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Meniscal allograft transplantation (MAT) has
moved into mainstream orthopedics. With proper
patient selection, and recognition and treatment of
comorbid conditions, MAT offers a solution that can
at least temporarily decrease pain and increase func-
tion, This article reviews the basic science of me-
niseal mechanics, the pathomechanics of meniscal
injury, and MAT indications and techniques. A brief
description of treatment of comorbid conditions and
the vutcomes of MAT is alse provided,

Meniscal anatomy and biomechanics

In a healthy knee, the medial and lateral menise
contibute to the health and mechanical protection of
articular cartilage and help prevent degenerative joint
disease. Removal of or injury to menisci has been
implicated in articular degeneration and the develop-
ment of osteoarthritis [1]. Articular cartilage damape
has been shown to occur as early as 12 weeks after
meniscectomy in skeletally mature mongrel dogs [2].
The many functions of the menisei include shock
absorption, load transmission, secondary mechanical
stability, and jeint lubrication and notrition [3],

Menisci are semilunar, wedge-shaped structures
that enhance tiial-femoral joint stability by filling
the void created by the incongruous femoral condyles
and tibial platcau [4]. The latcral meniscus forms a
t-shaped incomplete semicircle, whereas the medial
meniscus is more U shaped with a wider separation
of its anterior and posterior homs than in the lateral
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meniscus. By deepening the tibial socket, menisci act
as secondary stabilizers—particularly the posterior
horn of the medial meniscus, which blocks anterior
translation of the tibia on the femur [5-R]. Loss of the
posterior hom of the medial meniscus in the setting of
primary anterior cruciate ligament (ACL) reconstrue-
tion has been associated with graft elongation and
joint laxity [9,10], which may ultimately accelerate
osteoarthritis in the ACL-deficient knee [5.11].

During the normal gait pattern, the articular sur-
face of the knee bears up 1o six times the body
weight, with over 70% of that load bome by the
medial tibial plateau [12,13]. The menisci increase
the contact area and dissipate the compressive forces
at the articular cartilage. The lateral meniscus carries
T0% of the lateral compartment load, compared with
just 40% by the medial meniscus [ 14]. By converting
joint-loading forces to radial-directed hoop stresses
on circumferential collagen fibers, the menisci trans-
mit 50% of the joint load when the knee is in exten-
sion, and 90% when the knee is in flexion [13,16].
Meniscal loss increases peak articular conlact stresses
and can lead to the development of carly degencrative
changes [15,17,18], Loss of just 20% of a meniscus
can lead to a 350% increasc in contact forces [19].
MAT with bone anchorage of the anterior and pos-
terior horns improves contact forces compared with
total meniscectomy [18,21,29] and can protect ar-
ticular cartilage [22,23].

Meniscus ulirasivucture
Meniscal tissue is composed of clongated cells on

the surface and ovoid cells in deeper layers that are
equipped with few mitochondna, suggesting anaero-
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bic metabolism [19]. The extracellular matrix of
menisei {8 74% water by weight, but type I collagen
comprises about 63% of the dry weight, and gly-
cosuminoglyenns make up 2% of the dry weight
Other collagens (types 11 111, V. and VI) make ap
about 5% of the dry weight, Elastin, fibronectin, and
thrombaoplastin assist in organizing the matrix by
binding molecules. This blood supply of a meniscus
15 key to suceessful meniscal repair or transplantation,
The inferior medial and lateral geniculate anerics
form a plexus encompassing 10% io 30% of the
width of the medial meniscus and 10% to 25% of the
width of the lateral meniscus [24], combined with a
I- to 3-mm cuff of vascular synovium, Synovial Tuid
is pumped through a network of micropores during
normal joint motion, providing nutrition 10 articular
cartilage [25].

Meniscal bssue is structured as a iber-remforced.
porous-permeable composite material containing
solid (matrix proteins) and flud (water) [2627]
Circumferential peripheral collagen bundles act as
structural sealfolding of the memscus, provide hoop
stress resistance o strain, and provide increased
stiffness. In contrast, the central two thirds has ran-
domly oriented collagen fibers and a sheetlike ar-
rangement of radial tie fibers, with correspondingly
higher strain rates and less stiffness [28]. The re-
straining collagen fibers, i undamaged, permit little
swelling in the stiff peripheral region. The less-stift
central region has a high proteoglycanicollagen ratio
that promotes hydration and swelling, enabling the
meniseus cartilage 10 load-share with the articular
cartilage. Abnormal meniscal hydmtion pressure in-
dicates collagen or proteoglycan damage.

Collagen and proteoglyean damage can be caused
by mechanical factors (tears ar surgical rescction),
enzymatic degradation, or synthesis of new, poorly
functioning molecules. Collagen damage leads to
abnormal hvdration and an irreversible cascade of tis-
sue alteration. When proteoglycans are damaged
(but the collagen remains intact), these tissue changes
are reversible. For example, immaobilization leads 1o
proteoglyean loss, which 1s reversed afier a return of
motion  stimulates fibrochondrocyvtes to  svnthesize
new proteoglycan molecules. Central and peripheral
tears oceur with different mechanisms and have dif-
ferent consequences. With its higher strain rate and
lack of stiffness. central meniscus collagen meshwork
tears are common (bucket handle tears), often with
low-energy mechamsms. Reparability depends on the
location and onentation of the tear. The consequence
of central tissue resection is far less than that of
peripheral meniscal resection. Hoop-strain resistance
to joint compression of the meniscus relies on an

intact periphery, and tears that vialate the peripheral
rim can render that compartment meniscus deficient,
wherein meniscal allograft transplantation (MAT)
may be indicated [29].

These principles also apply to a transplanted me-
niscus. If a meniscus is transplanted into a degencra-
tive compariment with Fairbank changes [30] or
an inflammatory [31] environment, then the allograft
will fail as did the native meniscus. Circumferential
collagen bundles in the allografi must be intact from
anterior fo posterior horn with secure bone fixation
[18.21,32], using either bone plugs or a slot and
keyhole technigue. Physiologic loads will stimu-
late the fibrochondrocytes. Proper load-sharing and
congruent articulation require correct allograft size
and position.

Effect of meniscectomy

Memscal tears cause pain and dysfunction and
predispose the knee to articular cartilage degenera-
tion. The size, location, and orentation of the tear
will determine if a torn meniscus retains its bio-
mechanical function [22]. Meniscus tears are repaired
when possible, but partial and total meniscectomies
are still necessary, causing altered bivmechunics and
detrimental cffects that have been recognized for
decades [30]. The relationship between meniscec-
tomy and degenerative changes is clear |33-3K],
particularly in the lateral compartment where unique
hiomechanical and anotomic factors lead to a higher
risk for degeneration than in the medial compartment
[15,16,18,39]. Under physiologic conditions, the
lateral meniscus carries most of the load in the lat-
eral compartment, whereas the medial compartment
shares the load almost equally between the meniscus
and the exposed articular cartilage [16].

Historical perspective of meniscal allograft
transplantation

The first human joint transplantations ocecurred a
century ago [40,417, but the first true MAT occurred
in 1972 when Zukor and colleagues [42] reported on
a series af 33 fresh MATS, Size-matching a donor 1o a
recipient within narrow time constraints because of
primitive allograft processing technigues [43] cause
logistical challenges such as scheduling surgery with
shert notice. MAT has gained popularity, as the de-
velopment of safe and effective allografl tissue pre-
servation and storage technigues has allowed for the
creation of an inventory of variously sized menisei,
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and its protective effect on articular cartilage has been
demonstrated in rabbits [44], Grali preparation and
sterilization methods have been refined to optimize
healing and revascularization rares [11.45,46], graf
shrinkage [47-49], cellularity [50,51], and donor and
host DNA levels [52].

Immunogenicity

Animal studies have not demonstrated a predict-
able humeral or cellular-based immunologic rejec-
tion response from bone allografis in mbbits [53] ar
implanted meniscal allografts n goats [52.54] or
mice [55].

The most immunogenic portions of the meniscal
allografi are the cellular elements of the cancellous
bone anchors [56], but studies of even massive bone
allograft implantation [57] demonstrated a low rate of
clinically meaningful immunogenic reactions. [L-17,
which is a recently discovered pro-inflammatory
family of cytokines secreted by activated T cells,
scems to be operative in disparate tissues such as ar-
ticular cartilage. bone, and meniscus and other soft
tissues of the body, and to play a role in the ho-
meostasis of these tissues in their healthy state [38],
Although meniscal allografl rejection has been re-
poried [59], most series have not reported significant
sequelae related 1o iImmunologic rejection. De Boer
and Koudstaal [6()] implanted a nontissue-antigen—
matched cryvopreserved meniscal allograll m the
lateral compartment of a patient’s knee that remained
metabolically active with excellent clinical resuls
and did not differ from control specimens, van Arkel
and colleagues [61] and Khoury and colleagues [62]
reported antibodies against the HLA complex [56]
using nontissuc-antigen - matched cryopreserved me-
niscal allografis without accompanying grafl failure,

Graft procuremeni and processing

Because of difficulties harvesting and distributing
fresh donor allografis to a size-matched recipient
within a few days of harvest, fresh menisci suitable
for allograft implantation have given way to bank-
preserved meniscal allografis. Stringent donor screen-
ing include a comprehensive medical and social
history as a cntical first step in ensuring disease-free
allograft tissue. The American Association of Tis-
suc Banks has defined the recommended testing
protocol [63]. Scrologic screening is performed for
HIV p24 antigen, HIV-1/HIV-2 antibody, human
T-lymphotropic virus 1 and human T-lymphotropic

virus 2, hepatitis B surface antigen, hepatitis B core
antibody, antibodies 1o hepatitis C virus, and syphilis,
Most banks perform polymerase chain reaction
(PCR) testing, which detects one HIV-infected cell
out of 1 million cells. The current window of time for
development of detectable antibodies to HIV is ap-
proximately 20 to 25 days (prior to that, a donor may
be infected but test negative for HIV). Blood cultures
for acrobic and anaerobic bacteria are conducted and
lymph nade sampling may be performed.

Craft processing, including debridement, ulira-
sonic/pulsatile washing, and use of ethanol 1o de-
nature proteins, further lowers disease trapsmission
risk. Freezing further lowers the risk, but HIV can
survive washmg, freezing, and freeze-drying |64].
Safety clearly depends on donor screening and not
grafi processing. The current risk for HIV transmis-
sion by frozen eonnective-tissue allografis is esti-
mated to be 1 in 8 million [65].

The tissuc 1s procured within 12 hours afier death
(fresh grafts) or within 24 hours after death if the
body has been stored at 4°C. Currently. tissue may be
harvested with the use of sterile surgical technique or
it may be procured in a clean, nonsterile environment
and secondarily sterilized. Harvested lissue is pre-
served by one of four methods: it can be fresh,
cryopreserved, fresh-frozen, or lyophilized. Fresh and
cryopreserved allografts contain viable cells, whereas
fresh-frozen and Ivophilized tissues are acellular at
the time of transplantation. Fresh tissue is harvested
under sterile conditions within 12 hours after death.
The tissue is stored in a culture medium at 4°C or
37°C 0 maintain viable cells. Transplantation must
be completed within several days of graft procure-
ment. resulting in difficult logistics [66]. The exact
rate and duration of cell viability is unknown.
Jackson and colleagues [48] used DNA probes to
demonstrate that all of the donor cells in a fresh
meniscal transplant were rapidly replaced by host
cells. Cryopreservation includes use of a crvoprotec-
tant (ie, dimethylsulfoxide) to maintain cell viability
and graft biomechanics [67]. Fresh-frozen grafts are
rapidly frozen to —80°C, killing cells but maintaining
material praperties, Lyophilization, or freeze-drving,
kills cells, affects graft matenal properties, and causes
shrinkage [45,68]. Unlike fresh osteochondral grafis,
the morphologic and biochemical characteristics of
meniscal allogralts do not depend heavily on cell
viahility, Therefore, the most commonly implanted
grafts are either fresh-frozen or cryopreserved, and
animal studies have shown no important differences
between theses two methods [48.69].

Secondary sterilization with ethylene oxide,
gamma irradiation, or chemical means may be used
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for fresh-frozen or lyophilized grafts. The amount
of gamma imadiation required to eliminale viral
DNA (at least 3.0 mrads [30,000 Gy]) may adversely
affect the material properties of the meniscus [12].
Lower doses of gamma imadiation (<2.0 mrads
[= 20,000 Gy may be used for bacterial sterilization.
Ethylene oxide is used only for lyophilized grafts, but
it is not recommended because the ethylene chloro-
hydrin byproduct has been found 1o induce synovitis
[70]. Chemical sterilization may be performed using
proprictary bactencidalvirucidal solutions. In gen-
eral, however, secondary sterilizing for meniscal allo-
grafts is not preferred.

Indications for meniscus transplantation

The ideal patient for meniscal allograft transplan-
tation is a voung but skeletally mature nonobese
individual who has stable knee ligaments, normal ana-
tomic alignment, and normal articular cartilage and is
secking treatment for pain in a meniscal deficient
compartment. There must be no inflammatory arthi-
tis, synovial disease, or history of infection in the
involved knee. The patient should be too young for
total knee arthroplasty. There is no upper chronologic
age limit, but patients who have meniscal deficiencies
and are in their mid-50s often have significant
arthritis. Skeletal maturity is necessary to avoid
causing asymmetric physeal arrest and progressive
angular deformity.

To optimize the mechanical environment of
the implantad meniscus, obesity should be o contra-
indication to menmiscal transplantation.  Untreated
comorbidities of ligament instability, axial limb mal-
alignment, and cartilage defecis or degeneration ulso
cause a hostile mechanical environment. These co-
maorbidities can often be treated with simultaneous
ligament reconstruction, osteotomy, or cartilage resto-
ration. Even slight angular deviation compared with
the contralmeral limb may require an osteotomy.
Concomitant or staged procedures is discussed later.

Fairbanks changes in meniscectomized knees
range from the formation of an anteroposterior ridge
projecting downward from the margin of the femoral
condyle over the meniscal site w a generalized
flattening of the margmal half of the femoral articular
surface of the mvolved compartment, resulting in
narrowing of the joinl space on the involved side
often associated with varus/valgus deformity of the
knee |4]. Senious articular disease (ie, late grade 11
or IV) [71] and radiographic signs ol lattening of the
femoral condyle or marked osteophyte formation lead
to poor graft survival, however, and are the most

common contraindieations to meniscal transplanta-
tion [72-74). Restoration of the normal meniscal
anatomy could decelerate or prevent degenerative
change. but this is unproven. Systemic metabolic
condition or local inflammatory condition affecting
the knee is a contramdication 10 meniscal transplan-
tation. Synovial disease or metabolic conditions will
damage meniscal allografts. Immunodeficiency or a
history of infection in the involved knee is a contra-
indication to meniscal transplantation, as the potential
for devastating outcomes outweighs the potential for
benefit of this procedure.

The surgeon must identify the specific motivation
for a patient secking transplantation and adjust
expectations for partial, short-term pain relief. MAT
could potentially retard ostecarthritis but it is pri-
marily a pain-relieving effort. The patient should seek
treatment for pain in the meniscal deficient compari-
ment, and understand that at best. meniscal trans-
plantation does not prevent the need for total
knee arthroplasty,

Patient evaluation

After meniscectomy, patients report a gradual in-
crease of joint-line pain, activity-related swelling,
pain that changes with the ambient barometric pres-
sure, and oecasionally painful “giving-way™ caused
by quadriceps inhibition. A thorough history of the
mdex injury and subsequent treatments, such as hga-
ment reconstruction or management of articular car-
tilage lesions, are needed. Physicul examination is
essential o reveal malahignment, ligament deficiency,
or articular cartilage lesions that would modify
treatment plans. Patients generally have tenderness
on the volved joint line often with a palpable os-
scous change at the femoral or tibial condyle. An
effusion may or may not be present. For a patient to
receive a transplant, range of motion must be normal.

Routine radiographs include weight-bearing antero-
posterior view of both knees in full extension, a
non-weight-bearing 457 flexion lateral view, and un
axial view of the patellofemoral joint. A 43 flexion
weight-bearing posteroanterior view can identify joint
narrowing not seen on extension views [75). Long-
cassette mechanical axis films should be obuained
if there 1s climcal malalignment. MRI technigques of
two-dimensional fast spin-echo and three-dimensional
fat suppression with and without intra-articular gado-
Imium can detail articular cartilage [76]. Three-phase
bone scans are rarely used to detect increased uptake in
the involved compartment.



MENISUAL TRANSPLANT 473

Allograft sizing

The appropriate size of an absent meniscus cannot
be determined by measuring the contralateral menis-
cus in the same compartment, as meniscal allogratis
arc side- and compartment-specific, nor can the
allograft size be predicted by a patient’s height [77].
MRIs, mdiographs, and CT scans have overestimated
[78]. underestimated [79), or in the case of CT
arthrogram [74], over- and underestimated the size
of meniscus allografis. Because of these potemtial
inaceuracies, plain radiographs are most commonly
used to size allografis [80,81]). Preoperatively, precise
measurements arc made on anteroposterior and lateral
mdiographs, with magnification markers placed on
the skin at the level of the proximal part of the tibia.
The surgeon should be familiar with the sizing
techniques used by the tssue provider to minimize
the chance of a size mismatch. Most commonly, the
technique described by Pollard and colleagues [80] is
used. The meniscal width is determined on an
ameroposterior radiograph afler correction for mag-
nitication. Meniscal length is calculated on the lateral
radiograph on the basis of the sagittal length of the
tibial plateau. Following correction for magnilication,
this length is multiplicd by 08 for the medial
meniscus and by (1.7 for the lateral meniscus. With
use of this rechnique. size mismateh oceurs less than
3%, of the time. If the surgeon perioperatively judges
the graft to be the incomrect size or compartment, the
meniscus is not used. Small size mismatches can be
handled with only minor modifications and are likely
1o have minimal effects on anatomic restoration, but
accurate sizing is key 1o maximizing grafi survival
and chondroprotection [82].

Surgical technigues

Meniseal allograft transplantation replaces an
absent or deficient meniscus in an anatomic position
and restores the original meniscofemoral or menisco-
tibial articulation. The transplantation can be per-
formed either open or with an arthroscopically
assisted technique. The two methods have similar
outcomes, but arthroscopic technigues are now rou-
tinely used because of the reduced surgical morbidity
[45,72 83 -89].

Meniscal allografts are anchored with either a
bone bridge that rigidly fixes the distance between the
anterior and posterior homs, or separate bone plugs
on the anterior and posterior horms. For both tech-
niques, the meniscus must be placed m an anatomic
position with secure bone anchorage of the anterior

and posterior horns [18,20.21]. The medial side may
be anchored with either plugs or a bridge, whereas
plugs are used only for medial transplants and not on
the lateral side where the proximity to the anterior
and posterior homs [90] nsks tunnel communication.
Using bone plugs on the medial side allows minor
modifications to match the variable position of the
anterior hom [77,91]. Proponents of a bone bridge
on the medial side point out the ¢ase of insertion and
maintenance of the anatornic relutionship belween
the allograft homs [86,92] The decision to use a
bridge or plugs on the medial side depends on sur-
geon preference.

Patient positioning and initial preparation

The patient is placed under gencral anesthesia and
intravenous prophylactic antibiotics are administered.
Before placing the patient in the desired leg holder, an
examination under anesthesia is performed to confirm
ligament stability, The patient is supine with the leg
either unsupported with o lateral post placed just
proximal 1 the knee, or pluced in a midthigh leg
holder with a tourniquet on but not mflated. The
position of the leg holder should be proximal enough
to allow ample exposure to the posterolateral and
posteramedial comers for an mside-out meniscal
repair, hut distal enough to allow considerable valgus
or varus stress to be placed on the knee without undue
concern of a femur fracture. Standard arthroscopic
portals are used and a diagnostic arthroscopy 1s per-
formed to confirm the absence of significant chondral
injuries in the recipient compartment, particularly
if prior surgeries were performed by a dilferent sur-
geon, The debridement of residual meniscal tissue
should be performed without a toumiquet to verify a
vascularized recipient meniscocapsular interface dur-
ing debridement,

For both fixation techniques, the initial steps for
medial and lateral meniscal transplantation are similar
and are performed in the recipient compartment only.
The host meniscus is debnded arthroscopically to a
1- to 2-mm peripheral rim until punctate bleeding
oceurs, A remnant of the anterior and posterior horns
is left o clearly identify their location during tunnel
ereation (plugs) or slot formation (bridge). A low
madified notchplasty on either the medial (protect
posterior cruciate ligament [PCL]Y or lateral (proteet
ACL) femoral condyle will facilitate allogralt passage
and visualization. A inside-out memscal repair in-
cision at the posterolateral or posteromedial comer is
also used.
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Bone plug technique

Separate hone plugs are often used to anchor the
anterior and posterior homs of the medial meniscus.
For this procedure, the involved compartment is pre-
pared in the same manner as if performing a bridge
technique. Two 9-mm cylindrical bone plugs are
cored from the meniscal allograft, preserving all
soft nssue attachment of the meniscal homs, No. 2
braided nonabsorbable polyethylene sutures are
passed through 1.5-mm drill holes in each plug.
The postenor hom bone plug can be undersized by
| mm to facilitate passage and seating in the tunnel.
A traction stitch in the posterior medial comer of
the allograft will facilitate implantation (Fig. 1).

A medified low notchplasty between the fibers of
the PCL and the medial femoral condyle will improve
visualization and facilitate plug passage. To drill the
recipient tunnels, an ACL tibial guide is used 10 pass
a pin from the medial to the tibial tubercle to the exact
center of the postenior horn, and reamed to % mm. The
anterior hom is anterior to the footprint of the ACL
at the anterior margin of the tibial plateau. The
anterior tunnel 1s generally made after the meniscus
is seated posteriorly and repaired peripherally with
inside-out sumres.

Viewing from the lateral portal, the medial portal
is expanded to receive the allograft. Next, the pos-
teriomedial traction stitch is passed through the knee
and oul the posteromedial comer meniscus repair
incision. The posterior bone plug stitch is then passed
into the knee and out through the posterior hom
tunnel using a suture passing device. Maintaining
tension on the traction stitches at the posteromedial
comer and posterior bone plug, a valgus stress is
placed on the knee t open the medial compartment
while the allograll is guided through the expanded

Fig. |. Anchoring sutures are passed through each bone plug
and a momofilament maction sumre is placed mto the
posteromedial edge of the menisens to facilitate reduction
during impliantation.

Fig. 2. The anterior hom plug is pulled inte a blind-end
tnnel at the anterior hom attachment with sutures passed
through the anterior cortex.

medial poral and into the medial side of the joint,
Positioning the bone plug in the posterior wnnel takes
paticnce and persistence, but is facilitated by the low
medial notchplasty and removal part of the medial
tibial eminence, and by placing a valgus siress on
the knee while pulling on the traction stitch with the
knee positioned in about 30" of flexion. After the
meniscus is reduced in the medial compartment,
the knee 1s cycled several times o properly position
the meniscus.

After the meniscus 18 secured posteriorly, the an-
terior horn bone plug is press-fit into a blind tunnel
through the host anterior horn footprint. Sutures are
passed through the anterior coriex of the proximal
tibia with a free cutting needle and tied over bone
(Fig. 2). This technigue avoids an additional stress
riser in the tibial metaphysis and does not interfere
with a tibial ACL twnnel if a simultancous ACL re-
construction is performed,

Eight to ten vertically placed 2-0 nonabsorbable
mattress sutures are placed from posterior to anterior
with use of a standard mside-out meniscal repair
techmque. On the medial side, all-inside bicabsorb-
able devices are a reasonable choice 1o secure the
most postenior aspect of the meniscus to minimize the
risk for neuwrovascular injury, but their pull-out
strength is less than that of vertical sutures and they
provide only sigle-point fixation [93,94).

Bridge in slot technigue

Detailed descriptions ol the bridge in slot tech-
nigque are availahle elsewhere [R5.86] The slot is
created directly in line with the anterior and posterior
meniseal homs of the recipient compariment. A mini-
arthrotomy is made either directly adjacent 1o the
patellar tendon in line with the host anterior and
posterior homs or by splitting the tendon, Arthro-
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Fig. 3. Fluoroscopic lateral view is used to monitor location
of rewmer with respect to posterior tibia

seopic electrocautery 1s used to mark a line between
the centers of the horn footprints. Next, a 4-mm burr
is used 1o create a superficial reference slot along this
line. This reference slot should be the depth of the
burr and should match the sagittal slope of the tibia,
A depth pauge is placed into the slot and hooked onto
the posterior tibia W confirm that it s of wniform
height and depth, and to accurately measure the
anteroposterior dimension of the slot. A drill guide
chucked at the measured depth is used to insert a
guide pin parallel 1o the tibial slope, taking care not to
penetrate the posterior cortex of the tibial plateau. It
15 recommended that the guide wire placement and
reaming be performed under fluoroscopie conirol
(Fig. 3). The guide pin is advanced to but not through
the posterior edge of the tibial plateau. An ¥-mm
cannulated reamer is advanced over the guide wire,
and an ® = 10-mm box cutter creates a slot, A rasp
15 used to assure umiforrmty i wadth and depth and

Fig, 4. The thawed lateral meniseal allogealt s prepared on
the back table simultaneously with trough prepuration in
the lateral tibial platcau of the recipient. The unprepared
allograft s an en bloc section of the meniscus amd the
hemplatesy, meorporating the antenior and posterior hormns.,
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Fig. 5. The width of the lateral meniscus bridge measured
carcfully with the provided jig

to prevent impingement of the prepared allograft
bone bridge

Allograft preparation

The allograft amrives from the tissue bank as a
hemiplateau with the meniscus attached, All non-
meniscal sofi tissue is removed and the exact location
of the anterior and posterior horn anchors are iden-
tified (Fig. 4). Using a eunting guide, the bridge is
then cut to 7 = 10 nun. The authors recommend
undersizing the full length of the bridge by | mm 1o
facilitate passage through the slot. The prepared
bridge is tested for case of passage though calibrated
troughs on the back table (Fig. 5). The posterior wall
of the bridge should be Hush or slanted slightly
anterior to the fibers of the posterior homn attachment
to allow for insertion at the most posterior edge of
the prepared slot. Bone anterior to the anterior homn
should be left in place to allow for safer graft ma-
nipulation during insertion. An 0-PDS vertical mat-
tress traction suture is placed at the junction of the
pusterior and middle thirds (Fig, 6).

Fig. 6. The preparcd bone bridge should have a minimal
amount of bong posterior to the posterior hom mnsertion
o aviid impingement leading o improper position of the
posterior hom
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Fig. 7. An interference screw machined from allograft bane
is used for fixution of the bone bridge in the slot.

To insert the grafi, the traction sutures in the
allografl are shuttled through the pesterior incision
using zone-specific meniscus repair cannulae. The
allograft is inserted though the arthrotomy and
aligned with (he slot as the meniscus is reduced
under the femoral condyle by pulling on the traction
suture and cycling the knee to allow the femoral con-
dyle o engage and position the allograft meniscus
Simultaneous varus or valgus stress will open the
recipient compartment. The slightly undersized me-
niscal bone bridge allows the meniscus to achicve its
proper position by sliding freely within the tibial slot.
Once the proper hone-bridge position is achieved, a
puide wire is insetted between the bone bridge and
the more midlineg wall of the slot. A tap is used over
the guide wire o create a path for an interference
screw with the bone bridge held firmly in place by an
elevator placed through the arthrotomy. A 7 > 20-mm
or & x 20-mm bioabsorbable interference screw is
inserted  while maintaining meticulous rotational
contral of the bone bridge. Of particular importance
is the fixation of the allograft bone bridge within the
host tibial slot 1 maintain the proper anatomic
pasition of the meniscal horns, There has been recent
success with allograft interference screws created
from cortical allograft bone (Fig. 7) [86]. However,
bipabsorbable screws offer an acceptable aliemative,

The final arthroscopic examination of the im-
planted allograft should confirm not only that the
praft is anatomically reduced under the condyle but

also that the proper size was selected. The lack of

undulation on the surface indicates that the tissuc is
not distorted in sit (Fig. 8). The meniscus is then
sutured as deseribed n the bone plug technigque.

Combined procedures

Tt is often advisable to perform simultancous or
stmged procedures m treat comorbidities that may

COLE

coexist in the setting of meniscal transplantation.
Limb axis malalignment, ligament instability, or car-
tilage defects may require an osteotomy, liganent
reconstruction, or a cartilage resurfacing procedure.
When combining a meniscus transplant with other
procedures, it is important to plan the exact sequence
of events in a detailed pre-operative plan.

Corrective ostentomy

If the recipient compartment is under maore than
physiologic compression, realignment osteotomy
should be performed as an adjunct procedure [95],
In the setting of medial meniscal deficiency and varus
alignment, a combined meniscus ransplantation and
high tibial osteotomy should be performed. In con-
trust to a standard high tibial osteotomy for isolated
medical compartment ostcoarthntis, in which the aim
is to correct the mechanical axis laterally 1o 66% of
the width of the tibial plateau in the lateral compart-
ment [96], high tibia] osteotomies combined with
medial meniscus should correct the mechamical axis
to just beyond neutral. The authors recommend
the use of an opening medial osteotomy to create a
valgus correction, but the more traditional closing
lateral osteatomy is also a reasonable option. Com-
mercially available instrumentation {(Arthrex, Naples,
Florida) ullows for a technically precise, simple,
rapidly performed opening medial osteotomy with
rigid fixation. In the less-common scenario of val-
gus angulation of a knee joint with lateral compart-
ment disease, a distal femoral osteotomy is advisable.
Cicnerally the authors recommend an opening lateral
distal femoral esteotomy with rigid plate fixation,
although other techniques and fixation methods

Fig. 8. Proper position, sive, and suturing of the allograft
under femoral condyle is evineed by the smooth contour
situ without undulations.
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have been described, including a percutaneous dome
osteotomy combined with temporary external fixa-
tien and intramedullary nail fixation [97]. For varus
and wvalgus osteotomies, care must be taken not
o overcorrect.

When performing a high tibial osteotomy with
MAT, the bridge and slot technigue will prevem
communication of metaphyseal tunnels with the
osteotomy. 1f bone plugs are used, the tunnels should
exit as far proximal as possible to avoid traversimg the
osteotomy. Arthroscopic evaluation, soft-tissue prepa-
ration, notchplasty, and slot or tunnel creation of the
meniscal transplant technique are performed before
the osteotomy, Osteotomies should be performed as
far distally as possible, and sccure fixation of the
osteotomy must withstand the valgus stress required
for graft insertion and meniscal repair Inscriing
osteotomy  fixation hardware under fluoroscopic
guidance 1s important to direct screws away  (tom
the meniscal tunnels or trough.

Meniscal allograft transplantation and anterior
cruciate ligament reconstruction

Uncorrected ligamentous instability is a contra-
indieation to meniscal transplantation. A preoperative
evaluation of a meniscal-deficient knee includes a
careful analysis of the ligamentous instability. This
evaluation includes the history of injury, a familiarity
with previous surgical procedures, MR and radio-
graph information, and ideally, an arthrometrc
evaluation. An examination of the ACL under anes-
thesia is more reliable than while the patient is awake,
Ideally, if’ a patient had prior surgeries, documenta-
tion of that exam would be available from those
previous surgeries.

The biomechanical interdependence between an
ACL reconstruction and the presence or condition
of functional menisci 15 well documented [95]. A
successful ACL reconstruction relies on an intact
medial meniscus to minimize anterior-posterior stress
[10,39], and an mtact ACL, in tum, protects menisci
and articular cartilage [99,100]), Simultuneous menis-
cus transplantation and ACL reconstruction have
been shown to be mutually beneficial in properly se-
lected patients [101,102].

If a meniscus transplant is combined with either
primary or revision ACL, there arc several issues o
consider related to the three-dimensional relationship
of tunnels m the tibal metaphysis. Prior tumnel ex-
pansion and position and intended locations of new
tunnels (in the setting of revision ACL reconstruc-

tion), ACL graft selection, and meniscus anchor
method offer variability to address the needs of each
particular patient. With bone plug technigue, all soft-
tissue and osseous portions of the meniscal transplant
technique are performed first. The tibial tunnel for the
anterior cruciate reconstruction is then drilled slightly
more medially than uswal to avoid confluence
between 1t and the tunnel for the postenor hom of
the meniscus. The remaining portions of the anterior
cruciate reconstruction are performed as usual. With a
hone-bridge technique, the tibial wnnel for the ante-
rior cruciate reconstruction is reamed after placement
of the meniscal allograft. Placing the mnnel entrance
slightly distally and medially on the tibia can mini-
mize confluence between the tunnel and the lateral
slot. The meniscal bone bridge may, however. he
partially intersected without untoward effects during
creation of the tibial tunnel [101]. Use of a hamstnng
grafl for the reconstruction of the ACL may facilitate
eraft passage by allowing for a smaller-diameter tibial
ACL munnel.

Occasionally, patients have combined varus align-
ment, ACL deficiency, and an absent medial me-
niscus with intact articular cartilage. These patients
are typically managed with reconstruction of the
ACL at the time of a high tibial osteotomy. The me-
niscal transplantation is performed simultaneously
with these procedures only in rare situations, such as
in very young patienis. More commonly, meniscal
allograft reconstruction is performed in a delayed
fashion in a patient whe has persistent symploms
following recovery from the initial procedures.

Meniscal allograft transplantation and cartilage
restoration procedures

When combining cartilage restoration with menis-
cal tansplantaticon in the same compartment, it s
important to plan the exact sequence of events in a
detailed preoperative plan. It is typically easier and
safer for chondral procedures o be performed afier all
steps of the meniscal transplant have been completed
w avoid inadvertent damage to the periosteal patch or
osteochondral graft during meniscal instrumentation
ar suture tepair [Y2]. On the other hand, the anterior
horn of the transplanted meniscus could be damaged
by subsequent cartilage procedure on the ipsilateral
femoral condyle, For example, implanting an osteo-
chondral allograft and performing a meniscal trans-
plamt will require that the posterior hom anchor be
established before preparing the articular carfilage
defect and implanting the osteochondral allograft
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Fig, 9 Osteochondral allograft and simullaneous meniscus
allograft transplantation in the same compartment requires
carefully sequenced steps o avoid damaging either allografi,

plug. The bone plug and anterior horn of the meniscal
allograft are gently retracted out of harms way during
impluntation of the ostenchondral grafi and inserted
in a blind tunnel at the anatomic site of the anterior
horn after the osteochondral graft implantation is
completed (Fig. 9).

Outeomes

The literature suppons good to excellent results
of roughly 85% following MAT, with a measurahle
decrease in pain and increase in activity level, pro-
vided there is proper patient selection. There is a
greater nisk for graft failure in irradiated grafls, un-
comrected malalignment, osteoarthritic compartments,
and absence of bone anchorage of the allografi [103].
There is not a clear correlation with graft shrinkage
or decreased cellular viability and poorer outcomes.
There is a trend wward better results in more recent
series, which reflects a collective improvement in
patient sclection, graft processing, and surgical tech-
nique over the last 15 years,

There is not 4 ¢lear corrclation with the physical
appearance of the grafi and outcome. In 1989,
Milachowski and colleagues [45] reported that of
six fresh-frozen and 16 freere-dried meniscus allo-
grafts, the fresh-frozen grafts had a more normal gross
appearance than the frecre-dried grafis that demon-
sirated more shrinkage, but this did not correlate with
poorer outcomes. In 1999, Carter’s [84] second-look
arthroscopy of 38 cases at 2 years demonstrated four
that had visible shrinkage of the grafi and two that
had progression of arthritis, These patients had in-
ferior results. In comtrast, Stollsieimer and colleagues
[58] reported substantial pain relief in all 23 patients
following cryopreserved allografis despite an average
shrinkage of 37% found on MR

A decrease in cellularity and viability of the me-
niscus tissue has not comrelated directly with poorer
outcomes. In 1996, Wilcox and Goble [31] reported
that 17 of I8 patients (94%) had a significant de-
crease in knee pain and improvement in function with
universal patient satisfaction [71]. A second-look
arthroscopy was performed on 13 patients (13 grafis)
of which ten (71%) had a well-healed and functional
meniscus. Biopsy performed on 8 of 14 grafiy
fevenled an avernge of 80% viable meniscal tissue.
A wear carlier, van Arkel and de Boer [89] reported
their prospective outcomes of 23 patients following
cryopreserved meniscal transplant, of which 20
(87%) reported successful results, and peripheral
healing was demonstrated in all but three of the
patients examined with second-look arthroscopy.
Histologic analysis demonstrated revascularization
with viable meniscal chondrocytes. The three patients
who failed had uncorrected malalignment. In 2001,
Rath and colleagues [104] reported that 8 of 22 cryo-
preserved meniser (36%) tore afler 2 years, neces-
sitating six partial and two total meniscectomies and
reimplantation, and the removed tissue revealed
reduced cellularity compared with nommal or tom
native menisei. Fourteen patients reported a success-
ful result, but there is no information regarding the
cellularity of these more successful grafis.

Articular cartilage degeneration or a lack of allo-
graft bone anchorage correlates with poor outcomes.
In 1993, Garrett [72] reported that 35 of 43 (81%)
patients were asymptomatic 2 vears afier complex
procedures, with most failures occurring in knees that
had grade IV chondromalacia. In 1994, Shelton and
Dukes [105] reported that 15 of 16 patients who had
less than grade 11 arthntic changes reported a sig-
nificant decrease in pain and no recurrent effusion,
whereas four patients who had transplantations into
degenerative compartments had only slight improve-
ment m symptoms, All second-look arthroscopies
demonstrated complete peripheral healing, how-
ever, and although there was an average shrinkage
of 15%, cellular viability was confirmed by biopsy.
In 1995, Noyes and Barber-Westin [103] reported on
96 irmadiated grafis, many of which were secured with
bone at the posterior hom, but none had bone
anchorage in the anterior and posterior horns. [n this
series, 29 menisei were removed by 2 vears, Only 9%
of the grafis healed, 31% were partially healed, and
8% failed clinically, with higher rates of failure in
knees with arthrosis (P < _001) at a rate of 50% failure
in knees with grade IV arthrosis. In 2001, Rodeo and
colleagues [106,107] reported successful results in
22 of 33 (67%) patients. Of these. 14 of the 16 (R8%)
transplants that were anchored to bone at the anterior
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and posterior homs had good results, whereas only
& of the 17 (47%) nonbone anchorage transplants
were successful. In contrast to these studies, however,
Cameron and Saha [83] reported good to excellent
results in %7% of 67 irradiated allografts without bone
anchors, many in patients who had advanced uni-
compartmental arthritis.

Several series have demonstrated the benefit of
combining procedures to treat comorbid conditions
that would otherwise be contraindications to MAT
Ligament reconstruction and cartilage restoration
procedures can optimize the mechanical environment
for the meniscal allograft. MAT can, in turn, provide
protection for lignment reconstruction or cartilage
restoration procedures. Zukor and colleagues [42]
combined fresh meniscal and osteochondral allogratts
for knee injurics resulting in foeal chondral defects
and a deficient meniscus. At | year, 26 of 33 patients
(79%) were clinically successful, with no meniscal
failures. In the series by Veltri and colleagues [74] of
6 decp frozen or cryopreserved meniscal irans-
plantations, 11 of which underwent either ACL or
PCL reconstruction at surgery., 85% were asymp-
tomatic. Sekiva and colleagues [108] reported retro-
spectively that 24 of 28 (86%) patients who had
undergone ACL reconstruction with meniscal trans-
plantation had normal or nearly normal IKDC scores,
and nearly 90% had a normal or nearly normal
Lachman and pivot shift exam, with an average
maximum manual KT arthrometer side-to-side differ-
cnce of 1.5 mm. Jomt-space narrowing of the trans-
planted compartments was not significantly different
from that of the contralateral knee. From these resulis
the investigators concluded that restoration of menis-
cal function combined with ACL reconstruction may
provide protection for the articular cantilage and
improve joint stability, thereby eliminating a contra-
indication for meniscal transplantation. Yeldas and
colleagues [102] reported on 31 patients following
meniscus transplantation with and without combined
ACL reconstruction. In this group, 20 patients
received meniscal transplantation and ACL. recon-
struction and 11 patients who had stable ligaments
underwent meniscal transplantation alone, Both
groups had MAT with bone plugs medially and a
bone bridge laterally. There were no significant
differences in knee seores or joint-space narmowing
on flexion weight-bearing views based on medial or
lateral meniscus, concurrent ACL reconstruction, or
the degree of chondrosis at arthroscopy. KT-1000
arthrometry revealed an average side-to-side differ-
ence of 2 mm (range, 2—7 mm). MAT with ligament
reconstruction or cartilage restoration can provide re-
lief of symptoms and restore high levels of function.

Discussion

Meniscus deficiency is considered by some au-
thors to be a greatly underestimated problem in
orthopedics today [103]. To patients, meniscal defi-
ciency is a problem leading to pain, swelling, arthritic
changes, and limitation of activity. To physicians,
meniscal deficiency is a problem because of the lack
of suitable solutions for their patients. To society, the
sequelae of a meniscus-deficient knee translate into a
loss of productivity and an increase in monetary
expenditures for health care benefits. Many patient-
and surgeon-specific variables, such as the degree of
arthrosis, method of grafl processing. surgical tech-
nigue, types of concomitant procedures, and method
of evaluation, differ among studies. Thus, it is dif-
ficult to muke comparisons or draw conelusions on
the hasis of the existing literature,

The average age of the patient who is affected by
knee ligament instability is 21 years, The average age
of the patient who undergoes a toal knee arthroplasty
is 70 years. The average age for MAT is 33 years
[109]. Knee instability primarily disables young ath-
letes, Knees requiring saivage procedures, such as
total knee arthroplasties, primanly affect individuals
who are retirement-age, whereas patients who have
meniscal-deficient knees represent a greater percent-
age of individuals within the day-to-day work force
and who have major responsibilities in their personal
lives. It should, therefore, be medically understand-
gble that even a documented short-term improvement
in an otherwise disabled population could be defined
d5 A SUCCCES.

Obtaining secure bone anchorage of the anterior
and posterior horns, although technically maore
demanding, 15 necessary to maximize the potential
for a successful outcome. The series by Rodeo [106],
in which overall there were only 22 (66%) of
33 successful outcomes, demonstrated a much higher
rate, with 14 (88%) successful outcomes of the 16 pa-
tients who had obtained bone anchorage compared
with only 8 (47%) of the 17 patients who did nat
obtain bone anchorage. These clinical resulls coincide
with the hiomechanical understanding of the potential
for benefit of a meniscal allograti [18.21.32].

The degree of arthrosis ot the time of allografi
transplantation is possibly the most important factor
predicting outcome, with advanced arthrosis asso-
ciated with the highest failure rates [89,103.110]
Using MRI, Rodeo [106] demonstrated that knees
with advanced arthrosis had a greater propensity for
graft extrusion, a finding believed 1o be associated
with an increased risk for failure. Correcting limb
malalignment is another factor believed 1o be critical
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for success [83]. van Arkel and de Boer [RY] aitri-
buted their three graft failures to uncorrected limb
alignment. Cameron and Saha [83] performed osteo-
tomy in 34 of 63 paticnts. By realigning the knees to
“unload™ the mvolved comparmment. they achieved
a success rate comparable with that in the group as
a whole, with a good or excellent result in 85% or
87%, respectively.

Memiscal shrinkage rating is inaccurate, At second-
look arthroseopy in 22 cases, Carter [R4] believed
only three showed size reduction. Milachowski and
colleagues [45] noted shrinkage of 31% to 66% in
14 of 23 menisci examined by second-look arthros-
copy. It is not known if shrinkage occurs hecause of
a subclinical immune response with grafi-remodeling
during cellular repopulation, a poor quality graft,
excessive graft-loading during healing, the surgical
technique, knee arthrosis, or some variable not
currently recognized. The study by Stollsteimer and
colleagues [8R8] suggests a low correlation between
graft shrinkage and symptoms, however. MRI
scans have demonstrated that the grafis can look
similar to & normal meniscus, whereas others have
shown signals consistent with degenerative changes
(84,88 103,107]. Second-look arthroscopy ix often
necessary to define the exact quality of graft-healing
[111—114].

Whether meniseal grafls prevent the progression
of arthritis 15 unknown. Rath and colleagues [104]
reported that the compartment space of the involved
knees of 11 patients averaged 5.2 mm before surgery
and 4.5 mm 2 vears alier transplaniation. Carter [84]
reported 2 of 46 knces with radiographic progres-
sion at almoest 3 years. Rabbit studies demonstrate
cqual rates of radiographic degenerative changes at
I year in meniscectomized and transplanted am-
mals [115].

With respeet to combined procedures, uncorrected
comorhbidities are contraindications to meniscal trans-
plantation, but the beneficial effect of combined pro-
cedures 18 emerging and the synergy of concomitant
reconstructions is evident. When a cartilage restora-
tion or ligament reconstruction proiects a meniscal
transplant, a mutually beneficial relationship exists
between the healthy functioning meniscus transplant
and the ligament reconstruction or cartilage resurfac-
ing procedures.

Summary
Despite encouraging intermediate-term benefits,

the true long-term function of the transplanted me-
niscus remains unknown. The transplant appears to

remodel and experience changes in its collagen fiber
architecture that affect its load-sharing capahilities
and long-term survival. The meniscal transplant sur-
geon should advise patients that this procedure is
indicated for patients who have few other options,
and the procedure is likely not curative in the long-
term. However, establishing a pain-free and mechan-
ically stable environment for even an intermediate
period of time (ic, 5 or 10 years), as supported by the
literature, seems entirely justified given the lack of
altematives and the added benefit of placing a pa-
tient chronologically at an age more appropriate for
arthroplasty should it become necessary.
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