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Preface

As our understanding of the important role the meniscus plays in normal knee kine-
matics and function has evolved and numerous advances have been made with
respect to surgical techniques and instrumentation, the time is right for a compre-
hensive text on the management of meniscal pathology. We are extremely thankful
to all of the contributing authors for their hard work and to our families for their
consistent support, encouragement and love.

New York, NY, USA Laith M. Jazrawi, MD
Eric J. Strauss, MD
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Anatomy and Function

Samuel L. Baron and Laith M. Jazrawi

Introduction

Once believed to be an unnecessary vestige of human anatomy, the menisci play
many critical roles in the biomechanical functioning and long-term health of the
knee [1]. The word meniscus is derived from the Greek word méniskos, meaning
“crescent,” which seems appropriately named when viewing its horseshoe-shaped
structure.

History in Surgery

Sir Thomas Annandale performed the first documented meniscus surgery in 1885
by suturing together a torn meniscus for a patient with a “locked” knee [2]. Four
years later, he introduced and advocated for complete removal of the meniscus
instead of repair [3]. In the early twentieth century, and even later throughout, it was
commonplace to perform an open total meniscectomy on a patient with symptom-
atic knee pain or functional impairment secondary to meniscal pathology [4]. In
1942, McMurray advocated for the complete removal of meniscal tissues if there
was clinical evidence of posterior meniscus tear, even if the anterior structure was
observed to be intact during an open procedure. He even went on to claim insuffi-
cient removal of the meniscus was the cause of failed meniscectomy [5].

Although King suggested the amount of degenerative changes seen in the knee
was proportional to the amount of meniscus removed during meniscectomy in 1936
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[6], it wasn’t until 1948 when Fairbank first reported the radiographic evidence of
arthropathy following meniscectomy [7]. However, the field was slow to adapt, as
open total meniscectomy continued to be the standard approach through the mid-
twentieth century.

After its introduction in the 1960s by Ikeuchi [8], arthroscopic meniscectomy
replaced its open counterpart as a safer alternative with improved outcomes [9—12].
This change was enhanced by a shift from total to partial meniscectomy, encour-
aged by reports of decreased contact area and increased contact pressure in the knee
following meniscectomy [13, 14]. These practices have evolved into the modern
techniques that are used today in an effort to preserve as much of the meniscus and
its peripheral rim as possible in order to maintain the biomechanics of the knee
joint [15].

Structure and Histology

The meniscus is composed primarily of water (72%) and collagen (22%), with the
remaining components being a mixture of cellular tissue, elastins, glycoproteins,
and other non-collagenous proteins [16, 17]. The dry-weight composition of a nor-
mal human meniscus is roughly 78% collagen, 8% non-collagen proteins, and 1%
hexosamine [18]. The noncellular portion, or extracellular matrix (ECM), is pro-
duced by hybrid mesenchymal cells called fibrochondrocytes [19, 20]. As impli-
cated by their name, these cells are a phenotypic mixture of fibroblasts and
chondrocytes which are critical for the normal function and maintenance of menis-
cal tissue. Fibrochondrocytes within the meniscus are rich with endoplasmic reticuli
and Golgi complexes which aid in the manufacture and transport of extracellular
matrix. They typically contain few mitochondria, which suggests their main source
of energy is produced via anaerobic glycolysis [17].

Microscopic analysis of meniscal tissue is useful for assessing tissue cellularity
and matrix structure. Meniscal tissue may be stained with a traditional hematoxylin
and eosin stain to assess cell and tissue morphology; where cell nuclei will stain
blueish-purple and cartilage matrix will stain pink or, sometimes, blueish in areas of
higher proteoglycan content. Alternatively, Safranin O and Toluidine blue are cat-
ionic stains which may be used to better identify glycosaminoglycans and proteo-
glycans [21].

While the meniscus may appear grossly homogeneous, microscopically its cel-
lular structure varies throughout. Cells in the superficial layer of the meniscus are
fusiform, or spindle-shaped, and take on a fibroblastic nature. Conversely, cells of
the deep meniscal tissue can be ovoid or polygonal, and are naturally more chondro-
cytic. While cellular composition changes from superficial to deep portions of the
meniscus, cellular morphology does not change in respect to peripheral versus cen-
tral locations [22, 23].

As cellular composition of the meniscus varies, so too does the makeup of its
extracellular matrix. Type I collagen is the predominant collagen fiber type, making
up over 90% of extracellular protein. Types II, III, and IV make up the remainder of
the collagen content [18, 24]. A study of collagen content in bovine meniscal tissue
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found that the outer two-thirds of the meniscus is composed of over 99% type I col-
lagen, while the inner third is a mixture of 60% type II collagen, the major compo-
nent of articular cartilage, and 40% type I collagen [25].

Collagen fiber orientation changes throughout the cross-sectional surface of the
meniscus, depending on the function of each region. Based on fiber orientation,
meniscal ultrastructure consists of three distinct layers: a superficial layer, a lamel-
lar layer, and a deep layer (Fig. 1.1). The superficial layer is composed of randomly
oriented fibers that provide a smooth and lubricated surface for articulation. The
lamellar layer, immediately deep to the superficial layer, is also composed of ran-
domly oriented fibers and interspersed with radially oriented fibers. Lastly, fibers of
the deep layer are arranged circumferentially to provide tensile strength, especially
in the outer third of meniscal tissue [17, 26-28]. Overall, the majority of fibers are
arranged circumferentially, whereas radially oriented fibers can be found more in
the inner two-thirds of the meniscus. It is proposed that radial fibers help tie the
circumferential fibers together to prevent longitudinal splitting. Additionally, radial
fibers of the inner meniscus lay parallel to the articular surface to aid in dispersion
of axial loads [29].

Embryology

The paired menisci of the knee obtain their characteristic asymmetrical shape
between the 8th and 10th week of gestation. These structures arise from the conden-
sation of intermediate mesenchymal tissue that also forms attachments to the sur-
rounding joint capsule [30, 31]. Early in development, the menisci are highly
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cellular and vascularized. However, as embryological development progresses, the
menisci gradually become peripherally vascularized while cellular density is
reduced in exchange for greater collagen content. The collagen, which is initially
arranged in a circumferential orientation, is later enhanced by in utero and postnatal
joint motion and loading [31, 32].

Gross Anatomy

The knee contains a pair of asymmetrical menisci which are smooth, crescent-
shaped structures sandwiched between the femoral condyles and tibial plateau.
The medial meniscus, found in the medial compartment of the knee, is larger in
comparison to the matched lateral meniscus (Fig. 1.2). Their crescentic shape
extends circumferentially, surrounding the periphery of the medial and lateral
aspects of the knee joint. The meniscus is wedge-shaped in cross-section along
any point on its axis, which allows for the curved femoral condyle to stably and
congruently articulate with the tibial plateau. Multiple studies of intra-articular
mechanics have shown the menisci occupy roughly 60—70% of the total contact
area of the knee joint, thereby alleviating mechanical stress on articular cartilage
[33, 34].

Each meniscus is anatomically subdivided into the anterior root, anterior horn,
body, posterior horn, and posterior root. Anterior and posterior horns are anchored

Anterior

) Patellar ligament
Transverse ligament

Anterior
Cruciate ligament

Tibia

Tibial
Collateral Lateral
Ligament Meniscus
Fibular
. M s S Collateral
Medial meniscus <% A > £ Ligament

Posterior Fibula

Meniscofemoral ligament
Posterior cruciate ligament

Posterior

Fig. 1.2 Superior view of the tibial plateau showing menisci and ligaments of the knee
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Fig. 1.3 Superior view of
the tibial plateau showing
footprints of the medial
meniscus (MM), lateral
meniscus (LM), anterior
cruciate ligament (ACL),
and posterior cruciate
ligament (PCL)

to the tibial plateau by their respective anterior and posterior roots (Fig. 1.3). The
body of the meniscus is anchored to the joint capsule throughout its convex periph-
eral rim via the coronary ligament, with the exception of a segment of the lateral
meniscus near the popliteus tendon, which lacks fixation to the capsule. At the mid-
point of its body, the medial meniscus is also attached to the deep surface of the
medial collateral ligament. The peripheral rim is approximately 110 mm in circum-
ferential length for both the medial and lateral menisci [35].

Tibial Insertion Ligaments

Organized collagen fibers of the meniscus extend from the body to become part of
the anterior and posterior insertional ligaments. These ligaments contain transition
zones, where increasing stiffness and rigidity toward bony attachments reduce foci
of stress during loading. The importance of these ligaments was demonstrated in an
animal model, which showed osteochondral changes in the knee equivalent to those
of total meniscectomy at 6 and 12 weeks following transection of the anterior or
posterior insertional ligaments [36]. While all four ligaments insert onto subchon-
dral bone, each has a distinct footprint and bony landmark.

The fan-shaped anterior insertional ligament of the medial meniscus attaches the
anterior horn to the intercondylar fossa roughly 6-7 mm anterior to the attachment
site of the anterior cruciate ligament. The anterior insertional ligament of the lateral
meniscus also inserts onto the intercondylar fossa, lateral to the anterior cruciate
ligament, and somewhat anterior to the lateral intercondylar eminence.

The posterior insertional ligament of the medial meniscus inserts onto the inter-
condylar fossa between the posterior cruciate ligament and posterior attachment of
the lateral meniscus. In an anatomic study, Johannsen et al. described the posterior
root attachment of the medial meniscus to be 9.6 mm posterior and 0.7 mm lateral
to the apex of the medial tibial eminence [37]. With an insertion less defined than its
medial meniscal counterpart, the posterior insertional ligament of the lateral
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meniscus inserts between the posterior slope of the lateral intercondylar eminence
and posterior attachments of the medial meniscus. It was described by Johannsen to
be 1.5 mm posterior and 4.2 mm medial to the apex of the lateral tibial emi-
nence [37].

Intermeniscal Ligament

Unlike the paired insertional ligaments, there is only one intermeniscal ligament.
This anterior structure, also known as the transverse geniculate ligament, serves to
connect anterior horns of the medial and lateral menisci (Fig. 1.2). One cadaveric
study by Kohn and Moreno, and another by Nelson and LaPrade, found the inter-
meniscal ligament to be present in 64% and 94% of knees, respectively [35, 38].
While the presence of the ligament is variable, its functional significance remains
unknown.

Nelson and LaPrade went on to describe variations the ligament’s attachment
pattern. Type I, found in 46% of specimens, was deemed a true anterior intermenis-
cal ligament and linked the anterior horn of the medial meniscus to the anterior
border of the lateral meniscus. Type II intermeniscal ligaments were found in 26%
of specimens and passed from the anterior horn of the medial meniscus to the deep
surface of the anterior joint capsule. Finally, type III intermeniscal ligaments, which
were found in merely 12% of specimens, passed from the anteromedial joint cap-
sule to the anterolateral joint capsule [38].

Meniscofemoral Ligaments

There are two fibrous bands connecting the posterior horn of the lateral meniscus to
the lateral portion of the medial condyle within the intercondylar notch of the femur
[39]. These structures were first identified by Radoievitch, who coined the term
“meniscofemoral ligaments” [40] (Fig. 1.4). The meniscofemoral ligaments were
believed to be vestigial structures, however, recent biomechanical studies have dis-
covered they act similarly to the posterior bundle of the PCL, and may also act as
secondary resistors to posterior tibial drawer [41, 42].

Each of the two ligaments are named for their positioning with respect to the
PCL. The anterior meniscofemoral ligament (aMFL), also known as the ligament of
Humphrey, courses anterior to the posterior cruciate ligament and is often confused
for the PCL during arthroscopy [43]. The two can be differentiated by pulling on the
aMFL, while observing the posterior horn of the lateral meniscus. In a cadaveric
study, the ligament of Humphrey was described as being up to one-third the size of
the PCL [44]. Another cadaveric study of 92 knees found the aMFL to be present in
roughly 50% of specimens [35].

The posterior meniscofemoral ligament (pMFL), also known as the ligament of
Wrisberg, runs posterior to the PCL. The insertion of this ligament is in close prox-
imity to that of the PCL at the medial intercondylar notch and, at times, the fibers of
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Fig. 1.4 Posterior view of the knee showing anterior and posterior meniscofemoral ligaments

both ligaments may be intermingled [45]. The ligament of Wrisberg is often larger
than the ligament of Humphrey, described as being up to half the size of the PCL
[44]. Kohn and Moreno found the ligament of Wrisberg to be present in 76% of
cadaveric specimens, while Heller and Langman similarly described the pMFL to
be present in 71% of 140 knees [35, 44].

The presence of the anterior meniscofemoral ligament is not necessarily
associated with presence of the posterior meniscofemoral ligament, and vice
versa. Overall, the ligament of Wrisberg is present more often than not, found
to be present in 84%, 80%, and 64.4% of cases in three individual MRI-based
studies. These same studies found the ligament of Humphrey in 15.8%, 4%,
and 11.8% of patients [46—48]. Both ligaments can be found more frequently
in males, reported at 67.8% for the aMFL and 74.6% for the pMFL, while
females were found to have an aMFL in only 32.3% of cases and a pMFL in
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25.4% of cases [48]. Additionally, the prevalence of at least one meniscofemo-
ral ligament is significantly higher in younger knees than in older ones [47,
49]. On imaging, the Wrisberg ligament is thicker and easily identified on cor-
onal sections, while the thinner ligament of Humphrey is best visualized in
sagittal sections [46, 48].

In addition to the anterior and posterior meniscofemoral ligaments, structures
connecting the menisci to the femur and other surrounding structures have been
identified, although they are found much less frequently. The anteromedial
meniscofemoral ligament originates from the anterior horn of the medial menis-
cus and inserts onto the intercondylar area of the femur, while the anterolateral
meniscofemoral ligament originates from the anterior horn of the lateral menis-
cus and inserts onto the same intercondylar area. One study, which reviewed over
2500 arthroscopic knee surgeries, successfully identified an anteromedial menis-
cofemoral ligament in 13 (0.52%) cases [50]. In addition to these ligaments,
fibrous bands from the lateral aspects of the distal pole of the patella insert them-
selves onto the anterior tibia and anterior horns of the meniscus. These patello-
meniscal ligaments (PML), specifically the medial PML, aid in pulling the
meniscal horns anteriorly during knee extension, thereby preventing patellar sub-
luxation [51].

Vasculature

The meniscus is highly vascularized in utero and at birth; however, it becomes pro-
gressively less perfused throughout child development [31]. By the second year of
life, the inner circumference of the meniscus becomes avascular. Vascularity
regresses to the outer third of the meniscus by age 10, at which point it reaches
vascular maturity, leaving the middle two-thirds largely avascular [52]. This phe-
nomenon is attributed to kinematics and weight-bearing which disrupt vascular
structures of the inner two-thirds of the meniscus [31, 32].

Blood supply to the peripheral meniscus originates from the medial, lateral, and
middle geniculate arteries [32, 53]. Policard was the first to identify the perimenis-
cal capillary plexus, which surrounds the peripheral surface of the meniscus and is
formed from smaller anastomoses of the popliteal artery [32, 54]. The anterior and
posterior horns are most generously supplied with blood via radial branches of the
perimeniscal capillary plexus, while the remainder of the periphery is also supplied
by radial branches, but less richly so [55]. In fact, merely one-quarter of meniscal
periphery receives an adequate blood supply to foster healing, while the remainder
relies purely on diffusion of nutrients through the synovial fluid [32]. Of note, the
periphery of the adult medial meniscus is slightly more vascularized (10-30%) than
the lateral meniscus (10-25%) [53].

The meniscus can be divided into three distinct zones by the extent of their vas-
cularization: a red—red zone in the periphery, an intermediate red—white zone, and a
central avascular white—white zone (Fig. 1.5). As one might expect, healing capac-
ity of each zone is directly proportional to its vascular supply. Therefore, injuries
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Fig. 1.5 Vascular zones of red-white zone
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within the inner white—white zone are far less likely to recover than those of the
peripheral red—red zone. Furthermore, the white—white zone is more susceptible to
degenerative and posttraumatic lesions [32].

Function

The meniscus is responsible for many functions within the knee joint as it plays criti-
cal roles in load-bearing, load transmission, absorption of forces, joint lubrication, and
nutrition of articular cartilages [56-58]. When examining meniscal tissue via electron
microscopy, Bird and Sweet observed channels running throughout the avascular por-
tions of the deep meniscus and opening to the surface [59]. It is believed that these
canals play an important role in fluid transport within the meniscus to carry nutrients
from blood and synovial fluid to avascular meniscal tissues [60].

Axial forces are placed on the menisci from the curved femoral condyles and flat tibial
plateaus. The meniscus must withstand different types of forces including shear, tension,
and compression. As form follows function, its wedge shape allows the meniscus to sta-
bilize the mismatched articular surfaces of the femoral condyles and tibial plateaus [61—
63]. This shape, aided by the meniscus’ horn-like attachment sites, acts to convert vertical
compressive forces into horizontal hoop stress. As they are compressed and deformed
radially, fibers within the meniscus must also resist shear forces [34, 63, 64].

Normal human menisci occupy approximately 60% of the contact area within the
knee. While the amount of force they transmit is dependent on joint positioning, the
menisci transmit over 50% of the axial force applied while in full extension [33, 65].
As the knee is flexed, contact area between the bones of the knee decreases and the
menisci transmit a progressively higher amount of the axial load [66]. In full flex-
ion, the lateral meniscus transmits 100% of axial loads in the lateral compartment,
while the medial meniscus transmits approximately 50% of medial loads [34]. In
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compression, the meniscus can withstand axial forces with an aggregate modulus of
100-150 kPa [67]. As a result of ultrastructure and collagen alignment, the tensile
strength of the meniscus is roughly tenfold stronger in the circumferential orienta-
tion in comparison to the radial orientation. When comparing radially and circum-
ferentially oriented samples of human menisci, Tissakht and Ahmed showed that the
meniscus has a circumferential tensile strength with an average elastic modulus of
82.98-111.66 MPa versus 9.94—11.64 MPa for radial specimens [58]. The dynamic
shear modulus of the meniscus is approximately 120 kPa, one-fourth to one-sixth
that of articular cartilage [68].

The functional and kinematic importance of the meniscus is readily apparent
when contact pressures of the knee are examined following varying degrees of men-
iscectomy. In a cadaveric study, Paletta et al. reported a 50% decrease in total con-
tact area and subsequent 300% increase in peak contact load within the knee
following total removal of the lateral meniscus [69]. Similarly, Lee et al. measured
contact pressure in the medial compartment following varying degrees of posterior
medial meniscectomy. They found reduction of 50% of the radial width of the pos-
terior medial meniscus resulted in significantly higher peak contact stress. These
findings were consistent at 0, 30, and 60 degrees of flexion. Furthermore, each serial
reduction in meniscal tissue resulted in additional increases in tibiofemoral peak
contact pressure [70].

Clinically, removal of meniscal tissue has been associated with cartilage deterio-
ration and progression to osteoarthritis. In the late 1960s, a series of outcomes stud-
ies were the first to show that total meniscectomy resulted in a significantly higher
incidence of radiographic osteoarthritis (OA) when compared to control groups [71,
72]. Later, a cohort study estimated patients with total meniscectomy were six times
more likely to develop OA of the knee [73]. Since partial meniscectomy was shown
to result in lower rates of developing OA in comparison to total meniscectomy [74],
there has been a general consensus among the orthopedic community that maxi-
mum preservation of meniscal tissue is ideal [75]. However, as meniscus tears them-
selves have also been associated with a greater risk of developing OA, there is
controversy surrounding optimal management of meniscal pathology [76]. The risk
of OA in the setting of a meniscus tear is likely a result of increased tibiofemoral
contact pressure. In a biomechanical model, Lee et al. tested five serial posterior
medial meniscectomy conditions. A human cadaveric knee was tested with the
medial meniscus intact, 50% radial width, 75% radial width, segmental, and total
meniscectomy. All conditions resulted in significantly increased contact pressures
compared to the intact meniscus state [77].

Summary

The meniscus is a crescent-shaped, fibrocartilage structure that plays many impor-
tant roles in the knee. Its anatomic and biomechanical structure are closely related
to its function. Deleterious effects of meniscal pathology are often observed in the
knee and stress the importance of meniscal tissue conservation in this structure,
which has a limited capacity for healing.
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Guillem Gonzalez-Lomas and Kamali Thompson

Epidemiology

Meniscal injury is the most common intra-articular knee pathology with a preva-
lence of 60—70 per 100,000 people [1-4], and arthroscopic partial meniscectomy is
the most common procedure performed by orthopedic surgeons [5-7]. Several stud-
ies have shown one-third of meniscal injuries result from a sports-related activity
[8]. Within sports, most meniscus injuries are caused by noncontact injuries, specifi-
cally from mechanisms including cutting, decelerating, or landing from a jump [9].

In a 10-year epidemiologic study, Majewski et al. found ski accidents and soccer
injuries were responsible for the majority of injury to all knee structures, including the
meniscus [3]. Additional high-risk activities for lateral meniscus injury included hand-
ball and dance, and for medial meniscus injury included tennis and jogging [3]. Within
this study, 84% of patients with meniscal injury required surgical intervention [3].

Gender has been found to be a risk factor for meniscal injury, with males having
a 2.5-4 times higher risk than females. This may relate to differential participation
in sports and differences in daily activity and occupation [8]. The etiology and clas-
sification of meniscal injury are generally specific to age [7, 10, 11]. Most meniscus
tears occur between the ages of 20-39 [3, 12-14]. Meniscal injury in children is
commonly caused by trauma, discoid meniscus, or meniscal cysts [15]. Traumatic
lesions are seen more commonly in younger, more active patients. Degenerative
lesions are commonly seen in older patients.

In sports-related internal knee trauma, the medial meniscus is more affected,
with a 3:1 ratio of medial to lateral meniscal tears [3]. Anatomically, several differ-
ences between lateral and medial menisci may explain the difference in injury
occurrence [16]. The medial meniscus is more constrained within the medial
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compartment, whereas the lateral meniscus accommodates motion during knee flex-
ion [15]. The medial meniscus also experiences more force during weight-bearing
movements. These characteristics lead to more stress on the medial meniscus during
high-impact and torque knee stresses [17, 18]. While medial meniscus tears are
more common in an older patient population, lateral meniscus tears are more com-
mon in younger patients [16]. Lateral meniscal tears are more frequent in the setting
of acute anterior cruciate ligament (ACL) injury, with an incidence ranging from
51% to 72% [19]. This occurs because the lateral meniscus plays an important role
in knee stability during the pivot shift mechanism of injury [20].

The peak incidence of traumatic meniscal tears is seen from age 21 to 30 in men
and 11 to 19 in women [8, 19, 21, 22]. There may be a correlation between age and
injury location. Englund et al. found that 63% of isolated lateral tears were in
patients under 20 years old, while 52% of isolated medial tears were in patients
above 30 years old. Overall, they identified the prevalence of medial meniscal injury
increases with age, present in 50% of adults over 70 years old, suggesting a degen-
erative etiology [23].

Classification

Meniscus tears are commonly described by orientation: longitudinal/vertical, hori-
zontal, and radial. A combination of tear patterns is often referred to as “complex.”
Displacement should be noted, as well as specific patterns including bucket handle
tears (displaced vertical tears involving a significant amount of meniscus with
potential for the torn fragment to flip in and out of the intercondylar notch like a
bucket handle) [24]. Orientation is generally linked to etiology (Fig. 2.1), with lon-
gitudinal and radial tears resulting from an increased force on a healthy meniscus,
and horizontal tears resulting from degeneration [25-27]. Identification of the tear

Fig.2.1 Classification of
meniscus tears Bucket handle
Longitudinal

Oblique/
parrot beak
= |

e W



2 Epidemiology and Classification 17

pattern impacts operative planning and prognosis [28]. Reparability parameters
include the location of the tear with respect to blood supply and healing potential,
its orientation, size/length, and chronicity.

Traumatic Tears

During a traumatic event resulting in a tear, the meniscus becomes trapped between
the femoral condyle and the tibial plateau while experiencing high forces [29].
Collagen fiber separation ensues either vertically and parallel, creating a longitudi-
nal tear, or vertically and perpendicular, creating a radial tear [29]. Traumatic tears
can also be classified as stable or unstable [30].

Longitudinal Tear

Longitudinal tears are perpendicular to the tibial plateau, following the circum-
ference of the meniscus, and separate the meniscus into two portions: central and
peripheral [24, 31]. Unlike horizontal and radial tears, these tears do not involve
the free edge of the meniscus [24]. However, longitudinal tears may have fluid
present, or an irregular outline on the peripheral posterior edge [32]. Usually,
longitudinal tears include the peripheral third of the meniscus and posterior horn
of the medial or lateral meniscus [24]. The medial meniscus is the most common
site, with 75% of longitudinal tears occurring in the posterior horn of the medial
meniscus [33].

Tears less than 1 cm and incomplete tears in the peripheral vascularized area
have the ability to heal spontaneously [34]. Surgery is not indicated for asymptom-
atic patients or patients who are not physically active [34]. As meniscal repair is
preferred for healthy tissue in vascularized zones, tears in the vascular periphery are
repaired, not resected [34].

Radial Tear

Radial tears are perpendicular to the tibial plateau and long axis of the meniscus
(Fig. 2.2) [24]. These tears divide the meniscal circumferential fibers [24]. Unlike
longitudinal and horizontal tears, radial tears disrupt meniscal hoop strength, result-
ing in substantial loss of function and potential meniscal extrusion [24]. Meniscal
extrusion occurs when the peripheral margin of the meniscus extends 3 mm or more
beyond the edge of the tibial plateau [24]. Extrusion exposes the articular surfaces
to increased contact stress as the femoral condyles and tibial plateaus interact with
each other to higher degree throughout knee flexion and extension [35]. Excessive
contact can lead to overload and further damage to the articular cartilage, worsening
degeneration [35].

Radial tears represent 15% of meniscus tears, with 79% of tears occurring in the
posterior horns [35-37]. Radial tears are frequently located at the junction of the
posterior and middle thirds of the medial meniscus or near the posterior attachment
of the lateral meniscus [21]. Small radial tears may be subtle and missed. Radial tear
extension to the peripheral zone can make the meniscus incompetent [30]. Repair of
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Fig. 2.2 Arthroscopic
view of a radial tear

Fig. 2.3 Arthroscopic
view of a meniscus
root tear

this tear pattern can restore hoop strength and function [34]. However, the typical
avascular white—white zone location of these tears may preclude repair and neces-
sitate a partial meniscectomy [24, 34].

Root Tear

Meniscus root tears are radial tears, specifically bony or soft tissue root avulsions
injuries, located within 1 cm from the meniscal attachment, and can have either
traumatic (e.g., squatting) or degenerative etiologies (Fig. 2.3) [38—44]. Several risk
factors have been associated with medial meniscal posterior roots tears, including
varus alignment, increased age, high BMI, and female sex [45—48].
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Medial root tears are more common and are 5.8 times more likely to have con-
comitant chondral defects [49]. However, lateral root tears are 10.3 times more likely
to occur with an acute ACL injury than medial tears [49]. Root tears, especially
medial tears, have a close association with extrusion [39, 50]. Repair should be
attempted to prevent further damage [43]. Conservative treatment is reserved for
elderly patients or patients with mild to moderate osteoarthritis [43]. Patients with
advanced osteoarthritis, who have failed conservativce management, and who com-
plain of persistent mechanical symptoms, may benefit form partial or subtotal men-
iscectomy [43].

Bucket Handle Tear

Bucket handle tears can either be traumatic or degenerative, but usually present
after high velocity accidents [51]. These tears represent 10% of meniscus tears [51].
A bucket handle tear occurs when the longitudinal tear creates fragments and the
inner segment fragment migrates centrally while maintaining a connection to the
anterior and posterior horns, creating a handle appearance (Fig. 2.4) [24, 52]. Bucket
handle tears occur unilaterally, either in the medial or lateral meniscus, rarely in
both simultaneously [51]. These tears occur seven times more in the medial menis-
cus than the lateral meniscus [51].

Degenerative Tears

Degenerative lesions, associated with older age and osteoarthritis, are a result of
repeated loads causing microtrauma to the meniscus [53]. Degeneration can lead to
horizontal tears, complex tears, and oblique or flap tears [11, 19, 54]. The meniscus
experiences various changes after age 40, including a decrease in cellularity and
vascularity, as well as an increase in pro-inflammatory cytokines [55-58]. These
transformations make the meniscus more susceptible to rupture [56]. Notably,

Fig.2.4 (a) Arthroscopic view of meniscus bucket handle tear (b) Reduction of bucket handle tear
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almost two-thirds of patients with degenerative tears also have an asymptomatic tear
in the contralateral knee [59].

Horizontal Tear

A horizontal tear, or cleavage tear, is parallel to the tibial plateau, can involve either
the articular surfaces or the central free edge, extend toward the periphery, and
separates the meniscus into two fragments: a superior and inferior fragment
(Fig. 2.5) [24, 60]. Horizontal fissures are generally stable even with the creation
of separate fragments that generally move into surrounding recesses [24, 60, 61].
Complete horizontal tears that extend to the periphery may result in the formation
of a parameniscal cyst due to new access to joint space and fluid [62]. The posterior
horn of the medial meniscus is the most common location of horizontal cleav-
ages [23].

Horizontal tears represent 32% of meniscus tears [63]. Due to the overall stabil-
ity of this tear configuration, 60% of patients do not experience mechanical dys-
function and remain asymptomatic [30]. Horizontal tears typically extended into the
avascular zone, affecting prognosis and ability to heal [64]. Repair can be consid-
ered in patients younger than 50 with no signs of arthritis [65]. Patients who are not
appropriate candidates or patients with multiplanar tears with avascular flaps are
treated with partial meniscectomy [65].

Complex Tears

Complex tears are seen in conjunction with degenerative joint changes [15]. A com-
plex tear consists of two or more of the following tears: radial, horizontal, or longi-
tudinal [24]. Complex tears give the meniscus a fragmented appearance and extend
into more than one plane, most frequently in the posterior horn and midbody
(Fig. 2.6) [21, 24]. Complex tears can be treated with repair or partial meniscectomy.

Fig. 2.5 Arthroscopic
view of a complex tear
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Fig. 2.6 Arthroscopic
view of an oblique tear
with a horizontal
component

Fig. 2.7 Arthroscopic
view of an oblique tear

However, most of these tears form part of the presentation of degenerative joint dis-
ease, and isolated management of the meniscus will not alleviate arthritic symp-
toms [66].
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Oblique

Oblique tears are vertical tears that extend toward the anterior horn of the
meniscus, involving the entire meniscus. They are frequently located at the
junction of the posterior and middle thirds of the meniscus (Fig. 2.7) [21].
Oblique tears can be further classified into flap or parrot beak tears. Flap tears
are partially detached, unstable fragments of horizontal tears that produce
mechanical symptoms [67, 68]. Parrot beak tears are radial tears with partially
detached fragments, connected in one plane and displaced in another plane
[68]. Oblique tears are treated with resection to regain stability and reduce
mechanical dysfunction [67].

Displaced

Displaced tears occur when a portion of the meniscus separates and becomes a flap
or fragment [52]. Identification of the flaps or fragments are vital as retention can
lead to knee locking, discomfort, and pain [24]. Fragments are most likely to be
found in the superior meniscal recess, inferior meniscal recess, or intercondylar
notch [52]. It is six to seven times more likely for fragments to displace from the
medial meniscus than the lateral meniscus [69]. Medial fragments are more likely to
migrate to the posterior aspect of the intercondylar notch and the medial paramenis-
cal recess [52]. Lateral fragments, rare and more difficult to diagnosis, are likely to
migrate to the lateral recess or intercondylar notch [19, 52, 70]. Repair of fragments
can be performed if they are in the healing zone. Resection is performed for irrepa-
rable fragments [51].

Pediatric Tears

Discoid

A discoid meniscus is a congenital abnormality, creating a hypertrophic, unstable
lateral meniscus with poor tissue quality [71]. In comparison to normal meniscus,
discoid menisci are thicker, have less vascularity, and decreased number of col-
lagen fibers, weakening the meniscus [72]. Discoid menisci also cover a larger
area of the tibial plateau and in some cases cover the entire lateral plateau [71].
Watanabe classified discoid meniscus into Type I, Type II, and Type III [73]. Type
I discoid menisci have a semilunar shape and a normal posterior attachment that
cover less than 80% of the lateral tibial plateau [73]. Type II discoid menisci com-
pletely cover the lateral tibial plateau and have a normal posterior attachment
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Fig. 2.8 Incomplete
discoid lateral meniscus
with parrot beak tear

[73]. Type III discoid menisci, Wrisberg menisci, lack the posterior meniscotibial
attachment to the tibia [73].

Discoid menisci can cause pain and mechanical symptoms in younger children
and present as a tear in older children [71, 74]. Children requiring operative treat-
ment undergo arthroscopic partial central saucerization to revert the meniscus to a
normal structure (Fig. 2.8) [74-78].

Conclusion

Meniscus tears are commonly seen on advanced imaging. It is critical to accurately
classify the tear in order to develop a treatment plan. The decision between menis-
cus repair versus debridement is determined based on a constellation of factors
including age, chronicity, size, location, and orientation.
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Meniscal Pathology: Presentation 3
and Diagnosis

Matthew J. Gotlin and Mehul R. Shah

Clinical Presentation

Meniscus pathology can present in many different ways, depending on the patients’
age and mechanism of injury. Tears of the meniscus are common, can represent up
to 11% of all acute knee disorders, and may represent up to 31% of all chronic knee
disorders [1]. Symptomatic meniscal tears are a leading cause of visits to a health-
care provider [2, 3].

In younger adult patients there is frequently a traumatic etiology, usually caused
by a twisting mechanism. There is immediate onset of knee pain, commonly at the
joint line, with associated knee effusion. The knee effusion is usually mild to mod-
erate and may take 12-24 hours to declare itself. If a patient develops a large effu-
sion immediately after the injury, one must be concerned about a concomitant
anterior cruciate ligament (ACL) rupture. Acute rupture of the ACL is associated
with meniscal tears in up to 73% of patients and usually involves the lateral menis-
cus, while chronic ACL tears are usually associated with medial meniscal tears [4].
Range of motion of the knee may also be limited after a meniscal tear. It is impor-
tant to distinguish loss of motion due to pain and hemarthrosis versus a mechanical
block. If a patient presents with grossly reduced range of motion, a knee aspiration
can be performed to help with diagnosis. If range of motion of the knee does not
improve after evacuation of the hemarthrosis, then a flipped bucket-handle menis-
cus tear may be suspected and warrants immediate attention and further work up.

Mechanical symptoms are common in meniscal tears, specifically longitudinal
or buckle-handle medial meniscal tears. Mechanical symptoms include catching,
popping, and locking. The traditional emphasis on the value of mechanical symp-
toms in the diagnosis of symptomatic meniscal tears may have limited utility in
middle-aged and older patients with knee pain [3]. In this patient population,
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Table 3.1 Types of meniscal tears

Acute Degenerative
Age 2045 years old >45 years old
Etiology Trauma, twisting injury “Wear-and-tear,” remote trauma
Pain Immediate onset Intermittent, gradual onset
Swelling Mild to moderate Intermittent, activity dependent
Mechanical symptoms + +/—
Associate injuries ACL ruptures, chondral injury Knee osteoarthritis, chronic ACL tears

localized knee pain lasting <1 year favored the diagnosis of meniscal tear. It is
important to note that locking is not pathognomonic of bucket-handle tears but they
should raise your suspicion. Locking can also occur secondary to loose bodies,
patella maltracking, and articular cartilage defects.

Patients over the age of 45 usually have meniscal tears that are degenerative
in nature [5]. Degenerative meniscal tears present differently than acute tears
(Table 3.1). These patients may have a remote history of a twisting injury or
trauma, but often they are unable to recall an inciting event. They usually have
pain with activities in their daily life and may have intermittent swelling and
pain. These episodic effusions, which usually improve with rest, ice, and anti-
inflammatories, can however progress to cause significant disability. It is often
difficult to distinguish pain related to meniscal tears versus degenerative joint
disease in this patient population. Patients with meniscal tears usually have faster
progression of symptoms, more localized pain, and they may have mechanical
symptoms.

Meniscal Root Tears

Meniscal root tears can be challenging to diagnose because they don’t typically
present with the same signs of symptoms of a meniscal body tear. Patients with
posterior root tears may report posterior knee pain, but mechanical symptoms such
as locking, catching, or giving way are less likely to be present [6]. They may also
experience pain during knee flexion, specifically squatting. Meniscus root injuries
are not typically associated with a traumatic event, but some patients report minor
trauma. Meniscal root tears are commonly seen in patients with degenerative
arthritis.

Children and Adolescents

The incidence of meniscal tears in children and adolescents is growing, likely sec-
ondary to increased participation in sports. Diagnosing meniscal pathology in this
age group can be challenging. In general, these injuries can occur be divided into
two categories: discoid meniscus tears and nondiscoid meniscus tears.



3 Meniscal Pathology: Presentation and Diagnosis 29

The torn nondiscoid meniscus usually occurs secondary to a traumatic twisting
injury and results in medial or lateral knee pain. The pain is usually activity related
and improves with rest. Swelling, mechanical symptoms, and giving way may also
be present. Medial meniscus tears are more common in this age group. Meniscal
tears have been noted in 47% of preadolescents (aged 7—12 years) and in 45% of
adolescents (aged 13—18 years) with acute traumatic hemarthrosis [7]. However, in
children, other diagnoses can mimic the presentation of meniscal tears, such as
osteochondritis dissecans (OCD), patellofemoral syndrome, unstable Wrisberg
variant discoid meniscus, pathologic plica, loose body, and osteochondral injury [8].

A discoid meniscus in children can often lead to Snapping Knee Syndrome. This
usually presents in children under 10 years of age, and they complain of intermit-
tent, dramatic popping and snapping within the knee. These episodes can occur
spontaneously, usually as the knee moves from flexion to extension and may lead to
pain and apprehension. In very young children (aged 3—4 years), the snapping is
usually asymptomatic, whereas older children (aged 8—10 years) more commonly
experience pain with activity [9]. As they are more common laterally, patients usu-
ally have lateral side knee symptoms.

Key Points

e Mechanical symptoms are more common in longitudinal tears or bucket-handle
medial meniscal tears.

e Locking is NOT pathognomonic of bucket-handle tears: They can also happen
with loose bodies, patella maltracking, or articular cartilage defects.

e Degenerative meniscal tears may not have history of any trauma.

Physical Exam

Evaluation begins with basic physical exam principles of inspection, range of
motion, palpation, and strength testing. The physical examination should include
the entire affected extremity, including a thorough hip and back exam, as well as a
comparative exam of the unaffected contralateral knee.

Inspection

Patients with acute meniscal tears often present with an effusion, although the
absence of an effusion does not rule out a meniscal tear. One must be suspicious
about a concomitant intra-articular ligamentous injury if the hemarthrosis is
very large. In contrast, degenerative and meniscal body tears usually do not
cause hemarthrosis. Repeat displacement of a pedunculated or extruded menis-
cus can cause recurrent synovial irritation and lead to chronic synovitis. If a
patient presents with a large effusion preventing further examination, an aspira-
tion is indicated.
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Range of Motion

Range of motion of the knee is often limited in the setting of an acute meniscal tear,
but normal in the setting of degenerative tears. Flexion may be limited secondary to
pain or posterior horn tears. Lack of full extension can be due to anterior horn tears,
bucket-handle tears, or can be secondary to hemorrhage in the posterior capsule or
a collateral ligament with associated hamstring spasm. Aspiration and brief obser-
vation may distinguish reduced range of motion secondary to hemarthrosis from
real mechanical locking. Always compare the range of motion of the contralateral
knee to detect subtle differences.

Palpation

Palpation should include bilateral joint lines and posterior knee structures. Joint line
tenderness is the most sensitive test for meniscal tears and is most commonly caused
by reactive synovitis and an inflamed capsule. Joint line tenderness has high sensi-
tivity, but lower specificity [10]. Abdon et al. found that joint-line tenderness and
mechanical locking were predictive of meniscal tear [11].

Associated Injuries

It is important to assess the knee for concomitant ligamentous injuries. Therefore,
one should also complete a thorough ligamentous exam, testing the integrity of the
cruciate and collateral ligaments. This should include Lachman testing, anterior/
posterior drawer, and testing for varus and valgus instability both at 0° and 30° of
flexion.

Special Tests

There are also many special tests reported to diagnose meniscal tears. It is important
to know that multiple studies document no single meniscus test that provides ade-
quate diagnostic utility in isolation [10]. It is the combination of symptoms, signs,
and physical exam findings that help predict the presence of meniscal pathology.

Thessaly Test

Patients with suspected meniscal tears experience medial or lateral joint-line discom-
fort and may have a sense of locking or catching during the Thessaly test (Fig. 3.1).
The Thessaly test at 20° demonstrated the highest sensitivity and specificity of all
special tests (sensitivity: 89% for the medial meniscus, 92% for the lateral meniscus;
specificity: 97% for the medial meniscus, 96% for the lateral meniscus) [12].
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Fig.3.1 Thessaly test: The examiner supports the patient by holding his or her outstretched hands
while the patient stands flatfooted on the affected leg. The patient then rotates his or her knee and
body, internally and externally, three times, keeping the knee in 5° of flexion (a). Then the same
procedure is carried out with the knee flexed at 20° (b). (c: external, d: internal)

McMurray Test

The exam is described in Fig. 3.2. Internal rotation is meant to test the lateral menis-
cus, while external rotation is meant to test the medial meniscus. The test is positive
if the patient feels pain and hears a “pop” from the knee or if the examiner feels a
“thud” at the joint line. The McMurray test has low sensitivity but high specificity.
Of note, ACL-deficiency decreases the value of the McMurray test.

Apley Test

The patient is in the prone position, the hip is extended, and the knee flexed 90°. The
examiner applies axial pressure onto the foot and rotates the tibia (Fig. 3.3). The
resulting knee joint pain is regarded as a positive test [13].

Steinmann Part 1 Test

Pain in the medial joint cavity in forced external rotation suggests damage to the
medial meniscus; pain in the lateral joint compartment in internal rotation suggests
damage to the lateral meniscus [14] (Fig. 3.4).



32 M. J. Gotlin and M. R. Shah

Fig. 3.2 McMurray test: The patient lies supine on the bed while bending the knee and hip. With
the knee in full flexion, the examiner holds the knee joint with one hand by placing his index finger
and thumbs along the joint line (a) and then uses the other hand to extend and twist the leg in
internal rotation (b) and finally external rotation (c)

Fig.3.3 Apley test: The
patient is in the prone
position, the hip is
extended, and the knee
flexed at 90°. The examiner
applies axial pressure onto
the foot and rotates

the tibia

Payr’s Test

Knees are flexed beyond 90°, and legs crossed. Downward force on the knee leads
to pain the medial knee compartment because of compression (Fig. 3.5). A positive
test is associated with a lesion of the medial posterior horn [14].

Squat Test (Childress Sign)

The patient squats and walks like a duck (Fig. 3.6). With a positive test, the patient
will feel pain, cannot squat all the way down, and will feel a snap or click from the
knee joint [15].
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Fig. 3.4 Steinmann part 1 test: The patient is supine. The examiner immobilizes the patient’s
flexed knee at 90° with one hand and grasps the lower leg with the other hand. The examiner then
forcefully rotates the lower leg in internal (a) and external rotation (b)

Fig.3.5 Payr’s test is
illustrated here. Knees are
flexed beyond 90° and legs
crossed. Downward force
on the knee leads to pain
the medial knee
compartment because of
compression

Ege’s Test
The test is positive when pain and/or a click are felt by the patient (sometimes
audible to the physician) at the related site of the joint line [16] (Fig. 3.7).

Key Points

e Main physical exam findings include effusion, joint line tenderness, and repro-
ducible click with manual maneuvers. Efforts should be made to reproduce these
clicks and to locate them anatomically.

e Always check the contralateral knee.

e An injured locked knee that is not relieved with aspiration of hemarthrosis may
need surgical intervention.

e The hip and back should be thoroughly examined.
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Fig. 3.6 The squat test.
The patient gets into a
squatting position and
walks like a duck

Fig. 3.7 Ege’s test: The test is performed with the patient in a standing position. The knees are in
extension, and the feet are held 30-40 cm away from each other at the beginning of the test. To
detect a medial meniscal tear, the patient squats with both lower legs in maximum external rotation
and then stands up slowly (a and b, respectively). For lateral meniscal tears, both lower extremities
are held in maximum internal rotation while the patient squats and stands up (c and d, respectively)
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Imaging

Obtaining imaging is important in the evaluation of a patient with a painful knee and
a suspected meniscal injury. Imaging has been shown to improve diagnostic accu-
racy. Advanced imaging, such as a magnetic resonance imaging (MRI), is not
always indicated to evaluate meniscal pathology but it is helpful in the evaluation of
associated injuries when a meniscal tear is suspected. The different types of imaging
modalities will be reviewed in this section.

Radiographs

Although standard radiographs are not conclusive in diagnosing meniscal injury,
they are indicated to confirm or obtain a differential diagnosis. Every patient should
get standard X-rays, which includes anterior—posterior (AP), 45° flexion posterior—
anterior (PA), lateral, and patellofemoral views (Fig. 3.8). X-rays are used to rule
out any other causes of knee pain such as osteoarthritis, chondrocalcinosis, loose
bodies, bony pathology, findings consistent with associated injuries such as a
Segond sign (ACL tears), or osteochondritis dissecans. Full-length standing lower
extremity films can also be obtained to assess the alignment of the lower limb,
which may help in decision-making toward treatment.

CT Arthrography

Arthrography was the established way to diagnose meniscal tears in the 1970s and
1980s. It has a reliability between 83% and 94% in the diagnosis of meniscal tears
[17]. Arthrography was largely given up in the 2000s with the advent of
MRI. However, combined with CT, CT arthrography has a sensitivity and specific-
ity between 86% and 100% for identifying meniscal pathology [18]. CT arthrogra-
phy is a viable option for patients who are too large for MRI machines, suffer from
claustrophobia, or have contraindication for MRIs (pacemakers, etc.). The advent of
open MRIs has allowed patients with claustrophobia to obtain MR imaging. The
disadvantages of CT arthrography include need for intravenous and intraarticular
contrast, joint manipulation, and exposure to ionizing radiation.

Ultrasound

Ultrasound is not used routinely to diagnose meniscal pathology. Dynamic ultra-
sound has been shown to have a sensitivity of 82% for the detection of meniscal
degeneration [19]. Parameniscal cysts, however, are easily diagnosed with ultra-
sound. It has a sensitivity of 97%, a specificity of 86%, and accuracy of 94% in the
setting of meniscal cysts. Practitioners may also choose to puncture and aspirate
cysts via ultrasound guidance. Ultrasound is operator dependent, and its accuracy is
contingent on the radiologist’s and technician’s experience.
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PA
FLEXION

Fig. 3.8 (a) Weight-bearing anterior—posterior (AP), (b) posterior—anterior (PA) 45° flexion, (c)
lateral, and (d) patellofemoral view radiographs
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Fig. 3.8 (continued)

Magnetic Resonance Imaging (MRI)

For detecting meniscal tears, MRI has become the “gold standard” imaging modal-
ity. It has many advantages over other imaging techniques (Table 3.2). It is more
precise than physical examination and has high correlation with arthroscopic find-
ings [20]. It allows you to analyze the meniscus in all spatial planes, has high-
quality resolution, and allows one to thoroughly examine other structures such has
articular cartilage, subchondral bone, and cruciate/collateral ligaments. MRI has
been shown to have a sensitivity as high as 96% and specificity of 97% [21]. The
sensitivity is higher for medial meniscal tears while the specificity is higher for
lateral meniscal tears [22]. MRIs using a 1.5 tesla machines have shown similar
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results to 3.0 tesla machines in terms of diagnostic ability in meniscal pathol-
ogy [23].

MRI sequences used to detect meniscal tears include T-1-weighted (less sensi-
tive), T-2-weighted, STIR or T-2-weighted fast spin echo with specific fat suppres-
sion, and proton density—weighted (FSE) images. Newer 3D isotropic turbo spin
echo MRIs have helped improve the diagnosis of meniscal tears [24]. Intravenous or
intra-articular gadolinium contrast is rarely needed. Evaluating the meniscus is
challenging because scar tissue may cause abnormal signal in standard MRIs. MR
arthrograms or gadolinium-enhanced MRIs are useful in evaluating knees with prior
meniscectomies or meniscal repair [25].

A classification system has been developed for meniscal degeneration detected
on MRI (Table 3.3). This three-stage classification created by Stoller and Crues has
been shown to be reliable (88-95%), sensitive (87-97%), and specific (89-98%)
[26]. To diagnose a meniscus tear two criteria need to be met:

e Criteria 1: Abnormal signal in the meniscus suggesting a tear found on at least
two consecutive images.

* Criteria 2: Visualization of a meniscal tear in two planes (sagittal and coronal).

If both these clinical criteria are met, the diagnostic accuracy is greater than
90% [27].

Table 3.2 Advantages and disadvantages of MRI

Advantages Disadvantages

No ionizing radiation Claustrophobia

No need for intravenous or intra- Contraindicated in some patients (pacemakers,

articular contrast intracranial aneurysm clips, metallic foreign objects
in the eye, recent metal stents)

Allows characterization of meniscal Obese patient may not fit in machine

lesions

Allows assessment of other structures ~ Resolution hampered by artifact created by nearby

(ligaments, tendons, cartilage, orthopedic implants

subchondral bone)

Useful for diagnosis of residual
meniscus lesions following meniscus
surgery

Table 3.3 MRI classification of meniscal tears

Description Comment
Grade 1 Small focal area of increased signal, not Early meniscal degeneration
extending to the joint surface Myxoid/hyaline degeneration
Grade 2 Linear area of increased signal that extends A progression of a grade 1 lesion
to inferior surface of the meniscus, not No tear or cleavage

extending to the joint surface
Grade 3 Linear area of increased signal extending to Cannot be diagnosed on routine
the joint surface arthroscopy if surface extension is not
identified preoperatively
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It is important to note incidental meniscal findings on MRI of the knee are com-
mon in the general population and increase with increasing age [2]. In patients with
knee radiographic osteoarthritis, the prevalence of a meniscus tear is 63% in symp-
tomatic patients, and 60% in asymptomatic patients [2].

Normal Meniscus

On MRI, the normal meniscus appears as a low-signal intensity structure on both
T1- and T2-weighed sequences (Fig. 3.9). In the sagittal plane they appear as oppos-
ing triangles centrally, sometimes referred to as “bow-ties.” In the coronal place,
they appear either triangular at the body segment or wedge-shaped at the horns.
Surrounding structures that can be identified on MRI include the transverse menis-
cal ligament, meniscofemoral ligaments (Humphrey and Wrisberg), popliteomenis-
cal fascicles, and meniscomeniscal ligament.

Fig. 3.9 Normal MRI appearance of the menisci — PD-weighted (left) and T2-weighted MR
images (right). (a) Normal meniscus — coronal. (b) Lateral meniscus — sagittal. (¢) Medial menis-
cus — sagittal. (d) Three-dimensional diagram of a normal meniscus
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Fig. 3.9 (continued)

Anatomic Variants
Discoid Meniscus

A discoid meniscus is a normal variant seen in 1-5% of knees and is more common
in the lateral meniscus than in the medial meniscus [28]. It represents an enlarged
meniscus with further central extension onto the tibial plateau (Fig. 3.10). There are
three types of discoid menisci: complete, incomplete, and Wrisberg (lacks the nor-
mal posterior coronary ligament and capsular attachments). A discoid meniscus is
diagnosed on MRI when the body of the meniscus measures 15 mm or more on a
midline coronal image or when three or more bowtie shapes are identified on con-
tiguous sagittal (4 mm-thick) images [29]. Tears in discoid menisci are more com-
mon with complete discoid variants and often have horizontal or longitudinal tear
patterns. Given the increased vascularity of a discoid meniscus, a tear is more dif-
ficult to detect on MRI and reliance on morphologic distortion rather than signal
changes is often necessary. The sensitivity and specificity of MRI on detecting a tear
in a discoid meniscus are highly variable, but if a suspected tear contacts the articu-
lar surface in two or more images, then a true tear is likely.
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Fig. 3.10 Discoid meniscus. (a) Lateral discoid meniscus — T2-weighted MR images — sagittal
(left) and coronal (right). (b) Medial discoid meniscus — T2-weighted MR images — sagittal (left)
and coronal (right). (¢) Three-dimensional diagram of a discoid meniscus

Meniscal Flounce and Meniscal Ossicle

Meniscal flounce refers to the rippled appearance of the free non-anchored inner
edge of the medial meniscus, secondary to knee position and redundancy of the free
edge. This does not indicate a tear, but on coronal imaging it may simulate a trun-
cated meniscus and mimic a radial tear (Fig. 3.11).
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Fig.3.11 Meniscal flounce. T2-weighted MR images — coronal (left) and sagittal (right)

Fig.3.12 Meniscal
ossicle. Sagittal
T1-weighted MR image of
an ossicle in the posterior
horn of the medial
meniscus

A meniscal ossicle is an ossicle usually found in the posterior horn of the medial
meniscus. It can be developmental, degenerative, or posttraumatic. On MRI imag-
ing, the signal around the ossicle can be confused for a tear (Fig. 3.12).
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Specific Pathology
Vertical/Longitudinal Tears

These tears are oriented perpendicular to the coronal plane and divide the meniscus
into central and peripheral halves (Fig. 3.13). Unlike radial or horizontal tears, they
do not involve the free edge of the meniscus. They usually occur following trauma
in young patients. There is a close association of peripheral longitudinal tears and
ACL tears. In one study, 90% of medial meniscus and 83% of lateral meniscus
peripheral longitudinal tears had an associated ACL tear [30]. Longitudinal tears of
the posterior horn may not be visible on sagittal images and can be difficult to iden-
tify due to the complex posterior attachments of the meniscus.

Fig.3.13 Longitudinal tear of the posterior horn of the lateral meniscus. PD-weighted coronal (a)
and sagittal (b) MR images and T2-weighted axial MR image (c). (d) Three-dimensional diagram
of a longitudinal/vertical tear
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Radial Tears

Radial tears, or transverse tears, run perpendicular to both the tibial plateau and the
long axis of the meniscus. They start at the free edge of the meniscus and travel
toward the periphery. Small tears may be difficult to see and account for many of the
errors made in the interpretation of meniscal pathologies on MRI. These tears often
involve the posterior horn of the medial meniscus, or the junction between the ante-
rior horn and body of the lateral meniscus. They are best seen on sagittal images, but
should also be suspected if the inner portion of the meniscal triangle is absent or
blunted on one or more coronal images (Fig. 3.14). On axial imaging they appear as
clefts oriented perpendicular to the free edge. Many times there are associated signs
that help determine the presence of radial tears, such as a “cleft,” a “ghost menis-
cus,” and a “truncated triangle.” Clefts are not specific to radial tears as they can also
be seen in longitudinal/vertical tears, but the plane in which you see the cleft can

Fig. 3.14 Radial tear lateral meniscus body — T2-weighted MR images (a) sagittal, (b) coronal,
and (c) axial. (d) Three-dimensional image of a radial tear
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help determine the type of tear. In the coronal plane, a cleft in the body presents a
longitudinal/vertical tear, while a cleft in the horn represents a radial tear. In the
sagittal plane, a cleft in the body represents a radial tear, while a cleft in the horn
represents a longitudinal/vertical tear.

Horizontal Tears

Horizontal tears are also called “cleavage” or “fish-mouth” tears. They run parallel
to the tibial plateau and divide the meniscus into a superior half and an inferior half
(Fig. 3.15). They usually begin on the undersurface of the meniscus. Horizontal
tears are usually degenerative in nature and occur in older patients with osteoarthri-
tis. On MRI, they appear as a horizontally oriented line of high signal intensity that
contacts the meniscal surface or free edge. Complete horizontal tears that extend to
the periphery are associated with parameniscal cyst formation.

Fig. 3.15 Horizontal tear posterior horn medial meniscus — T2-weighted MR images sagittal (a)
and coronal (b). Also a three-dimensional diagram of a horizontal cleavage tear (c¢)
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Complex Tears

Complex tears include a combination of radial, horizontal, and longitudinal compo-
nents. On MRI, the meniscus appears fragmented with tears in more than one plane
(Fig. 3.16). These tears are likely degenerative in nature, commonly associated with
degenerative arthritis.

Meniscal Root Tears

Tears occurring at the meniscal root usually have a radial-type morphology and
have a high association with meniscal extrusion. The sensitivity and specificity for
meniscal root tear detection on MRI is 86-90% and 95-96%, respectively [31].
Coronal imaging allows better visualization of the roots, and the root should course
over its respective plateau on at least one image (Fig. 3.17). On sagittal imaging, if
the posterior root of the medial meniscus is not detected just medial to the PCL, a
root tear should be suspected. This is termed a “ghost meniscus” and is thought to
represent a radial tear caught perfectly in line showing only a portion of the menis-
cus [6]. Lateral root tears are more commonly associated with ACL tears [32].

Displaced Meniscal Fragments/Flap Tears

Diagnosis of flap tears are usually made by MRI where one can visualize the tear
with a missing part of the meniscus. Flap tears occur more frequently in the medial
meniscus and fragments are usually displaced posteriorly or into the intercondylar
notch (Fig. 3.18). These fragments are more commonly identified on coronal
imaging.

Fig.3.16 Complex tear posterior horn medial meniscus body — PD-weighted MR images sagittal
(a) and coronal (b)
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Fig.3.17 Meniscal root tear. Complete posterior root tear — medial meniscus — PD-weighted MR
images sagittal (a) and coronal (b). T2-weighted MR axial (¢) Picture (d) depicts a “ghost menis-
cus” where the medial meniscal root is not visualized medial to the PCL. When this present a root
tear should be suspected. A three-dimensional diagram of a root tear (e)

Bucket-Handle Tear

Bucket-handle tears are caused by full thickness vertical/longitudinal tears, where
the inner fragment is usually centrally displaced (Fig. 3.19). These account for 10%
of all meniscal tears and are seven times more common in the medial meniscus [33,
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Fig.3.18 Three-
dimensional diagram of a
displaced flap tear

34]. On coronal imaging, the displaced fragment can be seen in the intercondylar
notch. On sagittal imaging, a “double PCL” sign can be seen. A prominent ligament
of Humphreys, a meniscomeniscal ligament, and intercondylar loose bodies can
sometime mimic a double PCL sign. Other signs may be seen on MRI in the setting
of a bucket-handle tear including an absent bow tie, a double anterior horn or flipped
meniscus, and a disproportionately small posterior horn. Rarely, a bucket-handle
tear of the lateral meniscus can manifest as a “double ACL” sign as the fragment is
just posterior to the ACL [35].

Parameniscal Cyst

Parameniscal cysts represent the peripheral escape of joint fluid though a meniscal
tear, which usually contains a horizontal component. The cyst has direct contact
with the meniscus or is connected via a fluid track (Fig. 3.20). The presence of a
parameniscal cyst has a positive predictive value (PPV) of 90% for a meniscal tear,
with the exception of the anterior horn of the lateral meniscus. The parameniscal
cyst located adjacent to the anterior horn of the lateral meniscus has less risk of an
underlying tear [36].

Meniscal Extrusion

Extrusion is when the peripheral margin of the meniscus extends 3 mm or more
beyond the edge of the tibial plateau (Fig. 3.21). There is a close association
between meniscal extrusion and meniscal root tears, whereas 76% of medial root
tears have extrusion and 39% of extrusions have medial root tears [37]. Extrusion
can also be seen in large radial tears, complex tears, and severe meniscal degenera-
tion. In the elderly patients, some believe prior meniscal extrusion leads to
increased progression of cartilage degeneration due to altered tibiofemoral contact
pressures [38].
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Fig. 3.19 Bucket-handle tear. Bucket-handle tear medial meniscus — T2-weighted MR images
sagittal (double PCL sign) (a), coronal (b), and axial (c¢). Also a three-dimensional diagram of a
bucket-handle (d) tear

Meniscocapsular Separation

Meniscocapsular separation is a tear of the peripheral meniscus at the meniscosyno-
vial junction. This usually effects the posterior horn of the medial meniscus.
Arthroscopy is much more reliable than MRI at detecting these injuries [39].

Key Points

e Always get standard radiographs in the acutely injured knee (AP, 45° PA, lateral,
patellofemoral views). Used to rule out any other causes of knee pain such as
osteoarthritis, loose bodies, or osteochondritis dissecans.

e MRIis the gold standard imaging modality used to diagnose meniscal pathology.

e MR arthrogram is useful in evaluating knees with prior meniscectomies or
meniscal repair.

* High-resolution CT arthrography can be used in patients who are too large for
MRI machines, suffer of claustrophobia, or have other contraindications.
Claustrophobia is less of an issue nowadays due to the advent of open MRIs.
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Fig. 3.20 Parameniscal cyst. Horizontal tear medial meniscus (body and posterior horn) and an
associated multiloculated parameniscal cyst — T2-weighted MR images coronal (a), sagittal (b),
and axial (¢)

Fig.3.21 Meniscal
extrusion secondary to
medial compartment
osteoarthritis. Body
extrusion medial
meniscus — T2-weighted
MR images coronal
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Nonoperative Treatment of Meniscus 4
Tears

Dennis Cardone, Lauren Borowski, and Anthony A. Essilfie

Introduction

Meniscal tears are the most common pathology found in the knee with a mean
annual incidence of 66 per 100,000 [1]. In 2009, an epidemiological study found
that there were over 900,000 arthroscopic knee procedures performed in the US,
with over 50% involving meniscus tears [2]. However, most patients with meniscus
tears do not require surgery. It is important to discern the general etiology of the
meniscus tear in order to recommend the appropriate treatment for the patient. For
example, the management of an acute traumatic meniscal tear that prevents full
range of motion (ROM) is different than the management of a chronic degenerative
meniscal tear. There have been several randomized control trials (RCTs) comparing
arthroscopic partial meniscectomy (APM) to physical therapy (PT) treatment of
degenerative meniscus tears that have shown no difference in functional and pain
outcomes [3-9]. As a result, the first-line treatments for chronic, degenerative
meniscus tears in the middle-aged adult are rest, nonsteroidal anti-inflammatory
drugs (NSAIDs), and physical therapy.

Function

There are several functions of the meniscus. It plays an important role in improving
stability, congruency, and lubricating the knee joint. Additionally, the menisci have
an important role in dispersing the forces across the knee. The lateral and medial
meniscus can encounter up to 70% and 50% of the load across the tibiofemoral joint
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respectively [10]. This shock-absorbing role serves to protect the cartilage of the
knee joint. Roos et al. demonstrated the importance of the meniscus by showing a
14 times higher relative risk of developing osteoarthritis after a meniscectomy [11].
Unfortunately, osteoarthritis and meniscus tears are frequently seen in tandem. It is
difficult to determine whether a patient’s pain is a result of one or both of the ongo-
ing pathologies. This has resulted in several studies evaluating the role of APM,
particularly in the middle-aged patient population.

Mechanism of Meniscal Tears

The most common mechanism for a meniscus tear is a result of compressive and
rotational forces across the tibiofemoral joint. These forces exert pressure on the
meniscus and the meniscus attempts to conform to the stresses placed on it [12]. The
medial meniscus has more coronary ligaments attached to the capsule making it less
mobile than the lateral meniscus. Furthermore, the lateral meniscus has a hiatus to
allow the popliteus to attach to its origin on the lateral femoral epicondyle. As a
result, the medial meniscus is vulnerable to tears when encountering forces applied
by the tibiofemoral joint [13].

Nonoperative Treatment and Outcomes

There are select circumstances warranting initial surgical intervention for meniscal
tears, such as a young patient with a bucket-handle meniscus tear blocking range of
motion. However, the vast majority of meniscus tears are treated with rest, NSAIDs,
and PT as the first-line treatment. Weiss et al. demonstrated that stable, vertical,
longitudinal tears in the red—red zone of the meniscus can be treated nonoperatively,
given their good potential for healing [14]. Most would agree PT is the initial treat-
ment for chronic degenerative meniscus tears. The evidence for this nonoperative
approach is a result of multiple RCTs. The RCTs pertaining to APM versus control
groups will be reviewed in this section (Table 4.1).

Osteras et al. compared APM without a structured postoperative PT program,
versus PT alone, in 17 patients with degenerative meniscus tears. There were 8
patients in the APM group and 9 in the PT group. At 3-month follow-up, there was
no difference between the two groups with respect to visual analogue scale (VAS)
and knee injury and osteoarthritis outcome scores (KOOS).

Herrlin et al. performed two RCTs of the same cohort. The first study looked at
the cohort with 6-month follow-up and the second study assessed patients at 5-year
follow-up [4, 15]. The study had 96 middle-aged patients with a nontraumatic
medial meniscus tears, who were randomized into APM followed by supervised PT
or PT alone [4]. The PT program lasted 8 weeks, and occurred twice a week. In this
study, PT included both eccentric and concentric exercises to help neuromuscular
ability and muscular hypertrophy. NSAIDs in conjunction with PT were permitted
to help control effusion, pain, or inflammation.



4 Nonoperative Treatment of Meniscus Tears 55

Table 4.1 A review of the randomized control trials (RCTs) where arthroscopic partial meniscec-
tomy (APM) was compared to a control group

Follow
Study Year  Methods Up Conclusion
Osteras 2012  APM alone vs. PT 3 months No difference in VAS and KOOS
et al. scores
Herrlin 2007, APM and PT vs. 5 years No difference in KOOS, Lysholm, and
et al. 2013 PT VAS scores.

33% crossover to the APM group
Katzetal. 2013  APM and PT vs. 12 months No difference in WOMAC score.

PT alone 30% crossed over from the PT to the
APM group
Sihvonen 2013  APM vs. Sham 12 months No difference in Lysholm and
etal. surgery WOMET scores
Yim et al. 2013 APM vs. PT 2 years No difference in VAS, Lysholm, and
Tegner scores
Vermesan 2013  APM vs. 1 year No difference in Oxford Knee Score.
etal. corticosteroid 22% crossover to APM
injection
Gauffin 2014, APM with PT vs. 3 year No difference in KOOS pain sub
et al. 2017  PT score. 25% crossover to APM
Kiseetal. 2016  APM vs. PT 2 years No difference in KOOS score.

Significant improvement in strength at
3 months for the PT group.
19% of patients crossed over to APM

group

Van de 2018  APMvs. PT 2 years No difference in IKDC.

Graaf et al. 30% crossed over to APM group
Stensrud 2015 APMvs. PT 3 months  Significant improvement in quadriceps
etal. strength favoring the PT group

At 5-year follow-up, the patients were evaluated using the Knee Injury and
Osteoarthritis Score (KOOS), Lysholm Knee Score, Tegner Activity Scale, and VAS
pain scale. At the conclusion of the study, Herrlin found noninferiority of the afore-
mentioned outcome scores for the APM followed by supervised PT group, versus
supervised PT alone group. By 5-year follow-up, one-third of patients in the PT
group crossed over to the APM group.

Katz et al. conducted a study looking at participants 45 years and older with
mild-to-moderate osteoarthritis on imaging and a meniscal tear [16]. There were
351 participants randomly assigned to APM with postoperative PT, or PT alone.
The primary outcome was the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) score. At 12-month follow-up, participants in both
groups had similar baseline changes in the WOMAC and KOOS scores.

A double-blind RCT comparing APM versus sham surgery in 146 patients aged
35-65 years old with symptomatic meniscal tears and no osteoarthritis was per-
formed by Sihvonen et al. [6]. The primary outcomes measured were the Lysholm
score and the Western Ontario Meniscal Evaluation Tool (WOMET) at 12 months
after procedure. Results showed no difference between APM and PT groups with
respect to Lysholm and WOMET scores. A follow-up study by Sihvonen et al.
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followed this cohort for an additional year. At 2-year follow-up, there was no differ-
ence in Lysholm and WOMET scores between the groups [17].

Yim et al. investigated the outcomes of APM versus PT for degenerative horizon-
tal tears of the medial meniscus [7]. In this study, 102 patients with degenerative
medial meniscus tears on MRI and knee pain were followed up as part of the study
for 2 years. There were 52 participants in the PT group that participated in strength-
ening exercises, while 50 participants had APM. PT group participants were given
NSAIDs, muscle relaxants, or analgesics for the first 2 weeks. The PT program was
a supervised rehabilitation program including flexibility, endurance, and muscle
strengthening exercises for 60-minute sessions, 3 times weekly for 3 weeks, fol-
lowed by an unsupervised exercise program at home for the following 8 weeks. The
home exercises included daily isotonic and isometric exercises. At 2-year follow-
up, there was no difference in VAS pain score, satisfaction, Lysholm, and Tegner
knee scores between the APM and PT groups.

A RCT comparing APM to corticosteroid injections was performed by Vermesan
et al. [18]. In this study 120 consecutive patients with degenerative medial meniscus
tears and early stage osteoarthritis were included. The injection consisted of 1 ml of
betamethasone in 4 ml of 1% lidocaine. The Oxford Knee Score was the primary
outcome assessed 1 year after intervention. At time of final follow-up, there was no
difference between the APM and the corticosteroid group.

Gauffin et al. published two studies of the same cohort comparing APM with PT
versus PT alone. The first study found significant difference in KOOS pain sub-
scale favoring the APM group at a 1-year time point [19]. However, a follow-up
study was performed at 3 years that showed no difference between the two
cohorts [20].

Kise et al. performed a RCT to assess if PT was superior to APM in middle-
aged patients with degenerative meniscus tears [8]. This study included 140
patients with an average age of 49.5 years. The patients were randomized to
APM alone or a 12-week supervised PT program. The main outcome was calcu-
lated with the KOOS score at 2-year follow-up and muscle strength at 3-month
follow-up. Over the course of the 2-year follow-up, 19% of patients crossed
over from PT to APM group. The results showed no difference between groups
with respect to KOOS. At 3 months, the muscle strength was statistically better
in the PT group.

Van de Graaf et al. conducted an RCT of nonobstructive meniscal tears in patients
45-70 years old. The primary outcome was the International Knee Documentation
Committee (IKDC) score at 2-year follow-up [21]. Participants were randomized
and stratified by age group to either APM or PT. Participants who had APM were
only referred to PT if they did not recover as predicted. Those participants who were
randomized to PT completed 16 sessions over 8 weeks. If the participants in the PT
group continued to have decreased ability to partake in daily activities, knee lock-
ing, or knee pain at the end of the 8 weeks, they could choose more PT sessions or
APM. At 2-year follow-up, the IKDC and VAS scores improved in both the APM
and PT groups. There was no difference between groups based on intention to treat
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(ITT) analysis. Since one-third of PT patients crossed over to the APM group, an
as-treated analysis was performed for three groups: (1) APM, (2) PT, and (3) delayed
APM. The IKDC improved for all the three groups. PT was found to be noninferior
to APM and delayed APM. This study is consistent with the current consensus of PT
being the treatment for nonobstructive meniscal tears in middle-aged and older
patients. APM should be considered in those who fail to improve their symptoms
after a course of physical therapy.

In 2015, Stensrud et al. performed an RCT looking at the differences between
effects of APM and a 12-week exercise program on degenerative meniscus tears in
middle-aged patients [9]. These patients had greater than 2 months of unilateral
knee pain without serious trauma, MRI-confirmed meniscal tear, were between ages
35 and 60 years old, and had a Kellgren—Lawrence Osteoarthritis (OA) grade 2 or
less. The patients in the exercise program had at least 2 and at most 3 sessions per
week for a total of 24-36 sessions. The primary outcome measured at 3 months was
isokinetic knee muscle strength. There were 42 patients in the APM group and 40
patients who underwent exercise therapy. There was a 16% change in the mean dif-
ference in quadriceps strength as measured by isokinetic knee extension peak
torque, favoring the PT group (p < 0.0001).

To summarize the available literature, Van de Graaf et al. performed a meta-
analysis including five of the studies previously mentioned in this chapter [22].
After pooling the data, physical function outcomes scores and pain were signifi-
cantly better in the APM group at 3 and 6 months. However, the differences resolved
by 12- and 24-month follow-up. In summary, the RCTs reviewed provide support
for rest, NSAIDS, and PT as the first-line treatment for degenerative meniscal tears.
While there is no overall consensus on what specific regimen of PT is best, it is
important all regimens include exercises that promote range of motion (ROM), flex-
ibility, quadriceps strength, and knee proprioception.

Summary of RCT Studies

Corticosteroid Injections

A corticosteroid injection does play a role in the nonoperative management of
degenerative meniscus tears with osteoarthritis. An intra-articular corticosteroid
injection can relieve pain for up to 1 year after injection in the setting of osteoar-
thritis [23]. However, there is no consensus for the recommended amount or
frequency of corticosteroid injections. These injections should be given in mod-
eration as there is growing literature showing correlation between intra-articular
corticosteroid injections and postoperative infections of total knee arthroplasty
[24, 25]. A corticosteroid injection should be reserved for degenerative meniscus
tears in the setting of osteoarthritis in patients that will not pursue arthroplasty in
the near future.
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Orthobiologics

Orthobiologics is a growing area of orthopedics increasingly used in the nonopera-
tive management of meniscus tears. These substances are injected into the knee to
help aid or enhance the body’s capability to repair and regenerate musculoskeletal
tissues. Intra-articular tissues, including the meniscus, have limited capacity for
healing, in part due to the avascularity in some regions, which is why the use of
orthobiologics continues to emerge. The topic of orthobiologics is discussed in
more detail in Chap. 10.

Conclusion

The functions of the meniscus include improving stability, enhancing congruency,
distributing load, and providing lubrication in the joint space to allow for articula-
tion between the femur and tibia. Multiple RCTs have shown that there is no differ-
ence in outcomes of APM versus PT in degenerative meniscus tears at follow-up
greater than 12 months. These studies provide strong evidence that nonsurgical
management should be the first-line treatment for degenerative meniscal tears.
Surgical intervention should be reserved for select patients who remain symptom-
atic despite a complete regimen of PT, young patients with bucket-handle meniscus
tears that restrict ROM, and displaced flap-like tears causing mechanical symptoms,
regardless of age, with minimal to no arthritis in the knee.
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Management of Meniscal Injuries: 5
Resection to Repair

Kevin K. Chen, Jimmy J. Chan, and James N. Gladstone

Background

Multiple studies have established a connection between the loss of meniscal tissue
and the early development of osteoarthritis [1, 2]. Loss of meniscal tissue has been
tied with significant long-term sequelae. These sequala are often attributed to
decreases in contact area (and therefore increases in contact stresses), decreases in
knee stability, and alterations in the fluid mechanics of the knee joint [3]. Altogether,
these damages to the meniscal tissues are thought to have profound implications on
the integrity of the cartilage and subchondral plate leading to increased risk of early
osteoarthritis (OA) [4, 5]. Knee arthroscopy is the most common orthopedic proce-
dure in the United States with its goal being the preservation of the joint, while
improving subjective symptoms caused by meniscal tears, to allow for optimal
return to activity [6, 7]. While the utility of this procedure has been put into question
by at least one landmark study [8], the importance of meniscal preservation and
management cannot be understated.

A study by Fairbanks in 1948 detailed the changes in the knee joint following
total meniscectomy with up to 14-year follow-up [2]. Fairbanks concluded that loss
of meniscal tissue through meniscectomy resulted in relative overloading of the
articular surface on the affected side of the joint, resulting in increasing compres-
sion across the joint and ultimately damage to the underlying cartilage. The authors
further remarked that these changes must be due to the loss of the weight-bearing
function of the meniscus [2]. Pengas et al. noted similar findings in adolescent
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patients’ status post total meniscectomy with a mean follow-up of over 40 years [1].
Specifically, they noted a fourfold increase in the development of OA (based on
Kellgren grade: >2, definite osteophytes) compared to the contralateral control knee
[1]. Clearly, besides its role as a knee stabilizer, the meniscus plays a significant role
in the prevention of the development of degenerative arthritis of the knee. In fact, it
has been reported that loss of the inner third of the medial meniscus may result in
decreased contact areas of 10% and increased stresses of 65% [5]. The amount of
stress increase has also been shown to directly correlate to the degree of meniscal
tissue loss. In a series of progressively increased meniscectomies, Lee et al. found
the stress increased proportionally to the degree of meniscus tissue removed [4]. In
addition, they noted contact area and mean contact stress increased more signifi-
cantly as the resection extended more peripherally, suggesting the peripheral por-
tion of the meniscus plays a greater role in increasing contact area and decreasing
mean contact stresses. Finally, segmental resections resulted in outcomes similar to
that of patients where the entire meniscus was removed (total meniscectomy) [4].
Besides the impact on knee contact area and stress, loss of meniscus tissue may
alter the natural fluid mechanics within the knee, specifically articular cartilage [3].
This may result in an increase in the maximum fluid pressure within the knee and a
reduction in the rate of pressure dissipation; both factors are thought to lead to
decreased knee mobility and increased stiffness of the joint. As with contact stresses,
these changes were noted to be correlated with the amount of meniscal resection [3].
Overall, it is apparent that the meniscus plays a vital role in the function and
protection of the knee joint. Loss or damage to the meniscal tissue can have pro-
found implications in the development of early OA. Accordingly, the role of menis-
cal preservation surgeries must be thoroughly examined. Here we review the
anatomy, treatment, techniques, indications, and outcomes of meniscal injuries.

Anatomy, Function, and Diagnosis

Baseline knowledge of the meniscus’ anatomy and function is important in order to
fully understand the role of this structure and of the effect of meniscectomy. Each
knee has one lateral and one medial meniscus. The menisci are crescent-shaped
with triangular cross-sections. The menisci are composed of fibers that run circum-
ferentially with radial fibers “presenting longitudinal splits” [9]. Typically, the
medial meniscus is “C-shaped,” while the lateral meniscus is described as being
circular. Both menisci have attachments (root attachments) anteriorly and posteri-
orly to the tibia which prevent meniscal subluxation during movement or load-
bearing. In addition, they are attached via the transverse inter-meniscal ligament
anteriorly. The lateral meniscus has two femoral attachments: the posterior menis-
cofemoral ligament (ligament of Wrisberg) posteriorly and the anterior menisco-
femoral ligament (ligament of Humphrey) anteriorly. The medial meniscus is
tethered by the deep medial collateral ligament (MCL), allowing for less motion as
compared to the lateral meniscus. In general, the lateral meniscus covers a greater
percentage of the condylar surface (84% vs. 64%) than the medial meniscus.
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The function of the meniscus is to act to cushion forces across the knee joint by
increasing contact area, reducing contract stress and articular wear. The menisci
also function to increase the stability of the knee.

Proper diagnosis of meniscal injury requires a thorough history and physical
examination, which in turn can then be supplemented with advanced imaging.
History of pain localized to a single knee compartment should be noted. Mechanical
symptoms, including locking or catching sensations, with associated swelling, may
point to meniscal pathology. Joint line tenderness, along with positive special tests,
can be used to increase likelihood of meniscal tear diagnosis. Of these tests, the
McMurray Test, Thessaly Test, and the deep squat test have been shown to have
variable results in terms of sensitivity and specificity but tend to be helpful in the
diagnosis. Finally, MRI has long been considered the gold standard for diagnosis. A
meta-analysis looking at the overall accuracy of MRI in the diagnosis of meniscal
tears of the knee estimated it can be as sensitive and specific as 89% (95% CI:
83-94%) and 88% (95% CI: 82-93%) respectively for medial meniscal tears; and
78% (95% CI: 66—-87%) and 95% (95% CI: 91-97%) respectively for lateral menis-
cal tears [10]. Alternatively, studies suggest ultrasound may also have some diag-
nostic utility in the correct hands. Reliance on advanced imaging should be tempered
as it has recently been suggested a high rate of asymptomatic tears are found on
MRI, which may prematurely direct patients and surgeons to more invasive inter-
ventions than required [11]. As mentioned before, it is imperative a good history and
physical exam be clinically correlated with what is seen on imaging.

Treatment
Conservative Management

When evaluating patients with meniscal tears, it is important to distinguish which
patients may benefit from nonoperative management. Conservative management of
meniscal tears can include physical therapy, bracing, weight loss, ice, and use of
nonsteroidal anti-inflammatory drugs (NSAIDs). Katz et al. performed a study
drawing data from the Meniscal Tear in Osteoarthritis Research (MeTeOR) trial,
looking at subjects 245 years old who either had arthroscopic partial meniscectomy
(APM) with physical therapy (PT), or PT alone. Patients who crossed over from the
PT alone group to the APM group had shorter symptom duration and greater base-
line pain than those who did not cross over from PT [12]. The authors also conclude
patients who undergo conservative therapy prior to APM did not end up with worse
outcomes [12]. A trial of conservative therapy may not ultimately decrease the effi-
cacy of APM to improve symptoms should conservative therapy fail. This study
suggests patients with stable tears should receive a trial of conservative therapy
prior to opting for APM.

The determination of proper management of a meniscal injury is contingent
upon appropriate characterization of the type and severity of the tear, while consid-
ering patient-specific factors. Additionally, an important consideration is the
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integrity and stability of the anterior cruciate ligament (ACL) [13]. In the US, many
ACL injuries are treated operatively to provide stability and avoid further meniscal
and cartilaginous injuries to the knee joint [13]. Patients with ACL stable knees tend
to have better outcomes with regard to radiographic and clinical symptoms follow-
ing meniscal injury.

Not all tears are symptomatic, and not all symptomatic tears require operative
intervention. In general, the location of the tear and type of tear have been shown
to be good prognostic factors for its ability to heal. Specifically, tears that are
more stable are thought to have a better likelihood to heal and are less likely to
result in rapid degeneration of the osteochondral surface. Multiple studies have
documented a noninferior outcome in patients with meniscal tears who undergo
nonoperative management compared to APM [14]. In a classic paper by Weiss
and DeHaven, only 80 out of 1316 tears were defined as stable [15]. Of these
stable tears, 70 were vertical longitudinal tears near the periphery, which have
healing potential and may be successfully treated by leaving the tear in situ [15].

In knees where ACL reconstruction is undertaken, peripheral, lateral-sided, sta-
ble tears may be left in situ [16, 17]. Fitzgibbons and Shelbourne suggest that lateral
meniscal tears with posterior horn avulsion, vertical tears posterior to the popliteus
tendon, vertical longitudinal tears, radial tears, or anterior vertical tears tend to be
asymptomatic if left in situ [17]. In their study, 189 posterior horn avulsions of the
lateral meniscus all remained asymptomatic. In contrast, tears which tend to occur
in the avascular inner third of the meniscus (including most radial tears) portend a
poorer likelihood for healing. It is these tears that likely require more aggressive
intervention [15].

Arthroscopic Partial Meniscectomy (APM)

Despite the success of conservative therapy, many patients still remain symptomatic
and may be candidates for APM. First introduced in the 1960-1970s by Ikeuchi
[18], APM was developed to remove free fragments, preserve the outer rim, and
clear loose tissue with the hopes of preventing further irritation and worsening of
symptoms. Restoration of meniscal anatomy is crucial for proper knee biomechan-
ics and facilitates rapid rehabilitation of the knee [19]. Large, unstable tears left in
situ may introduce a greater inflammatory response secondary to the free fragments,
further damaging the overlying or underlying articular cartilage. Symptomatic tears
which are not responsive to conservative treatment and not amenable to repair
require partial resection.

Technique

Originally an open procedure, arthroscopic partial meniscectomy has become one
of the most prevalent orthopedic procedures in the United States [6]. Anteromedial
and anterolateral portals are the standard primary workhorse portals for APM. All
free fragments identified that can be displaced with a probe should be removed. If
necessary, an ancillary medial or lateral portal can be used to allow for an additional
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grasper to pull the fragment forward, thus allowing resection at the base of the tear.
The technique of using an auxiliary portal and a grasper can be particularly helpful
for free meniscal fragments that are attached posteriorly. This allows the fragment
to be removed at its base and avoids leaving a tag of meniscus that may be harder
to access.

Tighter knees may require narrower instruments or additional techniques to
allow for better access to the medial joint in particular. If necessary, persistent val-
gus stress (applied carefully) can lead to incremental opening of the compartment
over time. If this does not help, a targeted pie-crusting of the MCL can be per-
formed. With a valgus stress applied to the knee, a spinal needle can be used at the
joint line. Two techniques have been described. In the first, the spinal needle is
placed from the contralateral portal just beneath the meniscus, beginning mid-joint
and moving posteriorly. Small punctures to the deep MCL are repeated until the
joint space opens adequately. The other described technique uses the spinal needle
from outside-in and peppers the superficial MCL at the level of the tibia until the
joint opens adequately. Studies have shown no detrimental effect of this technique
[20, 21].

At this point, it is useful to appreciate the normal texture of the meniscus and
resect damaged or degenerative portions where the meniscal tissue is notably differ-
ent (i.e., mushy, soft, or fibrotic). It is typically recommended to leave a smooth,
contoured border to avoid catching or re-tearing; however, a perfectly smooth rim is
not necessary as remodeling typically occurs regardless [19] (Fig. 5.1a—c). In order
to preserve the longitudinal circumferential fibers, which protect against hoop
stresses, it is important to attempt to preserve as much of the peripheral tissue as
possible. At the conclusion of the procedure, copious lavage and suctioning of the
joint should be performed to remove any loose debris. Following the procedure,
proper postoperative follow-up and education is critical for optimal recovery and
return to activity in a timely and successful manner.

Rehabilitation Following APM

Appropriate expectations are important in order to achieve optimum and expedient
recoveries following APM. Patients should be encouraged to rest during the first
3—4 days after surgery, elevating and icing often. In addition, they should perform
quad sets, straight leg raises, and ankle range of motion four to five times a day. This
helps reduce or minimize swelling, reduce quadriceps atrophy, and reduce the
chance of deep vein thrombosis (DVT). Rates of DVT following APM are thought
to be negligible (less than 1% in older populations) [22]; however if there is any
concern, aspirin or another form of DVT prophylaxis should be used until normal
activity is resumed. While formal physical therapy is not essential, it is often help-
ful, for most patients in the first 4 weeks.

At our institution, we prospectively evaluated patients who underwent APM for
their functional improvement and monitored overall recovery patterns. In a total of
67 patients we found it took an average of 15 days (median 10.5 days, range 2—84)
for patients to return to work following APM, with half discontinuing use of assis-
tive devices by 8 days. In this cohort, patients stopped use of narcotic medications
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Fig. 5.1 (a) Meniscus tear noted in arthroscopic view of knee. (b) Post-meniscus resection view
of meniscus: resection is clean but not entirely smooth. (¢) 3-year follow-up of knee demonstrating
smooth contours despite not having left smooth edge 3 years prior

and over-the-counter pain medications at a mean of 7.37 days (range 2-56) and
12.01 days (range 2—-84), respectively.

Return to Activity

Return to activity following APM differs depending on the patient characteristics
and the type of tear. Clinical data can help guide physicians to educate their patients
on their expected recovery. In general, patients are able to return to full activity rela-
tively quickly with minimal restrictions. Specifically, recreational athletes, who
undergo two and three portal knee arthroscopies have been shown to be able to
return to work and normal activities in an average of 9 and 19 days, respectively
[23]. In addition, Lubowitz et al. reported that 82% of patients who underwent knee
arthroscopy were able to return to light activity at the 1-week post-op time point,
and 94% at 2 weeks. By 4 weeks, all patients were transitioned to full activity [24].
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In addition, while 88% of patients indicated knee-related activity restriction preop-
eratively, only 74%, 38%, and 4% of patients described knee-related activity restric-
tion at 2, 4, and 20 weeks postoperatively [24].

Indications and Outcomes of APM

Multiple studies have examined outcomes following APM to determine if there is a
subset of patients where APM is more effective. In general, clinical outcomes tend
to be favorable (at short- to mid-term follow-up) [25-28], whereas radiographic
findings have been more concerning [29, 30]. A cross-sectional study performed by
Aaron et al. noted an improvement in the mean pain score from 11.9 to 30.8 points
(using the Knee Society Severity Score), and 72 (65%) of the 110 patients were
considered to have substantial improvement [27].

Age/Preoperative OA

Of note, they also found that 52 (90%) knees with radiographically mild arthritis
were associated with clinical improvement, while only 5 (25%) knees with severe
arthritis were noted to have clinical improvement [27]. In addition, patients of older
age (generally above 40 years old) tend to have worse clinical outcomes than
younger patients who undergo APM [28, 31]. These results may be confounded by
the fact that older patients tend to have more significant preoperative OA than their
younger counterparts.

Total Versus Partial Meniscectomy

As mentioned previously, the amount of meniscal tissue preserved is directly cor-
related with radiographic outcomes. Unsurprisingly, APM has been shown to have
better radiographic and clinical outcomes when compared to total or subtotal men-
iscectomy [31, 32]. Englund et al. found that patients who underwent partial menis-
cectomy had significantly higher Lysholm scores (p = 0.03) and were found to be
more stable with less mediolateral laxity as compared to patients who underwent
total meniscectomy [31]. These studies go hand in hand with the concept that greater
preservation of meniscal tissue is critical to the prevention of development of
OA. When directly comparing a contralateral knee without meniscectomy to the
knee with meniscectomy, it appears patients who undergo APM have a greater pro-
gression of radiographic signs of OA [12, 14, 33-38]. Likewise, greater degrees of
meniscectomy are associated with earlier and more severe progression of OA [33—
35]. In a systematic review of patients who underwent ACL repair, there was a
fivefold increase in radiographic findings associated with OA in the patients who
underwent APM compared to those with an intact meniscus [38].

Laterality

There is some literature suggesting that medial meniscus tears are thought to per-
form worse after meniscectomy when compared to a lateral meniscectomy [35].
This is thought to be due to the dynamic loading pattern of the knee, where the
center of pressure for a normal knee is in the medial compartment during maximum
loading transmission [35, 39, 40]. This has been put into question by at least one
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other study which found while subjective and clinical results are similar, radiologic
results were significantly worse in patients who underwent lateral meniscectomy
[37]. To further complicate this matter, studies have simultaneously suggested more
rapid progression of OA [37] and higher reoperation rates [41], following loss of or
damage to the lateral meniscus. Others, however, suggested no difference in out-
comes between medial and lateral meniscectomy with regard to radiographic out-
comes [30, 34].

Body Mass Index

As with the preexisting degenerative changes, patients with preoperative obesity
tend to have worse radiographic outcomes than those not classified as obese [26, 42,
43]. Englund et al. found patients with obesity (BMI >30) and APM had a greater
likelihood of tibiofemoral radiographic OA than those who had undergone partial
meniscal resection with a BMI <25 [42]. More recently, Klucyznski et al. measured
various patient-reported outcomes in a randomized controlled trial of 256 patients
who underwent APM and found obese patients had significantly worse pain, physi-
cal functioning, and quality of life scores when compared with their nonobese
cohorts [43]. These results are altogether not surprising as this patient population at
baseline tend to be at higher risk for the development of OA, given the increased
demand placed on their joints.

Degenerative Versus Nondegenerative Tears

It is important to distinguish acute traumatic tears from degenerative tears which are
typically considered in a different category. Degenerative tear patterns are usually
characterized as complex, horizontal cleavage, or shredded, as opposed to the more
well-defined tears of acute meniscal injuries. Degenerative tears are often associ-
ated with older age and tend to have additional features including chondral damage
and radiographic findings of OA [44]. It is important to consider the benefit poten-
tial in these situations as alternative options such as arthroplasty might be more
benefitial [45]. Menetrey et al. evaluated the mid-term outcomes in patients over
50 years of age after APM of the medial meniscus and determined that patients with
nondegenerative tears had significantly better outcomes when compared to degen-
erative tears (90% rated excellent or good results versus only 20%, respectively) [25].

Radiographic Progression of OA

In contrast, there is some concern that a correlation between APM and progression
of OA may exist. Partial meniscectomy has been shown to increase stresses by an
average of 67%, while total meniscectomy increased stresses by 236% [5]. Similarly,
cadaveric studies have demonstrated significantly decreased contact areas and
therefore increased contact stresses after partial posterior medial meniscectomy [4].
Rockborn et al. found post-meniscectomy knees had substantially more Fairbanks
changes when compared to the contralateral knee (20 versus 5 out of 33 total knees).
Hulet et al. found that in 74 stable knees with 12-year follow-up, 21% of operative
knees had radiographic signs of narrowing as compared to 11% in the contralateral
knee [36]. Accordingly, there is movement toward extending the indications and
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tear patterns for meniscal repair with the goal of preserving more meniscal tissue
and thus protecting the biomechanical function of the meniscus. A systematic
review comparing meniscal repair and partial meniscectomy found that meniscal
repairs were associated with less radiologic degeneration than partial meniscectomy
[41]. Despite this, it is important to remember that radiographic outcomes need to
be correlated with the patient’s clinical picture as many of these changes may not be
clinically symptomatic or significant. Longer-term follow-up of the results of APM
will help define these findings of radiographic changes.

Discussion

Despite evidence to suggest poor long-term radiographic findings, it is important to
understand while many of these studies suggest meniscal resection portends arthri-
tis, this is not altogether an accurate statement. Rather, it is the occurrence of the
tear itself which creates changes to the biomechanical capabilities of the meniscus
leading to early arthritis. In meniscus-deficient or -injured patients, damage to the
articular surface is more frequent and tends to be more aggressive, but this appears
to occur even without additional meniscectomy [46]. The goal of APM is to decrease
morbidity related to the tear and allow for early return to function. Overall, despite
the controversy surrounding the efficacy and indications for APM, there appears to
be a subset of patients where APM is preferable. Proper patient selection and educa-
tion are essential in creating optimal outcomes [47].

Meniscal tears which are not amenable to repair (those with damage to poorly
vascularized areas of the meniscus unlikely to remain viable following repair), and
those which cause mechanical symptoms, or restrictions in range of motion of the
patient’s knee, may be candidates for APM [48, 49]. In addition, APM may be an
option in patients with acute, simple, yet symptomatic tears where there is less con-
cern for meniscal healing potential. In older patients, it may be better to perform the
least morbid procedure (APM) with the goal of mitigating symptoms without the
concern for development of OA, as these patients tend to develop OA and have simi-
lar outcomes regardless of treatment modality [50]. This must be weighed carefully
with data suggesting preexisting degenerative changes impact the postoperative out-
comes. While it is unclear if age is an independent risk factor for worse outcomes,
it does seem apparent patients who have worse preoperative radiographic signs of
OA may have less satisfactory results compared to patients with radiographically
healthier knees [27, 51]. Patients with greater body mass index (BMI) seem to have
worse outcomes after meniscectomy, and therefore the physician must be careful
when discussing this elective procedure with their patients. Data regarding laterality
of meniscus injury is unclear and requires further research.

Overall, the role for APM in the treatment of meniscal tears is an area of some
controversy. Considering the concerns related to meniscectomy outlined above, a
preservation of the maximum amount of meniscal tissue should be the ultimate goal
in the treatment of meniscal tear. Accordingly, meniscal repair is often preferred
whenever possible. This includes tears at the meniscocapsular junction, red-red
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zone, and red—white zone, especially in the acute setting where the meniscus appears
healthy and has an appropriate tear pattern (typically longitudinal tear without
shearing). Additionally, radial tears extending to the periphery (complete radial
tears) should be considered for repair, especially in younger individuals, as loss of
the circumferential fiber hoop stresses simulates total meniscectomy. Clearly,
meniscal repair is not always possible and there are certainly circumstances where
APM can offer both symptomatic and clinical benefit to the patient [52]. APM
appears to provide more favorable outcomes in patients who are not obese (BMI
<30), in the setting of an acute tear, and for patients who have better preoperative
cartilage integrity [45].

Summary

Meniscus tear is one of the most common injuries in the knee and accordingly, APM
is among the most common procedures performed in the United States (approxi-
mately 700,000 procedures a year in the USA) [7, 53]. Removal of meniscal tissue
inherently leads to decreases in contact area, and therefore increases contact stresses.
In addition, this loss of tissue confers biomechanical and structural changes to the
articular cartilage and subchondral plate. The degeneration of articular cartilage is a
logical extension of these processes. Meniscal repair should be undertaken when-
ever possible and longer-term outcomes appear to be better than with partial menis-
cectomy. Despite this, mid-term functional results of partial meniscectomy are
generally very good. It is possible that the rapid availability of advanced imaging
and improvements in their techniques has led to an increased “overreading” of dam-
age without clinical significance.

In terms of the structure of the meniscus itself, the peripheral rim of the meniscus
plays a significantly greater role in force distribution and should be preserved when-
ever possible. ACL stability is critical to long-term preservation of joint space, and
meniscal integrity, and a smooth and well-balanced meniscus should be the goal of
a partial meniscectomy.

It is important to remember that APM, when performed properly, does not
cause arthritis. Rather a torn meniscus creates the biomechanical abnormalities
that, with or without surgery, can lead to the development of arthritis. APM, in
the appropriately indicated knee, can lead to the rapid amelioration of symptoms
and improvement in function.
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Robert Meislin and Darryl Whitney

Meniscal repair is becoming a commonly performed procedure [1] due to the
increasing recognition of the functional importance of the meniscus and evidence of
long-term complications associated with meniscectomy. In their classic biomechan-
ical study, Baratz et al. showed a decrease in contact area by 10% and increased
peak local contact pressures by 65% in cadaveric knees following partial medial
meniscectomy [2]. More recently, others have found significantly increased contact
pressures following the creation of horizontal cleavage tears [3, 4], with a further
increase following subtotal meniscectomy and reduction to near normal pressures
after meniscus repair [4].

Despite favorable short-term clinical outcomes in 90% of patients undergoing
partial meniscectomy, long-term follow-up studies have raised concern for the
development or progression of osteoarthritis. One study found that 35% of patients
had progression of radiographic osteoarthritis 5-years following partial medial men-
iscectomy [5]. Similarly, another showed that 53% of patients developed osteoar-
thritis after partial meniscectomy at a mean of 8.5-year follow-up [6]. A study of
147 athletes who underwent partial meniscectomy demonstrated an increase in
radiographic arthritic changes from 40% at 4.5 years to 89% at 14.5 years after
surgery, with 46% of patients no longer participating in their previous sport [7].
These concerning findings have led surgeons to perform an increasing number of
meniscal repairs when indicated.
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Indications for Meniscal Repair

Historically, meniscal repair was reserved for peripheral tears in young patients, but
repair indications are expanding with improvements in technique and understanding
of meniscal healing. Tear characteristics (pattern, size, location, stability) as well
patient factors (age, activity level, symptoms) and knee stability need to be consid-
ered when attempting repair. Ideal conditions for the healing of a meniscal repair
include reducible vertical tears in the red—red or red—white zones, with good tissue
integrity and in the setting of concomitant anterior cruciate ligament (ACL) recon-
struction [1].

The blood supply [8] and neural innervation [9] of the human meniscus reaches
only the outer third and, therefore, peripheral tears have significantly higher healing
rates. Retrospective studies using second-look arthroscopy have shown significant
differences in healing rates based on tear location, with partial or no healing occur-
ring more often with central tears than peripheral tears [10, 11]. Although they heal
less reliably, many authors still advocate attempting repair of red—white zone tears
in younger patients given the aforementioned concerns about meniscectomy. One
series showed a 62% success rate with the repair of longitudinal red—white tears in
patients under 20 years of age at 10-year follow-up [12]. Attempts to encourage
bleeding in avascular zones may be of benefit, as evidenced by a study [13] showing
that the addition of trephination of vascular channels led to significantly lower re-
tear rates. There is also some literature to support that bone marrow stimulation
from the drilling of bone tunnels at the time of ACL reconstruction improves heal-
ing rates [14]. In terms of size, length greater than 4 cm is a negative prognostic
factor since these tears are unstable and often don’t heal, especially in the chronic
setting [15]. Furthermore, medial meniscal repairs have a higher rate of failure than
lateral tears [16, 17].

The tear pattern is also an important factor to consider, with vertically oriented
tears that do not disrupt the circumferential fibers of the meniscus being more ame-
nable to repair. Conversely, radial and oblique tears involve mostly the avascular
portions of the meniscus, are often unstable, and have traditionally been treated with
meniscectomy. However, newer techniques have shown promise for repair of radial
tears, both biomechanically [18-20] and clinically [21, 22]. A matched cohort study
by Wu et al. [21] demonstrated no difference in reoperation rate or clinical outcome
scores between patients undergoing repair of radial and bucket-handle tears.
Therefore, repair of radial tears should be considered in younger patients, especially
in tears extending to the periphery. Horizontal cleavage meniscal tears are often
degenerative and usually treated with meniscectomy due to their poor healing
potential. However, in younger patients with acute horizontal cleavage tears, menis-
cal repair has shown promising results in several recent studies [23-25].

Knee stability can also have a significant impact on repair success. Meniscal
repairs performed in the setting of ACL-deficiency have been shown to have signifi-
cantly lower healing rates, with only 67% of repairs healed on second-look arthros-
copy in knees with a torn ACL compared to 92% when the ACL was concurrently
reconstructed [26-28]. Despite these concerns, some authors have had success with
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isolated meniscal repair in ACL-deficient knees, with satisfactory clinical outcomes
in 87% of 23 patients in one case series [29]. Nevertheless, strong consideration
should be given to restoring knee stability when indicating a patient for repair of a
torn meniscus.

Timing of surgery may also affect healing. Tears that are repaired within 6 weeks
of the injury were found to have higher rates of successful outcomes and reparabil-
ity than those repaired after 6 weeks [30, 31]. With regards to staging the ACL
reconstruction in the setting of meniscal repair, it is generally recommended to per-
form both procedures concurrently, as an unstable knee often precludes healing of
the meniscus. This concept is supported by a study by Gallacher et al. [32], who
found higher failure rates of the meniscal repair when ACL reconstruction was
delayed. Our preferred sequence is to perform both procedures in the same sitting
and to repair the meniscus prior to ACL reconstruction.

Several patient factors can influence meniscus repair outcomes. Older patients
have been shown in some studies to have lower rates of healing [33, 34], while other
studies have found either no difference based on age [10, 35], or improved out-
comes in older patients [17]. Steadman et al. [36] performed a large, single-surgeon
cohort study comparing their 10-year outcomes of meniscus repair with patients
stratified based on age (>40 vs. <40 years) and found no difference between groups
in repair failure rate or clinical outcome scores. Obesity may be a factor, as patients
with a higher BMI have been shown to have worse outcomes after posterior root
repairs [37] and higher rates of advanced chondral lesions seen at the time of
arthroscopy [38]. Lastly, smoking has also been shown to significantly reduce the
healing rates of meniscal repair [33].

Meniscus Repair Techniques

Repair of a torn meniscus can be performed open or arthroscopically. Open menis-
cal repair is now reserved for tears occurring in conjunction with tibial plateau frac-
tures or horizontal tears extending to the periphery in young athletes [23, 25, 39].
Arthroscopic techniques include inside-out, outside-in, and all-inside approaches.
Regardless of the technique, several general principles should be followed, includ-
ing removal of loose fragments or unstable segments, abrasive perforation/rasping
of the tear edges, and perimeniscal vascular stimulation/trephination to promote a
healing response [40]. These steps should be performed before suture or device
placement.

Inside-out meniscal repair has long been considered the gold standard for tears
in the posterior and middle third of the meniscus [41]. The technique involves the
use of long, flexible needles and open incisions either medially or laterally to
retrieve the needles and tie sutures to the capsule while avoiding neurovascular
injury. Success rates have been reported to be up to 80% for isolated repairs and
90% when performed with concurrent ACL reconstruction [1]. Concerns have been
raised regarding increased surgical time, more invasive incisions, and risk of neuro-
vascular injury with this approach compared to all-inside techniques [42]. A
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systematic review found a significantly higher incidence (9% vs. 2%) of nerve
injury/irritation following inside-out repair than all-inside repair [43].

Outside-in repair techniques are particularly useful for anterior to mid-body
meniscal tears that are difficult to reach with inside-out or all-inside approaches
[44]. A spinal needle is passed through the skin and across the meniscus tear under
visualization with the arthroscope [45]. A looped wire or suture shuttle can then be
used to pass sutures in a mattress fashion with the use of a second spinal needle also
placed from outside-in. A small incision is then made between the suture limbs and
the sutures are tied over the capsule to reduce the tear. Various modifications of this
technique have been described in efforts to make anterior horn repairs time- and
cost-efficient and technically reproducible [46, 47]. Unrepaired anterior horn tears
have been found to increase peak contact pressures by 78%, while repaired ones
result in a near-complete restoration of pressures [48].

All-inside meniscal repair techniques were developed to decrease surgical time,
risk to neurovascular structures, and technical skill required (Fig. 6.1). These

Fig. 6.1 Example of a repair of a bucket-handle medial meniscus tear. (a) A large bucket-handle-
type tear is noted in the red—white zone. (b) The torn flipped fragment is reduced with a blunt
instrument and the capsule and tear edges are abraded with shaver and meniscal rasp. (c¢) A suture
passing/retrieving device is used to place sutures circumferentially in a vertical mattress configura-
tion. (d) The meniscus is probed to assess the stability of the repair
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techniques have evolved in recent years with improvements in device technology
and surgeon comfort with knee arthroscopy. Earlier generation devices such as
arrows, screws, harpoons, and staples have been replaced with newer generations of
“hybrid” devices that feature sutures that can slide and tension through small retro-
capsular implants that are introduced through the meniscus tear arthroscopically
with needles of varying caliber, curvature, and orientation [39]. These newer devices
have been shown to have similar failure loads and restoration of contact pressures as
traditional meniscus suturing techniques [49-51], while obviating the concern of
implant loosening/chondral damage [52-54] and high failure rates [55-57] seen
with earlier generation devices. At 5-year follow-up, successful repair was seen in
84% of the 81 patients treated with an all-inside hybrid suture device [58]. A meta-
analysis comparing all-inside techniques to inside-out and outside-in repairs showed
lower operative times with the all-inside technique and comparable clinical out-
come scores and overall complication rates [59].

Various suture repair configurations have been described including vertical, hori-
zontal, and oblique mattress techniques. Vertical mattress configurations have his-
torically been considered the gold standard, as numerous biomechanical studies
have demonstrated better fixation than the horizontal mattress technique [60—63].
Conversely, other studies have found no difference between the two with regards to
load to failure, pullout strength, or knot resistance [49, 63, 64]. In a recent meta-
analysis of 41 studies, the authors found that vertical mattress repairs had higher
load-to-failure rates and were stiffer than horizontal repairs [65]. Since most of
these biomechanical studies were performed on vertically orientated tear patterns, it
is important to consider tear pattern as well and to individualize each repair tech-
nique based on tear configuration.

Repair of radial meniscus repair requires different technical considerations, with
all-inside, inside-out, and transtibial tunnel techniques all described for this tear
pattern [18, 19, 21]. Both inside-out and all-inside techniques were found to have
comparable success rates for radial tears as for bucket-handle tears in one study
[21]. Another study found high success rates (91%) for posterior horn radial tears
extending to the periphery repaired with an inside-out horizontal mattress suture
technique [22]. A cadaveric study showed improved biomechanical properties with
an all-inside, vertical mattress fixation device compared to an inside-out, horizontal
mattress technique [19]. A crossed suture configuration was found to have higher
load-to-failure and greater stiffness than a double horizontal mattress for radial tears
in cadaveric menisci [20]. In another biomechanical study, complete mid-body tears
of the medial meniscus showed less gap formation and a significantly higher load-
to-failure when repaired with two transtibial tunnels compared to a double horizon-
tal mattress technique [18].

Horizontal cleavage tears were historically treated with open techniques due to
difficulty passing sutures perpendicular to the tear with traditional techniques and
devices. Several studies demonstrated excellent short- and long-term results of com-
bined arthroscopic partial meniscectomy and open repair of horizontal cleavage
tears in young athletes [23-25]. A newer technique allows for all-inside repair of
these lesions with the use of a self-retrieving suture-passing device to place a cir-
cumferential compression stitch in what is known as a “hay bale” technique [66,
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67]. This technique allows for all the advantages of all-inside repair, with a theoreti-
cally even lower risk of neurovascular injury, as the device does not pass sutures
beyond the capsule. However, no outcome study has yet compared this technique
with open repair.

Medial meniscus meniscocapsular (Ramp) lesions are associated with 15-30%
of ACL tears and require specific techniques for successful repair [39]. These lesions
often do not show up on anterior arthroscopy and require visualization of the pos-
teromedial compartment through the modified Gillquist maneuver, with some
lesions requiring an additional posteromedial portal for diagnosis and treatment [68,
69]. Ramp lesions cannot be repaired through traditional inside-out or all-inside
techniques as they require a posteromedial instrument portal for instrument and
suture passage given the retrocondylar location of the tear (Fig. 6.2). Various tech-
niques have been described, including the use of a suture-passer hook inserted
through a posteromedial cannula, with re-approximation of the torn posterior cap-
sule to the posterior horn of the medial meniscus through a knotted repair [70].

el oo U

Fig. 6.2 Example of medial meniscal ramp lesion repair. (a) Tear is identified and posteromedial
portal is created for instrument passage. (b) The meniscal and capsular attachments are debrided
to create bleeding for biologic healing response. (¢) Curved lasso suture passers are used to pass
sutures through the peripheral meniscus and capsule. (d) Arthroscopic knot-tying techniques are
utilized to complete the repair
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Another recently described technique uses an arthroscopic grasper to hold the
meniscotibial ligament in place for subsequent fixation to the meniscus using an
all-inside suture device [71].

Outcomes of Meniscal Repair

Studies comparing meniscal repair to meniscectomy are limited as they are difficult
to perform. Different tear patterns and tear severity may be more amenable to repair
versus meniscectomy, and randomization may not be practical or ethical [1]. Stein
et al. [72] performed a cohort study of 81 patients with isolated traumatic medial
meniscus tears who underwent either partial meniscectomy or repair. At long-term
follow-up (mean 8.5 years), a significantly higher percentage of patients had no
evidence of osteoarthritic progression in the repair group (80%) than in the menis-
cectomy group (40%). Meniscal repair also significantly improved the rate of
return-to-sport compared with meniscectomy.

In a systematic review of 95 studies comparing meniscectomy to meniscal repair,
Paxon et al. [73] found that although meniscectomy had a lower reoperation rate
than repair (3% vs. 20%), long-term clinical outcome scores and evidence of radio-
graphic deterioration were significantly improved in patients who were treated with
meniscal repair. Repairs performed at the time of ACL reconstruction had a signifi-
cantly lower failure rate than isolated repairs (14% vs. 24%). A recent meta-analysis
by Xu et al. [74] showed a lower failure rate and improved clinical outcomes scores
in patients undergoing meniscal repair compared to partial meniscectomy. The
importance of long-term follow-up of these patients is highlighted in a recent meta-
analysis by Nepple et al. [75], who found a pooled failure rate of 24% 5 years after
meniscal repair, compared to only 30% at 2 years.

Using the latest techniques with all-inside newer generation devices, an overall
success rate of 84% was demonstrated at a minimum of 5-years follow-up in a
recent study [58]. The authors found no difference in failure rates in isolated repairs
compared to those performed in conjunction with ACL reconstruction. Another
recent study found successful outcomes following meniscal repair using the same
all-inside device in 73% of 63 patients at a minimum of 12-years follow-up, with
half of the failures attributable to subsequent traumatic episode [76].

Tear location and type can also affect outcomes after meniscus repair. In small
case series, several authors have noted a high rate of return to previous level-of-
sport after repair of anterior horn meniscus tears in soccer players [77, 78]. Osti
et al. [79] reported good-to-excellent results in a series of patients undergoing ante-
rior horn repairs with a suture anchor technique at 1-year follow-up. Radial tears
were historically felt to be less repairable and more amenable to meniscectomy;
however, recent studies have found success rates up to 90% following repair of
radial tears [22, 80], with results comparable to a matched cohort of bucket-handle
repairs [21]. Furthermore, follow-up MRIs demonstrated at least partial healing in
93% of menisci after repair of mid-body radial tears [81]. Horizontal cleavage tears
treated with partial meniscectomy of unstable flaps as well as open repairs were
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found to have high clinical outcomes scores, a 91% return to same level of sport,
and an 85% success rate at long-term follow-up [24]. These results have been cor-
roborated by other authors [23, 25], with better outcomes observed in patients under
the age of 30.

Tibial plateau fractures are often associated with meniscus tears. Repairs per-
formed at the time of open reduction internal fixation of fracture were shown to
have excellent results in a recent study [82]. In the same study, patients reported no
meniscal symptoms at 4-year follow-up, and 92% of menisci demonstrated com-
plete healing at second-look arthroscopy. In another study, meniscus tears were seen
in 52% of tibial plateau fractures, with follow-up MRIs showing healing of all
menisci after repair [83]. The degree of plateau depression has also been shown to
be predictive of meniscal injury, with an average 12.3 mm of depression seen in the
55% of patients with associated meniscal tears compared to 5.4 mm in the 45%
without meniscal pathology [84]. In the same study, meniscal repair at the time of
tibial plateau fixation produced outcomes similar to patients with intact menisci.
These findings suggest the menisci should be inspected and repaired at the time of
tibial plateau surgery whenever possible.

Failure of meniscus repair can be treated with either partial meniscectomy or
revision repair, depending on the residual condition of the meniscus. Krych et al.
[85] performed revision meniscus repair in 34 patients at an average of 2-years after
the index procedure. They demonstrated successful revision repair in 79% of
patients at 6-year follow-up, with the remaining patients undergoing subsequent
partial meniscectomy. Patient age was the only independent risk factor for failure of
revision repair. In another case series, Imade et al. [8§6] showed meniscal re-tear in
5/15 patients undergoing revision repair, with all 5 failures showing degenerative
changes in the meniscus at the time of attempted repair. They concluded that revi-
sion repair should be attempted only in the absence of degenerative changes of the
meniscus.

Postoperative evaluation of meniscal repair can include unenhanced MRI, MR
arthrography, or CT arthrography. A recent review concluded that MR arthrography
is superior to conventional MRI and CT arthrography to evaluate meniscal integrity
after repair [87]. However, it is important for radiologists to be able to recognize the
normal MR appearance of a repaired meniscus versus recurrent or residual tear [88],
and the differential signal provided by intra-articular contrast is beneficial [89].
With repeat arthroscopy being the gold standard for evaluation of a prior meniscus
repair, there may be a role for in-office needle arthroscopy in patients with recurrent
pain, as this technique has been found to be safe and cost-effective when compared
to MRI in evaluation of the meniscus [90, 91].

Biologic Augmentation of Repair

Given our knowledge of the mechanism of healing in the vascular portion of the
meniscus, attempts should be made to enhance the healing response by trephination
of the peripheral meniscus and rasping of the tear edges. There has also been a
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growing interest in the direct application of pluripotent stem cells to augment the
repair and enhance the rate of healing following repair [92]. This section will dis-
cuss the scientific evidence behind various augmentation techniques, including
trephination/abrasion, fibrin clot, platelet-rich plasma, and cerclage with collagen
membranes.

After successful experiments in animal models, Zhang and Arnold [13] com-
pared suture alone with suture and trephination in patients undergoing meniscal
repair and found a significantly lower re-tear rate in the trephination group (6%)
compared to the suture only group (25%). Numerous other studies [93-96] have
demonstrated good-to-excellent clinical results following trephination alone with-
out suture repair of meniscus, especially if performed at the time of ACL recon-
struction. These studies, however, have often lacked control groups and did not
evaluate healing with MRI or second-look arthroscopy. Several other studies found
excellent clinical results [97, 98] and high healing rates at second-look arthroscopy
[99] after rasping and synovial abrasion without suture repair.

Fibrin and blood clots have been used clinically in an attempt to clinically aug-
ment the repair. In a randomized control trial, Biedert et al. [100] showed only 43%
healing on MRI following augmentation of suture repair with fibrin clot, which
compared poorly to suture repair alone, partial meniscectomy, and conservative
treatment. Ishimura et al. [101-103] used fibrin glue with or without sutures to treat
longitudinal and bucket-handle tears, and found successful repair in 85-94% of
patients clinically and at second-look arthroscopy. Similarly, success rates over 90%
were reported for repair of radial tears augmented by exogenous fibrin clot in sev-
eral studies [104-106]. Kamimura and Kimura [107, 108] augmented all-inside
suture repairs of horizontal cleavage tears and found excellent clinical results, with
70% of tears completely healed at second-look arthroscopy.

Platelet-rich plasma (PRP) has received considerable attention for various appli-
cations in orthopedics. Animal studies, however, showed equivocal results for PRP
augmentation of meniscus repairs [92]. In a clinical trial, Griffin et al. [109] per-
formed meniscus repairs with and without PRP and found similar clinical outcomes
and failure rates between groups. Pujol et al. [110] demonstrated similar failure
rates, but improved clinical outcome scores and MRI findings of complete healing
in meniscal repairs augmented with PRP. Kemmochi et al. [111] utilized a novel
device for injection of PRP and platelet-rich fibrin for augmentation of meniscal
repairs and found no significant differences in clinical outcome scores or MRI find-
ings. These studies suffer from issues such as low sample sizes and inconsistent
PRP preparation, and more research is indicated before PRP can be recommended
for routine use in meniscal repair surgery.

Meniscal cerclage with fascial or collagen scaffolds has also been described in
augmenting meniscal repairs. Henning et al. [112] reported lower failure rates in
repairs augmented with a fascial sheath and fibrin clot compared to isolated repairs
(8% vs. 24%). Piontek et al. [113] treated complex meniscus tears with a collagen
matrix wrap combined with bone marrow blood injection and an all-inside repair
device. They demonstrated a low failure rate (4%) in 53 patients treated with this
technique and an 87% rate of clinical improvement. Their MRI findings
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demonstrated non-homogeneous signal and tear absence in 76% of menisci.
Concerns for this technique include that it is technically challenging, costly, and can
increase operative times.

Rehab After Meniscal Repair

Unlike meniscectomies, most surgeons performing meniscal repair instruct their
patients to be non- or partial-weight-bearing on crutches postoperatively for
4-6 weeks, with a return to normal activity after 3—6 months. However, rehabilita-
tion protocols vary considerably, with some surgeons advocating for an accelerated
protocol and early weight-bearing. Tear pattern also plays a role in determining the
rehab protocol since radial tears are subject to distraction forces under axial loading,
compared to vertical tears which experience compressive forces at the repair site
[114]. A systematic review [115] of various rehabilitation protocols including accel-
erated, weight restriction, and motion restriction protocols demonstrated no differ-
ence in clinical outcomes between the groups. They concluded that early range of
motion and immediate weight-bearing have no detrimental effect on the success of
isolated meniscus repair. In a randomized controlled trial, Lind et al. [116] com-
pared accelerated and restricted protocols after isolated meniscal repairs and showed
no differences in failure rates, clinical outcome scores, or appearance on repeat
arthroscopy. Our preferred rehabilitation protocol includes partial weight-bearing in
full extension for 6 weeks, flexion limited to 100° for the first 6 weeks after isolated
meniscal repair, and consideration of the use of a continuous passive motion
machine following combined meniscal repair and ACL reconstruction. Further
research is needed to define optimal protocols based on tear type and biologic
factors.

Conclusions

Meniscal repair is a reliable and reproducible procedure, with overall success rates
of 80-90% when properly indicated. Biomechanically, the preservation of meniscal
tissue is preferable to meniscectomy whenever possible. Advancement in surgical
techniques, including all-inside devices and biological augmentation, may allow for
expanded indications, decreased difficulty, and improved success rates of menis-
cus repair.
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Meniscal Root Repair 7

Michael Alaia and David Klein

Introduction

Disruption of the meniscal root describes an injury to the posterior horn of the
meniscus within 1 cm of the root attachment. This can be in the form of a bony or
soft tissue avulsion, or a radial tear just adjacent to the root attachment onto the
tibia [1, 2].

Detachment of the meniscal root results in a break in the ring or “hoop” of the
circumferential fibers of the meniscus. If the meniscus is thought of as a ring of tis-
sue that nestles the respective femoral condyle within it, a complete break in the
ring causes a total breakdown of the ability of the meniscus to dissipate tibiofemoral
contact stresses [2]. Repair of the meniscal root restores its ability to reduce contact
pressure of the tibiofemoral joint and normalizes contact mechanics. [3]

The most common injury pattern is a medial meniscal posterior root disruption
(Figs. 7.1 and 7.2), accounting for up to 10% of all meniscal tears requiring surgery
[4]. Lateral root tears are less common and are more likely seen in conjunction with
ACL injuries. [5] A lateral root tear is 10 times more likely to coexist with an ACL
tear than is a medial root tear [6], and repairing the lateral meniscal root tear
improves knee stability after ACL reconstruction [7]. Medial meniscal posterior
root tears (MMPRTS) are almost six times more likely to have a concomitant chon-
dral injury [8]. Laprade et al. studied coexisting knee pathology in patients with
meniscal root tears and found that MMPRTSs can also have a significant degenera-
tive component. They found that up to 55% of their MMPRT patients also had at
least Outerbridge grade II chondral changes [8]. Although uncommon, iatrogenic

M. Alaia (2<) - D. Klein

Department of Orthopedic Surgery, Sports Medicine Division, NYU Langone Orthopedic
Hospital, New York, NY, USA

e-mail: Michael. Alaia@NYULangone.org; David.Klein3@NYULangone.org

© Springer Nature Switzerland AG 2020 91
E. J. Strauss, L. M. Jazrawi (eds.), The Management of Meniscal Pathology,
https://doi.org/10.1007/978-3-030-49488-9_7


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49488-9_7&domain=pdf
https://doi.org/10.1007/978-3-030-49488-9_7#DOI
mailto:Michael.Alaia@NYULangone.org
mailto:David.Klein3@NYULangone.org

92 M. Alaia and D. Klein

Fig. 7.1 Disruption of the
posterior root of the medial
meniscus (red arrow) and
associated meniscal
extrusion (yellow arrow)

Fig. 7.2 Superior view of
disruption of the medial
meniscal posterior root

injury to the meniscal roots can happen, and has been reported with aberrant PCL
tunnel drilling [9]. Another less appreciated form of iatrogenic injury to the menis-
cal roots involves the anterior roots which are often injured during ACL tunnel
reaming and placement of tibial intramedullary nails [9—11].

While the mainstay of treatment of meniscal injury in the past was meniscec-
tomy, a new understanding of the biomechanical protective role of the menisci has
led to the development and improvement of repair techniques. Meniscectomy results
were generally poor [12], with a high degree of progression to arthrosis. Meniscal
repair outcomes have been more promising, in some series cutting the rate of pro-
gression to osteoarthritis (OA) in half [13]. Long-term outcomes of meniscal root
repair, however, have not been studied extensively, and most research consists of
series limited to short- to mid-term follow-up [14, 15].
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Anatomy

The menisci are a pair of C-shaped fibrocartilage rings that deepen and protect the
articulation by reducing joint contact pressures and increasing the peak contact area.
The menisci have also been shown to have proprioceptive function [16]. They do
not, however, have nociceptive capability since they lack neural elements [17]. The
circumferential fibers of the meniscus provide tensile strength and resistance to
elongation of the menisci. These fibers terminate at the anterior and posterior root
attachments as Sharpey’s fibers that insert directly into bone of the tibial plateau
(Fig. 7.3). Detailed anatomy of the menisci and their attachments are described by
Johannsen et al. [18] In their anatomic study, the posterior meniscal roots were
shown to be intimately related to the cruciate ligaments. The distances from intra-
articular structures are outlined in Table 7.1.

The figures by Johansen et al. show the intimate relationships the meniscal roots
have with the surrounding structures (Fig. 7.4). The anatomic dissections by
Johansen show the pertinent arthroscopic anatomy (Fig. 7.5).

Medial Meniscus

The medial meniscus is a C-shaped cartilage ring that acts to deepen the congruity
of the medial tibiofemoral joint. It has attachments to the capsule surrounding it, as
well as its two root attachments (Fig. 7.3). The medial meniscus has a larger radius
than the lateral meniscus, but it tends to be somewhat thinner in cross-section. The
posterior root is quite close to the PCL insertion. There have been anatomical stud-
ies showing the importance of the “shiny white fibers” of the root attachment. These

Fig. 7.3 Superior view of
anterior meniscal root
attachments (red arrows),
posterior root attachments
(yellow arrows).

(Left knee)
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Table 7.1 Measurements of medial and lateral meniscal root proximity to pertinent arthroscopic
landmarks

Average distance

+ SEM, mm Direction
To medial meniscus posterior root attachment
center from:
Medial tibial eminence apex 11.5+£0.9 Posterior/inferior/lateral
Medial tibial eminence apex (medial-lateral 0.7+0.4 Lateral
distance)
Medial tibial eminence apex (anterior— 9.6 +0.8 Posterior
posterior distance)
Medial tibial eminence apex (inferior—superior 6.0 + 0.6 Inferior
distance)
Medial articular edge inflection point 35+04 Lateral
(medial-lateral distance)
Nearest PCL edge 82+0.7 Superior/anterior/medial
To lateral posterior root attachment center from:
Lateral tibial eminence apex 53+03 Medial/posterior/inferior
Lateral tibial eminence apex (medial-lateral 42+04 Medial
distance)
Lateral tibial eminence apex (anterior— 1.5+0.7 Posterior
posterior distance)
Lateral tibial eminence apex (inferior—superior 1.4 +0.2 Inferior
distance)
Nearest lateral articular cartilage edge 43+0.5 Medial
(medial-lateral distance)
Nearest posterior cruciate ligament edge 12.7+1.1 Anterior/superior/medial
Posterior edge of the anterior root attachment ~ 10.1 = 0.8 Posterior/superior/medial

of lateral meniscus

4SEM standard error of the mean

Fig. 7.4 Illustration demonstrating the medial and lateral posterior root attachments and relevant
arthroscopic anatomy (right knee). (a) Superior view and (b) posterior view. ACL anterior cruciate
ligament bundle attachments, LPRA lateral meniscus posterior root attachment, LTE lateral tibial
eminence, MPRA medial meniscus posterior root attachment, MTE medial tibial eminence, PCL
posterior cruciate ligament, SWF shiny white fibers of posterior horn of medial meniscus
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Fig. 7.5 Photographs of the medial and lateral meniscus posterior root attachments and relevant
arthroscopic anatomy. (a) Superior view and (b) posterior view. ACL anterior cruciate ligament
bundle attachments, LPRA lateral meniscus posterior root attachment, LTE lateral tibial eminence,
MPRA medial meniscus posterior root attachment, MTE medial tibial eminence, PCL posterior
cruciate ligament, SWF shiny white fibers of posterior horn of medial meniscus b: The white
arrows depict a cadaveric dissection of the “shiny white fibers” of the posterior medial meniscal
root. Note the fibrous nature of these fibers which are also visible arthroscopically (black arrow).
(Photo credits of cadaveric dissection: Smigielski et al. [19])

fibers are important for the overall integrity of the repair, and, if possible, effort
should be made to have sutures go through these fibers in the repair [20]. Notice the
fibrous nature of the shiny white fibers on the cadaveric dissection by Smigielski
et al. [19] shown in Fig. 7.5b, as well as the arthroscopic representation of this ana-
tomic landmark shown in the figure.
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Lateral Meniscus

The lateral meniscus is less constrained than the medial meniscus. It has capsular
attachments, but a significant amount of the meniscus is free from the capsule at the
popliteal hiatus. The lateral meniscus also covers relatively more of the tibial pla-
teau than the medial meniscus. Both roots of the lateral meniscus are located
between the tibial spines. The anterior root attachment is found intimately related to
the ACL tibial footprint and is used as an anatomic landmark when placing the tibial
ACL tunnel. Both the anterior and posterior roots of the lateral meniscus can be
injured if close attention is not paid to operative technique.

Biomechanics

A detailed description of meniscal biomechanics is found in Chap. 1 of this book.
When the meniscal root is incompetent, the entire meniscus is nonfunctional.

Root function was apparent as early as thel940s, when Fairbank stated that
meniscus roots prevent extrusion “like an orange pip squeezed through the fingers.”
Extrusion is demonstrated by the model in Fig. 7.1. This same phenomenon was
described arthroscopically by Pagnani et al. in 1991 [21], and demonstrated in
cadaveric study by Hein and Marzo in 2009 [22], showing biomechanical equiva-
lence of a total meniscectomy when the posterior root of the medial meniscus is
compromised.

In situations where the root is intact, but it is otherwise disrupted from the rest of
the meniscus by a radial tear, it can function as a root disruption. This clinical entity
deserves mention in this chapter since it has the same biomechanical activity; how-
ever, the reader is referred to Chap. 6 of this book for details on management and
repair of radial meniscal tear treatment.

Mechanism of Injury

Although acute meniscal root tears can occur from axial loading and noncontact
injuries, by far the most common type of meniscal root tear is degenerative [23],
accounting for some 70% of these. Meniscal root injury only occurs in approxi-
mately 3% of multi-ligament injured knees [23, 24]. The incidence of lateral
meniscal root tear in association with ACL injury was estimated at 6.6% in a large
series by Praz et al. [25] Since the medial meniscal root attachment is more con-
strained, it is more likely to be injured. As many as 80% of patients with spontane-
ous osteonecrosis of the knee (SONK) also have a coexisting medial meniscal
root tear [26].
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History and Physical Exam

Since meniscal root injury can happen in many clinical settings, the clinician must
maintain a high index of suspicion for this injury, both in and out of the operating
room. Mechanical symptoms such as clicking, popping, and catching can occur, but
are not necessary to make the diagnosis. Often times, patients present after feeling
a pop in the knee from something as benign as getting up from a squatted or seated
position, and, in our experience, this happens more frequently in overweight women
in their 40-60s. When there is suspicion of a root tear, patients should be screened
for overall coronal malalignment. Pain can be medial, lateral, or, very often, poste-
rior. The most common physical exam findings are joint line tenderness, significant
pain with deep flexion, and a positive McMurray test. [27] At times, an extruded
meniscus can be palpated at the anteromedial joint line with varus stress in full
extension [28]. A complete ligament exam should be done as well since injury of
these structures can coexist with meniscal root tears.

Imaging

Standard four-view radiographs, consisting of AP, PA flexion, lateral, and sunrise
views are obtained. Additionally, a full leg—length alignment film is helpful in deter-
mining alignment and can also be used to help with prognosis, as significant coronal
malalignment may subject the compartment to more load than usual. The presence
(or lack thereof) of osteoarthritis is important to assess, since meniscal root repair
may not provide durable pain relief or joint preservation in this setting. Instead, the
discussion may focus on other joint preserving or replacing options. Varus align-
ment of greater than 5°, and presence of Outerbridge grade 3 chondromalacia have
been shown to lead to poorer outcomes [29].

MRI is the mainstay of meniscal imaging [23, 30]. The entire substance of the
meniscus should be evaluated, especially when a root tear is suspected. Identifying
root tears can be challenging but can be simplified with certain assessments. The
“ghost sign” of a meniscal root tear can be appreciated on T2 and T1 sagittal imag-
ing (Fig. 7.6a and b). Instead of a solid black insertion, the meniscal root “disap-
pears” as the MRI sections reach the expected insertion point, rendering that area of
expected meniscal tissue white. Additionally, this can be seen on coronal and axial
images (Figs. 7.7 and 7.8). Often, radial tears juxtaposed to the roots can also be
visualized on axial images. Three T MRI has been shown to have improved diag-
nostic accuracy over conventional 1.5 T MRI and provides a 77% specificity, 73%
sensitivity, positive predictive value of 22%, and negative predictive value of 97%
[6]. Additionally, any extrusion on midcoronal sequence of greater than 3 mm is
associated with more severe meniscal pathology and, frequently, chondral damage
[31,32].
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Fig. 7.6 (a) Sagittal T2-weighted MRI showing (A) visible posterior horn medial meniscal tissue
in a cut through the middle of the medial plateau and (B) “ghost sign” of meniscal tissue disappear-
ing more medially as it inserts at the root. (b) Sagittal T1-weighted MRI showing (A) visible
posterior horn medial meniscal tissue in a cut through the middle of the medial plateau and (B)
“ghost sign” of meniscal tissue disappearing more medially as it inserts at the root
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Fig. 7.7 Red arrow: T2- and T1-weighted coronal MRI showing disruption of meniscal tissue at
the root, a sign of meniscal root tear. Also noted is meniscal extrusion of 3.4 mm

Fig. 7.8 Red arrow: Axial
T2-weighted MRI showing
disruption of meniscal
tissue at the root, a sign of
meniscal root tear
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Classification

Laprade et al. classified meniscus posterior root tear (MPRT) by location and mor-
phology [33]. Tears within 9 mm from the posterior attachment are considered root
tears based on biomechanical data, and outcomes have not been reported based on
tear type. Data on this classification scheme and overall outcomes are lacking.

Management Options
Nonoperative Management

We often recommend repair for patients without contraindications to surgery since
nonoperative management of MPRT is associated with significant increases in
degeneration [34]. However, nonoperative management is offered to patients with
contraindications to surgery and to patients with significant osteoarthritis, signifi-
cant extrusion, or moderate-to-severe varus deformity. Additionally, if the quality of
the meniscus appears poor, a repair may not be possible. Young patients with irrepa-
rable root tears may be candidates for meniscal transplantation if symptoms persist
despite meniscal debridement.

Patients who are treated nonoperatively should undergo physical therapy and be
offered nonnarcotic oral and topical medication for pain control. Assistive devices
such as a cane can provide pain relief. The cane should be held in the contralateral
hand, and the patient should be instructed to lean on the cane while weight-bearing
on the affected leg. This helps offload the knee and has been shown to provide sig-
nificant pain relief in patients with degenerative knees [35, 36].

While data is lacking to support the use of unloader bracing in patients with
meniscal root injury, enough data exists in the context of unicompartmental osteo-
arthritis to consider this noninvasive management option to offload an essentially
meniscus-deficient knee [37-39]. Patients can be offered a brace to help reduce pain
if they are not surgical candidates, or offered a brace while awaiting surgery, but
should be counseled that this is not an equivalent treatment to meniscal root repair,
when indicated.

Operative Management

While it is known that meniscectomy can result in symptomatic improvement, it
does not halt the progression of osteoarthritis. Kim et al. [30] found that meniscal
root repair resulted in better clinical and radiographic outcomes compared with
partial meniscectomy at an average of 56- and 48.5-month follow-up, respec-
tively. However, when carefully scrutinizing their results, they had a heteroge-
neous data set, and their patient-reported outcome measures likely failed to reach
clinical significance despite showing a statistically significant improvement. A
study by Krych et al. [40] redemonstrated that while partial meniscectomy can
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relieve pain in the short term, this does not portend a decreased rate of osteoarthri-
tis and showed significant radiographic degeneration of the knee at 5-year
follow-up.

Subjective outcomes have been shown to improve following meniscal root repair.
In a meta-analysis performed by Chung et al., meniscal root repair resulted in sig-
nificantly improved patient-reported outcomes [41, 42]. Chung et al. also found that
repair had significantly improved clinical and radiographic outcomes at 5 years
when compared with meniscectomy, and that radiographic OA did not progress at
the 30-month follow-up. Feucht et al. did a systematic review of meniscal root
repair and found that 84% of patients had no progression of OA when assessed with
the Kellgren—Lawrence grading system. In terms of repair technique, one study
showed no clinical difference between suture anchor repair and pullout suture repair
of medial meniscal root tears at 2 years [27].

A retrospective study by Laprade et al. with level III evidence found that there
were significant improvements in patient satisfaction, pain, and clinical outcomes
following meniscal root repairs [15]. This study also found that age and side did not
affect failure rate of repair, suggesting that failures may be more common in patients
with higher degrees of degenerative changes, higher BMI, or inability to participate
in appropriate postoperative rehab [15]. Patients with a higher BMI have also been
found to have poorer outcomes [43].

One of the worst prognosticators of meniscal pathology is the presence of menis-
cal extrusion. An extruded meniscus is essentially nonfunctional [31, 32]. While the
relationship between an extruded meniscus at follow-up after meniscal root repair
and outcome has not been fully delineated, it can be assumed that reduction of the
meniscus and avoidance of extrusion is an important goal of repair.

Kaplan et al., however, demonstrated worsening International Cartilage Repair
Society (ICRS) scores on MRI at 2-year follow-up after medial meniscus posterior
root repair. Additionally, although the majority of repairs demonstrated at least par-
tial healing, meniscal extrusion was unable to be anatomically restored. Despite
these findings, clinical scores were improved significantly [14]. Kwak et al. [44]
also demonstrated that extrusion is associated with poor prognosis, and concluded
that early meniscal root repair in knees that exhibit a high degree of meniscal extru-
sion should be performed whenever possible.

The rate of failure of meniscal root repair has not been well documented in the
literature. In a series by Cho et al., where 13/20 knees underwent second-look
arthroscopies after meniscal root repair, the authors showed that clinical improve-
ment correlated with stout healing of the meniscal tissue. To optimize the success of
repair, some suture repair configurations have been shown to be biomechanically
superior than others. For example, a simple cinch stitch has been shown to be stron-
ger than a Mason—Allen-type repair in a study by Krych et al. [45] Additionally, the
meniscus can be fixed with either suture anchors or a transtibial repair with cortical
fixation. Suture anchor repair is technically demanding, and transtibial repair has
the advantage of being performed through two familiar anterior arthroscopic por-
tals. However, no clinical differences have been shown when comparing the two
techniques [27].
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The most common complication of meniscal root repair, malposition of the tibial
tunnel, is related to surgical error. Small deviations in tunnel placement can lead to
drastic changes in tibiofemoral contact stresses [46]. Additionally, in situations
where access to the medial compartment is restricted, iatrogenic chondral damage
can occur if care is not taken when inserting the guide and reamer. In such instances,
we routinely perform pie-crusting of the deep medial collateral ligament (MCL), as
this will improve the working space by several millimeters and improve access to
the meniscal root. Conversely, it is not possible to perform a similar pie-crusting
release of the lateral compartment given the rope-like structure of the lateral col-
lateral ligament (LCL), nor would it be advisable due to the proximity of the com-
mon peroneal nerve. Healing rates following surgical repair in the literature have
been variable and reported to range from 0 to 100% on MRI or second-look arthros-
copy [14, 47]. A study by Lee et al. used a homogeneous arthroscopic measurement
method and MRI evaluation to determine meniscal root-healing rates in a series of
56 patients. Thirty-three patients underwent second-look arthroscopies, and in this
subset the rate of meniscal root healing was 70%.

Medial Meniscus Root Repair Surgical Technique

Our preferred technique is suture repair of the meniscal root with transtibial fixation
over a cortical button using a single tunnel [14]. The operative extremity is positioned
in a leg holder and a tourniquet placed high on the thigh. The distal aspect of the leg
holder should be about two to three fingerbreadths proximal to the proximal pole of
the patella in order to best visualize the medial compartment when applying valgus
stress, while also minimizing hip internal rotation. Standard anteromedial and antero-
lateral portals are made, and a diagnostic arthroscopy is performed. The anteromedial
portal is established using spinal needle localization, ensuring a direct trajectory to the
posterior horn of the medial meniscus can be achieved. This portal tends to be more
lateral and inferior than a standard anteromedial arthroscopic portal. Once the portals
are established, the root is examined and the nature of the tear is assessed.

Maximal valgus stress and external rotation of the tibia can provide a better view
of the meniscal root. As previously mentioned, we often piecrust and release the
deep MCL fibers to allow for medial joint space opening. This is done percutane-
ously using an 18-gauge spinal needle. The needle pierces the skin approximately
1 cm below the joint line just anterior to the posteromedial border of the tibia. The
needle is used to make several passes through the deep MCL fibers while providing
consistent valgus stress to the knee. As the MCL fibers are pierced, the tissue will
gradually release. Occasionally, there will be a palpable and audible pop as the
MCL releases completely. Releasing the deep MCL fibers facilitates suture passage
and helps minimize iatrogenic damage to the femoral and tibial cartilage, and is
associated with minimal morbidity in our experience.

Figures 7.9 and 7.10 show a step-by-step repair of an unstable medial meniscal
posterior root tear. The root tear is first debrided with a shaver. If an unstable root is
identified (Fig. 7.10a), debride the edges, and then pass two #0 nonabsorbable sutures
using a self-retrieving suture passer (Fig. 7.10b and ¢) (Meniscal Scorpion, Arthrex,
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Fig.7.9 Step-by-step arthroscopic repair of a MMPRT. (a) View of the meniscus prior to probing;
(b) the meniscus is probed revealing the tear; (¢) view of the meniscal root aiming guide in the
correct position prior to reaming; (d) the tip of the flip cutter is seen after drilling through the tibia;
(e) the first cinch stitch is placed; (f) the second cinch stitch is placed; (g, h) the meniscus root and
body is probed for stability after tying the sutures over the cortical button
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Fig. 7.9 (continued)

Fig.7.10 An unstable meniscal root tear is identified (a), the knee scorpion is used to pass two #0
nonabsorbable sutures in the root in a cinch fashion (b, ¢). The sutures are cinched against the
root (d)

Naples, FL) approximately 5 mm apart in a cinch configuration (Fig. 7.10d). Often
times, the more medially based suture is passed first and can be used as a traction
suture to draw the meniscus anteriorly and allow better tissue purchase for the second
suture, which is subsequently placed 2—3 mm from the root edge. Although a more
complex suture configuration increases the pullout strength of the repair [48], we
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Fig.7.11 Meniscal retrograde drill guide in position prior to retrograde drilling of the tibial tun-
nel. The sutures are held out of the way using the guide, so they do not get wrapped up in the drill
as it comes through the subchondral bone

Fig.7.12 Retrograde drill
used for drilling the tibial
tunnel. (Flipcutter, Arthrex,
Naples FL)

have found it not to be necessary in our practice as the strength of the construct out-
weighs the loads borne on the repair with a standard rehabilitation protocol [49].

A meniscus root retrograde drill guide (Fig. 7.11) (Arthrex, Naples, FL) is placed
at the anatomic insertion site of the meniscus root. Care is taken not to err too ante-
rior or medial, given the previously raised concerns about the effects of a nonana-
tomic repair. A 6 mm retrograde reamer (Fig. 7.12) (Flipcutter, Arthrex, Naples, FL)
is then used to create a blind-ended socket in the anatomic footprint of the meniscal
root. Upon entry into the joint, the reamer is deployed (Fig. 7.13a and b) and the
guide is used to lift the meniscus to improve visualization and protect the previously
placed sutures. The socket is reverse-reamed to a depth of 10 mm, and a passing
suture is then passed through the tunnel (Fig. 7.14), into the joint, and retrieved out
the anteromedial portal.

Next, a looped arthroscopic grasper is used to retrieve all sutures through the
anteromedial portal. This step is critical to prevent the formation of a soft tissue
bridge between the cinch suture and the passing suture. The sutures are then shuttled
through the tunnel and out of the anterior tibia (Fig. 7.15a, b, and c) and tied over a
cortical button (Fig. 7.16a and b) on the anterior tibial cortex with the knee in full
extension. The meniscus is then probed to check the stability of the repair.
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Fig.7.13 (a) Retrograde
drill tip within the joint at
the footprint of the medial
meniscal posterior root.
After drilling into the joint,
the drill tip is deployed,
and the tunnel is reamed
approximately 10 mm
deep. (b) Posterior view of
the retrograde drill tip
within the joint at the
footprint of the medial
meniscal posterior root

Fig.7.14 A loop-ended suture is passed into the joint and is used to shuttle the meniscal sutures

into the tunnel
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Fig.7.15 (a) The meniscal sutures shuttled into the tunnel. (b) posterior view of meniscal sutures
shuttled into the tunnel, compressing it against cancellous bone. (¢) Pulling on the sutures brings
the root partially into the tunnel

Fig. 7.16 (a) The sutures are individually passed through the cortical button. (b) The completed
meniscal root repair construct. The sutures are independently tied over the cortical button so that if
one fails, the other one remains intact maintaining integrity of the repair
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As previously mentioned, nonanatomic placement of the tibial tunnel results in
significant increases in tibiofemoral contact pressures. In an anatomic study by
Laprade et al., nonanatomic placement of the tibial tunnel resulted in a repair that
essentially functioned like a subtotal meniscectomy. In this cadaveric study, a
meniscal root tear was simulated and repaired nonanatomically. The knees were
then tested in varying degrees of knee flexion and compared to anatomic repairs.
The authors found that anatomic placement of the tibial tunnel resulted in a near-
normal restoration of tibiofemoral contact mechanics [50].

Lateral Meniscus Root Repair

The lateral meniscus root can be repaired in similar fashion to the medial root, under-
standing that LCL pie-crusting should be avoided in all cases. The surgical assistant
can provide additional varus stress by positioning the knee in a figure-of-4 position
to improve visualization of the lateral compartment. The remainder of the procedure
is performed in a similar fashion as medial meniscus posterior root repair. Our pref-
erence, however, is to exit the tunnel on the anterolateral aspect of the tibia given the
improved vector of pull of the sutures. When performing lateral meniscal root repair
in conjunction with ACL reconstruction, the meniscal repair sutures can be passed
through the ACL tunnel along with the ACL graft, if desired. This avoids the creation
of a separate tibial tunnel, which poses the risk of tunnel convergence given the inti-
mate relationship of the lateral meniscus root to the ACL tibial footprint. If this tech-
nique is chosen, it is important to debride the tibial ACL insertion of remnant fibers
to ensure easy passage of the repair sutures and ACL graft. After the ACL reconstruc-
tion is completed, the limbs of the meniscus repair are tensioned, loaded into a knot-
less anchor, and placed about 2-3 cm distal to the ACL tunnel.

Postoperative Protocol

A hinged knee brace is used for the first 4 weeks postoperatively, and patients are
instructed to remain partial weight-bearing with crutches with the knee locked in
extension. Range of motion restricted to 0-90° may be started immediately postop-
eratively and progressed at 4-6 weeks. After 6 weeks, patients begin a graduated
weight-bearing and strengthening protocol as tolerated, focusing on quadriceps
activation and core strengthening. At 6 months, patients are allowed to return to cut-
ting sports if their strength is symmetric (at least 90% of the contralateral side), are
pain free, and have full motion.

Summary

Meniscal root tears have been shown to induce a rapid progression of knee osteoar-
thritis given the increased tibiofemoral contact pressure and reduced contact area
seen with these lesions. Meniscal root repair is an efficacious treatment option and
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should be strongly considered in all patients with this pathology. While it is known
that knee biomechanics are restored following meniscal root repair, long-term fol-
low-up studies are required to demonstrate that this intervention prevents degenera-
tive joint disease of the knee.

Pearls and Pitfalls

The position of the anteromedial portal is critical to optimize trajectory to the
root and should be placed strategically.

Liberal use of deep MCL pie-crusting will help for viewing and safe suture
passing.

Robust suture purchase of root tissue is necessary for adequate fixation and to
avoid suture cutout.

Confirm that the cortical button is apposed against cortical bone to assure accept-
able fixation.

Care should be taken to avoid a soft-tissue bridge during suture passage, and, if
necessary, small cannulas can be used for assistance.
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Understanding and Treating the Discoid 8
Meniscus

Cordelia Carter and Stephen Yu

Introduction

The discoid meniscus is a congenital anatomic variant that is estimated to affect up
to 5% of the general US population [1]. In 1889, Young et al. first reported on the
morphology of the discoid meniscus, and the associated clinical “snapping knee
syndrome” was subsequently described by Middleton et al. in 1936 [2, 3]. As its
name implies, the defining feature of the discoid meniscus is its shape, which is that
of a circle or a “disk,” rather than the characteristic crescent shape of the typical
meniscus. The vast majority involve the lateral meniscus, although a handful of
cases of medial discoid menisci have been reported [4]. The presence of a discoid
meniscus in the knee may simply be an incidental finding discovered either on
advanced imaging or at the time of knee arthroscopy performed for other pathology.
However, when associated with pain and/or mechanical symptoms, the discoid
meniscus may be a clinically significant entity, requiring a methodical approach to
its diagnosis and management.

Epidemiology

The vast majority of discoid menisci affect the lateral compartment of the knee.
The incidence of lateral discoid meniscus is reported to have a wide range —
between 0.4% and 17% — which is largely dependent on the region of the
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population [1, 5]. The medial discoid meniscus is much rarer, with an estimated
incidence less than 0.3% in the general US population [6, 7]. Estimates of the
prevalence of bilateral discoid menisci vary widely, as screening of an asymptom-
atic contralateral limb is generally not recommended for patients who present
with clinical symptoms related to a discoid meniscus in one knee. Cadaver studies
investigating the incidence of bilateral discoid meniscus report highly variable
results, with an estimated 6% of the US general population having a discoid
meniscus present bilaterally, and as many as 97% of the Japanese general popula-
tion with this finding [4]. Certainly, if a patient requires treatment for a symptom-
atic unilateral discoid meniscus, there should be high suspicion for a discoid
meniscus as a cause for pain and mechanical symptoms that subsequently develop
in the contralateral knee.

There is variation in the reported epidemiology of discoid menisci across the
globe. The general populations of Japan and Korea seem to have the highest inci-
dence of discoid meniscus, which has been estimated to affect 15% and 13% of the
population of each country, respectively [8, 9]. The reported incidence of discoid
meniscus in the US population is much lower, estimated to be around 3-5% [1].
This figure may underestimate the actual incidence of discoid meniscus in the US
population, as discoid menisci are often incidentally discovered and may presum-
ably remain undetected if they are clinically silent. Interestingly, the presence of
discoid meniscus variants has been associated with certain genetic disorders of the
musculoskeletal system, such as achondroplasia [10]. An increased incidence of
discoid meniscus has also been reported in patients with osteochondritis dissecans
lesions of the lateral femoral condyle [11].

Sex-based differences in the incidence and presentation of discoid meniscus
have been described, although the data is not robust. In a large-scale observational
study performed in China, females were much more likely to have a discoid menis-
cus and comprised 70% of the study population [12]. By contrast, males consisted
of 56% of the study population in a recent study performed in the US [13]. Since
screening for discoid meniscus is not typically performed in asymptomatic indi-
viduals, the true incidence of discoid meniscus and its relationship to sex is not well
understood. That said, a sex-based difference has been described for clinical presen-
tation of the discoid meniscus. Specifically, males may be more likely to present
with a traumatic history and report mechanical symptoms, whereas females are gen-
erally older at the time of presentation and may be more likely to present with a
block to extension on physical examination [12].

Pathoanatomy and Histopathology

The discoid meniscus is a congenital condition whose etiology is poorly under-
stood, although genetics have been postulated to play a role in its manifestation.
Interestingly, the appearance of the crescent-shaped meniscus typically found in
humans may have been an evolutionary development, as some nonhuman primates
have been found to possess menisci that are discoid shaped [14].
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In addition to an anomalous disk-like shape when viewed from above, some
discoid menisci also have abnormally thickened tissue when viewed from the side —
the so-called “block-like” meniscus (Fig. 8.1). Furthermore, discoid menisci have
variable degrees of meniscocapsular ligamentous attachments, and in some cases
may be grossly unstable or hypermobile. Thus, we use the term “discoid meniscus”
to refer to a wide spectrum of pathoanatomy, with some menisci demonstrating
minimal pathology and others with more severe involvement. This concept of a
spectrum of pathology likely explains why some discoid meniscus variants remain
clinically silent over time (e.g., partial, stable menisci) while others (complete,
block-like, unstable menisci) present early in life with symptoms.

The histology of a discoid variant is quite different than that of a normal menis-
cus. Specifically, the collagen matrix in a discoid meniscus has a disorganized

Fig.8.1 (a—c) Three sequential sagittal cuts from a T2-weighted MRI of the knee of a 13-year-old
female demonstrating confluence of the anterior and posterior horns with anterior displacement of
a thick, amorphous mass of meniscal tissue with complex intrasubstance tearing
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orientation and is lower in collagen density than a normal meniscus [15-17]. The
inherently weaker ultrastructure of the discoid meniscus renders it more vulnerable
to mucoid degeneration and tearing than its normal counterpart [18]. Due to these
factors, it is estimated that the discoid meniscus is more than twice as likely to tear
than a normal morphology [19].

While in utero, the entire meniscus is richly vascular. After birth, the vascularity
slowly recedes to supply primarily the outer and middle third of a developing, semi-
lunar meniscus, and by the second decade of life, the morphology, histology, and
vascularity of the meniscus closely approximate those found in an adult. While the
shape and underlying histology of the discoid meniscus may differ significantly
from those of the normal meniscus, there has not been a demonstrated difference in
the vascular pattern and supply of the discoid meniscus.

Classification

The Watanabe classification has traditionally been used to describe the shape of the
meniscus and the pattern of its peripheral attachments [20]. A complete type
(Watanabe type 1) is a whole disk of meniscus occupying most of the compartment
and obscuring the majority of the underlying tibial plateau (greater than 80%). An
incomplete type (Watanabe type 2) is more of a semilunar shape, with some redun-
dant central tissue. Both types generally have normal peripheral attachments to the
capsule and tibia, conferring normal stability to the abnormally shaped meniscus.
By contrast, in the Watanabe type 3 variant, the meniscus lacks a posterior menisco-
tibial ligament and is contiguous with the Wrisberg ligament; hence its name, the
Wrisberg variant (Watanabe type 3). The shape of a type 3 meniscus may be normal;
however, it is grossly unstable and hypermobile. Due to a lack of tethering, the
Wrisberg type meniscus translates significantly throughout knee range of motion.
During extension, it is pulled by the Wrisberg ligament into the intercondylar notch
and causes abnormal contact forces across the knee joint due to an incompetent
lateral meniscus. This phenomenon usually produces a snapping sensation and may
explain the symptoms underlying “snapping knee syndrome.”

The Watanabe classification was originally described as an arthroscopically eval-
uated system, with the meniscus visualized and graded both on appearance (com-
plete, incomplete) and stability (stable, unstable Wrisberg-type). More recently,
Klingele et al. further defined the concept of stability by evaluating the discoid
meniscus, regardless of morphology, at three anatomical locations [21]. Namely, the
stability of the peripheral rim was evaluated using a probe at the anterior horn, the
middle body, and the posterior horn; if there was gross detachment in any position
from the periphery, it was noted as “unstable.” Peripheral rim instability has been
found to be present in 28% of the discoid menisci population, most commonly at the
anterior horn (47%), then posterior horn (39%), and then middle body (11%).
Patients found to have a significant degree of peripheral rim instability tend to be
younger at time of presentation, implying that instability plays a large role in symp-
tomatology and predisposition to tearing [21].
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The contemporary approach to arthroscopic classification of a discoid meniscus
is useful for guiding surgical decision-making: First, the overall morphology (par-
tial or complete discoid shape) is noted. Associated meniscal tears are identified
next, followed by assessment of the presence and location of peripheral rim
instability.

Diagnosis of a Discoid

The typical age of presentation is between 10 and 16 years, although patients with
more severe pathoanatomy may present with knee pain, swelling, and mechanical
symptoms in early childhood. Younger patients with block-like and/or hypermobile
discoid meniscal variants may complain of intermittent swelling and localized knee
pain after participation in sports and physical activities, or they may simply report
uncomfortable “snapping” in the knee as it is brought from flexion to extension.
Older patients more commonly report mechanical symptoms, including locking,
catching, and giving way, that are suggestive of meniscal tearing. Patients that com-
plain about a block to extension tend to be the most symptomatic, and it is reported
that up to 50-79% of the patients have an extension block upon first presenting for
evaluation [15, 22].

Physical examination of the knee begins with inspection, which may reveal effu-
sion and quadriceps atrophy. Passive range of motion may be limited if the menis-
cus is so thickened or displaced that it serves as a mechanical block to motion,
typically extension. Pain with extremes of passive motion (e.g., terminal extension
or hyperflexion may be present, and pain with deep knee bends or squatting that
load the meniscus may also be present. While its sensitivity is low (reported to be
roughly 40%), the McMurray maneuver is commonly used to detect meniscal
pathology [23]. Reproducible snapping of the knee may be elicited in up to 39% of
patients [24].

Plain radiographs are typically the first diagnostic study obtained in the evalua-
tion of knee pain, and include lateral, sunrise, tunnel, and a weight-bearing AP view
of the affected knee. Although the meniscus itself cannot be visualized on plain
films, there are several unique morphologic features that have been described in the
setting of discoid lateral meniscus, including increased lateral joint space height and
width, lateral femoral condyle hypoplasia or notching, lateral tibia spine hypopla-
sia, squaring of the lateral tibial plateau, and a high fibular head. Ha et al. aimed to
improve our ability to identify a discoid lateral meniscus using plain radiographs
alone. These authors described a method for measuring the prominence of each
femoral condyle on the tunnel view and calculating the ratio of the lateral condylar
prominence measurement to that of the medial condyle. They reported that if the
ratio of the lateral to medial condylar prominence was less than 0.8, then the patient
likely had a discoid meniscus, with a reported 76% sensitivity, 96% specificity, and
95% positive predictive value. They termed this the “condylar cutoff sign.” [25]

Magnetic resonance imaging (MRI) of the knee remains the best study for iden-
tification of a discoid meniscus (Fig. 8.1a—c). Traditionally, the diagnosis of discoid
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lateral meniscus could be made if the anterior and posterior horns are contiguous on
three consecutive 5 mm sagittal cuts (the “bow-tie sign”). However, there are other
diagnostic criterion on MRI that have more recently been described that have better
sensitivity and specificity than the traditional “bow-tie” sign. Samoto et al. described
four different parameters: (1) minimum meniscal width on a coronal slice, (2) ratio
of minimal coronal meniscal width to maximal coronal tibial width, (3) ratio of the
sum of the diameter of the anterior and posterior horn to the total meniscal diameter,
(4) the bow-tie sign as described above. They found that the most accurate method
was the ratio of the meniscus to the tibia with a cut-off value of at least 20% tibial
coverage, or the ratio of the diameters greater than 75%. The sensitive and specific-
ity of this diagnostic criterion were similar for the cut-offs, reported as 95% and
97% respectively [26].

It is important to note that the Wrisberg variant is difficult to diagnose, as the
overall shape of the meniscus is essentially normal. The characteristic finding is
exactly what makes this variant unique, in that the only posterior attachment of the
posterior horn is contiguous with the Wrisberg ligament [27]. The MRI may also
note findings of the meniscus extruded into the notch, as this variant is known to be
grossly unstable, and may make evaluation even more difficult.

MRI can be a useful tool in not only diagnosing discoid menisci, but also identi-
fying associated injuries contributing to symptoms, specifically meniscal tears and
acute cartilaginous injury (ACI). Yilgor et al. report that MRI is very reliable in
diagnosing meniscal tears, with a 98% sensitivity and 100% specificity, and a posi-
tive predictive value of 100% and negative predictive value of 86% [28]. The authors
go on to suggest that although the presence of a tear can be reliably determined
using MRI, characterizing the tear remains a challenge and does not correlate reli-
ably with intraoperative findings.

Lau et al. looked at the utility of MRI in detecting ACI and found that MRI
alone was not very reliable, with a sensitivity of 60%, specificity of 67%, and a
positive predictive value of 55%. However, when combined with positive his-
tory and physical exam findings, namely chronic knee pain (>6 months) and a
physical block to extension, the reliability of detecting ACI with a discoid
meniscus improved to 79% sensitivity, 80% specificity, and 73% positive pre-
dictive value [22].

Clinical Management

Patients with an asymptomatic discoid meniscus that is diagnosed incidentally do
not typically require treatment. Conversely, patients with mechanical symptoms
and/or lateral joint pain and MRI evidence of a discoid lateral meniscus may benefit
from surgical treatment.

Surgical indication and timing should be made with knee preservation as the goal
of care. As most patients at presentation are young adolescents, management focuses
on cartilage preservation. When directly addressing the discoid meniscus, meniscal
function and rim preservation are paramount for restoring normal contact stresses in
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the knee joint, thereby preventing accelerated cartilage wear and progression to
early arthritis.

Timing of surgical intervention is also important to consider, since tears of the
discoid meniscus have a high probability of propagation. Peripheral rim instability
can also progress, and the remaining attachments could be compromised if the
instability and intra-meniscal stress persists. Thus, while not an urgent indication,
surgery should be performed on a timely basis. From the time the patient is indi-
cated for surgery, a hinged knee brace can be helpful to offer the patient support,
while also limiting their activity and potentially preventing further damage.
Furthermore, if the patient has a “locked knee” from a bucket-handle tear or gross
instability of the meniscus, non-weight-bearing precautions until surgery may be
advisable in order to preserve the repairability of the meniscus.

Surgical Techniques

Historically, total meniscectomies were performed for the symptomatic discoid
meniscus tear. Similar to the results of normal morphologic menisci treated with
subtotal or complete meniscectomies, the majority of the evidence suggests inferior
outcomes with this approach compared to more modern surgical techniques and
strategies. Manzione et al. reported a rate of 80% of patients developing radio-
graphic evidence of osteoarthritis only 5.5 years post-meniscectomy [29]. In the
case of an irreparable discoid meniscus with extensive damage extending to the
peripheral rim, a subtotal or total meniscectomy may be indicated [30]. However,
understanding the natural history of the knees of young patients who undergo sub-
total or complete meniscectomy, this procedure is typically avoided whenever
possible.

The goal of surgery is to create a stable, biomechanically functional meniscus
(Table 8.1). To address the redundant central tissue that is the hallmark of the dis-
coid meniscus, arthroscopic saucerization is performed. Standard anteromedial and
anterolateral portals may be used. Some authors suggest a high portal in the oppo-
site compartment to gain improved access by using a more acute angle to perform
the saucerization using an arthroscopic knife. This may be especially important if
addressing a medial discoid meniscus [31]. To best access the area of interest, plac-
ing the camera in the anteromedial portal and/or making an accessory arthroscopic
portal may be useful. Diagnostic arthroscopy is essential for understanding the
nature of the discoid meniscus (complete or partial; torn or untorn; unstable or sta-
ble; Fig. 8.2a, b).

Saucerization involves resecting the central portion of the discoid and reconsti-
tuting the C-shaped rim of meniscal tissue (Fig. 8.2c—e). This may be performed
with arthroscopic basket biters or punchers, an arthroscopic shaver, a radiofre-
quency ablation probe, or a combination of the three. For resection of large amounts
of tissue, an arthroscopic knife may be used. Resection should aim to not violate the
outer 6—8 mm rim of peripheral meniscal tissue [32, 33]. Margins should be smooth-
ened when possible, and remnants and flaps should be minimized and resected, as
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Table 8.1 Special equipment to request for pediatric discoid meniscus surgery

For visualization
Small-joint arthroscope
To improve ease of camera insertion in young children with little knees
For saucerization/partial meniscectomy
Small hand-held shaver
To prevent iatrogenic cartilage injury with multiple instrument passes
Banana blade or beaver blade
To saucerize/contour the anterior horn in the setting of thick, redundant tissue
For meniscal repair
18-gauge spinal needles
For outside-in repair technique, typically of the anterior horn
Zone-specific cannulae with double-armed sutures
For inside-out repair technique, typically for mid-body and/or posterior horn repairs
Absorbable sutures (e.g., PDS) may be useful for younger patients
Nonabsorbable sutures may be used in older patients
All-inside implants
A variety of commercial devices are available, typically for posterior horn repair
Meniscal rasp
To abrade/prepare the capsule for stabilization sutures
For biologic healing environment enhancement
Microfracture picks
To enhance the biologic healing environment following isolated meniscal repair

meniscus following initial saucerization. (f) Abrasion of the capsule and meniscal tissue is per-
formed to augment the healing response. (g) Sequential inside-out sutures placed in the mid-body
assist with meniscal reduction and tensioning. (h) Probing the posterior horn following suture
placement demonstrates restoration of peripheral rim stability. (i) Following saucerization, repair
and stabilization using 2 all-inside “hay-baling” sutures in the posterior horn and 5 inside-out
sutures placed in the mid-body and mid-body—anterior horn junction. (j) Microfracture of the notch

they can be sources for re-tear or propagation of a fragment [32]. The re-tear rate
remains high, ranging from 6% to 15.6%, and presents as a late sequalae into adult-
hood due to the inherent histological difference of the meniscus [32, 34, 35].

Once saucerization is completed, the remainder of the meniscus should be care-
fully evaluated for residual tears and/or rim instability. Partial meniscectomy should
be performed for inner, white—white zone tears that have low rates of healing due to
the avascular nature of the tissue. Meniscal repair is performed when a repairable
tear — good-quality tissue, good vascular supply — is present in the saucerized menis-
cus. Common meniscal repair techniques include inside-out repair using zone-
specific cannulae, all-inside repair (typically performed in the posterior horn using
a commercially available device), or outside-in repair (typically used for tears of the
anterior horn). Optimization of the biologic environment for meniscal healing by
means of meniscal and/or capsular abrasion using a shaver or rasp instrument may
improve healing rates (Fig. 8.2f; 1).

Following saucerization and repair, the meniscus is once again evaluated for
instability of the peripheral rim at the mensicocapsular junction; often, sutures
placed for repair of meniscal tears also serve to stabilize the meniscus to the
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Fig. 8.2 Arthroscopic saucerization, repair, and stabilization of a complete, torn, unstable discoid
lateral meniscus in a 12-year-old male. (a) Arthroscopic appearance of a complete discoid lateral
meniscus with coverage of the entire tibial plateau. (b) Arthroscopic view from the lateral gutter
demonstrating extensive tearing with displacement of the posterior meniscus with minimal periph-
eral meniscal tissue remaining. (¢) Initial saucerization is performed with a meniscal biter. (d)
Saucerization of the anterior horn is performed using a beaver blade. (e) The appearance of the
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Fig.8.2 (continued)

capsule. If, however, residual peripheral rim instability is identified, the meniscus
can be reattached to capsule using techniques similar to those used for meniscal
repair (Fig. 8.2g, h). Technical pearls for surgical treatment of discoid lateral menis-
cus are summarized in Table 8.2.

Aftercare following surgery may be guided by the nature and extent of surgery.
Patients who require only arthroscopic saucerization may be treated in a similar
fashion to those who undergo arthroscopic partial meniscectomy; a hinged knee
brace and crutches may be used for comfort, but these patients may immediately
weight bear as tolerated and range the knee freely. Conversely, patients who undergo
repair and/or stabilization are given weight-bearing restrictions and are instructed to
use an assistive device (e.g., crutches) and a hinged knee brace-limiting hyperex-
tension and flexion past 90° to avoid overt pressures across the repair in the early
phase of healing. The knee brace may be unlocked around 4 weeks and then the
weight-bearing status may be advanced between 4 and 6 weeks postoperatively.
Physical therapy is an integral component of postoperative rehabilitation to enable
patients to regain knee motion, strength, and function.
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Table 8.2 Technical pearls for surgical management of the symptomatic discoid meniscus

Identify and treat associated pathology

There is often significant synovitis and fat pad hypertrophy anterior to the discoid lateral
meniscus that obscures visualization and is best removed with a hand-held shaver, taking care
not to disrupt the intermeniscal ligament and/or the anterior meniscocapsular junction.

OCD of the lateral femoral condyle may be present in as many as 15% of patients with a
discoid lateral meniscus and should be treated concurrently.

Understand what you’re looking at

Confirm anatomic reduction of the meniscus prior to proceeding with saucerization, repair and/
or stabilization.

During saucerization, ensure you know where the peripheral rim is at all times to avoid
over-resection and inadvertent subtotal meniscectomy.

With significant peripheral rim instability, a temporary tethering stitch may be placed in the
meniscus to assist with tissue tension during saucerization/partial meniscectomy.

Keep moving

It is easy to lose time trying to make a perfect “first pass™ at saucerization for complete or
near-complete discoid menisci; initial resection should focus on removal of redundant tissue
rather than cosmetic appearance of the remaining meniscus. Once a 6—8 mm rim of meniscal
tissue remains, this can be meticulously trimmed of rough edges and flaps and smoothed with a
shaver.

Be systematic

Perform saucerization first, aiming to leave 6-8 mm of peripheral tissue intact

Following saucerization, inspect the remaining meniscal tissue for tears, and perform meniscal
repair as indicated

Residual horizontal cleavage tears are common and may be treated with “hay-baling” repair
technique rather than traditional mattress configurations.

Assess the entirety of the meniscus for peripheral rim instability and perform stabilization as
indicated. Often, sutures placed for meniscal repair act to stabilize the peripheral rim.
Optimize the environment for healing

Prepare the tissue and adjacent capsule with a rasp

Consider microfracture of the notch

Clinical Outcomes

Reported surgical outcomes of arthroscopic saucerization with or without stabiliza-
tion are generally favorable. There is a breadth of literature that report short- and
long-term outcomes [34, 36-44]. Age at presentation has been implicated in out-
come. Ohnishi et al. studied the effect of the age at the time of surgical intervention
on outcomes following arthroscopic saucerization [36]. Their study included 52
consecutive patients and had a mean follow-up of 30 months. They reported that
younger patients, specifically <13 years old, had significantly better postoperative
patient-reported outcome measures (PROMs). The authors suggest that a later pre-
sentation and intervention are negative prognostic indicators due to advanced tissue
degeneration and inferior remodeling potential. Yoo et al. echoes these results,
reporting patients younger than 10 years of age as a positive prognostic factor [43].
Fu et al. also report a higher incidence of articular cartilage lesions in patients with
delayed presentation or symptoms >6 months [44]. Regardless of age, timely inter-
vention is warranted to prevent further damage and progression of pathology to both
the meniscus and cartilage.
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The indication of meniscal stabilization in addition to a saucerization procedure
is less elucidated. In general, instability noted on arthroscopic evaluation is gener-
ally surgically addressed. Carter et al. reported on the short-term outcomes in a
cohort of patients who underwent arthroscopic saucerization and compared those
who required stabilization versus saucerization alone [37]. Meniscal saucerization
was performed in all 51 patients in study, and a repair/stabilization procedure was
performed if instability was present (24 patients). Short-term PROMs and compli-
cation rates were equivalent in both groups. This suggests that meniscal instability
can be addressed without a negative effect on the outcome. Yoo et al. also reported
excellent mid-term outcomes in all patients who were indicated to either sauceriza-
tion versus saucerization plus stabilization [43]. While there is no study that exam-
ines the direct effect of stabilization in unstable menisci, the current standard of care
is to fix and stabilize menisci when instability is present.

Associated chondral injury or resultant osteochondritis dissecans (OCD) is a
known postoperative sequela. [45] During saucerization, a significant portion of tis-
sue is removed from a compartment that has been influenced by discoid meniscus
throughout development. Once removed, the environment is affected, with imma-
ture chondrocytes on the femoral condyle and tibial plateau receiving drastically
different contact stress patterns and impact. In addition, the alignment of the knee
may shift to a more valgus position, as the lateral compartment is no longer over-
stuffed with meniscus [46]. Clinically significant sequalae of this phenomenon have
only been described in case reports, however, and it remains unclear how the newly
created surgical environment affects cartilage contact stress and gait mechanics in
the long term [47].

Long-term outcomes remain satisfactory. Haskel et al. report a study of 21
patients with an average follow-up of 11 years [38]. They previously reported satis-
factory outcomes at 2-year follow-up, but found a 37% reoperation rate and
decreased PROMs as follow-up duration increased, with significantly higher knee
pain and mechanical/functional limitations. It is unclear whether this is due to the
effects of the surgery or the natural progression of the symptomatic discoid menis-
cus. Ahn et al. similarly report satisfactory clinical outcomes in 38 patients at a
long-term follow-up of 10.1 years, but identify progressive degenerative changes in
at least 40% of the patients [39]. Smuin et al. performed a systematic review with a
meta-analysis on five long-term studies, comparing arthroscopic saucerization, sau-
cerization with repair, and total meniscectomy [40]. The authors concluded that
saucerization with and without repair are clinically equivalent in the long term, and
that both groups outperform total meniscectomy.

Conclusion

The discoid meniscus is a congenital anomaly that predisposes affected patients to
knee pain and dysfunction. Patients with symptomatic discoid menisci should
undergo careful and timely evaluation and treatment. Arthroscopic saucerization
with or without stabilization is currently the gold standard for surgical intervention,
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with total meniscectomy reserved for only unsalvageable meniscus pathology.
Short- and long-term outcomes are satisfactory, but abnormal cartilage contract
stresses may persist despite saucerization, predisposing to early arthritis. More
research is needed in this area to determine the best surgical techniques to address
discoid meniscus and instability in an effort to enhance long-term knee
preservation.
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Meniscal Allograft Transplantation: 9
Indications, Techniques, and Outcomes

Matthew T. Kingery and Eric J. Strauss

Introduction

I. S. Smillie, the Scottish surgeon who pioneered the operative treatment of menis-
cus injuries, wrote that “treatment consists of excision of the meniscus; and the
sooner the torn degenerate structure is removed, the better is the immediate and
long-term result.” [1] Yet, well before Smillie performed his 6500th total meniscec-
tomy in 1965, T. J. Fairbank’s radiographic analysis of meniscectomized patients
revealed evidence that removing the meniscus leads to unintended consequences
[2]. Fairbank described flattening of the femoral condyle, formation of a ridge on
the femoral condyle, and joint space narrowing, suggesting that meniscectomy
alters the biomechanics of the knee in such a way that the articular surfaces are
overloaded [2]. The early progression of arthritic changes observed in early
meniscus-deficient patients were then supported by long-term studies that showed
unsatisfactory functional outcomes and a high risk of eventual total knee arthro-
plasty [3-5].

Although patients often report good clinical outcomes following surgery, menis-
cectomy leads to degeneration of the cartilage and subchondral bone in as little as
5 years, due to the disruption of normal knee kinematics [6-9]. As increasingly
large amounts of meniscus are removed from the knee, the contact area between the
tibia and femur decreases, causing a subsequent increase in tibiofemoral contact
stress [10]. Biomechanical studies have demonstrated that intra-articular contact
stresses double following medial meniscectomy and triple following lateral menis-
cectomy [11-15]. Peak contact pressure increases proportionally to the percentage
of meniscus removed and damage to articular cartilage occurs at the area of peak

M. T. Kingery (b<) - E. J. Strauss

Division of Sports Medicine, Department of Orthopaedic Surgery, NYU Langone Health,
New York, NY, USA

e-mail: Matthew.Kingery @nyulangone.org; Eric.Strauss @nyulangone.org

© Springer Nature Switzerland AG 2020 129
E. J. Strauss, L. M. Jazrawi (eds.), The Management of Meniscal Pathology,
https://doi.org/10.1007/978-3-030-49488-9_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-49488-9_9&domain=pdf
https://doi.org/10.1007/978-3-030-49488-9_9#DOI
mailto:Matthew.Kingery@nyulangone.org
mailto:Eric.Strauss@nyulangone.org

130 M. T.Kingery and E. J. Strauss

contact pressure, illustrating the impaired ability of meniscus deficient knees to
accommodate stress [10, 16, 17].

The intact meniscus plays several roles related to the overall health and function
of the knee. Removing the meniscus in whole or part weakens the ability of the
meniscus to perform each of these roles optimally. In addition to increasing the
contact area of the tibiofemoral joint and diminishing the intra-articular shock
absorption [10], meniscectomy destabilizes the knee joint. The native meniscus acts
an important secondary stabilizer to protect against anterior—posterior motion of the
joint, and medial meniscectomy yields a significant increase in anterior tibial trans-
lation, especially in ACL-deficient knees [18]. The meniscus also assists with lubri-
cation of the knee joint and contains mechanoreceptors that provide proprioception,
both of which are compromised following meniscectomy [19, 20].

The end result of altered knee mechanics, excessive contact forces, and impaired
joint stability is a significantly increased risk of osteoarthritis in meniscus deficient
knees [21]. Forty years after undergoing total meniscectomy with Dr. Smillie, a
cohort of 53 of his patients were evaluated in what is the longest available follow-up
duration of meniscus-deficient patients to date. Clinical and radiographic evaluation
revealed that meniscectomy was associated with a fourfold increase in risk of devel-
oping osteoarthritis and a 132-fold increase in the rate of total knee arthroplasty
compared to a matched cohort [5].

Despite the deleterious effects of meniscectomy, the procedure clearly continues
to play an important role in the treatment of symptomatic meniscus injuries. While
the management of meniscus injuries has shifted away from total meniscectomy in
favor of preserving tissue or repairing tears whenever possible, there are situations
in which meniscectomy is warranted. For patients with symptomatic meniscus tears
that are poor candidates for repair, meniscectomy remains the best option. However,
given the association between meniscus deficiency and osteoarthritis, there is an
obvious role for a procedure that protects the articular cartilage from future
degradation.

Several of the first recorded attempts to replace an injured meniscus occurred in
1916 and 1933 by several surgeons who performed autologous fat flap interposi-
tional arthroplasties [22]. In the early 1900s, complete knee transplantations
included meniscal allografts [23]. In the 1980s, surgeons attempted to repair tibial
plateau fractures with large osteochondral allografts that included the meniscus
[24]. The first meniscal allograft transplants (MAT) resembling modern techniques
were reported by Milachowski in 1989. The author concluded that MAT is a safe
and effective procedure for restoring stability and function to meniscus deficient
knees [22].

Roughly 30 years after Milachowski presented his cohort of successful MATS,
the procedure has become an established method of optimizing knee function and
protecting against the long-term consequences of meniscectomy. Animal models
have demonstrated that MAT, whether performed immediately after meniscectomy
or in delayed fashion, slows the rate of degenerative chondral changes but does not
cease articular degeneration completely [25, 26]. The same chondroprotective ben-
efits have yet to be definitively demonstrated in humans. However, for young
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patients with irreparable meniscal tears or who have previously undergone menis-
cectomy in the setting of maintained articular surfaces, MAT can be used to suc-
cessfully increase the tibiofemoral contact area, decrease contract stress, and restore
the physiologic mechanics of the knee [13, 27-29].

Indications and Contraindications
Indications

In general, meniscal allograft transplantations are performed in young patients who
present with symptomatic meniscal deficiency [30, 31]. The deficiency in this
patient population is typically the result of a recurrent tear, failed attempt at repair,
or a complex meniscal injury leading to total or subtotal meniscectomy. Patients
will often present with a history of multiple ipsilateral knee injuries with associated
ligament or cartilage pathology, as well as a failed trial of nonoperative manage-
ment. MAT is most often performed in patients that are deemed too young for uni-
condylar or total knee arthroplasty who want to restore normal knee mechanics.
The indications for the procedure include an absent or nonfunctioning meniscus
causing activity-related pain in nonobese patients less than 50 years of age. Although
ideally patients selected for MAT have Outerbridge grade II articular changes or
less in the affected compartment, there is evidence to suggest that patients with
advanced articular cartilage degradation should not be excluded from MAT [32, 33].
While MAT is thought to be chondroprotective, prophylactic transplantation in
asymptomatic meniscus-deficient patients is not currently an accepted indication.

Contraindications

Contraindications for MAT include age greater than 50 years, flattening of the fem-
oral condyle or tibial plateau (Fairbank changes on plain radiographs), osteophytes
or other architectural changes, inflammatory arthritis, synovial disease, preopera-
tive loss of knee extension greater than 5°, preoperative flexion less than 125°, and
obesity due to concern that the elevated level of stress would increase risk of graft
failure [30, 31, 34-37]. As discussed above, advanced articular disease with
Outerbridge grade III or IV changes has typically been used as a contraindication to
MAT, although this may not be necessary, as concomitant cartilage repair proce-
dures can be performed [32, 33]. It should be noted that many of the generally
accepted contraindications for MAT are theoretical and there is no objective data
demonstrating inferior outcomes with these comorbidities.

Although intact ligaments, normal lower extremity alignment, and pristine carti-
lage make preoperative planning for the MAT more straightforward, combinations
of associated knee pathology do not exclude patients from transplantation. However,
these associated injuries must be addressed either concurrently with MAT or in a
staged fashion. When malalignment, ligamentous instability, and focal chondral



132 M. T.Kingery and E. J. Strauss

defects are not corrected, the success of the MAT is limited. When these pathologies
are addressed simultaneously, clinical outcomes are not different than performing
the procedures in isolation [38—47].

Patients with meniscus deficiency and abnormal lower extremity alignment
should have corrective osteotomy performed at the time of meniscus transplant or in
a staged fashion with osteotomy preceding the MAT by several months [48, 49].
Similarly, patients with injuries of both the meniscus and one or more ligaments
should undergo simultaneous meniscal transplant and ligament reconstruction [50].
An isolated chondral lesion is also not a contraindication for surgery, provided that
a cartilage-restoring procedure, such as an osteochondral allograft transplantation
or autologous chondrocyte implantation, is also performed [45, 51, 52].

Graft Preparation
Processing and Preservation

There are a variety of methods for processing and preserving meniscal allografts
prior to implantation. As MAT becomes more common, optimizing this process will
become critical in order to ensure that allografts are readily available in a variety of
sizes that can be matched with the recipient’s anatomy.

There are four methods currently available for preservation of meniscal allografts.
Lyophilization, in which grafts are dehydrated and frozen in a vacuum, has been
associated with a greater risk of effusion and synovitis compared to alternative
methods of graft preservation [22, 53]. The process destroys the viable cell popula-
tion, and after implantation these grafts undergo remodeling which causes the
meniscus to shrink [54-56]. This process is no longer recommended for MAT.

Cryopreservation involves freezing the grafts using dimethyl sulfide or glycerol.
This process preserves viable chondrocytes, but metabolic activity of the cells
decreases with longer storage times [57]. In vitro studies have demonstrated that the
process of cryopreservation does not affect the ultrastructure of the meniscus and
likely does not alter the biomechanical properties, but the population of viable cells
is highly variable and unpredictable at the time of implantation [58]. Further studies
of cryopreservation have shown that the preservation process induces an apoptosis-
mediated decreased in the cell population [59]. The clinical implications of these
findings are not currently well understood.

Fresh allografts must be harvested within 12 hours of cold ischemia time, and
can then be stored at 4 °C for 7 days before there is loss of viable cells. These grafts
contain the greatest number of viable cells, which is thought to help maintain the
mechanical integrity of the graft [23, 56].

The most easily available, and generally most cost-effective, type of graft is the
fresh-frozen allograft [60, 61]. These menisci are harvested and stored at
—80 °C. Animal models have shown that at 4 weeks after implantation, there are no
appreciable donor fibrochondrocytes remaining in fresh-frozen allografts, but host
cells have populated the graft by this time point [62].
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Irradiation of the graft was previously recommended, but is no longer performed
due to studies demonstrating deleterious effects on the mechanical properties of the
graft [40, 63—66]. Furthermore, immune-matching of the donor and recipient was
originally performed in early cases of MAT, but was eventually found to provide no
additional benefit, and is therefore no longer required [18, 67]. Rejection of the
allograft is rare, as the meniscus is believed to be immune-privileged, perhaps
because the chondrocytes are embedded in a dense proteoglycan network and less
accessible to host immune cells [23, 68].

Sizing

Graft sizing is one of the most critical aspects of MAT because the size of the
graft is closely associated with the resulting biomechanics, and suboptimal con-
tact forces can negatively affect functional outcomes. The meniscus allograft
should be sized to closely match the native meniscus, with meniscus width being
the most important dimension. A study of lateral meniscus allografts demon-
strated that oversized grafts prevent compressive forces from being appropriately
distributed across the joint and may lead to excessive stress on the cartilage.
Conversely, undersized grafts lead to excessive forces across the meniscus
allograft itself, increasing the risk of postoperative tearing and failure [69]. Most
studies conclude that mismatches of graft size within 10% of the native meniscus
size are acceptable [69].

Until recently, the most common method of preoperative allograft sizing was
performed using plain radiographs and the Pollard technique, originally
described by Matthew Pollard in 1995 [70]. With this technique, the medial
meniscus width is determined from the AP radiograph as the distance between
one vertical line that runs tangent to the most medial aspect of the tibial metaph-
ysis and another vertical line that runs through the peak of the medial tibial
spine. Lateral meniscus width is measured using corresponding points on the
lateral tibial metaphysis and lateral tibial spine (Fig. 9.1). The lines used for
width sizing should be perpendicular to the joint line and parallel to each other.
Basing meniscal width on the edge of the metaphysis, rather than the joint space,
helps to avoid measurement errors associated with osteophytes in patients with
arthritis [70].

Meniscus length is determined on a lateral radiograph as the distance between
most anterior point of the tibia superior to the tuberosity and a line tangent to the
posterior aspect of the tibia at the level of the joint line. These lines should be paral-
lel and, if the knees are extended, posteriorly tilted approximately 7° to align with
the normal anatomic orientation of the tibial joint surface in the sagittal plane.
Because the true length of the meniscus does not extend to these bony landmarks,
the measured distance is then multiplied by 0.8 for medial meniscus sizing or 0.7 for
lateral meniscus sizing [70].

While the method outlined by Pollard continues to be a useful technique for
graft sizing in situations where the surgeon must rely on radiographs, follow-up
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Fig. 9.1 Pollard technique of lateral meniscus sizing. The width of the lateral meniscus is mea-
sured as 31.3 mm in this patient. The measured length of 52.1 mm is multiplied by a factor of 0.7
for lateral menisci, which gives a corrected length of 36.5 mm. (Source: Kingery, Matthew. 2019)

studies have often failed to reproduce the reported level of accuracy originally
associated with this technique [71, 72]. As a result, MRI sizing has become more
common and is now generally regarded as the gold standard due to its superior
accuracy [73-76]. In a direct comparison of several meniscal allograft-sizing
techniques, the Pollard technique was found to significantly overestimate the
width and length of the lateral meniscus. The Pollard technique is therefore not
recommended for lateral meniscus sizing. If a plain radiograph must be used
(e.g., MRI is not available), a mathematical correction to the Pollard technique
has been developed and found to yield more accurate measurements [77, 78]. For
the medial meniscus, the Pollard technique was found to be comparable to MRI
sizing [77]. However, it is important to note that deviation from true AP and lat-
eral views on the radiograph significantly decreases the accuracy of measure-
ments [76].

Regardless of the method used to size the allograft, each dimension should be
measured independently as length cannot be used to accurately predict width of
the meniscus [79]. If a patient has already undergone meniscectomy and the native
ipsilateral meniscus cannot be measured, the size can be approximated using the
contralateral meniscus, although there are often differences between meniscus
sizes within individuals [80]. One group developed a formula based on patient
height, weight, and gender to mathematically predict meniscus dimensions.
Although likely less reliable than MRI measurements, this remains an option for
patients with bilateral meniscal deficiency, making imaging-based measurements
difficult [81]. Measurements are sent to the tissue bank and an offer for a size-
matched allograft is returned to the physician (Fig. 9.2).
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FRESH FROZEN CRYOPRESERVED (FFC) ALLOGRAFT

OFFER FORM
Physician: Strauss, Eric Patient: _
Graft Type Requested: Lateral Meniscus w/ Bone Block, Right
Graft Type Offered: Lateral Meniscus w/ Bone Block, Right
o#: |G- Graft Expiration Date:12/22/2016

Patient Size: TW= N/A, W= 3.50cm, L= 3.40cm, (This size is based on the patient’s films or other provided)
Donor Size: TW=N/A, W= 3.40cm, L= 3.30cm (This is the offered graft’s size)

Comments: NA

JRF Representative: [ NN Offer Date: 2/5/2014

Fig.9.2 Size-matched meniscal allograft offer from the tissue bank. (Source: Strauss, Eric. 2014)

Surgical Technique

When first introduced, MAT was performed through an arthrotomy and involved
splitting the collateral ligament. In 1994, Shelton first described the arthroscopic
approach that eventually replaced the open approach and remains in use today [82].
Following the approach and introduction of the graft into the joint, the meniscus is
fixated using one of several techniques. The method used to fixate the meniscal
allograft is thought to be closely associated with the resultant biomechanical altera-
tions and postoperative outcomes [29, 83].

Historically, stabilization of the graft was often achieved by suturing the donor
meniscus to the recipient meniscal remnant without fixation of the anterior and
posterior horns, or with stabilization of the horns with suture tied over a button or
bone bridge [56, 84]. The soft tissue fixation technique, however, is no longer rec-
ommended as studies have demonstrated that securing both meniscal horns is
required to achieve intra-articular contact pressures that most closely approximate
the load-bearing function of an intact meniscus [85]. Without any form of bony fixa-
tion, the load transmission profile of the knee after MAT resembles the meniscus-
deficient knee, and any biomechanical advantage provided by meniscus transplant
is lost [29]. Cadaveric studies have also suggested that bone plug fixation provides
greater strength than soft-tissue fixation [29, 86].

Bony fixation of the allograft, therefore, is thought to be an essential component
of a successful MAT. There are currently two techniques that are used to achieve
bony, anatomic fixation of the horns. In the bridge-in-slot technique, the meniscal
horns remain attached to a single bone block. This allows the original anatomic
orientation of the meniscal horns to be maintained during implantation, which is
believed to optimize the ability of the meniscus to accommodate hoop stresses [15].
The bone plug technique involves bone tunnels drilled in the proximal tibia to accept
bone plugs attached to the anterior and posterior meniscal horns. This technique is
more technically demanding given the additional challenge of achieving proper tun-
nel placement. The bridge-in-slot technique is most commonly used for isolated
lateral MATSs. Although the bridge-in-slot can also be used for isolated medial
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MATSs and has been shown to yield the same biomechanical results as the bone plug
technique [13], the proximity of the ACL insertion often requires debridement of
ACL fibers to achieve bridge-in-slot fixation. Therefore, bony fixation using bone
plugs is often preferred for medial MATS.

As discussed previously, when meniscus insufficiency is accompanied by an
associated ligament or focal chondral injury, both pathologies should be addressed
appropriately. When meniscal transplantation is performed with a concomitant ACL
reconstruction, the bone plug technique is preferred for both medial and lateral
allografts in order to avoid interference between the bone bridge and the tibial ACL
tunnel. For patients that require an alignment-correcting osteotomy, the operation is
typically performed in a staged fashion. The surgeon should first correct the valgus
or varus deformity and allow the patient to recover for 4 to 6 months before return-
ing to the operating room for the MAT. Patients presenting with both meniscal defi-
ciency and focal osteochondral defects should undergo concomitant MAT and
cartilage restoration procedure. Autologous chondrocyte implantation and osteo-
chondral allograft implantation can be performed simultaneously with the MAT and
do not dictate which method of bony fixation is used.

Bridge-in-Slot Technique for Lateral MAT

Positioning

With the patient in the supine position on the table, the operative leg is placed in a
circumferential leg holder and the foot of the table is dropped (Fig. 9.3). This allows
the leg to be maneuvered during the procedure to provide unobstructed access to the

Fig.9.3 The patient is
positioned with the foot of
the table dropped to allow
access to the posteromedial
and posterolateral aspects
of the knee. (Source:
Jazrawi, Laith. 2014)
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posteromedial and posterolateral aspects of the knee for the allograft repair portion
of the procedure. A folded blanket is placed under the proximal thigh of the contra-
lateral leg to bring the hip into slight flexion and prevent any tension on the femoral
nerve. A tourniquet is placed on the thigh of the operative leg, which is prepped and
draped in a sterile fashion. Appropriate anatomic landmarks are then marked on the
operative knee, including the site of the posterolateral incision.

Diagnostic Arthroscopy and Meniscus Debridement

Using anterolateral and anteromedial portal sites, a diagnostic arthroscopy is per-
formed. For lateral meniscal transplantations, the anteromedial portal site should be
1 mm to 2 mm superior to the standard anteromedial portal site to facilitate access
to the lateral compartment over the tibial spines. The meniscal deficiency is con-
firmed and the condition of the articular cartilage is assessed before proceeding.

If the diagnostic arthroscopy reveals the presence of meniscus remnant, an
arthroscopic biter and standard 4.5 mm shaver are used to debride the native menis-
cus down to a I mm to 2 mm peripheral rim until punctate bleeding occurs (Fig. 9.4).
In cases where there is no remnant meniscus, a rasp is used to abrade the capsule
until a bleeding bed is created to encourage tissue healing.

Graft Preparation

As the arthroscopy and debridement are being performed, the allograft is prepared
on the back table (Fig. 9.5). The attachment sites of the meniscus graft to the bone
block are first identified. A cutting block, bridge-sizing guide, and sagittal saw are
used to create a bone bridge that measures 7 mm in width by 10 mm in depth and
connects the anterior and posterior meniscal horns. The lateral tibial spine is
removed using a saw or rongeur. A #2 nonabsorbable suture is then passed through

Fig. 9.4 The meniscal
remnant is debrided,
leaving a 1-2 mm
peripheral rim to aid in
fixation of the allograft.
(Source: Jazrawi,
Laith. 2014)
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Fig. 9.5 Preparation of the meniscal allograft. The bone bridge is measured, marked, and cut
before placing a suture through the graft to facilitate passage into the joint. (Source: Jazrawi,
Laith. 2014)

the meniscus at the point where the body of the allograft meets the posterior horn.
This suture will be used to facilitate introduction of the meniscus into the knee.
After being prepared, the allograft is placed in a basin with wet gauze until it is
ready to be inserted.

Approach

The biceps femoris tendon is palpated and a posterolateral incision is made anterior
to the tendon insertion to prevent injuring the common peroneal nerve (Fig. 9.6).
The incision should be 3 inches in length with one-third of the incision above the
joint line and two-thirds of the incision below the joint line. The interval between
the posterior aspect of the iliotibial band and the biceps femoris tendon is identified
with dissection. Through the identified interval, the lateral head of the gastrocne-
mius is palpated while plantarflexing and dorsiflexing the foot to confirm appropri-
ate positioning. A space is created deep to the gastrocnemius to allow for an interval
between the lateral head of the gastrocnemius and the posterolateral capsule. A
spoon or Henning retractor is then inserted to protect the neighboring neurovascular
structures during the repair portion of the procedure.
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Fig. 9.6 Incision for the
posterolateral approach is
made anterior to the biceps
femoris insertion to protect
the common peroneal
nerve. (Source: Jazrawi,
Laith. 2014)

Fig. 9.7 Diagnostic
arthroscopy and meniscus
debridement is performed
through the medial and
lateral portal sites (1 and
2). An accessory
anterolateral portal is
created for slot preparation
and eventual graft
introduction (3). (Source:
Jazrawi, Laith. 2014)

Slot Preparation

The bridge-in-slot technique aims to create a tibial slot based on the native meniscal
attachment sites. Using a spinal needle to aid with localization, an anterolateral
accessory portal is created in line with the anterior and posterior root insertions of
the lateral meniscus (Fig. 9.7). A 4 mm bone-cutting shaver is inserted through the
anterolateral accessory portal and used to create a superficial preliminary reference
slot that connects the centers of the anterior and posterior horn attachment sites
(Fig. 9.8). The reference slot should run parallel to the sagittal slope of the tibial
plateau and reach a depth of 4 mm.

A hooked depth gauge is inserted through the anterolateral accessory portal and
placed into the reference slot (Fig. 9.9). The hooked tip of the gauge should engage
the posterior tibial cortex. A guide pin is inserted through the drill guide into the
posterior tibial cortex, ensuring that the pin does not over-penetrate the cortex.
Proper depth can be confirmed with direct palpation of the cortex through the pos-
terolateral portal. Although not required, intraoperative fluoroscopy can also be
used to confirm appropriate drill depth. The drill guide is removed and the pin is
over-reamed with an 8 mm cannulated reamer. The drill bit and guide pin are then
removed. Any remaining debris can be removed using an arthroscopic shaver
or basket.
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L

Fig. 9.8 A spinal needle is used to align the accessory anterolateral portal with the horns of the
meniscus (top left). Creation of the superficial reference slot using a 4 mm burr to connect the sites
of the anterior and posterior horns (top right and bottom). (Source: Jazrawi, Laith. 2014)

Fig. 9.9 A depth gauge is
used to measure the
anterior—posterior
dimension of the plateau to
prevent overpenetration of
the pin. (Source: Jazrawi,
Laith. 2014)

left knee
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Fig.9.10 The box chisel
is inserted through the
accessory anterolateral
arthrotomy to create the
final tibial slot. (Source:
Jazrawi, Laith. 2014)

Fig.9.11 Continuous
arthroscopic visualization
should be maintained as
the box chisel is inserted
into reamed tunnel. Care
should be taken to avoid
injuring the articular
surface of the condyle.
(Source: Jazrawi,

Laith. 2014)

The final tibial slot is created using an 8§ mm slot-cutting chisel (Fig. 9.10). The
box chisel is gently impacted with a mallet along the course of the premade tunnel
to the level of the posterior tibial cortex. The tines of the box chisel should be con-
tinuously visualized arthroscopically to ensure no damage to the surrounding tissue
or opposing femoral articular cartilage (Fig. 9.11). The box chisel creates a rectan-
gular slot measuring 8 mm in width and 10 mm in depth, matching the prepared
bone bridge. To facilitate easy placement of the bone bridge, 7 and 8 mm rasps are
used to enlarge the recipient slot until the 8 mm rasp sits flush with the tibial plateau
(Fig. 9.12). The recipient slot is now complete.

Graft Introduction and Fixation

To prepare for introduction of the graft into the knee, the anterolateral accessory
portal should first be extended into an arthrotomy large enough to permit passage of
the graft. A zone-specific cannula is then placed into the medial portal. A meniscal
repair needle is passed through the remnant of the native meniscus slightly anterior
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Fig.9.12 The 7 mm and
8 mm rasps are used to
finalize the recipient slot.
(Source: Jazrawi,

Laith. 2014)

and lateral to the popliteus tendon. The needle is then retrieved through the postero-
lateral incision. The second needle is removed and the suture is retrieved through
the enlarged anterolateral accessory portal site. This suture is tied into a loop and
used to shuttle the graft passage sutures placed in the prepared meniscus allograft
through the posterolateral incision. Gentle traction is maintained on the graft pas-
sage sutures while the allograft is passed through the arthrotomy and aligned with
the recipient slot. Two army—navy retractors are used to maintain clear visualization
of the recipient slot through the arthrotomy (Fig. 9.13). While applying varus stress
to the knee, the bone bridge is reduced into the slot using gentle digital pressure and
traction on the passage sutures. The knee can be cycled to aid with proper placement
of the meniscus between the tibiofemoral articulation.

Once the allograft is in position, the meniscus is secured peripherally with 2-0
nonabsorbable sutures using multiple inside-out vertical mattress sutures (Fig. 9.14).
Placing sutures on both the superior and inferior aspects of the meniscus allows the
periphery of the graft to be closely approximated to the capsule in a balanced fash-
ion. As the periphery is being secured, the sutures are retrieved through the postero-
lateral incision. An all-inside technique is then used to secure the graft directly
posterior to the popliteus tendon and for fixation of the posterior horn.

After confirming that the periphery of the meniscus has been secured, the bone
bridge is stabilized in the slot. A nitinol guide wire is first placed central to the bone
bridge, and then a 7 x 23 mm bioabsorbable interference screw is used to achieve
the final fixation of the bridge in the slot (Fig. 9.15).

The knee is placed in full extension and the meniscus repair sutures are tied.
Maintaining visualization of the meniscus arthroscopically ensures that the sutures
are placed directly on the capsule. Fixation of the most anterior aspect of the
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Fig.9.13 Graft
introduction into the knee
joint using passage sutures.
(Source: Jazrawi,

Laith. 2014)

Fig.9.14 Peripheral
meniscal fixation using
vertical mattress sutures
through an open
posterolateral approach.
(Source: Jazrawi,

Laith. 2014)
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Fig.9.15 Allograft
fixation using 7 X 23 mm
interference screw placed
central to the bone bridge.
(Source: Jazrawi,

Laith. 2014)

meniscus is performed with 2-0 sutures placed through the anterolateral arthrot-
omy. The graft is then probed to confirm adequate stabilization.

The posterolateral approach and anterolateral arthrotomy are irrigated and closed
in layers. The portals are closed subcuticularly, skin adhesive is applied to the inci-
sions, and sterile dressings are applied. The knee is then placed in hinged brace that
is locked in extension.

Bone Plug Technique for Medial MAT

Graft Preparation

Patient positioning, diagnostic arthroscopy, and meniscal debridement are first per-
formed using the methods described for the bridge-in-slot technique. As the arthros-
copy and debridement are being performed, the allograft is prepared on the back
table (Fig. 9.16). Any excess soft tissue is dissected away and the anterior and pos-
terior horn insertion sites are isolated. A 2.4 mm guide pin is placed in the center of
each horn attachment site. A collared reamer is placed over the guide pins and used
to create the bone plugs, which are then sized to 8 mm in width by 10-12 mm in
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Fig.9.16 Bone plug
preparation for medial
meniscal allograft
transplantation. A guide
pin is inserted into the
center of the meniscal horn
attachment site (top). A
collared reamer placed
over the guide pin is used
to create the bone plugs
(bottom). (Source: Jazrawi,
Laith. 2014)

depth. Sutures are passed through each bone plug, first incorporating the horn
attachment site, and then exiting through the central hole of the plug (Fig. 9.17).
These sutures will be used to seat the donor plugs into the recipient tunnels. An
additional suture is passed through junction of the meniscal body and the posterior
horn to facilitate graft passage and reduction (Fig. 9.18). After being prepared, the
allograft is placed in a basin with wet gauze to prevent drying.

Approach

The approach for a medial MAT utilizes a posteromedial incision similar to the
approach for an inside-out meniscus repair. The MCL is palpated and the incision is
made just posterior to the ligament, with one-third of the incision above the joint
line and two-thirds of the incision below the joint line. The interval between the
medial head of the gastrocnemius and the semimembranosus is identified. Palpating
the gastrocnemius while plantarflexing and dorsiflexing the foot will confirm the
appropriate positioning. Blunt dissection is then used to create an interval between
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Fig.9.17 Sutures are
inserted through the
meniscus attachment sites,
exiting through the bone
plugs. (Source: Jazrawi,
Laith. 2014)

Fig.9.18 A passing
suture is placed to facilitate
graft introduction and
placement. (Source:
Jazrawi, Laith. 2014)

4

the medial head of the gastrocnemius and the posteromedial capsule. A spoon or
Henning retractor can be inserted into this space to protect the surrounding neuro-
vascular structures during the remainder of the procedure.

Tunnel Preparation, Graft Introduction, and Fixation

The posterior tunnel is created first. An ACL tibial drill guide is used to pass a ret-
rograde reamer into the location of the native meniscal posterior insertion site. An
8.5 mm diameter tunnel is reamed to a depth of 12—15 mm. A looped passing suture
is then placed through the posterior tunnel and retrieved through the anteromedial
portal (Fig. 9.19). This will be used to facilitate passing of the posterior bone plug.
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Fig.9.19 The guide wire
is drilled through the
posterior horn insertion
site and reamed to an
appropriate depth (top). A
passing suture is placed
through the tunnel and
brought out through the
anteromedial portal
(bottom). (Source: Jazrawi,
Laith. 2014)

The anteromedial portal is extended to create an arthrotomy large enough to pass
the allograft. The graft passage sutures placed in the donor meniscus during prepa-
ration are passed through the arthrotomy and retrieved through the posteromedial
incision (Fig. 9.20). The posterior bone plug sutures are placed through the poste-
rior tunnel passing suture placed previously. After the posterior bone plug sutures
are passed through the posterior tunnel, gentle traction on the sutures is used to
reduce the bone plug into the tunnel. A Freer elevator or another blunt instrument
can be used to guide the bone plug into place. The meniscus graft is then reduced
under the medial femoral condyle. Arthroscopic visualization is used to confirm
appropriate placement of the posterior bone plug and the meniscus allograft.

Following placement of the posterior bone plug, the meniscal repair portion of
the procedure is performed. Zone-specific cannulas are used for an inside-out
medial meniscus repair with sutures passed in the vertical mattress fashion. Sutures
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Fig.9.20 The allograft is
introduced into the knee by
feeding the passing sutures
into the arthrotomy and
through the posteromedial
incision. Note: This image
was obtained during a
combined medial MAT and
bone—patellar tendon—bone
ACL reconstruction,
explaining the large
anterior incision. (Source:
Jazrawi, Laith. 2014)

are placed on both the superior and inferior aspects of the allograft to ensure that the
meniscus remains in an anatomic position.

The anterior bone tunnel is then created by first placing a guide pin at the site
of the native anterior meniscus insertion site through the anteromedial arthrotomy.
An 8.5 mm tunnel is reamed over the guide pin to a depth of 15 mm. Starting 2 cm
distal to the joint line, a 2.5 mm drill bit is used to drill superiorly into the anterior
tunnel. A Hewson suture passer is then used to shuttle the anterior bone plug
sutures through the anterior tunnel. The anterior bone plug is then reduced into
the tunnel.

With the periphery of the meniscus secured and the bone plugs seated in their
tunnels, the bone plugs are fixed by tying their sutures over cortical buttons. The
knee is placed in full extension and the meniscal repair sutures are tied through
the posteromedial approach (Fig. 9.21). The incisions are closed as described for
the bridge-in-slot technique and the knee is placed in a hinged brace locked in
extension.

Postoperative Rehabilitation

To date, there is no well-established postoperative rehabilitation protocol that has
been shown to provide superior outcomes compared to other protocols. Most stud-
ies that describe the postoperative rehabilitation involve bracing, restricted range of
motion, and limited weight-bearing following surgery. A hinged brace should be
used for 6-8 weeks following the procedure to protect against flexion of the knee
past 90° and prevent excessive translation of the meniscus relative to the tibia. Tibial
rotation should also be avoided for 8 weeks. Early joint exercises and progressive
advancement of weight-bearing are typically recommended with the goal of achiev-
ing full range of motion within 2-3 months, use of a stationary bike at 2 months,
light jogging at 3—4 months, and athletic activity at 6—9 months postoperatively [44,
50, 87, 88].
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Fig.9.21 The meniscus
repair sutures are tied
through the posteromedial
approach. (Source:
Jazrawi, Laith. 2014)

During the first 2 weeks following MAT, the patient is typically encouraged to
proceed with toe-touch weightbearing with the knee locked in full extension.
Carefully controlled stress placed on recently transplanted allografts is believed to
stimulate collagen synthesis and enhance graft strength [89]. After 2 weeks, the
patient can progress to weight-bearing as tolerated with the use of crutches [90-92].
However, weight-bearing with the knee flexed greater than 90° should be avoided
until 8 weeks after surgery. Although one study found no difference in outcomes
after MAT between a rehabilitation protocol involving restricted weight-bearing
and range of motion and another protocol without any restrictions, further studies
are needed to determine the optimal protocol that will allow patients to return to
work or sport as quickly and safely as possible [93]. A recommended postoperative
rehabilitation protocol is provided in Table 9.1.

Outcomes

As meniscal transplantation has become a more common solution for young patients
with symptomatic meniscal deficiency, there have been a large number of studies
that have shown MAT to be a safe and effective procedure with satisfactory out-
comes. However, the conclusions that can be drawn from the existing outcomes
studies are limited by heterogeneity in graft preservation technique, surgical tech-
nique, bony fixation method, and the rehabilitation protocol utilized. Additionally,
surgical technique has evolved since meniscus transplants were first introduced,
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Table 9.1 Recommended postoperative rehabilitation protocol for MAT

Phase 1 (weeks 0-8)
Weight-bearing

Toe-touch weight-bearing Weeks 0-2
Weight-bearing as tolerated with crutches Weeks 24
Weight-bearing as tolerated, discontinue crutches if gait is normalized Weeks 4-8

No weight-bearing with flexion >90° during weeks 0—-8
Hinged knee brace

Locked in full extension for ambulation and sleeping, remove for hygiene Weeks 0-2
Set to range from 0° to 90° for ambulation, remove for sleeping and hygiene =~ Weeks 2-6
Discontinue brace Week 6
Range of motion (ROM)

0° Weeks 0-2
0-90° Weeks 2-6
Full non-weight-bearing ROM as tolerated Weeks 6-8
Therapeutic exercises

Heel slides, straight leg raises, patellar mobilizations (with brace) Weeks 0-2
Add heel raises, terminal knee extensions (with brace) Weeks 2-6
Continue exercises without brace Weeks 6-8

Avoid tibial rotation during weeks 0-8
Phase 2 (weeks 8-12)
Weight-bearing

As tolerated Weeks 8-12
Range of motion

Full active ROM Weeks 8-12
Therapeutic exercises

Progress to closed chain extension exercises, begin hamstring strengthening Weeks 8-12
Lunges (0-90°), leg press (0-90°) Weeks 8-12
Proprioception exercises Weeks 8-12
Stationary bike Weeks 8-12

Phase 3 (months 3-6)
Weight-bearing

Full weight-bearing with normal gait patterns Months 3-6
Range of motion

Full ROM Months 3-6
Therapeutic exercises

Continue quadriceps and hamstring strengthening Months 3-6
Focus on single-leg strength Months 3-6
Sport-specific drills Months 4-6
Begin maintenance program for strength and endurance Month 6
Activity goals

Begin jogging Month 3
Return to sport Months 6-9

Source: Kingery M. T., Jazrawi L., Strauss E. J. (2019)

making it difficult to compare studies over time. Nevertheless, the overall positive
outcomes demonstrated by the literature have helped solidify MAT as beneficial
treatment for appropriately selected patients (Table 9.2).

The initial evidence that helped establish MAT as an effective treatment option
was provided by a series of small cohort studies. In 2001, Rath et al. reported the
outcomes of 22 cryopreserved meniscal allografts implanted in 18 patients [87]. At
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a mean follow-up of 4.5 years following surgery, there was an overall improvement
in both pain and function. Repeat radiographs taken at the latest follow-up time
demonstrated no significant difference in the joint space compared to preoperative
radiographs. Eight of the 22 transplanted menisci tore during the study period
requiring repeat meniscectomy. Histologic examination of the removed meniscal
tissue revealed revascularization of the periphery, consistent with prior studies [39,
53, 94]. However, the torn allografts contained fewer fibrochondrocytes and lower
levels of growth factors compared to torn native menisci. The authors postulated
that reduced biologic activity of the allograft may be associated with the increased
rate of tears [87].

Further studies demonstrated clinical improvements similar to those reported by
Rath et al. [88, 95-98] In an evaluation of 40 cryopreserved allografts, the percent-
age of patients experiencing pain with daily activities decreased from 79% preop-
eratively to 11% at 3.3 years after MAT [88]. In another cohort, 77.5% of patients
were mostly satisfied or completely satisfied with the outcomes of the procedure
[95]. In addition to improved pain and function, analysis of 32 allografts found no
significant difference in joint space loss between involved and uninvolved knees
[98]. Kim et al. presented a group of 110 MAT cases with improved function in
94.5% of patients at a minimum of 2 years after surgery [97]. Despite the low level
of evidence provided by these initial investigations, they served as an early descrip-
tion of the short- and intermediate-term efficacy of MAT.

Verdonk evaluated a cohort of 100 allografts preserved in culture, transplanted
either in isolation or with concomitant high tibial osteotomy, with a mean follow-up
time of 7.2 years [99]. Overall, MAT resulted in significant improvements in both
pain and function. Failure, defined as moderate or severe occasional pain, persistent
pain, or poor knee function, occurred in 28% of medial allografts at a mean of
6 years and 16% of lateral allografts at a mean of 4.8 years. For medial meniscal
allografts, mean survival rate was 86.2% at 5 years, 74.2% at 10 years, and 52.8%
at 14.5 years. For lateral allografts, mean survival rate was 90.2% at 5 years, 69.8%
at 10 years, and 69.8% at 14 years. There was no difference in survival between
medial and lateral grafts. The level of cartilage degeneration at the time of surgery
did not affect the risk of failure, in contrast to previous studies which have sug-
gested that failure rate is higher with advanced degeneration [36, 40]. The differ-
ence can perhaps be due to the study’s utilization of nonirradiated, fresh allografts,
which may be more resistant to failure in patients with moderate or severe preexist-
ing cartilage damage compared to the irradiated, cryopreserved allografts used in
contradicting studies.

An additional study of graft survival was carried out by McCormick et al. [100]
This cohort consisted of 172 patients who received fresh-frozen, nonirradiated
allografts using the bridge-in-slot technique or, if concomitant ACL reconstruction
was performed, a modified bridge technique. At a mean follow-up of 4.9 years,
4.7% of patients had experienced graft failure requiring revision MAT or
TKA. Despite a greater than 95% graft survival rate, 32% of the cohort required re-
operation during the study period. The most common reason for re-operation was
arthroscopic debridement of scar tissue, with an average time to reoperation of
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21 months. Patients requiring reoperation had graft survival rate of 88%, although
they were at an increased risk of failure compared to patients who did not require
reoperation [100]. This investigation suggests that although roughly one in three
MAT patients will undergo reoperation, there is still a high likelihood of graft
survival.

Verdonk also reported on a cohort of patients consisting of 39 culture-maintained
allografts in 38 patients with a mean follow-up time of 12.1 years [101]. Like this
group’s earlier results, pain and function improved significantly for both medial and
lateral allografts. Despite the noted improvements, patients continued to experience
functional impairment and symptoms at the time of follow-up. Eighteen percent of
the study group had undergone total knee arthroplasty after a mean of 6.5 years due
to progression of pain and functional limitation. There was no additional change in
joint space narrowing in 41% of the patients at the time of follow-up, suggesting
that MAT may attenuate progression of cartilage degradation and provide a chon-
droprotective effect. Similar to other existing studies [102, 103], MRI outcomes
(including femoral and tibial cartilage degeneration, meniscus signal intensity,
meniscus position, extrusion, and tears) did not correlate with subjective clinical
outcomes. The authors conclude that the evaluation of patient outcomes should rely
primarily on clinical measures rather than radiographic measures [101]. This is con-
sistent with a later study which found that although significant meniscus shrinkage
occurred by 1 year postoperatively, the morphologic changes were not associated
with clinical outcomes [104].

Saltzman performed a longitudinal study of patient satisfaction following MAT
with the most recent update consisting of 22 allografts at a mean follow-up time of
8.5 years [105]. There were significant improvements in pain, functional outcomes,
and quality of life with no difference between medial allografts and lateral allografts.
At the time of follow-up, the patients reported an average satisfaction score of 8.8
out of 10. Eight of the 22 patients were completely satisfied with the results of the
procedure, and the remaining 14 patients reported being mostly satisfied. This same
cohort of patients was evaluated at 2 and 4 years postoperatively, and it was found
that that pain, severity of symptoms, and function were generally consistent from
the earlier follow-up times to the most recent evaluation [105]. This suggests that
the benefits achieved shortly after rehabilitation are maintained for at least 8 years
following MAT.

A 2011 meta-analysis examined 44 trials consisting of 1136 total grafts in 1068
patients with a mean age of 34.8 years [106]. Although the included studies differed
in their outcome measures, they consistently demonstrated an improvement in clini-
cal outcomes with MAT. Of the studies that specified, only 36% of MATs were
isolated, while the remainder were performed with another procedure. Among all
included studies, 84% of patients described their knee function as normal or nearly
normal, and 89% were satisfied with their results. The overall complication rate was
21.3%, with the most common adverse events being tearing of the graft and adhe-
sions requiring MUA. There was a failure rate of 10.6% when defined as destruction
or removal of the graft with or without conversion to arthroplasty. Of the studies that
included radiographic or MRI follow-up, most noted little to no progression of joint
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space narrowing at last follow-up. The chondroprotective effect of MAT has been
demonstrated in animal models [107], and while this analysis provides additional
support for a similar effect in humans, definitive evidence is still lacking. Despite
the unknown efficacy in terms of cartilage preservation, the consistent clinical
improvement and low rate of serious complications found in this analysis suggest
that MAT is a safe and effective procedure in carefully selected patients.

A similarly large 2018 meta-analysis included 38 studies consisting of 1637
MATSs with a mean age of 34 years [108]. There was overall tear rate of 9% and a
failure rate of 12.6%, when defined as requiring revision, removal of the graft, or
persistent knee pain. Interestingly, there was no difference in graft tears, failure
rates, functional improvement, or pain improvement between bony fixation and soft
tissue fixation. This contrasts the biomechanical studies which have largely con-
cluded that bony fixation is superior to soft tissue fixation [29, 86]. In another study
comparing suture-only MAT and bone plug MAT, there was similarly no difference
in functional outcomes, although the suture-only technique was associated with
higher risk of extruded meniscal body at 40 months postoperatively [83]. While the
measured functional outcomes may be similar between the two different methods of
securing the meniscus, soft-tissue fixation has largely fallen out of favor among
surgeons.

Bin et al. performed a meta-analysis comparing the mid-term and long-term out-
comes of medial MAT versus lateral MAT [109]. The analysis included nine studies
consisting of 287 medial MATs and 407 lateral MATs. At 5 to 10 years postopera-
tively, the graft survival rate was 85.8% for medial allografts and 89.2% for lateral
allografts. Greater than 10 years following transplantation, the graft survival rate
was 52.6% for medial allografts and 56.6% for lateral allografts. At both mid-term
follow-up and long-term follow-up, there was no significant difference in graft sur-
vival rate between medial and lateral MATs. However, lateral MAT was found to be
associated with greater improvement in pain and function. The authors suggested
that lateral MAT may be more successful because patients with lateral meniscus
injuries tend to have shorter intervals between meniscectomy and transplantation,
perhaps leading to less cartilage damage accumulation [99]. Further studies are
needed to explain this difference.

Early studies initially suggested that meniscal extrusion was associated with
poorer outcomes [110]. However, subsequent studies found that graft extrusion did
not affect the progression of joint space narrowing at 5 years [64]. Additionally,
although lateral menisci tend to extrude to a greater extent than medial menisci,
neither was associated with clinical outcomes [64, 111].

A 2019 systematic review and meta-analysis examined the rate of return to phys-
ical activity following MAT [112]. Based on the nine included studies, 77% of
patients were able to return to any level of sport or physical activity at minimum
2-year follow-up, with 67% returning to the same level of preinjury activity. One of
the included studies specifically analyzed 13 high-level athletes (nine collegiate ath-
letes, three high school varsity athletes, and one professional athlete) who had
undergone prior partial or total meniscectomies and had been undeniable to return
to their preinjury level of play [113]. In this study, 10 athletes (77%) returned to
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their previous level of play after a mean of 16.5 months and nine (70%) returned to
their desired level of play after MAT. The existing data regarding return to sport
after MAT is generally low-level, making it difficult to draw conclusions, especially
related to high-impact sports and activities.

Conclusion

Within the relatively short history of meniscal allograft transplantation, the tech-
niques used to preserve and implant the grafts have advanced dramatically. While
the procedure in its current state is not capable of entirely eliminating the sequelae
associated with the meniscectomized knee, MAT does represent an opportunity to
restore the mechanics of the knee joint, improve function, and alleviate pain. As the
body of data surrounding meniscal transplantation grows, the surgical techniques
will continue to be refined and the lifespan of the allografts will likely improve,
offering even greater benefits for patients with symptoms related to meniscus
insufficiency.
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Introduction: Regenerative Potential of the Meniscus

Management of meniscus tears has evolved significantly since the advent of arthros-
copy. In order to understand the future direction of treatment, the pathophysiology
of meniscus tearing must be briefly considered. The meniscus is a complex structure
under constant stresses with an array of dynamic loading forces. Furthermore, the
meniscus has a heterogeneous, hypocellular tissue makeup with a limited nutrient
supply. These factors combine to make healing a meniscus tear or repair intrinsi-
cally difficult. Biomechanically, the meniscus is a dynamic structure undergoing
substantial shape and force alterations during tibiofemoral joint articulation and
loading [1-3]. Thus, a meniscus tear is under a variety of deforming forces poten-
tially resulting in meniscal gapping at a repair or healing site [4]. From a tissue
biology standpoint, relatively recent developments have further elucidated the
regenerative potential of the meniscus.

Historically, the meniscus was generally considered to be a largely fibrocartilagi-
nous structure with fibroblasts, chondrocytes, fibrochondrocytes, and a unique
meniscal cell population with limited regenerative potential [5-9]. Histologically,
the natural progression of a tear has been studied in multiple animal models [10-
12]. In the context of the synovial fluid environment bathing the meniscus, many
tears simply do not heal. In those where some healing takes place, there is signifi-
cant early infiltration of the injured area with phagocytic cells in the acute phase
after a tear [10]. This initial inflammatory response may be accompanied by subse-
quent synovial hyperplasia and an abundance of fibroblasts and fibrochondrocytes.
These cells deposit new meniscocartilage into the damaged region with the assis-
tance of various progenitor cells [10—14]. The obvious challenge moving forward is
to promote or facilitate this healing response in the mechanically and histologically
hostile environment in which the meniscus resides.

The cellular constituency of the meniscus and its surrounding tissue have been
specifically elucidated in recent studies [15, 16]. The surrounding tissues, as com-
pared to the relatively acellular central collagenous tissue, principally contribute
to the biological response observed after a meniscus injury. The meniscal
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fibrochondrocyte cell population, in particular, has been shown to be critical in the
regenerative response of the meniscus after a large meniscus defect [10, 15].
Evidence suggests these cells not only possess strong chondrogenic regenerative
potential directly applicable to meniscus healing, but also a variable capacity for
adipogenic and osteogenic differentiation based on proximity of isolation in refer-
ence to the outer rim of the meniscus [15]. Recent investigations also demonstrate
that progenitor cells exist within the meniscus itself — meniscus-derived mesen-
chymal stem cells (MMSC). MMSCs have properties common to other mesen-
chymal stem cell (MSC) lineages such as clonogenicity, self-renewal, and
multipotency. However, unlike a tendency toward osteogenic differentiation as
seen in bone marrow—derived MSCs (BMSC), MMSCs exhibit a preference
toward chondrogenic differentiation in smaller colonies in vitro at a slower rate of
growth [17, 18]. This intrinsic tendency for chondrogenic differentiation may be
further augmented through paracrine factors in the meniscus microenvironment,
given evidence demonstrating the influence of coculturing MSCs with mature
meniscus-derived cells (MDC) also promotes meniscal phenotype differentiation
[6]. Further evidence suggests that MDCs isolated from human meniscus tissue
have the capacity to de-differentiate under in vitro culture and subsequently re-
differentiate into tissue resembling meniscus in scaffolds such as polyglycolic
acid-hyaluronan. These dynamic characteristics demonstrate the versatility of
this cell population [19]. Promoting and optimizing the selective differentiation of
MDCs is a key goal to facilitate enhanced meniscal healing. In terms of actual cell
marker expression, the meniscus contributes significantly to cell phenotype. All
MDCs express higher amounts of CD14, CD26, CD49c, and CD49f compared to
articular chondrocytes, while MDCs isolated from the outer region of the menis-
cus expressed more CD90, CD166, and CD271 in comparison with MDCs iso-
lated from the inner, relatively avascular meniscus region [16]. Seol et al. describe
a similar meniscus progenitor cell (MPC) population isolated from the peripheral
vascular region of the meniscus that exhibits capacity to regenerate meniscus tis-
sue in the setting of a tear both in the vascular and avascular region of the menis-
cus with gene expression profiles similar to other previously discovered progenitor
cell populations [20]. Relevant to the stated goal of enhanced healing, as opposed
to MSCs which can be stimulated toward chondrogenic differentiation in vitro,
the MPCs described above only demonstrated enhanced meniscus fibrocartilage
formation in the presence of extracellular matrix (ECM) in situ [20].

The microenvironment adjacent to the meniscus readily contributes to the pro-
genitor cell pool after an acute injury. Matsukura et al. showed a dramatic increase
in human MSCs as evidenced by cell phenotype and marker expression (CD44,
CD73, CD90, and CD105) after isolated meniscus injury, suggesting that there is a
distinct population of regenerative cells present at the time of injury, which can be
utilized or promoted from a therapeutic clinical perspective [14]. Tarafder et al.
demonstrate controlled application of connective tissue growth factor (CTGF) fol-
lowed by transforming growth factor beta-3 (TGF beta-3) allowed synovial MSCs
released at the time of meniscus injury to functionally regenerate, or heal, avascular
meniscus tears in human subjects. This was facilitated through an initial fibrous
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matrix formation which remodeled with TGF beta-3 application into a fibrocarti-
laginous matrix bridging the tears, allowing for functional recovery [21]. Thus,
recent developments demonstrate that the cell populations are much more complex
than previously described. Furthermore, by understanding the microcellular envi-
ronment, biologic modalities can be harnessed to promote healing, potentially with
or without surgical repair. Progenitor cells certainly exist within the meniscus and
the adjacent tissue potentially capable of providing regeneration after a meniscus
tear, contrary to historical beliefs regarding absent intrinsic meniscal healing
capability.

The vascularity of the meniscus has been extensively studied and described as a
trait which governs and limits the healing potential of various meniscus tears. Given
the avascular nature of the inner region of the meniscus, early studies performed
with continuous passive motion have demonstrated access to low molecular weight
nutrients, such as sulfate, are incorporated into this meniscus tissue and the limited
cell population of this region through diffusion [22]. The meniscus has differential
vascularity, with studies demonstrating as little as the outer 10% having vascularity
in the mature knee of adults. There are many studies evaluating whether this reduc-
tion in direct nutrient supply plays a direct role in the altered healing response seen
in the inner, avascular regions of the meniscus [23-26]. Hennerbichler et al. demon-
strated that in the absence of variable nutrients restrictions generated in vivo menis-
cal explant tissue from the avascular versus vascular regions demonstrate similar
healing properties in vitro [23].

In addition to differential access to nutrients, the limited vascular supply of the
meniscus alters the regional access to paracrine signals necessary for tissue homeo-
stasis and regeneration in the setting of an injury. The important stimulatory effect
of various cytokines on meniscus cells derived from the outer, intermediate, and
inner regions of the meniscus has been studied. These cells populations all increase
protein synthesis and migratory activity levels upon exposure to human platelet—
derived growth factor-AB (PDGF-AB), hepatocyte growth factor (HGF), and bone
morphogenic protein-2 (BMP-2) [27, 28]. The specific location of a tear determines
the cellular response to cytokines in the presence of a tear in vivo. Lu et al. demon-
strate that dependent on the proximity to the red zone (periphery) of the meniscus,
the expression of vascular endothelial growth factor (VEGF) and hypoxia inducible
factor-1lalpha (HIF-1alpha) both vary, even in the presence of injury, with greater
baseline levels being expressed in the outer region of the meniscus, allowing for
increased paracrine signaling after a tear [29]. Further, the secretion of endothelin-1
(ET-1) expressed predominantly in vessels throughout the meniscus outer rim acts
as a strong chemotaxis signal to MSCs in the presence of a meniscus tear, which is
much more robust in the outer region as compared to the inner [30]. Lastly, the
blood vessels in the periphery of the meniscus provide access to various cell popula-
tions in the setting of a tear, which may not be present in the inner meniscus. The
presence of multipotent stem cells existing within blood vessels is well known and
was recently shown to be present in the vascular region of the meniscus as well,
capable of differentiating into meniscus fibrochondrocytes both in vitro and in vivo
during meniscus injury [31-33].
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Aside from the unique cellular and vascular composition of the meniscus, the
makeup and orientation of the macromolecules within which it exists pose difficulty
when repairing and attempting to replicate meniscus tissue during larger repairs.
Macroscopically, the collagen fibril orientation of the meniscus splays out radially
with circumferential orientation in the superficial and deep layers. Thus, these fibers
contribute significantly to distribution of hoop stresses during dynamic loading
moments with native knee motion [34]. It is considerably challenging to replicate
this network of fibrils in the setting of a meniscus repair while simultaneously pre-
serving the interspersed cellularity of the meniscus without stimulating an immune
response from the native surrounding tissue as well [35].

Although there is theoretical potential for meniscus self-regeneration after a tear
or meniscectomy, the reality is the aforementioned regenerative cell populations are
sparse, bridging tissue for allowing sufficient engraftment of regenerative cells is
often lacking, and necessary growth factors are not intrinsically present without
external stimuli in the form of scaffolds or biologic augmentation. Further, a sub-
stantial amount of the regenerative potential witnessed in the above reports are in
animal studies with limited translation to the natural history of human menis-
cus tears.

Current Treatment Strategy Limitations

Historically, meniscal repair has principally been directed toward vertically oriented
tears in the vascular, or peripheral, zone of the meniscus. In recent years, newer
techniques have demonstrated favorable repair outcomes in other types of tears.
Nonetheless, meniscectomy remains a very common procedure. The incidence of
meniscal repair has been increasing over recent decades as newer, safer repair meth-
ods and implants have been introduced. In addition, overwhelming data continues
to demonstrate the negative consequences of meniscal resection, with increased
rates of osteoarthritis and cartilage degeneration after this procedure [36]. Guidelines
for management of some meniscal tears, particularly degenerative ones, still remain
controversial, given that the benefits of invasive procedures may not necessarily be
superior to those of conservative measures. There has been high-quality data dem-
onstrating that symptomatic, nonobstructive meniscus tears treated with physical
therapy may provide equal clinical benefits compared to patients receiving menis-
cectomy [37, 38]. While meniscectomy demonstrates early functional benefits at
timepoints of 6 months, it has not shown benefit when compared to physical therapy
for degenerative meniscal tears in the long term, which raises concern regarding the
utility of this procedure [39]. However, for tears currently deemed irreparable and
symptomatic, meniscectomy is one of the few surgical treatment options available
for many patients [40, 41].

In recent years, further studies have clarified the feasibility and success of repair-
ing previously “irreparable” tears such as white—white tears, horizontal cleavage
tears (HCT), tears in “older” patients, and revision meniscus repair tears. Regarding
the avascular white—white zone, Rubman et al. demonstrated in a 198-patient series
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a reoperation rate of 20%, with only 25% of patients in having healed completely
[42]. Similarly, Kimura et al. propose avascularity of tears as a major hurdle in
achieving tear healing without other sources of biological stimulation, such as liga-
mentous tear involvement or use of a synovial flap during meniscus repair [43].
These results are conflicting with other reports in that they suggest better rates of
recovery following repairs of meniscus tears extending into the avascular zone,
which may be due to the degree of extension into the avascular region, surgical
technique, and patient factors [44, 45]. In addition to repairs, surgeons currently
employ marrow stimulation to further the healing process in these hypovascular
tears, which studies have shown to be of some benefit [46]. HCTs have also been
historically viewed as irreparable given their degenerative nature; however, certain
studies suggest favorable outcomes, especially with concurrent marrow-stimulating
techniques as described [40, 47, 48]. Repair re-tears may have significant degenera-
tive components on repeat arthroscopy, frequently requiring debridement and sal-
vage meniscectomy rather than revision repair to ameliorate patient symptoms [49].
Lastly, patient-related factors, such as body mass, health status, smoking, and life-
style have traditionally contributed to relative indications for meniscus repair [50].
The overall composition of the meniscus undergoes age-related changes: cell regen-
erative potential diminishes, central degenerative micro-tears evolve, and cartilagi-
nous macrostructure deformities begin to occur, resulting in reduced native meniscus
function [50-52]. In fact, a significant amount of the middle-aged population
already has subclinical micro-tears in their menisci that result in degenerative
changes and render the meniscus potentially resistant to surgical repair if symptoms
develop [52]. As a result of these limitations, many new treatments are being devel-
oped, some of which are already in clinical use. The most clinically utilized modal-
ity for meniscal deficiency is meniscus allograft transplantation [53]. However,
concerns related to size-matched donor availability, cost, and potential immuno-
genic response creates ample room for the development of novel alternative tech-
nologies, as will be discussed here.

Overview of Future Treatment Modalities

There are multiple avenues within the realm of regenerative medicine being consid-
ered as viable options for future treatments in the setting of meniscus tears and
resection. These include tissue substrates such as scaffolds, with composition vary-
ing in cellular, polymeric, and graft nature. In addition, biologic modalities that
facilitate healing absenting or in conjunction with a formal repair have been pro-
posed and utilized [54]. In the setting of post-meniscectomy degeneration, pros-
thetic spacers and implants are being trialed and indicated.

Various biological constructs have been developed in the recent years to improve
tibiofemoral joint force mechanics and minimize osteoarthritic changes encoun-
tered in the aftermath of meniscectomy [41]. The theory behind the use of biomate-
rials in the setting of these tears is that once enough meniscal tissue has been
removed to disrupt its ability to resist hoop stresses, alterations in load-bearing
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biomechanics and long-term risks for cartilage degeneration occur. Meniscal graft-
ing seeks to restore native biomechanics and avoid or minimize degenerative
changes [55]. In addition to collagenous and polymeric scaffolds [55], there have
been recent developments in this area using biological fascia [56], demineralized
bone [57], autologous grafts [58], xenografts [59], and augmentation of these with
biologics, including a variety of cell populations [60].

In addition to implant-based constructs and scaffolds, there are also a series of
nonstructural biological materials utilized in tandem with traditional repairs, or in
lieu of repairs, for a variety of meniscus tears, which have been under investigation
in recent years. In the setting of minimal tissue defects [requiring biomaterial gap
filling], these biological augmentations are used with the intent of both enhancing
the native tissue regenerative response, as well as introducing cell populations,
growth factors, and other biomaterials known to stimulate meniscus repair [61].
These biological augmentation strategies involve the use of acellular [62] and cel-
lular blood products [63], gene therapies [64], growth factor concentrates [65], and
small molecule drugs [66].

Meniscus Implants

The overarching goal behind segmental meniscal implants (as compared to menis-
cal replacement) is to restore arthroprotective meniscal tissue in a durable fashion
with appropriate tissue-implant interface healing. Generally, the indications for
these implants include subjects with considerable, segmental meniscal defects as a
result of large tears or meniscectomy. From a technical standpoint, the implant
region requires intact anterior and posterior meniscal remnants and an intact outer
meniscal rim for successful implant fixation [67, 68]. The two most studied and
clinically applied meniscal implants to date are the collagen-based CMI™ (previ-
ously MenaFlex™, Stryker; Mahwah, NJ) and the polymeric synthetic ActiFit™
(Orteq; New York, NY) implants (Fig. 10.1) [69, 70].

Fig. 10.1 Actifit™ (left) and CMI™ (right) implants. (Images used with permission of Orteq
Sports Medicine Ltd. and © Springer International Publishing AG)
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CMI™ and ActiFit™

The CMI™ was the first of its kind to be used in clinical practice [68]. Rodkey et al.
described combining purified type I collagen fibers from bovine Achilles tendon,
stoichiometric amounts of hyaluronic acid, chondroitin sulfate, and glycosamino-
glycans (GAG) to achieve appropriate scaffold composition. Subsequently, the tis-
sue was molded and the macromolecules cross-linked with formaldehyde once
adequate tissue hydration levels and tissue molding were finished to resemble a
meniscus in morphology and molecular consistency [68]. In their initial eight-
subject trial, Rodkey et al. fixed the implants using a standard inside-out technique.
Subjects, of whom seven had prior meniscectomies, were followed for 24—32 months
and demonstrated clinical, radiological, and histological healing in their knees [68].
However, given a limited population with prior surgical interventions confounding
cohort analysis, broad conclusions could not be made from the initial trial. Rodkey
et al. followed up their initial study with a much larger population (n =311) compar-
ing CMI™ application to partial meniscectomy in subjects with acute and chronic
meniscus tears. They conducted subsequent arthroscopic, histological, and clinical
follow-up at a mean of 59 months [71]. As expected from their prior study, there
was histological filling of the meniscus implants with fibrocartilaginous tissue
resembling meniscus in both acute and chronic meniscectomy cohorts receiving the
CMI™. There was also more tissue coverage of the joint surfaces in the intervention
group. Interestingly, only the chronic tear cohort receiving CMI™ implantation
demonstrated clinical improvements in visual analog scale (VAS) pain, Lysholm,
and patient self-assessment scores, despite there being evidence of tissue regenera-
tion in both acute and chronic cohorts [71].

Since the development of this implant, multiple long-term studies with a mean
follow-up ranging from 5 to 11.1 years have demonstrated the potential utility of
CMI™ as a reliable long-term treatment that may be superior to partial meniscec-
tomy for irreparable meniscus tears [67]. In most studies, there was MRI imaging
showing an intact meniscus implant with preservation of periarticular cartilage,
radiographic preservation of joint space, and improved clinical pain levels at short-
(3-month) and long-term follow-up [67, 72]. However, these studies also reported a
portion of subjects experiencing chronic low-level pain at the implant site, evidence
of myxoid degeneration throughout the implants, and complete dissolution of the
CMI™ in some cases [67, 69, 72, 73]. The durability of the implant has been stud-
ied at length. Studies suggest it may not have the longevity needed to fully convey
lasting arthroprotecion uniformly [74]. Lastly, the efficacy of the CMI™ implant for
patients with acute meniscus tears remains controversial [73].

A biosynthetic meniscal scaffold graft was introduced to address perceived chal-
lenges with the CMI™. Potential shortcomings of the CMI™ include risk of immu-
nogenicity [75], reports of myxoid degeneration, and residual chronic pain. While
initial clinical trials of CMI™ were occurring, synthetic meniscal implants were
being developed in the preclinical setting. De Groot et al. described a porous poly-
urethane structure consisting of 50/50 copoly(l-lactide/e-caprolactone) with an
appropriate compression modulus capable of allowing successful fibrocartilage
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ingrowth as demonstrated in canine preclinical trials [76, 77]. Unlike prior polyure-
thane constructs being studied at the time, this molecular composition did not sub-
ject the receiving host to toxic degradation products with in vivo metabolism [76,
78, 79] and was deemed safe in humans [77, 80].

Initial investigation of the Actifit™ implant [74] was conducted on a small cohort
of patients (n = 10), validating patient safety and implant viability in vivo. The find-
ings were encouraging, with a general absence of significant joint inflammation or
synovitis, reflecting the general tolerability and biocompatibility of the polyure-
thane polymeric structure at 1-year follow-up [81]. The ActiFit Group subsequently
reported their initial proof-of-concept results in 52 patients with irreparable partial
meniscus defects. Clinical efficacy of the ActiFit implant was reported, with global
improvements in the International Knee Documentation Committee (IKDC), Knee
Injury and Osteoarthritis Outcome Score (KOOS), Lysholm, and VAS scores [82].
Tissue ingrowth was witnessed at 3 months in 81% of patients, as determined by
dynamic contrast-enhanced MRI, with improvement to 97% at 12 months [74].
There was also no histological evidence of cell necrosis at 12 months, with com-
plete tissue viability seen [74]. In a similar fashion to the native meniscus, three
layers were also observed histologically, varying in vascularity, cellularity, and
fibrocartilage composition [74]. However, of significant note, the study did have
implant failures in nine subjects, including one postoperative deep infection, one
conversion to knee unicompartmental arthroplasty, three scaffold dislocations, one
incidence of chondromalacia requiring microfracture, one incidence of painful
suture requiring removal, and one scaffold non-integration [82].

A follow-up implant investigation on 54 subjects who had lateral meniscus
defects diagnosed with post-meniscectomy syndrome was conducted with close
clinical assessment at 3, 6 12, and 24 months [83]. Bouyarmane et al. reported an
all-around incremental clinical improvement with each consecutive follow-up in
terms of the VAS, IKDC, and KOOS scores [83]. In their series, the rate of reopera-
tion was less than that of Veronk et al. [74], with only three patients requiring inter-
vention for implant-related complications (one medial femoral osteochondritis
dissecans, and two partial scaffold removals) [83]. At 5-year follow-up, KOOS,
VAS, and IKDC scores remained improved from initial preoperative scores, as mea-
sured in the remaining 25 subjects in the trial. However, certain sub-scores (sports,
stiffness) had diminished, as compared to the 2-year interval follow-up results [84].
With regards to cartilage preservation, 7 of 15 subjects with cartilage assessments at
the preoperative 2-, and 5-year interval assessments demonstrated preservation,
while the rest demonstrated worsening International Cartilage Repair Society
(ICRS) scores. Out of the 44 subjects that were followed to the 5-year mark, 14
were deemed to have failed implants, of which 3 required implant removal, 5
required meniscal allograft transplant, 4 required unicompartmental knee replace-
ment, and 2 required total knee replacement [84].

In the context of these mixed clinical results for the ActiFit™ synthetic implant,
recent investigations have suggested that the implant, in its studied form, may not
yet be optimal for clinical use [85-87] despite relatively acceptable outcomes at
short-term follow-up [88]. While functional scores (KOOS, IKDC, VAS) improved
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and remained stable, with acceptable degrees of meniscus extrusion, studies with
long-term follow-up using advanced imaging demonstrate that the ActiFit™ scaf-
folds fail to stimulate substantial meniscal tissue regeneration and ingrowth. Further,
there are abnormal signal enhancements within the remaining implant tissue, sug-
gestive of chronic degeneration, and the failure rates requiring reoperation still
remain high [85-87]. In general, polyurethane scaffolds improve functional and
patient-reported measures in the majority of subjects over the near-term, but fail to
prevent the deterioration objective factors such as the status of articular cartilage
and degree of meniscal extrusion [89]. While the degree of preoperative meniscal
morphology and extrusion may play a role the success of polyurethane scaffolds,
the pathologic changes known to occur in the knee after long-term follow-up of
these implants are not yet understood [89, 90].

Overall, the CMI™ and ActiFit™ implants both appear to demonstrate acceptable
short-term results, but their durability and effects on adjacent structures have been
the major concerns with long-term clinical follow-up [70, 87, 91]. These implants
demonstrate failure in up to approximately one-third of subjects according to the tri-
als cited. Furthermore, these grafts also display significant MRI signal intensity
abnormalities, along with in vivo dissolution without successful long-term genera-
tion of new meniscal tissue [91]. Interestingly, at short-term follow-up, these implants
have had the most success when paired with ligament reconstructions and high tibial
osteotomies, which suggests that a potential marrow-stimulated environment may
facilitate better implant incorporation and new meniscal ingrowth [69, 84, 87, 91].

NUsurface™

Interpositional meniscal substitution has been developed in light of the challenges
seen with the use of meniscus scaffolds and allografts. The NUsurface™ (Active
Implants; Memphis, TN) is a total medial meniscus replacement possessing a bio-
mechanical profile similar to native meniscus tissue (Fig. 10.2) [92, 93]. The implant
does not require surgical fixation unlike the MenaFlex™ and ActiFit™ implants.
The implant, in theory, provides immediate restoration of meniscal-type function

Fig. 10-? NUsurface™ Polycarbonate Reinforcement fibers
prosthetic. (Image used Urethane (PCU)

with permission of © ;
Springer International
Publishing AG)
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without requiring biologic incorporation or healing. This meniscal replacement may
have a role as a joint-preserving procedure in patients with a blunted biological
healing response, in whom prosthetic meniscal implantation may delay the need for
arthroplasty. Currently, the NUsurface™ implant is being assessed in two random-
ized clinical trials in the USA — the VENUS (Verification of the Effectiveness of the
NUsurface™ System) and SUN (Safety Utilizing NUsurface™) trials.

Other Acellular Implants

Other acellular meniscal implants are presently being developed with an array of
characteristics that may be of potential clinical benefit. A meniscus implant com-
posed of novel silk fibroin protein has been studied in bovine knees, assessing bio-
mechanical, histological, and tissue ingrowth outcomes at 6- to 8-month follow-up.
The silk fibroin implants display in vivo biomechanical properties resembling that
of a native meniscus; they appear to be chondroprotective and display a significant
capacity for tissue ingrowth. However, the long-term risks of using this technology
needs to be elucidated in light of the limitations seen thus far with CMI™ and
ActiFit™ implants [94, 95]. A hybrid of the silk fibroin protein and CMI™ scaffold
has also been studied in rabbits. This consists of a silk sponge containing an external
collagen coating that theoretically enhances the biomechanical and tissue ingrowth
properties of the material, while also reducing the degree of adjacent cartilage
degeneration [96].

Acellular meniscus extracellular matrix (ACMEM) has also been studied inde-
pendently and in tandem with demineralized cancellous bone (DCB) in an effort to
develop an optimal scaffold for meniscus grafting [97]. Given the affinity of menis-
cus fibrochondrocytes for DCB in vitro, it may serve as a useful adjuvant to menis-
cal scaffold healing [57]. Alone, ACMEM or DCB matrices do not possess the
optimal biomechanical properties necessary for meniscus replacement. However, a
combined ACMEM/DCB scaffold is capable of withstanding appropriate joint
mechanics [in rabbits], protecting articular cartilage, and allowing for successful
ingrowth [though glycosaminoglycan (GAG) content was still lacking upon further
analysis] [97].

The most promising acellular meniscus implant studied in animals to date is the
poly-e-caprolactone-based scaffold generated using 3D biomaterial printing. This is
morphologically and biomechanically similar to meniscus tissue [98]. This con-
structed implant has microchannels lined with CTGF and TGF beta-3, which are
spatiotemporally released. Upon implantation, the CTGF is released initially fol-
lowed by gradual TGF beta-3 release in vivo stimulating a sequence of biological
responses in sheep. While other implants cause myxoid degeneration, this implant
stimulates endogenous MPC migration and ingrowth into the acellular scaffold
matrix. It also stimulates selective MPC collagen type I and type II deposition
resembling that of the native meniscus [98]. Given this apparent favorable tissue
and cellular response [21], this scaffold design may progress to human trials in the
near future.
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Additional acellular scaffolds include electrospun nanofiber assemblies, which
may have a role in meniscus repair and grafting [99]. The utility of these scaffolds
is likely to be enhanced when cell-seeding is applied. Lastly, hydrogels are also
under investigation in the treatment of meniscus defects. The hydrogel formed after
treating polyvinyl alcohol with sodium sulfate has comparable compressive struc-
ture to a native human meniscus and displayed no cytotoxicity during preliminary
in vitro testing, suggesting potential biocompatibility [100].

Cell-Augmented Implants

Though the above prosthetic strategies have demonstrated significant promise and
short-term success, a proven, viable, long-term biologic option has yet to be devel-
oped for significant meniscus defects. Despite successful surgical implantation, ini-
tially functional biomechanics, and early tissue ingrowth, acellular scaffolds appear
to undergo degenerative changes in the long-term in the limited human trials to date
[72, 85, 87]. Thus, research and investigative efforts have shifted toward developing
scaffolds with inbuilt cellular populations to augment the biological response and
healing process after implantation.

MDCs have been successfully used to seed polymeric scaffolds in efforts to
regenerate whole meniscus defects in rabbit models [101, 102]. Kang et al. seeded
MDCs on a polyglycolic acid scaffold, while Lu et al. seeded MDCs on a poly-(3-
hydroxybutyrate-co-3-hydroxyvalerate) scaffold for whole meniscus regeneration
[101, 102]. The polyglycolic scaffolds displayed a significant increase in collagen
and proteoglycan levels at 10 weeks post-implantation. However, there were ulti-
mate differences in macromolecule content and biomechanical functionalities
between the neomenisci and meniscal controls [101]. The poly-(3- hydroxybutyrate-
co-3-hydroxyvalerate total meniscus implants demonstrated type I collagen forma-
tion at 8-week follow-up post-implantation, but early adjacent cartilage degeneration
was noted, albeit less than in the total meniscectomy controls [102]. The neomenis-
cus generation of these scaffold provides further evidence regarding regenerative
potential of MDCs [16, 103]. Both polymeric and electrospun collagen-based scaf-
folds seeded with human meniscus cells have also been shown to provide tissue
regeneration superior to acellular grafts. They have shown a significant potential to
reorganize and strengthen collagen fiber macrostructure, while also retaining long-
term cell viability [19, 104].

Recent investigations have provided evidence highlighting the importance of
adjacent knee structures in scaffold healing. Oda et al. incorporated infrapatellar fat
pad tissue into collagen scaffolds and implanted them into rabbit meniscal defects
[105]. The implant stimulated new tissue regeneration, while also reducing
interleukin-1beta expression as compared to controls. This demonstrates the immu-
nomodulatory role provided by fat pad augmentation [105]. In tandem with human
chondrocyte seeding, Kwak et al. also explored pretreatment of poly-lactic-co-
glycolic acid scaffolds with platelet-rich plasma (PRP) in efforts to stimulate further
meniscus formation in a mouse meniscus defect model [106]. When pretreated with
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PRP, the chondrocyte-seeded scaffolds healed fully and/or partially in the majority
of cases (n = 16), whereas controls without PRP treatment did not display any heal-
ing at 6-week follow-up [106].

There has been a significant interest in combining scaffolds with stem cells.
Given the observed difficulty in achieving tissue integration and durability of regen-
erated menisci in vivo, augmentation of ActiFit™ with mesenchymal stromal cells
(MStC) has been studied in rabbits [107]. As compared to acellular controls, the
polyurethane scaffold seeded with MStCs demonstrated increased signs of menis-
cus healing, including increased vascularity, proteoglycan content, and histological
integration. Furthermore, MStC-seeded grafts integrated earlier than their acellular
counterparts [107]. Investigations on stem cell augmentation for scaffolds are cur-
rently underway given the known regenerative potential, multipotency, and self-
renewal capacity of these cell populations. In rabbits, a polyvinyl alcohol/chitosan
scaffold seeded with either articular chondrocytes (AC), adipocyte-derived stem
cells (ADSC), or an AC-ADSC combination was assessed to evaluate meniscus
regeneration and articular cartilage preservation after meniscal replacement. The
scaffold groups with AC performed best with regard to meniscus regeneration and
articular cartilage preservation, while the ADSCs did not contribute significantly at
7 months post-implantation [108]. This can be at least partially explained by the
superiority of AC in forming articular cartilage versus ADSCs. The differentiation
and maturation of stem cells into successful meniscus fibrocartilaginous tissue
in vivo is complex and requires specific paracrine cell signaling [109, 110]. However,
the robust proliferative capacity of stem cells is of tremendous value in implant
design. For example, meniscus fibrochondrocytes have a propensity for greater
fibrocartilage fiber and GAG generation when seeded in scaffolds versus stem cells,
but the higher metabolic rate and proliferative capacity of stem cells offers greater
viability when seeded in implants in vivo [59]. Ideally, a combination of native
MDCs and stem cells may be used to stimulate optimal meniscal tissue forma-
tion [59].

Evidence suggests that seeding scaffolds with a multipotent cell population is of
benefit versus acellular controls [111]. In rabbits, seeding poly(e-caprolactone) scaf-
folds with BMSCs allowed greater ingrowth and meniscus mechanical function in
rabbits at 2 years post-implantation [111]. In vitro studies have demonstrated that
stem cell augmentation significantly strengthens scaffold mechanics and fiber orga-
nization when compared with acellular scaffolds [112]. In addition to ADSCs and
BMSCs, synovial stem cells have been used to augment Achilles tendon—derived
meniscus grafts in rats with success when pretreating the graft prior to implantation
[13]. Stem cell pretreatment of grafts may also have significant translational capacity
intraoperatively given a clinically convenient short pretreatment time of only 10 min-
utes [13]. Koh et al. utilized hydrogel grafts seeded with tonsil-derived mesenchymal
stem cells (TDMSC) in a rabbit model for meniscus regeneration with marked suc-
cess, providing further evidence of the versatility of stem cells in the setting of
meniscal defects [113]. After exposing TDMSCs to a conditioned medium from
meniscal fibrochondrocytes and TGF beta-3, these cells expressed increased levels of
meniscus-related genes and produced extracellular matrix components resembling
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meniscus macromolecules. When employed in a rabbit meniscus defect model, the
graft was also successful in generating in vivo meniscus tissue with a biocompatible
hydrogel crosslinking riboflavin-mediated reaction for graft maturation [113].

In the setting of hydrogel graft use, ADSCs alongside TGF beta-3 treatment have
displayed robust capacity for in vitro meniscus tissue formation and a potential for
tear repair [114]. As is the case with TDMSCs and synovial stem cells, proper con-
ditioning of stem cells appears to have significant efficacy in promoting meniscus
formation after graft deployment [114]. Hydrogel technology has also been used to
develop methods of recycling meniscus tissue and incorporating it into new graft
generation. In rats, the meniscus was explanted, processed into a meniscal ECM
hydrogel, augmented with human MSCs, and subsequently reinjected into the rat
meniscus-deficient knees as a vehicle for meniscus regeneration with favorable
results [115]. Recently, synovial stem cells have been used in rabbits in tandem with
an electrospun bioengineered tissue construct consisting of nanofibers. This new
graft is composed of the ECM generated by the grafted synovial stem cells com-
bined with tissue-engineered electrospun nanofibers. This imparts both mechanical
and biological stability to the meniscus tear repair [60]. While the electrospun nano-
fiber construct alone provides an excellent restoration of structural meniscus prop-
erties capable of withstanding native hoop stresses, the added stem cell biological
component facilitates tissue ingrowth and subsequent preservation of articular car-
tilage [60]. Whitehouse et al. recently conducted the first human in vivo assessment
of cell-augmented scaffolds for meniscus tears. Using iliac crest—derived BMSCs,
they seeded a collagen-based scaffold and implanted it into five patients [116]. At
2-year follow-up, three patients had clinical and radiographic improvements with
evidence of meniscus healing, while two patients required subsequent meniscec-
tomy for re-tear or failure of graft healing.

Presently, meniscus implants remain at the early stages of clinical application,
with mixed results to date. While implants such as the CMI™, ActiFit™, and
NUsurface™ have demonstrated promising results at short- to mid-term follow-up,
the long-term durability of such acellular implants remains suboptimal. Current
development of biocomposite implants is focused on determining the ideal cell—
scaffold combination to facilitate long-term scaffold durability, tissue ingrowth,
arthroprotection, and biocompatibility. Current animal and in vitro investigations
combining biosynthetic tissues with cellular components are encouraging and will
form the basis for future study.

Biologics

Biologics are being investigated and used in many orthopedic injuries with the goal
of mitigating inflammatory and/or degenerative changes, especially in conditions
with impaired healing due to a limited vascular or cell supply [54, 117-119].
Particular to meniscus lesions, a variety of different biologics ranging from cell-
based injections, PRP [62], gene therapy [120], growth factors [21], and drugs [66]
have been investigated.
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Blood Products

Various blood products have been used in efforts to stimulate meniscus healing in
the presence of a tear, especially if it extends into the central rim. PRP is in wide
clinical use as a biological augment in orthopedics. Depending upon the specific
preparation of PRP, it is rich in numerous cytokines and growth factors, including
platelet factor 4, VEGF, PDGF, TGF beta-1, TGF beta-2, HGF, and insulin-like
growth factor-1 [117]. PRP as an augment to scaffolds for meniscus repair has
yielded promising results. Isolated PRP and platelet-rich fibrin matrix is more pre-
liminary at this stage for treatment of meniscus tears and defects [106]. Compared
with human serum, PRP is inferior in stimulating meniscus cells in vitro to form
adequate meniscus tissue [61, 62]. Human serum may be of more use in stimulating
meniscus cell migration toward tears, inducing meniscus-forming gene expression
and promoting cell proliferation. Although PRP is able to stimulate better chemo-
taxis compared to strictly growth factor controls, cell populations appear to possess
better chemotaxis-stimulating properties [61, 121]. Given that PRP possesses the
cytokines necessary for meniscus tissue formation and stimulation of meniscus
fibrochondrocytes, investigations regarding its use in meniscus lesions are ongoing
[27]. However, to date, the various clinical trials assessing PRP have demonstrated
minimal to no differences in clinical, pain-related, and radiographic outcomes com-
paring it to saline controls in the setting of meniscus repair augmentation [122—125].

Application of fibrin clots have also been described in the literature as a potential
technique to augment meniscus suture repairs, especially for tears in the avascular
zone [126, 127]. The literature suggests there may be an added clinical benefit to the
use of fibrin clots during tear repair, but evidence of efficacy on the basis of healing
at the time of second-look arthroscopy remains limited [128-130].

Given the known effects of various growth factors on meniscus cell behavior,
efforts have also been directed at calculated cytokine and growth factor use for
meniscus repair [9, 27, 131]. In vitro, the effects of both PRP and BMP-7 stimulate
collagen II deposition and MSC proliferation. However, these augments were
unsuccessful in regenerating meniscus tissue in a rabbit model in tandem with a
hydrogel-based scaffold [54]. BMP-7 remains more promising, as other investiga-
tions have proven its utility as an augment to Achilles tendon—based grafts in a rat
meniscectomy model of regenerating meniscus tissue [56]. The chondrogenic prop-
erties of BMP-7 stimulate increased cartilage formation within the tendinous grafts,
creating meniscus-like tissue, while also preventing articular cartilage degeneration
in the joint [56]. Recent investigations with human meniscus fibrochondrocytes
in vitro have shown that when cultured with adequate exposure to TGF beta-1 and
fibroblast growth factor-2 (FGF-2), ECM resembling that of avascular meniscus
was generated, suggesting these factors may have potential for clinical use [103].
When oxygen tension was varied, hypoxic conditions seemed more conducive to
meniscus ECM generation. This suggests that the avascular environment of the knee
joint may present a suitable environment for the use of these growth factors. The
importance of TGF on meniscus development has been described, but the clinical
combination, quantity, and temporal order of use of these factors has been difficult
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to optimize [132]. To date, one study has successfully regenerated meniscus tissue
in a rabbit meniscus defect model using strictly growth factor—based biologics
(CTGF and TGF beta-3) [21]. These investigators used a temporary fibrous matrix
as a scaffold within the meniscus defect. CTGF and TGF beta-3 are released in a
temporally specific manner; CTGF is first released and acts as a profibrinogenic
cue, while the delayed TGF beta-3 acts as a chondrogenic stimulant. Together, both
factors allow for proper collagen deposition and meniscus tissue formation with
excellent tissue integration in the avascular meniscus region [21]. Thus, a combina-
tion of CTGF and TGF beta-3, along with FGF-2 and BMP-7 may play a role in
future biologic therapies for meniscus healing in tandem or even in lieu of surgical
repairs.

Cellular Therapy

Given the regenerative potential of stem cells, many investigations have assessed
whether there is a role for stem cell-based adjuvant therapy in the management of
meniscal tears and defects. Many stem cell populations can be used for new tissue
generation, but depending on their tissue origin, certain populations have a tendency
to differentiate into specific pathways [31, 133]. To enhance meniscus defect repair,
MSC:s from a variety of different sources have also been studied [17]. The mecha-
nism by which MSCs may contribute to meniscus defect healing likely has to do
with the activation of Indian hedgehog cell signaling pathways, which stimulates
the deposition of collagen type II [134]. BMSCs are readily available in abundant
quantities in autologous grafts, possess a versatile differentiation capacity, and have
been used in various therapeutic modalities [135]. However, in the setting of menis-
cus tissue formation, BMSCs have a tendency to undergo detrimental hypertrophy
during chondrogenesis, interfering with their ability to form adequate fibrocartilagi-
nous tissue necessary for meniscus development [136]. Studies have attempted to
circumvent this characteristic by exposing BMSCs to native MDCs during culture
in vitro; however, this limitation persists [6, 59, 136—138]. Nonetheless, investiga-
tions with BMSCs have yielded some positive results in the context of meniscus
regeneration. Vangsness et al. conducted a 55-patient randomized clinical trial
assessing the efficacy and safety of allogeneic BMSC intra-articular injections after
partial medial meniscectomy [139]. The study demonstrated that patients receiving
the stem cell injection, versus the saline control, had new meniscus tissue within the
meniscectomy defect at 12 months post-injection. However, the quantity of cells
injected did not correlate with amount of new meniscus generated. Additionally, the
BMSC-injected groups had better clinical outcomes with respect to pain scores at
follow-up [139]. BMSCs have also been shown in equine meniscus defect models
to possess significant regenerative capability after 12 months in conjunction with a
scaffold for tissue repair [140].

ADSCs have also been investigated in the setting of meniscus repair given their
relative accessibility and potential for clinical translation [141-143]. Similar to
BMSCs, ADSCs possess multilineage differentiation capacities, including



10 Future Treatment Modalities 181

chondrogenesis, which allows for the formation of the fibrocartilage needed for
meniscus generation [142]. Animal studies demonstrate that ADSCs are able to
engraft within defects, form new meniscus tissue, and remain viable cells for a
substantial amount of time in meniscus tissue. Further, ADSCs are apparently
adequate supplements to suture-based meniscus tear repairs, as demonstrated in
murine models [141, 142]. In a rabbit model on total meniscectomy, Qi et al.
studied treatment with ADSCs labeled with superparamagnetic iron oxide (SPIO)
that allowed for in vivo orientation through the use of magnets. The animals were
subsequently followed via imaging and histology at 12 weeks. New tissue resem-
bling native meniscus both macro- and microscopically had formed in the experi-
mental group. This not only provides evidence in support of ADSCs, but also
further justifies the need to investigate SPIO-based delivery methods as potential
therapeutic biologics in the treatment of osteoarthritis of the knee [142].

While BMSCs and ADSCs are readily and conveniently available, synovial
stem cell populations appear to be superior at meniscus regeneration and healing
[11]. When comparing rabbit BMSCs to MMSCs, MMSCs have a greater pro-
pensity for healing meniscus defects, while still possessing universal stem cell
properties of clonicity, self-renewal, and multilineage potential. However,
MMSCs tend to grow slower and form smaller colonies in vitro [17]. Synovial
stem cell investigations have yielded promising results with single intra-articular
injections into murine meniscal-deficient knees, showing significant healing as
compared with saline controls at 6 months post-injection [12]. Allogeneic syno-
vial MSCs have also been shown to regenerate new meniscus tissue in the setting
of implantation after total meniscectomy models in rabbits. Allogeneic synovial
MSCs demonstrated cell engraftment and differentiation into fibrochondrocytes
at 12 weeks post-implantation [144]. Interestingly, these cells not only engraft
well into meniscus tissue, but also remain localized to the region of implantation,
as demonstrated by Horie et al. using gene labeling studies [11]. Kondo et al.
were the first to describe autologous synovial MSC implantation in primates.
After meniscectomy, primates received either MSC aggregates or nothing in
order to assess efficacy, and at 16 weeks, the MSC group had healthier femoral
articular cartilage and new healed meniscus tissue, as assessed by imaging and
histology [145]. Baboolal et al. developed a technique stimulating mobilization
of synovial MSCs intraoperatively that increased MSC mobilization up to 105-
fold [63]. Chondroprogenitor MSCs have also been described as appropriate cell
populations for meniscus regeneration. Similarly to synovial MSCs, chondropro-
genitor MSCs also possess reduced expression of cellular hypertrophy marker
collagen X, making them a desirable cell source for meniscus regeneration.
Further, the stromal cell-derived factor 1/chemokine receptor type 4 (SDF-1/
CXCR4) cell signal pathway appears to be critical in allowing this cell lineage to
migrate into and heal meniscus defects in rats [146]. Similarly, injecting human
MMSCs to rat meniscus defects also yielded meniscus defect healing, mediated
through the SDF-1/CXCR4 signaling pathway. These cells expressed lower-
than-normal levels of cell hypertrophy osteoarthritis markers, such as collagen
X [147].
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Gene Therapy

The relevance of growth factor and cytokine regulation [21, 98, 148] in meniscal
tears and defects affecting repair and regeneration has provided insight into the
potential role of gene therapy in managing this condition, especially given that
genetic expression profiles after a meniscus tear are altered depending on the
subject’s age, sex, and comorbid injury patterns [149]. Groups have had success
investigating the manipulation of meniscus genetic profiles using nonviral and
viral vector-based alterations [64, 150-153]. Transduction of meniscus tissue
with vectors capable of enhancing meniscus vascularity [152] and ECM synthe-
sis [151] offers a new avenue to supplement traditional surgical repairs. Using
gene-based therapy, there is potential for a more durable repair than with scaf-
folds [64, 150, 153]. A major limitation of gene therapy in clinical use is the need
for ex vivo manipulation of the tissue for transduction purposes prior to reim-
plantation [64, 120, 154]. The use of recombinant adeno-associated virus (rAAV)
vectors circumvents this by allowing in situ transduction of meniscus tissue, as
demonstrated in human cells [64, 120, 154]. These vectors are especially appli-
cable in meniscus cells as they can integrate successfully into replicating and
nonreplicating cells [120, 154]. The rAAV has been used to upregulate FGF-2
expression as well as TFG-beta expression in vitro and in situ in intact and
meniscal injury models, with resultant increased regenerative meniscus cell
activity, as evidenced by alpha-smooth muscle actin expression [120, 154].
Genetic engineering efforts have also been combined with scaffold designs to
create biologically augmented meniscus implants [155]. Seeding MSCs and
meniscus cells previously transduced with TGF beta-1 into a collagen—-GAG
scaffold has proven beneficial in avascular meniscus tear repair in vitro, with
notable increases in ECM formation 3 weeks after implantation [155]. Additional
growth factor upregulation has also been investigated; upregulation of human
insulin-like growth factor-1 using transfected BMSCs in calcium alginate gel has
demonstrated increased proteoglycan formation in the transfected cells in vivo as
compared with nontransfected controls. However, the level of ECM expression
did not reach that of native meniscal cells [156]. MicroRNA manipulation has
also been pivotal in gene therapy for many pathological conditions, given the role
of these molecules in cell cycle regulatory processes [157]. Kawanishi et al.
designed a synthetic microRNA (miR-210) to modulate meniscus cell metabo-
lism, given the known effects of miR-210 on mitochondrial function, angiogen-
esis, and cell survival [158]. After intra-articular injection in a rat avascular
meniscus tear model, miR-210 was shown to stimulate healing, with increased
expression of itself, collagen type 2 alpha 1, VEGF, and FGF-2 in both meniscal
cells and synovial cells compared with controls [158]. Given the minimally inva-
sive approach, permanence of genetic integration, and lack of need for exoge-
nous cell implantation, microRNA-based technology may certainly play a role in
the future management of meniscus tears.
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Drug Therapy

Small molecule-based regenerative modalities are also being explored for use in
meniscus tissue repair. Zhang et al. found that adding simvastatin to hydrogel-based
implants in meniscectomy rabbit models provided a more robust healing response
than in controls [159]. The simvastatin group demonstrated more collagen I deposi-
tion, higher levels of BMP-2, BMP-7 on histological analysis, and stronger biome-
chanical profiles at 12 weeks post-implantation. The mechanism may involve
modulation of BMP and genes COL1 and COL2 [159]. Qu et al. designed a nanofi-
brous scaffold that gradually degrades, releasing calculated amounts of collagenase
and subsequent PDGF-AB to facilitate meniscus healing [66]. In a murine meniscal
defect model, the collagenase allows for cell-permeable pore formation in the
ECM. PDGF-AB acts as a chemoattractant, stimulating endogenous meniscus pro-
genitor cell migration to facilitate healing of the defect [66]. This particular scaffold
could be used to elute any desired combination of small molecules, including drugs,
enzymes, cytokines, and ECM components.

Conclusion

Symptomatic meniscus tears and post-meniscectomy tissue defects remain a chal-
lenging scenario for clinicians to treat. Traditional management of these lesions has
consisted of nonoperative therapy, resection, repair, and meniscal allograft trans-
plantation. Outcomes of resection have been conclusively shown to be poor in the
long term. Meniscal repair outcomes, while continually improving, remain subopti-
mal, and meniscal allograft transplantation is limited by graft availability, cost, and
relatively short-term follow-up. Efforts to improve the treatment of meniscal defects
are multi-faceted. Scaffolds have been partially successful in facilitating neomenis-
cal formation, tissue ingrowth, and arthroprotection, although long-term durability
and sustained clinical benefits have been an issue. Biological augmentation of such
implants is actively being investigated. Cell and growth factor-incorporating
implants have the potential to improve upon the limitations of current designs.
Advancements in gene therapy and small molecule-based applications will also
likely play a role. Eventually, a combination of these strategies, incorporating the
use of scaffolds, cell populations, biologics, and pharmacologics, will equip clini-
cians with the capacity to optimize native knee longevity.
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meniscal root tears, 28
CT arthrography, 35
MRI
advantages and disadvantages, 37, 38
bucket-handle tears, 47-49
classification, 38
complex tears, 46
discoid meniscus, 40, 41
displaced meniscal fragments/ flap
tears, 46, 48
horizontal tears, 45
meniscal extrusion, 48, 50
meniscal flounce, 41, 42
meniscal ossicle, 42
meniscal root tears, 46, 47
meniscocapsular separation, 49
normal meniscus, 39
parameniscal cyst, 48, 50
radial tears/transverse tears, 44, 45
vertical/longitudinal tears, 43
physical examination
Apley test, 31, 32
associated injuries, 30
Ege’s test, 33, 34
inspection, 29
McMurray test, 31, 32
palpation, 30
Payr’s test, 32, 33
range of motion, 30
special tests, 30
squat test (childress sign), 32, 34
Steinmann part 1 test, 31, 33
Thessaly test, 30, 31
radiographs, 35, 36
ultrasound, 35
Meniscal preservation, 61, 62
Meniscal root repair
anatomy
dissections, 93, 95
intra-articular structures, 93, 94
lateral meniscus, 96
medial meniscus, 93, 95
shiny white fibers, 95
biologic augmentation, 82—-84
biomechanics, 96
classifications, 100

detachment, 91
history and physical examination, 97
imaging, 97-99
knee stability, 76
mechanism of injury, 96
medial meniscal posterior root disrup-
tion, 91, 92
nonoperative management, 100
operative management, 100-102
outcomes, 81, 82, 92
patient factors, 77
postoperative protocol, 108
red-white zone tears, 76
rehabilitation protocols, 84
tear characteristics, 76
tear pattern, 76
techniques
all-inside meniscal repair tech-
niques, 78, 79
arthroscopic, 77
bucket handle medial meniscus tear, 78
“hay bale” technique, 79
horizontal cleavage tears, 79
horizontal mattress configurations, 79
inside-out meniscal repair, 77, 79
lateral surgical technique, 108
medial surgical technique, 102—108
medial meniscus meniscocapsular
(Ramp) lesions, 80
oblique mattress configurations, 79
open repair, 77
outside-in repair techniques, 78
vertical mattress configurations, 79
timing of surgery, 77
vascular channels, 76
Meniscal root tears, 28, 46, 47
acute rupture of ACL, 27
APM (see Arthroscopic partial
meniscectomy (APM))
children and adolescence, 28, 29
conservative management, 63, 64
degenerative meniscal tears, 28
diagnosis, 63
incidence, 53
mechanical symptoms, 27
mechanism, 53, 54
meniscus functions, 54
non-operative treatment (see Non-operative
treatment of meniscus tears)
types, 28
Meniscal tissue, microscopic analysis, 2
Meniscectomy, 92
Meniscocapsular separation, 49
Meniscofemoral ligaments, 6—8
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Meniscus tears
degenerative tears
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discoid meniscus, 22, 23
etiology, 15
incidence, 16
medial meniscus, 16
prevalence, 15
traumatic tears
bucket handle tears, 19
longitudinal tears, 17
radial tears, 17, 18
root tears, 18, 19
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Non-operative treatment of meniscus tears
arthroscopic partial meniscectomy vs.
physical therapy, 54-57
corticosteroid injection, 57
orthobiologics, 58
NUsurface™, 174
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Oblique mattress techniques, 79
Oblique tears, 21, 22, 76
Orthobiologics, 58

Osteoarthritis (OA), 10
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Outside-in repair techniques, 78
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Pediatric tears, 22
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Posterior cruciate ligament, 5, 6
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Postoperative sequela, 124
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Randomized control trials (RCTs), 55, 57
Root tears, 18, 19
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Snapping knee syndrome, 29
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Structure and histology,
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Traumatic tears
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radial tears, 17, 18
root tears, 18, 19
Treatment modalities
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blood products, 179, 180
cellular therapy, 180, 181
gene therapy, 182
drug therapy, 183
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initial inflammatory response, 166
largely fibrocartilaginous structure, 166
limitations, 169, 170
meniscal implants
acellular meniscus extracellular
matrix, 175
Actifit™, 171, 173, 174
cell-augmented implants, 176-178
CMI™, 172, 174
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natural progression, 166
tissue substrates, 170
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Vertical mattress configurations, 79

Vertical/longitudinal tears, 43

w

Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC)
score, 55

Western Ontario Meniscal Evaluation Tool
(WOMET), 55

Wrisberg variant, 118



	Preface
	Contents
	Contributors
	1: Anatomy and Function
	Introduction
	History in Surgery
	Structure and Histology
	Embryology
	Gross Anatomy
	Tibial Insertion Ligaments
	Intermeniscal Ligament
	Meniscofemoral Ligaments
	Vasculature
	Function
	Summary
	References

	2: Epidemiology and Classification
	Epidemiology
	Classification
	Traumatic Tears
	Longitudinal Tear
	Radial Tear
	Root Tear
	Bucket Handle Tear

	Degenerative Tears
	Horizontal Tear
	Complex Tears
	Oblique
	Displaced

	Pediatric Tears
	Discoid


	Conclusion
	References

	3: Meniscal Pathology: Presentation and Diagnosis
	Clinical Presentation
	Meniscal Root Tears
	Children and Adolescents

	Physical Exam
	Inspection
	Range of Motion
	Palpation
	Associated Injuries
	Special Tests
	Thessaly Test
	McMurray Test
	Apley Test
	Steinmann Part 1 Test
	Payr’s Test
	Squat Test (Childress Sign)
	Ege’s Test


	Imaging
	Radiographs
	CT Arthrography
	Ultrasound
	Magnetic Resonance Imaging (MRI)
	Normal Meniscus

	Anatomic Variants
	Discoid Meniscus
	Meniscal Flounce and Meniscal Ossicle

	Specific Pathology
	Vertical/Longitudinal Tears
	Radial Tears
	Horizontal Tears
	Complex Tears
	Meniscal Root Tears
	Displaced Meniscal Fragments/Flap Tears
	Bucket-Handle Tear
	Parameniscal Cyst
	Meniscal Extrusion
	Meniscocapsular Separation

	References

	4: Nonoperative Treatment of Meniscus Tears
	Introduction
	Function
	Mechanism of Meniscal Tears
	Nonoperative Treatment and Outcomes
	Summary of RCT Studies
	Corticosteroid Injections
	Orthobiologics
	Conclusion
	References

	5: Management of Meniscal Injuries: Resection to Repair
	Background
	Anatomy, Function, and Diagnosis
	Treatment
	Conservative Management
	Arthroscopic Partial Meniscectomy (APM)
	Technique
	Rehabilitation Following APM
	Return to Activity
	Indications and Outcomes of APM
	Age/Preoperative OA
	Total Versus Partial Meniscectomy
	Laterality
	Body Mass Index
	Degenerative Versus Nondegenerative Tears
	Radiographic Progression of OA



	Discussion
	Summary
	References

	6: Meniscus Repair
	Indications for Meniscal Repair
	Meniscus Repair Techniques
	Outcomes of Meniscal Repair
	Biologic Augmentation of Repair
	Rehab After Meniscal Repair
	Conclusions
	References

	7: Meniscal Root Repair
	Introduction
	Anatomy
	Medial Meniscus
	Lateral Meniscus

	Biomechanics
	Mechanism of Injury
	History and Physical Exam
	Imaging
	Classification
	Management Options
	Nonoperative Management

	Operative Management
	Medial Meniscus Root Repair Surgical Technique
	Lateral Meniscus Root Repair
	Postoperative Protocol
	Summary
	References

	8: Understanding and Treating the Discoid Meniscus
	Introduction
	Epidemiology
	Pathoanatomy and Histopathology
	Classification
	Diagnosis of a Discoid
	Clinical Management
	Surgical Techniques
	Clinical Outcomes
	Conclusion
	References

	9: Meniscal Allograft Transplantation: Indications, Techniques, and Outcomes
	Introduction
	Indications and Contraindications
	Indications
	Contraindications

	Graft Preparation
	Processing and Preservation
	Sizing

	Surgical Technique
	Bridge-in-Slot Technique for Lateral MAT
	Positioning
	Diagnostic Arthroscopy and Meniscus Debridement
	Graft Preparation
	Approach
	Slot Preparation
	Graft Introduction and Fixation

	Bone Plug Technique for Medial MAT
	Graft Preparation
	Approach
	Tunnel Preparation, Graft Introduction, and Fixation


	Postoperative Rehabilitation
	Outcomes
	Conclusion
	References

	10: Future Treatment Modalities
	Introduction: Regenerative Potential of the Meniscus
	Current Treatment Strategy Limitations
	Overview of Future Treatment Modalities
	Meniscus Implants
	CMI™ and ActiFit™
	NUsurface™
	Other Acellular Implants
	Cell-Augmented Implants

	Biologics
	Blood Products
	Cellular Therapy
	Gene Therapy

	Drug Therapy
	Conclusion
	References

	Index

