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Meniscus tear surgery and meniscus replacement
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Conclusion: therapies that successfully repair or
replace the meniscus are therefore likely to prevent or delay osteoarthritis progression.
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Summary
Objective: the menisci are easily injured and difficult to repair. The aim of this study was to analyze the current state of meniscal surgery aimed
at preserving morphology and conserving the biomechanics of the knee to prevent joint degeneration.
Methodology: a search of the electronic medical
literature database Medline was conducted, from
http://www.ncbi.nlm.nih.gov/pubmed. The search
was not limited by language. Candidate articles
were identified by searching for those that included the keywords meniscus, surgery, suture, implant, allograft. The limits were included for clinical research and clinical trials. Basic research
was not included. The studies selected were evaluated and classified in three different categories:
basic science, reconstruction (suture and meniscectomy) and implants (scaffolds and allograft).
Results: the consequences of meniscectomy performed at a young age can lead to a joint cartilage
degeneration twenty years later. There are few
surgical options for the repair of meniscal injuries
in order both to preserve the meniscus and to ensure the long term survival of the knee joint, meniscectomy, repair, suturing the tear, or reconstruction, when a meniscal allograft or synthetic
substitute is used to replace the meniscus, but
the biomechanical properties of the native meniscus are not reproduced entirely by the scaffolds
that exist today.
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89

The menisci play an important role in maintaining
healthy articular cartilage. The knee meniscus is a
functional structure, which protects the articular cartilage by both increasing the joint congruity and contact area, and preventing the focal concentration of
stresses 1. Three areas can be distinguished in the
meniscus, the area in which the meniscus joins the
capsule, the vascular area (red) and the avascular
area (white), which are important when it comes to
determining the indications and taking decisions with
regard to repair. On the other hand, the meniscus is
partly covered by the synovial, without forming part of
it, and synovial cells could play an important role in
healing, because they may differentiate producing
pluripotential cells2,3.
The menisci are also easily injured and difficult to repair. An injury to the medial or lateral meniscus is often found in asymptomatic individuals, and even
more frequent in osteoarthritis (OA) patients. Meniscus injuries have been associated with early onset of
OA, and meniscectomy is often followed by signs of
OA4,5. New vessel formation from preexisting capillaries is essential for repairing the damaged tissues and
experimental studies have provided a different perspective on avascular area lesions6 suggesting that
this part of the meniscus is unlikely to heal. The
mechanisms of meniscal repair follow two patterns7,8:
the extrinsic pathway, which is usually used in lesions
of the vascular area where there is a network of capillaries, which supply undifferentiated mesenchymal
cells with nutrients to induce healing (Fig. 1), and the
intrinsic pathway, which is based on the self-repair
capacity of the meniscal fibrocartilage and the synovial fluid. The more central the location of the meniscus injury, the lower the intrinsic responsiveness is.
On the other hand, the origin of the repair cells is uncertain, but the presence of fibroblasts in the meniscal injury at an early stage suggests that the superficial meniscal cells and the synovial cells have an important role as a source of stem cells in the joint8-11.
Knee arthroscopy is the gold standard in diagnosis
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a shortfall in sensitivity and if MRI is contraindicated,
computed tomography arthrography seems a promising alternative.
A search of the electronic medical literature database
Medline was conducted, from http://www.ncbi.nlm.
nih.gov/pubmed. The search was not limited by language. Candidate articles were identified by searching for those that included the keywords meniscus,
surgery, suture, implant, allograft. The limits were included for clinical research and clinical trials. Basic
research was not included. The studies selected were
evaluated and classified in three different categories:
basic science, reconstruction (suture and meniscectomy) and implants (scaffolds and allograft). We follow the ethical standards of the Muscles, Ligaments
and Tendon Journal15.
The aim of this study was to analyze the current state
of meniscal surgery aimed at preserving morphology
and conserving the biomechanics of the knee to prevent joint degeneration.

Indications for meniscal repair

Figure 1. Sheep meniscus, vessels border between the red
and the white area (Spaltenholz technique).

and simultaneous treatment of meniscus disorders.
But most patients undergo magnetic resonance imaging (MRI) before arthroscopy, although MRI results
are not always consistent with arthroscopic findings12. Chambers et al.13 compared the MRI meniscal
images with arthroscopy, finding that MRI scanning
was 90.5% sensitive, 89.5% specific and 90.1% accurate. Roßbach et al.14 found sensitivity/specificity of
58/93% for anterior horn, 94/46% for posterior horn of
medial meniscus and 71/81% for anterior and 62/82%
for posterior horn of lateral meniscus. The specificity
of conventional MRI can be improved by employing at
least two T2-weighted sequences, but this still leaves
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The young, active patient with a meniscal tear poses
a significant challenge for the surgeon 16. Important
patient characteristics include age, cartilage status,
concomitant anterior cruciate ligament (ACL) reconstruction, and compliance. Important features of the
tear included location, morphology, acuity, and stability (Fig. 2). The MOON Cohort study17 concluded that
30% of medial meniscal tears and 10% of lateral
meniscal tears are eligible for all-biological repair;
35% of medial meniscal tears and 35% of lateral
meniscal tears are eligible for an advanced repair
technique; and 35% of medial meniscal tears and
55% of lateral meniscal tears are eligible for scaffold
replacement.
Conservative techniques such as debridement and
trephination, have not proven their clinical efficacy.
Meniscal debridement is therefore used for degenerative tears that are not amenable to repair10,18 (Fig. 3).
In cases of meniscal tear, it is necessary to consider
whether it is possible to repair it, whether it may heal,
and whether, once it has been repaired, the meniscus
will recover its mechanical function8. At present it is
accepted that longitudinal tears of the vascular periphery must be repaired, because they heal in most cases. However, meniscal repair in the avascular area
is dubious, and it is not known whether the mechanical function of the meniscus will be preserved. Beaufils et al.,19 established that meniscal repair should
only be used to heal peripheral meniscal lesions affecting healthy meniscal tissue in vascularized areas
(red-red zone or red-white zone). Traumatic meniscal
lesions do not always require a meniscectomy; no
surgery or meniscal repair should be considered as a
matter of course. The assessment and management
of non-traumatic degenerative meniscal lesions depend on the extent of cartilage damage. But on many
occasions the indication is to do nothing, above all in
asymptomatic cases and in stable meniscal injuries in
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89
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Figure 2. a) Different types of meniscal tears: 1. horizontal, 2. vertical flap, 3. radial tear, 4. horizontal tear, 5. longitudinal
tear; b) longitudinal tear; c) meniscus torn; d) meniscus pearl.

Figure 3. Experimental trephination in sheep meniscus: 4
months post-op without repair signs.

unstable knees that are going to undergo repair.
Longitudinal tears less than one centimeter in length
may heal spontaneously and if the meniscal tear is
partial, its stability should be assessed and treatment
need not be given. Surgery is also not indicated in inMuscles, Ligaments and Tendons Journal 2016;6 (1):71-89

juries measuring less than one centimeter or in incomplete tears in the peripheral vascularized areas20.
Surgery can also be avoided in asymptomatic knees
in people with a low level of physical activity21 or in
asymptomatic degenerative lesions 22 . Repair of a
meniscal lesion should be considered carefully if the
tear is peripheral and longitudinal, with concurrent
anterior cruciate ligament reconstruction, and in
younger patients23.
Radial meniscal tears have historically been treated
by partial meniscectomy, although they are more degenerative than longitudinal tears. Repair of complete
radial meniscal tears is the key to restoring the mechanical integrity necessary to maintain hoop tension
in the meniscus. Partial meniscectomy is reserved for
symptomatic injuries in stable knees, when the lesion
is in an area where repair is not possible and the individual is active24. D’Lima et al.25 concluded that after
total meniscectomy, the femoral contact area decreased by 26% with a concomitant increase in average
contact stresses (36%) and peak contact stresses
(33%). This means that indications for meniscectomy
decrease in comparison to other repair techniques
because repair techniques are mechanically superior
to partial meniscectomy 26. Noyes and Barber-West-
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in27 recommend the preservation of meniscal tissue
wherever possible in athletically active patients regardless of age, basing indications for the procedure
on current and future activity levels. It should not be
forgotten that a “repairable” meniscal injury in which
the ACL is ruptured is less likely to heal and much
more likely to tear again28-30.
Meniscal repair is performed exclusively on younger
populations, while older populations are subject to
partial meniscectomy procedures13. Resection techniques have major limitations, because removal of the
tissue in the area of the external meniscus may lead
to alterations of the geometry of the meniscal section
and thereby affect its functioning9.
Meniscal repair, with sutures or implants, and meniscal replacement, with meniscal allografts or scaffolds,
have become usual in order both to preserve the
meniscus and to ensure the long term survival of the
knee joint. There are few surgical options for the repair of meniscal injuries. These include total or partial
meniscectomy; repair, suturing the edges of the lesion together, or reconstruction, when a meniscal
substitute is used to replace a segment of missing
meniscus. Meniscal repair is a priority after the instability has been corrected, in peripheral lesions and in
young, very active patients. The most successful repairs are usually in younger patients who have an
acute, vertical tear in the vascular portion of the
meniscus10, where repairs are often performed in order to decrease the chance of the patient developing
OA12,31,32.
The decision as to whether to perform meniscectomy
or repair must be made on an individual basis, and
the characteristics of both patient and tear should be
taken into consideration.
Meniscal suture techniques and their biomechanical considerations
Vertical suture techniques are superior to horizontally
placed sutures and #2-0 to #1 sutures are recommended for suture repair. Barret et al.33, recommend
the use of permanent sutures, as reabsorbable sutures do not ensure the stabilization of a meniscus
which, after 12 weeks, though largely healed, still does not have the capacity to withstand certain types of
activity. Vertical sutures hold circumferential fibers
better because they encircle them like a rope holding
a bunch of tree branches. In the same way, horizontal
sutures hold radial fibers better. The vertical suture
configuration created by the all-inside technique has
been found to result in lower displacement, higher
load to failure, and greater stiffness compared with
the horizontal inside-out technique34 but there was little difference in biomechanical properties between
vertical and horizontal repair35. If a horizontal suture
is used in meniscal repair, the most suitable larger diameter suture should be used 36 . Repair of radial
meniscal tears with a second suture and a shorter
distance from the meniscal rim has a positive influence on primary stability37. The superior biomechanical meniscal repair fixation provided by capturing
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greater tissue volume may enable safe earlier participation in functional exercise activities36.
Currently, arthroscopic meniscal repair procedures include the inside-out, the outside-in and the all-inside
technique. Inside-out and outside-in repairs requires
an incision to allow for needle capture, knot tying and
protection and identification of the neurovascular
structures. Today, the all-inside technique is preferred - even though it is arthroscopically more complicated, it means that external incisions are not necessary and there is little risk of damaging the neurovascular structures. Most commercially available devices for all-inside meniscal repair using ultrahighmolecular-weight polyethylene suture provide fixation
comparable to the classic vertical mattress suture repair technique in human cadaveric meniscus 38. The
inside-out repair remains the gold standard39 and is
the most appropriate for a bucket-handle type tear of
the medial or lateral meniscus 40. All-inside arthroscopic meniscal repairs are favored by most clinicians because of their lower complication rate and
decreased morbidity compared with inside-out techniques. Choi et al.41 found no difference in meniscal
healing between inside-out and all-inside repair techniques in combination with ACL reconstructions. The
all-inside technique has gained in popularity recently
and has outcomes that approach those of the insideout repair with decreased morbidity but increased
cost. The choice of this technique is most appropriate
for small tears requiring few sutures in their repair;
outside-in repair can also be employed and is preferred for anterior horn tears40 (Fig. 4). Third-generation devices introduced the idea of rigid, bioabsorbable materials; unfortunately, these demonstrated higher failure and complication rates compared
with other repair techniques. They were also limited
in their ability to adjust compression and tension
across the repair. Now, fourth-generation devices
have been developed that are flexible, suture-based,
and allow for variable compression and retensioning
across the tear39,42. These have decreased the operating time and the level of surgical skill required23.
These devices, which may be shaped like arrows,

Figure 4. Sutured meniscus.
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screws or stitches43,44, reduce the surgical time, simplify the technique and reduce the risk of neurovascular lesions, although it has also been shown that
there may be a reaction to the introduction of a foreign body, and they may damage the cartilage, become displaced in the joint45,46. This has led to the
creation of a second generation of devices, which are
more flexible, aimed at achieving a balance between
the suture and rigid anchoring systems. A combination of suture techniques and implants might be a
treatment option in posterior meniscal lesions10. The
inside-out repair with all-inside meniscal devices
shows comparable biomechanical properties compared with inside-out suture repair in cyclic loading47.
However, meniscal repair constructs are also exposed to shear forces parallel to the circumferential
meniscal fibers during healing, particularly in the midportion of the meniscus (Fig. 5).
The changes that the different materials undergo over
time also have an important impact on the time that
elapses before the meniscal tissue is capable of receiving and absorbing all the stresses. Barber et al.48
studied the behavior of different types of suture in the
synovial fluid. Polyester (Mersilene®) maintains
100% tension six weeks after implantation; PDS (Polidioxanona®), 40% after six weeks, which indicates a
loss of tension in the third week after insertion; LTS
(Policaprolactona®) presented a slow reduction in

tension, maintaining 90% of its resistance to tear 18
weeks after insertion. Polylactic acids (Vicryl®) and
polyglycolic acids (Dexon®), such as catgut, maintained some of their strength after 3 weeks. Polyglyconate (Maxon®) had no significant stiffness after 6
weeks. It is therefore not surprising that they conclude by recommending non-reabsorbable sutures,
as the meniscal repair process requires considerable
time. Moreover, monofilament non-reabsorbable sutures do less damage to the meniscus and joint tissues49. Nitinol can be elongated and become soft and
flexible for proper suturing at low temperature. At
body temperature, it can contract to its original
length, providing stronger knots. Lamprakis et al. 50
compare this with ethibond® and nylon and show the
superior load-to-failure and tensile strength characteristics of nitinol. However, in terms of stiffness and
gap resistance force, the results were equivalent to
those of ethibond®.
Suture techniques exhibited biomechanical superiority over biodegradable flexible and rigid anchor devices for meniscus repair51,52. Becker et al.53 pointed
out that all the degradable implants they analyzed
had lower resistance to tension than sutures did,
which suggests that such implants should be inserted
very close together, and that in large injuries they
should be combined with sutures. Walsh et al.54 also
analyzed the behavior of a meniscal arrow and stitch

Figure 5. Sutures should mantained the tear edges in contact during the hoop stresses.
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89
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with vertical and horizontal sutures, and observed
that the stitch bore less mean tension than the other
methods. The stiffness of the majority of flexible
meniscal repair implants in a shear condition is
markedly reduced55.
Techniques associated with sutures to stimulate
meniscal repair
Since meniscal lesions often fail to heal and are hard
to repair, meniscal sutures have been used in combination with techniques for stimulating meniscal repair,
although most of this work is still at the experimental
stage. Dutton et al. 56 showed that meniscal tears
treated with MSCs (Mesenchymal Stem Cells) together with a conventional suturing technique improved
healing, but that the mechanical properties of the
healed menisci decreased in comparison with the
control. Intraarticular injections of allogeneic synovial
MSCs appeared to promote meniscus regeneration in
a porcine massive meniscal defect model57,58.
Arnoczky et al.,59 knowing the important role played
by the hematoma in the initial healing phase of any
injury, applied a fibrin clot in a meniscal defect in the
avascular area of dogs, which provides a scaffold rich
in platelet derived growth factors (PDGF) and fibronectin, to enhance chemotaxis and mitogenic
stimuli to the healing cells. The fibrin clot seems to
guide the intrinsic meniscal response to heal, as a
scaffold and as a source of stimulating factors. Van
Trommel et al.60 treated five complete radial external
meniscal lesions, in the avascular popliteal portion,
using a fibrin clot. Three years later, the follow-up
arthroscopy and MRI testified that the lesions had
healed. Piontek et al.61 suggested treating meniscal
tears by suturing and wrapping them in collagen matrix, followed by injection of liquid bone marrow collected from the tibial proximal epiphysis, into the area
of meniscal lesion. Ra et al.62 treated complete radial
tears of the meniscus using arthroscopic inside-out
repair with fibrin clots, and their results showed good
meniscal healing and excellent clinical outcomes.
Kamimura et al.63 proposed exogenous fibrin clots to
repair horizontal cleavage tears of the meniscus.
The problem of the application of the fibrin clot is its
poor adhesive property: it cannot stimulate healing if it
does not remain fixed and stable. Cyanoacrylate-type
glues are biodegradable, bacteriostatic, hemostatic adhesives that have been used experimentally in many
tissues, particularly the skin. The elasticity of such
glues allows them to adapt to meniscal mobility during
knee movements. Fibrin glue is a combination of coagulation factors (fibrinogen, thrombin, CaCl2 and FactorXIII) with aprotinin. The adhesive properties of the fibrin
glue are superior to the clot but it lacks the biological
properties, and can overlap the edges of the injury without stimulating the repair process64. It has also been
shown that the association of fibrin glue and bone marrow MSCs promoted meniscal healing, as did the combination of fibrin glue and VEGF65. Fibrin glue can be
used in combination with a suture66, or be fragmented
and applied with a syringe8,67.

76

The synovial membrane holds the synovium-derived
stem cells (SDSCs). Jo et al.68 distinguished between
the peripheral synovial cells and the non-peripheral
cells: the synovial area has a mixed cell population
with round cells (macrophage type) and fusiform cells
(fibroblast type). The SDSCs have an unknown function in meniscal repair but have a high differentiation
rate and serve as a rich source of stem cells, and are
sensitive to the stimuli of different growth factors with
greater chondrogenic than osteogenic capacity2,69-71.
In vitro, the synovial graft showed a higher cell proliferation and collagen neoformation 72 and stimulated
the fibroblast derived growth factors, which had an
important effect on the expression of type II collagen73.
The transplantation of the synovium to the avascular
area of the meniscus plays an important role in the
repopulation of the meniscus injury. Cisa et al.74 published good results in rabbits after using synovial
flaps. Kobuna et al. 75 using microangiography in
dogs, demonstrated that vessels located on the
femoral surface and the inner part of the meniscus
reached the sutured area after 6 weeks, and showed
healing with a fibrovascular tissue. However, Shirakura et al.76 in dogs, found new capillaries from the periphery that failed to reach the lesion, and in their
study repair was not achieved.
Clinical results of meniscal suture
The need to prevent post-meniscectomy syndrome
has driven the development of meniscal repair. Ikeuchi77 performed the first arthroscopic meniscal suture,
and DeHaven 78 described and performed the first
techniques for repairing the meniscus through open
surgery. Henning et al.79 described the possibilities of
arthroscopic meniscal surgery, and then reached the
conclusion that it was better to repair peripheral injuries by conventional surgery, whereas lesions to the
central area of the meniscus, which were harder to
reach, should be approached by arthroscopy. DeHaven et al.80 sutured lesions 2 mm from the capsule
and obtained repairs in 85% of cases. Of his nine failures, six were associated with instability of the ligaments. In the earliest published studies 81, the differences were established between meniscal repair of
an isolated injury and that of lesions associated with
ligamentoplasty, which yielded better results82. This
was due to the fact that traumatic injury to the meniscus is often found in menisci that are structurally normal, and which have a blood supply to the hemarthrosis, through the rupture of blood vessels83.
Although size does not influence the likelihood of repair81,84, it has been shown that bucket-handle injuries longer than 40 mm have a higher failure rate than
smaller ones. Better results are obtained in recent injuries. Tengrootenhuysen et al.85 obtained better results in meniscal repairs performed within 6 weeks of
injury (83%) than late repairs (52%), as meniscal tears tend to become deformated over time79,86,87. Worse outcomes have been observed in young patients,
perhaps because they take less care in the postopeMuscles, Ligaments and Tendons Journal 2016;6 (1):71-89
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rative period, and in elderly patients, where the meniscus had already degenerated88,89.
In the most recent publications, the results are better,
but poor results are still to be found in 10 to 20% of
cases in most studies23,90. In some of these publications, an arthroscopic second look was used to assess the quality of the repair. Rubman and Noyes91,
carried out 91 arthroscopic follow-up studies, and
found that 25% of cases could be regarded as healed, 38% as partially healed, and 36% as failures. Of
the cases in which healing was partial, 54% required
a partial excision, while the others remained stable.
Of the failures, 61% were given a partial meniscectomy, 30% a second repair operation, and 9% resection with allograft.
In the opinion of Eggli et al.92 an edge more than 3
mm from the meniscal periphery is a negative prognostic factor. The prognosis and outcome of meniscal
injuries are better when they are in the external
meniscus, and when they are smalle or acute injuries.
Moreover, they should be treated with a non-reabsorbable suture.
Meniscal tears often occur in association with ACL lesions or in chronically unstable knees. The menisci
are critical secondary stabilizers of the ACL. ACL reconstruction effectively restores an increased anterior
tibial translation in the ACL-deficient knee 93,94 and
patients with associated ACL injury had a better
chance of a successful outcome, but this was only
significant when the ACL was reconstructed at the
time of repair 85 . Martinez Albornoz and Forriol 95
showed that the concentration of anabolic growth factors was significantly higher in the joint fluid of patients with ACL reconstructed knee than in the meniscectomy group. In concrete, PDGF can play an important role enhancing the healing response of
meniscus suture, and can be one of the biological
reasons for the higher meniscus healing rate in ACL
reconstructed knee 96 . But meniscus has a limited
healing capacity confined to the vascularized periphery, and therefore surgical repair of the avascular regions is not always feasible. The vascularized region
and synovial contain MSC which contribute to meniscal regeneration97.
A special case of meniscal repair: meniscus posterior horn repair
A meniscus root tear is an avulsion of the tibial insertion of the meniscus or a radial tear close to the
meniscal insertion. Meniscal root injuries can compromise knee function and lead to early degenerative
changes if not appropriately treated 98. Clinical diagnosis is difficult, but MRI usually make it possible to
identify the lesion. Three different direct MRI signs
have been described: radial linear defect in the axial
plane, vertical linear defect (truncation sign) in the
coronal plane, and the so-called ghost meniscus sign
in the sagittal plane, a large radial tear that has completely transected the meniscus. Meniscal extrusion
is also considered to be an indirect sign of a root tear
but is less common in lateral99,100.
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89

In long chronic ACL insufficiency, Mariani101 identified
an abnormal movement of the posterior medial
meniscal horn, probably due to insufficiency of the
posteromedial meniscotibial ligament. Internal rotation of the femur increases the resultant tension substantially, whereas external rotation has the opposite
effect23.
When the lesion is located in the vascularized zone of
the meniscus, management is preferentially arthroscopic102, and suturing the horns has been found to
increase contact area and reduce peak contact stresses25. Meniscal root repair is commonly practised using transtibial pull-out sutures 103, but the all-inside
technique can be used to repair lesions of the posterior horn of the lateral meniscus. However, this technique presents important disadvantages, such as the
need for an accessory portal and a high risk of neurovascular damage. Espejo-Baena et al.104 proposed
an all-inside technique for the posterior horn of the
lateral meniscus that takes advantage of the capacious posterolateral recess when the knee is flexed.
This technique uses only anteromedial and anterolateral portals with an accessory lateral or transpatellar
tendon portal.
Lee et al.105 found no between-group difference in 25
patients, with a follow-up of 2 years, where arthroscopic medial meniscus root refixation using the modified Mason-Allen stitch was compared with repair using simple stitches. In a porcine menisci model, Röpke et al. 106 used a transtibial pull-out suture and
found that meniscus root repair was not effective in
restoring the normal loading pattern of the cartilage,
because cyclic loading caused an elongation of the
repair. However, Rosslenbroich et al. 107 , using a
transtibial single suture technique, showed significantly higher elongation and lower stiffness and failure load after cyclic loading compared to the health
meniscus; a two-suture technique showed no difference in elongation and stiffness but had a lower failure rate.
Complications of meniscal sutures
Patients with failed meniscal repair have found to
have increased radiographic osteoarthritic changes
on long-term follow-up compared to patients with successful repair 85. Current techniques do not require
accessory posteromedial or posterolateral incisions
and significantly reduce the incidence of complications and pain associated with more invasive surgery.
Complications include saphenous and peroneal nerve
damage and vascular lesions. The proximity of the
posterior horn of the lateral meniscus to the popliteal
artery determines the risk of vascular injury on suture. The artery has been found to lie laterally to the
midline in 94% of the cases, with a minimal mean distance from the posterior wall of the lateral meniscus
to the popliteal artery of 1 (range: 0.32-1.74) cm; this
distance is not related to body parameters108.
Sohby et al.109, in a cadaver study, proposed as an
entry point for outside-in repair a point just lateral to
the semitendinosus tendon. Baena et al. 110 indicate
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that when the needle is inserted into the posteromedial region of the knee during inside-out suture, it is far
enough from the popliteal neurovascular bundle for
the maneuver to be performed with a reasonable
safety margin. However, this margin can be increased further still if the needle is inserted into the joint
through a point located laterally to the patellar tendon. Cohen et al., 111 in fresh-frozen cadaver legs,
found that the RapidLoc® device seems to be safer,
entailing less risk to the popliteal artery than the current FasT-Fix® meniscal repair device. On the other
hand, the cannulae used can potentially injure the
load transmitting fibers of the meniscus and can
cause substantial laceration of the meniscal tissue.

Meniscal reconstruction techniques
The therapeutic approach to treating meniscal lesions
has changed dramatically over the last few years. It is
not unusual for surgeons to have to confront situations in which meniscal repair or the limited excision
of part of the meniscal tissue is not possible. Now
that the consequences of meniscectomy performed in
the second, third or fourth decade of life are known,
we have become aware that we must seek solutions
to replace the meniscus that is extracted and prevent
joint deterioration twenty years later4. The first reference to meniscal allogenic transplant (MAT), using a
free graft, was performed by Milachowski et al. 112
and, shortly after this, the first lateral meniscus was
inserted using arthroscopy 113 . Nevertheless, there
has also been considerable interest in synthetic substitutes such as teflon114, dacron115, silicone, carbon fiber, polymers116, SIS (small intestine submucosa)117,
carbon fibers and polyurethanes or polylactic acid
supplements118, although to avoid the toxic or carcinogenic effects of such implants some specialists have also proposed mixtures with polycaprolactane and
polylactic115, but these either produced poor results
or are still at an experimental stage. Synthetic materials must fulfill a series of requirements that are hard
to meet. They must be compatible materials, with viscoelastic features that protect the cartilage and act to
absorb and distribute the joint stresses. Moreover,
they also have to integrate into the joint capsule. In
the mid-1990s the first results of a collagen implant
were published119, and recently a polyurethane polymer has completed the experimental stage and gone
on the market.
Therapies that successfully repair or replace the
meniscus are therefore likely to prevent or delay osteoarthritis progression. The biomechanical properties of the native meniscus are not copied entirely by
the scaffolds that exist today. Congruence, fixation,
biocompatibility and potential infection will always remain as limitations for the users of allografts.
Synthetic meniscal implants
There are two scaffold implants designed for meniscal reconstruction or substitution of partial meniscal
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defects that are currently available in Europe: the
Collagen Meniscal Implant (CMI) (Ivy Sports Medicine, Gräfelfing, Germany; Menaflex, ReGen Biologics, Redwood City, CA, USA) and the polyurethane
polymer scaffold (PS; Actifit, Orteq Bioengineering,
London, United Kingdom). The treatment strategy is
similar for the two implants available: upon resection
of the damaged tissue the resulting space is filled
with a custom-sized, synthetic, porous material,
which serves as a scaffold to regenerate meniscus-like tissue. Arthroscopy is used to position the implant,
which is then sutured to the remaining native meniscus using horizontal stitches and to the meniscal wall
using vertical stitches. The Actifit ® implant originally
was developed to serve as a full meniscus replacement. Based on the results of a dog study, a partial
implant was considered to be a more suitable application since as a total meniscus replacement the implant could not resist the shear forces in the knee
joint and cartilage damage could not be prevented116.
To summarize, the implants available for partial meniscal defects seem to improve clinical scores compared with the pre-operative situation. The use of
meniscal scaffolds in the acute setting has not been
found to result in improved outcomes in most studies120. The results described in the bibliography are
good, but the follow-up period is very short, particularly in the case of Actifit®120-130. The mechanical effect of these implants in the long-term has still to be
proven.
Advances in scaffold and biomaterial design have
evolved not only to guide tissue formation, but also to
interact dynamically with and manipulate the wound
environment. At present, these efforts are being directed towards strategies that directly address limitations in endogenous wound repair, with the goal of reprogramming the local wound environment from a
state that culminates in an inferior tissue repair into a
state in which functional regeneration is achieved131.
Current indications for use of the CMI include partial
meniscus loss with intact rim ant attachments and no
grade IV chondral defects132-134 in a stable knee. The
timing of implantation may either be directly following
the meniscectomy or after development of symptoms.
The CMI (MENAFLEX. ReGen Biologics, Redwood
City, CA, USA) is type 1 bovine achilles tendon collagen, from young animals aged 12 to 18 months, with
proteoglycan cross-linked using aldehyde vapor and
glycosaminoglycans, hyaluronic acid and condroitin
sulphate. In a feasibility study, 8 patients underwent
arthroscopic placement of the CMI to reconstruct and
restore the irreparably damaged medial meniscus of
one knee. Based on measurements, the average
amount of meniscus defect before placement of the
CMI was 62%, and the average filling of the meniscus
defect was 77% with a range of 40 to 100%. Histological analysis of the CMI-regenerated tissue confirmed new fibrocartilage matrix formation135. The CMIregenerated tissue appears similar to the earlier relook arthroscopy, and its appearance is meniscus-like,
both grossly and histologically. The average amount
of the original defect remaining filled was 69%, with a
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range of 50 to 95%. The positive results of this feasibility study led to a large multicenter randomized
(CMI versus meniscectomy alone) clinical trial. A total
of 311 partial meniscectomy patients were subdivided
into an acute and a chronic injury group and received
either the CMI or partial meniscectomy only. After a
mean follow-up of five years, it was shown that the
CMI in medial meniscal defects improves clinical outcomes for chronic patients but has no benefits for
acute patients119.
Zaffagnini et al. 136 and Monllau et al. 137 evaluated
CMI at a minimum follow-up of ten years and showed
improved functional results for several clinical outcome scores. The studies in which MRI was used to assess the results all show a reduction in the size of the
CMI in the course of the follow-up period and a very
different signal intensity to that found in healthy meniscus (Fig. 6).
Verdonk et al.138 published the first outcomes of a case series involving 52 partial meniscectomy patients
with a follow-up period of 24 months. Statistically significant and clinically relevant pain reduction combined with improved functionality and activity were
found from six months post-operatively. In addition,
more than 90% of the patients showed stabilization or
improvement of the articular cartilage condition, suggesting the implant’s protective effect against cartilage degeneration. However, this study did not include
a control group. Spencer et al.139 implanted 12 Actifit

a

c

and 11 Menaflex in 23 patients with post-meniscectomy painful knees and evaluated clinical, radiological and histological results at a mínimum of 1 year folow-up. Scores improved significantly and second-look arthroscopy showed variable amounts of regenerative tissue. There was no progression in chondral
wear noted on repeat MRI scanning. However, the
MRI signal from the regenerated tissue in the scaffold
did not suggest differentiation into fibrocartilage.
Gelber et al.140 determine whether medial meniscal
substitution with the Actifit® scaffold improves the outcome of varus knees undergoing open-wedge high
tibial osteotomy. Patients with symptomatic varus
knees were treated with open-wedge high tibial osteotomies, and the meniscectomy was found to have
improved more at short-term follow-up in most of the
functional scores evaluated than in those patients
with concomitant implantation of a medial Actifit® implant. However, there was no difference in terms of
patient satisfaction with the procedure.
Allogenic meniscal transplant
Meniscal transplantation is generally accepted as an
alternative management option for selected symptomatic patients with previous complete or near-complete meniscectomy. The aims of a meniscal replacement are to reduce the pain experienced by some patients following meniscus resection; to prevent the

b

d

Figure 6. a) Collagen scaffold, b) scaffold 1 year post-op, c) scaffold reabsorbtion, 3 months post-op, d) second-look, scaffold integration with synovium reaction.
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degenerative changes in cartilage and the changes in
subchondral bone following meniscus resection; to
avoid or reduce the risk of osteoarthritis following
meniscus resection; and to restore optimally the mechanical properties of the knee joint after meniscal resection141,142.
Two types of meniscal allografts are used for meniscal replacement: fresh and frozen. Lyophilized allografts are no longer performed because of the structural alteration resulting from the use of this conservation technique. Wirth et al.143 observed using MRI
that the lyophilized allografts shrunk significantly in
comparison with native meniscus. Fresh allografts
have presented many problems, because they require immune suppression144, present a greater risk of
transmitting disease, and it has not been demonstrated that viable donor cells remain 4 weeks after transplantation145. Frozen allografts are the kind which is
used most at present, although there is no evidence
that they are capable of protecting the hyaline cartilage in the human knee, or reproducing the meniscal
functions (Fig. 7).
The indications for meniscal transplant are strict. The
technique may be applied in patients aged under 5055 years, with a stable, well-aligned knee, and with
incapacitating pain. The degree of arthrosis present
before the operations has a decisive effect on the final result146 and this operation is contraindicated in
severe osteoarthritis, although not all experts agree.
Cameron and Saha147 obtained a clear clinical improvement in patients with arthrosis when a meniscal implant was performed, and Stone et al.148 found a survival rate of 89.9% after 4.4 years when they performed 47 MATs in degenerative knees, challenging the
contraindications of age and arthrosis severity. Finally, the patient has to be sufficiently motivated to
adhere strictly to the postoperative protocol. In patients with instability of the knee and indications for
meniscal graft, it is necessary to stabilize the joint by
ligament reconstruction prior to transplantation; in the

case of malalignment, corrective osteotomy is required10,149. Medial meniscal transplantation may also
be considered during concomitant anterior cruciate
ligament reconstruction, since absence of the medial
meniscus results in increased forces in the anterior
cruciate ligament graft.
Systemic reactions do not occur, and the grafts can
integrate into the joint capsule150 (Fig. 8). Rodeo et
al.151 studied human meniscal allograft transplants,
and found that they are repopulated with cells that
appear to be derived from the synovial membrane152.
Although there is histological evidence of an immune
response directed against the transplant, this response does not appear to affect the clinical outcome. The presence of histocompatibility antigens on
the meniscal surface at the time of transplantation
(even after freezing) indicates the potential for an immune response against the transplant. The reason
why there is no systemic response seems to lie in the
relatively acellular environment of the meniscus and
the fact that the few cells present are isolated by an
extracellular matrix, which creates a privileged immune state150. The comparative studies that have been
performed have shown no advantages in maintaining
living cells through cryopreservation methods153. It is
for this reason, rather than on grounds of availability,
that frozen menisci have become widely used as
grafts in this technique.
On the basis of a literature review, Matava 154 proposed several principles for surgeons performing this
procedure: achieving or reestablishing normal knee
alignment and stability; implanting a size-matched,
non-irradiated graft with secure fixation of the meniscal horns; and ensuring patients return only to light
sports activities to maximize the chances for graft
survival. The three prerequisites for a successful
meniscal allograft are fixation, graft sizing and precise positioning 155 and anatomical horn positioning
and strong fixation to the bone and capsule of an appropriately sized graft. Patient evaluation should in-

Figure 7. Frozen meniscus allograft with bone blocks before implantation.
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Figure 9. Meniscus shrinkage.

Figure 8. Meniscus allograft presented a good meniscus –
capsule integration, in a second look 9 months after surgery.

clude standing, leg-long radiographs for assessment
of the mechanical axis, and magnetic resonance
imaging with appropriate pulse sequences for evaluation of hyaline cartilage thickness. Prophylactic
meniscus transplantation after total meniscectomy is
not recommended in asymptomatic patients who do
not demonstrate articular cartilage deterioration, because predictable long-term success rates are not
available156.
Technical aspects of meniscal transplant
Sterilization of allografts is a crucial step in ensuring
safety and viability. The current sterilization standards such as 25 kGy and irradiation can have adverse effects on the ultrastructure and biomechanical
properties of allograft tissue151,157. Lewis et al.158 proposed transplantation of meniscal allograft tissue
frozen and thawed four times may be compromised in
its ability to resist compression, which may undermine its role in replacing native meniscal tissue.
The age of the donor does not appear to affect the
initial tensile properties of menisci from donors less
than 45 years of age159. Gelber et al.160 suggest that
meniscal cryopreservation does not alter the meniscal ultrastructure or its biomechanical properties, although its cellular viability is highly unpredictable.
Gelber et al.161 suggest that the freezing process alters the menisci’s collagen net. This could partially
explain the pathological changes found in shrunken
menisci after transplantation (Fig. 9). Moreover,
apoptosis also occurs during meniscus cryopreservation162.
Successful meniscus transplantation depends on an
accurate sizing of the meniscal allograft. The radiographic method devised by Pollard et al.163 is the
current reference standard for meniscus size matching, with a margin of error of about 10%, which is
considered tolerable. Jang et al.164 analyzed meniscal allograft transplantation in eighteen patients by
the conventional Pollard sizing method, reducing the
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89

total size of the graft by 5% from the Pollard method.
In meniscus transplantation, allograft size mismatch
causes increased contact pressures and early degeneration of the knee. A mismatch on graft selection of
less than 10% of the size of the original meniscus
may be acceptable165. Accurate sizing and positioning of a meniscal allograft is an important factor for
successful outcome of meniscal allograft transplantation. Direct MRI measurement of the contralateral intact meniscus better predicts actual meniscal size
than estimation of size indirectly from measurement
of the tibial plateau on which it is located. Prodromos
et al. 166 proposed contralateral MRI meniscal measurement as a new gold standard to size menisci before transplantation, but this is problematic for economic and practical reasons. Overall, magnetic resonance imaging proved only slightly more accurate
than conventional radiography167. Mickiewicz et al.168
used X-ray microcomputed tomography to measure
the size of the meniscus allograft.
A further aspect of interest in the technique of meniscal allograft is the method for fixing the graft to the
joint capsule and tibia. A poorly-anchored meniscus
results in excessive mobility and cannot transmit the
loads, which damages the joint surfaces169,170. The
horns of the meniscus are subject to major forces of
traction which are three times the body weight171 and
so their fixation in the transplant has to be extremely
firm. Paletta et al.172, in his experimental study, showed that section of the meniscal anchors in the area
of the horns is equivalent to meniscectomy, and leaves the graft unprotected from the biomechanical
point of view. There is some controversy as to what
the best system is for achieving resistant fixation.
Stone and Rosenberg173 published a simple technique for anchoring allografts with sutures, without the
need for bone blocks. If the meniscus is not soundly
anchored, the same pressures lead to the phenomenon of extrusion towards the joint periphery and we
may therefore deduce that in such cases neither the
shock forces nor the load can be absorbed properly 174. Work carried out in the field of finite elements has led to the conclusion that bone blocks
should be used to anchor the graft because they meet the need for firm fixation175. At present, clinical stu-
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dies also suggest that anchorage in the bone offers
better results, whether it is performed with bone
blocks or using a the bone slot technique. GonzalezLucena et al.176 performed MAT with suture fixation
without any bone block and found a high rate of complications (33%) and revision surgery. Yoldas et al.177
examined clinical and patient-reported outcomes following meniscal allograft transplantation with bony
fixation performed with bone plugs for medial transplants and using a bone bridge for lateral transplants.
No joint space narrowing differences were observed
by radiography over time. Abat et al.178 compared the
functional and radiographic results between horn fixation with or without sutures in 88 meniscal allograft
transplants with a mean 5-year follow-up. These two
graft fixation methods showed no differences relative
to functional and radiographic results but there was a
considerably higher rate of complications in transplantations performed with the suture-only technique
than those with bony fixation. The choice of using suture alone for the posterior horn meniscal attachment
eases the technique of surgery when compared to
using a bone plug plus suture, but in the view of
Wang et al.179, under dynamic loading, transosseous
fixation at the meniscal horns provides superior load
distribution at the involved knee compartment after
meniscal transplantation compared with suture-only
fixation.
Results of meniscal transplants
In a sheep knee study, no radiological differences
were observed in the degenerative joint outcome between meniscectomy, meniscus allograft and autograft. All three groups presented signs of osteoarthritis when compared with a healthy control group after
21 months 180. Meniscal replacement with meniscal
allograft provides some protection, albeit incomplete,
against joint damage after a meniscectomy181,182. The
severity of chondral damage in the allograft knees in
sheep could not be distinguished from meniscectomized joints183. Immediate meniscal transplantation
in rabbits has a protective effect on articular cartilage
in the long term whereas delayed transplantation
leads to even more degenerative changes than
meniscectomy alone 184. Aagaard et al. 185 examine
the gross changes after meniscal allograft transplantation in relation to the articular cartilage changes.
For this group, meniscal allograft transplantation reduced degenerative articular cartilage changes within
6 months in sheep knees, but degenerative articular
cartilage changes were still present in transplanted
knees. Khoshgoftar et al. 186 indicate that cartilage
contact mechanics are more sensitive to implant size
than to implant shape.
The available short- and long-term studies of clinical
outcomes of MAT are variable and difficult to effectively compare due to the heterogeneity of the study
population and the availability of treatment techniques 187. Meniscal allograft transplantation yields
fair to excellent results in almost 85% of patients; patients report a significant decrease in pain, as well as
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an increase in activity188-193. Meniscal allografts are
associated with generally good clinical outcomes, in
terms of minimizing radiographic changes, maintaining normal gait and exercise activity and promoting
cellular incorporation and tissue healing 150,194. Thijs
et al.195 show significant improvement of the proprioception of the operated knee at 6 months after
surgery compared with the pre-operative condition.
The survival of medial meniscal allografts may improve when reconstruction of the ACL is carried out
at the same time as meniscal transplantation in an
ACL-deficient knee196. Ruef et al.197, in patients with
concomitant ACL reconstruction, had greater preoperative knee pain levels, but the pain levels at 5 years
postoperatively were comparable to those after
meniscal repair or partial meniscectomy and ACL reconstruction. Spang et al.198 evaluated the effect of
meniscectomy and meniscal allograft transplant on
ACL and knee biomechanics in 10 human cadaveric
knees. Tibial displacement after meniscectomy significantly increased at all flexion ranges and the MAT
restored tibial displacement to normal values at 30
and 90º. ACL strain increased significantly after
meniscectomy at 60 and 90º of flexion, and MAT returned the strain values to normal at 60 and 90º.
Combined MAT and cartilage repair or regeneration
is a recognized treatment for patients with painful,
meniscus injured knees and full-thickness cartilage
damage. Harris et al.199 analyzed six studies with 110
patients who had undergone combined MAT with cartilage repair or restoration. In 2 studies outcomes of
combined surgery were not as good as those of either procedure performed in isolation. Failure occurred in 12% of patients who underwent combined
MAT and cartilage repair, and they required revision
surgery. Most failures (85%) of combined surgery
were due to failure of the MAT. Rue et al. 200 performed simultaneous combined MAT and cartilage
restoration procedures in 31 patients with a symptomatic postmeniscectomy knee with a focal chondral
defect. MAT offers a safe alternative for those patients. Getgood et al.129, in a retrospective review of
48 patients who received simultaneous meniscal and
cartilage allograft, found that 10-year survivorship
was 69% for MAT and 68% for cartilage repair. In total, 90% of those responding would have the surgery
again and 78% were either satisfied or extremely satisfied with the outcome.
A MAT associated with high tibial osteotomy resulted
in greater improvement at the final follow-up when
compared to isolated transplant 201. In a systematic
review, El-Attar et al. 202 concluded that, although
published data are of low evidence level, MAT is
safe, reliable and should not be considered experimental. Smith et al.203, in a systematic review, evaluated 38 studies with 1,056 allografts, concluded that
MAT reduces the progression of osteoarthritis, although it is unlikely to be as effective as the native
meniscus. Some long-term follow-up studies showed
that the technique resulted in graft degeneration, deformation, and tear, and structural changes in the remodeling process in early meniscus transplantation
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cases, disrupting functional restoration of the original
meniscus 204. In a meta-analysis study, Meredith et
al.205 indicated that extensive resections and females
had the highest correlations with radiographic evidence of OA, and in a follow-up study of 328 unstable
knees, the best correlation with the severity of OA
was the time that had elapsed since meniscectomy.
The most important factor for the allograft incorporation is revascularization, with the migration of vascular knots from the peripheral synovial tissue, which
can be obtained with a suitable operative technique
and adequate attachment of the meniscus. This is
one of the keys to successful transplantation, preventing excessive mobility and the inability to transmit
and distribute the loads across the damaged articular
surfaces of the joint. Excessive mobility can interrupt
revascularization, and in the absence of adequate revascularization, cell death and subsequent matrix disorganization occur206.
MAT can present various complications, and a meniscal allograft tear is one of the most common, as are
transplant extrusion and shrinkage. Meniscal tears
usually occur at the periphery of the meniscal allografts at the capsular junction or the posterior horn,
and biomechanical factors, such as high contact
stress areas, are a possible causative mechanism.
Jung et al.207 encountered three unusual cases with
multiple radial or horizontal tears, which may possibly
have induced by the suture materials used for meniscus allograft fixation.
Shrinkage and size reductions in the area of protected tibial cartilage may be a major problem with freeze dried and fresh frozen grafts150,208. Several studies
have described shrinkage after MAT; however, no
study has specifically quantified the rate or degree of
shrinkage that occurs. Carter and Economopoulos209
determine that meniscal allograft shrinkage is common following transplantation and the average
amount of shrinkage is 7%; however, nearly 32% of
the grafts had 10% or more shrinkage. For Lee et
al.210 gross morphologic alterations, as determined by
width and thickness, were observed during the first
postoperative year with a substantial shrinkage at the
mid-body occurred progressively for 1 year in 16.1%
of the cases, but had no association with the shortterm clinical outcomes.
Extrusion of the meniscus has been reported as a
complication after meniscus transplantation. Previous
reports showed extrusion after MAT was associated
with development of osteoarthritis 211 . Ha et al. 212
found that the extent of meniscal extrusion increased
in the subgroup in which osteoarthritis had progressed according to MRI evidence. Lee et al.213 assessed the incidence of graft extrusion on the sagittal
plane on MRI and showed that more anterior allograft
placement correlated with a greater degree of graft
extrusion on the coronal plane. Graft extrusion after
MAT may be affected by horn fixation, which differs
between medial and lateral meniscus transplantation.
The amount and incidence of graft extrusion were
greater after medial than lateral MAT in both the
coronal and sagittal planes. In the sagittal plane, graft
Muscles, Ligaments and Tendons Journal 2016;6 (1):71-89

extrusion was greater and more frequent on the anterior than the posterior horn in both medial and lateral
MAT. However, graft extrusion was not correlated
with early clinical outcomes after both medial and lateral MAT214. More anterior allograft placement correlated with a greater degree of graft extrusion on the
coronal plane. Noyes et al. 215 determined the incidence and clinical significance of postoperative
meniscus transplant extrusion. A systematic search
was performed and three measurements were used
to assess extrusion: absolute millimeters of extrusion
(0-8.8 mm), relative percentage of extrusion (0100%), and the percentage of transplants that were
extruded (0-100%). Relationships between transplant
extrusion and clinical rating scales, joint space narrowing on standing radiographs, and osteoarthritis
progression were inconclusive. Non-anatomic placement of lateral meniscus transplants and suture fixation of medial and lateral transplants were associated
with greater extrusion in two studies. A postoperative
MRI showing more than 3-mm extrusion occurring in
some studies suggested technique and/or implant
sizing problems that required correction.
For Faivre et al.216 arthroscopic MAT with trans-tibial
bone fixation ensures better mid-term functional outcomes and limits allograft extrusion. Verdonk et al.217
established that the transplanted lateral meniscus,
without bone block fixation but with firm fixation of the
horns to the original entheses, extrudes in the lateral
direction significantly more than the normal meniscus.
Open surgery is associated with less meniscal extrusion. Yoon et al.218 found more graft extrusion in the
medial group on MRI, but Koh et al.219 observed that
transplanted lateral menisci extruded more significantly than transplanted medial menisci. However,
the clinical outcome after MAT was not found to be
adversely affected by extrusion of the allograft. A
meniscus that extrudes early remains extruded and
does not progressively worsen, whereas one that
does not extrude early is unlikely to extrude within the
first postoperative year220.

Conclusion
Our overview of treatment for meniscal tear shows
some promising step forward in the understanding of
the important role of the meniscus that have led to a
move toward meniscal preservation. Therapies that
successfully repair or replace the meniscus are therefore likely to prevent or delay osteoarthritis progression. Meniscal repair, whenever possible, must be the
preferred option for patients with a meniscal lesion.
The biomechanical properties of the native meniscus
are not copied entirely by the scaffolds that exist today. Congruence, fixation, biocompatibility and potential infection will always remain as limitations for the
users of allografts. As research in biological augmentation and tissue engineering continues to develop,
we expect that conservative treatments and meniscal
replacement will be more widely used in younger patients in the future.
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