-established. A number of published studies have documented good clinical outcomes when either technique is utilized to address meniscus deficiency5,17,24,29 or osteochondral loss,7,9,10,13,16,18 respectively. 

			As mentioned in previous chapters, the ideal candidate for MAT is a young patient with a well-aligned, stable knee with as close-to-normal joint surfaces as possible. However, this paradigm is beginning to change due to more recent publications with MAT being performed with extended indications in combination with cartilage repair6,11 or in some instances in the presence of more severe degenerative disease15,26. Furthermore, as is our experience, patients who have had significant trauma to the knee - such as tibial plateau fractures with profound joint destruction - combined MAT and OCA can be implemented as a salvage solution. 

			The benefit of OCA is that it can be used to reconstruct larger areas of sub-chondral bone and articular cartilage loss, which would otherwise be challenging to treat with the alternative cartilage repair therapies that generally address the surface of the joint. Osteochondral allograft has been used successfully for decades, starting in the early 1970s for knee reconstruction following large tumour resection4. Due to its success, OCA was then utilized following osteoarticular trauma. Early experiences with frozen tissue were associated with chondral degeneration at medium-term follow-up. A number of programmes in North America then explored the concept of utilizing fresh osteochondral tissue. This was tissue that was recovered and transplanted within 72 hours of death, maximizing cell and tissue viability at transplantation. A number of case series were published documenting good-to-excellent results at medium-to-long-term follow-up, making the procedure a standard - though uncommon - practice for complex reconstructive situations3,4.

			Unfortunately, the original process of fresh OCA was fraught with logistical issues, such as the ideal time from donor recovery to implantation, with the original series recommending transplantation within 72 hours. This short time-line made it difficult to perform serology testing or donor screening for transmissible disease, and created logistical issues when arranging the operative time. More recent research has shown that cell viability could be maintained up to 21-28 days if the tissue is kept refrigerated in a nutrient medium30. This has resulted in commercial tissue banks incorporating fresh OCA into their repertoire, making OCA much more readily available.

			In our experience, combined MAT and OCA is performed in patients with a combined osteochondral defect of the femoral condyle or tibial plateau (or both) and meniscus deficiency associated with pain and loss of function. In a recent review of the senior authors’ (WB) patient cohort, osteoarthritis accounted for 38% of cases while 25% were secondary to tibial plateau fracture. A third group consisted of degenerative and traumatic chondral lesions, including osteochondritis dissecans associated with meniscus deficiency. The others consisted of failed previously implanted OCA. 

			Graft procurement and sizing

			Fresh OCA and meniscus allografts may be obtained from commercial, not-for-profit tissue banks, regulated by an appropriate body, such as the American Association of Tissue Banks (AATB) in the USA. Fresh OCA grafts are recovered and undergo donor suitability evaluation as well as serological and microbiological tested using a standard protocol and stored at four degrees centigrade in a nutritive media and transplanted between 21-28 days30. Meniscal allografts are generally obtained and are frozen when fresh, unless a composite meniscus and tibia hemi-plateau are utilized, in which case the meniscus is also transplanted fresh as part of the tibial graft. 

			Sizing of the osteochondral graft is performed by taking a direct measurement of the tibial plateau-width on the donor tissue and measuring a similar width on a magnification-corrected radiograph of the recipient. Sizing of the isolated meniscal allograft is performed using the Pollard proportional method as a primary measure of radiographs23, with gender and height used as a secondary guide27. Contralateral MRI and measurement of the respective meniscus may also be used as described in a previous chapter.

			Surgical technique

			The surgical technique employed will depend upon the site of the defect and the type of OCA being used. In the case of a combined femoral condyle OCA and MAT, previous chapters have outlined the various techniques of MAT that may be employed. Our approach to these cases involves three general steps:

			1. Arthroscopic joint examination, preparation of the meniscal bed, and tunnel preparation for the MAT posterior and anterior root insertions, or else slot preparation for a bone bridge MAT (see previous chapters).

			2. Preparation of the femoral condyle recipient defect – this is ideally performed using a commercially available instrumentation to produce large cylindrical defects to be able to transplant press fit plugs (Figure 1a-h)8. If the defect is too extensive or uncontained, then a shell allograft may be performed instead. 

			3. Implantation of the meniscus followed by suturing to the periphery.

			4. Implantation of the OCA.
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			Figure 1. a) Medial femoral condyle osteochondral defect; b) Medial femoral condyle fresh osteochondral allograft; c) Proprietary instrumentation for osteochondral allograft transplantation dowel technique (Arthrex Inc., Naples, FL); d) Recipient defect prepared with cylindrical reamer; e) Donor graft harvested from the fresh OCA, 1mm oversized (diameter) to achieve a press fit in the recipient defect; f) Donor plug showing minimal bone transplanted (<10mm); g) Donor plug orientation marked with pen to ensure appropriate topographical match; h) Donor fresh OCA press fit into the recipient defect.

			The order of these steps may be adjusted, depending upon the location of the chondral defect and the approach to the MAT procedure. If using a bone plug technique for the MAT, as is often the case on the medial side, the meniscus may be implanted and sutured arthroscopically prior to arthrotomy and femoral condyle preparation (Figure 2a-g). This allows the meniscus suture to be performed without extravasation of the irrigation fluid. The femoral defect may then be prepared and the OCA implanted prior to fixing the anterior horn of the MAT, allowing the anterior third of the meniscus graft to be reflected out of the way to allow better access to the condyle. Once the OCA is in situ, the MAT anterior root may be implanted and fixed in a standard fashion. If on the lateral side, the femoral condyle OCA is often implanted first followed by the MAT bone bridge, as this is all done through an arthrotomy.
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			Figure 2. 27 year old male undergoing revision anterior cruciate ligament reconstruction, medial meniscus transplant and medial femoral condyle fresh osteochondral allograft, after a failed microfracture. a) Failed microfracture on medial femoral condyle; b) Absent body and posterior third of medial meniscus; c) Medial meniscus allograft prepared with bone plug technique; d) Posterior root bone plug seated into posterior socket; e) MAT in-situ prior to suturing; f) Open arthrotomy following implantation of MAT arthroscopically and posterior third and body sutured.  The anterior root plug (marked with black arrow) is retracted medially to allow easy access to the femoral condyle to prepare the recipient socket for the OCA; g) Second OCA plug being inserted into medial femoral condyle.

			For a combined tibial plateau OCA and MAT, the tibial hemi-plateau is replaced en bloc as a shell allograft (Figure 3a-h). We approach this in a similar fashion as above:

			1. Arthroscopic examination of the joint (if not done in the previous three months).

			2. Open arthrotomy and resection of the tibial plateau.

			3. Preparation of the femoral side if performing a bipolar graft.

			4. Implantation of femoral grafts if indicated.

			5. Implantation of the tibial plateau with MAT en bloc plus a meniscus suture.
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			Figure 3. Combined lateral tibial plateau OCA and MAT composite graft. a) & b) AP and lateral radiographs showing a malunion of a lateral tibial plateau fracture; c) Right knee with lateral parapatellar arthrotomy.  The hardware is removed and the lateral meniscus and abnormal chondral surface of the tibial plateau is visualized; d) Proximal tibial plateau bone cuts to take the allograft; e) Composite allograft of fresh OCA and lateral MAT in-situ fixed with two compression lag screws; g) & h) AP and lateral radiographs showing final graft position and fixation.

			The most common indication for this approach is replacement following a lateral tibial plateau fracture. A lateral para-patellar arthrotomy is utilized allowing adequate exposure to both the femur and the tibia. The tibial bone resection is performed free-hand using a reciprocating saw, ensuring adequate depth of cut while maintaining appropriate coronal and sagittal alignment. This is performed in a similar fashion as when performing a unicompartmental knee arthroplasty. Particular attention is paid to the extension gap measured using a laminar spreader in the lateral compartment with the knee in extension. A similar-sized bloc is harvested from the donor graft and transplanted into the defect with the meniscus allograft in situ. Position and size are then checked on antero-posterior and lateral fluoroscopy, allowing fine adjustment prior to definitive fixation. Once satisfactory positioning is confirmed, the shell graft is secured in place using two partially threaded 3.0 mm lag screws inserted from the periphery in orthogonal planes. The meniscus allograft is then sutured in an inside-out fashion using meniscal sutures or all-inside utilizing proprietary meniscal suture devices through the arthrotomy. As in all fresh OCA procedures, the minimum amount of bone is transplanted (<10 mm depth) to minimize the allogeneic load from bone marrow constituents, unless a large bony defect requires reconstruction8. 

			Rehabilitation

			A structured physiotherapy programme is of paramount importance to maximize post-operative outcome (full details can be found in a later chapter). Patients should remain touch weight-bearing for six weeks, followed by a gradual return to weight bearing up to three months post-operatively. Range of motion is restricted from 0-900 until six weeks, and then full range is allowed; however, loaded squats are avoided until three months post-operatively. Closed-chain quad and hamstring exercises are encouraged for the initial six months and then a gradual increase in open chain exercises may be instigated, as long as there is no pain or effusion prior to and after initiating exercises. A gradual return to non-contact sport from 12 months onwards is acceptable, with contact sport ideally avoided or delayed until complete radiographic incorporation of the OCA is observed.

			Outcomes

			There is very little written in the literature regarding the post-operative outcomes of this rare combination. We recently completed a retrospective analysis of prospectively collected data from patients who received simultaneous MAT and OCA in San Diego between 1983 and 2011. All patients were recruited into the study following informed consent and local institutional research ethics board approval, confirmed prior to study commencement. A total of 48 (29 male, 19 female) patients with an average age of 35.2 (15–66) years received a combined MAT and OCA procedure. All patients had either no malalignment or previously had their alignment corrected with an osteotomy. The MAT was implanted using a slot technique on the lateral side or bone plugs on the medial side. Thirty-one patients received a lateral meniscus, 16 received a medial meniscus, and one patient received bilateral MAT. The average number of OCAs was 1.8 per patient, with an average graft area of 16.3 cm2 (13.5-19.1 cm2 95% CI). There were 21 unipolar, 24 bipolar (tibiofemoral) (Figure 4a-d) and 3 multifocal lesions. Thirty-six MATs comprised a compound tibial plateau OCA with native meniscus attached. The mean clinical final follow-up was 6.8 years (1.7 – 17.1). 
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			Figure 4.  a) Lateral compartment of the right knee with bipolar chondral defects; b) Proximal tibial plateau bone cuts for composite lateral OCA and MAT; c) Recipient preparation on medial femoral condyle for OCA; d) Bipolar fresh OCA and MAT in-situ.

			Of the 48 patients who received combined MAT and OCA, 26 (54%) underwent reoperation in the follow-up period. Fifteen (31%) had reoperations that did not include the removal of any graft. Eleven (23%) had removal or revision of the graft(s) and were considered failures. Ten of 11 had removal of both OCA and MAT. Six of the failures were in OA cases and one was an OCD lesion, where bipolar grafts were utilized. Five of the OA cases were revised to total knee arthroplasty. One had a revision OCA and it remains intact. One failure resulted from an infection requiring incision and drainage and then subsequent fusion. The mean time to failure was 3.2 years (1.5–4.9 95% CI) and 2.7 years (1.2–4.1) for MAT and OCA respectively. The five-year survivorship was 78% and 73% for MAT and OCA respectively, and 69% and 68% at 10 years. 

			Of those grafts that had not failed and which required re-intervention (15 patients), repeat arthroscopy and debridement for advancing disease predominated. Of those patients with grafts still in situ at latest follow up, statistically significant improvements in all outcome scores were noted, including the modified D’Aubigne and Postel (18-point) scale, the Knee Society Function Score (KSS) and the subjective IKDC (International Knee Documentation Committee) score, and patient satisfaction (Table 1). Ninety percent of those patients who were interviewed at final follow-up would have the surgery again and 78% were either extremely satisfied or satisfied with the final outcome. 

			In a similar study, Abrams et al. published the results of 32 patients who had combined MAT and OCA of the femoral condyle, with a minimum follow-up of two years1. They excluded patients who had chondral lesions of the corresponding tibial plateau or patello-femoral joint; hence, their re-operation rate was much lower at 25%, as the patient cohort did not represent such a complex/salvage nature as in this current series. Interestingly they noted better patient-reported outcome scores, with smaller OCA defect sizes as well as a very high overall patent satisfaction at 82%, which is similar to this study.

			Also similar to this study, the incidence of repeated surgery in our cohort is high, yet it is equivalent to other biological procedures in patients of similar complexity12. It is important that patients understand that there is a relatively high re-intervention rate with this type of procedure, but that good functional outcomes can still be attained, similar to those of MAT5 or OCA7 performed in isolation. 

			Table 1. Outcome scores of patients with grafts in situ at final follow up (mean 6.8 years)
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			IKDC – International Knee Documentation Committee; KS – Knee Society; D&P – D’Aubigne and Postel 18 point scale. Statistical Analysis – Wilcoxon Signed Rank Test

		

	
		
			Conclusion

			Combined meniscus and chondral pathology is clearly a challenging problem. A number of procedures have been advocated as potential treatment strategies; however, when facing combined meniscus and osteochondral loss, it has been our preference to utilize MAT plus fresh OCA. This is particularly the case following trauma, such as is the case in tibial plateau fractures. Our series documents the severe nature of the pathology encountered and subsequently represents salvage cases pre-joint arthroplasty. As such, the results have been very encouraging, albeit with a significant re-intervention rate. That being said, in patients in whom the grafts have remained intact, significant improvements in patient-reported outcomes and patient satisfaction were achieved.
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			Chapter 8

			Post operative Issues 

			Chapter 8.1

			Defining Success and Failure of MAT 

			Frank R. Noyes, Sue D. Barber-Westin

		

		
			Take Home Message

			•	Determining whether or not meniscus transplantation is successful depends upon a multitude of factors, including mid- to long-term analysis of patient symptoms and function, magnetic resonance imaging documentation of transplant size and position, and weight-bearing postero-anterior radiographs to measure the tibiofemoral joint space.

			•	Significant improvements have been reported for pain, function with daily activities and patient perceptions of the knee’s condition. The majority of studies have provided two- to five-year follow-up data using several validated knee-rating systems.

			•	Survival endpoints for failure should include transplant removal or revision, total or unicompartmental knee replacement, significant loss of joint space on standing, postero-anterior radiographs, MRI grade 3 signal or more than 50% of the transplant displaced out of the joint, obvious signs of failure on clinical examination, and no improvement in pain.

			•	Meniscus transplantation is acceptable for younger patients who have symptoms with daily activities, because there are few if any other available treatment options. Whether this procedure provides a chondroprotective effect remains unknown. Patients should understand that the goal is to provide symptom relief and good knee function for as long as possible until compartment deterioration warrants other operative procedures.

		

		
			Introduction

			The goals of meniscus transplantation are to restore partial load-bearing meniscus function, decrease symptoms and provide chondroprotective effects in order to delay the necessity for a unicompartmental or total knee replacement16, 25,30,46,72. Clinical studies have generally shown that meniscus transplantation decreases tibiofemoral joint pain in the short-term16,22,25. However, many investigations report that transplants gradually deteriorate, tear, extrude from their normal position, or else shrink in size, affecting chondroprotective function14,20,32,54. Determining whether this operation is successful is difficult due to: (1) the complex issues surrounding transplant healing and remodelling, (2) compounding factors of pre-existing joint damage and concurrent operative procedures, (3) the short-term follow-up time of many clinical studies, (4) a lack of objective criteria, such as magnetic resonance imaging (MRI), that determine transplant size and position in the joint, (5) the use of different knee-rating scales, most of which only rate activities of daily living, (6) and the determination of survival rates using only revision or conversion to unicompartmental or total knee arthroplasty as endpoints.

			In our opinion, the determination of the outcome of meniscus transplantation should encompass mid- to long-term analysis of patient symptoms and function, MRI documentation of transplant size and position, and weight-bearing 45° postero-anterior (PA) radiographic determination of the tibiofemoral joint space in both compartments (Table 1). Even if all of these variables are controlled, it is still not possible to determine the true chondroprotective capability of meniscus transplants because this issue involves chondrocyte function, collagen orientation, glycosaminoglycan homeostasis and the resultant biomechanical properties, which have not been investigated in vivo27.

			Table 1.  Authors’ Recommended Classification System to Determine Outcome of Meniscus Transplantation
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			One or more results in failed category = failed *Coronal and sagittal planes, percent displacement posterior or medial plateau margin perpendicular to the joint line. ^International Knee Documentations Committee rating.

			Factors affecting the potential success of meniscus transplantation

			The well-recognized indications and contraindications for meniscus transplantation have been described previously46,49. A full-thickness femoral condylar defect with bone exposure in a previously meniscectomized compartment is a relative contraindication. Fortunately, concurrent articular cartilage restorative procedures can be performed17,22,48,58,59,65 that expand the indications to include knees with these lesions. However, advanced knee joint arthritis with flattening of the femoral condyle, concavity of the tibial plateau, and osteophytes that prevent anatomic seating of the meniscus transplant, contraindicate this procedure18,47,54,63.

			Untreated lower limb malalignment is associated with failure of meniscus transplantation8,13,66,68; therefore, the patient must be willing to undergo a corrective osteotomy, which is recommended to be staged. Axial correction is recommended in knees in which the weight-bearing line is less than 45% (varus) or greater than 55% (valgus), representing >3° change from normal alignment. Uncorrected knee joint instability, especially anterior cruciate ligament (ACL) deficiency, is also associated with poor outcomes after meniscus transplantation68. Patients must undergo concurrent or staged ACL reconstruction to restore normal stability to protect the meniscus transplant.

			Transplant sizing issues

			Although there is no consensus in terms of the most ideal sizing criteria, antero-posterior (AP) and lateral radiographs are typically used to obtain approximate width and length measurements for the meniscus transplant53. A number of studies have recently been performed to determine a more exact sizing method, and this issue remains unresolved6,15,24,62,64,79,80. MRI, three-dimensional computed tomography (CT), photographs of the transplant, and calculations to predict transplant size based on patient height, weight and gender, have all been investigated.

			Yoon et al.79 used a lateral radiograph technique that enabled the lateral plateau cortical margins to be differentiated from the medial plateau margins. A best-fit equation for predicting meniscal size was determined to be: anatomic length = 0.52 x plateau length + 5.2. Compared to the Pollard method, this investigation’s method reduced the deviation from the anatomic dimensions from 4.1 mm to 1.4 mm, respectively, and increased the accuracy (within 10% of actual length) from 40% to 98%, respectively.

			Recipient height, weight, and gender were considered important matching criteria for selecting meniscus transplants in one study64. Meniscus and tibial plateau dimensions were measured in 111 patients using MRI. Height correlated well with total tibial plateau width (R = 0.7194), and females generally had smaller meniscus dimensions than males. In addition, patients with a body mass index (BMI) greater than 25 had larger meniscus dimensions than patients with a lower BMI at any given height. However, Yoon et al.80 found that height, weight, gender and BMI failed to estimate the size of the lateral meniscus based on 91 menisci obtained during total knee arthroplasty.

			Prodromos et al.55 determined the accuracy of MRI on the contra-lateral knee to determine transplant size. Using tissue bank records, these investigators compared the dimensions of the right and left knees of 500 donors and determined that 97% were within three millimetres of each other in the AP and medial-lateral directions. Next, the menisci of 10 cadaveric knees were directed, measured and compared with tibial plateau dimensions obtained from radiographs (Pollard method). The MRI scans had an average error rate of 4.7%, as compared with 14.4% for the radiographic method.

			Three-dimensional CT scanning was recommended by McConkey et al.42 to improve the accuracy and reliability of sizing the tibial plateau. These authors reported that CT estimates of tibial plateau size were closer to anatomic measurements in cadaveric knees than AP and lateral radiographs in all dimensions (P < .0001). Measurements from CT scans were within 5 millimetres of the anatomic measurements 100% of the time, and within 2 millimetres of the anatomic measurements 76% of the time. In comparison, radiographic measurements were within 5 millimetres of the anatomic measurements 76% of the time, and within 2 millimetres of the anatomic measurements 34% of the time.

			These studies show that there is no consensus regarding the method to obtain meniscus transplant sizing data. In general, radiographic techniques tend to overestimate meniscus size and MRI tends to underestimate size9,42,62. The surgeon must select a preferred technique to determine the transplant size required. In addition, the surgeon should be aware of the method the tissue bank uses to measure transplant dimensions and understand that specimens may vary up to 10% in length and width. In these cases, the transplant will require adjustments to fit the patient’s tibial plateau.

				

			The problem still exists such that even though an approximate size can be determined pre-operatively, in many knees the tibiofemoral joint has undergone degenerative changes that produce subtle alterations in joint geometry, leading to permanent alterations in the normal surface stress distribution of the joint surface7. A meniscus transplant does not restore the native or normal state of the meniscectomized compartment. Future studies are required to determine the effect of subtle size and shape mismatch of the transplant on retaining articular cartilage functional properties27.

			Transplant fixation and techniques

			The method of fixation of meniscus transplants to the surrounding tissues is believed to be crucial in order for the graft to provide load-bearing function and possible chondroprotective effects. The meniscus attachment sites should be reproduced so that the transplant remains in its normal anatomic location throughout knee motion11,56,70. We believe that a transplant with bone fixation, incorporated with either a central bone bridge or a two-tunnel technique, is required to obtain these goals3,10,23,44. The operative technique for lateral meniscus transplantation previously described in detail by the authors46,49,50 is shown in Figures 2-7. For medial meniscus transplantation, the authors prefer a bone-meniscus-bone implant3,4,10,52,60, as shown in Figures 8-11.
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			Figure 1. A) Site of the posterolateral incision for a lateral meniscus transplant; B) Incision site in the interval between the posterior edge of the iliotibial band and the anterior edge of the biceps tendon; C) The interval between the lateral gastrocnemius and posterolateral capsule is opened bluntly, just proximal to the fibular head, avoiding entering the joint capsule proximally. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 2. A) Tibial slot technique for lateral meniscus transplantation. The technique is shown for the lateral meniscus. An arthroscopic assisted technique or mini-lateral arthrotomy may be used in this procedure. The authors’ prefer the mini-arthrotomy as it offers superior visualization and avoids incising the patellar tendon. Establish a line connecting the centre of the anterior and posterior horn attachments using an electrocautery device. In the mini-open arthrotomy, a template of the meniscus coronal width is used to verify the medial-to-lateral width of the transplant in order to move the slot appropriately and to prevent tibial overhang of the transplant; B) A burr removes the tibial spine and creates a 4 mm straight anterior-to-posterior reference slot along the plane of the tibial slope; C) This calibrated guide pin sits flush with the articular cartilage; D) The drill guide uses a guide pin which has been marked with a laser to set the depth of a second guide pain, allowing a drill to ream 5 mm less so as to retain the posterior portion of the tibial slot; E-G) The 8-mm drill bit with a collar at the defined depth is used, followed by use of a box cutter to create a rectangular slot of the desired depth and width; H) The lateral meniscus transplant with the central bone bridge technique is ready to be placed into the tibial slot. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 3. A) An alternative technique uses a starter chisel and finishing chisels to fashion the tibial slot to its final depth and width; B) A tibial slot sizing guide is used to check the length and depth; C) The allograft sizing block confirms that the allograft bone bridge is of the desired width and depth. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 4. Dovetail meniscus transplant technique. A) An outline of the dovetail bone block is drawn on the end of the bone plug. A transplant jig system is used to hold the meniscus transplant and produce the desired bone cuts; B) Final appearance showing typical dimensions for the trapezoidal bone block prior to transplant insertion. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 5. Cross-section showing the popliteal retractor between the lateral gastrocnemius and the posterior capsule. A single cannula is introduced from the adjacent portal to facilitate placement of the vertical sutures into the periphery of the meniscus transplant. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 6. Lateral meniscus graft in place and sutured. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 7. The accessory postero-medial approach is shown for a medial meniscus allograft. A) Site of the postero-medial skin incision; B) The incision is shown through the anterior portion of the sartorius fascia; C) The interval is opened between the postero-medial capsule and the gastrocnemius tendon, just proximal to the semimembranosus tendon (arrow). The fascia over the tendon is excised to its tibial attachment to facilitate retrieval of the meniscus sutures. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 8. Cross-section showing the arthroscope, needle cannula and popliteal retractor in place. The meniscus is passed through the arthrotomy into the knee with tension placed on the sutures to facilitate proper positioning in the knee joint. Using a single-barrel cannula, the suture is advanced through the capsule at the corresponding attachment site of the meniscus and exits through an accessory incision. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 9. Two-tunnel technique for medial meniscus transplantation. The illustration shows the insertion of the transplant, including the postero-medial suture placed to facilitate meniscus reduction. The anterior and posterior bone attachments of the medial meniscus transplant are fixed into separate tibial tunnels. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 10. Final anterior and posterior tunnel fixation appearance of medial meniscus transplant and vertical divergent sutures. (From Noyes FR, Barber-Westin SD: Meniscus transplantation: Diagnosis, operative techniques, clinical outcomes. In Noyes’ Knee Disorders: Surgery, Rehabilitation, Clinical Outcomes. Saunders, Philadelphia, 2009, pp. 772-805.)
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			Figure 11. The authors’ clinical series survival probability estimates for post-operative years 5, 7, 10, 13, and 15.

			Patient ratings, symptoms and function

			Since 198439, many clinical investigations have reported outcomes of meniscus transplant surgery2,12,17,19-21,26,31-34,37,43,57-59,61,63,65,68,69,72-75,77,81,82. Differences in tissue processing and sterilization, operative techniques, concomitant procedures and rating systems make comparisons between studies difficult16,22,25,35,40,41,51. Rating systems and scales used to determine symptoms and functional outcome include the Lysholm, Knee Injury and Osteoarthritis Outcome Score (KOOS), the International Knee Documentations Committee (IKDC) Subjective, the IKDC Knee Evaluation, Short Form (SF)-12, SF-36, Knee Society, Hospital for Special Surgery (HSS), Tegner, Visual Analogue, the Western Ontario and McMasters Osteoarthritis Index (WOMAC), and the Cincinnati Knee Rating System.

			Most meniscus transplant studies published to date have assessed outcomes of fresh-frozen grafts (Table 2). Regardless of the graft processing, significant improvements have been reported for pain reduction, function with daily activities and patients’ perceptions of the knee’s condition12,17,32,34,46,58,59,61,65,73,75,82. High levels of patient satisfaction have been noted by several authors17,34,59,73. In most cases, the mean follow-up has ranged between two and five years post-operatively. A few investigators have provided longer follow-up, such as Salzman et al.59, who followed 22 patients a mean of 8.5 years post-operatively. Significant improvements were reported on the SF-12, Lysholm, IKDC and KOOS rating scales (P < .001), and 91% of the patients stated that they would have the procedure again. Vundelinckx et al.75 reported significant improvements in the Lysholm, SF-36 and KOOS scales in 39 patients followed an average of 8.7 years post-operatively. All but one patient stated they would have the operation again if required.

			Table 2. Outcomes of Meniscus Transplantation: Patient Symptoms, Ratings, Knee Function
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			ACI, autologous chondrocyte implantation; ACL, anterior cruciate ligament; ADL, activities of daily living; FF, fresh-frozen; HSS, Hospital for Special Surgery; HTO, high tibial osteotomy; IKDC, International Knee Documentations Committee; KOOS, Knee Injury and Osteoarthritis Outcome Score; MRI, magnetic resonance imaging; OAT, osteochondral autograft transfer; PCL, posterior cruciate ligament; VAS, visual analogue scale; WOMAC, Western Ontario and McMasters Osteoarthritis Index.

			While most authors exclude patients with significant tibiofemoral compartment arthritis from meniscus transplantation, a few have combined this procedure with articular cartilage restorative techniques17,65. Farr et al.17 reported encouraging results in 29 patients followed a mean of 4.5 years after meniscus transplantation and autologous chondrocyte implantation. Significant improvements were found in the Lysholm, modified Cincinnati and patient satisfaction scales, with 91% indicating that they would undergo the operation again. Stone et al.65 followed 119 knees a mean of 5.8 years after meniscus transplantation and a variety of articular cartilage restorative procedures. These investigators reported significant improvements in the IKDC and WOMAC scales in two-year and 12-year evaluations. A systematic review of combined transplant-cartilage procedures conducted by Harris et al.22 involved 110 patients from six studies. A mean of three-years post-operatively, failures had occurred in 12% of patients mainly because of problems with the transplant. Although the short-term knee functional results were improved, a high rate of subsequent surgery (nearly 50%) was found.

			Based on data related to symptom relief and improved knee function with daily activities, meniscus transplantation appears to be justified in the appropriately indicated patient. However, few data have been reported regarding return to athletics after this operation12, 46, 58 and the effect of high-loading impact activities on the long-term outcome of the procedure, and any potential chondroprotective capabilities remain unknown.

			Objective assessments of meniscus transplantation

			 

			Over the past five years, many studies have reported outcomes of meniscus transplantation using MRI to determine allograft size and position (Table 3). We conducted a systematic review of the literature to determine the incidence and clinical significance of post-operative meniscus transplant extrusion. Using the PubMed and Cochrane databases, we searched for clinical trials (all evidence levels) published from 1984-2014 that measured meniscus extrusion on MRI. The search initially identified 192 original research articles, of which 23 met the inclusionary criteria1,11,14,19-21,29,31-33,36-38,46,54,56,63,67,71,73,78,81,82. The studies involved 803 patients who underwent 814 meniscus transplants. The MRIs were obtained from two days to 10 years post-operatively. The majority of studies used radiographics53 to obtain transplant-size measurements. Eighteen investigations used fresh-frozen meniscus transplants implanted with bone (n = 612) or with suture fixation (n = 116), four studies used cryopreserved transplants, and one used irradiated transplants.

			Table 3. Outcomes of Meniscus Transplantation: MRI, Radiographs, Follow-up Arthroscopy
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			MRI, magnetic resonance imaging; NA, not available

			Twenty-one studies obtained the MRIs in the supine, non-weight-bearing position. Two studies conducted the scans under partially-loaded (50% weight-bearing)46 or fully-loaded (100% weight-bearing)56 conditions. Three measurements were used to assess extrusion, and variability was found in each, including absolute millimetres of extrusion (0-8.8 mm), relative percentage of extrusion ([width of extruded meniscus]/ [width of entire meniscus] x 100; 0-100%), and the percentage of transplants that were extruded (0-100%). The authors used different indicators to determine the percentage of transplants that were extruded, including subjective terms such as “partial” or “some degree”, or an objective measurement such as “greater than three millimetres”.

				

			Some authors have found no correlation between transplant extrusion and clinical rating scales, joint-space narrowing on PA radiographs, and arthrosis grade progression on MRI and follow-up arthroscopy20,21,29,37. However, this is most likely due to the limited number of patients and confounding variables that affect the analyses. Non-anatomic placement of lateral meniscus transplants and suture fixation of medial and lateral transplants were associated with greater extrusion. The goal is to initially implant the graft without extrusion, and post-operative MRI verification of the surgical technique appears warranted. Some authors have modified their surgical technique based on MRI findings in order to decrease extrusion11,38.

				

			In our centre, 29 cryopreserved meniscus transplants were analysed with MRI under partially- or fully-loaded weight-bearing conditions46,56 an average of 2.9 years (range, 1-5.5 years) post-operatively. The height, width, and displacement of the transplants were determined by independent orthopaedic surgeons blinded to patient information. At the time of writing, this remained the only series of patients in whom meniscus transplants were analysed in this manner.

				

			The mean displacement of the 29 meniscus transplants was 2.2 + 1.5 millimetres (range, 0-5 mm) in the coronal plane. Seventeen transplants (59%) had no displacement, 11 had minor displacement and one could not be evaluated. In the sagittal plane, the mean displacement of the posterior horn of the transplants was 1.1 + 2.0 millimetres (range, 0-9 mm). Twenty-five transplants (86%) had no displacement of the posterior horn, three had minor displacement and one had major displacement (9 mm). The mean displacement of the anterior horn of the transplants was 1.2 + 1.7 millimetres (range, 0-6 mm). Twenty-five transplants had no displacement of the anterior horn, three had minor displacement and one had major displacement (6 mm). 

				

			Inconsistencies among studies preclude definitive conclusions regarding the incidence and clinical significance of meniscus transplant extrusion. We recommend that future studies report the absolute transplant extrusion, the relative percentage of extrusion, the percentage coverage (the percentage of transplant located within the tibiofemoral compartment), and the percentage of transplants that were extruded. More sophisticated three-dimensional MRI modelling will likely be available in the future to obtain these values.

				

			Few authors have reported the progression of joint arthrosis as measured on weight-bearing PA radiographs (Table 3). This is most likely due to the short-term nature of most clinical studies. Verdonk et al.’s series73 of 25 patients from whom radiographs were obtained 10 or more years post-operatively reported that 32% progressed one grade and that 32% increased two grades in Fairbank’s rating.

			Survival analyses

			At the time of writing, seven studies had reported survival rates after meniscus transplantation and several others provided failure rates (Table 4). The majority used transplant removal/revision or knee arthroplasty as endpoints for failure2,17,43,58,59,65,69,75,82. McCormick et al.43 analysed the effect of subsequent surgery on the survival rate a mean of five years post-operatively in 172 knees. These investigators found that patients requiring any subsequent surgery were at increased risk of failure, with an odds ratio of 8.4 for future arthroplasty or transplant revision. Stone et al.65 followed 119 transplants a mean of 5.8 years post-operatively, all of which were accompanied with an articular cartilage restorative procedure. Overall, 20% of the transplants failed an average of 4.6 years post-operatively. These investigators reported a survival time of 9.9 years for medial transplants and 10.2 years for lateral transplants. Survival was not associated with gender, severity of articular cartilage damage or the involved tibiofemoral compartment. This study used both fresh-frozen and cryopreserved transplants and it is unknown if a difference existed in the failure rate between tissue processing techniques.

			Table 4. Outcomes of Meniscus Transplantation: Survival and Failure Rates
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			FF, fresh-frozen; HTO, high tibial osteotomy; IKDC, International Knee Documentations Committee; MRI, magnetic resonance imaging.

			Other investigators used multiple endpoints for failure12,19,26,46,68,72. Verdonk et al.72 followed 100 patients a mean of 7.2 years post-operatively. Endpoints for failure were moderate or severe occasional or persistent pain or poor knee function, based on the HSS pain and functional scores. The average cumulative survival time (11.6 years) was identical for medial and lateral transplants. Medial meniscus transplants done concurrently with HTO had a higher cumulative survival rate of 83.3% at 10 years.

				

			Hommen et al.26 followed 20 patients for nine to 13 years posto-peratively and reported a 10-year survival rate of 45% based on poor Lysholm scores (< 65 points), no improvement in the pain score, and grade III signal on MRI. Van Arkel and de Boer68 reported on 63 consecutive cryopreserved meniscal transplants followed a mean of five years post-operatively. The criteria for failure were persistent pain, a poor Lysholm score, a poor Knee Assessment Scoring System result or a detached transplant. The cumulative 10-year survival rates of lateral, medial and combined transplants in the same knee were 76%, 50% and 67%, respectively. Failure of lateral transplants occurred an average of 4.4 years post-implantation and failure of medial transplants occurred a mean of 2.1 years post-operatively.

				

			In the authors’ opinion, the use of survival criteria based on the need for subsequent surgery may result in an overestimation of the long-term function of meniscus transplants. This opinion is based on the multiple MRI studies that have reported signal intensity alterations19,54,63,67,76 and high rates of meniscus extrusion14,19-21,31-33,37,67,73,81,82. In our prospective clinical study involving 40 knees originally published in 200446, long-term follow-up has been obtained on the 29 transplants that had not failed at the time of the publication. All patients were interviewed at an average of 12.4 years (range, 7.2-17.3 years) and all but four returned for evaluations at an average of 10.2 years (range, 7.2-17.3 years) post-operatively. Survival probability estimates were calculated based on the entire cohort of 40 transplants; the endpoints for failure were transplant removal (N = 9), transplant revision (N = 1), total knee replacement (N = 4), unicompartmental knee replacement (N = 1), complete loss of joint space on standing PA radiographs (N = 5), MRI criteria already described (N = 6), and failure on clinical examination already described (N = 2). The survival probability estimates for post-operative years five, seven, 10, 13 and 15 are shown in Figure 12. 

		

	
		
			Conclusions

			The first goal of meniscus transplantation is to implant the graft in an anatomically correct position that prevents extrusion. It is recommended that surgeons obtain MRI after surgery to assess meniscus extrusion and adjust surgical techniques as required to prevent this problem. The biology of meniscus transplant healing and remodelling49 determines the final outcome regarding load-bearing function and chondroprotective effects. Our studies show that the meniscus transplant heals to the peripheral transplant-host rim junction within a short period of time, usually by six weeks, providing initial transplant stability. Animal5 and human45 studies indicate that an incomplete and disordered remodelling process subsequently occurs. This includes minimal cellular repopulation of the central and inner portions of the transplant, disorganization of collagen tissue (which lacks the normal collagen orientation required for load-sharing), and a predominant fibrocyte cellular structure. An increase in water content and a decrease in proteoglycan concentration in meniscus transplants have been documented28.

			     	

			MRI typically demonstrates uniform low signal intensity throughout the transplant early post-operatively. Retention of the native meniscus low-intensity signal may be seen up to four years after surgery, indicating a delayed remodelling response, which is advantageous in preserving the function and integrity of the transplant. When remodelling does occur, an increased signal intensity occurs that represents an ingrowth of mesenchymal and poorly differentiated cells into the transplant, removal of portions of the dense well-formed collagen framework, and replacement with randomized and disorganized collagenous tissues. During this stage, alterations in mechanical properties and decreased load-sharing capabilities of the transplant occur. With further remodelling, there commonly appears a grade 3 signal intensity indicating early degeneration and tears in the transplant. The authors hypothesized in 200446 that all meniscus transplants will undergo this deleterious remodelling process, resulting in altered mechanical properties and the potential for extrusion, tearing, fragmentation and degeneration under joint loading conditions.

				

			The results of meniscus transplantation are believed to be more favourable when the operation is done before the onset of moderate tibiofemoral joint arthritis. This procedure is acceptable for younger patients who exhibit symptoms in their daily activities, because there are few - if any - other available treatment options. The short-term results show improved knee function and pain symptoms in the majority of patients. However, whether meniscus transplantation provides a chondroprotective effect remains unknown. Patients are advised that the procedure only has short-term benefits and, in the long-term, further surgery will likely be required.

			     	

			There are several important research areas that may improve the success rates of meniscus transplantation. These include issues related to: transplant remodelling; collagen fibre restoration of the microarchitecture to resist tensile, compressive and shear forces; transplant collagen matrix changes with altered material and structural properties; cellular repopulation and function in maintaining transplant homeostasis; the role of fresh transplants with viable cells; and the role of meniscus scaffolds, tissue engineering and possible meniscus prosthetic devices. The unsolved clinical dilemma regarding the successful treatment of the symptomatic meniscectomized knee in younger athletic patients is one of the highest priorities in orthopaedics that requires scientific advancements.
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			Chapter 8.2

			Measuring Success – the Role of MRI and Second-look Arthroscopy 

			Seong-Il Bin, Kwang-Jun Oh, Jong-Min Kim

		

		
			Take Home Message

			•	Subjective evaluation methods have limitations for the assessment of outcomes after meniscus allograft transplantation (MAT) because no single method is optimal for MAT and patients often present various associated injuries. 

			•	The role and necessity of objective evaluation methods appear to expand because of their outstanding ability to directly assess allografts and adjacent tissues after MAT.

			•	Magnetic resonance imaging (MRI) has demonstrated superior performance in terms of identifying lesions in allografts, quantifying the extrusion of allografts and qualifying adjacent articular cartilages.

			•	Second-look arthroscopy can involve both direct examination and definite treatment, and it is valuable when patients are symptomatic and/or when MRI shows positive findings.

			•	Proper guidelines for objective evaluation should furthermore be based on long-term observational studies because of related cost and invasiveness.

		

		
			Introduction

			An ideal evaluation method for the outcome of treatment should be able to discriminate good results from bad ones and evaluate changes of results over time in an individual patient. It is not easy to develop such an ideal evaluation method with reproducibility and accuracy, even for a well-established surgical treatment that has been employed for a long time. MAT has a relatively short history of human application. Therefore, it is not surprising that we do not yet have an optimal evaluation method to identify the exclusive effect of MAT. Objective evaluation methods, such as second-look arthroscopy and MRI, are considered as playing a crucial role in these circumstances. 

			Subjective evaluations after MAT

			Like many other reconstructive surgeries of the knee joint, various subjective evaluation methods have been utilized in previous studies of MAT2,3,7,12,15-18,20,22,24-26. Included in these subjective evaluations are the Lysholm Score, the Knee Injury and Osteoarthritis Outcome Score (KOOS), the Western Ontario and McMaster University (WOMAC) Index, the International Knee Documentation Committee (IKDC) Form, the Cincinnati Knee Rating System, the Tegner Activity Scale, the Knee Outcome Survey and the Short Form-36. Subjective evaluation systems have been utilized successfully in a variety of surgical procedures and some of them are well-validated through numerous reports. A part of each evaluation method is objective in nature, i.e., it is completed by an observer with a grading system. However, the majority of questionnaires using these methods are subjective, and are supposed to be completed by patients themselves.

			A variety of associated injuries and degenerative diseases have been frequently accompanied, and addressed surgically, along with MAT patients in the majority of previous reports3,4,12,19,22. Common accompanying conditions are anterior cruciate ligament (ACL) injury, posterior cruciate ligament (PCL) injury, focal osteochondral lesions, and mild-to-moderate uni-compartmental osteoarthritis with malalignment. Subsequently, complex surgical treatments, including ACL or PCL reconstruction, autologous chondrocyte implantation, osteochondral autograft transfer, and high tibial osteotomy, were often performed along with MAT, in a simultaneous or else a staged manner. These common complex clinical scenarios have involved difficulties in identifying the exclusive effect of MAT that are not attributed to the other concomitant surgical procedures and concurrent subjective evaluation systems. In other words, it was unclear whether favourable clinical outcomes resulted from MAT or other procedures in this regard. Therefore, the importance of objective evaluation methods that can assess the status of individual anatomical structures has come into play. Two objective evaluation methods - MRI and second-look arthroscopy - have focused on providing valuable information regarding the status of meniscus allografts and adjacent tissues.

			MRI

			MRI is non-invasive and provides a variety of useful information. Allograft meniscus, cartilage and sub-chondral bone can be assessed with MRI. Hence, many studies have employed MRI examinations to identify lesions in symptomatic patients or else to perform routine check-up after MAT6-8,12. With the development of the high-resolution 3.0 Tesla MRI machines, more accurate and abundant information on intra-meniscal signals, morphologic analysis, shrinkage, the extrusion of allografts, and the degeneration of adjacent articular cartilage can now be obtained (Figure 1). 

			[image: ]

			Figure 1. Coronal (A) and sagittal (B) slices 11 years after medial MAT demonstrated the good position and signal intensity of the allograft meniscus. Adjacent articular cartilage and bone also showed excellent quality. Mild shrinkage is observed in the allograft.

			MRI is able to evaluate the internal degeneration of allografts, which present as increased intra-meniscal signal intensity. Even second-look arthroscopy can barely identify the internal degeneration of allografts. According to a study, increased intra-meniscal signal intensity was frequently observed as soon as three months after MAT11. Furthermore, transplanted allograft meniscus showed a higher signal intensity than native contralateral meniscus at all time-points within one year after MAT. Although this increased signal intensity was not correlated with clinical outcomes, it may further proceed to tear in the allograft in the long-term. MRI is also very accurate in detecting allograft meniscus tears. It is hard to calculate the sensitivity and specificity of MRI for allograft meniscus tears because only a few studies have reported the results of both MRI and second-look arthroscopy in the same patient cohort. However, we believe that MRI has fairly high sensitivity and specificity in diagnosing allograft tears in our series7,8. Furthermore, MRI is able to show intra-meniscal signals, which may be a result of ongoing degeneration or deformation of allografts that may further proceed to a frank tear.

			The morphology of the allograft meniscus can be assessed in detail using MRI. The allograft meniscus is well known to undergo shrinkage to various extents, especially in lyophilized allografts25. Further subtle changes in the width and thickness of fresh-frozen allografts as well as the extent of shrinkage were evaluated accurately using serial MRI in a more recent study9. In this study, the thickness of the allograft tended to increase from three months after MAT and kept increasing to reach 115% of initial thickness within one year. Conversely, the allograft width at mid-body decreased to 89% of the initial width within one year after MAT (Figure 2). Of 31 patients, 20 had minimal shrinkage, six had mild shrinkage, five had moderate shrinkage and none had severe shrinkage. MRI enabled detailed morphological analysis over time which was not possible with other methods.
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			Figure 2. Serial MRI after LMAT. Post-operative two-day (A), six-week (B), three-month (C), six-month (D) and one-year (E) MRI coronal images demonstrated serial deformation of the allograft. The width of the allograft tended to decrease while the thickness of the allograft tended to increase over one year.

			The extrusion of the allograft meniscus is increasingly drawing attention because extruded allografts are not expected to contribute to load distribution, at least in theory. Extrusion is usually defined with reference to the tibial articular margin because the meniscus is basically attached to the tibial articular margin. The interface between the meniscus and the femoral articular margin is mobile and will vary according to the angle of flexion. Even with second-look arthroscopy, the quantification of extrusion is difficult or impossible because the tibial articular margin is hard to define through standard supra-meniscal portals. No study has employed second-look arthroscopy to measure the extent of extrusion. MRI readily reveals the exact amount of extrusion most effectively in coronal images. Three-dimensional interpretation is also possible with the assistance of sagittal and axial images. Most likely, the biggest advantage of MRI is its capacity for the identification and quantification of allograft extrusion. The clinical importance of extrusion is not clear yet. No studies have demonstrated the relationship between extrusion and clinical outcomes in short- or intermediate-term follow-up. However, the relationship is likely to be identified in long-term observation, at least theoretically. 

			Longitudinal observation of extrusion indicated an interesting tendency in one study10. In this study, subjects who showed extrusion before six weeks following MAT remained extruded until one year after MAT, and the amount of extrusion did not increase significantly over one year. In addition, subjects who did not show extrusion before six weeks remained unextruded until one year (Figure 3). This study implicated that extrusion is a consequence of pre-operative or intra-operative events such as the sizing of the allograft or tunnel placement for the allograft, and is probably not related to the post-operative course. This study is a representative example that MRI findings can affect and change our clinical practice and surgical techniques, even in short-term follow-up. 

			Considering all the valuable information that MRI has provided, a comprehensive criteria for the evaluation of allografts should be based on both subjective and objective outcomes. Although most series reported only clinical outcomes on which the authors relied to measure the success of MAT, two studies employed very strict criteria based on clinical outcomes and objective evaluation methods8,12. In these two studies, the criteria contained three categories including clinical outcomes, MRI findings and findings in second-look arthroscopy. With these strict criteria, the more comprehensive measurement of treatment success was possible.
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			Figure 3. Serial MRI after LMAT. Post-operative two-day (A), six-week (B), three-months (C), six-months (D) and one-year (E) MRI coronal images showed no progression of allograft extrusion over one year.

			MRI also has some drawbacks. Firstly, it is vulnerable to various artefacts, especially to metallic ones. In some cases with metal dust following MAT, it can be difficult to obtain valuable information from MRI. Secondly, it is difficult to interpret various intra-meniscal signal intensities. As seen after the repair of torn native menisci, various intra-meniscal signal intensities can be observed after MAT. Thirdly, MRI cannot provide the dynamic evaluation of allografts allowing range of motion or weight-bearing conditions. Although some open, dynamic MRI machines are available, their resolution is too low to provide accurate information at present. Finally, MRI is an expensive evaluation method, even though the cost is likely to decrease in future with the development of technology.

			Second-look arthroscopy

			Second-look arthroscopy was utilized less frequently than MRI in previous studies because of its invasive nature. To identify the indications for second-look arthroscopy following MAT, a thorough literature review was performed. We searched Medline, Embase and PubMed to identify all the published clinical studies of MAT using the following MeSH (Medical Subject heading) terms: “meniscus”, “meniscal transplant”, “transplantation and allograft”. The combination of “meniscal and transplant” yielded the largest number of results. The inclusion criteria were studies dealing with human subjects, a minimum follow-up duration of six months and articles written in English only. After the proper selection of articles 15 studies were reviewed, paying particular attention to the frequency of second-look arthroscopy, its feasibility, patient compliance and results.

			In all the studies reviewed, MAT was performed in patients under the age of 60 years (15 ~ 57 years). In most studies, clinical outcomes were evaluated using the clinical scoring system, such as the Lysholm Score, the Visual Analogue System (VAS), SF-36 and the Knee Assessment Scoring System (KASS). MRI was used for objective evaluation of the majority of subjects. However, the definition of failure was different in each case. As a result, the failure rate varied, reaching up to 42%21.

			Only three authors consistently performed routine second-look arthroscopy after MAT1,14,21. The rest of the authors performed second-look arthroscopy 43% of the time, on average. Most of the second-look arthroscopy was conducted mainly for the objective evaluation of MAT or else to treat associated injuries of the involved knee. Some authors obtained biopsies of the meniscus allograft during second-look arthroscopy to document the histological features1,13,14,20. There was no study in which second-look arthroscopy was performed as a sole objective evaluation method, and MRI always accompanied it as an additional evaluation. It is difficult to determine the average time interval between MAT and second-look arthroscopy because several reports did not mention the time range or else the range of duration was too wide in other studies. In most studies, the average duration between MAT and second-look arthroscopy was more than 12 months1,7,5,8,13,25 .

			Second-look arthroscopy is an invasive and expensive procedure, and cannot be performed in weight-bearing situations. However, second-look arthroscopy provides very accurate information on the general appearance, shrinkage, degeneration, capsular healing and tears of allografts, and the status of the articular cartilage with magnified, direct inspection and probing the texture of articular structures. Ambiguous interpretations of increased intra-meniscal signal intensity for MRI can be resolved with second-look arthroscopy by probing the lesion (Figure 4). It can also provide a dynamic evaluation by performing knee range of motion during the procedure. Moreover, it enables histological analysis through biopsy. Van Arkel et al.21 evaluated meniscal allografts with MRI and second-look arthroscopy and concluded that arthroscopic results correlated better with the clinical results than MRI. In addition, they reported that second-look arthroscopy showed better sensitivity, positive-predictive values, negative-predictive values and likelihood ratios for a positive test than MRI. However, a very low field 0.5 Tesla machine was used in their study, and this might lead to inferior performance in image resolution. In a more recent study, MRI outcomes were found to have no significant correlation with clinical outcomes23. Again, a 1.0 Tesla MRI machine was utilized in this study, and this low field strength might reduce the accuracy of the information.
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			Figure 4. Sagittal MRI (A) showed fragmentation of the anterior horn of the lateral allograft meniscus post-operative one-year. Subsequent second-look arthroscopy demonstrated no tear in the allograft, with normal consistency on probing (B).

			Second-look arthroscopy can serve as a definite diagnostic method and also as a treatment for patients with symptoms and positive MRI findings. Patients with symptoms and negative MRI findings may benefit from second-look arthroscopy, especially in cases involving low-resolution MRI machines. Although second-look arthroscopy is the most objective method of evaluation available, it is not always feasible because some patients not experiencing disabling discomfort are unwilling to undergo another invasive procedure. Furthermore, urging patients in this category into the operating room raises ethical issues. Therefore, it is important to determine whether second-look arthroscopy is needed, taking patients’ symptoms and MRI findings into consideration. A comprehensive algorithm is proposed according to the observations in this chapter whereby an MRI scan is performed as a first line evaluation and the necessity of second-look arthroscopy will be determined thereafter (Figure 5).
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			Figure 5. Algorithm for a decision on the necessity of second-look arthroscopy.

		

	
		
			Conclusion

			The importance of objective evaluations cannot be overemphasized. MRI can identify abnormalities that are impossible to detect with clinical examinations. Second-look arthroscopy may provide the missing link to eliminating uncertainty from MRI. However, there are obstacles to employing these methods routinely after MAT because of their cost and invasiveness. Proper guidelines supporting the use of objective evaluations should be based on the roles demonstrated in long-term observation studies in the future. 
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			Chapter 8.3

			Return to Contact Sport following MAT 

			Rachel M. Frank, Adam B. Yanke, Jack Farr, Brian J. Cole

		

		
			Take Home Message

			•	While returning to high-level athletics, including contact sports, is possible following meniscus allograft transplantation, the long-term outcomes for this level of activity demand thorough patient education on the potential implications for future knee function.

		

		
			Introduction

			For the majority of sports medicine patients, the ultimate goal of surgical intervention is returning the patient to his/her pre-injury level of activity, and in many cases his/her pre-injury level of sport. Certainly, higher-level athletes (e.g., collegiate and professional athletes) represent a challenging patient population, as treatment involves taking into consideration factors such as the duration of the season and future career potential. These factors will influence both the timing and intensity of the treatment. While the importance of sport in a given patient’s life can vary greatly, it is crucial to remember that the current goal of cartilage and meniscal treatments is to improve symptoms with activities of daily living with return to sport being an added bonus.

			Meniscus injuries in athletes are simplistically straight-forward problems with four main treatment options: non-operative management (rare in this patient population), arthroscopic partial meniscectomy (90%), or arthroscopic versus open repair (10% in most series). While meniscal repair may entail a longer rehabilitation process in the short-term, a tear that is amenable to repair should always be treated as such, given the better long-term outcomes with a functional meniscus. When a tear is not repairable, the short-term advantages of arthroscopic partial meniscectomy are substantial, as often athletes are able to return to activity within two-to-six weeks following surgery. However, depending upon the functional extent of the meniscectomy, this procedure places these young, active patients at increased risk of symptomatic arthritis in the affected compartment at some point in their life (given that lateral meniscectomy places them at higher risk than medial meniscectomy). The role of an early meniscal allograft transplant (MAT) in patients post-meniscectomy is unclear, as there is no indication for prophylactic MAT (there are many co-morbidities and co-risk factors for the development of symptoms after meniscectomy, such as genetics, alignment, chondral status, weight, loading, etc., although determining who should be considered for the theoretical prophylactic meniscal transplant is not possible at this time). While outcomes following MAT in a patient with post-meniscectomy syndrome are documented in the literature, outcomes in the athletic patient population subset are less well-described. The few reports that discuss MAT in athletes are heterogeneous with regard to patient factors and surgical technique. Overall, in these highly demanding patients, a cautious approach to both surgery and rehabilitation is required. Arguably, the most important portion of the surgical discussion involves setting patient expectations. Patients must understand that returning to sport - or to the same level of activity - is not a guarantee, and further that the potential long-term benefits of MAT on overall knee function are unknown. The purpose of this chapter is to discuss the role of MAT in high-level, contact sport athletes, and their ability to return to play.

			Knee Injuries and Return to Play in Athletes

			Knee injuries are common in athletes5 and treatment decisions are most often based on factors relating to the patient, the pathology and the environment in which they occur (such as the timing in the season). Return-to-play (including for contact sports) rates have been described following several different knee surgeries, including anterior cruciate ligament (ACL) reconstruction, articular cartilage procedures (including microfracture, autologous chondrocyte implantation (ACI)12,13,23 and osteochondral allograft transplantation) as well as meniscus procedures (including meniscectomy and meniscus repair). The literature discussing return to play in patients undergoing MAT, however, is limited. Thus, it is pertinent to look at return-to-play rates in athletes undergoing somewhat related knee surgeries, such as those described above, so as to have a baseline for return to play in this difficult-to-treat patient population. 

			For example, following ACL reconstruction, high school- and college-level football players had return-to-play rates of 63% and 69%, respectively, in an analysis conducted by McCollough and colleagues32. Interestingly, the authors noted that psychological factors, including a fear of re-injury, were influential in affecting a patient’s ability to return to play. Patient-reported outcomes scores, including the IKDC score, were similar among patients who were able to return to play and those who were not. In a separate study, Brophy and colleagues7 noted a return-to-play rate of 36% in 100 soccer athletes at an average of seven years following ACL reconstruction, which was a significant decrease on the initial return-to play-rate of 70%. Interestingly, the authors reported age and gender as factors influencing return-to-play rates, with better results in young males. Recently, Harris et al.15 analysed return-to-play rates in National Basketball Association (NBA) players following ACL reconstruction. The authors found that 86% of NBA players and 12% of International Basketball Federation or D-League players were able to return to sport. Ninety-eight percent of NBA players returned the following season. Using matched controls, there was no difference in performance upon returning to sport when compared to uninjured players.

			With respect to return-to-play rates in athletes undergoing articular cartilage procedures, the results are somewhat less encouraging. Return-to-play rates following micro-fracture in NBA players are variable, ranging from 67% to 79%, with diminished player performance noted in multiple studies8,35. Kon and colleagues23 compared microfracture to second-generation ACI in high-level (professional or semi-professional) male soccer players, and noted similar return-to-play rates in the two groups (80% versus 86%, respectively). Interestingly, athletes receiving microfracture returned more quickly than those undergoing ACI (eight months versus 12.5 months, respectively). However, IKDC scores declined over time in the microfracture group (87 at two years to 79 at four years), while they remained stable in the ACI group (91 at both two- and four-year follow-up time points). Mithoefer et al.34 similarly reported on the outcomes of microfracture in athletes, and noted good-to-excellent results in 66% of patients, with decreasing scores observed in 47% of the 32 athletes, despite an initial improvement. In a separate study, Mithoefer and colleagues33 conducted a systematic review of 20 studies analysing nearly 1,400 patients undergoing articular cartilage repair, and found that return to sport was possible in 73% of patients. The highest return-to-sport rates were noted in those patients receiving osteochondral autograft transplantation, while the procedure that seemed to provide the best durability was ACI. The authors did note that factors including age, pre-operative duration of symptoms, lesion size, level of play and repair-tissue morphology, played an independent role in the overall return-to-play rates. Recently, Zak and colleagues51 evaluated 70 patients undergoing matrix-associated autologous chondrocyte transplantation, and found that at an average of five years following surgery, 74% returned to their pre-injury sports/activity level. 

			Thus, based on the above-described studies, high-level athletes can expect a return-to-play rate for returning to contact sports of 60% to 90% following common knee operations (in this patient population), such as ACL reconstruction and cartilage restoration. Unfortunately, there is a paucity of information available in the literature discussing return-to-play rates following meniscus surgery.

			Meniscus Surgery in Athletes

			In athletes who sustain a meniscus injury with resultant mechanical symptoms, pain and/or swelling, an attempt at meniscus repair is certainly the preferred approach. Less than 15% of all tears, however, are amenable to repair, and partial meniscectomy in these cases is the treatment. While perhaps offering a quicker return to play, partial meniscectomy can become problematic in a subset of young, active patients. Loss of meniscal tissue either through injury or surgery leads to standard high forces transmitted through a smaller contact area of the articular cartilage in the ipsilateral compartment of the knee, with the resultant increase in stress (force/area); this may predispose the development of arthritic changes49. The role of meniscal allografts becomes apparent when evaluating the results of basic science and translational research studies which show fewer arthritic changes following MAT as well as lower contact pressures when compared to meniscectomized areas4,19,44,45. However, for multiple reasons, these promising investigational findings have not translated to clinical applications and MAT remains indicated only for symptomatic treatment.

			Certainly, given the potentially devastating consequences of subtotal meniscectomy in an athlete’s knee3,39, the surgical management of meniscal pathology has evolved over the past few decades towards maintaining the largest portion of meniscus possible during partial meniscectomy, and whenever possible performing anatomic repair1,43. 

			Meniscus Tears

			Yeh and colleagues50 have discussed the epidemiology of isolated meniscal tears and their impact on NBA players. In their study, the authors looked at 21 years of NBA data and found 129 isolated meniscus tears (77 lateral, 52 medial). In this cohort of patients, the average time missed (games and practice days, though not necessarily consecutive chronological days) was approximately 42 days, with 19.4% of players (25 athletes) never returning to play. The authors unfortunately did not comment on which of the 129 patients underwent surgery, and further, of those who underwent surgery, it is unclear if surgery involved debridement or repair. The post-injury player efficiency rating of those athletes who were able to return was not statistically different from their pre-injury rating, with an average 4.1±3.7 post-injury seasons completed. While these short-term results are somewhat encouraging, as 80% of athletes returned to play for approximately four years, the long-term implications of meniscus pathology as well as the long-term outcomes of traditional meniscus surgery (debridement and repair) are unknown.

			Meniscectomy

			As discussed, the available literature discussing outcomes and return-to-play rates following meniscus surgery in contact-sport athletes is limited. There are several reports of outcomes following partial meniscectomy (Figure 1) in athletes17,18,20,22,26,28,37,41, with less than encouraging results. For example, several authors have described the development of chondrolysis after partial lateral meniscectomy in elite athletes18,28,41. Lysholm and Gillquist described their outcomes in 19 athletes (20 knees) undergoing arthroscopic meniscectomy, with nine patients undergoing total meniscectomy and 11 undergoing partial meniscectomy. The authors noted a return-to-full activity rate of 68% at two weeks or less following surgery, and found overall good-to-excellent results in 95% of patients at an average 14.3 months following surgery. More recently, Kim and colleagues22, discussed their outcomes in 56 athletes undergoing partial arthroscopic meniscectomy for isolated meniscus tears. In this study looking at only short-term outcomes (average follow-up of 9.2 months), the authors noted quicker return to activity in younger athletes (less than 30 years old) compared to older athletes. Interestingly, quicker return rates were also noted in patients undergoing lateral meniscectomy compared to medial meniscectomy, yet re-operation rates were higher in the lateral group. In a classic study from 1987, Jorgensen and colleagues20 evaluated the long-term outcomes of meniscectomy in 147 athletes. Overall, at an average of 14.5-year follow-up, the authors found increases in patient complaints, objective knee instability and the incidence of radiographic changes of degeneration when compared with outcomes at 4.5 years post-meniscectomy. Of utmost importance, 46% of athletes had given up or reduced their sporting activity, while 7% had changed their occupation.
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			Figure 1. Intraoperative arthroscopic images of a 26 year old male with a split bucket-handle type tear (A-B) undergoing right knee partial medial menisectomy (C).

			Meniscus Repair

			With respect to meniscus repair, Logan et al.24 reported on the outcomes following meniscal repair in elite athletes. The authors noted that in 42 athletes undergoing 45 meniscus repairs with an inside-out technique, 81% were able to return to their main sport at a similar pre-injury level of play at approximately 10.4 months following surgery. However, 11 patients (or 24% of the cohort) failed meniscus repair, requiring repeat arthroscopy with partial meniscectomy. Of these patients, seven failures were associated with a subsequent injury, and so the authors reported an overall atraumatic failure rate of approximately 11%. The authors concluded that the majority of elite athletes undergoing meniscus repair return to their pre-injury level of activity following meniscus tearing.

			Meniscus Allograft Transplantation in Athletes

			As discussed throughout this chapter, meniscus allograft transplantation (MAT) is an alternative surgical solution for patients <50 years old29 who have previously undergone total or subtotal meniscectomy with continued pain, swelling and/or mechanical symptoms in the meniscectomized compartment10,21,25,36,38,46-48. Good-to-excellent clinical outcomes can be expected in the majority of appropriately indicated patients at short- to medium-term follow-up periods11,16. Recently, in a series of 172 patients undergoing MAT (with or without concomitant procedures), overall allograft survival was found to be 95% at an average of five years following transplantation (Figure 2).30 The interpretation of clinical outcomes following MAT is clouded by the paucity of high-level evidence studies (most studies are LOE IV) and extremely variable patient populations and surgical techniques. Further, the vast majority of studies reporting on MAT outcomes include patients who have undergone concomitant surgical procedures, including articular cartilage surgery, realignment procedures and/or ligamentous reconstructive procedures, making it challenging to understand the relative contribution of the MAT6,14,29.
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			Figure 2. Intraoperative arthroscopic image of a 26 year old female undergoing left knee lateral meniscal allograft transplantation. 

			Several authors2,9,27 have reported on the outcomes of MAT in high-level athletes. In 2014, Marcacci and colleagues27 discussed their clinical outcomes for 12 male professional soccer players with an average age of 25±4 years undergoing MAT (six medial, six lateral) at an average of 37±31 months after a prior subtotal meniscectomy. All patients in this cohort had a stable knee (with ACL surgery performed if needed at the time of MAT), were younger than 55 years, and had a healthy contra-lateral knee. With respect to surgical technique, all the procedures were performed by two senior surgeons utilizing fresh-frozen, non-irradiated allografts via an arthroscopic soft-tissue technique with a single tibial tunnel and “all-inside” meniscal sutures. Seven of the 12 patients underwent concomitant procedures including the following: revision ACL reconstruction (2), micro-fracture (3), osteochondral scaffolding (1) and chondrocyte harvesting (1). Overall, at final follow-up of three years following surgery, 11 of 12 patients had returned to soccer (92%), with nine still competing as professionals (75%, Tegner score of 10) at an average 11±3 months following MAT. Significant improvements in several outcomes scores (Tegner, Lysholm, IKDC, WOMAC, VAS) were noted at 12 months, with overall stable scores at final follow-up. Three patients (25%) underwent secondary surgery not thought to be related to the MAT, including plica excision (1), ACI (1) and loose-body removal (1). The one patient who did not return to soccer underwent a concomitant ACLR at the time of the MAT, and unfortunately sustained an infection that required oral antibiotics and two arthroscopic lavages. This patient was ultimately unable to return to athletics, and was considered a failure. The authors concluded that arthroscopic MAT does not preclude professional soccer players from returning to sport, with 75% of patients able to return to the same pre-injury level of activity.

			Alentorn-Geli and colleagues2 also reported on the outcomes of MAT in soccer players using an arthroscopic two-tunnel soft tissue technique. Of the 15 athletes in their cohort, one patient sustained a graft failure due to “a daily life accident,” and of the remaining 14 patients, 12 (86%) returned to play soccer. Significant improvements in Lysholm, IKDC and VAS outcomes were noted. In addition, a subset analysis considering the degree of chondral defect size was also performed, and the authors noted no difference in outcomes based on chondral defect size.

			In 2013, Chalmers et al.9 reported on 13 high-level athletes (high school through to professional level) who underwent MAT with an average follow-up of 3.3 years. The sports included professional baseball (1), collegiate track and field (2), collegiate basketball (5), collegiate soccer (1), collegiate softball (1), high school wrestling (1), high school soccer (1), and high school football (1). Eight patients had attempted to return to sports; however, none were able to, in contrast with the Marcacci study27. All the allografts were fresh-frozen and non-irradiated, and the surgical technique varied depending upon the concomitant pathology, with the bridge-in-slot technique performed in 10 patients and the bone plug technique performed in three patients in order to allow for concomitant ACL reconstruction. Seven patients underwent concomitant procedures at the time of MAT, including ACL reconstruction (3), osteochondral allograft (2), microfracture (1), and osteochondral allograft with distal femoral osteotomy (1). Overall, 10 patients (77%) returned to play (with nine, or 70%, reaching their desired level of play) with an average time to return to sport of 17±7 months. The authors reported significant improvements in nearly all outcome scales, including IKDC, Lysholm, KOOS and satisfaction. Of note, no significant differences were noted in the post-operative Tegner activity level, which went from an already high level of ‘8’ pre-operatively, to ‘9’ post-operatively. A total of four patients underwent secondary surgery, including plica excision (1), partial allograft meniscectomy (1), post-traumatic meniscal allograft repair (1) and revision MAT (1). The patient requiring meniscus repair sustained a traumatic tear to the anterior horn of the graft and, following repair, was able to return to professional baseball one year following meniscal repair (two years following MAT). 

			Special Consideration: MAT with ACL reconstruction

			The role of the meniscus - and in particular the medial meniscus - in knee stability following ACL reconstruction is debatable, and less is known about the stabilizing role of a transplanted meniscus in the setting of ACL reconstruction. As shown in a cadaveric study by McCulloch et al.31, in the ACL-deficient knee, a medial meniscal root transection conferred increased instability to the knee, while partial and subtotal meniscectomy states alone did not. Interestingly, in the ACL-reconstructed knee, regardless of the state of meniscal deficiency, reconstruction improved knee stability. In another cadaveric study, Spang and colleagues42 evaluated the role of MAT on ACL biomechanics. Compared with the meniscectomized state, the knees evaluated following MAT demonstrated lower ACL strain and restored tibial-femoral displacement values to normal. The role of the medial meniscus root was not specifically evaluated in this study. Finally, in a clinical study, Reuff and colleagues40 compared clinical outcomes in patients undergoing ACL reconstruction with medial MAT to age/sex/activity-level-matched controls undergoing ACL reconstruction with meniscal repair or partial meniscectomy. At a minimum five-year follow-up, the authors noted improvements in both groups in terms of Lysholm, IKDC and VAS scores. With the notable exception of swelling (increased in the MAT group), the overall outcomes were similar between the two groups. Overall, the role of a meniscal allograft in the setting of ACL reconstruction is unclear, and further long-term studies are needed to better understand the clinical implications of these combined procedures in the athletic patient population. 

			Future Directions

			Ideally, additional studies that evaluate the clinical and radiographic outcomes following MAT in contact athletes will become available to help guide our decision-making. The analysis of clinical outcomes stratified by age, sport, gender, concomitant procedures and surgical technique will certainly be helpful. In addition, the role of biological agents as augmentations to MAT appear promising and represent another area of research that needs to be explored. As surgical techniques and instrumentation improve, our ability to perform these complex surgeries will also improve, which could potentially result in reduced surgical time and more efficient recoveries. 

		

	
		
			Summary

			Given the limited available evidence for MAT for contact sports and high-level athletes, the literature, when combined with our anecdotal experience, has guided much of our clinical decision-making with regard to this unique patient population. We find that with these highly demanding patients, a cautious approach to both surgery and rehabilitation is required. Perhaps most important of all is discussion with the patient regarding goals, expectations and long-term implications. It must be made clear to the patient that MAT is a “salvage procedure” and that returning to sport - or to the same level of activity - is not guaranteed. The ultimate goals of MAT are to reduce pain and to improve function with regard to the activities of daily living. In the athletic patient population, the patient’s goals are often unrealistic compared with this reality. Certainly, some surgeons are considering MAT as a career-extending procedure, and are performing it with the aim of returning athletes to contact sports. While the early results following MAT in high-level athletes are certainly encouraging, the long-term implications of returning to contact sports following MAT are still to be determined.
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			Chapter 8.4

			Rehabilitation Following MAT

			David Wright, Ben Parkinson, Nick Smith, Tim Spalding

		

		
			Take Home Message

			•	Each patient receives a personalized, goal-orientated rehabilitation programme.

			•	The stages of the rehabilitation programme account for the normal healing process of the meniscal allograft.

			•	The aim of the rehabilitation programme is to allow patients to maximize the function of their knee whilst minimizing the risk of joint surface deterioration over time.

			•	Patients should be advised of the risks of returning to high-impact and high-loading sports following a meniscal transplant.

		

		
			Introduction

			The principle behind rehabilitation following meniscal allograft transplantation is to facilitate the return of knee function while respecting the healing process of the meniscal allograft. It is accepted that a meniscal allograft is unable to completely restore the native biological and biomechanical properties of the meniscus36,40, and it is also accepted that the exact loading and shear forces on a meniscus during activities are not fully quantified. Consequently, there is variability between different rehabilitation programmes regarding the safety and timing of early weight-bearing, range of motion and the long-term ability to return to high-impact sports9,26. 

			This chapter will address each of these factors and summarize the evidence that supports the personalized, goal-orientated rehabilitation programme that we have used for over 140 meniscal transplant patients. 

			Personalized structure of the rehabilitation programme

			The meniscal transplant rehabilitation programme is personalized to account for patients’ long-term expectations and goals. Patients can be generally categorized into two groups by the status of their articular cartilage: those with preserved chondral surfaces (the ideal group) and those with advanced chondral damage (the salvage group). Patients in the first group tend to be younger, more active and developing symptoms when attempting high-impact activities (Figure 1). Patients in the salvage group are older, have usually ceased high-impact sports some years before, and are now experiencing symptoms with the activities of daily living (Figure 2). The expectations and goals differ between these two groups of patients. Pre-operatively, it is important that patients are counselled about the outcome they should expect following surgery. The literature demonstrates that both groups will experience a significant improvement in pain and function; however, the group of patients with advanced chondral damage has a slightly higher complication rate and a higher failure rate13,29,49. We believe that it is important that patients understand the expected outcome for their situation and the risks involved in returning to high-impact sports. From these discussions, the rehabilitation programme is tailored to meet patients’ expectations and goals.
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			Figure 1. Patient in the ‘ideal’ transplant group, participating in a half-marathon two years post-operatively.
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			Figure 2. Patient in the ‘salvage’ transplant group, able to return to mountain hiking.

			Biology of meniscal allograft healing and the effect of rehabilitation

			Healing potential and factors 

			The normal meniscus has the highest healing potential at the vascular peripheral rim, and this is the region utilized in meniscal transplantation to allow the healing of the allograft to the capsule25. There are many factors that contribute to the healing process. At a cellular level, this is controlled by a complex interaction between various angiogenic growth factors10. The modulation of these factors is an area of ongoing research attempting to improve the healing process of the meniscus. As of now, there is very little direct control over the expression of these growth factors. We can, however, modulate this healing pathway with our post-operative rehabilitation programme, as mechanical stresses placed on the meniscus have an effect on the normal healing process. Basic science research from animal models has shown that immobilization impairs the normal vascular ingrowth to the meniscal repair site8. On the other hand, early mobilization of the knee after meniscal repair results in more collagen formation, with a stronger repair tissue8,11,17,23. These findings have been supported by clinical results showing that early mobilization enhances the outcome of meniscal repair30,37,44.

			Timing of healing

			Host cells from the synovial membrane repopulate the meniscal allograft, and this process has been shown to take approximately three months to achieve a stable bond to the capsule. The meniscal allograft begins to demonstrate near-normal metabolic activity by six months, but despite the successful integration, histological analysis shows that the allograft meniscus never completely restores the native meniscal properties5,21,34,51,52.

			Effect of knee-loading on the meniscus

			The limiting factor during the initial period of the rehabilitation programme is the strength of the meniscal fixation. The two zones of fixation that need protecting are the periphery of the meniscus and the meniscal roots. The periphery of the meniscus is pushed outwards against the capsule in full knee extension without significant stress on the peripheral repair site, even with full weight-bearing. As the knee flexes beyond 300, increased force is placed on the posterior horn of the meniscus, displacing it anteriorly away from the capsule. At 900 flexion, the stress on the peripheral meniscal repair site is four-times higher than in full extension3,7,35,50. Further deep flexion of the knee to a full squat position causes large translations of the femoral condyles and increased compressive stress on the meniscus7,22. The meniscal root attachments show a different pattern of stress, with the posterior meniscal roots experiencing higher forces than the anterior roots1,42. 

			Weight-bearing through the knee produces a linear increase in meniscal root tension. During range of motion, the tension on the meniscal roots is slightly higher in full extension and then remains relatively unchanged from 0–1200 of flexion, provided there is no rotation of the knee joint. Rotation of the femur on the tibia causes a marked increase in tension on the posterior meniscal roots, which is increased further by flexion. The forces produced by simulated weight-bearing and knee joint rotation were found to exceed the strength of meniscal fixation1,28,47,48. 

			Effect of other exercises on meniscal-loading 

			Knee range of motion and weight-bearing are not the only activities that place stress on the meniscus. Open kinetic chain exercises, even without additional resistance, have been shown to produce tibio-femoral shear forces within the range of 500 N, which exceeds the strength of the initial meniscal fixation32,33. 

			These biomechanical findings demonstrate the need for early post-operative rehabilitation to restrict weight-bearing and open-chain exercises, and to carefully control knee rotation during flexion until the meniscus transplant has healed sufficiently to withstand these forces. Our meniscal transplant rehabilitation programme has been designed with these factors in mind.

			Principles behind the rehabilitation programme 

			Rehabilitation stages and progression

			The rehabilitation programme is designed to consist of three stages, with each stage requiring specific goals to be met before progression to the next stage is allowed. We provide approximate time-frames for guidance, but we stress to patients that the length of their individual rehabilitation may differ. The programme has been structured to take a minimum of nine months for those patients who have uncomplicated isolated transplantation to achieve their agreed functional goals. Full recovery may take much longer if additional surgery has been performed. The three stages are:

			Stage 1. Early Restorative Phase (0-8 weeks) 

			Stage 2. Strength and Conditioning Phase (2-6 months)

			Stage 3. Functional Rehabilitation Progression Phase (6-9 months)

			‘Abnormal’ and ‘normal expected’ symptoms

			During rehabilitation, it is important to be aware of key clinical signs and symptoms that could signal damage to the integrity of the meniscal allograft. These include:

			• A recent increase in effusion or pain that is failing to settle with appropriate management.

			• The associated return of medial or lateral joint line pain.

			• Any reported mechanical symptoms of ‘clicking, catching or locking.’

			It is, however, quite common for patients to develop an unwanted joint reaction in the form of a mild effusion or pain after an initial increase in their exercise levels. This requires a temporary slowing down of the rehabilitation programme to allow the knee to settle and ensure a smooth progression through this period. Patients should be aware to report abnormal symptoms so that adjustment can be made to the rehabilitation programme, or else so that early review by the surgeon can be arranged. 

			Importance of core control

			During the early phase of the rehabilitation programme, patients are closely monitored to avoid excessive loading of the healing meniscal allograft. To achieve this, it is important that the knee is not treated in isolation. Effective control of stability, proprioception and the acquisition of functional skills requires rehabilitation of the hip, knee and ankle in synergy. The importance of this rehabilitation approach is highlighted by recent research into patello-femoral pain syndrome (PFPS). Reviews by Lankhorst et al. and Barton et al. showed important pre-disposing muscle weakness patterns that were associated with knee pain in this group of patients6,27. In addition to quadriceps weakness, these patients displayed increased hip adduction moment with decreased femoral external rotation secondary to weakness of the gluteal hip abductors and lateral hip rotators. A targeted rehabilitation programme to address the proximal abnormalities was an effective strategy to improve knee pain and the functional outcome38. An additional study by Khayambashi et al. has shown that better functional outcomes were achieved in PFPS patients who had treatment directed towards combined hip and knee rehabilitation rather than just an isolated knee-strengthening approach. The longer-term follow-up showed that the pain relief and functional outcomes obtained from the treatment were still maintained in the group who received the combined hip and knee rehabilitation approach24. 

			Many patients with meniscal pathology demonstrate a pre-existing functional rotational malalignment during standing, walking or squatting. The contributors to this movement pattern are multi-factorial, including bony deformity, joint or soft-tissue contracture, and a muscle weakness pattern. The primary source of the abnormality can be driven from the foot, knee, hip or core. Recent studies of PFPS patients performing weight-bearing squats in a MRI scanner showed abnormal medial rotation of the femur on a ‘fixed’ patella rather than a lateral displacing patella on a ‘fixed’ femur, as previously proposed39,45. The studies highlight an important abnormal movement pattern that not only places shear forces across the patella, but also induces a repetitive rotational force through the tibio-femoral joint and menisci. Rehabilitation needs to target the activation of the gluteal muscles as an external femoral rotator while minimizing the activity of the tensor fascia lata as an internal femoral rotator43. By achieving neutral femoral rotation during motion, excessive shear forces through the menisci can be avoided. 

			Studies looking at ACL injury have demonstrated that an excessive dynamic functional valgus movement pattern is a pre-disposing factor to ACL injury19,31. Hip control is again a significant contributor to this knee-movement pattern. We have found that many of our meniscal transplant patients display these described abnormal movement patterns and that the restoration of neutral alignment-control during functional activities is therefore vital during the rehabilitation process.

			Importance of quadriceps strength

			The return of quadriceps strength is also pivotal to the long-term function of the knee. Studies of several different population groups with meniscal and ACL injuries have shown that pre-operative quadriceps strength is predictive of post-operative functional outcomes. These strength deficits can persist post-operatively, significantly reducing the patient’s satisfaction and final functional outcome12,14,18. 

			Pre-operative rehabilitation

			Optimizing knee function prior to elective surgery has been considered for many aspects of knee surgery to improve outcomes and recovery, reducing post-operative pain and poor mobility. Ideally, therefore, all patients should commence strengthening, proprioception and functional exercises pre-operatively to aid with post-operative rehabilitation.

			The rehabilitation programme 

			Stage 1. Early Restorative Phase (0-2 months)

			The focus of the early post-operative phase is on pain management and effusion control. The sooner that a ‘quiet’ knee environment can be established, the more likely it is that the rehabilitation will progress smoothly without the risks of stiffness, persistent effusion and quadriceps atrophy. The knee is managed with a combination of minimal functional loading, limb elevation and compression with regular ice application utilizing a Cryo Cuff (Aircast) or similar device. Early knee-motion is encouraged, but excessive activity must be avoided as it can cause a persistent joint effusion with pain and delayed quadriceps activation46.

			 

			The use of electrical stimulation using either a muscle stimulator or simple TENS should be considered early in this phase to minimize the cycle of prolonged quadriceps inhibition and weakness post-operatively2,20. This can be discontinued as soon as good voluntary contraction is achieved. 

			For the first six weeks post-operatively, the weight-bearing status is non-weight-bearing on walking and touch weight-bearing (2-5KG) on standing. The knee is placed in a range of motion brace that allows 0-900 of flexion. The brace can initially be locked in extension when walking to help with pain control, but the hinges are unlocked or the brace can be removed once confidence, compliance and pain control allow (often around two weeks post-surgery). 

			Terminal hyperextension beyond 00 is avoided for the first four weeks, as this places increased strain through the meniscal root attachments. Open-chain quadriceps exercises are also avoided in the first stage, as they produce anterior tibial translation, especially in the terminal 200 of extension. This places high shear forces upon the meniscus and risks tearing the suture fixation before the allograft has healed to the capsule.

			From six to eight weeks, progression to full weight-bearing and full range of motion is undertaken. Patients should avoid forceful deep flexion and squatting until at least three months. The rehabilitation for Stage 1 is summarized in Table 1.

			Table 1.
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			Figures 3 and 4 in Stage 1 section.

			Figure 3. Heel prop exercise to aid in regaining full extension.

			Figure 4. Static quadriceps exercise. With the leg in extension, the thigh muscle is contracted for five seconds while pushing the knee down against the bed.

			Stage 2. Strength and Conditioning Phase (2-6 months)

			The goals for commencing the second phase are:

			• Minimal effusion.

			• Full extension.

			• Good quadriceps contraction and SLR.

			• Flexion of 1200.

			The focus of this phase is on the return of a normal gait and functional movement pattern. It is important to wean from crutches once a normal walking pattern is established rather than progressing too soon based on a timed goal. If the patient commences full weight-bearing but has poor muscle control with an abnormal gait pattern, they will risk placing increased stresses on the meniscal graft. 

			Range of motion is progressed to regain full flexion equal to the contra-lateral, normal knee. It is vital to avoid weight-bearing during deep flexion exercises, otherwise excessive compression and shear forces are placed through the meniscal allograft4. 

			During the second stage, a combination of open kinetic chain (OKC) and closed kinetic chain (CKC) exercises can be employed. OKC exercises provide superior isolated quadriceps muscle strengthening, but are less applicable to functional activities and place higher shear forces across the knee towards full extension16. CKC exercises provide less isolated muscle strengthening, but they recruit muscle groups in a functional pattern, providing a control and proprioceptive benefit with less shear force across the joint. The sole use of CKC strengthening exercises can fail to correct local weaknesses, resulting in accommodative changes being made elsewhere in the kinetic chain, leading to an unwanted movement pattern15,41. The balance of OKC versus CKC exercises needs to be tailored to individual patients’ muscle strengthening and functional control requirements. 

			 	

			Core muscle control and strengthening is necessary to ensure that pelvic stability is achieved. This provides a stable base for the strengthening and recruitment of the gluteal muscles to achieve neutral femoral rotation during functional activity. Regular monitoring of the limbs’ control chain is crucial to ensure that the strength gains continue to progress in all muscle groups without the development of an imbalance. Unwanted functional movement patterns are addressed with a combination of stretching, strengthening and functional control drills. 

			The menisci are secondary stabilizers of knee translation and rotation. Patients with increased or generalized ligamentous laxity can place increased load on their meniscal graft due to excessive joint movement. Rehabilitation may require slowing the progression of exercises that lead to excessive shear on the menisci until an adequate strength- and control-level is obtained. The rehabilitation for Stage 2 is summarized in Table 2.

			Table 2.
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			Figures 5 and 6 in Stage 2 section.

			Figure 5. Single-legged stance to aid in balance control.

			Figure 6. Mini-squats.

			Stage 3. Functional Rehabilitation Progression Phase (6-9 months) 

				

			The third phase of the rehabilitation programme is commenced once patients have achieved the following criteria:

			• Normal gait.

			• Full knee range of motion.

			• Muscle strength of at least 85% compared to the normal contra-lateral limb.

			• Ability to control the knee in neutral alignment with functional loading activities, such as step-ups, mini-squats and single leg squats. 

			For this final stage, a two-level rehabilitation approach is used, tailored to meet the patient’s pre-operative goals and functional outcome requirements. In patients with preserved articular cartilage who wish to return to high-impact sporting activities, the programme focuses on acquiring the functional knee control they require via sports-specific rehabilitation (Figure 7). Patients must be counselled concerning the relative risks of returning to these activities and of the importance of balancing higher-load activities with the long-term goal of preserving their native knee. In the second group, the goals and functional demands are aimed towards the activities of daily living and light recreational sports, such as cycling and swimming (Figure 8). 

				

			Progressive strengthening and increased functional loading in this stage are dependent upon well-coordinated movement patterns being maintained throughout the limbs’ control chain. The ability to progress to sports-specific skills requires the patient to be able to control the momentum of their body weight in all three planes of movement during activities. Initially, the rehabilitation involves simple movement patterns at lower loads and speeds, with a progression to complex and combined patterns once muscle strength and control is acquired. The rehabilitation for Stage 3 is summarized in Table 3.

			Table 3.
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			Figures 7 and 8 in Stage 3 section.

			Figure 7. Sports, such as football, require sport-specific rehabilitation.

			Figure 8. A patient with grade 4 chondral loss has been able to return to cycling following a lateral meniscal transplant.

			Assessment of rehabilitation and outcomes

			The main goal of meniscal transplantation surgery is to preserve the joint surfaces and, therefore, a return to high-level sporting activity is not the ideal end-stage outcome measure to report and evaluate. Rehabilitation should continue until both the symptom level has improved to a satisfactory plateau, and lower limb strength and control have recovered sufficiently to prevent re-injury to the knee. Patients may feel that higher activity levels are possible, but this needs to be considered against the higher risk of re-injury to the transplanted meniscus and the joint surfaces. 

		

	
		
			Summary

			Rehabilitation following a meniscal allograft transplant requires a personalized, goal-orientated approach, recognizing that the main objective is the avoidance of wear-related problems in the future. The desired level of functional activity needs to be considered against the expected durability and longevity of the meniscal graft. Patients will regain strength, limb control and acquire functional skills at a different rate to one another. Flexibility of the rehabilitation programme to account for this variation while respecting the normal healing process of the meniscal allograft ensures that a successful outcome can be achieved. It is our hope that the principles outlined in this rehabilitation programme will enable others to confidently and safely guide patients through their post-operative recovery.
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			Chapter 8.5

			Meniscus Extrusion Following MAT

			Tineke De Coninck, Cathal J. Moran, Wouter Huysse, René Verdonk, Koenraad Verstraete, Peter C. Verdonk

		

		
			Take Home Message

			•	There is significantly less extrusion seen in the normal intact meniscus compared with the transplanted allograft meniscus. 

			•	There is less extrusion of meniscus allografts transplanted arthroscopically with bone-tunnel fixation than in those transplanted through an open technique with soft-tissue fixation. 

			•	The clinical importance of extrusion of the meniscus after meniscus allograft transplantation remains to be determined.

		

		
			Introduction

			Meniscus allograft transplantation (MAT) is an important treatment option for the symptomatic patient with meniscal deficiency3,6. Increasing data demonstrate the effectiveness of MAT in relieving symptoms and improving function in the short- and intermediate-term. However, its ability to alter the natural history of the knee in terms of preventing degenerative change remains less clear. Extrusion of the meniscus is a possible factor in this process.

			 

			Extrusion of the native meniscus, as measured on magnetic resonance (MR) imaging, has been reported by many authors. It is defined as the distance between the tibial plateau and the outer edge of the meniscus, and is considered pathological if it exceeds 3 mm in normal menisci1. With displacements greater than 3 mm, the meniscus can no longer protect the overlying articular cartilage, potentially leading to degenerative change7,9. Meniscal displacement is very rarely seen in healthy knees, and if so it is usually smaller than 3 mm. Extrusion in native menisci is associated with radial meniscal tears and degenerative posterior root tears due to loss of resistance to hoop stress. Extrusion is also a documented finding following MAT. Although a link between extrusion and worsening clinical outcomes has been suggested in some reports, most reports do not support a correlation1-12. As we look to facilitate both long-term symptom-relief and chondro-protection going forward, an understanding of the data regarding the displacement or extrusion of meniscus allografts may be important.

			Magnetic Resonance Imaging of MAT Extrusion

			MR imaging is a particularly useful imaging tool with which to evaluate meniscal extrusion and the post-MAT knee in general (including the concomitant imaging of chondral and soft tissue status). To visualize meniscal extrusion, 3 mm sagittal and coronal intermediate-weighted images with fat saturation (TR 4400 ms; TE: 43 ms; slice/gap: 3 mm/20%; FOV: 160 mm; matrix size: 512 x 240) can be performed. Coronal and sagittal MR images are mandatory. Radial displacement of the meniscus is measured as follows: on sagittal images, the middle of the antero-posterior distance of the tibial plateau is determined for both the lateral and medial femoro-tibial compartments. Next, on the corresponding coronal image (Fig. 1.A), a line is drawn along the articular surface of the tibial plateau. Perpendicular to this line, a second line is drawn at the outer edge of the tibial articular surface. Meniscal extrusion, measured in mm, is defined as the distance between this second line and the most peripheral aspect of the meniscus (Fig. 1.B: orange line). In most cases, this is the outer margin of the residual rim of the native meniscus. This distance of the extrusion is negative when the meniscus falls completely within tibial margins. The residual rim, if still present, has to be included in the measurement. The meniscal extrusion can be measured at the body, as described above, but can also be evaluated at the anterior and posterior horn, measuring the extrusion relative to the tibial plateau on sagittal images.
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			Figure 1. On the coronal MR-image (A), a line was drawn along the articular surface of the tibial plateau. Perpendicular to this line, a second line was drawn at the outer edge of the tibial articular surface, excluding any osteophytes. Extrusion, in mm, was defined as the distance between this second line and the most peripheral aspect of the meniscus (B: orange line).

			Allograft Extrusion: Literature Review of the Data

			MAT may be performed by open or arthroscopic techniques, with three main forms of allograft fixation  being  described:  soft-tissue  fixation,  bone-tunnel  fixation  and  bone-block  fixation. Laboratory data  have shown that bone-block fixation may possess biomechanical advantages through an enhanced load-bearing function of the meniscus and resistance to hoop stress2. However, the link between laboratory findings and clinical efficacy is less clear, with similar results being seen with both soft-tissue and bony fixation techniques. The relationship of the different fixation techniques to extrusion, and the correlation between extrusion and clinical outcome, has been explored by a number of authors. We consider some of these findings below.

			In a clinical series of MAT using arthroscopic bone-block fixation, Ha et al. reported an extrusion of 3.87 mm for combined lateral and medial MATs after 32 months5. Twenty-seven cases (75%) showed major extrusion (>3 mm), seven (19.4%) showed minor extrusion (<3 mm) and two (5.6%) showed no extrusion. Using the same fixation extrusion of 2.96 mm for combined lateral and medial MATs 12 months after transplantation, 31.9% of the subjects had an extrusion of more than 3 mm8. Van Arkel et al. found 17 (87.5%) of 19 arthroscopic MATs to be extruded or sub-extruded at an average of 32 months after treatment10. 

			De Coninck et al. and Yoon et al. have both reported on meniscal extrusion after arthroscopic bone-tunnel fixation2,12. The patient group in the study of De Coninck et al. consisted of 21 patients who underwent an isolated arthroscopic MAT procedure with bone-tunnel fixation. Two tibial bone tunnels were created for transosseous fixation of the anterior and posterior horns. A mean lateral MAT extrusion of 3.38 mm and a mean medial MAT extrusion of 2.36 mm were reported. The study of Yoon et al. reported on 24 lateral and 11 medial MATs with bone-tunnel fixation. The mean MAT extrusion was 1.7 mm in the lateral group and 2.6 mm in the medial group. The relative percentage of extrusion was 19.4% in the lateral group and 32.0% in the medial group. 

			When comparing the three studies in which arthroscopic bone-block fixation was used, with the two studies using arthroscopic bone-tunnel fixation the extrusion was proven to be quite similar to both bony fixation methods. However, De Coninck et al. and Yoon et al. reported conflicting results between the extrusion of lateral and medial MAT2,12. In the study of Yoon et al., the extrusion of the medial MATs was significantly larger than the extrusion of the lateral MATs, while De Coninck et al. reported the opposite result. Furthermore, De Coninck et al. hypothesized that the extrusion of MATs inserted arthroscopically with bone-tunnel fixation is significantly less than that of MATs implanted  using  an  open  soft-tissue  fixation  technique.  To  investigate  this  hypothesis,  the previously-reported patient group of 21 patients who underwent an isolated arthroscopic MAT procedure with bone-tunnel fixation was compared with a group of 16 patients who underwent an isolated open MAT procedure with soft-tissue fixation. Both patient groups were evaluated on MR imaging one year post-operatively. The group of open MAT demonstrated an extrusion of 4.04 mm for lateral MAT (vs. 3.38 mm in the arthroscopic bone-tunnel fixation group). An extrusion of 4.71 mm was reported for medial MAT with open soft-tissue fixation (vs. 2.36 mm in the arthroscopic bone-tunnel fixation group). In the study of De Coninck et al., none of the open medial MATs had an extrusion of less than 3 mm versus 85.7% (6/7 patients) of the arthroscopic medial MATs. Ten percent (1/10 patients) of the open lateral MATs presented an extrusion of less than 3 mm versus 28.5% (4/14 patients) of the arthroscopic lateral MATs. 

			The measurements above show that in both lateral and medial compartments the meniscal allograft is less extruded after arthroscopic bone-tunnel fixation compared with open soft-tissue fixation. The open technique utilized involves transection of the meniscal rim during arthrotomy, osteotomy of the collateral ligament, and soft-tissue fixation of the graft to the peripheral rim11. This could

			explain the observed difference between open soft-tissue fixation and arthroscopic bone-tunnel fixation. An arthroscopic bone-tunnel procedure allows for the preservation of the meniscal rim, the meniscal horns, and the meniscotibial, coronary, inter-meniscal and meniscofemoral ligaments, whereas open surgery interrupts the  longitudinal fibres of all these structures. In addition, the observed difference in extrusion between arthroscopic lateral and medial MATs could be attributed to the loss of the lateral meniscal rim in front of the popliteus tendon, leading to a larger lateral extrusion. 

			It has also been shown that the intra-articular component of the meniscus (i.e. the part of the meniscus that falls within the tibial margins) placed during open lateral MATs is significantly smaller than that of arthroscopic MATs2. The intra-articular part of open medial MATs is also a little smaller than that of arthroscopic medial MATs2. This may mean that arthroscopic bone-tunnel insertion allows for a more intra-articular position of MATs than does open soft-tissue fixation. If correct, this suggests that arthroscopic approaches may enhance the amount of meniscus placed between the femur and the tibia, with potential chondro-protective properties. However, one has to consider that the two study populations in the study considered were not age-matched; the mean age of the arthro-scopic and the open surgery populations was 31 years and 39 years respectively2. The age difference may well have affected the outcome; an eight-year age difference could have an effect on other bio-logical and biomechanical properties of the knee, thus influencing extrusion. 

			Data has also been provided for the extrusion of both the MAT and the normal meniscus in the same knee. It has been observed that in both the lateral and the medial compartments, the intra-articular part of the MATs was less than 65% of their size versus more than 82% for the normal menisci. Moreover, the extrusion of MATs (open or arthroscopic) was in all cases significantly larger than the extrusion of normal menisci. The extrusion of the corresponding normal meniscus in the other knee compartment did not differ significantly between open and arthroscopic lateral and medial MATs. Both open and arthroscopic surgical techniques resulted in an increased extrusion compared to normal menisci, illustrating the overall inferior biomechanics of MATs regardless of approach. This is supported by Gale et al., who also reported an extrusion of 2.2 mm (SD=2.1) for the normal medial meniscus and an extrusion of 0.23 mm (SD=0.96) for the normal lateral meniscus4. This larger extrusion has previously been attributed to the overstuffing of the meniscus into the joint space, performed so that the functional cross-sectional area of the meniscus transplant is equivalent to that of the normal meniscus in the posterior region4. However, another study found that extrusion oc-curred even where the intra-articular part of the MAT was smaller than that of the normal meniscus (thus suggesting that overstuffing alone may not explain it in all cases). Loss of fixation of both horns of the MAT, as well as possible inherent deficits in meniscal allografts, have also been stated as a potential cause of meniscal extrusion, similar to oversizing of the MAT and non-anatomic posi-tioning of the meniscal horns, resulting in an altered biomechanical meniscal function.

		

	
		
			Conclusion

			The available literature shows that MAT is associated with a greater degree of extrusion than that seen in the native meniscus. Furthermore, extrusion following MAT performed arthroscopically with bone-tunnel fixation is significantly less than that seen in MAT using open soft-tissue fixation. However, the above studies  do not demonstrate a correlation between  extrusion and clinical outcome in the short- and medium-terms. The clinical importance of meniscal extrusion in the longer-term remains to be determined.
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			Chapter 9

			Outcome Following MAT: A Systematic Review 

			Nick Smith, Tim Spalding

		

		
			Take Home Message

			•	There is now clear evidence from a systematic review of over 1,400 patients reported in 38 studies that meniscal allograft transplantation results in improved patient-reported outcome measures in the short and medium terms.

			•	Low pre-operative patient-reported outcome scores indicate the severity of the post-meniscectomy disease burden in the young patient population.

			•	Fresh-frozen allografts are becoming more commonly used in favour of other graft preservation techniques.

		

		
			Introduction

			Meniscal allograft transplantation (MAT) is primarily performed for the relief of pain and/or swelling in patients with a symptomatic meniscal-deficient knee. Therefore, its efficacy should primarily be judged against these criteria. Patient-reported outcome measures (PROMs) provide a key measure of patient-perceived symptomatic change following an intervention6. This chapter reports the results of a systematic review using PROMs as the primary outcome measure. It also reports the common indications, associated procedures, operative technique, rehabilitation, failures, complications, radiological outcomes and graft healing in the studies included.

			Methods

			A detailed description of the methodology can be found in the systematic review published in Knee Surgery, Sports Traumatology, Arthroscopy38. Studies were eligible for inclusion if they had reported any PROMs following MAT and if they had a minimum of one-year follow-up. Commonly used PROMs include Lysholm, IKDC and the Tegner activity index, but others were accepted.

			Search strategy

			A search was undertaken in January 2015 for both published and unpublished studies. The search strategy for Medline (Ovid) (Table 1) was adapted for use in Embase (Ovid) and the Cochrane library (CENTRAL). The references of eligible studies and previous systematic reviews were searched for other potentially relevant studies as well as trials registries for completed trials.

			Table 1. Search strategy for Ovid Medline.
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			Results

			There were 1,478 patients (1,523 knees) in 38 studies included in this systematic review (Table 2). There were no prospective controlled trials (randomized or otherwise) eligible for inclusion. The follow-up range across all studies was from one to 20 years, with a mean of 4.9 years. The youngest and eldest patients were 1330 and 6939 years old, respectively, with a mean age across all studies of 33.0 years. Of the 1,478 patients, 860 were male and 392 were female; gender was not reported for 226 patients. There were 641 medial and 761 lateral allografts across all studies.

			Table 2. Summary of included studies and the PROMs used in each study.
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			Patient-reported outcome measures

			The Lysholm score is graded from 0 (worst) to 100 (best) and was designed to assess outcomes following knee ligament surgery42. It was the most commonly used PROM, being used in 28 studies. The mean pre-operative score was 54.5 and at final follow-up the mean score was 80.5 (Figure 1). A poor score is considered to be under 65, fair 65-83, good 84-90 and excellent over-90. Using these measures, the average pre-operative score was easily within the ‘poor’ range. At final follow-up, the score was ‘fair’, although it was close to the ‘good’ range.

			[image: ]

			Legend: The y axis is ordered by length of follow-up. N = number of allografts in the study. Kempshall g = good group, s = salvage group. Jiang i = immediate MAT group, d = delayed MAT group. Jang a = Pollard size-matched group, b = modified method of size matching. Koh a = medial allograft group, b = lateral. Abat a = suture-only group, b = bone fixation group.

			Figure 1. Follow-up Lysholm scores.

			The International Knee Documentation Committee (IKDC) subjective knee form evaluates symptoms and function in activities of daily living18. It was initially designed to assess ligament disruption in the knee, but it has also been shown to be useful for a broad range of knee pathologies16. The range is from 0 (worst) to 100 (best). It was used in 12 studies, with pre-operative and final follow-up scores of 45.9 and 68.4, respectively (Figure 2). These scores are consistent with the improvement seen in the Lysholm scores, as pre-operative scores are very low for young patient populations, and final follow-up scores are significantly better (though not near the best possible score).
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			Legend: The y axis is ordered by length of follow-up. N = number of allografts in the study. Kempshall g = good group, s = salvage group. Jiang i = immediate MAT group, d = delayed MAT group.

			Figure 2. Follow-up IKDC scores.

			The Tegner activity-level scale is a single score from 0 (worst) to 10 (best) that denotes the highest activity level that the patient can achieve42. It was used in 11 studies with pre-operative and final follow-up scores of 3.0 and 4.6, respectively (Figure 3).

			[image: ]

			Legend: The y axis is ordered by length of follow-up. N = number of allografts in the study. Kempshall g = good group, s = salvage group. Jiang i = immediate MAT group, d = delayed MAT group.

			Figure 3. Follow-up Tegner scores.

			Some studies used other PROMs such as the Fulkerson questionnaire7, Short Form (SF) 122, SF 3631, Hospital for Special Surgery (HSS)44, the Knee Osteoarthritis Outcome Score (KOOS)2,17,23, the Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC)40, as well as pain and activities of daily living scores30; these showed improvements broadly in line with the more commonly used PROMs (results not shown). 

			Indications

			The most frequently-reported indications for MAT were a painful or swollen knee with a history of (sub-)total meniscectomy. Most studies did not define the extent of the meniscectomy, although Farr et al. (2007) said that it should be within 3 mm of the posterior horn. Most studies included an upper age limit or described eligible patients as ‘young’. Only two studies included patients over 55 years old24,41. Severe cartilage damage or osteoarthritis comprised the exclusion criteria for a significant number of studies10,15,19,21,24,27,31,33,37,48, although there were inclusion criteria for a limited number of other studies4,7,13. One study categorized patients on the basis of their ICRS cartilage grade at arthroscopy, with the good group having less than 1 cm of ICRS grade 3b cartilage damage or better, and the salvage group having over 1 cm of ICRS grade 3b or worse23. They found a higher failure rate in the salvage group, but PROMs were improved in both groups. They concluded that the salvage group may still benefit from MAT, with the acceptance of a higher risk of failure. Normal alignment and/or a stable knee was a common requirement; this could usually be corrected intra-operatively10,15,21,23,24,27,31,32,37.

			Graft type

			The graft type was known in 1,303 allografts. There were 901 fresh-frozen, 281 cryopreserved, 100 fresh and 21 lyophilized allografts used across all studies. Although cryopreserved and fresh-frozen grafts were used in roughly equal numbers until 201011, the vast majority of newer studies have reported using fresh-frozen grafts1,9,17,21,23-25,27,48. Grafts in earlier studies were irradiated7,30, but this practice has now stopped.

			Operative technique

			The surgical technique was described in 97.5% of included studies. Earlier studies used an open technique, with collateral ligament detachment or joint distraction7,34,43,46. Once an arthroscopic-assisted technique had been pioneered, it quickly became the technique of choice. Bone bridge or plug fixation for the meniscal roots were the most common methods, being used in 948 allografts (across 28 studies), whereas an all-suture technique was used in 464 allografts (across 15 studies). Techniques can vary depending on the side, with Jiang using an all-suture technique on the medial side and a bone fixation technique on the lateral side22. One study found more cases of major extrusion on MRI with their soft tissue fixation than their bone plug fixation, although PROMs were not significantly different between the groups1. 

			Associated procedures

			Other knee procedures performed at the time of MAT were common. The inclusion criterion for a number of studies was a stable knee with normal alignment, which was often corrected intra-operatively with an osteotomy +/- ACL reconstruction. Other commonly reported procedures included articular cartilage repair procedures, including autologous chondrocyte implantation (ACI) and micro-fracture. Only 300 allografts were clearly performed as isolated procedures, although this is likely to be higher as the reporting of isolated MAT in some studies was either not clear or else not described. 

			Rehabilitation

			Although there were variations in post-operative rehabilitation, most studies reported a post-operative period of either partial- or non-weight bearing, and a restriction on flexion from 0 degrees to between 60 and 90 degrees. Most studies had allowed full weight-bearing by six weeks, with a gradual progression to running by three-to-six months. Return to full pivoting/cutting sports was controversial, with some studies recommending lifelong limits15,31,36,37,47. However, it was more common to allow return to full sports, usually after 6-12 months3,5,9,13,21,27,32,39,40,44. Stone et al. reported no correlation between post-operative sporting level and failure in patients with a high pre-injury activity-level40. 

			Failures and complications

			The most common definition of failure was conversion to a total knee replacement or total removal of the transplant. There were six studies (198 allografts) that did not show evidence of reporting possible failures5,25,33,36,37,47. Therefore, there were a total of 139 failures in 1,323 allografts implanted at a mean of 4.6 years across the included studies (10.5% failure rate). The study with the highest number of failures had 29 out of 96 allografts at two-year follow-up30.

			Complications were varied and included infection, synovitis, meniscal tears and partial meniscal detachments. Complications ascribed to concomitant procedures, such as osteotomy or anterior cruciate ligament (ACL), reconstruction were also common. Six studies (238 allografts) did not report complications8,25,33,36,37,47. Therefore, there were 201 complications in 1,283 allografts at a mean of 4.5 years across the included studies (15.7% complication rate).

			Radiological findings 

			There were a limited number of studies reporting the radiographic progression of osteoarthritis findings at follow-up. One study reported no change in Kellgren and Lawrence OA grade in 28 out of 36 knees on plain radiographs at a mean follow-up time of 2.6 years15. One study reported no joint-space narrowing14, while other studies reported small reductions in the joint space at final follow-up17,19,31. Two studies compared the joint spaces of the same compartment in the contralateral knee and found no statistically significant changes at baseline and final follow-up in either compartment31,36. One study compared immediate-versus-delayed MAT and a control group of meniscectomy22. Although the number of patients in each group was small, they found less joint degeneration in the immediate MAT group using both the Kellgren and Lawrence and Yulish scores when compared to the delayed and meniscectomy groups. 

			Meniscal extrusion was a common MRI finding, with most studies reporting either a mean extrusion of more than 3 mm or else with the majority of allografts classified as ‘extruded’ or ‘major’ extrusions1,15,17,21,22,24,25,27. No link between the PROM scores and the severity of extrusion was reported.

			Graft healing

			Ha et al. performed second-look arthroscopy at an average of 26.3 months for various reasons15. They found that 11 had completely healed to the capsule, while seven had partially detached; there were no cases of complete detachment. Rath et al. found that all 10 allografts undergoing post-operative arthroscopy had completely healed to the capsule, and Wirth et al. found that 17 of 19 allografts had completely healed at post-operative arthroscopy31,46. 

			Hardy et al. performed MRIs on 14 out of 21 patients at six months post-operatively, finding 57.1% total healing, 14.3% partial healing and 28.6% no healing, according to the Henning criteria17. Noyes et al. devised a new score for graft healing using MRI and arthroscopy, reporting a 40% complete-or-partial healing rate30.

			Discussion

			The results of this systematic review show that there are clinically meaningful improvements in all mean PROMs in the short-to-medium term. There are no randomized trials to compare, but the results do suggest that MAT is an effective treatment for the improvement of patient-reported outcomes. The patient population is also of a young, working age, and therefore it is likely to be a cost-effective treatment. There are also limited other treatment options for patients who have a symptomatic meniscal deficient knee. 

			The baseline PROM scores in the included studies are very low considering the young patient group. This indicates the severity of the symptoms in patients undergoing MAT. It is also important to note that, although there are significant gains in PROMs, the mean scores are still well below the top scores in this young patient group. This may reflect either non-modifiable damage to the knee or else the failure of treatment to completely reverse the symptoms.

			There are a number of controversies in meniscal transplant surgery. The method for preserving the allografts is variable, with no clear evidence for the superiority of one method over another. There is a trend among newer studies towards using fresh-frozen allografts over other preservative methods. Cryopreservation involves controlled freezing to around -196 degrees Celsius with the meniscus bathed in cryoprotectant and then thawed under strict protocols. There is no strong evidence that cryopreservation maintains the integrity of the meniscal allograft better than fresh-freezing28. Cryopreservation also requires strict thawing protocols, which are difficult to achieve in the clinical environment. These factors may have contributed to the increased use of fresh-frozen allografts.

			Another controversy is the method of meniscal root fixation. This systematic review shows that bone plug or bone bridge fixation remains the most popular method, although an all-suture technique through bone tunnels is used in significant numbers. Abat et al. reported more cases of major meniscal extrusion on MRI in patients who had suture fixation of grafts when compared to bone plug fixation1. However, inferences from this should be drawn with caution, as the two groups were not directly comparable. Bone fixation is often done in the hope that it will provide a stronger fixation, while an all-suture technique is less technically demanding. A biomechanical study has shown a similar pull-out strength for each technique20, whereas another showed that a suture-only technique allows for a slightly higher contact pressure on the tibial cartilage29.

			Limitations

			In general, the quality of the evidence is low, with the vast majority of studies being case series. Patients who were described as having a failed treatment were often excluded from analysis, which could lead to an over-estimation of the benefit of treatment. The wide variation in failures and complications also suggests that some reporting was more detailed than others. Therefore, failures and complications may also be underreported. Furthermore, a number of studies specifically excluded patients who had a ‘failed’ treatment from the analysis of PROMs10,12,35. It is likely that patients with failed treatments would have worse PROMs scores.

			All the studies included in this systematic review were case series. Some studies described control groups, but the selection for each intervention was for specific reasons, such as a change of technique part way through the study1. Therefore, there is a high risk of selection bias in all the included studies. A large number of studies were retrospective, which increases the risk of measurement error. 

		

	
		
			Conclusion

			This systematic review shows a consistent and significant improvement in all the PROMs used for MAT at final follow-up. The low pre-operative scores and young patient group indicate that there is a significant disease burden that appears to be at least partially improved by meniscal transplantation. 
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Stage 1: Early Restorative Phase (0-8 weeks)

0-6 weeks:

« Adequate analgesia to ensure ability to perform exercises

« Non- or touch weight-bearing only for six weeks

« ROM restrictions 0-900 in a T-ROM brace

- Knee brace locked in extension for two weeks when mobilizing, unlocked when
sitting or exercising

« Brace can be removed after two weeks when confident and pain is controlled

« Regular elevation and cryotherapy

« Patella mobilization exercises

« Static quads (in extension and progressing to multi-angle), SLR

« If there is poor muscle recruitment at three weeks, consider the intensive use of
a quadriceps muscle stimulator

« Posterior pelvic tilting exercises

« Static gluteal exercises

- ROM work to maintain abduction, lateral rotation and extension ROM of the hip

- Maintain gastrocnemius, soleus, hamstring and tensor fascia lata length

- Gait retraining encouraging a ‘normal gait pattern’ within weight-bearing
restraints

After six weeks:

«Increase active ROM >900; no forced passive flexion

« Start light popliteus work

« Toe raises with PWB
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Mean (N) Range (N) Number of  roots
tested
Anterolateral (AL) 673 250-1100 23
Anteromedial (AM) 532 200-824 24
Posterolateral (PL) 579 300-875 25
Posteromedial (PM) | 596 388 -850 19
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Stage 3: Functional Rehabilitation Progression Phase (6-9 months)

- Continued strength and endurance training of all major muscle groups with
particular focus on deficits, as necessary
« Cycling - varying time, resistance and interval work
- Cross-trainer activities
« Swimming - avoiding breast stroke kicks initially
- Two-leg jumps on the spot — progressing to forwards and backwards, side to
side
« Once neutral alignment control is gained, progress to one-leg landing work +/-
trampoline, including perturbation and stabilization +/- Thera-band™
« Running can commence after six months, if:
- >90% single-leg hop test (SLHT)
- 90% quadriceps/hamstring power of the contra-lateral leg
- Neutral alignment is maintained with single-leg landing
Running should not become the mainstay of the cardiovascular rehabilitation,
but rather one element in combination with cycling, a cross-trainer and
swimming
« Plyometric training with two legs progressing to one leg
« Sports-specific skill work including jumping, landing and deceleration activities
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al, 2012 procedure 12 allscales, 919%would have surgery again. Overall knee
(1), ACL recon condition significantly improved from 3.5 to 6.9 (out
€] of 10) points.
lee et al, |43 | FEbone None 5.1 (3.5~ | Lysholm, significant improvement
2010 83)
R et al, | 29 | FE bone AC (all), HTO (6), | 45+13 | Physician Cincinnati score, patient Cincinnati score,
2007 AL Lysholm, patient ~satisfaction. All - significantly
recon (8) improved, but improvements were less than
literature-eported
outcomes or either procedure done in isolaion.
Kim et al, | 29| F bone None 44 (2- | Lysholm, HSS. Significant improvements all scales.
2011 10.3) Functional improvement n 97%.
Kim et al, | 110 | FE bone ALrecon(23) [ 41 (2- | Lysholm, Knee Socity Pain. Significant improvements
201 137) both scales, 95% satisfactory outcome.
Yoon et al, | 91 | FE bone Artcular cartilage [ 3.3 (2- | IKDC Subjective, VAS, Lysholm, Tegner. Significant
2014 procedure  (37), [ 105) improvements allscales.

AL recon (32),
AL recon + ACI
(5)






OEBPS/image/52.png
Author(s) Year | Studytype Participants | PROM
Kempshalletal® | 2014 | Prospective case series % Lysholm, IKDC, K0OS, Tegner
Abrams etal.2 2014 Prospective case series 32 Lysholm, IKDC, KOS, SF-12
Jiang etal 2 2014 | Comparative paralll case series | 18 Lysholm, IKDC, Tegner, VA for pain
Chalmers et al." 2013 | Retrospective case series B Lysholm, IKDC
Stone etal.* 2013 (ase series 68 IKDC, Tegner, WOMAC
Hardyetal.” 2013 | Retrospective case series 2 Lysholm, IKDC, K0OS
Abatetal) 2012 | Parallel prospective case series | 88 Lysholm
Binnetetals 2012 | Caseseries 4 Lysholm, Tegner
Gartert 2012 | Prospective case series 20 Lysholm, IKDC
Kimetal?* 2012 | Retrospective case series 106 Lysholm
Koh etal® 2012 Retrospective case series 9 Lysholm
Maraccietal? | 2012 | Prospective case series P Lysholm, IKDC, Tegner
Salzmanetal® | 2012 | Retrospective case series 2 Lysholm, IKDC
Thangetal 2012 | Prospective case series 18 Lysholm
Jangetal?! 2011 | Parallel prospective case series | 36 Lysholm
Nenthometal> | 2010 | Retrospective case series 15 Lysholm, IKDC
Haetals 2010 | Retrospective case series 3 Lysholm
LaPrade etal. 2010 Prospective case series 34 IKDC
Vunderlinckcetal#5 | 2010 | Retrospective case series 3 Lysholm, Tegner
Gommelletal."* 2009 (ase series 7 Lysholm, IKDC
van derWal etal | 2009 (ase series 57 Lysholm, HSS
Verdonket al.# 2009 | Prospective case series 100 HSS pain and function
Rueetal 2008 | Prospective case series 30 Lysholm, IKDC, Tegner
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Fametal? 2007 | Prospective case series 2 Lysholm
Hommenetal’® | 2007 | Caseseries 20 Lysholm, Tegner
Cole etal 0 2006 | Prospective case series 36 Lysholm, IKDC, Tegner
Rueffetal 2006 | Retrospective case control 16 Lysholm, IKDC
Sekiyaetal.” 2006 | Retrospective case series 25 Lysholm and IKDC follow up scores
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Stage 2: Strength and Conditioning Phase (2-6 months)

- Wean off crutches once a normal gait pattern is achieved

« Full ROM by eight to 10 weeks

« Cycling - low resistance, increasing time

- Leg press from 70-100 flexion to extension starting at eight to nine weeks

« CKC - Mini squats, small height step-ups (0-700 of knee flexion)

« OKC quads 80-200 flexion to extension from eight weeks

- Swimming kick, hamstring curls 0-800 with a neutral tibia in flexion

« Gluteus medius rehabilitation — clams, side-steps with Thera-band™

« Gluteus maximus rehabilitation — hip extensions prone and in standing +/-
ankle weights or Thera-band™, straight leg-bridging on the stairs or an exercise
ball

- Abdominal work - leg slides (one or two legs), planks forwards and side work

« Progressive calf strengthening

« Proprioception/balance training on a wobble board/trampoline, weight-
bearing exercises on a BOSU, Perturbation work

« Mini-lunges
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