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Current Concepts

Meniscal Allograft Transplantation—
Part I: Background, Results, Graft Selection and Preservat

and Surgical Considerations

Paul C. Rijk, M.D.

Abstract: Removal of the meniscus leads to progressive degenerative arthritis of the knee on a
long-term basis. Therefore, meniscal allograft transplantation has been proposed as an alternative to
meniscectomy. Although several experimental and clinical studies have documented that meniscal
allografts show capsular ingrowth in meniscectomized knees, it remains to be established whether
meniscal allograft transplantation can prevent degenerative changes after meniscectomy. Part 1 of
this Current Concepts review will discuss the function, anatomy, and composition of the meniscus,
followed by the history of surgery of meniscal tears and the healing of meniscal allografts in
experimental and clinical studies. In addition, issues concerning preservation techniques, immuno-
logical reactions, sizing, disease transmission, indications, surgical technique, graft fixation, reha-
bilitation, and complications, will be taken into consideration. It can be concluded that the use of
meniscal allografts in clinical practice has progressed to a point where relief of pain may be expected
for the short-term.Key Words: Meniscus—Meniscectomy—Meniscal transplantation—Allograft—
Articular cartilage—Degenerative changes.
ve
thri-

in the
cus-
ent

, but
ged
ee
n-
er,

m es-
t nc-
t ed.
A ve
s sur-
r tive
a
r raft
t e to
p arti-
l

has
i s of
k g,
i itate
any experimental and clinical studies ha
shown that meniscectomy results in osteoar

is and joint deterioration in the long term.1-6 As a
onsequence, advancements have been made
reatment of meniscal tears toward more menis
etaining procedures. Meniscal repair is the treatm
f choice when the tear is in an appropriate region

his procedure cannot be performed on all dama
enisci or in previously meniscectomized kn

oints.7-9 In this situation, meniscal allograft transpla
ation may offer an attractive alternative. Howev
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eniscal allograft transplantation is still in its inv
igational phase and the long-term viability and fu
ion of meniscal allografts remain to be establish
lthough experimental and clinical studies ha
hown that meniscal allografts can heal to the
ounding capsule, their ability to prevent degenera
rthritis is yet to be evaluated.10-14 The aim of this
eview is to evaluate the values of meniscal allog
ransplantation and the potential of this procedur
revent degenerative changes of the articular c

age.

FUNCTION, ANATOMY, AND
COMPOSITION OF THE MENISCUS

Recognition of the importance of the meniscus
nduced numerous studies describing the function
nee joint menisci.15-19 Menisci are weight-bearin

ncrease joint congruency, stabilize the knee, facil

he rotation of the opposing articular surfaces of the

gery, Vol 20, No 7 (September), 2004: pp 728-743
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729MENISCAL ALLOGRAFT TRANSPLANTATION
oint, and improve articular cartilage nutrition and
ubrication. The load transmission across the medial
ompartment is shared equally between the articular
artilage and medial meniscus, whereas the lateral
eniscus carries 70% of the load transmitted across

he lateral compartment.19 The anatomic configuration
f the meniscus, which forms a semilunar wedge-
haped structure, enhances tibiofemoral stability by
lling the void created by the incongruous femoral
ondyle and tibial plateau. The medial meniscus is
val in shape and covers approximately 30% of the
edial tibial plateau. The anterior horn is secured in

ront of the anterior cruciate ligament (ACL) to the
ibia and to the transverse ligament, which is attached
o the anterior horn of the lateral meniscus. At its
idportion, the medial meniscus is attached to the

ibial plateau by the meniscotibial or coronary liga-
ents and to the femur and tibia by the medial col-

ateral ligament. The posterior horn is attached to the
osterior intercondylar fossa of the tibia between the
nsertion of the posterior cruciate ligament and the
osterior insertion of the lateral meniscus. The cir-
umference of the medial meniscus is firmly attached
o the capsule. The lateral meniscus is the more mo-
ile of the 2 menisci. It is relatively circular in shape
nd covers approximately 50% of the lateral tibial
lateau. The anterior horn is attached to the transverse
igament and to the tibial eminence behind the inser-
ion of the ACL, with which it partially blends. The
osterior horn is attached to the tibia in the intercon-
ylar region anterior to the posterior horn of the me-
ial meniscus and also to the medial femoral condyle
y the ligaments of Humphry and Wrisberg.20 The
oose peripheral attachment to the plateau, also known
s the coronary ligament, is interrupted by the popli-
eus tendon.

The vascularization to the menisci is supplied from
he medial and lateral genicular arteries. A premenis-
al capillary network, arising from branches of these
rteries, originates in the synovial and capsular tissues
f the knee along the periphery of the menisci.21 These
erimeniscal vessels show a circumferential pattern,
ith radial branches directed toward the center of the

oint supplying the peripheral 10% to 25% of the
enisci. Nutrition of the remaining central portions of

he menisci relies on diffusion from the synovial fluid,
s these portions are avascular. Neuroreceptors are
resent in menisci that have mechanoreceptive and
roprioceptive functions.22 The horn insertions and
he outer third of the menisci contain larger concen-
rations of these nerve endings than the central part.

his may reflect the need for afferent information at b
he extremes of flexion and extension, which contrib-
tes to a reflex arc that stimulates protective or pos-
ural muscular reflexes.23

Menisci are fibrocartilaginous structures that con-
ain about 75% water, 20% collagen fibers, and a
mall amount of proteoglycans and cells. Type I col-
agen accounts for more than 90% of the total collagen
resent, but types II, III, V, and VI have also been
hown to be present in small amounts.24,25 These
ollagen fibers are circumferentially oriented, woven
ogether by radially oriented fibers.26 During compres-
ional loading, the femoral condylar surfaces displace
he menisci radially because of their concave wedge
hape and convert axial load into tensile strain. Be-
ause menisci are anchored anteriorly and posteriorly,
his displacement generates circumferential hoop
tresses that resist extrusion of the menisci from be-
ween the femoral condyle and the tibial plateau.

HISTORY

Fairbanks3 was the first to discuss the importance of
he meniscus in the protection of articular cartilage of
he knee joint in his study on radiological changes in
he knee after meniscectomy. Before this publication,
enisci were considered to be vestigial remnants of

eg muscle which could be removed without any
armful effect.27 Because it has been shown that re-
oval of the meniscus leads to degenerative changes

f the knee joint, attempts have been made to preserve
he injured meniscus whenever possible. Although
artial meniscectomy reduces degeneration of articu-
ar cartilage, compared with total meniscectomy, it
esults in stresses on the underlying cartilage that are
igher than in normal knees and, therefore, osteoar-
hritis is not prevented.2,28-30

In 1885, Annandale31 was the first to repair a torn
eniscus. King,32 and later Arnoczky and Warren,21

eported that for tears to heal, menisci have to be in
ontact with the peripheral vascular area of the me-
iscus. In efforts to repair peripheral meniscal tears,
pen and arthroscopic repair, synovial abrasion, fibrin
lots, and trephination have been used successfully in
xperimental studies and clinical trials.8,33-37 To im-
rove healing of tears in the avascular part of menisci,
he use of fibrin clots and porous polymers has been
nvestigated.38,39 However, partial meniscectomy and
eniscal repair are not applicable to all injured me-

isci and, in these cases, replacement of the meniscus
ith an allograft, an autograft, or a prosthesis can be

onsidered. The concept of meniscal replacement can

e traced back to Lexer and Gebhardt who performed,
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730 P. C. RIJK
n 1916 and 1933, respectively, fat tissue interposition
rthroplasty in an attempt to replace a meniscus.40 The
rst meniscal allograft procedures were combined
ith complete knee transplantation during limb-spar-

ng reconstructions almost a century ago.41 Locht et
l.42 transplanted massive proximal osteochondral al-
ografts with meniscal allografts after tibial plateau
ractures and reported encouraging results. In 1984,
he first meniscal allograft transplantation in humans
as reported by Milachowski.40 Replacement of the
eniscus cartilage by artificial materials and meniscal

caffolds has been performed with little success so
ar.43-52

STUDY RESULTS

nimal Studies

Meniscus transplantation has been investigated in
arious animal models. In a sheep model, Mila-
howski et al.53 reported uneventful capsular healing 6
eeks after implantation of both lyophilized gamma-

terilized allografts and deep-frozen allografts. Mikic
t al.54 transplanted 25 fresh meniscal allografts in 15
ogs and found complete healing in 18 knees, incom-
lete healing in 3, and healing by massive fibrovas-
ular scar tissue in 4 knees. In a rabbit study, Cum-
ins et al.12 performed 16 meniscal transplantations

nd observed peripheral healing of all allografts and
nly partial extrusion in 2 animals 3 months after
mplantation. These findings were in agreement with
hose of Tachibana55 who showed good healing of
llografts in rabbit knees 4 weeks after implantation.
he transplanted menisci showed repopulation with
ells from 2 sources; synovial tissue and parameniscal
onnective tissue. Host cell graft repopulation was
onfirmed by Jackson et al.56 who found no donor
NA within meniscal allografts in goats at 4 weeks

fter transplantation whereas the host DNA content
pproached or exceeded the amount present in the
ontralateral control meniscus. Arnoczky et al.10

ransplanted cryopreserved menisci in dogs and found
normal gross appearance of the grafts with a normal

ell population and proteoglycan component 6 months
fter surgery and revascularization with small vessels
riginating from capsular and synovial tissue. In an-
ther study using dogs, Arnoczky et al.57 studied
ellular repopulation of deep-frozen meniscal
utografts after reimplantation. Autoradiography
howed that the freezing process effectively killed all
ells in the meniscus. All implanted autografts dem-

nstrated complete healing to the periphery. However, t
change in the collagen structure of the superficial
nd subsuperficial layers of the meniscus was found
hat could result in an alternation of the material
roperties of the meniscus. Six months after reimplan-
ation, the menisci were repopulated with host cells
rom the synovium. Mikic et al.54 observed a de-
reased number of cells in meniscal transplants com-
ared with controls at 8 and 12 months after trans-
lantation using fresh allografts in dogs. Jackson et
l.13 reported initially good-appearing allografts in
oats but observed an increase in water content and a
ecrease in uronic acid in the extracellular matrix 6
onths after transplantation, suggesting degeneration.

n a sheep study, Szomor et al.58 transplanted 8 medial
eniscal allografts and showed uneventful healing to

he surrounding capsule at 4 months follow-up. Nev-
rtheless, there was clear fibrinoid degeneration, areas
f hypocellularity, and cloning of meniscal cells in all
f the allografts. Bylski-Austrow et al.59 showed in-
omplete peripheral healing of deep-frozen meniscal
llografts in goat knees 6 months after transplantation.
urthermore, they found that, despite the presence of
ells in the center of meniscal allografts 8 months after
ransplantation, restoration of meniscal load-bearing
unction was only partial. In contrast, it has been
hown in dogs that mechanical properties of trans-
lanted cryopreserved menisci, such as tensile
trength and elastic modulus, were similar to those of
ormal control menisci 6 months after transplanta-
ion.60 In addition, Canham and Stanish61 found a
eduction in the area of the tibial surface covered by
eniscal tissue after implantation in dog knees caused

y shrinkage of the allografts, resulting in a doubling
f the exposed articular cartilage. Rijk and Van Noor-
en62 evaluated fresh meniscal allografts in rabbits 6
eeks and 1 year after immediate transplantation and
year after delayed transplantation performed 6

eeks after meniscectomy. Eighteen of 20 menisci
howed capsular ingrowth. Two allografts in the de-
ayed transplant group were completely degenerated.
o clear differences in histologic architecture were
bserved between primary and secondarily trans-
lanted specimen. However, the results showed that
elayed meniscal allograft transplantation leads to
ore graft shrinkage than immediate allograft trans-

lantation. In conclusion, it can be stated that healing
f meniscal allografts has been reported in several
xperimental studies, but concerns about graft shrink-
ge, hypocellularity, biochemical changes, and long-

erm functional survival remain.
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731MENISCAL ALLOGRAFT TRANSPLANTATION
linical Studies

Meniscal allograft transplantation in humans has
een performed despite the conflicting results of
llografting in several experimental studies. Most
eries of patients have been small and there is a lack
f uniformity between patient selection, surgical
echnique, and follow-up. The wide variability
mong clinical studies in the literature so far is
ummarized in Table 1. In addition, different mea-
ures of outcome have been used without discrim-
nation between lateral and medial transplantations.
arrett63 has demonstrated that clinical evaluation
sing symptoms and physical examination only as
utcome does not allow reliable assessment of the
tatus of the meniscus. For objective evaluation of
eniscal allografts after transplantation, the use of

econd-look arthroscopy and magnetic resonance
maging (MRI) has been described. Table 2 reviews
he results of the published clinical follow-up stud-
es. At second-look arthroscopy 6 months after sur-
ery, Keene et al.64 reported a single case of suc-
essful lateral meniscal transplantation with a fresh
llograft using arthroscopic technique. Milachowski
t al.40 transplanted 22 menisci (16 lyophilized, 6
resh-frozen) into the medial compartment in com-
ination with reconstruction of the ACL and rated 3
s failures (1 fresh frozen graft and 2 lyophilized
raft) at a mean follow-up of 14 months. Probably
he results in this study were positively affected by
he additional effect of the regained stability. Re-
ently, Wirth et al.65 re-evaluated the results of
hese first meniscal transplantations and reported a
eterioration of clinical results after implantation of
oth deep-frozen and lyophilized meniscal allo-
rafts during a follow-up of 14 years. Although
atients with deep-frozen meniscal transplants gen-
rally showed better results than patients with ly-
philized meniscal allografts, significant differ-
nces between transplanted patients and a
eniscectomy control group were not found. Zukor

t al.66 performed simultaneous transplantation of
resh meniscal and osteochondral allografts in 28
nees of 26 patients with an average follow-up of
.5 years and reported a 75% success rate. Garrett63

erformed 6 isolated meniscal transplantations and
7 transplantations in combination with either an
CL reconstruction or an osteotomy. A well-healed
eniscal rim and no significant graft shrinkage was

eported in 20 of the 28 patients who were evaluated
rthroscopically at a 2-year minimum follow-up.

ifteen other patients who did not undergo arthro- o
copic re-evaluation remained asymptomatic. Car-
er67 evaluated 38 of 46 meniscal transplants in 38
atients arthroscopically 24 to 73 months after im-
lantation and found 4 patients with shrinkage of
he meniscus and 4 failures. Thirty-two patients had
elief of pain and improvement in activities. Ryu et
l.68 evaluated 16 lateral and 10 medial meniscal
llografts in 25 patients retrospectively at 12 to 72
onths follow-up. Twelve patients underwent con-

omitant ACL reconstruction. Clinical evaluation
howed significantly reduced pain and improved
unction compared with the preoperative findings.
t second-look arthroscopy in 10 patients, 5 me-
isci appeared to be normal, 3 showed some degree
f shrinkage, and 2 showed a meniscal tear. Veltri
t al.69 performed 6 lateral, 6 medial, and 2 bilateral
eniscal transplantations in 14 patients. Ten pa-

ients had associated ACL reconstructions, one had
n associated posterior cruciate ligament recon-
truction, and one had an ACL and posterior cruci-
te ligament reconstruction. Two patients com-
lained of persistent joint line pain over the affected
ompartment at an average follow-up of 8 months.
f the 11 patients with more than 6 months of

ollow-up, 7 underwent second-look arthroscopy
howing complete peripheral healing in 5 of 7 al-
ografts. The patients who were not evaluated ar-
hroscopically were clinically asymptomatic. Goble
t al.70 performed 47 cryopreserved meniscal allo-
raft transplantations in 45 patients. Seventeen of
8 patients at 2 year follow-up reported a significant
ecrease in knee pain and improvement in function
n a subjective evaluation. Ten of 13 patients who
nderwent second-look arthroscopy showed a well-
ealed and functional meniscus. Biopsies per-
ormed on 8 grafts revealed an average of 80%
iable meniscal tissue. Noyes et al.71 evaluated
6 fresh-frozen irradiated grafts in 82 patients.
wenty-nine menisci failed within 24 months after

mplantation and were removed. Arthroscopy
nd/or MRI data from all 96 allografts showed that
2% of the grafts healed, 34% healed partially, and
4% failed. Verdonk70 evaluated 54 fresh meniscal
llograft transplantations in 51 patients (26 medial,
2 lateral, 3 both medial and lateral) with a mean
ollow-up of 4.5 years. Meniscal transplantation
nly was performed in 35 patients, combined with a
algus osteotomy of the tibia in 14 cases, and with
n intra-articular ACL reconstruction in 1 patient.
nother patient underwent lateral meniscal trans-
lantation combined with a femoral varus osteot-

my. There was a significant difference between
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TABLE 1. Materials and Methods of Published Clinical Studies Evaluating Meniscal Transplantation

Study

No. of
Patients
(No. of
Grafts)

Mean Follow-up
(range)

Preservation/Fixation of
Horns

Concomitant Procedures/
Surgical Technique

Compartment
(med/lat/combined)

ilachowski et al.40 22 (22) 14 mo (4-24) 16 lyophilized
6 fresh-frozen gamma

irradiated/sutures

22 ACL reconstruction/open 22/0/0

ukor et al.66 26 (28) 4.5 yr (1-unknown) Fresh/26 left attached to
donor tibial plateau, 2
unknown fixation

26 osteochondral allograft
TP

2 osteochondral allograft
FC/open

6/22/0

arret and Stevenson88 6 (6) 30 mo (24-44) Fresh/sutures 3 ACL reconstruction
2 osteochondral allograft FC
1 ACL reconstruction �

osteochondral allograft
FC/open

4/2/0

arret63 43 (44) Mean unknown
(2-7 yr)

16 fresh
27 cryopreserved/bone

bridge

24 ACL reconstruction
13 osteotomy
11 osteochondral allograft/

open

34/8/1

eltri et al.69 14 (16) 8 mo (range
unknown)

Cryopreserved and deep
frozen/bone blocks

10 ACL reconstruction
1 PCL reconstruction
1 ACL � PCL

reconstruction/open and
arthroscopically assisted

6/6/2

an Arkel and
De Boer14

23 (25) 3 yr (2-5) Cryopreserved/sutures Open 7/14/2

ameron and Saha11 63 (67) 31 mo (12-66) Deep-frozen, gamma
irradiated/sutures

5 ACL reconstruction
28 tibial osteotomy
6 femoral osteotomy
7 ACL reconstruction �

tibial osteotomy/open

37/30/0

erdonk70 51 (54) 4.6 yr (1.5-8.4) Fresh/sutures 1 ACL reconstruction
14 tibial osteotomy
1 femoral osteotomy/open

26/22/3

arter67 46 (46) 35 mo (24-73) Cryopreserved/medial bone
blocks lateral bone bridge

30 ACL reconstruction
4 tibial osteotomy
1 MCL repair/

arthroscopically assisted

39/7/0

tollsteimer et al.72 22 (23) 40 mo (13-69) Cryopreserved/bone blocks Arthroscopically assisted 11/12/0
an Arkel and
De Boer139

57 (63) 60 mo (4-126) Cryopreserved/sutures 2 ACL reconstruction/open 17/34/6

ath et al.73 18 (22) 54 mo (24-97) Cryopreserved/medial bone
blocks lateral bone bridge

11 ACL reconstruction
1 transfer tibial tubercle
3 partial meniscectomy

opposite meniscus
1 contralateral meniscal

repair/arthroscopically
assisted

13/5/2

irth et al.65 22 (22) 14 yr (12-15) 16 lyophilized
6 deep-frozen/sutures

22 ACL reconstruction
19 femoral advancement

MCL/open

22/0/0

yu et al.68 25 (26) 33 mo (12-72) Cryopreserved/medial bone
blocks lateral bone bridge

12 ACL reconstruction/open 10/16/0

Abbreviations: ACL, anterior cruciate ligament; PCL, posterior cruciate ligament; MCL, medial collateral ligament; TP, tibial plateau; FC,
emoral condyle.
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733MENISCAL ALLOGRAFT TRANSPLANTATION
reoperative and postoperative pain evaluation;
3% of the patients who were unable to work pre-
peratively because of pain went back to their orig-
nal work. However, the clinical results deteriorated
ver the years, especially between the fifth and sixth
ear postoperatively. MRI evaluation was per-
ormed 103 times in 34 patients with 39 allografts
fter 2 to 73 months postoperatively. Although the
nterior horn of the transplanted menisci seemed to
e absent in 65% of the cases, 80% of the patients
howed a normal shape and position of the posterior
orn. Stollsteimer et al.72 performed 12 lateral and
1 medial transplantations in 22 patients with cryo-
reserved allografts and reported improvement of
reoperative pain in all knees at 1 to 5 year follow-
p. In 12 patients, MRI was performed and showed
n average a 37% shrinkage of the allografts com-
ared with the normal contralateral meniscus. Van
rkel and De Boer14 transplanted 25 cryopreserved
enisci in 23 patients (14 lateral, 7 medial, 2 both
edial and lateral) and reported 3 failures at a mean

ollow-up of 3 year because of partial loosening of
he graft. Cameron and Saha11 transplanted 67 deep-
rozen gamma-irradiated meniscal allografts (37
edial, 30 lateral) in the knees of 63 patients with

dvanced unicompartmental arthritis. Twenty-one
nees received isolated allografts, 5 knees received
n allograft combined with an ACL reconstruction,
4 received an allograft in combination with an
steotomy, and 7 knees underwent a combined me-
ial meniscal allograft transplantation, valgus high
ibial osteotomy, and ACL reconstruction. Eighty-
even percent of the patients had a good to excellent
esult on the basis of a 100-point functional knee
core at a 1- to 5.5-year follow-up. Seventeen of 20
atients (85%) with transplants more than 3 years
fter surgery showed good to excellent results. Rath
t al.73 showed alleviation of symptoms after trans-
lantation of 15 medial and 7 lateral menisci in 18
atients at a mean follow-up of 54 months. How-
ver, at second-look arthroscopy in 10 patients, 8
ymptomatic meniscal tears were found, necessitat-
ng 6 partial and 2 total meniscectomies. Cole et
l.74 reported on 20 meniscal transplantations at
ver 2 year follow-up showing 12 nearly normal
nees and 4 normal knees according to the Interna-
ional Knee Documentation Committee (IKDC) rat-
ng system.75 Four allografts failed, all in patients
ith grade 4 arthrosis. In a histologic evaluation of

mall biopsy specimens of 28 meniscal allografts,
odeo et al.76 found repopulation of allografts with

ells that appeared to be derived from the synovial t
embrane. The process of cellular repopulation and
raft revascularization actively remodeled the ex-
racellular matrix. It is suggested that this remodel-
ng may weaken the meniscal tissue and make the
llograft more susceptible to injury. It can be con-
luded that most early studies showed meniscal
ealing to the periphery and improvements in pain
nd knee function after transplantation. However,
he long-term outcome of meniscal allografts on pain
elief and in reducing or slowing degenerative changes in
rticular cartilage remains to be established.

PRESERVATION OF ALLOGRAFTS

Fresh- and deep-frozen, lyophilized (freeze-dried),
nd cryopreserved meniscal allografts can heal and
unction.12,13,53,54,56 Fresh allografts may well be the
deal type of transplant because fresh tissue contains
arge numbers of viable cells. Several studies have
uggested that a viable chondrocyte population may
ave a beneficial effect in maintaining the extracellu-
ar matrix and the mechanical integrity of the allograft
fter transplantation.77,78 Verdonk79 transplanted 40
resh grafts in 36 patients and found intact grafts using

RI in all patients and arthroscopic inspection in 12
atients. The rationale for maintaining cell viability in
eniscal tissue is based on findings in articular carti-

age that showed a change in the material properties of
onviable articular cartilage following transplanta-
ion.80,81 Fresh allografts can be kept at 4°C in sterile
issue culture medium for 7 days without loss of
iability.82 However, in clinical practice, the availabil-
ty of a fresh transplant is limited and the impossibility
f matching the meniscal size of donor and receiver
ay limit further the applicability of this type of graft.
urthermore, the risk of disease transmission is
reater in unprocessed grafts, as serologic testing may
ot be complete before graft transplantation, and sec-
ndary methods of graft sterilization cannot be used,
s they would destroy the viable donor cells. On the
ther hand, Jackson et al.56 performed DNA typing
fter transplantation in goats, and showed that donor
NA in the transplanted meniscus was entirely re-
laced by host DNA at 4 weeks follow-up. These
ndings are in agreement with those of DeBeer et al.83

ho found that, in a human cryopreserved meniscal
llograft 1 year after transplantation, 95% of donor
ells were replaced by host cells. Because of these
ndings, it is questionable whether viability at the

ime of transplantation is really necessary.
Lyophilization and deep freezing have been shown
o destroy viable cells of connective tissue and to
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TABLE 2. Results of Published Studies of Meniscal Allograft Transplantation in Humans

Study
Patients
(Grafts) Clinical Healing

Protection Articular
Cartilage Comments

ilachowski et al.40 22 (22) 6 deep frozen:
90% good/excellent

16 lyophilized:
�40% good/excellent

Arthroscopy in 15 patients
shrinkage in 1 of 5 deep-

frozen and 9 of 10
lyophilized grafts

3 failures

— Frozen grafts better
than lyophilized

ukor et al.66 26 (28) 75% successful
(knee rating score)

Arthroscopy in 8 patients
all 10 grafts healed
6 with minor tears or

degenerative changes

Tibial cartilage underlying
the meniscus had a
more normal
appearance than
uncovered cartilage
(arthroscopically)

—

arret and
Stevenson88

6 (6) 3 no pain
3 minimal pain
no locking

(questionnaire)

Arthroscopy in 4 patients
complete healing of all

grafts
no shrinkage

No progression of
degenerative changes
(radiographically)

—

arret63 43 (43) Arthroscopy in 28 patients
20 complete healing, no

shrinkage
8 failures

— Failures related to
grade III-IV
chondromalacia

eltri et al.69 14 (16) 2 persistent pain
no locking

Arthroscopy in 7 patients
5 complete healing, 2

partial
no shrinkage
1 degenerative changes

— —

an Arkel and
De Boer14

23 (25) 20 successful (KASS)
10 good
13 fair/poor

(mod Lysholm score)

Arthroscopy in 12 patients
7 complete healing
5 partial healing
7 degenerative changes
3 failures

Articular surfaces not
changed
(arthoscopically)

18 unchanged
5 less degenerative

changes
(radiographically)

Better clinical
outcome in
stable knee joints
with normal
alignment

ameron and Saha11 63 (67) 58 good/excellent
9 fair/poor

(mod Lysholm score)

Arthroscopy in 13 patients
10 complete healing, no

shrinkage
3 failures

— —

erdonk70 51 (54) �3 year: pain relief
and improved
function

�3 year: deterioration
of results
(HSS-score)

MRI in 34 patients (39
grafts)

80% normal shape �
position

75% normal signal
posterior horn

65% absent anterior horn

— Poor relation MRI–
clinical outcome

arter67 46 (46) 45 improvement in pain
most patients had an

increase in activity
level (IKDC form)

Arthroscopy in 38 patients
4 shrinkage
4 failures

2 progression of arthritis
(arthroscopically and
radiographically)

—

tollsteimer et al.72 22 (23) All patients pain relief
(questionnaire)

overall, improved
function (Lysholm
score)

MRI in 12 patients
mean size graft 62% of

control
5 abnormal signal
1 peripheral extrusion

12 unchanged
10 joint space narrowing
mean 1.7 mm (1-3 mm)

(radiographically)

—

an Arkel and
De Boer139

57 (63) Cumulative survival
rate 76%, 50%, and
67% for lateral,
medial, and
combined,
respectively

— — Survival medial
may improve
when combined
with ACL
reconstruction
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735MENISCAL ALLOGRAFT TRANSPLANTATION
enature histocompatibility antigens, making frozen
llografts less likely to provoke an immune re-
ponse.84 However, it was noted that although deep-
rozen and lyophilized meniscal allografts were simi-
ar in tensile strength several months after
ransplantation in sheep knees, they did not reach
alues of normal control menisci, even at 48 weeks
fter transplantation.53 In a clinical study, Mila-
howski et al.40 performed second-look arthroscopy in
5 of 22 patients after transplantation and reported
hrinkage in 1 of 5 deep-frozen meniscal allografts
nd in 9 of 10 lyophilized and gamma-sterilized allo-
rafts. One of these latter allografts was completely
estroyed. All lyophilized allografts were remodeled
nd completely revascularized at 48 weeks, whereas
he deep-frozen grafts showed little revascularization
r remodeling. This remodeling process of lyophilized
eniscal allografts has been shown in animal studies

s well, in which significant reduction in size of the
rafts has been observed.85,86 Furthermore, the use of
amma irradiation may be at least partially responsi-
le for the comparatively poor results after transplan-
ation of lyophilized allografts. Yahia and Zukor87

eported a significant reduction in compliance to long-
erm creep in frozen irradiated meniscal transplants in
abbits as compared with nonirradiated fresh or frozen
ransplants. In addition, synovitis and effusion were
bserved more frequently after lyophilized allograft
ransplantation than after deep-frozen or fresh allo-
raft transplantation.40,88 Finally, alterations like tis-
ue hydration, swelling, and size changes that occur

TABLE 2

Study
Patients
(Grafts) Clinical

ath et al.73 18 (22) Pain relief and
improved function
(short form-36)

irth et al.65 22 (22) Deterioration during
follow-up (Lysholm
and Tegner score)

yu et al.68 25 (26) Reduced pain (VAS)
improved function

(Lysholm score)
17 activity (nearly)

normal (IKDC score)

Abbreviations: KASS, Knee Assessment Scoring System140;
ospital for Special Surgery knee rating system141; VAS, visual ana

igament.
uring reconstitution of lyophilized transplants may i
ake sizing difficult.78 These findings suggest that
yophilization may not be an appropriate processing
ethod for meniscal allografts.
Cryopreservation, which is usually accomplished
ith dimethyl sulfoxide or glycerol, at least partially
reserves cell membrane integrity and donor chondro-
yte viability.89 However, the percentage of viable
ells decreases with storage time.90 Furthermore, sec-
ndary sterilization techniques that affect cell viability
annot be applied, and this may increase the risk of
isease transmission from a donor with false-negative
erologic test results. In a goat study, Fabbriciani et
l.91 compared cryopreserved and deep-frozen menis-
al allografts and found no differences in appearance
nd healing between both groups. Arnoczky et al.90

emonstrated that the material properties of trans-
lanted cryopreserved allografts in dogs were similar
o those of normal menisci after 6 months. Whether
he expense and difficulty of cryopreservation tech-
iques in meniscal transplantation is warranted is not
lear at present because deep-frozen meniscal allo-
rafts have been transplanted with apparently similar
esults.

A number of studies used glutaraldehyde to pre-
erve meniscal allografts, which is toxic to donor cells
ut preserves the collagen matrix. Canham and Stan-
sh61 evaluated glutaraldehyde-treated meniscal allo-
rafts in 5 dog knees and showed less satisfactory
ostoperative healing and recurrent joint effusions
ompared with meniscal autografts and allografts pre-
erved for 2 to 3 weeks in tissue culture. These find-

92

ntinued

ealing
Protection Articular

Cartilage Comments

copy in 10
nts
plete healing

1/11 joint space narrowing
�1mm (radiographically)

8 symptomatic
recurrent
tears

9 patients
philized
rmal signal
p frozen
al signal

11/11 increased
degenerative changes
(radiographically)

Frozen grafts
better than
lyophilized

copy in 10
nts
al
kage
rent tears

3/8 joint space narrowing
�1 mm (radiographically)

Chondromalacia
grade IV
related to
poor outcome

International Knee Documentation Committee rating75; HSS,
cale142; MRI, magnetic resonance imaging; ACL, anterior cruciate
. Co

H

Arthros
patie

all com
MRI in
6/6 lyo

abno
3/3 dee

norm
Arthros

patie
5 norm
3 shrin
2 recur

IKDC,
logue s
ngs are consistent with those of Powers et al., who



a
c
h
t
p
t
a

v
u
a
a
u
g

c
m
c
n
r
i
a
o
p
i
r
p
e
d
s
t
a
o
c
o
i
s
l
s
g
a
c
m
p
a
a

b

T
e
p
t
w
s
s
i
g
n

t
a
q
t
o
f
m
i
o
g
o
s
n
p
a
y
d
m
k
w
1
n
m
o
a
(
n
w
c
m
e
w
t
c
g
s
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lso found shrinkage and articular degenerative
hanges 12 weeks after transplantation of glutaralde-
yde-preserved allografts in dogs. In addition, the
oxic products left in the graft have been reported to
roduce a chronic synovitis.93 For these reasons, glu-
araldehyde preservation of meniscal tissue has been
bandoned.

In summary, it can be stated that the role of cell
iability in the ultimate fate of meniscal transplants is
nclear at present and that there is no evidence that the
dditional costs associated with fresh or cryopreserved
llografts will be justified by improved results. The
se of lyophilized and glutaraldehyde-preserved grafts
enerally is not recommended.

IMMUNOLOGIC REACTIONS TO
MENISCAL ALLOGRAFTS

Menisci are considered to be immunoprivileged be-
ause the resident cells are embedded in a dense
atrix not accessible to immunoreactive cells.94 Most

linical and experimental studies have found that me-
iscal allograft transplantation does not exhibit mac-
oscopic or microscopic signs of a systemic or local-
zed immune response.66,77,95 However, Hamlet et
l.96 have presented a case of presumed acute rejection
f a cryopreserved allograft. In addition, Wada97 re-
orted that fresh meniscal allografts in rats without
mmunosuppression produce histologic evidence of
ejection, whereas allografts survived in immunosup-
ressed rats up to 21 weeks after transplantation. In an
xperimental study in rabbits, Rijk and Van Noor-
en62 observed a mild proliferation of synovial tissue
urrounding the meniscal allografts after transplanta-
ion which is in agreement with the findings of Ochi et
l.98 Evidence of rejection of the allografts was not
bserved. Nevertheless, Khoury et al.99 demonstrated
lass I and II histocompatibility antigens on the cells
f a meniscal allograft, indicating the possibility of an
mmune response. In addition, Van Arkel et al.100

howed sensitization to class I and class II human
eukocyte antigens in 11 of 18 recipients of cryopre-
erved non–tissue-antigen-matched meniscal allo-
rafts without clinical evidence of rejection. Rodeo et
l.76 found a small number of immunologically active
ells (B lymphocytes and/or T-cytotoxic cells) in the
ajority of transplanted allografts in humans. The

resence of these cells suggests a subtle immune re-
ction that may modulate graft healing, incorporation,
nd graft revascularization.

It has been shown that allogenic bone grafts tend to
101,102
e more antigenic than meniscal cartilage. p
herefore, meniscal allografts may be at higher risk of
liciting an immunologic response if they are trans-
lanted with bone plugs. However, Zukor et al.66

ransplanted fresh meniscal allografts in conjunction
ith osteochondral allografts in humans without any

ignificant immunologic response to these fresh tis-
ues at a mean follow-up of 4.5 years. The clinical
mportance of immune responses to meniscal allo-
rafts is not exactly known yet but, in general, there is
o evidence for graft failure or rejection.

DISEASE TRANSMISSION IN MENISCAL
TRANSPLANTATION

The use of meniscal allografts creates a risk of
ransmission of diseases. Meniscal transplantation is
n attempt to preserve knee function and improve
uality of life rather than a life-saving measure and,
herefore, the risk of allograft-related infections can
nly be justified when it is exceedingly small. Deep
reezing and lyophilization cannot destroy human im-
unodeficiency virus (HIV) in blood products, mak-

ng disease transmission more likely. The current risk
f HIV transmission by frozen connective-tissue allo-
rafts is estimated to be one in 8 million.103 HIV and
ther transmissible life-threatening viral diseases,
uch as hepatitis B, made secondary sterilization tech-
iques a major concern in meniscal allograft trans-
lantation.89 Three sterilization techniques have been
pplied so far: gamma irradiation, treatment with eth-
lene oxide, and other chemical means. Gamma irra-
iation is the most common secondary sterilization
ethod. It has been shown that a dose of 2.4 mrad

ills nearly all pathogens with the exception of HIV,
hich requires more than 3.6 mrad to inactivate all but
in a million HIV-infected bone cells.104 Unfortu-

ately, 2.5 mrad produce significant changes in the
echanical properties of meniscal tissue.87 Ethylene

xide treatment has been abandoned for use in intra-
rticular grafts because at least 1 of the byproducts
ethylene chlorohydrin) has been found to induce sy-
ovitis.105 Chemical sterilization can be performed
ith appropriate bactericidal/virucidal solutions. Con-

erns that this type of sterilization kills the cells of the
eniscus may not have practical application. Jackson

t al.56 observed that cellular DNA in fresh allografts
as entirely replaced by host DNA 4 weeks after

ransplantation in goats, suggesting that fresh allograft
ells probably do not survive in nonsterilized allo-
rafts either. When these findings are indeed true,
terilized and nonsterilized meniscal allografts may

roduce similar results.
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737MENISCAL ALLOGRAFT TRANSPLANTATION
SIZING OF ALLOGRAFTS

Selection of an appropriately sized meniscal allo-
raft is likely to be critical for successful incorpora-
ion and function after transplantation.82,106 In several
xperimental studies, approximate size matching of
he allografts was performed by weight matching of
he donor and recipient animals.13,107 In the first me-
iscal transplantation studies in humans, allografts
ere shaped with a scalpel and then placed on the tibia
lateau.40 Reduction of a too-large allograft does not
resent a problem technically. However, it was con-
luded by Kohn108 that reduction of the meniscus size
estroys the collagenous network and that it not only
lters the shape of the meniscus but its mechanical
roperties as well. Although estimates have been
ade that graft size should be within 5% of the native
eniscus, the knee’s tolerance for measure mismatch

as not been determined yet.87,109 Imaging methods
hat may be used to size the transplant include plain
adiographs, MRI, and computed tomography (CT).110

arrett and Stephenson88 developed a technique to
atch the meniscal size with an accuracy of more than

5% using standard anteroposterior radiographs. More
ecently, it has been suggested to size the allografts
reoperatively on the basis of bone measurements.
wo studies have demonstrated reproducible relation-
hips between menisci and established radiographic
one landmarks.111,112 However, these reports also
howed significant variability in the relationship be-
ween meniscal length and width and tibial plateau
imensions. Several studies reported that MRI is
lightly more accurate than radiography in preopera-
ive sizing of menisci for allograft transplanta-
ion.110,113 On the other hand, MRI and CT have been
hown to consistently underestimate the size of me-
isci.82,114 Although Veltri et al.69 recommended the
se of MRI or CT of the contralateral meniscus for
reoperative sizing, other studies have found consid-
rable anatomic variability between right and left
nees in a person, indicating that opposite menisci are
ot necessarily mirror images of each other.109,115

INDICATIONS FOR TRANSPLANTATION

The indications for meniscal allograft transplanta-
ion still have to be defined. It is generally believed
hat skeletally mature patients should have pain asso-
iated with early arthrosis of the involved compart-
ent of the knee after meniscectomy. Garrett63 found

hat meniscal transplantation is more successful in

atients with mild unicompartmental degenerative t
hanges of the knee (Outerbridge grade 1 or 2). Ad-
anced compartment degeneration, Outerbridge grade
or 4, or incongruent joint surfaces lead to a less

uccessful and predictable outcome. These findings
ere confirmed by Noyes et al.,71 who observed a

ignificant relationship between failure and the degree
f arthrosis. Of the knees with less than grade 4
egeneration of the articular cartilage, 70% healed
ompletely and 30% healed partially, whereas knees
ith grade 4 arthrosis showed a 50% failure rate. In an
RI study, Rodeo106 observed that knees with ad-

anced arthrosis had a greater propensity for graft
xtrusion and are probably associated with an in-
reased failure risk. Veltri et al.69 reserved meniscal
ransplantation for patients younger than 45 years with
ymptomatic early osteoarthrosis of the involved com-
artment and a ligamentously stable knee or a knee
hat can be stabilized by concomitant ligamentous
econstruction. In addition, Cole et al.74 stated that
nly minor degrees of degenerative changes in the
nee are considered acceptable in a candidate for
eniscal transplantation and that range of motion

hould be normal.
Another important factor is the mechanical axis of

he knee joint. When meniscal transplantation is per-
ormed in a knee joint with an abnormal axis, this
alalignment is likely to cause abnormal pressure on

he meniscal allograft resulting in impaired revascu-
arization that will lead to degeneration and loosening
f the graft. However, Cameron and Saha11 implanted
eniscal allografts in malaligned human knees and

erformed a realignment at the time of surgery with an
steotomy. Of the 41 knees that underwent realign-
ent in addition to receiving a meniscal allograft, 35

85%) had achieved good to excellent clinical results
t a mean follow-up of 31 months. It remains to be
stablished which part of the procedure, the meniscal
llograft or the realignment, is more important in pain
elief. In addition, it is unclear whether patients who
re candidates for an osteotomy to correct malalign-
ent benefit from meniscal transplantation.
Johnson and Bealle116 stated that young athletic

ndividuals who have undergone complete meniscec-
omy might be candidates for meniscal transplantation
efore the onset of symptoms in an attempt to prevent
arly degenerative changes. It is possible that such
rophylactic meniscal transplantation may be benefi-
ial, especially in the lateral compartment where there
s a more rapid progression to degeneration after
eniscectomy compared with the medial compart-
ent because of the greater role in stress protection of

1,117
he lateral meniscus. Meniscal allograft transplan-
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738 P. C. RIJK
ation may also be considered for patients with con-
omitant ACL instability. To improve stability in
CL-deficient and medial meniscus–deficient knees,
eniscal transplantation may be combined with ACL

econstruction.118 Garrett82 reported significantly im-
roved KT-1000 arthrometer results for ACL recon-
tructions when performed in combination with me-
ial meniscal allograft transplantation compared with
group of patients who underwent ACL reconstruc-

ion only with persistent medial meniscal deficiency.
n the other hand, it has been shown that isolated
CL reconstruction in osteoarthritic knees can pro-
ide pain relief.119 At present, it is unclear whether
oncomitant meniscal transplantation in ACL recon-
truction gives pain relief and prevents or delays de-
enerative changes of the joint because there are no
tudies that have compared isolated ACL reconstruc-
ion with ACL reconstruction combined with meniscal
ransplantation in patients with similar degrees of ar-
hrosis and meniscal deficiency. In contrast, the lateral
eniscus has not been found to act as a secondary

estraint to anterior tibial translation in the ACL-
eficient knee in cadaveric studies, and clinical fol-
ow-up has found no differences in KT-1000 arthrom-
ter results after ACL reconstruction in lateral
eniscus–deficient knees compared with ACL recon-

truction in knees with intact menisci.16,120 It can be
oncluded that there is still limited information avail-
ble on the indications for meniscal allograft trans-
lantation. At present, meniscal transplantation is in-
icated in young patients with a prior meniscectomy,
ersistent pain in the involved compartment, intact
rticular cartilage, normal alignment, and a stable
oint.

SURGICAL TECHNIQUE

Meniscal allograft transplantation may be per-
ormed using either open or arthroscopically assisted
echniques, or a combination of these, with a miniar-
hrotomy to insert the graft and arthroscopic prepara-
ion and fixation. Advantages of arthroscopic proce-
ures include decreased morbidity in comparison with
pen techniques, no disruption of collateral ligaments,
nd early rehabilitation. On the other hand, arthro-
copically assisted techniques to implant meniscal al-
ografts are much more technically demanding and
ime consuming. Therefore, it should be performed
nly after considerable practice. Milachowski et al.40

ransplanted medial meniscal allografts in combina-
ion with ACL reconstruction using a medial hockey-

tick incision. In cases of grade II anteromedial insta- p
ility, the medial collateral ligament was split
ongitudinally, whereas in cases of grade III antero-
edial instability, the bony tibial insertion was de-

ached with a chisel. Remarkably, evaluating the same
roup of patients in a long term follow-up study,
irth et al.65 described an advancement of the femoral

nsertion of the medial collateral ligament in case of
nteromedial instability. Garrett and Stevenson88 per-
ormed a parapatellar arthrotomy with ipsilateral col-
ateral ligament transection from the femoral origin
nd subsequent repair of the collateral ligament at the
nd of the procedure. In addition, a tibial tubercle
steotomy was used in cases of lateral meniscal trans-
lantation. Verdonk79 performed a medial anterior
rthrotomy in combination with a posteromedial inci-
ion for medial meniscal transplantation and a lateral
arapatellar arthrotomy for the lateral meniscus,
hich may be combined with an incision in the pos-

erolateral corner. Keene et al.64 reported a single case
f lateral meniscus transplantation performed arthro-
copically. Arthroscopically assisted meniscal trans-
lantations in experimental studies have not been re-
orted yet. In animals, a medial or lateral arthrotomy
s usually performed with detaching the ipsilateral
ollateral ligament from the femoral insertion with a
one block.10,13,58,121 However, other studies showed
ufficient exposure of the medial compartment after 2
edial capsulotomies: 1 anterior and 1 posterior to the

ollateral ligament or even after a single parapatellar
rthrotomy.12,62,122 It can be concluded that several
urgical techniques are described in the literature.
lthough many now believe that arthroscopically as-

isted procedures are much more desirable, no con-
rolled studies have been reported so far comparing
he results of open and arthroscopic tech-
iques.63,64,67,72

GRAFT FIXATION

Two types of fixation are distinguished in meniscal
llograft transplantation: bony fixation of the meniscal
orns to the tibia and capsular fixation of the periph-
ral margin of the allograft. Fixation of the meniscal
orns has been performed with the use of soft-tissue
ttachments, suture anchors, bone plugs, and a bony
ridge connecting the anterior and posterior horns of
he graft.13,58,65,72,79,88 There is conflicting evidence
hether bone plugs are required to provide adequate
xation of meniscal transplants to the tibia. Cadaveric
tudies in humans have shown that secure, anatomic
xation of bone plugs attached to the anterior and

osterior horns is required to restore optimally normal
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739MENISCAL ALLOGRAFT TRANSPLANTATION
ontact mechanics for both medial and lateral trans-
lants.123-126 However, fixation with bone plugs re-
uires an exact size match of donor and recipient,
hich may be difficult to acquire in clinical practice.

n addition, the optimal position for bone plugs is
ncertain and rigid nonanatomic placement adversely
ffects the contact pressure distribution patterns in
uman cadaveric knees.127 These findings are in
greement with those of Lazovic et al.,128 who found
n increase in degenerative changes after nonisometric
lacement of meniscal autografts in sheep knees at 24
eeks’ follow-up compared with knees that under-
ent isometric placement. In addition, Szomor et al.58

ypothesized that the damage to articular cartilage
bserved after meniscal allograft transplantation in
heep was secondary to nonisometric positioning and
ensioning and to rigidity of fixation of the grafts with
uture anchors. In a clinical evaluation, Rodeo et al.76

oted that the average histologic score was signifi-
antly better for meniscal transplants without attached
one plugs than it was for transplants with bone plugs.
owever, meniscal allografts transplanted with bone
lugs gave better clinical results than allografts with-
ut bone plugs. Furthermore, many animal studies
emonstrated that allogenic bone plugs are more im-
unogenic than allografts that contain collagen

nly.101,102 Grafts may also be inserted by using the
keyhole” technique, in which the grafts contain a
ommon bone bridge attached to both anterior and
osterior horns. This bone bridge is then inserted into
similarly shaped slot in the recipient tibia. It has

een recommended that this technique should be used
ith implantation of a lateral meniscus because the
istance between the horns is only 1 cm or less.74 Use
f bone plugs with a lateral meniscus presents a risk of
ibia tunnel communication with compromised fixa-
ion. When both medial and lateral menisci are trans-
lanted in combination with ACL reconstruction, Ro-
eo106 recommended implantation of the grafts with
ne common bone bridge containing the attachments
f both menisci.
Several experimental studies showed good healing
ithout extrusion of the transplanted allografts when

he anterior and posterior horns are sutured to the
igamentous tibial bone attachments without bone
lug fixation.62,107 There are also clinical studies in
hich satisfactory results have been obtained with this

echnique.11,65,79 However, Gao et al.129 reported that
he tensile strength of a healed anterior meniscal at-
achment after detachment and repair to bone in a
abbit model was only 20% of the strength of the

ormal meniscal horn attachment. Alternatively, the t
eniscus may be attached by transosseous sutures tied
ver a bony bridge over the anterior aspect of the
roximal tibia. However, early degenerative changes
f the articular cartilage as well as extrusion of the
ransplanted allografts have been reported in animal
tudies using this technique, which are likely caused
y failure of the posterior horn of the transplanted
eniscus.122,130

The graft must also be securely sutured to the cap-
ule using standard meniscal repair techniques. Pe-
ipheral capsular fixation is a prerequisite for healing
nd vascularization of the graft. A peripheral meniscal
emnant is considered to be important in establishing
nd maintaining vascular supply to allow ingrowth of
he meniscal allograft. The absence of peripheral heal-
ng and revascularization induces cell death and ma-
rix disorganization, leading to failed meniscal trans-
lantation.131 Furthermore, the medial meniscus is
rmly attached to the deep collateral and coronary

igament but the lateral meniscus is more loosely
ttached. It is stabilized principally by popliteomenis-
al fasciculi at the popliteus hiatus and by menis-
ofemoral ligaments.132 These ligaments and fasciculi
re not restored with lateral meniscus transplantation.
he consequences are not determined yet but different
xation techniques may be appropriate for medial and

ateral allograft transplantation. Whereas nonabsorb-
ble sutures have been advocated for capsular fixation,
bsorbable material has been successfully applied as
ell.40,82 Vertical stitches give the best primary sta-
ility.45 All-inside bioabsorbable devices are a reason-
ble alternative to sutures but their pull-out strength is
ess than that of vertical sutures and they provide only
ingle-point fixation.133 Boss et al.134 demonstrated
ncreased peripheral healing creating a circumferential
ubchondral trough along the entire length of the
eniscus to prepare a bleeding cancellous bed to
hich the meniscus is stabilized. Further clinical con-

rolled long-term studies are needed to compare dif-
erent fixation techniques in meniscal allograft trans-
lantation.

REHABILITATION AFTER MENISCAL
TRANSPLANTATION

Different rehabilitation regimens have been pro-
osed after meniscal allograft transplantation in clin-
cal practice, but a consensus does not exist as a guide
or postoperative rehabilitation.11,40,69 Often, proto-
ols are determined by concomitant surgery per-
ormed at the time of meniscal transplantation. Al-

hough the effects of loading of a healing meniscus
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740 P. C. RIJK
fter transplantation are unknown, it has been shown
hat motion of menisci during knee flexion and exten-
ion as well as rotation of the tibia against the femur
re substantial.135,136 Based on these biomechanical
acts, restriction of motion and weight bearing seems
easonable after meniscus transplantation when fixa-
ions are not stable. On the other hand, Stollsteimer et
l.72 allowed for full range-of-motion exercises imme-
iately after transplantation and reported good clinical
esults. Furthermore, full weight bearing immediately
fter surgery showed uneventful healing of trans-
lanted meniscal allografts in several experimental
tudies.13,54,62 It can be concluded that controlled stud-
es are needed to establish the optimal rehabilitation
rogram.

COMPLICATIONS

Complications of meniscal transplantation in hu-
ans are relatively rare. Zukor et al.66 reported 1

ostoperative hematoma requiring evacuation and 2
ases of anemia requiring transfusion in 26 patients.
ilachowski et al.40 reported 2 soft-tissue infections

n 22 patients and severe synovitis in 4 other patients
fter meniscal allograft transplantation. In a group of
0 patients, Kuhn and Wojtys89 observed 1 presumed
ow-grade infection that finally resulted in removal of
he graft 4 months postoperatively. In the series of
oble et al.,70 of 47 cryopreserved meniscal allografts

n 45 patients, complications included 1 removal due
o infection, 3 removals because of pain, and 3 partial
eniscectomies due to recurrence of a meniscal tear.

n a study by Noyes et al.,71 29 of 96 menisci had to
e removed less than 2 years after transplantation. The
ost frequent complication observed by Cameron and
aha11 was a traumatic tear of the posterior horn,
hich occurred in 6 of 67 allografts at a mean of 21
onths postoperatively. Rath et al.73 showed that 8 of

2 implanted menisci tore and became symptomatic,
equiring subsequent meniscectomy (2 total, 6 partial).
hree of these patients did not recall an injury. In
nother study, Verdonk70 reported that manipulation
nder general anesthesia was necessary in 3 of 51
atients who underwent meniscal transplantation com-
ined with valgus osteotomy. Shelton and Dukes137

eported 1 of 15 patients with loss of bone plug
xation requiring reoperation at 6 days after implan-

ation. De Boer and Koudstaal138 investigated 3 late
ailures and suggested that patients with knee insta-
ility, malalignment, or severe osteoarthritis may not

enefit from meniscal transplantation.
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