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Summary
Meniscus is a difficult structure to repair and replace.
An injured or degenerative meniscus promotes osteoarthritic joint changes that should be avoided. Research focused on promoting healing or replacement
must cover three different working lines: biology, mechanics and surgical technique. Biology research line
looks for specific factors able to develop a collagen tissue in a matrix with cells that joins the edges of the
lesion and also looks for factors able to keep the elasticity and able to regenerate the damaged meniscus fibres. On the other side, scaffolds need the adequate
viscoelasticity to allow the penetration of vessels and
cells to avoid reabsorption.
Key words: meniscus, growth factors, collagen, cartilage,
angiogenesis.

Introduction
The mechanisms of meniscal repair follow two patterns
(1,2). The extrinsic pathway, which usually takes place in
lesions of the vascular area where there is a net of capillaries, which supplied undifferentiated mesenchymal cells
with nutrients to induce healing (Figs 1, 2). The intrinsic
pathway is based on the self-repair capacity of the meniscal fibrocartilage and the synovial fluid (Fig. 3). The more
central is the location of the meniscus injury, the lower the
intrinsic responsiveness. In these cases, other factors are
needed to provide a biological response (3) and synovial
fluid surrounding is not an element that promotes the repair.
Therefore, the intrinsic pathway is rejected and becomes
essential to know the specific features of meniscal cells.
The role of angiogenesis
Angiogenesis or new vessel formation from preexisting
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capillaries is essential for repairing the damaged tissues.
There are signs that promote the expression of angiogenic
growth factors such as metabolic parameters, inflamatory
processes and genetic mutations. Inducers of angiogenesis
are proteins such as fibroblastic growth factor (FGF), tissular growth factor (TGF), hepatocyte growth factor (HGF),
tumoral necrosis factor (TNF), IL-8 and angiopeptin.
Angiogenesis is essential for tissue repair. From a molecular point of view, this process is based on a balance of
stimulation and inhibition of different molecules. King and
Vallee (4) placed angiogenin (vessel inducing protein) on a
meniscal hole in 75 rabbits. They found revascularization of
the defect in 52% of the animals compared with the 9% of
the controls.
King (5), in 1936, studied the meniscus as a living tissue,
integrated in the knee joint; in his classic work he noted that
lesions in the menisci healed in the vascular area while did
not in the white area. This work was later supported in different animal studies (1,6-8). Vascularization and repair were
associated.
However it needs to be clarified that a meniscal injury has
the potential to heal easily when is located in the vascular
area, but just the vascular supply itself does not repair the
meniscal defect. Cabaud et al. (9) and Heatley et al. (10)
supported in dogs, monkeys and rabbits that lesions located
in the periphery of the meniscus healed, due to the blood
supply from the synovial.
From the initial studies of DeHaven et al. (3) who described
the open meniscal suture, clinical experience has supported the good results of suturing peripheral meniscal lesions.
Doubts rise when we find injuries further than the meniscal
wall and disagreement in literature.
Ghadially et al. (11) performed an interesting animal trial
with different species (rabbits, dogs, pigs and sheep). They
produced a bucket handle lesion on the meniscus, away
from the wall, and did not find any evidence of histological
healing in neither of the specimens. The meniscal suture
did not change the results and the bucket handle tear in
the white area of the meniscus in the three different animal

Figure 1. Radial cut of sheep meniscus (Polarized light microscopy).
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Fig 2 (c).
Figure 2 (a,b,c). Sheep meniscus vascularization, a) 2 weeks
old lamb; b) 1 month-old lamb; c) 5 months-old sheep.
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Fig 3 (c).
Figure 3 (a,b,c). Pores in the avascular area of the meniscus,
scanning microscopy, a) human meniscus (x3000); b) sheep
meniscus (x1500); c) maccaca rhesus meniscus (x3.000).
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species not appear any healing sign at 6 months of follow
up. In another group of animals, they performed “T” shape
injuries that reached the meniscal periphery. Healing signs
were found at 6 months of follow up.
Veth et al. (12,13) performed in rabbits, longitudinal lesions
in the middle third and wedge lesions that reached the
meniscal wall. Healing was significantly better in the wedge
lesions of the meniscal wall where they found a fibrocartilage tissue similar to a control meniscus and even with
higher cell count. From the 35 wedge lesions, 16 showed
permanent signs of healing. In the group of the longitudinal
lesions, 5 of 35 menisci showed evidence of healing. Therefore, location of the lesion is a relevant factor on the forecast
of meniscal healing.
In an experimental study with sheep, Guisasola et al. (2)
presented 2 cases of a longitudinal sutured lesion with healing signs. They found a new cellular infiltrate that came from
the surface of the meniscus and from the channels of the
suture in the gap.
Kobayashi et al. (14) developed a pilot study and showed that
the power of meniscal healing was more increased in the periphery than in the avascular area. The stem cells that stimulate
growth, support and tissue healing are located in the periphery
of the meniscus. Other authors attribute this phenomenon to
the presence of cytokines in the matrix (15 - 17).
The role of mechanical factors
The menisci are subjected to compression throughout the
arc of motion of the knee. Rotation increases the stresses on
the meniscus. Internal rotation of the knee increases twice
the pressure on the lateral meniscus compared to neutral
or external rotation. An injured meniscus is displaced and
fragmented. In addition, the stress on the meniscus is also
influenced by the decrease of synovial fluid and the tissue
nutrition (18,19). Meniscal healing only happened in a 10%
of all the meniscal ruptures reviewed by arthroscopy (20).
Kawai et al. (21) studied the healing process in dogs after
performing a lesion in the vascular area of the meniscus.
Subsequently to the meniscal suture, they did not apply
any immobilization. A synovial pannus was confirmed in
both sides of the lesions at 2 weeks. At 12 weeks, the maximum strength of the repaired tissue reached the 80% of the
strength of a control meniscus. They concluded that immobilization and unloading were not relevant factors for meniscal healing in the vascular area. Years later this idea was
also confirmed by Guisasola et al. (2). Conversely Zhongnan et al. (8) found better results in menisci of rabbits with
immobilization. Dowdy et al. (22) pointed that the formation
of collagen decreased from the 4th week of immobilization,
and was even lower on the 10th week. From the 8th week of
immobilization the loss of collagen was irrecoverable.
A good fixation seems to be more important than the immobilization (2,22,23). Port et al. (24) emphasize on the
stability of the construct. They no find any statistical differences neither mechanical nor histological, between a group
treated with two vertical sutures, another with fibrin clot plus
suture, and a third one with fibrin clot plus bone marrow
stem cells. The study was performed in goats. Values for
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tensile strength were less than 40% of the controls. Histological samples showed partial restoration with areas of
giant cells and macrophages.
Molecular healing: growth factors and meniscal repair
Unlike the osseous tissue and despite immobilization, meniscus does not stimulate the cascade of the healing process. Causes of impairment would be the synovial fluid, mechanical stress, movement, loading. In our previous studies
we found a vascular proliferation that did not result into a
meniscal tissue formation (2).
Becker et al. (25) found an increased expression of vascular
endothelial growth factor (VEGF) in menisci with lacerations
on both areas, the peripheral and the free portion. The highest levels were on the 7th day after the injury and then decreased. VEGF levels were twice higher in defects located
in the central area than in the periphery. This was attributable to a synergistic action of the cells of the central portion
and the expression of VEGF. Endogenous anti-angiogenic
factors such as troponin-1, angiostatin and endostatin are
expressed to provide the lack of vessels in cartilage and
in the avascular zone of the mensicus (4,6,25). The study
of Becker et al. (25) showed a high expression of VEGF
and mRNA in endothelial cells and fibro-chondrocytes of the
vascular and avascular areas of the meniscal tissue. Despite the high concentrations of VEGF, lesions of the avascular portion did not heal successfully.
The growth factors released by the cells at the injury place
together with the inflammatory infiltration of the scar tissue
stimulate the meniscal cells to proliferation, migration, differentiation and matrix synthesis. The direct application of
recombinant human proteins can stimulate meniscal repair
but its application is limited by its short biological life and the
need for repeated high doses of the growth factor.
Spindler et al. (26) showed that the avascular meniscal
cells did not react to the presence of PDGF while Tumia
and Johnstone (27) found that the IGF-1 stimulated the fibrochondrocytes of the avascular area. The activity of fibrochondrocytes is stimulated by the IGF-1 isolated or combined with 10% of fetal calf serum (FCS) by increasing the
metabolism of thymidine and the DNA formation more in the
inner zone than in the outer meniscus.
It has been shown (19) that synovial cells treated with hyaluronic acid (0.1 mg/mL) and Hylan® (Synvisc) (0.1 mg/mL)
increased the expression of TGF-β1 and VEGF. However,
the Hylan® decreased the connective tissue growth factor
(CTGF) (0.66 times) and the VEGF (0.78 times) compared
with the hyaluronic acid. Fortier et al. (28) proved the protective effects on synoviocytes of the tetracycline followed
by the minocycline and compared with the doxycycline.
They are all interesting products for the osteoarthritis management.
Therefore a growth factor carrier must meet the following
conditions (29): (i) to release growth factors in time and
with the adequate dosage. (ii) The presence of a substrate
to stimulate the recruitment and cell adhesion, promoting
chemotaxis in a space that allows cell migration and angiogenesis. (iii) To be biodegradable without causing immune,
Muscles, ligaments and Tendons Journal 2012; 2 (1): 10-18
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inflammatory or toxic reactions that would inhibit the repair
process.
There have been reported four types of carriers for the
growth factors: inorganic materials, synthetic polymers,
natural polymers or “composites” and compounds made of
the materials cited above. Among the most commonly used
materials there are the type I collagen, hyaluronic acid gels,
and polylactic and polyglycolic acid. The type I collagen is a
carrier interesting for its fibrillar structure and for being the
most abundant protein the extracellular matrix of bone and
meniscus.
Other materials as acellular hydrogels have been implanted
instead of a complete meniscus in rabbit and sheep (30,31).
Degradable porous sponges have been developed (32,33).
An attempt has been made to study natural materials as
SIS (Small Intestinal Submucosa) or collagen and tissular
implants (12,13,34-37). Many of these studies use animals
and showed certain degree of chondral protection. Not all of
them achieved a meniscal-like structure and its final function as protector of the cartilage (38). Baker et al. (15) have
worked in a nanofibrous matrix of polycaprolactone (PCL)
(E-caprolactone) combined with meniscal cells or mesenchymal cells. These group used cells derived from meniscal
resection with good results; appropriate for their potential
for autologous therapies without immune response and an
appropriate phenotype.
The development of injectable carriers with growth factors
is according to Seeherman et al. (39), one of the currently
working lines.
Many of the synthetic polymers originate from the family of
the polyesters that are degraded by gradual hydrolysis. The
polymers are made from polyglycolic acid, polylactic and
other copolymers. These polymers by changing its composition can adjust their mechanical properties and degradation time to simulate the repair tissue. The polymer matrix is
made to allow the penetration of vascular structures to stimulate the cells to grow, develop and differentiate. Matrix can
be supplemented with growth factors to induce the cellular
development. Complex polymers are designed with different layers, to release different growth factors and improve
the incorporation of the matrix and cell proliferation (35).
Most of the studies about meniscal repair confirm that the
longitudinal lesions of the avascular area, the most common, are not able to heal properly and the meniscus do
not reach its standard biomechanical conditions. There is
evidence in experimental studies (2,40) that the meniscal
strength after 2-3 months of the lesion does not reach the
30% of strength of a healthy meniscal tissue.
As we show, peripheral lesions located in the vascular area
of the meniscus have better forecast. However results in
literature are not homogeneous. The rate of success and
failure is uncertain (41). It is difficult to assess giving the variety of lesions and the absence of registration. Any meniscal repair technique has to connect the edges of the lesion
to protect it from the stresses of the joint. The meniscal repair process must prioritize the same principles as for other
organic tissue repair: immobilization, an adequate fixation,
rest, and delivery of healing substances.
To extend the indications of repairing in the avascular area,
new techniques have been developed bringing blood supply
Muscles, ligaments and Tendons Journal 2012; 2 (1): 10-18

from the capsule to the avascular area or directly repairing
the injury.
Uysal et al. (42) analyzed 38 menisci from cadavers and
surgical patients, aged below 40 years. There were three
groups: non injured, with traumatic lesions and degenerative lesions. They studied the apoptotic cells in each group.
The apoptotic cell count was statistically higher in the pathological groups than the health samples. They did not find
any differences between the pathological samples.
Meniscal explants from the vascular and avascular areas
showed an intrinsic healing response similar in vitro (43).
This suggested that the meniscal repair process could be
improved in vivo under appropriate intraarticular conditions.
External stimuli:
Haemarthrosis and fibrin clot
Arnoczky et al. (7) knowing the relevance of the hematoma
in the initial healing phase of any injury applied a clot of
fibrin in a meniscal defect in the avascular area of 12 dogs.
The results showed a healed meniscal tissue with fibrocartilage. The origin of the repair cells was unknown giving the
lack of vessels in the area of the defect. The clot provides a
scaffold rich in platelet derived growth factors (PDGF) and
fibronectine to enhance chemotaxis and mitogenic stimuli to
the healing cells.
The fibrin clot seems to have the ideal features to guide
the intrinsic meniscal response to heal, as a scaffold and
as a source of stimulating factors. Spindle meniscal cells
responded to chemotactic and mitogenic factors (43-46).
Meniscal cells are able to multiply and develop an extracellular matrix in vitro when they are exposed to mitogenic and
chemotactic factors existing in the hematoma (43-46). The
origin of the repair cells is uncertain, but the early presence
of fibroblasts in the meniscal injury suggests an important
role of the superficial meniscal cells and the synovial cells
as a source of stem cells in the joint. The control group did
not show macroscopic healing, but in some cases there was
a thin layer of tissue that filled the gap, probably due to a
residual haemarthrosis of the surgery or to a mild proliferative response of the meniscal tissue. Webber et al. (44,46)
looked on meniscal surgery with optimism. In vitro, fibrochondrocytes proliferated and synthesized extracellular matrix without blood supply whenever, they were surrounded
by the appropriate media. For these authors the fibrin clot
has the features to guide the intrinsic meniscal response,
as a scaffold and as an input of growth factors to promote
cell replication.
Van Trommel et al. (47) treated five complete radial external
meniscal lesions, in the avascular popliteal portion, with a
fibrin clot. Three years later, the arthroscopy control and the
MRI testified that the lesions had healed. In the clinical experience, meniscal repair associated to the reconstruction
of the ACL establishes a propitious environment. The haemarthrosis is full of growth factors that promote the meniscal
repair (47). In an in vitro study, fibrochondrocytes exposed
to the growth factors of a clot showed an increased proliferation rate and synthesis of a cartilage matrix (26,46-49).
Fibrin glue
The problem of the application of the fibrin clot is its poor
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adhesive property. It cannot stimulate healing if it doesn’t remain fixed and stable. Fibrin glue is a combination of coagulation factors (fibrinogen, thrombin, CaCl2 and Factor XIII)
with aprotinin. The adhesive properties of the fibrin glue are
superior to the clot but it lacks the biological properties. The
fibrin glue is able to keep overlapping the edges of the injury without stimulating the repair process, therefore is only
indicated in stable and small lesions (50). It has also been
shown that the association of the fibrin glue and bone marrow stem cells promoted the meniscal healing, as well as
the combination of fibrin glue and VEGF (51). To overcome
the application problems of the fibrin clot, the preparation
technique has been improved, increasing its consistency
and the fibrin content. The fibrin glue can be used combined
with a suture or be fragmented and applied with a syringe
(52,53).
Synovial graft
The synovial holds the synovium-derived stem cells (SDSCs). They are a promising source of stem cells for the cartilage and meniscal repair, giving their higher condrogenic
and osteogenic power than the MSC derived from the bone
marrow, adipocytes or periosteum (18,19,28,54-57). Under
adequate stimulation conditions they are able to migrate to
the cartilage defect and produce a chondrogenic differentiation (58). They are also stable cells in vitro cultures from
the step #3 to #10. These properties make them useful for
transplantation to the avascular area of the meniscus and
synovial cells play an important role in repopulation of the
synovium grafts. They have a high differentiation rate and
serve as a rich source of stem cells (54).
The synovial cells have an unknown function in the meniscal repair. In a study performed by this team showed that
these cells were sensible to the stimuli of different growth
factors. They modified the gene expression and stimulated
the fibroblast derived growth factors. These factors had an
important effect in expressing the type II collagen that simulates the meniscal healing and the MMP expression that are
also involved in remodeling.
During the repair process, the cell lineage of the first 6
weeks is mostly fibroblastic. The origin of these cells is twofold: from the meniscal fibro-chondrocytes (44-46) and from
the synovial cells. They reached the defect from an invagination of the meniscal surface, upper and lower surfaces,
and from the channels performed by the suture. Collagen
fibers were scarce and disorganized.
We believe that the use of substances to induce cell proliferation is a field of high interest in the meniscal tissue repair.
The placement of a synovial flap over the sutured lesion
serves as a stimulus for blood supply and for synovial stem
cells. Kobuna et al. (57) have show conclusive results in
dogs. By microangiography they demonstrated that vessels
located on the femoral surface and the inner part of the meniscus reached the sutured area. At 6 weeks the lesions
showed healing with a fibrovascular tissue. Cisa et al. (59)
published good results in rabbits after using synovial flaps.
Healing of the superficial layers is a consequence of the
arrival of cellular elements from the synovial fluid and the
fibro-chondrocytes. Healing of the deeper area is a consequence of the synovial autograft. However, the trigger factor
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of the healing process remains unknown.
Synovial cells have shown an over expression of agrecans,
MMP-2 and bone morphogenetic protein -7 (BMP-7), when
they were stimulated with fibroblastic growth factor (FGF),
tissular growth factor (TGF), insulin growth factor (IGF) and
BMP-7. We did not find an over expression of collagens or
any effect when they were cultured with hyaluronic acid and
a chondroprotective (60-62).
Following this idea, in longitudinal lesions in the medial meniscus of dogs, Shirakura et al. (63) analyzed the effectiveness of a free synovial autograft, a free muscular autograft
on a Dacron® mesh and a control group of just sutured
meniscus. Eleven of the 35 synovial autografts healed in
12 weeks with a fibrous tissue. They found new capillaries
from the periphery without reaching the lesion. In none of
the other groups the repair was achieved.
Jitsuiki et al. (64) advanced in the study of healing using
synovial flaps. They tried to differentiate two concepts in the
process of meniscal healing: the effect of vascularization
and the effect of synovial tissue and synovial fluid. Meniscal
lesions in rabbits healed by covering them with the synovial
tissue. Fibro-chondrocytes had an intrinsic ability to repair,
but they did not migrate and proliferate (44-46). Therefore,
the reparative cells that appeared on the surface of the meniscus had to derive from cellular elements of the synovial
fluid. These findings indicated that the healing process in
the avascular zone of the meniscus was primarily due to
synovial autograft together with the diffusion of synovial fluid
and local factors.
The synovial autograft would simplify the surgical technique,
avoiding the cutting of a flap, surgically more challenging. In
vitro, the synovial graft showed a higher cell proliferation
and collagen neoformation (65). On the 4th week the group
of the synovial graft showed obvious signs of healing while
in the control group there was an increase of cellular components on both sides of the lesion without filling. The cells
of the fibrin clot covered the scaffold and the defect, but
there was not collagen neoformation.
Periosteum
Parallel to the implementations o synovial grafts, the periosteum is a potential source of stem cells. From the periosteum arise chondrocytes and fibrochondrocytes that are
involved in the meniscal repair process. In an animal study
in dogs, the meniscal lesion of the avascular area was repaired with free periosteum graft and fibrin clot. After 16
weeks, the new tissue in the old defect was similar to the
adjacent (52). The periosteum has been elected as a donor tissue in musculoskeletal bioengineering as a source
of chondrogenic factors (58). The chondrogenesis of the
periosteum has two different phases: a cellular proliferation
followed by a cellular differentiation and the deposition of a
matrix rich in proteoglycans (66). In vitro cartilage tissue can
be obtained from periosteum and TGF-β1 stimulation (58).
PRP and MSC
Platelet-rich plasma (PRP) is a source of growth factors that
induce healing response by stimulating the angiogenesis,
chemotaxis, collagen matrix synthesis and cell proliferation
(26). The role of the PRP in meniscal healing in literature is
Muscles, ligaments and Tendons Journal 2012; 2 (1): 10-18
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conflicting. Ishida et al. (67) reported good results in rabbits
both in vitro and in vivo. In vitro, PRP stimulated the meniscal cell proliferation, the extracellular matrix synthesis, and
the expression of fibrocartilage-related mRNA. In vivo, PRP
together with Gelatin hydrogel showed better repair tissue
in the meniscal defects than the control groups. These good
results contrast with the study of Zellner et al. (68). They
performed circular meniscal punch defects in the avascular
zone of rabbit menisci. They were left empty of filled with
different substances. Neither bone marrow nor PRP loaded
in matrices induced improvement in meniscal healing.
Mesenchymal stem cells (MSC) are pluripotent cells that,
thanks to their developmental plasticity are able to differentiate into specific therapeutic cell types (69). Studies
have shown the production of abundant extracellular matrix around the cells in the avascular area and restoring a
meniscal like tissue (17,68-71). The association of growth
factors and MSC within scaffold implants demonstrated to
increase proteoglycans and collagen synthesis (72). The
combination of MSC and suturing, using or not fibrin glue,
seems to be the most effective treatment (73).
It has been deeply studied the autologous chondrocyte
implantation previously cultured in vitro, for cartilage defects (74,75). Peretti et al. (76,77) used the same idea and
technology for meniscal defects in the avascular area, in
rabbits. A meniscal allogenic scaffold with cultures cells
is the most promising pattern to get meniscal repair (77).
The same team (76) performed a longitudinal lesion in the
avascular area of the menisci of 16 pigs. They divided the
sample in 4 groups. In one of the groups they placed isolated chondrocytes over devitalized allogenic meniscal slices
and maintained the structure with two sutures. The other
three groups were managed as controls. One had an allogenic matrix without cells, another just a suture of the lesion without any external substances, and the last one was
left untreated. The first group was the only one that showed
meniscal repair signs. Dutton et al. (17) proved in pigs that
the implant of MSC in meniscal lesions improved macroscopic and histological structure of the lesion but not their
mechanical properties.
Cultured cells require a suitable medium, a biomaterial to
growth and develop. Generally they consist in porous materials, with holes of 100-200 µm of diameter and a three
dimensional arrangement. These materials have the advantages of being easily adaptable in the defect, and injectable,
avoiding more aggressive insertion techniques (78,79). In
a future, it could be of interest to obtain a viscous or liquid
material that solidifies at body temperature, or to change
other environmental conditions, as the pH.

Future outlines in meniscal repair
An important feature managing growth factors is their placement on suitable carrier materials or biomaterials. It is not
easy to find the appropriate material for the meniscus. Biodegradable porous substances are recommended to keep
the concentration of growth factors in the target place (39).
It is difficult to obtain a combination of a certain material that
is able to retain the growth factor and which simultaneously
Muscles, ligaments and Tendons Journal 2012; 2 (1): 10-18

is degraded to allow revascularization. Degradation rate
has to be compatible with formation rate. The mechanical
integrity of the repair process cannot commit the elimination
process of the material. These characteristics must be commensurate with the type of treated tissue.
To study the possibilities of gene transfer in meniscal allografts, Martinek et al. (80) made a meniscal replacement
using a meniscal allograft previously treated ex vivo with a
retrovirus. They analyzed the expression of the gene marker: lacZ. In the superficial layers of the meniscus remained
the gene expression. In the deeper layers of the meniscus
they found transduced cells at the junction of the meniscus
with the transplanted synovial.
As it has been shown, the meniscus is a difficult structure
to repair and replace. An injured or degenerative meniscus
promotes osteoarthritic joint changes that should be avoided. Research focused on promoting healing or replacement
must cover three different working lines: biology, mechanics
and technique.
Biology research line looks for specific factors able to develop a collagen tissue in a matrix with cells that joins the
edges of the lesion. Over time, the scar tissue in the defect
would increase its stiffness as similar as a healthy meniscus. The biology line, also looks for factors able to keep
the elasticity and able to regenerate the damaged meniscus
fibres.
Mechanics research line looks for creating scaffolds with the
adequate features to allow the penetration of vessels and
cells. Other important features are viscoelasticity, an excess
of fragility to avoid reabsorption, and an excess of toughness to avoid the damage of cartilage.
Finally, the technical research line looks for managing
meniscal injuries by arthroscopy avoiding more aggressive
techniques in the joint. Currently, arthroscopically therapies
are focused on meniscal transplantation, scaffold implantation and placing healing substances in the damaged meniscus.
The development of these three research lines presents a
challenge to the orthopaedic surgeons and scientists to decrease the number of degenerative processes in the joint for
the coming years.
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