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Abstract
The present preference in the clinical management of menis-
cus lesions is to preserve it by repairing whenever possible or
substituting the tissue. Still, meniscectomy continues to be
one of the most frequent orthopedic procedures regardless of
the fact that it may lead to a series of early degenerative events
in the knee. Surgical and technological advances enabled to
extend the indications for meniscus repair. The outcome of
meniscus repair is influenced by several factors.
Classification of meniscus lesions remains a challenge while
there have been some attempts in building consensus around
it. Substitution of meniscus tissue has been performed to avoid
or minimize the possible degenerative effects occurring in the
absence of meniscus. Meniscus allograft transplantation has
demonstrated its use as a replacement strategy of large lesions.

In partial lesions, the use of acellular scaffolds has provided an
improved clinical outcome when the insertional horns and the
peripheral rim are preserved. However, the current scaffolds
have shown some limitations, and the neotissue is different
from the native meniscus. Tissue engineers thus envision go-
ing beyond the partial meniscus regeneration. Nowadays, it is
aimed to develop a new generation of meniscal implants for
total meniscus regeneration, which not only meet the biome-
chanical requirements but also the biological requirements
both in the short- and long-term. Moreover, these might be
patient/injury-specific regarding the size and shape as well as
being cultivated with autologous cells and biologically en-
hanced. Herein, the clinical management of meniscus lesions
and advanced tissue engineering strategies are reviewed.

Lay Summary
Meniscus injuries are the most frequent injuries in the knee.
Given the increased understanding of the consequences of
meniscectomy, which is still one of the most frequent orthope-
dic procedures, the clinical management of meniscus changed
towards favoring repair or substitution. The future of meniscus
substitution and regeneration is strongly supported by the clin-
ical need. This study reviews the current concepts and provides
future perspectives on the clinical management of meniscus
lesions, and tissue engineering and regenerative medicine
strategies to update and guide researchers and surgeons.
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Introduction

Today, in addition to the clinical studies, musculoskeletal le-
sions and in particular meniscus injuries have been studied
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pre-clinically in many scientific domains including but not
limited to application of different tissue engineering strategies
and biologics, and gene therapy. The menisci are fundamental
elements of a healthy knee [1, 2]. They are fibrocartilaginous
tissues functioning between the tibial plateau and the femoral
condyle with their C-like shape with a wedge-like cross-sec-
tion [3, 4]. Menisci have a specific extracellular matrix [5, 6]
and multiple cell types [7, 8]. These are complex tissues with
particular biomechanics [9] and cell distribution [10]. Thus,
the menisci are heterogeneous with segmental and regional
variations according to its ultrastructure, biology, and function
[10, 3, 9]. Besides, only a certain portion of the tissue receives
blood supply. In adults, the peripheral vessels penetrate
around 10 to 25% of the width of the lateral meniscus and
10 to 30% of the width of the medial meniscus [11]. This
greatly determines the self-healing ability [12, 13].

Meniscus injuries are the most frequent injuries in the knee
[14]. The lesions of the meniscus can have different types and
patterns [15, 16] (Fig. 1), which are linked to different prog-
noses and treatments [12]. The removal of the meniscus from
the knee brings significant consequences and can lead to early
degenerations in the knee [17–20]. In the clinics, treatments
for the meniscus injuries depend on the patient condition and
the injury [21, 6]. The algorithm for treatment of meniscus
lesions has significantly changed in the last decade [22, 23].
Given the extended understanding of the meniscus [3, 24, 25]
and the consequences of meniscectomy [26], clinical manage-
ment dramatically changed towards favoring repair or substi-
tution [27, 22]. However, even today, meniscectomy is one of
the most frequent orthopedic procedures performed world-
wide [28].When compared to partial meniscectomy, meniscus
repair has generally improved the clinical outcome and/or
lowered the risk for subsequent osteoarthritis [24].
Therefore, the meniscus tissue shall be preserved whenever
possible. Nevertheless, suturing the meniscus has indications
and limitations.

The difference between the medial and the lateral meniscus
on knee kinematics should also be considered. The lateral me-
niscus is responsible for most of the load transfer within the
lateral compartment [29]. However, in the medial compart-
ment, the load transmission is more equally disseminated
among the cartilage surfaces and the correspondent meniscus
[30]. The lateral meniscus holds up to 70% of the load trans-
mission in the lateral compartment while the medial meniscus
is responsible for 50% within its respective compartment [31].
The lateral meniscus is more mobile, while the more static
medial meniscus is known to play an additional secondary role
as joint stabilizer contributing to resist the anterior tibial dis-
placement, agonist with anterior cruciate ligament (ACL) [29].

The basic science knowledge related to the menisci is of the
highest importance once it has provided an improved under-
standing of healingmechanisms and will surely keep influenc-
ing the indications and outcome for tissue repair and

substitution [3, 32] Tissue engineering and regenerative med-
icine (TERM) promises to change the clinical practice in a
broad perspective, and dealing with meniscus lesions is not
an exception [33–35].

In 2014, Beaufils et al. [36] published an important chapter
on BHow to Share Guidelines in Daily Practice on Meniscus
Repair, Degenerate Meniscus lesion, and Meniscectomy^ in
the European Society of Sports Traumatology, Knee Surgery
and Arthroscopy (ESSKA) Instructional Course Lecture Book
within the scope of the 16th ESSKA Congress in 2014 which
discussed how guidelines, recommendations, may promote
meniscus preservation. In 2015, the International Meniscus
Reconstruction Experts Forum consensus statement on the
MAT practice was published [37] where a more standardized
approach to indications, surgical methods, and postoperative
care was outlined as recommendations to achieve a better
patient outcome. Moreover, the ESSKA board initiated in
2014 the BESSKA meniscus consensus initiative^ under the
leadership of Philippe Beaufils and Roland Becker. This ini-
tiative aims the build a European consensus on the meniscus
lesion treatments. The report of this project in published re-
cently in 2016 [38] and can be found online in the ESSKA’s
website: http://www.esska.org/. In the report, an algorithm for
the treatment of degenerative meniscus lesions, and a
description of non-operative treatment for degenerative me-
niscus lesions are provided; moreover, answers for the follow-
ing critical questions were also provided:

& What is a degenerative meniscus lesion?
& Which MRI criteria characterize a degenerative meniscus

lesion?
& What is the prevalence of degenerative meniscus lesions?
& Do degenerative meniscus lesions cause knee symptoms?
& What are the consequences by a degenerative meniscus

lesion in the knee?
& Are degenerativemeniscus lesions a cause or consequence

of knee osteoarthritis?
& What is the role of knee radiographs in the assessment of

middle-aged or older patients with a painful knee?
& What is the role of MRI in the assessment of middle-aged

or older patients with a painful knee?
& How should we make the diagnosis of knee osteoarthritis

on a daily practical basis?
& Does an unstable degenerativemeniscus lesion cause knee

symptoms?
& Are functional outcomes of arthroscopic partial

meniscectomy and non-operative treatment different,
based on osteoarthritic status?

& What is the patient population defined by the randomized
controlled trial studies?

& What does non-operative treatment mean?
& What is the rate of conversion to surgery in those patients

undergoing non-operative treatment?
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& Is the concept of an unstable meniscus useful for indicat-
ing meniscectomy (locking, clicking, MRI flap, etc.…)?

& What outcomes can be expected after arthroscopic partial
meniscectomy?

& What is the rate of surgical complications after meniscus
resection?

& What is the risk of osteoarthritis after meniscus resection?
& Is there a place for arthroscopic lavage (or lavage-debride-

ment: arthroscopic procedure including degenerative
(meniscal/chondral) and/or synovial tissue debridement?)
for osteoarthritic knees?

& When should arthroscopic partial meniscectomy be
proposed?

Classification of Meniscus Lesions

Degenerative Versus Traumatic Lesions

The menisci function under compressive, radial tensile, and
shear stresses [39–41]. These stresses may influence the
meniscus and also the knee joint injuries. Patient’s age is a
relevant pathophysiological factor of meniscus lesions, even if
lesions can occur in all age groups [28, 42, 36]. The
characteristics of meniscus tissue vary according to age, tear
pattern, and pathological conditions [43]. These include the
water content, cells, extracellular matrix, collagen, and
adhesion glycoproteins [43]. When dealing with the clinical
management of meniscus lesions, it is critical for the treatment

or prognosis, to distinct if the surgeon is dealing with a
traumatic or degenerative tear [36]. However, such
distinction is not always easy.

A traumatic meniscus tear is typically associated with an
acute event capable of creating enough capacity to rupture
the meniscus tissue [44]. The patterns more frequently con-
nected to traumatic tears are longitudinal, bucket-handle, and
radial tears [45]. However, most often, flap tears are also
considered as traumatic. The types of meniscus tears are
depicted in Fig. 1. High-energy trauma leading to fractures
around the knee can also be implicated in meniscus tears
[46]. Conversely, degenerative meniscus lesions (Fig. 2a)
have a considerably different nature. Some characteristic
changes of a degenerative meniscus include cavitations, soft-
ened tissue, fibrillation, or complex tear patterns (Fig. 2b),
among other degenerative changes [47]. The most represen-
tative types of such lesions are horizontal tears [48–50].
Even among younger populations, they often have a degen-
erative nature [48–50].

Nowadays, the root tears are also attracting more attention
[51]. Posterior root tears and medial meniscus root tears are
more often degenerative while the lateral ones are more usu-
ally traumatic, frequently combined to acute ACL rupture
[52–54]. The typical clinical presentation of an acute menis-
cus tear usually includes sudden onset of pain and/or swelling
of the joint. Mechanical symptoms are typically associated
with unstable tears [55]. Mechanical symptoms include
clicking, catching, or locking of the knee joint [55].
Supposedly, innocuous activities such as walking or squatting
have also been linked to injuries of the menisci [56].

Fig. 1 Illustration of normal
meniscus (A), and common types
of meniscus tears: radial tear (B),
longitudinal tear (C), horizontal
flap (D), vertical flap (E), bucket-
handle tear (F), oblique/parrot-
beak lesion (G), complex
degenerative (H), horizontal tear
(I), root tears (J)
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Another important issue to be considered is that a magnetic
resonance imaging (MRI) indicating ameniscus injury does not
necessarily mean that it requires direct treatment. A meniscus
lesion is a common incidental finding on MRI in both symp-
tomatic and asymptomatic knees [57], especially in older peo-
ple. Age, clinical and radiographic findings of osteoarthritis
[58, 59] and repetition of micro-trauma can play a role in the
degeneration of the menisci, as well as the knee joint [60]. In all
such situations, a diminished vascularization can be expected,
and this might lead to further tissue degeneration [12, 36].

The global assessment of the knee joint is always required. It
is highly debatable if the isolated treatment of any meniscus
tear can be successful in the treatment of symptoms caused by
global joint osteoarthritis [36]. However, it is well-known that
the absence of meniscus tissue will accelerate the development
of knee osteoarthritis [61]. Nevertheless, it must be furthered
recognized that in some specific conditions, a degenerative
meniscus lesion, asymptomatic for a long period, might sud-
denly become symptomatic after an acute traumatic event [36].

Assessment and Classification of Meniscus Lesions

When the presence of a meniscus tear is doubted, the patient’s
history and clinical examination are needed. For the diagnosis
of a meniscus lesion, many different clinical tests exist [62].
However, these have a diagnostic accuracy only low to mod-
erate. Standing x-ray protocol evaluation including frontal
plane, lateral, skyline patella, and schuss view is helpful to
study the lower limb alignment and for overall joint assess-
ment. MRI has high accuracy regarding the preoperative

evaluation of meniscus lesions (Fig. 2C) [63–65], especially
when performed by a radiologist dedicated to musculoskeletal
pathology [66, 67].

When two or more types of tears occurring in any plane are
combinedwithin the samemeniscus, this is usually considered
a Bcomplex tear^ [36]. Several classification methods have
been proposed in order to assist in prognosis, treatment, and
assessment of results from treatment [47]. Vascularity is fre-
quently considered in classification systems due to its role in
tissue healing. One of the most commonly used classification
systems is from Cooper et al. [68] in which the meniscus is
divided into circumferential zones: zone 0 corresponds to the
meniscal-synovial junction, zone 1 corresponds to the outer
third of the meniscus, zone 2 includes the middle third, and
zone 3 is the central third of the meniscus. The International
Society of Arthroscopy, Knee Surgery and Orthopaedic Sports
Medicine (ISAKOS) committee has recently made a study on
the meniscal tear classification combining the best available
clinical and basic science knowledge [47]. For the radial clas-
sification, the committee recommended the classification in
which the meniscus is divided into 3 anterior, middle, and
posterior with the observed agreement of 68%; even though
there was 87% of observed agreement on the division of the
meniscus into anterior and posterior halves. Regarding the
vascularity, the Committee adopted a modified version of
the previously mentioned Cooper classification system that
was based on the evidence of vascularity extending up to
3 mm into the meniscus. However, there was only 54% of
observed agreement for estimation of the rim width. As it
was hypothesized, that study showed that there is a sufficient

Fig. 2 Typical fibrillation of a
degenerative meniscal lesion (a);
complex tear combining flap and
horizontal tear (b); MRI lateral
view of longitudinal medial
meniscus tear (red arrow) (c);
final look after meniscectomy
reducing the volume of meniscal
tissue (d)
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interobserver reliability on meniscal tear classification (in
terms of the tear depth, location, tear pattern, length, quality
of the tissue, and percentage of the meniscus excised), and the
data of international clinical trials which aim to assess the
outcomes of treatment for meniscal tears can be pooled. In
addition to the contribution of that study to clinical manage-
ment, it also aims to improve data gathering from clinical trials
designed to evaluate the outcomes of different strategies [47]
which has great importance too.

Treatments of Meniscus Lesions

Meniscectomy

Recent results favor meniscus repair over partial (Fig. 2d) or
total meniscectomy concerning either clinical outcome and/or
risk for subsequent osteoarthritis [36, 24]. Nevertheless,
meniscectomy is still one of the most frequent causes for or-
thopedic surgery today [28]. The terms Bpartial,^ Bsubtotal,^
or Btotal^ meniscectomy are used and aim to reflect the
amount of tissue that is surgically removed. Though, the
borders of each of these terms are not yet clearly identified
[26].

Partial meniscectomy has shown higher risk of radiograph-
ic changes towards osteoarthritis compared to repair [24].
Concerning meniscectomy for traumatic tears, once more, a
worse outcome has been described for the risk for osteoarthri-
tis [15]. When a meniscectomy is required in case of an irrep-
arable tear, it is known that preserving the biggest possible
amount of tissue, particularly the peripheral, lowers the ad-
verse effects in load transmission and contact area reduction
[69–71].

There is a significant difference considering prognosis and
outcomewhenmanaging ameniscus tear bymeniscectomy on
a stable compared to an unstable knee [26]. Worse results can
be expected when performing isolated meniscectomies on
unstable knees (ACL-deficient) [26]. Under such conditions,
particularly for the medial meniscus, ACL repair should be
addressed at the same time once the risk for subsequent
meniscectomies is higher if the ACL is not effectively repaired
[72, 73]. This risk is lower for stable lateral meniscus tears
[64]. If the ACL repair is delayed more than 12 months after
the ACL injury when compared to less than 12 months, a 3.5
overall odds ratio (a measure of association) for risk of
subsequent medial meniscus tears has been established [74].
The timing of ACL repair has a lower influence on the risk of
subsequent lateral meniscus tears [74].Meniscectomy also has
been considered to worsen the outcome of ACL repair [75,
76]. Such findings might be understood under the different
kinematic roles of both menisci in the knee joint [20, 29].

The greater role of the lateral meniscus in load transmission
most likely contributes to the increased risk for rapid

chondrolysis after lateral meniscectomy when compared to
medial meniscectomy [77, 78]. A worse outcome should be
anticipated for lateral meniscectomy when compared to the
medial [26]. Despite the previous considerations, some con-
troversy remains once arthroscopic partial meniscectomy has
been linked to some satisfactory outcome with faster return to
activity compared to meniscus repair [79, 15]. In brief,
meniscectomy remains as a valid option, while sometimes is
still the Bonly^ option. However, higher risk of complications,
possibly a lower rate of return to the same level of activity
especially after a lateral meniscectomy, and an increased risk
of subsequent osteoarthritis must be carefully considered.

Meniscus Repair

The techniques for meniscal suture/repair have been advanc-
ing given the developments in medical devices and surgical
techniques, complemented with improved biological and an-
atomical knowledge. Several repair techniques are available
(Fig. 3), and can be selected according to the lesion pattern,
surgeon’s experience, and availability of resources. The tech-
niques for meniscus repair comprise all-inside [80, 81], inside-
out [82, 83], or outside-in [84, 85] approaches, which can be
executed either alone or combined.

BAll-inside^ indicates that the devices for suture/repair are
kept inside the joint at all time during the procedure (Fig. 4).
Several biodegradable meniscus repair devices composed of
the rigid poly-L-lactic-acid (PLLA) have been described for
all-inside application [86]. These include arrows (Fig. 5a),
screws [86], darts, and staples. However, there are some con-
cerns related to degradability [86]. Despite some reported fa-
vorable outcome [87, 88], these devices are related to higher
failure rates [89, 90] and higher number of complications in-
cluding synovitis, inflammatory reaction, cyst formation, de-
vice failure/migration, and chondral damage [90]. The use of
rigid meniscus repair devices such as polylactic acid or its
derivatives has been linked with the loosening of fragments/
bodies inside or outside the joint [91]. Such complications
might be related to the structure and erratic degradation rates
of such polymers [91]. Given the considerable prevalence of
complications, these rigid devices have progressively lost
their attractiveness.

The most frequently used all-inside techniques require su-
ture combined with small anchors, which serve as holds, and a
prettied slip knot [80]. They enable variable compression and
retensioning of the suture. A depth-limiting sleeve on the in-
serter is commonly used to avoid excessive penetrations of the
needle which has an inherent risk of iatrogenic complications
(e.g. perforation of neurovascular structures) [92]. BInside-
out^ indicates that the sutures usually linked to needles or
suture passers come from the inner joint and perforate the
meniscus towards the outside capsule where knots are tied
(Fig. 5b). In Boutside-in^ (Fig. 5c), the sutures are introduced
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percutaneously into the joint, perforated the meniscus, and
finally, the sutures are brought again outside over the capsule
beneath the subcutaneous tissue.

Vertical sutures are perpendicular to the circumferential
fibers of the meniscus, and have higher pull-out resistance
[93]. Horizontal sutures are parallel to those circumferential
fibers. Regardless of the technique, vertical or horizontal mat-
tress sutures can be achieved. Several technical attempts have
been proposed in order to enhance the healing: sutures com-
bined with grasping, trephination, or augmentation with fibrin
clot [94]. Themeniscal sutures are not exclusive of acute tears.
Selected degenerative injuries including some horizontal
cleavage tears are suitable for a successful repair [95].
Similarly, some degenerative meniscus root tears have also

been repaired, consequently preserving the meniscal functions
with all its inherent advantages [96].

The types of tears that are suitable for suture include hori-
zontal lesions which are usually degenerative even in younger
patients [48], vertical or longitudinal tears, bucket-handle, and
some radial tears of the vascular region which are considered
in the traumatic group [45]. The key to a successful outcome
depends on the type and the location of the lesion, and cer-
tainly to the experience of the surgeon. Flap tears are frequent-
ly traumatic and are mostly considered irreparable. This type
of lesions can also be found in irreparable complex degener-
ative lesions. The root tears can be repaired by trans-osseous
tunnels [52] and all-inside techniques [97] if the remaining
tissue is suitable for repair.

Fig. 4 Longitudinal meniscus
tear (red arrow) (a); all-inside
device delivering sutures (yellow
arrows) which are passed through
the meniscus (b and c); final look
after tensioning the suture making
the previous gap disappear (blue
arrow) (d)

Fig. 3 Meniscus repair
techniques and most common
indications
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Generally, the healing ratio after meniscus repair is consid-
ered to be complete healing in 60% of cases, 25% partial
healing, and 15% failure [71]. Moreover, partially or incom-
pletely healed menisci are often asymptomatic [98, 99]. After
an arthroscopic meniscus repair, the failure rate ranges from 5
to 43.5%. However, in general, a failure rate around 15% is
accepted by most authors [98]. Surgical repair of the posterior

horn of either medial or lateral menisci is associatedwith some
risk of iatrogenic damage to local neurovascular structures
[100]. So, like any other surgery, complications are possible,
and the experience of the surgeon is of major relevance.
Regarding the all-inside devices [101], a low rate of compli-
cations can be possible. However, these might comprise loos-
ening of the implant inside the joint, intra-articular deploy-
ment, suture failure, accidental cutting during tensioning, or
bending of the device itself during its depletion. It is also
possible to observe some superficial granulomas around su-
tures and/or rigid implants (Fig. 5d). Multiple factors must be
considered for a meniscus lesion repair [15]. These include
age, activity level, tear pattern, chronicity of the tears, com-
bined injuries such as ACL injury, and the healing potential
—vascularization. Meniscus repair in younger people pro-
vides better outcome comparing to older people [102].

The indications for potentially repairable meniscus lesions
have extended including some tears which were previously
considered as irreparable (Fig. 6). Another point is that the
attempt of meniscus repair, even if it fails, does not seem to
worsen the outcome of a subsequent meniscectomy [98]. It
has also been demonstrated that the amount of tissue removed
after a failed meniscal repair is not more than the one from the
meniscectomy that would have been performed if
meniscectomy had been the choice in the first surgery [98].

Fig. 5 Polylactic acid arrow (red
arrows) for meniscal repair (on
the left side of a), a model
representing clinical application
showing the arrow trespasses the
meniscus (on the right side of (a);
a model representing inside out
delivery of needles with attached
sutures (red arrows) through the
meniscus (b); outside-in
technique by using needles
(yellow arrow) which pass the
meniscus from the outside to the
inside of the joint, these needles
will serve as suture passers (red
arrow) (c); granuloma after
outside-in medial meniscus repair
with a non-degradable suture (red
arrow) (d)

Fig. 6 Injury types of meniscus and general repair potential
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This fact also contributes to the increased tendency towards
preservation and repair opposing to meniscectomy.

Substitution with Allografts

Meniscus allograft transplantation (MAT) has clearly proven
to be a valid and reliable treatment when considering the
consequences of severe meniscal loss [103–105]. The first
description of such procedure happened in the 1970s as part
of an osteochondral allograft resurfacing procedure in patients
with posttraumatic osteoarthritis secondary to tibial plateau
fractures [106, 107]. On the other hand, the first free MAT
was performed in 1984 [108]. That was the beginning of a
long journey, and since then it has been advocated for the
treatment of patients with a symptomatic knee following a
meniscectomy [109]. With time, it has undertaken some
improvements, and a growing interest in recent years [104,
103].

There are several options for MAT procedures including
graft management (fresh, fresh-frozen, cryopreserved, or
freeze-dried) and fixation using bone blocks or only soft tissue
without any clinical consensus regarding the best option.
Concerning the fixation, multiple studies have shown compa-
rable graft survival and outcomes between the two different
fixation techniques [109, 104].

Two areas of intense research can be considered: the me-
niscus tissue itself, and its anchorage to the bone. The medial
and lateral menisci have different morphologic characteristics
which influence technical options. The medial meniscus root
attachments are more separated than those of the lateral me-
niscus which are closer. For this reason, a medialMATusually
requires two bone tunnels in the tibia either the graft includes
or not bone blocks; while for lateral MAT, it is more difficult
to perform such tunnels due to a technical difficulty with the
risk of coalescence. A bone slot/block technique (Figs. 7a–b)
can be considered because it can allow preserving the native
tibial root attachments of the graft [109].

The ideal candidate patients for MATare young patients with
a history of prior meniscectomy in a stable knee with neutral
alignment and no severe chondral damage. Obesity and
smoking are considered risk factors [109]. For appropriately
selected patients, MAT has proven its efficacy in improving
function and reduction of pain [104]. However, there are still

some concerns to address regarding the graft longevity, preven-
tion of osteoarthritis, and return to high demand activities [109].

Substitution with Commercial Scaffolds

The indications for MAT and partial meniscus substitution
with scaffolds are different. Scaffold implantation requires
that the meniscus roots and peripheral rim remain preserved
while such requirements are not necessary for MAT [109]. On
the other hand, partial meniscus substitution using mainly
acellular scaffolds has been used with encouraging short-
term clinical results for chronic partial meniscus lesions
[110–112]. The restrictions to obtain suitable meniscus allo-
grafts in several countries, some concerns related to the trans-
mission of infectious diseases, and the advances in TERM
(Tissue engineering and regenerative medicine) have led to
growing interest in the search for alternative options for me-
niscus substitution with scaffolds.

The concept of meniscal scaffolds was introduced in the
1990s [113]. Today, two scaffolds have been commercialized
and used in Europe for clinical application [110]. One of them
is the collagen meniscus implant or BCMI^ (Ivy Sports
Medicine, Lochhamer, Germany) which is based on type I
bovine col lagen matr ix [113] . The other one is
polycaprolactone-polyurethane scaffold and known as
BActifit^ (Orteq Bioengineering, London, UK) (Fig. 7c)
[114, 115]. Meniscus substitution by both implants has proven
to be safe, without any apparent adverse effects [116, 117].
Moreover, both available implants have provided a positive
clinical outcome in the treatment of partial medial and lateral
meniscus lesions in terms of pain reduction and knee function.
These short-term results refer to both the polyurethane-based
at 2 years with the Actifit [112, 118, 119, 114] and at up to
10 years follow-up with the CMI [120, 111, 121]. The final
tissue obtained has been recognized as different from the na-
tive meniscus in terms of mechanical properties extracellular
matrix composition and organization [110]. Also, subsequent
extrusion of the scaffold (extension beyond the tibial margin)
is another concern [119]. Moreover, chondroprotection of the
scaffold is a very critical need because the rationale of
performing a substitution includes the avoidance of the con-
sequences of meniscectomy. To overcome the limitations with
both allografts and commercially available acellular scaffolds,

Fig. 7 Lateral meniscus allograft
using bone slot technique (a);
arthroscopic second look 5 years
after implantation (b); the
commercial polycaprolactone-
polyurethane scaffold implanted
in the medial compartment of a
patient (c)
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there is a great expectation from TERM for the development
superior strategies.

Tissue Engineering and Regenerative Medicine

TERM promises to develop solutions for tissue regeneration
typically by employing cells, scaffolding biomaterials, and
signaling factors, either alone or in combination [122, 33].
An illustration of meniscus tissue engineering road map is
depicted in Fig. 8. The major component of meniscus tissue
engineering is the scaffold, i.e., when considering acellular
strategies. The scaffold initially acts as a substitute for the
missing native tissue, and hosts, and interacts with the cells
that either seeded in vitro, and/or migrated into the scaffold in
situ. Preferably, the autologous cells are isolated from the pa-
tient’s biopsy that will receive the tissue engineered implant,
and expanded in vitro to reach the needed number.

Mesenchymal stem cells have been used in regenerative strat-
egies for the meniscus [123, 124] owing to their plasticity and
multipotency and their function in tissue regeneration. The
regeneration process can be improved by the use of autolo-
gous biologics.

The meniscus serves primarily as a biomechanical compo-
nent of the knee. The size and shape of the scaffold are critical
for the scaffold to function properly. With the use of medical
imaging, the scaffold is manufactured in a patient-specific
fashion (Fig. 9) from in silico 3D model of the tissue [125].
Once the cells and the biologics are introduced into the scaf-
fold, and the implant cultured preferably in a bioreactor, the
extracellular matrix will start to be synthesized inside the scaf-
fold. Finally, the implant can be implanted into the patient.

One of the critical steps (or perhaps the most critical step)
which is not yet proven to be achieved is the development of the
ideal scaffold for meniscus tissue engineering. Many polymers
have been studied as meniscal scaffold including but not limited
to: collagen [126–129], poly(lactic acid) based [130–132],
poly(glycolic acid) [133, 132], Poly (lactic-co-glycolic acid)
[134, 135], polycaprolactone [136, 137], polycaprolactone/
poly(ethyleneoxide) [138], hyaluronic acid/polycaprolactone
[139–141], hyaluronic acid/gelatin [142, 123, 124],
poly(glycolic acid)/hyaluronic acid [143], silk-based
[144–146], gelatin/chitosan [147], vicryl [148], poly-(3-
hydroxybutyrate-co-3-hydroxyvalerate [149], polyethylene tere-
phthalate [150], and bacterial cellulose [151, 152]. Nevertheless,
it is not possible to draw clear conclusions to define the best
scaffold in contrast to the number of publications on this topic.

By default, no biomaterial is superior in overall than anoth-
er one, and a certain biomaterial can be processed into a very
wide range of different scaffolds by changing the parameters,
or simply by using different manufacturing techniques includ-
ing but not limited to: 3D printing technologies [125], freeze-
drying [146], porogen leaching [146], electrospinning [153],
and supercritical fluid foaming [154]. Thus, the number of
scaffold options is not limited, although only two have suc-
cessfully reached the clinics. Generally, synthetic polymers
may present attractive features such as reproducibility,

Fig. 8 A conceptual illustration of the key steps involved in meniscus
tissue engineering. Autologous cells are isolated from the patient’s biopsy
that will receive the tissue engineered implant, and expanded in vitro to
reach the needed number. The tissue regeneration can be enhanced by the
use of biologics that are prepared from the same patient. The scaffold is
manufactured in a patient-specific fashion with the use in silico 3Dmodel
of the tissue. Once the cells and the biologics are introduced into the
scaffold, and the implant cultured preferably in a bioreactor, a new
matrix will start to be formed inside the scaffold, and this construct,
implant, is implanted into the patient. One of the critical steps, which is
not yet proven to be achieved, is the development of the ideal biomaterial
for meniscus tissue engineering. The development of biomaterials
requires a long procedure that involves the optimization through the
feedbacks received from both in vitro and in vivo experiments.

Fig. 9 3D-printed patient-specific scaffolds from polycaprolactone with
different internal architectures using the 3D meniscus model that was
obtained from the patent’s high-quality MRI volumetric image dataset.
The scale bar indicates 1 cm.
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mechanical strength, controllable biodegradation, and relative
easiness for 3D printing. However, they may have relevant
disadvantages regarding low bioactivity, hydrophobicity, and
possibility of inflammation or immune response [155]. On the
other hand, natural polymers may come with the advantage of
superior bioactivity and 3D environment for cell adhesion and
proliferation, while they may have their own disadvantages
such as inferior mechanical properties, batch to batch varia-
tion, relatively less controllable degradation, and relatively
uneasiness of 3D printing. Silk-based biomaterials have great
potential for TERM applications [156, 157, 146]. Silks have
promising biomechanical features, good biocompatibility and
controlled rate of degradation [158, 146]. Several hydrogels
[133, 159, 160] and decellularized meniscal scaffolds have
also been investigated [161]. A pioneering strategy has been
proposed in which the objective is to match the segmental
vascularization of the meniscal scaffold [162]. The combina-
torial use of distinct biomaterials showed promising results
using a chick embryo model, as possibly the maintenance of
phenotype of cells, and manage the blood vessels infiltration
into the scaffold. Given the fact that the meniscus has partial
blood supply limited to the outer periphery, this can be con-
sidered as a notable step forward to control neovascularization
in meniscal scaffolds.

Nanobiomaterials have been studied for tissue engineering
applications [163, 164] and can be fabricated with several
methods into various structures including nanofibres [165,
138], nanoparticles [166], nanotubes [167], and nanofilms
[168]. Nanotechnology can also be used to modify surfaces
of biomaterials [169]. Nanobiomaterial production methods in-
clude electrospinning, self-assembly processes, phase separa-
tion, and various lithography-based methods. Having the bio-
material in nanoscale provides a highly increased surface area,
surface roughness, and surface area to volume ratio yielding to
an enhancement of physiochemical properties including sur-
face topography, wettability, and energy. Thus, use of nano-
technology is an important tool to mimic the surface character-
istics of natural tissues and to guide tissue regeneration [170].

Total meniscus substitution other than with an allograft is a
bigger challenge compared to partial substitution. Besides, as
mentioned above, degradable polymers have also been inves-
tigated; however, there is no biodegradable scaffold for total
meniscus substitution in the market. In addition to the chal-
lenges with scaffolds for partial substitution, there are twomore
major challenges for the scaffolds for total substitution: (i) cor-
rect size and shape, and (ii) the attachments of the scaffold to
the tibia. For the first challenge, Cengiz et al. [125] demonstrat-
ed how to make patient-specific meniscal implants from med-
ical images. That study opens the door to the production of
anatomically correct meniscal implants in two ways: (i) direct
3D production of the patient-specific implant through 3D print-
ing and (ii) production of a patient-specific mold to be used for
conventional production methods of biomaterials. Thus, as

soon as the scaffolding biomaterial is developed, it can be pro-
duced in a patient-specific fashion. For the second challenge,
the design of attachments of the non-degradable prosthesis can
contribute to finding a solution, for example a non-degradable
prosthesis made from polycarbonate-urethane which can be
considered by the surgeon to be used for total meniscus substi-
tution in selected cases if an allograft is not available [171,
172]. In the sheep model study of Lee et al. [173], anatomically
correct polycaprolactone scaffolds were 3D-printed into ana-
tomically correct scaffolds that were loaded with microspheres
for the sequential release of connective tissue growth factor and
transforming growth factor-β3 in a spatially and temporally
controlled way. The release of growth factors provided instruc-
tive clues to induce endogenous cells to differentiate any pro-
duce zone-specific collagen types I and II to obtain a neotissue
matrix and inhomogeneous mechanical properties that are sim-
ilar to the native tissue [173]. This study has a clear significance
regarding the manufacture of anatomically correct 3D-printed
meniscus scaffolds, and the strategy of regenerating an inho-
mogeneous tissue which is the case of the meniscus.

The development of biomaterials and their experimentation
requires a long procedure that involves the optimization
through the feedbacks received from both in vitro and
in vivo experiments. The not-yet-overcome challenges in-
clude the biomechanical and compositional dissimilarity of
the new tissue to the native meniscus. As long as the scaffold
meets the certain requirements of being a meniscus scaffold
(such as suturability, biomechanical, and biological features),
any scaffolding biomaterial has a degree of potential, and
should be studied extensively in vitro, and in vivo. The re-
searchers should consider the features is needed from a scaf-
fold for meniscus regeneration, and should answer these ques-
tions positively:

& Is the scaffold correct in size and shape, or can be tailored
at the time of surgery by the surgeon? (If not, then the
implant will fail).

& Is the scaffold suturable? (If the scaffold does not hold the
suture, then there is a very important problem) (This is one
of the issues that can be found in scaffolds in the
literature).

& Does the scaffold bear forces like compression, tension,
and shear, and recover its shape after mechanical
unloading? (If not, then the implant will fail).

& Does the scaffold have high porosity with interconnected
pores that have a certain size range for cells to attach,
proliferate, and migrate?

& Is the scaffold attractive to cells in terms of biology (This
is one of the issues regarding the synthetic polymer-based
implants).

& Is the degradation of the scaffold matched with neotissue
formation? (This is one of the issues regarding the
collagen-based implants).
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& And, of course, does the scaffold meet the default require-
ments from biomaterials including the safety, biocompat-
ibility, non-toxicity, allowance for cell adhesion, and
proliferation?

The vast majority of the TERM research has been focused
on scaffolds; however, recently, scaffold-free strategies have
been demonstrated. The self-assembly definition of
Athanasiou et al. [174] is Ba scaffoldless technology that pro-
duces tissues that demonstrate spontaneous organization with-
out external forces.^ Minimization of free energy via cell-cell
interactions facilitates the self-assembly [174], where the cells
act as a scaffold of each other and coalesce into a cohesive
structure [175]. By its nature of being-scaffold-free, the self-
assembly process has advantages over scaffolds by avoiding
[175] biomaterial-induced inflammatory response, biomateri-
al degradation-related toxicity, stress-shielding, inhibition of
cell migration, and issues with cell-to-cell communication that
may limit the matrix remodeling of extracellular matrix. Self-
assembly includes four major events [174]:

& High-density seeding of the cells into a non-adherent
substrate

& Minimization of free energy through binding of cell adhe-
sion receptors

& Cell migration and extracellular matrix synthesis
& Distinct regional matrix formation of and tissue

maturation

Formation of chondro-like cellular aggregates with rabbit me-
niscus cells was shown in vitro through the formation of the
cellular nodules between day 1 and day 3, nodular growth,
highest at day 5, and nodular regression as of day 8 [176]. A
ring-shaped well can be used for a tensile force to be provided
upon the self-assembly and the contraction of the construct which
can guide the fiber orientation too [177]. Catabolic enzymes and
growth factors can be incorporated with the self-assembling pro-
cess to achieve more maturated neotissue [178, 179].

Bioreactors are equipments that can regulate the conditions
in vitro including mechanical stimulation, as well as the oxy-
gen, pH, temperature, and nutrient supply to enhance the mass
transfer between the media and the cultured cells [180–184].
Bioreactors are used for dynamic culturing instead of conven-
tional static culturing. Moreover, they can provide a more uni-
form cell seeding. Given the meniscus being under mechanical
stimulation during its normal function, introduction of mechan-
ical and pressure stimulations appear to be more relevant than
traditional static cell culture. A meniscus-specific bioreactor
can provide a suitable stimulating environment for meniscus
regeneration [185, 186]. A variety of bioreactors have been
employed, including mechanical stimulation bioreactor [131,
187], rotating wall vessels [188], spinner flasks [150], and flow
perfusion bioreactors [189].

Hydrostatic pressure has shown to be beneficial on both
biomechanical and biochemical features of cellular scaffolds
[190]. A dynamic compression bioreactor provided an in-
creased collagen type I synthesis, and orientation of cells
and collagen fibers [152]. After 2 weeks of culturing under a
specific dynamic unconfined pattern for three times a week, a
significant increase in matrix accumulation was observed
[191]. However, at longer culturing periods, loss of matrix
and mechanical properties occurred [191]. The effect of stim-
ulation duration is also reported for spinner flasks, it was rec-
ommended up to a week because the level of glycosamino-
glycans increases only a little after later time points, while the
total level of collagens almost doubles [150]. Dynamic com-
pression was beneficial for 2 weeks while 4 weeks did not
bring any additional benefit [186]. Stimulations can be also
combined, such as continuous perfusion and cyclic compres-
sion stimulation [187], or perfusion and on-off cyclic com-
pression loading to enhance the functional properties of cellu-
lar scaffolds [192]. It was also shown that the pro-
inflammatory gene expression in meniscus fibrochondrocytes
can be regulated by biomechanical signals. Dynamic tensile
forces can downregulate the pro-inflammatory responses by
suppressing the interleukin-1β-induced inducible nitric oxide
synthase gene expression, and synthesis of the pro-
inflammatory mediators such as tumor necrosis factor-α, and
matrix metalloproteinase-13 [193]. Besides, static and dynam-
ic compression can affect differently the RNA levels of matrix
proteins [194]. In some cases, the use of bioreactors was re-
ported that they do not to provide a superior meniscus tissue
formation as compared to traditional 2D static culturing
methods. For example, the use of a rotating wall bioreactor
did not significantly improve the cell growth and matrix pro-
duction [133, 188]. This disagreement may be related to the
difference of the study designs (e.g., used scaffolds, cells,
growth factors, assay time points). The optimal stimulation
regime for the meniscus is to be determined by the contribu-
tion of many future studies.

Animal experimentation has been performed to bridge the
gap between in vitro and human use. In vivo experiments have
two main consecutive objectives: (i) evaluation of safety and
biocompatibility of biomaterials and inflammatory response
and (ii) evaluation of the scaffolds’ performance for meniscus
regeneration. For the first objective, usually a mouse model is
used and the biomaterial is implanted subcutaneously. Once
the biomaterial is evaluated as safe, then the in vivo meniscus
regeneration performance of the scaffold is evaluated with
orthotopic models using relevant animal models. Table 1
shows the recent preclinical works of meniscus tissue engi-
neering. The animal models used in meniscus tissue engineer-
ing include rabbit, dog, sheep, goat, pig, and horse [195, 196,
110]. Nevertheless, the cell morphology, and the extracellular
matrix are different in animals and human [195]. Each model
has its advantage and disadvantage in the validation of the
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performance of a scaffold [195]. This is linked with the dif-
ference of animals and humans in kinematics and knee load-
ing pattern, and the menisci are different regarding geometry,
biomechanics, biocomposition, and cells. Moreover, surgical

operations depend on the animal model, and easiness of han-
dling and costs change. In general, menisci in the larger ani-
mal models are relatively more similar to human menisci re-
garding size. However, the use of a rat model has been also

Table 1 Scaffolding biomaterials used in the recent preclinical meniscus tissue engineering studies, and the outcomes

Biomaterial Cells Animal
model

Follow-up
until

Reported outcome Ref.

Collagen Autologous
mesenchymal stem cells

Horse 12 months Treated defects were regenerated with
fibrocartilaginous tissue formation; untreated
lesions were partially repaired or not repaired

[126]

Collagen/hyaluronic acid scaffolds
reinforced with
poly(l-lactic acid)

– Sheep 8 months Rupture or progressive shape change of the
scaffolds with severe narrowing. Inferior
neotissue

[214]

Polycaprolactone Rabbit mesenchymal stem
cells

Rabbit 3 months Meniscus-like tissue formation [137]

Silk fibroin – Sheep 6 months Loss of the scaffold in some cases. Similar
cartilage degeneration as the control. No
observed inflammation. Similar compressive
properties as the native tissue

[144]

Collagen membrane Injected autologous
chondrocytes

Goat 6 months The membrane application, with and without
the cells, provided better results than the
suture. Only a transient healing process with
the use of collagen membrane without cells,
and not sustained after 6 months. However,
the inclusion of cells allowed a sustained tear
healing after 6 months

[215]

Polylactic acid/polyglycolic acid Human cartilage-derived mor-
phogenetic protein-2 gene
expressing dog myoblasts

Dog 3 months Matrix production observed only with the
scaffolds with the transfected cells

[216]

Collagen – Dog 17 months Some cases had inflammation, but no infection.
Formation of meniscus-like tissue infiltrated
into the scaffold that incorporated into the
native tissue. After 1 year, the histopatho-
logic changes observed that is benign gradual
assimilation of the scaffold into the native
tissue with disintegration and gradual disap-
pearance

[217]

Poly (L-co-D,L-lactic acid)/poly
(caprolactone-triol)

Fibrochondrocytes from
rabbit menisci

Rabbit 6 months The scaffold adapted to the surrounding tissue
without causing chronic inflammation,
infection, and rejection. Neoformation of
fibrocartilaginous tissue was achieved, while
articular cartilage mainly preserved.
However, no significant difference between
cellular and acellular scaffolds was observed.

[218]

Hyaluronic acid/collagen derived Autologous
mesenchymal stem cells

Rabbit 3 months The scaffolds seeded with stem cells and
precultured in chondrogenic medium for
2 weeks before the implantation provides
meniscus-like tissue formation

[123]

Hyaluronic acid/polycaprolactone Autologous chondrocytes Sheep 12 months Cellular scaffolds provided increased
fibrocartilaginous tissue formation, and
higher tissue regeneration capacity. Excellent
integration with surrounding tissues,
connective tissue formation, and new vessel
ingrowth

[141]

Poly (lactic-co-glycolic acid) Autologous myoblasts
cultured in a chondrogenic
medium

Dog 3 months The repair tissue was integrated with the
surrounding tissue and mostly filled the
defect, although it was fibrous and/or in some
cases scar-like tissue. Thus, the tissue quality
of the normal meniscus was not achieved

[134]
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reported [197]. Nevertheless, it is critically important to have a
clinically relevant defect model as well as the chosen animal.
The defect models of meniscectomy or tears are relevant.
Although, some authors used punch defects [124, 198].
Before conducting an animal experimentation, several ques-
tions should be considered:

& Do in vitro and physicochemical results support further
in vivo experiment?

& Is the biomaterial first shown to be safe using a small
animal model?

& Is a relevant animal chosen for the scaffold and cells to be
used?

& Is a relevant defect model chosen?
& Are the follow-up time points relevant?

Biologics are biologically active natural components that
can enhance the tissue healing including growth factors [199,
200] and platelet-rich plasma (PRP). PRP is one of the
attractive blood-derived biologics by being a great source of
growth factors (including platelet-derived growth factor,
endothelial growth factor, and transforming growth factor)
and both anti- and pro-inflammatory cytokines (including
interleukins 4, 8, 13, and 17; tumor necrosis factor-α; and
interferon-α) that can influence the tissue healing [201–205].
Given the big differences in the study designs (including
the preparation of PRP, and inclusion/type of cells and
scaffolds) as well as the absence of standardization of the
evaluation of the outcomes of the biological treatment
studies, there are opposing views on the outcomes of
PRP treatments [33]. Moreover, injection of PRP into the
tissue is different than the use of PRP in a tissue-
engineering strategy where PRP and cells are introduced
into a scaffold, and cultivated in vitro.

The idea of gene therapy [206–208] is based on the transfer
of exogenous genes or its complementary deoxyribonucleic
acid into target somatic cells directly or using viral or non-
viral methods. The study of Goto et al. [209] is a leading work
on this strategy for meniscus while there are more recent stud-
ies [210–213]. In that study [209], the genetic transduction of
a bacterial marker gene was done using either a retrovirus or
an adenovirus as the vector. When retrovirus was used, the
retrovirally transduced meniscus cells that were embedded
into collagen gels were introduced to the meniscus defect.
When adenovirus was used, a suspension of blood and ade-
novirus was prepared, and then a clot was introduced to the
defect. They showed that the expression of genes could be
observed for a minimum of 20 weeks in vitro, and a minimum
of 3 and 6 weeks in rabbit and dog models, respectively [209].
Accordingly, new advanced treatments can be developed
through the transfer of genes to regulate the synthesis of
growth factors, and both meniscus regeneration and degener-
ation might be managed [33].

Conclusions

There has been a progressive increase in indications for me-
niscus repair opposing to meniscectomy thanks to the under-
standing of the meniscus functions and the consequences of
the absence of meniscus in the knee joint. Nevertheless,
meniscectomy has been providing a satisfactory outcome for
treatment of irreparable meniscus lesions, while meniscus
repair has proven to be satisfactory in appropriately selected
cases. Still, meniscectomy keeps being a very frequent
procedure. Technological and surgical developments
provided an increase in the indications for meniscus repair.
Some injuries that were previously considered as irreparable
such as horizontal cleavage tears, radial tears, and root tears,
are today considered as potentially reparable. When repair is
not possible, meniscus substitution by allografts or acellular
scaffolds provides favorable clinical outcome when correct
indications are considered. Preoperative planning is required
for more efficient classification, subsequent prognosis, and
treatment. Moreover, the surgeons should be trained for
several repair options.

The future of meniscus substitution is strongly supported
by the clinical need. TERM promises the development of new
scaffolding biomaterials together with other technologic ad-
vances, biological and genetic enhancements. Nevertheless,
the ideal meniscal implant has not been yet developed. The
main outstanding challenges in meniscus regeneration that are
greatly linked include:

& An implant that successfully functions as a healthy menis-
cus because the ultimate rationale of substitution includes
the chondroprotection and prevention of osteoarthritis,
i.e., the avoidance of the consequences of meniscectomy

& A clear success in the concurrent satisfaction of the bio-
logical, biomechanical, and surgical requirements includ-
ing suturability of the implant

& A clear success in obtaining a fully mature tissue that is
similar to the healthy meniscus in terms of extracellular
matrix composition and organization, thus, also function
in the knee joint

& A clear success on the development of (i) non-uniform
implants because menisci are not uniform biologically
and biomechanically, and (ii) distinct implants for medial
and lateral meniscus since they are not the same regarding
the biomechanics and biology

The biological and biomechanical requirements are linked
with implant’s patient-specificity regarding the cells, bio-
logics, and implant geometry. To achieve such a success, ac-
tive participation of meniscus surgeons is of the essence in the
process of scaffold and drug delivery systems (e.g., nanopar-
ticles) development, in vitro experiments, and preclinical
in vivo trials.

44 Regen. Eng. Transl. Med. (2017) 3:32–50



Acknowledgements This article is a result of the project FROnTHERA
(NORTE-01-0145-FEDER-000023), supported by Norte Portugal
Regional Operational Programme (NORTE 2020), under the
PORTUGAL 2020 Partnership Agreement, through the European
Regional Development Fund (ERDF). I. F. Cengiz thanks the
Portuguese Foundation for Science and Technology (FCT) for the
Ph.D. scholarship (SFRH/BD/99555/2014). J. M. Oliveira also thanks
the FCT for the funds provided under the program Investigador FCT
2012 and 2015 (IF/00423/2012 and IF/01285/2015).

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no competing
interests.

References

1. Greis PE, Bardana DD, Holmstrom MC, Burks RT. Meniscal in-
jury: I. Basic science and evaluation. J Am Acad Orthop Surg.
2002;10(3):168–76.

2. Brindle T, Nyland J, Johnson DL. The meniscus: review of basic
principles with application to surgery and rehabilitation. J Athl
Train. 2001;36(2):160.

3. Cengiz IF, Silva-Correia J, Pereira H, Espregueira-Mendes J,
Oliveira JM, Reis RL. Basics of the meniscus. Regenerative strat-
egies for the treatment of knee joint disabilities. USA: Springer;
2017. p. 237–47.

4. Pereira H, Cengiz IF, Silva-Correia J, Cucciarini M, Gelber PE,
Espregueira-Mendes J et al. Histology-ultrastructure-biology. In:
Hulet C, Pereira H, Peretti G, Denti M, editors. Surgery of the
meniscus. Berlin, Heidelberg: Springer Berlin Heidelberg 2016. p.
23-33.

5. Mcdevitt CA, Webber RJ. The ultrastructure and biochemistry of
meniscal cartilage. Clin Orthop Relat Res. 1990;252:8–18.

6. Tudor F, McDermott ID, Myers P. Meniscal repair: a review of
current practice. Orthopaedics and Trauma. 2014;28(2):88–96.

7. Sanchez-Adams J, Athanasiou KA. The knee meniscus: a com-
plex tissue of diverse cells. Cell Mol Bioeng. 2009;2(3):332–40.

8. Verdonk PC, Forsyth R, Wang J, Almqvist KF, Verdonk R, Veys
EM, et al. Characterisation of human knee meniscus cell pheno-
type. Osteoarthr Cartil. 2005;13(7):548–60.

9. Pereira H, Caridade SG, Frias AM, Silva-Correia J, Pereira DR,
Cengiz IF, et al. Biomechanical and cellular segmental character-
ization of human meniscus: building the basis for tissue engineer-
ing therapies. Osteoarthritis and cartilage/OARS, Osteoarthritis
Research Society. 2014;22(9):1271–81.

10. Cengiz IF, Pereira H, Pêgo JM, Sousa N, Espregueira-Mendes J,
Oliveira JM et al. Segmental and regional quantification of 3D
cellular density of human meniscus from osteoarthritic knee.
Journal of Tissue Engineering and Regenerative Medicine. 2015.

11. Arnoczky SP, Warren RF. Microvasculature of the human menis-
cus. Am J Sports Med. 1982;10(2):90–5.

12. Makris EA, Hadidi P, Athanasiou KA. The knee meniscus: struc-
ture-function, pathophysiology, current repair techniques, and
prospects for regeneration. Biomaterials. 2011;32(30):7411–31.

13. Scotti C, Hirschmann MT, Antinolfi P, Martin I, Peretti GM.
Meniscus repair and regeneration: review on current methods
and research potential. European cells & materials. 2013;26:
150–70.

14. Clayton RAE, Court-Brown CM. The epidemiology of musculo-
skeletal tendinous and ligamentous injuries. Injury. 2008;39(12):
1338–44.

15. Bernstein J. Meniscal tears. Clin Orthop Relat Res. 2010;468(4):
1190–2.

16. Ciccotti MG, Shields CLJ, El Attrache NS. Meniscectomy. In: Fu
FH, Harner CD, Vince KG, editors. Knee surgery. Philadelphia:
Williams & Wilkins; 1994. p. 591–613 .In brief

17. Allen PR, DenhamRA, Swan AV. Late degenerative changes after
meniscectomy. Factors affecting the knee after operation. Journal
of Bone & Joint Surgery, British Volume. 1984;66(5):666–71.

18. Fairbank TJ. Knee joint changes after meniscectomy. Journal of
Bone & Joint Surgery, British Volume. 1948;30(4):664–70.

19. Jackson JP. Degenerative changes in the knee after meniscectomy.
Br Med J. 1968;2(5604):525.

20. McDermott ID, Amis AA. The consequences of meniscectomy.
Journal of Bone & Joint Surgery, British Volume. 2006;88(12):
1549–56.

21. Mordecai SC, Al-Hadithy N, Ware HE, Gupte CM. Treatment of
meniscal tears: an evidence based approach. World journal of or-
thopedics. 2014;5(3):233.

22. Verdonk R. The meniscus: past, present and future. Knee Surg
Sports Traumatol Arthrosc. 2011;19(2):145–6.

23. Beaufils P, Verdonk R. The meniscus. Berlin Heidelberg:
Springer-Verlag; 2010.

24. Paxton ES, Stock MV, Brophy RH. Meniscal repair versus partial
meniscectomy: a systematic review comparing reoperation rates
and clinical outcomes. Arthroscopy: the journal of arthroscopic &
related surgery : official publication of the Arthroscopy
Association of North America and the International Arthroscopy
Association. 2011;27(9):1275–88.

25. Pereira H, Silva-Correia J, Oliveira JM, Reis RL, Espregueira-
Mendes J. The meniscus: basic science. In: Verdonk R,
Espregueira-Mendes J, Monllau JC, editors. Meniscal transplan-
tation. Heidelberg, New York, Dordrecht, London: Springer;
2013. p. 7–14.

26. Fayard JM, Pereira H, Servien E, Lustig S, Neyret P.
Meniscectomy global results-complications. The meniscus.
Berlin Heidelberg: Springer-Verlag; 2010.

27. Pereira H, Cengiz IF, Silva-Correia J, Ripoll PL, Varatojo R,
Oliveira JM, et al. Meniscal repair: indications, techniques, and
outcome. In: Randelli P, Dejour D, van Dijk CN, Denti M, Seil R,
editors. Arthroscopy: basic to advanced. Berlin, Heidelberg:
Springer Berlin Heidelberg; 2016. p. 125–42.

28. Salata MJ, Gibbs AE, Sekiya JK. A systematic review of clinical
outcomes in patients undergoing meniscectomy. Am J Sports
Med. 2010;38(9):1907–16.

29. McDermott ID, Masouros SD, Amis AA. Biomechanics of the
menisci of the knee. Curr Orthop. 2008;22:193–201.

30. Walker PS, Hajek JV. The load-bearing area in the knee joint. J
Biomech. 1972;5(6):581–9.

31. Bourne RB, Finlay JB, Papadopoulos P, Andreae P. The effect of
medial meniscectomy on strain distribution in the proximal part of
the tibia. J Bone Joint Surg Am. 1984;66(9):1431–7.

32. Smigielski R, Becker R, Zdanowicz U, Ciszek B. Medial menis-
cus anatomy-from basic science to treatment. Knee Surg Sports
Traumatol Arthrosc. 2015;23(1):8–14.

33. Cengiz IF, Silva-Correia J, Pereira H, Espregueira-Mendes J,
Oliveira JM, Reis RL. Advanced regenerative strategies for hu-
man knee meniscus. Regenerative strategies for the treatment of
knee joint disabilities: Springer; 2017. p. 271–85.

34. Pereira H, Cengiz IF, Silva-Correia J, Oliveira JM, Reis RL,
Espregueira-Mendes J. Human meniscus: from biology to tissue
engineering strategies. Sports injuries. USA: Springer; 2015. p.
1089–102.

35. Salgado AJ, Oliveira JM, Martins A, Teixeira FG, Silva NA,
Neves NM, et al. Tissue engineering and regenerative medicine:
past, present, and future. Int Rev Neurobiol. 2013;108:1–33.

Regen. Eng. Transl. Med. (2017) 3:32–50 45



36. Beaufils P, Englund M, Järvinen TLN, Pereira H, Pujol N. How to
share guidelines in daily practice on meniscus repair, degenerate
meniscal lesion, and meniscectomy. In: Zaffagnini S, Becker R,
GMMJ K, Espregueira-Mendes J, van Dijk CN, editors. ESSKA
instructional course lecture book Amsterdam 2014. Amsterdam:
Springer; 2014. p. 97–112.

37. Getgood A, LaPrade RF, Verdonk P, Gersoff W, Cole B, Spalding
T, et al. International meniscus reconstruction experts forum
(IMREF) consensus statement on the practice ofmeniscal allograft
t r a n s p l a n t a t i o n . Am J S p o r t s Me d . 2 0 1 5 ; 2 0 1 6
0363546516660064

38. ESSKA Meniscus Consensus Project, 2016, available on http://c.
ymcdn.com/sites/www.esska.org/resource/resmgr/Docs/2016_
DML_full_text.pdf, last accessed on 17.11.2016. .

39. Nishimuta JF, Levenston ME. Response of cartilage and meniscus
tissue explants to in vitro compressive overload. Osteoarthritis and
cartilage/OARS, Osteoarthritis Research Society. 2012;20(5):422–9.

40. Abraham AC, Edwards CR, Odegard GM, Donahue TL. Regional
and fiber orientation dependent shear properties and anisotropy of
bovine meniscus. J Mech Behav Biomed Mater. 2011;4(8):2024–
30.

41. Guo H, Maher SA, Spilker RL. Biphasic finite element contact
analysis of the knee joint using an augmented Lagrangian method.
Med Eng Phys. 2013;35(9):1313–20.

42. Noble J, Hamblen DL. The pathology of the degenerate meniscus
lesion. The Journal of bone and joint surgery British volume.
1975;57(2):180–6.

43. Sweigart MA, Athanasiou KA. Toward tissue engineering of the
knee meniscus. Tissue Eng. 2001;7(2):111–29.

44. Denti M, Espregueira-Mendes J, Pereira H, Raoulis V, Hantes M.
Traumatic meniscal lesions, Surgery of theMeniscus. Amsterdam:
Springer; 2016. p. 67–78.

45. Poehling GG, Ruch DS, Chabon SJ. The landscape of meniscal
injuries. Clin Sports Med. 1990;9(3):539–49.

46. Ruiz-Iban MA, Diaz-Heredia J, Elias-Martin E, Moros-Marco S,
Cebreiro Martinez Del Val I. Repair of meniscal tears associated
with tibial plateau fractures: a review of 15 cases. Am J Sports
Med. 2012;40(10):2289–95.

47. Anderson AF, Irrgang JJ, Dunn W, Beaufils P, Cohen M, Cole BJ,
et al. Interobserver reliability of the International Society of
Arthroscopy, Knee Surgery and Orthopaedic Sports Medicine
(ISAKOS) classification of meniscal tears. Am J Sports Med.
2011;39(5):926–32.

48. Smillie IS. The current pattern of the pathology of meniscus tears.
Proceedings of the Royal Society of Medicine. 1968;61(1):44–5.

49. Christoforakis J, Pradhan R, Sanchez-Ballester J, Hunt N,
Strachan RK. Is there an association between articular cartilage
changes and degenerative meniscus tears? Arthroscopy : the jour-
nal of arthroscopic & related surgery : official publication of the
Arthroscopy Association of North America and the International
Arthroscopy Association. 2005;21(11):1366–9.

50. Yim JH, Seon JK, Song EK, Choi JI, Kim MC, Lee KB, et al. A
comparative study of meniscectomy and nonoperative treatment
for degenerative horizontal tears of the medial meniscus. Am J
Sports Med. 2013;41(7):1565–70.

51. Bhatia S, LaPrade CM, Ellman MB, LaPrade RF. Meniscal root
tears: significance, diagnosis, and treatment. Am J Sports Med.
2014;42(12):3016–30.

52. Koenig JH, Ranawat AS, Umans HR, Difelice GS. Meniscal root
tears: diagnosis and treatment. Arthroscopy : the journal of arthro-
scopic & related surgery : official publication of the Arthroscopy
Association of North America and the International Arthroscopy
Association. 2009;25(9):1025–32.

53. Koo JH, Choi S-H, Lee SA, Wang JH. Comparison of medial and
lateral meniscus root tears. PLoS One. 2015;10(10):e0141021.

54. LaPrade CM, Foad A, Smith SD, Turnbull TL, Dornan GJ,
Engebretsen L, et al. Biomechanical consequences of a nonana-
tomic posterior medial meniscal root repair. Am J Sports Med.
2015;43(4):912–20.

55. Poulsen MR, Johnson DL. Meniscal injuries in the young, athlet-
ically active patient. Phys Sportsmed. 2011;39(1):123–30.

56. Baker P, Coggon D, Reading I, Barrett D, McLaren M, Cooper C.
Sports injury, occupational physical activity, joint laxity, and
meniscal damage. J Rheumatol. 2002;29(3):557–63.

57. Englund M, Guermazi A, Gale D, Hunter DJ, Aliabadi P, Clancy
M, et al. Incidental meniscal findings on kneeMRI in middle-aged
and elderly persons. N Engl J Med. 2008;359(11):1108–15.

58. Englund M, Niu J, Guermazi A, Roemer FW, Hunter DJ, Lynch JA,
et al. Effect of meniscal damage on the development of frequent knee
pain, aching, or stiffness. Arthritis Rheum. 2007;56(12):4048–54.

59. Kornaat PR, Bloem JL, Ceulemans RY, Riyazi N, Rosendaal FR,
Nelissen RG, et al. Osteoarthritis of the knee: association between
clinical features and MR imaging findings. Radiology.
2006;239(3):811–7.

60. Howell R, Kumar NS, Patel N, Tom J. Degenerative meniscus:
pathogenesis, diagnosis, and treatment options. World J Orthop.
2014;5(5):597–602.

61. Englund M, Guermazi A, Lohmander SL. The role of the menis-
cus in knee osteoarthritis: a cause or consequence? Radiol Clin N
Am. 2009;47(4):703–12.

62. Smith BE, Thacker D, Crewesmith A, Hall M. Special tests for
assessing meniscal tears within the knee: a systematic review and
meta-analysis. Evidence-based medicine. 2015;20(3):88–97.

63. Van Dyck P, Vanhoenacker FM, Lambrecht V, Wouters K, Gielen
JL, Dossche L, et al. Prospective comparison of 1.5 and 3.0-T
MRI for evaluating the knee menisci and ACL. J Bone Joint
Surg Am. 2013;95(10):916–24.

64. Beaufils P, Hulet C, Dhenain M, Nizard R, Nourissat G, Pujol N.
Clinical practice guidelines for the management of meniscal le-
sions and isolated lesions of the anterior cruciate ligament of the
knee in adults. Orthopaedics & traumatology, surgery & research :
OTSR. 2009;95(6):437–42.

65. Nam TS, Kim MK, Ahn JH. Efficacy of magnetic resonance im-
aging evaluation for meniscal tear in acute anterior cruciate liga-
ment injuries. Arthroscopy : the journal of arthroscopic & related
surgery : official publication of the Arthroscopy Association of
North America and the International Arthroscopy Association.
2014;30(4):475–82.

66. Ben-Galim P, Steinberg EL, Amir H, Ash N, Dekel S, Arbel R.
Accuracy of magnetic resonance imaging of the knee and unjus-
tified surgery. Clin Orthop Relat Res. 2006;447:100–4.

67. Rossbach BP, Pietschmann MF, Gulecyuz MF, Niethammer TR,
Ficklscherer A, Wild S, et al. Indications requiring preoperative
magnetic resonance imaging before knee arthroscopy. Archives of
medical science : AMS. 2014;10(6):1147–52.

68. Cooper DE, Arnoczky SP, Warren RF. Meniscal repair. Clin
Sports Med. 1991;10(3):529–48.

69. Anderson L,WattsM, Shapter O, LoganM, RiseburyM, Duffy D,
et al. Repair of radial tears and posterior horn detachments of the
lateral meniscus: minimum 2-year follow-up. Arthroscopy: the
journal of arthroscopic & related surgery: official publication of
the Arthroscopy Association of North America and the
International Arthroscopy Association. 2010;26(12):1625–32.

70. Hulet CH, Locker BG, Schiltz D, Texier A, Tallier E, Vielpeau
CH. Arthroscopic medial meniscectomy on stable knees. The
Journal of bone and joint surgery British volume. 2001;83(1):
29–32.

71. Pujol N, Tardy N, Boisrenoult P, Beaufils P. Long-term outcomes
of all-inside meniscal repair. Knee Surg Sports Traumatol
Arthrosc. 2015;23(1):219–24.

46 Regen. Eng. Transl. Med. (2017) 3:32–50

http://c.ymcdn.com/sites/www.esska.org/resource/resmgr/Docs/2016_DML_full_text.pdf
http://c.ymcdn.com/sites/www.esska.org/resource/resmgr/Docs/2016_DML_full_text.pdf
http://c.ymcdn.com/sites/www.esska.org/resource/resmgr/Docs/2016_DML_full_text.pdf


72. Lyman S, Hidaka C, Valdez AS, Hetsroni I, Pan TJ, Do H, et al.
Risk factors for meniscectomy after meniscal repair. Am J Sports
Med. 2013;41(12):2772–8.

73. Pujol N, Beaufils P. Healing results of meniscal tears left in situ
during anterior cruciate ligament reconstruction: a review of clin-
ical studies. Knee Surg Sports Traumatol Arthrosc. 2009;17(4):
396–401.

74. Snoeker BA, Bakker EW, Kegel CA, Lucas C. Risk factors for
meniscal tears: a systematic review including meta-analysis. The
Journal of orthopaedic and sports physical therapy. 2013;43(6):
352–67.

75. Kartus JT, Russell VJ, Salmon LJ, Magnusson LC, Brandsson S,
Pehrsson NG, et al. Concomitant partial meniscectomy worsens
outcome after arthroscopic anterior cruciate ligament reconstruc-
tion. Acta Orthop Scand. 2002;73(2):179–85.

76. Brophy RH, Gill CS, Lyman S, Barnes RP, Rodeo SA,Warren RF.
Effect of anterior cruciate ligament reconstruction and
meniscectomy on length of career in National Football League
athletes: a case control study. Am J Sports Med. 2009;37(11):
2102–7.

77. Mariani PP, Garofalo R, Margheritini F. Chondrolysis after partial
lateral meniscectomy in athletes. Knee Surg Sports Traumatol
Arthrosc. 2008;16(6):574–80.

78. Sonnery-Cottet B, Archbold P, Thaunat M, Carnesecchi O, Tostes
M, Chambat P. Rapid chondrolysis of the knee after partial lateral
meniscectomy in professional athletes. Knee. 2014;21(2):504–8.

79. El Ghazaly SA, Rahman AA, Yusry AH, Fathalla MM.
Arthroscopic partial meniscectomy is superior to physical rehabil-
itation in the management of symptomatic unstable meniscal
tears. Int Orthop. 2015;39(4):769–75.

80. Chang JH, Shen HC, Huang GS, Pan RY,Wu CF, Lee CH, et al. A
biomechanical comparison of all-inside meniscus repair tech-
niques. J Surg Res. 2009;155(1):82–8.

81. Chang HC, Caborn DN, Nyland J, Burden R. Effect of lesion
location on fixation strength of the meniscal viper repair system:
an in vitro study using porcine menisci. Arthroscopy: the journal
of arthroscopic & related surgery: official publication of the
Arthroscopy Association of North America and the International
Arthroscopy Association. 2006;22(4):394–9.

82. Henning CE. Arthroscopic repair of meniscus tears. Orthopedics.
1983;6(9):1130–2.

83. Henning CE, Lynch MA, Yearout KM, Vequist SW, Stallbaumer
RJ, Decker KA. Arthroscopic meniscal repair using an exogenous
fibrin clot. Clin Orthop Relat Res. 1990;252:64–72.

84. Warren RF. Arthroscopic meniscus repair. Arthroscopy: the jour-
nal of arthroscopic & related surgery: official publication of the
Arthroscopy Association of North America and the International
Arthroscopy Association. 1985;1(3):170–2.

85. Morgan CD, Casscells SW. Arthroscopic meniscus repair: a safe
approach to the posterior horns. Arthroscopy: the journal of ar-
throscopic & related surgery: official publication of the
Arthroscopy Association of North America and the International
Arthroscopy Association. 1986;2(1):3–12.

86. Tsai AM, McAllister DR, Chow S, Young CR, Hame SL. Results
of meniscal repair using a bioabsorbable screw. Arthroscopy: the
journal of arthroscopic & related surgery : official publication of
the Arthroscopy Association of North America and the
International Arthroscopy Association. 2004;20(6):586–90.

87. Albrecht-Olsen P, Kristensen G, Burgaard P, Joergensen U, Toerholm
C. The arrow versus horizontal suture in arthroscopic meniscus repair.
A prospective randomized study with arthroscopic evaluation. Knee
Surg Sports Traumatol Arthrosc. 1999;7(5):268–73.

88. Petsche TS, Selesnick H, Rochman A. Arthroscopic meniscus
repair with bioabsorbable arrows. Arthroscopy : the journal of
arthroscopic & related surgery: official publication of the

Arthroscopy Association of North America and the International
Arthroscopy Association. 2002;18(3):246–53.

89. Gifstad T, Grontvedt T, Drogset JO. Meniscal repair with biofix
arrows: results after 4.7 years’ follow-up. Am J Sports Med.
2007;35(1):71–4.

90. Kurzweil PR, Tifford CD, Ignacio EM. Unsatisfactory clinical
results of meniscal repair using the meniscus arrow.
Arthroscopy: the journal of arthroscopic & related surgery: official
publication of the Arthroscopy Association of North America and
the International Arthroscopy Association. 2005;21(8):905.

91. Farng E, Sherman O. Meniscal repair devices: a clinical and bio-
mechanical literature review. Arthroscopy : the journal of arthro-
scopic & related surgery: official publication of the Arthroscopy
Association of North America and the International Arthroscopy
Association. 2004;20(3):273–86.

92. Miller MD, Kline AJ, Gonzales J, Beach WR. Pitfalls associated
with FasT-Fix meniscal repair. Arthroscopy: the journal of arthro-
scopic & related surgery: official publication of the Arthroscopy
Association of North America and the International Arthroscopy
Association. 2002;18(8):939–43.

93. Seil R, Rupp S, Kohn DM. Cyclic testing of meniscal sutures.
Arthroscopy: the journal of arthroscopic & related surgery : official
publication of the Arthroscopy Association of North America and the
International Arthroscopy Association. 2000;16(5):505–10.

94. Frizziero A, Ferrari R, Giannotti E, Ferroni C, Poli P, Masiero S.
The meniscus tear. State of the art of rehabilitation protocols relat-
ed to surgical procedures. Muscles, ligaments and tendons journal.
2012;2(4):295–301.

95. Kamimura T, Kimura M.Meniscal repair of degenerative horizon-
tal cleavage tears using fibrin clots: clinical and arthroscopic out-
comes in 10 cases. Orthop J Sports Med. 2014;2(11)

96. Ahn JH,Wang JH, Yoo JC. Arthroscopic all-inside suture repair of
medial meniscus lesion in anterior cruciate ligament deficient
knees: results of second-look arthroscopies in 39 cases.
Arthroscopy: the journal of arthroscopic & related surgery: official
publication of the Arthroscopy Association of North America and
the International Arthroscopy Association. 2004;20(9):936–45.

97. Osti L, Del Buono A, Maffulli N. Anterior medial meniscal root
tears: a novel arthroscopic all inside repair. Translational medicine
@ UniSa. 2015;12:41–6.

98. Pujol N, Barbier O, Boisrenoult P, Beaufils P. Amount of meniscal
resection after failed meniscal repair. Am J Sports Med.
2011;39(8):1648–52.

99. Pujol N, Bohu Y, Boisrenoult P, Macdes A, Beaufils P. Clinical
outcomes of open meniscal repair of horizontal meniscal tears in
young patients. Knee Surg Sports Traumatol Arthrosc.
2013;21(7):1530–3.

100. Katabi N, Pujol N, Boisrenoult P. Meniscal repair: intra- and post-
operative complications. In: Beaufils P, Verdonk R, editors. The
meniscus. Berlin-Heidelberg: Springer-Verlag; 2010. p. 191–8.

101. Lozano J, Ma CB, Cannon WD. All-inside meniscus repair: a
systematic review. Clin Orthop Relat Res. 2007;455:134–41.

102. Barrett GR, Field MH, Treacy SH, Ruff CG. Clinical results of
meniscus repair in patients 40 years and older. Arthroscopy: the
journal of arthroscopic & related surgery : official publication of
the Arthroscopy Association of North America and the
International Arthroscopy Association. 1998;14(8):824–9.

103. Chalmers PN, Karas V, Sherman SL, Cole BJ. Return to high-level
sport after meniscal allograft transplantation. Arthroscopy: the
journal of arthroscopic & related surgery : official publication of
the Arthroscopy Association of North America and the
International Arthroscopy Association. 2013;29(3):539–44.

104. Elattar M, Dhollander A, Verdonk R, Almqvist KF, Verdonk P.
Twenty-six years of meniscal allograft transplantation: is it still
experimental? A meta-analysis of 44 trials. Knee Surg Sports
Traumatol Arthrosc. 2011;19(2):147–57.

Regen. Eng. Transl. Med. (2017) 3:32–50 47



105. MarcacciM, Zaffagnini S, Grassi A,Muccioli GM, Bonanzinga T,
Neri M, et al. Meniscal allograft transplantation. Techniques in
cartilage repair surgery. Amsterdam: Springer; 2014. p. 305–23.

106. Zukor D, Brooks P, Gross A, Cameron J. Meniscal allograft ex-
perimental and clinical study. Orthop Rev. 1988;17:522–50.

107. Locht RC, Gross AE, Langer F. Late osteochondral allograft
resurfacing for tibial plateau fractures. J Bone Joint Surg Am.
1984;66(3):328–35.

108. Milachowski KA,Weismeier K,Wirth CJ. Homologous meniscus
transplantation. Experimental and clinical results. Int Orthop.
1989;13(1):1–11.

109. Monllau JC, González-Lucena G, Gelber PE, Pelfort X. Allograft
meniscus transplantation: a current review. Techniques in Knee
Surgery. 2010;9(2):107–13.

110. Pereira H, Frias AM, Oliveira JM, Espregueira-Mendes J, Reis
RL. Tissue engineering and regenerative medicine strategies in
meniscus lesions. Arthroscopy: the journal of arthroscopic & re-
lated surgery: official publication of the Arthroscopy Association
of North America and the International Arthroscopy Association.
2011;27(12):1706–19.

111. Zaffagnini S, Grassi A, Marcheggiani Muccioli GM, Bonanzinga
T, Nitri M, Raggi F, et al. MRI evaluation of a collagen meniscus
implant: a systematic review. Knee Surg Sports Traumatol
Arthrosc. 2015;23(11):3228–37.

112. Bouyarmane H, Beaufils P, Pujol N, Bellemans J, Roberts S,
Spalding T, et al. Polyurethane scaffold in lateral meniscus seg-
mental defects: clinical outcomes at 24 months follow-up.
Orthopaedics & traumatology, surgery & research: OTSR.
2014;100(1):153–7.

113. Rodkey WG, Steadman JR, Li ST. A clinical study of collagen
meniscus implants to restore the injured meniscus. Clin Orthop
Relat Res. 1999;367 Suppl:S281–92.

114. Verdonk P, Beaufils P, Bellemans J, Djian P, Heinrichs EL, Huysse
W, et al. Successful treatment of painful irreparable partial
meniscal defects with a polyurethane scaffold: two-year safety
and clinical outcomes. Am J Sports Med. 2012;40(4):844–53.

115. Verdonk R, Verdonk P, Huysse W, Forsyth R, Heinrichs E-L.
Tissue ingrowth after implantation of a novel, biodegradable poly-
urethane scaffold for treatment of partial meniscal lesions. Am J
Sports Med. 2011;39(4):774–82.

116. Verdonk R. Polyurethane implant (ACTIFIT). In: Verdonk R,
Espregueira Mendes J, Monllau JC, editors. Meniscal transplanta-
tion. Berlin, Heidelberg: Springer Berlin Heidelberg; 2013. p. 83–
97.

117. Monllau JC. Collagen meniscal implant (CMI). In: Verdonk R,
Espregueira Mendes J, Monllau JC, editors. Meniscal transplanta-
tion. Berlin, Heidelberg: Springer Berlin Heidelberg; 2013. p. 73–
82.

118. Bulgheroni P, Bulgheroni E, Regazzola G, Mazzola C.
Polyurethane scaffold for the treatment of partial meniscal tears.
Clinical results with a minimum two-year follow-up. Joints.
2013;1(4):161–6.

119. Gelber PE, Petrica AM, Isart A, Mari-Molina R, Monllau JC. The
magnetic resonance aspect of a polyurethane meniscal scaffold is
worse in advanced cartilage defects without deterioration of clin-
ical outcomes after a minimum two-year follow-up. Knee.
2015;22(5):389–94.

120. Monllau JC, Gelber PE, Abat F, Pelfort X, Abad R, Hinarejos P,
et al. Outcome after partial medial meniscus substitution with the
collagen meniscal implant at a minimum of 10 years’ follow-up.
Arthroscopy: the journal of arthroscopic & related surgery: official
publication of the Arthroscopy Association of North America and
the International Arthroscopy Association. 2011;27(7):933–43.

121. Zaffagnini S, Marcheggiani Muccioli GM, Grassi A, Bonanzinga
T, Filardo G, Canales Passalacqua A, et al. Arthroscopic lateral

collagen meniscus implant in a professional soccer player. Knee
Surg Sports Traumatol Arthrosc. 2011;19(10):1740–3.

122. Cengiz IF, Oliveira JM, Reis RL. Tissue engineering and regener-
ative medicine strategies for the treatment of osteochondral le-
sions. 3D Multiscale physiological human. Amsterdam:
Springer; 2014. p. 25–47.

123. Zellner J, Hierl K, Mueller M, Pfeifer C, Berner A, Dienstknecht
T, et al. Stem cell-based tissue-engineering for treatment of
meniscal tears in the avascular zone. J Biomed Mater Res B
Appl Biomater. 2013;101(7):1133–42.

124. Zellner J, Mueller M, Berner A, Dienstknecht T, Kujat R, Nerlich
M, et al. Role of mesenchymal stem cells in tissue engineering of
meniscus. J Biomed Mater Res A. 2010;94(4):1150–61.

125. Cengiz I, Pitikakis M, Cesario L, Parascandolo P, Vosilla L, Viano
G, et al. Building the basis for patient-specific meniscal scaffolds:
from human knee MRI to fabrication of 3D printed scaffolds.
Bioprinting. 2016;1:1–10.

126. González-Fernández ML, Pérez-Castrillo S, Sánchez-Lázaro JA,
Prieto-Fernández JG, López-González ME, Lobato-Pérez S, et al.
Assessment of regeneration in meniscal lesions by use of mesen-
chymal stem cells derived from equine bone marrow and adipose
tissue. Am J Vet Res. 2016;77(7):779–88.

127. Heo J, Koh RH, Shim W, Kim HD, Yim H-G, Hwang NS.
Riboflavin-induced photo-crosslinking of collagen hydrogel and
its application in meniscus tissue engineering. Drug delivery and
translational research. 2016;6(2):148–58.

128. Mueller SM, Shortkroff S, Schneider TO, Breinan HA, Yannas IV,
Spector M. Meniscus cells seeded in type I and type II collagen–
GAG matrices in vitro. Biomaterials. 1999;20(8):701–9.

129. Puetzer J, Bonassar L. Physiologically distributed loading patterns
drive the formation of zonally organized collagen structures in
tissue engineered meniscus. Tissue engineering Part A. 2016.

130. Gunja NJ, Athanasiou KA. Additive and synergistic effects of
bFGF and hypoxia on leporine meniscus cell‐seeded PLLA scaf-
folds. J Tissue Eng Regen Med. 2010;4(2):115–22.

131. Gunja NJ, Uthamanthil RK, Athanasiou KA. Effects of TGF-β1
and hydrostatic pressure on meniscus cell-seeded scaffolds.
Biomaterials. 2009;30(4):565–73.

132. Warnock JJ, Fox DB, Stoker AM, Beatty M, Cockrell M, Janicek
JC, et al. Culture of equine fibroblast-like synoviocytes on syn-
thetic tissue scaffolds towards meniscal tissue engineering: a pre-
liminary cell-seeding study. PeerJ. 2014;2:e353.

133. Aufderheide AC, Athanasiou KA. Comparison of scaffolds and
culture conditions for tissue engineering of the knee meniscus.
Tissue Eng. 2005;11(7–8):1095–104.

134. Gu Y, Zhu W, Hao Y, Lu L, Chen Y, Wang Y. Repair of meniscal
defect using an induced myoblast-loaded polyglycolic acid mesh
in a canine model. Experimental and therapeutic medicine.
2012;3(2):293–8.

135. KwakHS, Nam J, Lee Jh, KimHJ, Yoo JJ. Meniscal repair in vivo
using human chondrocyte‐seeded PLGA mesh scaffold pretreated
with platelet‐rich plasma. Journal of Tissue Engineering and
Regenerative Medicine. 2014.

136. Baker BM, Nathan AS, Huffman GR, Mauck RL. Tissue engi-
neering with meniscus cells derived from surgical debris.
Osteoarthr Cartil. 2009;17(3):336–45.

137. Zhang Z-Z, Jiang D, Ding J-X, Wang S-J, Zhang L, Zhang J-Y,
et al. Role of scaffold mean pore size in meniscus regeneration.
Acta Biomater. 2016;43:314–26.

138. Baker BM, Nathan AS, Gee AO, Mauck RL. The influence of an
aligned nanofibrous topography on humanmesenchymal stem cell
fibrochondrogenesis. Biomaterials. 2010;31(24):6190–200.

139. Chiari C, Koller U, Dorotka R, Eder C, Plasenzotti R, Lang S,
et al. A tissue engineering approach to meniscus regeneration in a
sheep model. Osteoarthr Cartil. 2006;14(10):1056–65.

48 Regen. Eng. Transl. Med. (2017) 3:32–50



140. Fisher MB, Henning EA, Söegaard N, Bostrom M, Esterhai JL,
Mauck RL. Engineering meniscus structure and function via
multi-layered mesenchymal stem cell-seeded nanofibrous scaf-
folds. J Biomech. 2015;48(8):1412–9.

141. Kon E, Filardo G, Tschon M, Fini M, Giavaresi G, Reggiani LM,
et al. Tissue engineering for total meniscal substitution: animal
study in sheep model—results at 12 months. Tissue Eng A.
2012;18(15–16):1573–82.

142. Angele P, Johnstone B, Kujat R, Zellner J, NerlichM, Goldberg V,
et al. Stem cell based tissue engineering for meniscus repair. J
Biomed Mater Res A. 2008;85(2):445–55.

143. Freymann U, Endres M, Neumann K, Scholman H-J, Morawietz
L, Kaps C. Expanded human meniscus-derived cells in 3-D poly-
mer–hyaluronan scaffolds for meniscus repair. Acta Biomater.
2012;8(2):677–85.

144. Gruchenberg K, Ignatius A, Friemert B, von Lübken F, Skaer N,
Gellynck K, et al. In vivo performance of a novel silk fibroin
scaffold for partial meniscal replacement in a sheep model. Knee
Surg Sports Traumatol Arthrosc. 2015;23(8):2218–29.

145. Mandal BB, Park S-H, Gil ES, Kaplan DL. Multilayered silk
scaffolds for meniscus tissue engineering. Biomaterials.
2011;32(2):639–51.

146. Yan L-P, Oliveira JM, Oliveira AL, Caridade SG, Mano JF, Reis
RL. Macro/microporous silk fibroin scaffolds with potential for
articular cartilage and meniscus tissue engineering applications.
Acta Biomater. 2012;8(1):289–301.

147. SaremM,Moztarzadeh F,Mozafari M, Shastri VP. Optimization strat-
egies on the structural modeling of gelatin/chitosan scaffolds to mimic
human meniscus tissue. Mater Sci Eng C. 2013;33(8):4777–85.

148. Weinand C, Peretti GM, Adams Jr SB, Randolph MA, Savvidis E,
Gill TJ. Healing potential of transplanted allogeneic chondrocytes of
three different sources in lesions of the avascular zone of the menis-
cus: a pilot study. ArchOrthop Trauma Surg. 2006;126(9):599–605.

149. LuH, Cai D,WuG,WangK, Shi D.Wholemeniscus regeneration
using polymer scaffolds loaded with fibrochondrocytes. Chinese
journal of traumatology = Zhonghua chuang shang za zhi/Chinese
Medical Association. 2011;14(4):195.

150. Neves AA, Medcalf N, Brindle KM. Influence of stirring-induced
mixing on cell proliferation and extracellular matrix deposition in
meniscal cartilage constructs based on polyethylene terephthalate
scaffolds. Biomaterials. 2005;26(23):4828–36.

151. Bodin A, Concaro S, Brittberg M, Gatenholm P. Bacterial cellu-
lose as a potential meniscus implant. J Tissue Eng Regen Med.
2007;1(5):406–8.

152. Martínez H, Brackmann C, Enejder A, Gatenholm P. Mechanical
stimulation of fibroblasts in micro‐channeled bacterial cellulose
scaffolds enhances production of oriented collagen fibers. J
Biomed Mater Res A. 2012;100(4):948–57.

153. Monteiro N,Martins A, Pires R, Faria S, Fonseca NA,Moreira JN,
et al. Immobilization of bioactive factor-loaded liposomes on the
surface of electrospun nanofibers targeting tissue engineering.
Biomaterials Science. 2014;2(9):1195–209.

154. Duarte ARC, Mano JF, Reis RL. Perspectives on: supercritical
fluid technology for 3d tissue engineering scaffold applications.
J Bioact Compat Polym. 2009;24(4):385–400.

155. Guo W, Liu S, Zhu Y, Yu C, Lu S, Yuan M, et al. Advances and
prospects in tissue-engineered meniscal scaffolds for meniscus
regeneration. Stem Cells Int. 2015;2015:517520.

156. Kundu B, Rajkhowa R, Kundu SC, Wang X. Silk fibroin bioma-
terials for tissue regenerations. Adv Drug Deliv Rev. 2013;65(4):
457–70.

157. Thurber AE, Omenetto FG, Kaplan DL. In vivo bioresponses to
silk proteins. Biomaterials. 2015;71:145–57.

158. Rongen JJ, van Tienen TG, van Bochove B, Grijpma DW, Buma
P. Biomaterials in search of a meniscus substitute. Biomaterials.
2014;35(11):3527–40.

159. Silva‐Correia J, Gloria A, Oliveira MB, Mano JF, Oliveira JM,
Ambrosio L, et al. Rheological and mechanical properties of acel-
lular and cell-laden methacrylated gellan gum hydrogels. J
Biomed Mater Res A. 2013;101(12):3438–46.

160. Wu J, Ding Q, Dutta A, Wang Y. Huang Y-h. Weng H et al. An
injectable extracellular matrix derived hydrogel for meniscus re-
pair and regeneration Acta Biomaterialia. 2015;16:49–59.

161. MaierD,BraeunK, Steinhauser E, Ueblacker P,OberstM,Kreuz PC,
et al. In vitro analysis of an allogenic scaffold for tissue‐engineered
meniscus replacement. J Orthop Res. 2007;25(12):1598–608.

162. Oliveira J, Pereira H, Yan L, Silva-Correia J, Oliveira A,
Espregueira-Mendes J et al., inventors; Scaffold that enables seg-
mental vascularization for the engineering of complex tissues and
methods of making the same, PT Patent 106174, Priority date:
161/2013, 26–08-2013 2013.

163. Baker BM, Gee AO, Sheth NP, Huffman GR, Sennett BJ, Schaer
TP, et al. Meniscus tissue engineering on the nanoscale—from
basic principles to clinical application. Journal of Knee Surgery.
2009;22(01):45–59.

164. Perán M, García MA, Lopez-Ruiz E, Jiménez G, Marchal JA.
How can nanotechnology help to repair the body? Advances in
cardiac, skin, bone, cartilage and nerve tissue regeneration.
Materials. 2013;6(4):1333–59.

165. Baker BM, Mauck RL. The effect of nanofiber alignment on the
maturation of engineered meniscus constructs. Biomaterials.
2007;28(11):1967–77.

166. Subbiah R, Veerapandian M. S Yun K. Nanoparticles:
functionalization and multifunctional applications in biomedical
sciences. Curr Med Chem. 2010;17(36):4559–77.

167. Harrison BS, Atala A. Carbon nanotube applications for tissue
engineering. Biomaterials. 2007;28(2):344–53.

168. Haynie DT, Zhang L, Zhao W, Rudra JS. Protein-inspired multi-
layer nanofilms: science, technology and medicine.
Nanomedicine: Nanotechnology, Biology and Medicine.
2006;2(3):150–7.

169. Thorvaldsson A, Stenhamre H, Gatenholm P, Walkenström P.
Electrospinning of highly porous scaffolds for cartilage regenera-
tion. Biomacromolecules. 2008;9(3):1044–9.

170. Zhang L, Webster TJ. Nanotechnology and nanomaterials: promises
for improved tissue regeneration. Nano Today. 2009;4(1):66–80.

171. De Coninck T, Elsner JJ, Linder-Ganz E, Cromheecke M,
Shemesh M, Huysse W, et al. In-vivo evaluation of the kinematic
behavior of an artificial medial meniscus implant: a pilot study
using open-MRI. Clin Biomech. 2014;29(8):898–905.

172. Zur G, Linder-Ganz E, Elsner JJ, Shani J, Brenner O, Agar G, et al.
Chondroprotective effects of a polycarbonate-urethane meniscal
implant: histopathological results in a sheep model. Knee Surg
Sports Traumatol Arthrosc. 2011;19(2):255–63.

173. Lee CH, Rodeo SA, Fortier LA, Lu C, Erisken C,Mao JJ. Protein-
releasing polymeric scaffolds induce fibrochondrocytic differenti-
ation of endogenous cells for knee meniscus regeneration in sheep.
Sci Transl Med. 2014;6(266):266ra171–1.

174. Athanasiou KA, Eswaramoorthy R, Hadidi P, Hu JC. Self-
organization and the self-assembling process in tissue engineer-
ing. Annu Rev Biomed Eng. 2013;15:115–36.

175. Hu JC, Athanasiou KA. A self-assembling process in articular
cartilage tissue engineering. Tissue Eng. 2006;12(4):969–79.

176. Araujo V, Figueiredo C, Joazeiro P, Mora O, Toledo O. In vitro
rapid organization of rabbit meniscus fibrochondrocytes into
chondro-like tissue structures. J Submicrosc Cytol Pathol.
2002;34(3):335–43.

177. Aufderheide AC, Athanasiou KA. Assessment of a bovine co-
culture, scaffold-free method for growing meniscus-shaped con-
structs. Tissue Eng. 2007;13(9):2195–205.

Regen. Eng. Transl. Med. (2017) 3:32–50 49



178. Huey DJ, Athanasiou KA. Maturational growth of self-assembled,
functional menisci as a result of TGF-β1 and enzymatic
chondroitinase-ABC stimulation. Biomaterials. 2011;32(8):2052–8.

179. MacBarb RF, Makris EA, Hu JC, Athanasiou KA. A
chondroitinase-ABC and TGF-β1 treatment regimen for enhanc-
ing the mechanical properties of tissue-engineered fibrocartilage.
Acta Biomater. 2013;9(1):4626–34.

180. Zhong J-J. Recent advances in bioreactor engineering. Korean J
Chem Eng. 2010;27(4):1035–41.

181. Wang D, LiuW, Han B, Xu R. The bioreactor: a powerful tool for
large-scale culture of animal cells. Curr Pharm Biotechnol.
2005;6(5):397–403.

182. Hansmann J, Groeber F, Kahlig A, Kleinhans C, Walles H.
Bioreactors in tissue engineering—principles, applications and
commercial constraints. Biotechnol J. 2013;8(3):298–307.

183. Pörtner R, Nagel-Heyer S, Goepfert C, Adamietz P, Meenen NM.
Bioreactor design for tissue engineering. J Biosci Bioeng.
2005;100(3):235–45.

184. Martin Y, Vermette P. Bioreactors for tissue mass culture: design,
characterization, and recent advances. Biomaterials. 2005;26(35):
7481–503.

185. Ballyns JJ, Wright TM, Bonassar LJ. Effect of media mixing on
ECM assembly and mechanical properties of anatomically-shaped
tissue engineered meniscus. Biomaterials. 2010;31(26):6756–63.

186. Puetzer JL, Ballyns JJ, Bonassar LJ. The effect of the duration of
mechanical stimulation and post-stimulation culture on the struc-
ture and properties of dynamically compressed tissue-engineered
menisci. Tissue Eng A. 2012;18(13–14):1365–75.

187. Petri M, Ufer K, Toma I, Becher C, Liodakis E, Brand S, et al.
Effects of perfusion and cyclic compression on in vitro tissue
engineered meniscus implants. Knee Surg Sports Traumatol
Arthrosc. 2012;20(2):223–31.

188. Marsano A, Wendt D, Quinn T, Sims T, Farhadi J, Jakob M, et al.
Bi-zonal cartilaginous tissues engineered in a rotary cell culture
system. Biorheology. 2006;43(3):553–60.

189. Neves AA, Medcalf N, Brindle K. Functional assessment of
tissue-engineered meniscal cartilage by magnetic resonance imag-
ing and spectroscopy. Tissue Eng. 2003;9(1):51–62.

190. Gunja NJ, Athanasiou KA. Effects of hydrostatic pressure on
leporine meniscus cell‐seeded PLLA scaffolds. J Biomed Mater
Res A. 2010;92(3):896–905.

191. Ballyns JJ, Bonassar LJ. Dynamic compressive loading of image-
guided tissue engineered meniscal constructs. J Biomech.
2011;44(3):509–16.

192. Liu C, Abedian R, Meister R, Haasper C, Hurschler C, Krettek C,
et al. Influence of perfusion and compression on the proliferation
and differentiation of bone mesenchymal stromal cells seeded on
polyurethane scaffolds. Biomaterials. 2012;33(4):1052–64.

193. Ferretti M, Madhavan S, Deschner J, Rath-Deschner B, Wypasek
E, Agarwal S. Dynamic biophysical strain modulates proinflam-
matory gene induction in meniscal fibrochondrocytes. Am J
Physiol Cell Physiol. 2006;290(6):C1610–C5.

194. Upton ML, Chen J, Guilak F, Setton LA. Differential effects of
static and dynamic compression on meniscal cell gene expression.
J Orthop Res. 2003;21(6):963–9.

195. Deponti D, Giancamillo AD, Scotti C, Peretti GM, Martin I.
Animal models for meniscus repair and regeneration. J Tissue
Eng Regen Med. 2015;9(5):512–27.

196. Di Matteo B, Perdisa F, Gostynska N, Kon E, Filardo G, Marcacci
M. Meniscal scaffolds—preclinical evidence to support their use:
a systematic review. The open orthopaedics journal. 2015;9:143.

197. Yamasaki T, Deie M, Shinomiya R, Yasunaga Y, Yanada S, Ochi
M. Transplantation of meniscus regenerated by tissue engineering
with a scaffold derived from a rat meniscus and mesenchymal
stromal cells derived from rat bone marrow. Artif Organs.
2008;32(7):519–24.

198. Zhang H, Leng P, Zhang J. Enhanced meniscal repair by overex-
pression of hIGF-1 in a full-thickness model. Clin Orthop Relat
Res. 2009;467(12):3165–74.

199. Gu Y, Wang Y, Dai H, Lu L, Cheng Y, Zhu W. Chondrogenic
differentiation of canine myoblasts induced by cartilage-derived
morphogenetic protein-2 and transforming growth factor-β1
in vitro. Mol Med Report. 2012;5(3):767–72.

200. Ishida K, Kuroda R, Miwa M, Tabata Y, Hokugo A, Kawamoto T,
et al. The regenerative effects of platelet-rich plasma on meniscal
cells in vitro and its in vivo application with biodegradable gelatin
hydrogel. Tissue Eng. 2007;13(5):1103–12.

201. Amable PR, Carias RBV, Teixeira MVT, da Cruz Pacheco Í, do
Amaral RJFC, Granjeiro JM et al. Platelet-rich plasma preparation
for regenerative medicine: optimization and quantification of cyto-
kines and growth factors. Stem cell research& therapy. 2013;4(3):67.

202. Everts PA, Knape JT, Weibrich G, Schonberger J, Hoffmann J,
Overdevest EP, et al. Platelet-rich plasma and platelet gel: a re-
view. Journal of ExtraCorporeal Technology. 2006;38(2):174.

203. Laver L, Marom N, Dnyanesh L, Mei-Dan O, Espregueira-
Mendes J, Gobbi A. PRP for degenerative cartilage disease. A
systematic review of clinical studies. Cartilage. 2016
1947603516670709

204. Marx RE. Platelet-rich plasma (PRP): what is PRP and what is not
PRP? Implant Dent. 2001;10(4):225–8.

205. Marx RE. Platelet-rich plasma: evidence to support its use. J Oral
Maxillofac Surg. 2004;62:489–96.

206. Anderson WF. Human gene therapy. Nature. 1998;392(6679):25.
207. Evans C, Ghivizzani S, Robbins P. Orthopedic gene therapy—lost

in translation? J Cell Physiol. 2012;227(2):416–20.
208. Kaufmann KB, Büning H, Galy A, Schambach A, Grez M. Gene

therapy on the move. EMBO molecular medicine. 2013;5(11):
1642–61.

209. Goto H, Shuler FD, Lamsam C, Moller HD, Niyibizi C, Fu FH,
et al. Transfer of LacZmarker gene to themeniscus. The Journal of
Bone & Joint Surgery. 1999;81(7):918–25.

210. Cucchiarini M, Schetting S, Terwilliger E, Kohn D, Madry H.
rAAV-mediated overexpression of FGF-2 promotes cell prolifera-
tion, survival, and α-SMA expression in human meniscal lesions.
Gene Ther. 2009;16(11):1363–72.

211. HidakaC, Ibarra C,Hannafin JA, Torzilli PA,QuitorianoM, Jen S-S,
et al. Formation of vascularized meniscal tissue by combining gene
therapy with tissue engineering. Tissue Eng. 2002;8(1):93–105.

212. Madry H, Cucchiarini M, Kaul G, KohnD, Terwilliger EF, Trippel
SB. Menisci are efficiently transduced by recombinant adeno-
associated virus vectors in vitro and in vivo. Am J Sports Med.
2004;32(8):1860–5.

213. Martinek V, Usas A, Pelinkovic D, Robbins P, Fu FH, Huard J.
Genetic engineering of meniscal allografts. Tissue Eng. 2002;8(1):
107–17.

214. Patel JM, Merriam AR, Kohn J, Gatt Jr CJ, Dunn MG. Negative
outcomes of poly (l-lactic acid) fiber-reinforced scaffolds in an
ovine total meniscus replacement model. Tissue Eng A.
2016;22(17–18):1116–25.

215. Jülke H,Mainil-Varlet P, Jakob RP, BrehmW, Schäfer B, Nesic D.
The role of cells in meniscal guided tissue regeneration a proof of
concept study in a goat model. Cartilage. 2015;6(1):20–9.

216. Zhu WH, Wang YB, Wang L, Qiu GF, Lu LY. Effects of canine
myoblasts expressing human cartilage‑derived morphogenetic
protein‑2 on the repair of meniscal fibrocartilage injury. Mol
Med Rep. 2014;9(5):1767–72.

217. HansenR, Bryk E, Vigorita V. Collagen scaffold meniscus implant
integration in a canine model: a histological analysis. J Orthop
Res. 2013;31(12):1914–9.

218. Esposito AR, Moda M, SMdM C, de Santana GM, Barbieri JA,
Munhoz MM, et al. PLDLA/PCL-T scaffold for meniscus tissue
engineering. BioResearch open access. 2013;2(2):138–47.

50 Regen. Eng. Transl. Med. (2017) 3:32–50


	Treatments of Meniscus Lesions of the Knee: Current Concepts and Future Perspectives
	Abstract
	Abstract
	Abstract
	Introduction
	Classification of Meniscus Lesions
	Degenerative Versus Traumatic Lesions
	Assessment and Classification of Meniscus Lesions

	Treatments of Meniscus Lesions
	Meniscectomy
	Meniscus Repair

	Substitution with Allografts
	Substitution with Commercial Scaffolds

	Tissue Engineering and Regenerative Medicine
	Conclusions
	References


