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Abstract: The menisci increase the contact area of load bearing in the knee and thus disperse
the mechanical stress via their circumferential tensile fibers. Traumatic meniscus injuries cause
mechanical symptoms in the knee, and are more prevalent amongst younger, more active patients,
compared to degenerative tears amongst the elderly population. Traumatic meniscus tears typically
result from the load-and-shear mechanism in the knee joint. The treatment depends on the size,
location, and pattern of the tear. For non-repairable tears, partial or total meniscal resection decreases
its tensile stress and increases joint contact stress, thus potentiating the risk of arthritis. A longitudinal
vertical tear pattern at the peripheral third red-red zone leads to higher healing potential after
repair. The postoperative rehabilitation protocols after repair range from immediate weight-bearing
with no range of motion restrictions to non-weight bearing and delayed mobilization for weeks.
Pediatric and adolescent patients may require special considerations due to their activity levels, or
distinct pathologies such as a discoid meniscus. Further biomechanical and biologic evidence is
needed to guide surgical management, postoperative rehabilitation protocols, and future technology
applications for traumatic meniscus injuries.

Keywords: meniscus tear; knee biomechanics; meniscus repair; sports medicine; orthopaedics;
knee rehabilitation

1. Introduction

The medial and lateral menisci are fibrous cartilaginous structures that serve to opti-
mize transmission of mechanical loading across the tibiofemoral joint [1-4]. The menisci
structures include an organized network of collagen, proteoglycan, glycoproteins, and
other cellular elements and are crucial to protect the integrity of the articular surfaces of
the knee during weight-bearing activities [2,5]. Meniscus injuries can result in mechanical
symptoms in the knee such as pain, joint locking, and swelling. Loss of meniscus function
can lead to accelerated development of osteoarthritis, which is particularly of concern in
younger, active patients [6,7]. The present review focuses on the surgical perspective of
treating traumatic meniscus injuries amongst such patients.

1.1. Anatomy of the Menisci

While the medial meniscus is C-shaped in appearance, the lateral meniscus is closer
to a circular shape, both of which help with their function. Although they are inde-
pendent structures, the medial and lateral menisci are connected by the transverse, or
inter-meniscal, ligament at the anterior aspect of the tibia. They are stabilized to the tibia
via the coronary ligaments with more rigid fixation focused on the medial meniscus. The
meniscofemoral ligaments, also known as the Ligament of Humphrey, and the Ligament of
Wrisberg, connect the menisci into the posterior cruciate ligament anteriorly and posteriorly,
respectively [3,8]. (Figure 1) One or more of these ligamentous attachments may be absent
in certain individuals who have anatomical variants.
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Figure 1. Normal anatomy of the menisci, with the C-shaped medial meniscus and O-shaped lateral
meniscus, and the inter-meniscal ligament (i.e., “transverse intermeniscal ligament”) anteriorly and
menisci roots attachment onto the tibial posteriorly along with ligaments attaching to the posterior
cruciate ligament (Ligament of Wrisberg posteriorly, and Ligament of Humphrey anteriorly—not
shown). (Courtesy from Greis et al. [4]).

It is necessary to understand the blood supply of the meniscus when addressing
meniscal pathology. The middle, medial inferior, and lateral inferior genicular arteries
supply blood to the periphery of the meniscus. Based on the perfusion of blood that flows
to the area, the meniscus width, from the periphery toward the center, are described as
the red-red zone, red-white zone, and white-white zone. This correlates with the ability
to receive sufficient blood flow, with the red-red zone having the highest concentration
of blood supply and the most likelihood of healing when injured. The white-white zone
receives its nutrients primarily through diffusion via the synovial fluid of the knee joint, and
having minimal blood supply heals very poorly [9,10]. Mechanical receptors are located in
the anterior and posterior horns of the menisci contributing to proprioception, while the
peripheral two-thirds contain type I and type Il nociceptive free nerve endings [9,11].

1.2. Clinical Biomechanics of the Menisci

The composition and structure of the menisci allows the transmission of joint loading
by expanding under compressive forces and increasing the total contact area of the joint.
The circumferential fibers provide hoop stress by converting axial compressive loading to
tensile stress. (Figure 2A) While the medial meniscus is more rigid, the lateral meniscus has
double the amount of excursion when under stress [2,12-15]. In the lateral compartment
of the knee, approximately 70% of the load is sustained by the lateral meniscus while
the cartilage directly sustains the remaining 30%; in the medial compartment, the medial
meniscus shares about 50% of the load [16]. The ligamentous attachments on the meniscus
to the tibia prevent peripheral extrusion under loading. The high frictional drag caused
by the low permeability of the meniscal extracellular matrix protects the cartilage from
high energies across the joint, as the articular cartilage is about six times as permeable [2]
and thus more susceptible to strain and injury under excessive loading. Without menisci,
the cartilage of the knee would undergo tremendous stresses leading to the accelerated
development of osteoarthritis [17] (Figure 2B).
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Figure 2. Biomechanical function of the meniscus, where: (A) Axial compressive forces from the
femur (Ffomy,) and tibia (Fypi,) during joint loading are converted into the circumferential “hoop”
direction (F.) that are resisted by the tensile stiffness of the circumferential collagen fibers and
are transferred into the horn attachments (Fatt). (B) This load transfer reduces the axial forces on
the underlying articular cartilage. (C) With a meniscus root avulsion or large-scale radial tear, the
hoop stress is lost and the axial forces are applied directly to the cartilage, the clinical equivalent of
a meniscectomy, and leads to cartilage osteoarthritis. (A) Courtesy from Dawn Elliott and Robert
Mauck; (B) and (C): (Courtesy from Itthipanichpong et al. [18]).

In addition to transmitting forces across the tibiofemoral joint, the menisci serve as
secondary stabilizers. Particularly, the posterior horn of the medial meniscus is the main
secondary stabilizer after the anterior cruciate ligament (ACL) to anterior translation of the
tibia in relation to the femur [12-14,16,19]. ACL sustains an increased in situ force of 33%
to 55% in the knee after medial meniscectomy [19]. When the meniscus is intact, they limit
excess motion of the knee in all directions.

The integrity of the meniscus is essential to its biomechanical function. While pathol-
ogy to the meniscus can occur to patients of all ages, the scope of this review focuses on the
traumatic meniscus injury and its management in the younger patient population.

2. Injury Mechanism and Classification of Traumatic Meniscus Tears
2.1. Epidemiology of Traumatic Meniscus Tears

Meniscus injuries are seen in a bimodal distribution between traumatic injuries in
younger patients, and oftentimes sports injuries in athletes, versus degenerative tears in the
older population [20,21]. While meniscal injuries in children under 10 years old are rare,
the incidence of meniscal tears in the adolescent population has been reported as 40-60
per 100,000 patients [6,22]. Recently, the incidence has risen significantly due to increased
sports participation and early specialization [6,23].

2.2. Injury Mechanism of Traumatic Meniscus Tears

Most isolated meniscus injuries occur as a result of rotational or shearing forces
placed across the knee joint during an increased axial load, namely the “load-and-shear”
mechanism. These commonly occur during twisting or pivoting moments to the knee with
the ipsilateral foot planted on the ground. They may also occur during an increased degree
of knee flexion, during kneeling or squatting, while rapidly accelerating or decelerating, or
while jumping [24,25], as well as through traumatic events such as motor vehicle accidents,
falling from a height, or a trampoline injury. Concomitant ligamentous injuries are not
uncommon. Although there is a higher incidence of medial meniscus tears overall, lateral
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meniscus tears are more prevalent in the setting of an acute ACL tear due to its commonly
associated pivot-shift injury mechanism where the lateral femoral condyle loads and shears
on the posterior tibial plateau, with the lateral meniscus in between the two [26].

2.3. Classification of Meniscus Tears

Meniscus tears are often classified by their location, position, size, and pattern, and are
treated differently based on these orientations. The location of the tear in the red-red, red-
white, or white-white zone can help determine if the tear has reasonable healing potential
for surgical intervention [27]. The position and size, whether it be at the anterior, middle,
posterior, or at the root, plays a role in the integrity of the stability that the meniscus
contributes to the knee joint itself [21].

Meniscus tear patterns are illustrated in Figure 3. Vertical, or longitudinal vertical,
tears occur in-line with the circumferential collagen fibers, thus leading to less deterioration
of the hoop stress mechanism. Smaller vertical tears may remain asymptomatic as the
biomechanics are not significantly disrupted; however, complete vertical tears have the
tendency to flip within the joint causing what is commonly known as a “bucket handle”
tear [28]. These tears may cause mechanical symptoms such as clicking, popping, or even
locking of the knee in flexion or extension resulting in limited knee range of motion (ROM).
Complete vertical tears may also compromise the ability to distribute axial loading properly.
Vertical tears are very common in the adolescent population, especially with a concomitant
ACL tear [12,19,25,29]. Horizontal tears split the meniscal body into an upper and lower
part. If a flap from one of the parts forms, also known as “leaflets”, the patient may present
with mechanical symptoms as well. Otherwise, they may remain almost asymptomatic
with low impact daily activities.

Radial tears occur in a perpendicular plane to the collagen fibers of the meniscus, thus
disrupting the hoop stress mechanism. Complete radial tears that extend to the menisco-
capsular junction, or greater than 90% of the width of the meniscus, lead to instability and
loss of mechanical functionality of the meniscus, and are thus biomechanically similar to
posterior root tears. Of note, radial meniscus tears up to 60% of the width may have less
detrimental effect on the load distribution in the compartment of the knee [30]. Oblique,
sometimes called parrot beak, tears give rise to large flaps of the meniscus. These flaps
are mechanically unstable and may also become caught within the joint during knee ROM.
Unfortunately, oblique tears have a tendency to propagate if not addressed surgically [31].
Complex meniscus tears are a combination of the above tear patterns.

Meniscal root tears can be defined as either a radial tear within 1 cm of the root
attachment, or a complete avulsion of the meniscal root from the tibia. If the meniscal roots
are torn, the stability of the entire meniscus is compromised and it is equivalent to a total
meniscectomy [14,18,32], which indicates the total loss of the biomechanical function of the
meniscus. (Figure 2C) For this reason, meniscal root tears in younger patients often benefit
from surgical repair, which mitigates the risk of osteoarthritis progression and restores
proper biomechanics to the knee joint.

Complex meniscus tears are any combination of the previously discussed meniscal tear
patterns and usually involve the majority of the width of the meniscus. Although commonly
seen in degenerative arthritic knees, these complex tears can result from propagation
of smaller, simpler traumatic tears in the younger population, and they are frequently
symptomatic [33,34].

2.4. The Discoid Meniscus

A discoid meniscus is an anatomical variant that presents in approximately 2-3%
of the general population in the US, albeit higher prevalence has been reported in other
countries [35]. The majority of these present in the lateral meniscus while the medial menis-
cus can have a discoid variant as well. The Watanabe classification system is commonly
used to describe three types of the discoid meniscus: stable, complete discoid meniscus that
covers the entire tibial plateau (type I), stable, partial discoid meniscus (type II), and unsta-
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ble discoid meniscus (type III) that typically lacks menisco-tibial attachment [36]. While a
discoid meniscus can remain asymptomatic, these typically become symptomatic before
adulthood and are thus commonly discovered and treated in pediatric facilities. Patients
more than 10 years old may present symptoms of knee locking, catching, swelling, limited
ROM, pain, and clunking sound from time to time more commonly with an unstable or torn
discoid meniscus. Patients younger than 10 years old may present with occasional knee
clunking and discomfort due to a relatively stable but complete discoid meniscus. A stable
discoid meniscus may be asymptomatic initially, with gradual development of symptoms
as the patient grows in age and size, and may eventually progress toward meniscus tears.
The tissue can be dysplastic across the whole discoid meniscus and not only at the portion
where the excessive tissue covers the tibial plateau [37,38].

Normal

CIONCLaNCy

Root detachment Horizontal Discoid
Fray Radial Verticle
Oblique Bucket handle Complex

Figure 3. Patterns of meniscus tears; note that vertical tears are also known as longitudinal vertical
tears; bucket handle tears result from an extensive vertical tear with or without other associated tear
patterns. (Courtesy from Shieh et al. [34]).

3. Surgical Management of Meniscus Tears

Treatment of traumatic meniscus tears should preserve the meniscus when possible,
especially in the young population. It is important to preserve the meniscus to maintain
joint congruency and load transfer, thus mitigating the risk of post-traumatic osteoarthritis.
Special considerations are taken depending on the location, tear pattern (morphology), and
chronicity of the meniscus tear [22,39]. Meniscal repairs have positive clinical outcomes in
the general population when performed for suitable tear patterns. Although there is limited
literature focusing on the pediatric population and current preference leans towards repair
versus meniscectomy when possible, in light of longer lifespans and more active lifestyles
for the younger population [22].

3.1. Surgical Techniques for Meniscus Repair

A number of repair techniques have been developed that can be categorized as in-
side-out, outside-in, and all-inside (Figure 4). The inside-out technique combines an
arthroscopic and an open technique. This involves passing sutures arthroscopically which
are then retrieved through the meniscus from an incision outside the capsule. These inside-
out techniques use double-armed sutures with mostly vertical mattress sutures due to
their higher strength, while needing horizontal mattress sutures periodically for anatomic
reduction. An incision in the posteromedial or posterolateral aspect of the knee is then
used to retrieve the sutures and tie them over the joint capsule avoiding neurovascular
structures [6]. The outside-in technique, on the other hand, involves passing sutures
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through the meniscus which are then tied over the capsule through a small incision where
the suture exits the skin. Lastly, the all-inside technique involves the use of suture anchors
through the arthroscopic portals without the need for an additional open approach to the
knee. In this case, the repair sutures are anchored and cinched toward a synthetic anchor
on the joint capsule or the edge of the meniscus. Alternatively, all-inside repairs can be
performed using various suture-passing devices through the arthroscopic portals [40].

All-inside and inside-out techniques are the most widely used and they have sim-
ilar repair strength biomechanically, as well as comparable clinical outcomes [21,41,42].
For anterior horn tears, the outside-in technique may provide better access to place the
sutures [27]; however, recent advances of meniscus repair implant design, or creative use
of suture-passing techniques, extends the application of the all-inside technique to a wider
range of tear patterns, including anterior horn tears while minimizing the risk of further
injury to the articular cartilage or the meniscus when passing the sutures [43].

Al
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Figure 4. Meniscus repair techniques of (A) inside-out repairs, classic technique for posterior horn to
mid-body tears: (A1) the sutures are passed from inside of the joint under knee arthroscopy, and (A2)
retrieved posterior to the joint capsule accessed via open incision; (B) outside-in repairs, suitable for
tears in the anterior horns: (B1) under knee arthroscopy, the sutures are passed from outside of the
joint, then (B2) retrieved from a separate portal back to the outside, and (B3) tied down to complete
the repair; (C) all-inside repairs with a suture-anchor construct, completed solely under arthroscopy
without additional incisions: (C1) passing the first limb of the sutures, (C2) passing the second limb,
and (C3) cinching the suture to complete the repair. (Courtesy from Yoon et al. [44]).

3.2. Considerations of Tear Locations

As described above, the location of a meniscal tear (e.g., red-red, red-white, or white-
white zones) is associated with healing potential. Since the meniscus carries higher vascu-
larity peripherally than centrally, tears in the peripheral-third red-red zone of the meniscus
have greater healing potential than those in the adjacent middle-third red-white zone, with
the least healing potential of tears in the most central-third white-white zone. Therefore,
peripheral tears are more amenable to repair rather than a partial meniscectomy [22]. In
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addition, younger patients may have a higher propensity of more peripheral tears as
well as possible greater healing potential compared to degenerative meniscus tears in the
elderly [45,46]. Therefore, a combined technique of partial meniscectomy for the central
portion of the tears and repair of tears in the more vascular zones may be utilized [6].

3.3. Considerations of Tear Patterns

Meniscus tear patterns have implications on the healing potential as well as the repair
technique [27]. Longitudinal vertical tears that are partial tears (not full-thickness) or
full-thickness but less than 10 mm in length may not require surgical repair due to better
mechanical stability. Unstable longitudinal vertical tears, including bucket handle tears
that occur in the vascular zone typically have reasonable healing potential; an inside-out
or all-inside repair with vertically stacked sutures can be used for better incorporation
into the repair [40]. In the setting of radial tears, the hoop stress is disrupted and the tear
commonly extends through both the peripheral and the central zones, resulting in lower
healing capacity and potentially a nonfunctional meniscus; when repair is attempted, a
combination of vertical and horizontal mattresses sutures may be necessary to provide
greater strength to the repair. This can be completed using an all-inside technique [40].
However, if these tears occur solely in the white-white zone, partial meniscectomy is
preferred [47]. Treatment of horizontal tears may include partial meniscectomy of the
unstable leaflets, or use of circumferential sutures may be a viable option. Meniscocapsular
separations may be treated with an all-inside or inside-out suture technique, similar to that
used for peripheral vertical longitudinal tears [48].

Treatment of meniscal root tears involves re-anchoring the meniscus root back to the
anatomic footprint if the root loses its “anchor” when completely or nearly completely torn
off its attachment to the tibia. In situ suture repair may be utilized for meniscal root tears of
smaller magnitude that does not detach the anchor. This is preferred over meniscectomy
for restoring meniscus function because biomechanically, losing the anchor of the meniscal
root equals total meniscectomy. The technique for repairing meniscal root tears involves
the use of transosseous sutures or suture anchors (Figure 5) [40,49].

Suture Fixation Suture Configuration

= E R

Simple Suture Locking Loop simple Cinch

"

Suture Anchor Transtibial Pull-Out

Figure 5. Surgical treatment of a meniscal root tear by (A) repairing meniscus root avulsion by
re-attaching the root to its tibia insertional footprint via a transtibial bone tunnel with suspensory
fixation on the bone cortex. (B) Utilizing various suture constructs to repair intrasubstance root
tear, or to create the pulling stitch for meniscal root repair as described above. Subpanels: the
(A1,B1) schematics, and (A2,B2) cadaveric demonstration photos, of the techniques. (Courtesy from
Bonasia et al. 2015 [49], Krych et al. [50]).

Further considerations are taken when meniscus tears occur with concomitant injuries
such as ACL injuries. There have been reports of pediatric patients with optimistic healing
potential with meniscus repair in the setting of ACL reconstruction. There has been a higher
rate of meniscus healing after repair with ACL reconstruction versus when repaired in
isolation, likely due to increased vascularity to the repair [6,22]. The mechanism behind
such augmented healing potential is still under investigation; hypotheses include a favor-
able biological environment with ACL tunnel drilling and possibly poorer quality of the
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meniscus in an isolated meniscus tear without an ACL tear, which can result from lower
traumatic energy [51-53].

3.4. Management of the Discoid Meniscus

Management of patients with a discoid meniscus depends on the spectrum of the
disease. Non-operative treatment is appropriate for asymptomatic patients. Symptomatic
patients typically have an unstable or torn discoid meniscus, or a combination of both,
which necessitate surgical interventions [6]. Younger patients less than 10 years old may
experience knee clunking and limited ROM even without the discoid meniscus being torn;
teenagers are more likely to experience more pain, swelling, and mechanical symptoms
from a torn discoid meniscus. Discoid menisci have less peripheral vascularity and less
ideal tissue quality compared to a normal meniscus, making the healing potential more
difficult. Previously surgical treatment involved total meniscectomy, which leads to good
clinical improvement in the short-term but degenerative changes in the compartment in the
mid-term [6,54]. Partial meniscectomy, or saucerization to a 6 to 8 mm remnant to preserve
the crescent, is preferred when the peripheral stability of the meniscus can be preserved.
If the remnant is unstable, peripheral meniscocapsular repair is necessary and may be
completed using an all-inside or inside-out approach. An all-inside approach may be more
difficult in younger patients with a smaller knee and extra caution should be utilized to
avoid injury to the posterior neurovascular bundles when penetrating the joint capsule, and
the articular cartilage when introducing the device into the joint [6,37,54,55]. Horizontal
cleavage tears are common in patients with a discoid meniscus which can be repaired if in
the peripheral red-red zone [6]. (Figure 6).

Figure 6. Surgical treatment of a discoid lateral meniscus: (A) A complete discoid meniscus that is
torn and formed an unstable flap, in addition to the absence of posterior menisco-capsular attachment,
probed under knee arthroscopy, (B,C) Debridement and resection of the torn flap using arthroscopic
tools (biters and motorized shavers), (D) further saucerization of the meniscus to approach the normal
C-shape, (E) stabilizing the meniscus using an all-inside meniscus repair technique, while (F) using
the stitch from the first repair construct as a pulling stitch to facilitate the passing of the second
all-inside repair construct, to finally achieve a stable meniscus.

3.5. Evolving Treatment for Meniscus Injuries

Due to the importance of meniscus integrity and function in the prevention of devel-
oping osteoarthritis, there have been techniques such as biologics application to stimulate
healing, and meniscus transplant to replace the unsalvageable meniscus, such as those
in settings of avascular tears, and inevitable large or total meniscectomies. There have
been optimistic reported clinical and imaging outcomes with the use of stem cells injected
into a collagen scaffold used during meniscus repair of regions with low vascularity [56].
Meniscus allograft transplantation (MAT) may be used in younger patients with significant
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meniscal deficiency or menisci deemed nonfunctional. Although more widely used in the
adult population, studies among the pediatric population demonstrate that MAT is an
option among this population with clinical improvement at least in the short-term after
surgery [57].

3.6. Outcomes after Surgical Treatment

Better outcomes may be associated with a carefully selected patient population who
have lower BMI (body mass index), minimal or no arthritic changes in the knee, normal
mechanical alignment of the lower extremity, less high impact activities, and the absence of
joint inflammatory diseases. [58-60] Postoperative rehabilitation protocols may have an
effect on the outcome.

4. Postoperative Rehabilitation

Patients with partial meniscectomy without meniscus repair may progress toward
early full ROM and full weight bearing as tolerated.

Currently there is not a single widely accepted post operative protocol after menis-
cus repair. Postoperative immobilization, restricted ROM, weight bearing, and exercise
progression have all been taken into consideration based on type of tear, location, and
surgical management [61]. The goal postoperatively is to protect the repair, without affect-
ing progress secondary to immobilization and disuse, which lead to stiffness and loss of
strength. There have been tested protocols of conservative treatment with early restricted
or non-weight bearing for up to six weeks and slow progression in ROM versus more
aggressive protocols of immediate full weight bearing with early ROM progressions [62].
Conservative management aims to protect the repair from shear forces that may result from
hamstring activation and increased loads to the meniscus from increased knee flexion for
up to 4 months with return to play delayed up to 4 to 6 months, while accelerated protocols
reports earlier knee flexion and earlier return to play within a 3 to 4 month period [63].

There were no significant differences in complication rates or functional outcomes in
a systematic review that included 798 patients, where 438 patients were treated with
a restricted rehabilitation protocol and 360 patients were treated with an accelerated
protocol [64]. Although the evidence is promising for the use of an accelerated postopera-
tive protocol, evidence of the effects of rotation and torsional forces as well as long-term
studies is limited [64]. Further systematic reviews have supported these conclusions with
comparable outcomes between the use of conservative versus accelerated protocols [62].
There is tremendous variability in repair techniques and rehabilitation protocols used
throughout the current literature, and therefore no single recommendation for rehabilita-
tion protocols can be made at this time without further prospective studies. There is also a
lack of literature regarding protocols controlling for the patient’s age [62,63]. Further, there
is lack of biomechanical evidence comparing various postoperative protocols regarding
the impact on repair integration. Based on the current literature, the use of a conservative
versus aggressive postoperative rehab protocol is surgeon- and patient-specific with no
consensus on the superiority of use of one over another.

5. Conclusions

The meniscus is a key structure in protecting cartilage against loading forces as well
as providing additional stability. In recent years there has been an increase in incidence
of meniscal tears among the pediatric and adolescent population due to increased activity
and sports specialization at a young age [7]. The importance of preserving the meniscus,
especially in the younger population, has been established due to the risk of post traumatic
arthritis and alterations of knee biomechanics with a compromised meniscus [40,65].

Surgical repair of the meniscus has been established as a viable option to restore knee
joint kinematics and prevent cartilage degradation.

Utilization of proper technique for surgical repair of meniscus tears among the younger
population is crucial to maintain proper knee kinematics and prevention of post traumatic
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arthritis. There is still the need for more high-level evidence regarding surgical manage-
ment and postoperative rehabilitation protocols after meniscus repair, particularly for
the pediatric population with traumatic meniscus tears. Future prospective studies with
long-term follow up as well as well-controlled biomechanical and biological studies would
allow for greater consensus and shed light on clinically effective treatment options for
young patients.
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