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Chapter 1 

Introduction and Aims of the Thesis 



C H A P T E R 1 

Treatment of meniscus lesions is the most frequent procedure in knee surgery.' Since 
the role of the meniscus in functioning of the knee joint and prevention of degenerative 
changes has been recognized, treatment of meniscal lesions has evolved from total 
excision, through partial excision, to meniscus-retaining procedures.2"5 However, 
total or subtotal meniscectomy remains necessary for irreparable tears. Meniscal 
allograft transplantation has been performed to restore normal knee anatomy and 
biomechanics in these patients. Experimental and clinical studies have shown that 
ingrowth from the adjacent capsule of the knee into a transplanted meniscal allograft 
takes place.69 However, success of meniscal allograft transplantation is not only 
dependent on whether the graft can be transplanted into a host knee, but also whether 
the transplanted meniscus can prevent degenerative changes of the articular cartilage 
on the long term. To date, clinical studies on effects of meniscal allograft trans
plantation on articular cartilage have not been performed and only a few controlled 
experimental studies have been published. Furthermore, most experimental studies 
report on the effects of meniscal transplantation that is performed immediately after 
meniscectomy in knees with normal biomechanics and articular surfaces and without 
destructive enzymes being present in the joint as is the case in osteoarthritis. However, 
the indication for meniscal transplantation in humans is mostly symptomatic 
degenerative joint disease. To determine the ultimate success of meniscal transplan
tation, adequate animal models must be used to investigate effects of transplanted 
menisci on articular cartilage of knee joints. Therefore, the study described in the 
present thesis has addressed the following objectives: 

- To review the literature on meniscal allograft transplantation (chapter 2). 
To evaluate radiologically, scintigraphically, histologically, and histochemically 
changes in articular cartilage after immediate and delayed meniscal allograft 
transplantation in rabbits and compare these on the short and long term with 
changes in articular cartilage after meniscectomy only (chapter 3. 4. 5, and 6, 
respectively). 
To evaluate structural changes in meniscal allografts after immediate and delayed 
transplantation on the short and long term (chapter 7). 

In chapter 8. meniscus regeneration and alternative treatments to meniscal allograft 
transplantation are reviewed as well as the effect of meniscal allograft transplantation 
on articular cartilage. Remaining questions and future directions are considered in a 
final discussion. 
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CHAPIER 2 

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 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, rehabilitation, and complications, will be taken into consideration. It is 
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, but benefits of 
transplantation in the long term are still uncertain. 
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MENISCAL ALLOGRAFT TRANSPLANTATION 

Introduction 

Many experimental and clinical studies have shown that meniscectomy results in 
osteoarthritis and joint deterioration in the long term.16 As a consequence, 
advancements have been made in the treatment of meniscal tears towards more 
meniscus-retaining procedures. Meniscal repair is the treatment of choice when the 
tear is in an appropriate region, but this procedure cannot be performed on all damaged 
menisci or in previously meniscectomized knee joints.78-9 In this situation, meniscal 
allograft transplantation may offer an attractive alternative. However, meniscal 
allograft transplantation is still in its investigational phase and the long-term viability 
and function of meniscal allografts remain to be established. Although experimental 
and clinical studies have demonstrated that meniscal allografts can heal to the 
surrounding capsule, their ability to prevent degenerative arthritis has yet to be 
established.1"14 The aim of the present review is to evaluate the values of meniscal 
allograft transplantation and the potentials of this procedure to prevent degenerative 
changes of the articular cartilage. 

Function, Anatomy, and Composition of the Meniscus 

Recognition of the importance of the meniscus has induced numerous studies 
describing the functions of knee joint menisci.15 |y Menisci are weight-bearing, 
increase joint congruency, stabilize the knee, facilitate rotation of the opposing 
articular surfaces of the joint, and improve articular cartilage nutrition and lubrication. 
The load transmission across the medial compartment is shared equally between 
articular cartilage and medial meniscus, whereas the lateral meniscus carries 70% 
of the load transmitted across the lateral compartment.19 The anatomical configuration 
of the meniscus, which forms a semilunar wedge-shaped structure, enhances 
tibiofemoral stability by filling the void created by the incongruous femoral condyle 
and tibial plateau. The medial meniscus is oval in shape and covers approximately 
30% of the medial tibial plateau. The anterior horn is secured in front of the anterior 
cruciate ligament (ACL) to the tibia and to the transverse ligament, which is attached 
to the anterior horn of the lateral meniscus. At its midportion, the medial meniscus is 
attached to the tibial plateau by the meniscotibial or coronary ligaments and to the 
femur and tibia by the medial collateral ligament. The posterior horn is attached to 
the posterior intercondylar fossa of the tibia between the insertion of the posterior 
cruciate ligament (PCL) and the posterior insertion of the lateral meniscus. The 
circumference of the medial meniscus is firmly attached to the capsule. The lateral 
meniscus is the more mobile of the 2 menisci. It is relatively circular in shape and 
covers approximately 50% of the lateral tibial plateau. The anterior horn is attached 
to the transverse ligament and to the tibial eminence behind the insertion of the 
ACL, with which it partially blends. The posterior horn is attached to the tibia in the 
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CHAPTER 2 

intercondylar region anterior to the posterior horn of the medial meniscus and also 
to the medial femoral condyle by the ligaments of Humphry and Wrisberg.2" The 
loose peripheral attachment to the plateau, also known as the coronary ligament, is 
interrupted by the popliteus tendon. 

Vascularization of the menisci is supplied from the medial and lateral genicular 
arteries. A premeniscal capillary network, arising from branches of these arteries, 
originates in the synovial and capsular tissues of the knee along the periphery of the 
menisci.21 These perimeniscal vessels show a circumferential pattern, with radial 
branches directed toward the center of the joint supplying the peripheral 10-25% of 
the menisci. Nutrition of the remaining central portions of the menisci relies upon 
diffusion from the synovial fluid, as these portions are avascular. Neuroreceptors 
have been demonstrated in menisci that have mechanoreceptive and proprioceptive 
functions.22 The horn insertions and the outer third of the menisci contain larger 
concentrations of these nerve endings than the central part. This may reflect the 
need for afferent information at the extremes of flexion and extension, which 
contributes to a reflex arc that stimulates protective or postural muscular reflexes.23 

Menisci are fibrocartilaginous structures that contain about 75% water, 20% 
collagen fibers, and a small amount of proteoglycans and cells. Type I collagen 
accounts for more than 90% of the total collagen content but types II. Ill, V, and VI 
have also been shown to be present in small amounts.24 25 These collagen fibers are 
circumferentially oriented and are kept together by radially oriented fibers.2'1 During 
compressional loading, the femoral condylar surfaces displace the menisci radially 
because of their concave wedge shape and convert axial load into tensile strain. 
Because menisci are anchored anteriorly and posteriorly, this displacement generates 
circumferential hoop stresses, which resist extrusion of the menisci from between 
the femoral condyle and the tibial plateau. 

History 

Fairbanks' was the first who discussed the importance of the meniscus in protection 
of articular cartilage of the knee joint in his study on radiological changes in the 
knee after meniscectomy. Before this publication, menisci were considered to be 
vestigial remnants of leg muscle which could be removed without any harmful ef
fect.27 Since it became clear that removal of the meniscus leads to degenerative 
changes of the knee joint, attempts have been made to preserve the injured meniscus 
whenever possible. Although partial meniscectomy reduces degeneration of articular 
cartilage as compared with total meniscectomy, it results in stresses on the underlying 
cartilage that are higher than in normal knees and. therefore, osteoarthritis is not 
prevented.2-28-29-30 

In 1885, Annandale31 was the first to repair a torn meniscus. King.'2 and later 
Arnoczky and Warren.21 reported that for tears to heal, menisci have to be in contact 
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with the peripheral vascular area of the meniscus. In efforts to repair peripheral 
meniscal tears, open and arthroscopical repair, synovial abrasion, fibrin clots, and 
trephination have been used successfully in experimental studies and clinical trials.83'" 
To improve healing of tears in the avascular part of menisci, the use of fibrin clots 
and porous polymers has been investigated.3S-3" However, partial meniscectomy and 
meniscal repair are not applicable to all injured menisci and, in these cases 
replacement of the meniscus with an allograft, an autograft, or a prosthesis can be 
considered. The concept of meniscal replacement can be traced back to Lexer and 
Gebhardt who performed, in 1916 and 1933, respectively, fat tissue interposition 
arthroplasty in an attempt to replace a meniscus.40 The first meniscal allograft pro
cedures were combined with complete knee transplantation during limb-sparing 
reconstructions almost a century ago.41 Locht et al.42 transplanted massive proximal 
osteochondral allografts with meniscal allografts after tibial plateau fractures and 
reported encouraging results. In 1984, the first meniscal allograft transplantation in 
humans was reported by Milachowski et al.40 Replacement of meniscus cartilage by 
artificial materials or meniscal scaffolds has been performed with little success so 
far.4352 

Results 

Animal Studies 
Meniscus transplantation has been investigated in various animal models. In a sheep 
model. Milachowski et al.53 showed uneventful capsular healing at 6 weeks after 
implantation of both lyophilized gamma-sterilized allografts and deep-frozen 
allografts. Mikic et al.54 transplanted 25 fresh meniscal allografts in 15 dogs and 
found complete healing in 18 knees, incomplete healing in 3, and healing by massive 
fibrovascular scar tissue in 4 knees. In a rabbit study, Cummins et al.12 performed 16 
meniscal transplantations and observed peripheral healing of all allografts and only 
partial extrusion in 2 animals at 3 months after implantation. These findings were in 
agreement with those of Tachibana" who showed good healing of allografts in rabbit 
knees at 4 weeks after implantation. The transplanted menisci showed repopulation 
with cells from 2 sources: synovial tissue and parameniscal connective tissue. Host 
cell graft repopulation was confirmed by Jackson et al.56 who found no donor DNA 
within meniscal allografts in goats at 4 weeks after transplantation whereas the host 
DNA content approached or exceeded the amount present in the contralateral control 
meniscus. Arnoczky et al.10 transplanted cryopreserved menisci in dogs and found a 
normal gross appearance of the grafts with a normal cell population, a normal 
proteoglycan content, and revascularization with small vessels originating from 
capsular and synovial tissue at 6 months after surgery. In another study using dogs. 
Arnoczky et al.57 studied cellular repopulation of deep-frozen meniscal autografts 
after reimplantation. Autoradiography showed that the freezing process effectively 
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CHAPTER 2 

killed all cells in the meniscus. All implanted autografts demonstrated complete 
healing to the periphery. However, the collagen structure of the superficial and 
subsuperficial layers of the menisci was changed which may have altered the material 
properties of the menisci. Six months after reimplantation, the menisci were 
repopulated with host cells from the synovium. Mikic et al.54 observed a decreased 
number of cells in meniscal transplants as compared with controls at 8 and 12 months 
after transplantation using fresh allografts in dogs. Jackson et al.13 reported initially 
good-appearing allografts in goats but observed an increase in water content and a 
decrease in uronic acid in the extracellular matrix at 6 months after transplantation, 
suggesting degeneration. Szomor et al.58 transplanted 8 medial meniscal allografts 
in sheep and showed uneventful healing to the surrounding capsule at 4 months 
follow-up. Nevertheless, there was clear fibrinoid degeneration, areas of hypo-
eel hilarity, and cloning of meniscal cells in all of the allografts. Bylski-Austrow et 
al.59 showed incomplete peripheral healing of deep-frozen meniscal allografts in 
goat knees at 6 months after transplantation. Furthermore, they found that, despite 
the presence of cells in the center of meniscal allografts at 8 months after 
transplantation, restoration of meniscal load-bearing function was only partial. In 
contrast, it has been demonstrated in dogs that mechanical properties of transplanted 
cryopreserved menisci, such as tensile strength and elastic modulus, were similar to 
those of normal control menisci at 6 months after transplantation.60 In addition, 
Canham and Stanish61 found a reduction in the area of the tibial surface covered by 
meniscal tissue after implantation in dog knees due to shrinkage of the allografts, 
resulting in a doubling of the area of exposed articular cartilage. Rijk and Van Noor
den62 evaluated fresh meniscal allografts in rabbits at 6 weeks and 1 year after 
immediate transplantation and at 1 year after delayed transplantation performed at 6 
weeks after meniscectomy. Eighteen of 20 menisci showed capsular ingrowth. Two 
allografts in the delayed transplant group were completely degenerated. No clear 
differences in histological architecture were observed between primary and 
secondarily transplanted specimen. However, the results showed that delayed 
meniscal allograft transplantation leads to more graft shrinkage than immediate 
allograft transplantation. In conclusion, it can be stated that healing of meniscal 
allografts has been found in several experimental studies, but concerns about graft 
shrinkage, hypocellularity, biochemical changes, and long-term functional survival 
remain. 

Clinical Studies 
Meniscal allograft transplantation in humans has been performed despite the 
conflicting results of allografting in several experimental studies. Most series of 
patients have been small and there is a lack of uniformity between patient selection, 
surgical technique, and follow-up. The wide variability among clinical studies in the 
literature so far is summarized in Table 1. In addition, different measures of outcome 
have been used without discrimination between lateral and medial transplantations. 
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MENISCAL ALLOGRAFT TRANSPLANTATION 

Garrett63 has demonstrated that clinical evaluation using symptoms and physical 
examination only as outcome does not allow reliable assessment of the status of the 
meniscus. For objective evaluation of meniscal allografts after transplantation, the 
use of second-look arthroscopy and magnetic resonance imaging (MRI) has been 
described. Table 2 reviews the results of the published clinical follow-up studies. At 
second-look arthroscopy at 6 months after surgery. Keene et al.64 reported a single 
case of successful lateral meniscal transplantation with a fresh allograft using 
arthroscopical technique. Milachowski et al.4" transplanted 22 menisci (16 lyophilized, 
6 fresh-frozen) into the medial compartment in combination with reconstruction of 
the ACL and rated 3 as a failure (1 fresh-frozen graft and 2 lyophilized graft) at a 
mean follow-up of 14 months. Probably, the results in this study were positively 
affected by the additional effect of the regained stability. Recently, Wirth et al.65 

reevaluated the results of these first meniscal transplantations and reported a 
deterioration of clinical results after implantation of both deep-frozen and lyophilized 
meniscal allografts during a follow-up of 14 years. Although patients with deep-
frozen meniscal transplants generally showed better results than patients with 
lyophilized meniscal allografts, significant differences between transplanted patients 
and a meniscectomy control group were not found. Zukor et al.66 performed 
simultaneous transplantation of fresh meniscal and osteochondral allografts in 28 
knees of 26 patients with an average follow-up of 4.5 years and reported a 75% 
success rate. Garrett63 performed 6 isolated meniscal transplantations and 37 
transplantations in combination with either an ACL reconstruction or an osteotomy. 
A well healed meniscal rim and no significant graft shrinkage was reported in 20 of 
the 28 patients who were evaluated arthroscopically at a 2-year minimum follow-
up. Fifteen other patients who did not undergo arthroscopical reevaluation remained 
asymptomatic. Carter67 evaluated 38 of 46 meniscal transplants in 38 patients 
arthroscopically at 24 to 73 months after implantation and demonstrated 4 patients 
with shrinkage of the meniscus and 4 failures. Thirty-two patients demonstrated 
relief of pain and improvement in activities. Ryu et al.68 evaluated 16 lateral and 10 
medial meniscal allografts in 25 patients retrospectively at 12 to 72 months follow-
up. Twelve patients underwent concomitant ACL reconstruction. Clinical evaluation 
showed significantly reduced pain and improved function as compared with the 
preoperative findings. At second-look arthroscopy in 10 patients, 5 menisci appeared 
to be normal, 3 showed some degree of shrinkage, and 2 showed a meniscal tear. 
Veltri et al.69 performed 6 lateral, 6 medial, and 2 bilateral meniscal transplantations 
in 14 patients. Ten patients had associated ACL reconstructions, one had an associated 
PCL reconstruction, and one had an ACL and PCL reconstruction. Two patients 
complained of persistent joint line pain over the affected compartment at an average 
follow-up of 8 months. Of the 11 patients with more than 6 months follow-up. 7 
underwent second-look arthroscopy showing complete peripheral healing in 5 of 7 
allografts. The patients who were not evaluated arthroscopically were clinically 
asymptomatic. Goble70 performed 47 cryopreserved meniscal allograft transplanta-
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tions in 45 patients. Seventeen of 18 patients at 2 years follow-up noted a significant 
decrease in knee pain and improvement in function on a subjective evaluation. Ten 
of 13 patients who underwent second-look, arthroscopy showed a well healed and 
functional meniscus. Biopsies performed on 8 grafts revealed an average of 80% 
viable meniscal tissue. Noyes et al.71 evaluated 96 fresh-frozen irradiated grafts in 
82 patients. Twenty-nine menisci failed within 24 months after implantation and 
were removed. Arthroscopy and/or MR1 data from all 96 allografts demonstrated 
that 22% of the grafts healed, 34% healed partially, and 44% failed. Verdonk7" 
evaluated 54 fresh meniscal allograft transplantations in 51 patients (26 medial, 22 
lateral, 3 both medial and lateral) with a mean follow-up of 4.5 years. Meniscal 
transplantation only was performed in 35 patients, combined with a valgus osteotomy 
of the tibia in 14 cases, and with an intra-articular ACL reconstruction in 1 patient. 
Another patient underwent lateral meniscal transplantation combined with a femoral 
varus osteotomy. There was a significant difference between pre- and postoperative 
pain evaluation. Eighty-three percent of the patients who were unable to work 
preoperatively due to pain, went back to their original work. However, the clinical 
results deteriorated over the years, especially between the fifth and sixth year 
postoperatively. In addition. MR1 evaluation was performed 103 times in 34 patients 
with 39 allografts after 2 to 73 months postoperatively. Although the anterior horn 
of the transplanted menisci seemed to be absent in 65% of the cases. 80% of the 
patients showed a normal shape and position of the posterior hora. Stollsteimer et al.72 

performed 12 lateral and 11 medial transplantations in 22 patients with cryopreserved 
allografts and reported improvement of preoperative pain in all knees at 1 to 5 years 
follow-up. In 12 patients. MRI was performed demonstrating on the average 37% 
shrinkage of the allografts as compared with the normal contralateral meniscus. Van 
Arkel and De Boer14 transplanted 25 cryopreserved menisci in 23 patients (14 lateral, 
7 medial. 2 both medial and lateral) and reported 3 failures at a mean follow-up of 3 
years because of partial loosening of the graft. Cameron and Sana" transplanted 67 
deep-frozen gamma-irradiated meniscal allografts (37 medial, 30 lateral) in the knees 
of 63 patients with advanced unicompartimental arthritis. Twenty-one knees received 
isolated allografts, 5 knees received an allograft combined with an ACL 
reconstruction, 34 received an allograft in combination with an osteotomy, and 7 
knees underwent a combined medial meniscal allograft transplantation, valgus high 
tibial osteotomy, and ACL reconstruction. Eighty-seven percent of the patients had 
a good to excellent result on the basis of a 100-point functional knee score at 1 to 5.5 
years follow-up. Seventeen of 20 patients (85%) with a follow-up longer than 3 
years showed good to excellent results. Rath et al.73 showed alleviation of symptoms 
after transplantation of 15 medial and 7 lateral menisci in 18 patients at a mean 
follow-up of 54 months. However, at second-look arthroscopy in 10 patients, 8 
symptomatic meniscal tears were found, necessitating 6 partial and 2 total 
meniscectomies. Cole et al.74 reported on 20 meniscal transplantations at over 2 
years follow-up showing 12 nearly normal knees and 4 normal knees according to 
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the International Knee Documentation Committee (IKDC) rating system.75 Four 
allografts failed, all in patients with grade 4 arthrosis. In a histological evaluation of 
small biopsy specimen of 28 meniscal allografts, Rodeo et al.7(' demonstrated 
repopulation of allografts with cells that appear to be derived from the synovial 
membrane. The process of cellular repopulation and graft revascularization actively 
remodeled the extracellular matrix. It is suggested that this remodeling may weaken 
the meniscal tissue and makes the allograft more susceptible to injury. It can be 
concluded that most early studies demonstrate meniscal healing to the periphery 
and improvements in pain and knee function after transplantation. However, the 
long-term outcome of meniscal allografts on pain relief and in reducing or slowing 
degenerative changes in articular cartilage remains to be established. 

Preservation of Allografts 

Fresh, deep-frozen, lyophilized (freeze-dried), and cryopreserved meniscal allografts 
can heal and function.I21VS,M?(1 Fresh allografts may well be the ideal type of 
transplant because fresh tissue contains large numbers of viable cells. Several stu
dies have suggested that a viable chondrocyte population may have a beneficial 
effect in maintaining the extracellular matrix and the mechanical integrity of the 
allograft after transplantation.77-78 Verdonk7" transplanted 40 fresh grafts in 36 patients 
and found intact grafts using MRI in all patients and arthroscopic^ inspection in 12 
patients. The rationale for maintaining cell viability in meniscal tissue is based on 
findings in articular cartilage that showed a change in the material properties of 
nonviable articular cartilage following transplantation.80,S1 Fresh allografts can be 
kept at 4°C in sterile tissue culture medium for 7 days without loss of viability." 
However, in clinical practice, the availability of a fresh transplant is limited and the 
impossibility of matching the meniscal size of donor and receiver may limit further 
the applicability of this type of graft. Furthermore, the risk of disease transmission 
is greater in unprocessed grafts, as serologic testing may not be complete before 
graft transplantation, and secondary methods of graft sterilization cannot be used, 
as they would destroy the viable donor cells. On the other hand, Jackson et al,56 

performed DNA typing after transplantation in goats, and showed that donor DNA 
in the transplanted meniscus was entirely replaced by host DNA at 4 weeks follow-
up. These findings are in agreement with those of Debeer et al.K3 who found that, in 
a human cryopreserved meniscal allograft at I year after transplantation. 95% of 
donor cells were replaced by host cells. Because of these findings, it is questionable 
whether viability at the time of transplantation is really necessary. 

Lyophilization and deep freezing have been shown to destroy viable cells of 
connective tissue and to denature histocompatibility antigens, making frozen 
allografts less likely to provoke an immune response.84 However, it was noted that 
although deep-frozen and lyophilized meniscal allografts were similar in tensile 
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strength at several months following transplantation in sheep knees, they did not 
reach values of normal control menisci even at 48 weeks after transplantation.53 In a 
clinical study, Milachowski et al.40 performed second-look arthroscopy in 15 of 22 
patients after transplantation and reported shrinkage in 1 of 5 deep-frozen meniscal 
allografts and in 9 of 10 lyophilized and gamma-sterilized allografts. One of these 
latter allografts was completely destroyed. All lyophilized allografts were remodeled 
and completely revascularized at 48 weeks, whereas the deep-frozen grafts showed 
little revascularization or remodeling. This remodeling process of lyophilized 
meniscal allografts has been demonstrated in animal studies as well, in which signi
ficant reduction in size of the grafts has been observed.85*86 Furthermore, the use of 
gamma irradiation may be at least partially responsible for the comparative poor 
results after transplantation of lyophilized allografts. Yahia and Zukor" reported a 
significant reduction in compliance to long-term creep in frozen irradiated meniscal 
transplants in rabbits as compared with nonirradiated fresh or frozen transplants. In 
addition, synovitis and effusion were observed more frequently after lyophilized 
allograft transplantation than after deep-frozen or fresh allograft transplantation.4088 

Finally, alterations like tissue hydration, swelling, and size changes that occur during 
reconstitution of lyophilized transplants may make sizing difficult.78 These findings 
suggest that lyophilization may not be an appropriate processing method for meniscal 
allografts. 

Cryopreservation, which is usually accomplished with dimethyl sulfoxide or 
glycerol, preserves at least partially cell membrane integrity and donor chondrocyte 
viability.w However, the percentage of viable cells decreases with storage time.90 

Furthermore, secondary sterilization techniques that affect cell viability cannot be 
applied, and this may increase the risk of disease transmission from a donor with 
false-negative serological tests. In a goat study, Fabbriciani et al.9'1 compared 
cryopreserved and deep-frozen meniscal allografts and found no differences in 
appearance and healing between both groups. Arnoczky et al.90 demonstrated that 
the material properties of transplanted cryopreserved allografts in dogs were similar 
to those of normal menisci after 6 months. Whether the expense and difficulty of 
cryopreservation techniques in meniscal transplantation is warranted is not clear at 
present since deep-frozen meniscal allografts have been transplanted with apparently 
similar results. 

A number of studies used glutaraldehyde to preserve meniscal allografts, which 
is toxic to donor cells but preserved the collagen matrix. Canham and Stanisb61 

evaluated glutaraldehyde-treated meniscal allografts in 5 dog knees and showed 
less satisfactory postoperative healing and recurrent joint effusions as compared 
with meniscal autografts and allografts preserved for 2 to 3 weeks in tissue culture. 
These findings are consistent with those of Powers et al.,92 who also found shrinkage 
and articular degenerative changes at 12 weeks after transplantation of glutaral-
dehyde-preserved allografts in dogs. In addition, the toxic products left in the graft 
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have been demonstrated to produce a chronic synovitis.93 For these reasons, 
glutaraldehyde preservation of meniscal tissue has been abandoned. 

In summary, it can be stated that the role of cell viability in the ultimate fate of 
meniscal transplants is unclear at present and that there is no evidence that the 
additional costs associated with fresh or cryopreserved allografts will be justified 
by improved results. The use of lyophilized and glutaraldehyde-preserved grafts 
generally is not recommended. 

Immunological Reactions to Meniscal Allografts 

Menisci are considered to be immunoprivileged because the resident cells are 
embedded in a dense matrix not accessible to immunoreactive cells.94 Most clinical 
and experimental studies have demonstrated that meniscal allograft transplantation 
does not exhibit macroscopical or microscopical signs of a systemic or localized 
immune response.''6-77''5 However, Hamlet et al.96 has presented a case of presumed 
acute rejection of a cryopreserved allograft. In addition, Wada97 reported that fresh 
meniscal allografts in rats without immunosuppression produce histological evidence 
of rejection, whereas allografts survived in immunosuppressed rats up to 21 weeks 
after transplantation. In an experimental study in rabbits. Rijk and Van Noorden62 

observed a mild proliferation of synovial tissue surrounding the meniscal allografts 
after transplantation which is in agreement with the findings of Ochi et al.98 Evidence 
of rejection of the allografts was not observed. Nevertheless, Khoury et al.99 

demonstrated class I and II histocompatibility antigens on the cells of a meniscal 
allograft, indicating the possibility of an immune response. In addition. Van Arkel et 
al.100 showed sensitization to class I and class II human leukocyte antigens in 11 of 
18 recipients of cryopreserved non-tissue-antigen-matched meniscal allografts with
out clinical evidence of rejection. Rodeo et al.76 found a small number of immuno
logically active cells (B lymphocytes and/or T-cytotoxic cells) in the majority of 
transplanted allografts in humans. The presence of these cells suggests a subtle 
immune reaction that may modulate graft healing, incorporation, and graft 
revascularization. 

It has been demonstrated that allogenic bone grafts tend to be more antigenic 
than meniscal cartilage.101102 Therefore, meniscal allografts may be at higher risk 
for eliciting an immunological response if they are transplanted with bone plugs. 
However. Zukor et al.66 transplanted fresh meniscal allografts in conjunction with 
osteochondral allografts in humans without any significant immunological response 
to these fresh tissues at a mean follow-up of 4.5 years. The clinical importance of 
immune responses to meniscal allografts is not exactly known yet, but in general, 
there is no evidence for graft failure or rejection. 
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Disease Transmission in Meniscal Transplantation 

The use of meniscal allografts creates a risk of transmission of diseases. Meniscal 
transplantation is an attempt to preserve knee function and improve quality of life 
rather than a life-saving measure and. therefore, the risk of allograft-related infections 
can only be justified when it is exceedingly small. Deep freezing and lyophilization 
cannot destroy human immunodeficiency virus (HIV) in blood products, making 
disease transmission more likely. The current risk of HIV transmission by frozen 
connective-tissue allografts is estimated to be 1 in 8 million.103 HIV and other 
transmissible life-threatening viral diseases, such as hepatitis B, made secondary 
sterilization techniques a major concern in meniscal allograft transplantation.89 Three 
sterilization techniques have been applied so far: gamma irradiation, treatment with 
ethylene oxide, and other chemical means. Gamma irradiation is the most common 
secondary sterilization method. It has been demonstrated that a dose of 2.4 millirads 
kills nearly all pathogens with the exception of HIV, which requires more than 3.6 
millirads to inactivate all but 1 in a million HIV-infected bone cells.10'4 Unfortunately, 
2.5 millirads produce significant changes in the mechanical properties of meniscal 
tissue.87 Ethylene oxide treatment has been abandoned for use in intra-articular grafts 
because at least 1 of the byproducts (ethylene chlorohydrin) has been found to induce 
synovitis.I05 Chemical sterilization can be performed with appropriate bactericidal/ 
virucidal solutions. Concerns that this type of sterilization kills the cells of the 
meniscus may not have practical application. Jackson et al.56 observed that cellular 
DNA in fresh allografts was entirely replaced by host DNA at 4 weeks after 
transplantation in goats, suggesting that fresh allograft cells probably do not survive 
in nonsterilized allografts either. When these findings are indeed true, sterilized and 
nonsterilized meniscal allografts may produce similar results. 

Sizing of Allografts 

Selection of an appropriately sized meniscal allograft is likely to be critical for 
successful incorporation and function after transplantation.*2"" , In several 
experimental studies, approximate size matching of the allografts was performed by 
weight matching of the donor and recipient animals.1-'107 In the first meniscal 
transplantation studies in humans, allografts were shaped with a scalpel and then 
placed on the tibia plateau.40 Reduction of a too-large allograft does not present a 
problem technically. However, it was concluded by Kohn1"* that reduction of the 
meniscus size destroys the collagenous network and that it not only alters the shape 
of the meniscus but its mechanical properties as well. Although estimates have been 
made that graft size should be within 5% of the native meniscus, the knee's tolerance 
for measure mismatch has not been determined yel.x7l0<' Imaging methods that may 
be used to size the transplant include plain radiographs. MRI. and computer 
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tomography (CT).110 Garrett and Stephenson8* developed a technique to match the 
meniscal size with an accuracy of more than 95% using standard anteroposterior 
radiographs. More recently, it has been suggested to size the allografts preoperatively 
on the basis of bone measurements. Two studies have demonstrated reproducible 
relationships between menisci and established radiographic bone landmarks.1""-1 

However, these reports also showed significant variability in the relationship bet
ween meniscal length and width and tibial plateau dimensions. Several studies 
reported that MRI is slightly more accurate than radiography in preoperative sizing 
of menisci for allograft transplantation."""-! On the other hand, MRI and CT have 
been shown to consistently underestimate the size of menisci.82"4 Although Veltri et 
al.69 recommended the use of MRI or CT of the contralateral meniscus for preoperative 
sizing, other studies have demonstrated considerable anatomic variability between 
right and left knees in a person, indicating that opposite menisci are not necessarily 
mirror images of each other.109"5 

Indications for Transplantation 

The indications for meniscal allograft transplantation still have to be defined. It is 
generally believed that skeletally mature patients should have pain associated with 
early arthrosis of the involved compartment of the knee after meniscectomy. Garrett6' 
demonstrated that meniscal transplantation is more successful in patients with mild 
unicompartmental degenerative changes of the knee (Outerbridge grade 1 or 2). 
Advanced compartment degeneration. Outerbridge grade 3 or 4, or incongruent joint 
surfaces lead to a less successful and predictable outcome. These findings were 
confirmed by Noyes et al.71 who observed a significant relationship between failure 
and the degree of arthrosis. Of the knees with less than grade 4 degeneration of the 
articular cartilage, 70% of the menisci healed completely, and 30% healed partially, 
whereas knees with grade 4 arthrosis showed a 50%' failure rate. In a MRI study. 
Rodeo106 observed that knees with advanced arthrosis had a greater propensity for 
graft extrusion and are probably associated with an increased failure risk. Veltri et 
al.69 reserved meniscal transplantation for patients younger than 45 with symptomatic 
early osteoarthrosis of the involved compartment and a ligamentously stable knee or 
a knee that can be stabilized by concomitant ligamentous reconstruction. In addition. 
Cole et al.74 stated that only minor degrees of degenerative changes in the knee are 
considered acceptable in a candidate for meniscal transplantation and that range of 
motion should be normal. 

Another important factor is the mechanical axis of the knee joint. When meniscal 
transplantation is performed in a knee joint with an abnormal axis, this malalignment 
is likely to cause abnormal pressure on the meniscal allograft resulting in impaired 
revascularization that will lead to degeneration and loosening of the graft. However, 
Cameron and Sana11 implanted meniscal allografts in malaligned human knees and 
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performed a realignment at the time of surgery with an osteotomy. Of the 41 knees 
that underwent realignment in addition to receiving a meniscal allograft, 35 (85%) 
achieved good to excellent clinical results at a mean follow-up of 31 months. It 
remains to be established which part of the procedure, the meniscal allograft or the 
realignment, is more important in pain relief. In addition, it is unclear whether patients 
who are candidate for an osteotomy to correct malalignment benefit from meniscal 
transplantation. 

Johnson and Bealle"6 stated that young athletic individuals who have undergone 
complete meniscectomy might be candidates for meniscal transplantation before 
the onset of symptoms in an attempt to prevent early degenerative changes. It is 
possible that such prophylactic meniscal transplantation may be beneficial especially 
in the lateral compartment where there is a more rapid progression to degeneration 
after meniscectomy as compared with the medial compartment because of the greater 
role in stress protection of the lateral meniscus.'"7 Meniscal allograft transplantation 
may also be considered for patients with concomitant ACL instability. To improve 
stability in ACL-deficient and medial meniscal-deficient knees, meniscal 
transplantation may be combined with ACL reconstruction.''x Garrett82 has reported 
significantly improved KT-1000 arthrometer results for ACL reconstructions when 
performed in combination with medial meniscal allograft transplantation compared 
with a group of patients who underwent ACL reconstruction only with persistent 
medial meniscal deficiency. On the other hand, it has been demonstrated that isolated 
ACL reconstruction in osteoarthritic knees can provide pain relief."9 At present, it is 
unclear whether concomitant meniscal transplantation in ACL reconstruction gives 
pain relief and prevents or delays degenerative changes of the joint because there 
are no studies that have compared isolated ACL reconstruction with ACL reconstruction 
combined with meniscal transplantation in patients with similar degrees of arthrosis 
and meniscal deficiency. In contrast, the lateral meniscus has not been found to act 
as a secondary restraint to anterior tibial translation in the ACL-deficient knee in 
cadaver studies, and clinical follow-up has demonstrated no differences in KT-1000 
arthrometer results after ACL reconstruction in lateral meniscus-deficient knees as 
compared with ACL reconstruction in knees with intact menisci."1'2" It can be 
concluded that there is still limited information available on the indications for 
meniscal allograft transplantation. At present, meniscal transplantation is indicated 
in young patients with a prior meniscectomy, persistent pain in the involved 
compartment, intact articular cartilage, normal alignment, and a stable joint. 

Surgical Technique 

Meniscal allograft transplantation may be performed using either open or 
arthroscopically assisted techniques, or a combination of these, with a mini-
arthrotomy to insert the graft and arthroscopical preparation and fixation. Advantages 
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of arthroscopical procedures include decreased morbidity in comparison with open 
techniques, no disruption of collateral ligaments, and early rehabilitation. On the 
other hand, arthroscopically assisted techniques to implant meniscal allografts are 
much more technical demanding and time consuming. Therefore, it should be 
performed only after considerable practice. Milachowski et al.40 transplanted medial 
meniscal allografts in combination with ACL reconstruction using a medial hockey 
stick incision. In cases of grade II anteromedial instability, the medial collateral 
ligament was split longitudinally, whereas in cases of grade III anteromedial 
instability, the bony tibial insertion was detached with a chisel. Remarkably, evaluating 
the same group of patients in a long-term follow-up study, Wirth et al.65 described an 
advancement of the femoral insertion of the medial collateral ligament in case of 
anteromedial instability. Garrett and Stevenson™ performed a parapatellar arthrotomy 
with ipsilateral collateral ligament transection from the femoral origin and subsequent 
repair of the collateral ligament at the end of the procedure. In addition, a tibial 
tubercle osteotomy was used in cases of lateral meniscal transplantation. Verdonk7'' 
performed a medial anterior arthrotomy in combination with a posteromedial incision 
for medial meniscal transplantation and a lateral parapatellar arthrotomy for the 
lateral meniscus, which may be combined with an incision in the posterolateral cor
ner. Keene et al.64 reported a single case of lateral meniscus transplantation performed 
arthroscopically. Arthroscopically assisted meniscal transplantations in experimental 
studies have not been reported yet. In animals, a medial or lateral arthrotomy is 
usually performed with detaching the ipsilateral collateral ligament from the femoral 
insertion with a bone block.1013-58121 However, other studies showed sufficient 
exposure of the medial compartment after 2 medial capsulotomies: 1 anterior and 1 
posterior to the collateral ligament or even after a single parapatellar arthrotomy.I2('2122 

It can be concluded that several surgical techniques are described in literature. 
Although many authors nowadays believe that arthroscopically assisted procedures 
are much more desirable, no controlled studies have been published so far comparing 
the results of open and arthroscopical techniques.63,64,67,72 

Graft Fixation 

Two types of fixation are distinguished in meniscal allograft transplantation: bony 
fixation of the meniscal horns to the tibia and capsular fixation of the peripheral 
margin of the allograft. Fixation of the meniscal horns has been performed with the 
use of soft tissue attachments, suture anchors, bone plugs, and a bony bridge 
connecting the anterior and posterior horns of the graft.

13-58-65-72-79-88 There is conflicting 
evidence whether bone plugs are required to provide adequate fixation of meniscal 
transplants to the tibia. Cadaver studies in human demonstrate that secure, anatomic 
fixation of bone plugs attached to the anterior and posterior horns is required to 
restore optimally normal contact mechanics for both medial and lateral transplants.123126 
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However, fixation with bone plugs requires exact size match of donor and recipient, 
which may be difficult to acquire in clinical practice. In addition, the optimal position 
for bone plugs is uncertain and rigid nonanatomic placement adversely affects the 
contact pressure distribution patterns in human cadaver knees.127 These findings are 
in agreement with those of Lazovic et al., i : s who demonstrated an increase in 
degenerative changes after nonisometric placement of meniscal autografts in sheep 
knees at 24 weeks follow-up as compared with knees that underwent isometric 
placement. In addition, Szomor et al.s8 hypothesized that the damage to articular 
cartilage observed after meniscal allograft transplantation in sheep was secondary 
to nonisometric positioning and tensioning and to rigidity of fixation of the grafts 
with suture anchors. In a clinical evaluation. Rodeo et al.76 noted that the average 
histological score was significantly better for meniscal transplants without attached 
bone plugs than it was for transplants with bone plugs. However, meniscal allografts 
transplanted with bone plugs gave better clinical results than allografts without bone 
plugs. Furthermore, many animal studies demonstrated that allogenic bone plugs 
are more immunogenic than allografts that contain collagen only.101102 Grafts may 
also be inserted by using the "keyhole" technique, in which the grafts contain a 
common bone bridge attached to both anterior and posterior horns. This bone bridge 
is then inserted into a similarly shaped slot in the recipient tibia. It has been 
recommended that this technique should be used with implantation of a lateral 
meniscus because the distance between the horns is only 1 cm or less.74 Use of bone 
plugs with a lateral meniscus presents a risk of tibia tunnel communication with 
compromised fixation. When both medial and lateral menisci are transplanted in 
combination with ACL reconstruction. Rodeo106 recommended implantation of the 
grafts with one common bone bridge containing the attachments of both menisci. 

Several experimental studies showed good healing without extrusion of the 
transplanted allografts when the anterior and posterior horns are sutured to the 
ligamentous tibial bone attachments without bone plug fixation."2107 There are also 
clinical studies in which satisfactory results have been obtained with this technique.'I('5,79 

However, Gao et al.129 demonstrated that the tensile strength of a healed anterior 
meniscal attachment after detachment and repair to bone in a rabbit model was only 
20% of the strength of the normal meniscal horn attachment. Alternatively, the 
meniscus may be attached by transosseous sutures tied over a bony bridge over the 
anterior aspect of the proximal tibia. However, early degenerative changes of the 
articular cartilage as well as extrusion of the transplanted allografts have been reported 
in animal studies using this technique, which are likely caused by failure of the 
posterior horn of the transplanted meniscus.122130 

The graft must also be securely sutured to the capsule using standard meniscal 
repair techniques. Peripheral capsular fixation is a prerequisite for healing and 
vascularization of the graft. A peripheral meniscal remnant is considered to be im
portant in establishing and maintaining vascular supply to allow ingrowth of the 
meniscal allograft. The absence of peripheral healing and revascularization induces 
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cell death and matrix disorganization, leading to failed meniscal transplantation.131 

Furthermore, the medial meniscus is firmly attached to the deep collateral and 
coronary ligament but the lateral meniscus is more loosely attached. It is stabilized 
principally by popliteomeniscal fasciculi at the popliteus hiatus and by menisco
femoral ligaments.132 These ligaments and fasciculi are not restored with lateral 
meniscus transplantation. The consequences are not determined yet but different 
fixation techniques may be appropriate for medial and lateral allograft transplantation. 
Whereas nonabsorbable sutures have been advocated for capsular fixation, absorbable 
material has been successfully applied as well.40,82 Vertical stitches give the best 
primary stability.45 All-inside bioabsorbable devices are a reasonable alternative to 
sutures but their pull-out strength is less than that of vertical sutures and ihey provide 
only single-point fixation.133 Boss et al.134 demonstrated increased peripheral healing 
creating a circumferential subchondral trough along the entire length of the meniscus 
to prepare a bleeding cancellous bed to which the meniscus is stabilized. Further 
clinical controlled long-term studies are needed to compare different fixation 
techniques in meniscal allograft transplantation. 

Rehabilitation after Meniscal Transplantation 

Different rehabilitation regimens have been proposed after meniscal allograft 
transplantation in clinical practice, but a consensus does not exist as guide for 
postoperative rehabilitation."-40-69 Often, protocols are determined by concomitant 
surgery performed at the time of meniscal transplantation. Although the effects of 
loading of a healing meniscus after transplantation are unknown, it has been 
demonstrated that motion of menisci during knee flexion and extension as well as 
rotation of the tibia against the femur are substantial.135436 Based on these biomechanica] 
facts, restriction of motion and weight bearing seems reasonable after meniscus 
transplantation when fixations are not stable. On the other hand, Stollsteimer et al.72 

allowed for full range-of-motion exercises immediately after transplantation and 
reported good clinical results. Furthermore, full weight bearing immediately after 
operation showed uneventful healing of transplanted meniscal allografts in several 
experimental studies.13-54-62 

It can be concluded that controlled studies are needed to establish the optimal 
rehabilitation program. 

Complications 

Complications of meniscal transplantation in human are relatively rare. Zukor et 
al/*6 reported 1 postoperative hematoma requiring evacuation and 2 cases of anemia 
requiring transfusion in 26 patients. Milachowski et al.40 reported 2 soft-tissue 
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infections in 22 patients and severe synovitis in 4 other patients after meniscal allograft 
transplantation. In a group of 1Ü patients, Kuhn and Wojtys8''observed 1 presumed 
low-grade infection finally resulting in removal of the graft at 4 months postoperatively. 
In Goble's series70 of 47 cryopreserved meniscal allografts in 45 patients, 
complications included 1 removal due to infection, 3 removals due to pain, and 3 
partial meniscectomies due to recurrence of a meniscal tear. In a study by Noyes et 
al..,1 29 of 96 menisci had to be removed less than 2 years after transplantation. The 
most frequent complication observed by Cameron and Sana" was a traumatic tear 
of the posterior horn, which occurred in 6 of 67 allografts at a mean of 21 months 
postoperatively. Rath et al.73 showed that 8 of 22 implanted menisci tore and became 
symptomatic, requiring subsequent meniscectomy (2 total. 6 partial). Three of these 
patients did not recall an injury. In another study. Verdonk7" reported that manipulation 
under general anesthesia was necessary in 3 of 51 patients who underwent meniscal 
transplantation combined with valgus osteotomy. Shelton and Dukes137 reported 1 
of 15 patients with loss of bone plug fixation requiring reoperation at 6 days after 
implantation. De Boer and Koudstaall3s investigated 3 late failures and suggested 
that patients with knee instability, malalignment, or severe osteoarthritis may not 
benefit from meniscal transplantation. 

Conclusions 

The use of meniscal allografts in clinical practice has progressed to a point where 
relief of pain may be expected for the short term. However, there remain many 
questions regarding preservation of grafts, immune response to grafts, surgical 
considerations, and rehabilitation. 
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Abstract 

Experimental and clinical studies have documented that meniscal allografts show 
capsular ingrowth in meniscectomized knees. However, it remains to be established 
whether meniscal allograft transplantation can prevent degenerative changes after 
total meniscectomy. In this study, radiography was used to compare changes in rabbit 
knees after meniscectomy and after meniscal transplantation. 

Thirty-two mature female New Zealand rabbits were divided into 5 groups. Group 
A (6 animals) and group C (6 animals) underwent meniscectomy. Group B (7 ani
mals) and group D (6 animals) were subjected to meniscal transplantation immediately 
after meniscectomy. In group E (7 animals), a delayed meniscus transplantation was 
performed at 6 weeks after meniscectomy. Radiographic changes were evaluated 6 
weeks (group A and group B) and 1 year (group C, group D, and group E) postope
ratively. One year after surgery, both meniscectomized and transplanted knees showed 
significantly more radiographic changes than at 6 weeks. At 1 year follow-up, 
statistically significant radiographic differences were not found between the joints 
that had undergone meniscectomy and those that were subjected to immediate or 
delayed meniscal transplantation. Our findings suggest that meniscal allograft 
transplantation does not prevent degenerative changes of the rabbit knee on a long 
term. 
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Introduction 

The vital role of the meniscus in the knee joint is well documented.'"'' Total 
meniscectomy is associated with premature degenerative articular cartilage chan
ges ultimately resulting in osteoarthritis.7'° Therefore, treatment of meniscal tears 
has evolved from total excision to partial excision and meniscal-retaining procedu
res. At present, many studies are performed to investigate the effects of meniscal 
allograft transplantation. The immune response to meniscal allografts is rather weak 
because the meniscal cells and their major histocompatibility antigens are isolated 
from the host's immune system by a dense extracellular matrix." A number of 
experimental studies have reported that the transplanted meniscus is capable of 
healing to the joint capsule.121-' However, it has not been shown that the hyaline 
cartilage of the knee joint after meniscectomy is protected against osteoarthritic 
changes by meniscal allograft transplantation. 

The aim of the present study was to compare degenerative changes following 
meniscal transplantation in rabbit knees with degenerative changes following 
meniscectomy on a long-term basis. Although an animal model can never completely 
mimic the situation in humans, the onset of degenerative changes after meniscectomy 
in rabbits is highly reproducible and therefore a valuable experimental model to 
compare these changes with those observed after meniscal transplantation.,4,15 

Degenerative changes were evaluated radiologically, which is the most widely 
adopted method to assess osteoarthritic changes in the knee joint. The World Health 
Organization accepted the Kellgren and Lawrence scale as the gold standard in 
radiological grading of osteoarthritis."' Besides assessment of the joint using the 
Kellgren and Lawrence scale, 3 other radiological features of osteoarthritis were 
evaluated: non-weight-bearing joint space narrowing, subchondral sclerosis, and 
osteophyte formation. These individual features have shown to be the most sensitive 
diagnostic parameters for osteoarthritis of the knee.17 

Material and Methods 

Thirty-five mature female New Zealand white rabbits were divided into 5 groups. 
The right knees were operated on and the nonoperated contralateral knees served as 
paired controls. Three rabbits developed infective arthritis and were excluded from 
the study. Group A (6 animals) and C (6 animals) were subjected to medial 
meniscectomy. Group B (7 animals) and group D (6 animals) underwent meniscal 
allograft transplantation immediately after medial meniscectomy. In group E (7 ani
mals), a delayed meniscal allograft transplantation was performed at 6 weeks after 
meniscectomy. Six weeks after operation, group A and group B were sacrificed by 
intravenous injection of sodium pentothal. The other groups were sacrificed at 1 
year after (the first) operation. Approval of this study was obtained from the local 
ethical committee for animal experiments. 
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Surgical Technique 
All animals were premedicated with an intramuscular dose of ketamine (50 mg/kg) 
and xylazine hydrochloride (8 mg/kg). Rabbits were anaesthetized by inhalation of 
halothane, oxygen, and nitrous oxide via a mask. After disinfection of the skin, the 
right knee was approached by a medial parapatellar arthrotomy through the patellar 
fat pad and gentle lateral displacement of the extensor mechanism using a sterile 
technique. Medial menisci, including the meniscal wall, were resected sharply along 
the periphery, dividing the coronary ligament, and were detached from its anterior 
and posterior tibial bone attachments at the junction of the ligamentous attachment 
and the meniscal fibrocartilage. Care was taken to avoid injuring collateral and 
cruciate ligaments. The harvested meniscal grafts were immersed in sterile saline. 
Acute transplantation was performed immediately after meniscectomy by suturing 
an appropriately sized fresh allograft, selected from previously removed menisci, in 
the recipient bed using 3 6-0 polypropylene sutures. The anterior and posterior horns 
of the graft were reattached anatomically to the appropriate ligamentous structures 
without using bone plugs; the midportion was sutured to the medial collateral liga
ment. Allograft position and mobility were controlled in knee flexion and extension, 
and under valgus and varus stress. The capsule, periarticular tissues, and skin were 
closed with interrupted 3-0 polyglactin sutures. Delayed transplantation was 
performed by a 2-step procedure with an interval of 6 weeks between meniscectomy 
and transplantation using a appropriately sized fresh allograft immersed in sterile 
saline. The surgical procedure was as described above. All allografts were obtained 
from different animals used in this study and were reimplanted within 2 hours after 
harvesting. After operation, animals received subcutaneous analgesic (buprenorfine 
0.05 mg/kg) during 24 hours and could move and exercise freely. Antibiotic 
prophylaxis was given for 72 hours (enrofloxacin 5% 5mg/kg), perioperatively. 

Radiographic Evaluation 
Anteroposterior and lateral radiographs were taken of all excised knee joints 
immediately after the rabbits were sacrificed. The medial and lateral compartments 
of the operated knees were compared with the corresponding compartments in the 
control joints using anteroposterior radiographs. The lateral radiographs were used 
to confirm osteoarthritic changes as observed on anteroposterior radiographs in case 
of doubt. The patellofemoral joints were not evaluated. After radiographic imaging, 
knee joints were frozen immediately for further histological and histochemical 
analysis. All anteroposterior radiographs were graded according to the Kellgren and 
Lawrence scale and for the presence and severity of joint space narrowing, 
subchondral sclerosis, and osteophytes. The Kellgren and Lawrence scale is an overall 
scoring system describing five degrees of severity (0=normal, i=doubtful, 2=mild. 
3=moderate, 4=severe) of osteoarthritis (Table 1 )."'•'* Differences in tibiofemoral 
space between control left knee joints and operated right knee joints were defined as 
joint space narrowing and scored as 0 (normal), 1 (moderate narrowing), or 2 (severe 
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narrowing). Increased density of subchondral bone in the experimental knee as 
compared with the control knee was defined as sclerosis and judged as 0 (absent), 1 
(moderate sclerosis), or 2 (severe sclerosis). Differences in osteophyte formation 
(number and size) were graded as 0 (no osteophytes). 1 (possible osteophytic lip
ping), 2 (moderate osteophytes), or 3 (large osteophytes). 

Table 1. Kellgren and Lawrence scale for radiographic assessment of osteoarthritis in the knee.18 

Grade Description 

None Definite absence of x-ray changes 

Doubtful Doubtful narrowing of joint space and possible osteophytic lipping 

Minimal Definite osteophytes and possible narrowing of joint space 

Moderate Moderate multiple osteophytes, definitive narrowing of joint space, and some 
sclerosis and possible deformity of bone ends 

Severe Large osteophytes, marked narrowing of joint space, severe sclerosis, and definite 
deformity of bone ends 

In a training session, 2 observers (TDR and PR) scored all radiographs together 
to obtain agreement on standards for grading. Two and 4 months later, I observer 
(TDR) scored the radiographs twice to establish intraobserver differences. To assess 
interobserver variation, evaluation was performed by another observer (EC), again 
after a training session. Finally, 2 observers (TDR and PCR) jointly scored the 
radiographs to obtain a consensus score. All radiographs were read blindly. 

Statistical A nalysis 
Cohen's kappa test was used to determine interobserver and intraobserver variation. 
The kappa values were categorized according to Landis and Kochiy: 0.00-0.20, slight 
reliability; 0.21-0.40. fair reliability; 0.41-0.60, moderate reliability; 0.61-0.80, 
substantial agreement; 0.81-1.00, almost perfect agreement. Comparisons between 
groups were performed separately for all variables. Differences between 6 weeks 
follow-up and 1 year follow-up for both meniscectomized and transplanted knees as 
well as differences between different treatment groups were statistically analyzed 
using the Mann-Whitney rank-sum test for nonparametric variables. Statistical 
significance was set at p < 0.05. 
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Results 

Gross Appearance of Knee Joints 
Macroscopical inspection of meniscal allografts showed capsular ingrowth in all 
cases. None of the transplanted menisci showed extrusion as compared with the 
nonoperated controls. Two meniscal allografts in group D and 1 allograft in group E 
showed macroscopical signs of degenerative changes at 1 year after the first operation. 
In 2 other transplants in group E severe shrinkage was seen. Evidence of meniscal 
regeneration was observed in 3 of 6 rabbits at 1 year after meniscectomy. These 
observations were not correlated with the subsequent radiographic analysis. 

Intraobserver and Interobserver Variation 
The kappa values for intraobserver and interobserver variation are presented in Table 
2. Intraobserver agreement was substantial for grading joint space narrowing and 
moderate for the Kellgren and Lawrence scale, grading of sclerosis, and osteophytes. 
Interobserver agreement was almost perfect for grading joint space narrowing, 
substantial for grading sclerosis and moderate for the Kellgren and Lawrence scale 
and grading osteophytes. 

Table 2. Kappa values for Kellgren and Lawrence scale and lor individual radiographic parameters. 

Intraobserver variance Interobserver variance 

Kellgren and Lawrence scale 0.45 0.47 

Joint space narrowing 0.61 0.83 

Sclerosis 0.49 0.66 

Osteophytes 0.58 0.41 

Radiographic Results 
The consensus score of osteoarthritic changes in the different rabbit joints is presented 
in Table 3. Radiographic changes were not observed in the control knees. Minimal 
or no radiographic abnormalities were observed in the lateral compartment of the 
knee joints except for 1 animal in the delayed transplantation group that showed 
moderate changes. The medial compartments did not show severe radiographic chan
ges at 6 weeks after surgery. Six weeks postoperatively, radiographic abnormalities 
were not observed at all in 4 of 6 rabbits after meniscectomy only and 3 of 7 rabbits 
after meniscal allograft transplantation (Table 3). Both meniscectomized and 
transplanted knees (Figures I and 2) significantly showed more radiographic chan
ges at 1 year after surgery than at 6 weeks follow-up (p < 0.001 for all parameters). 

48 



RADIOGRAPHIC EVALUATION AFTER MENISCUS REPLA 

No significant radiographic differences were observed between meniscectomized 
knees and knees receiving an immediate meniscal transplant at 1 year after surgery 
with respect to joint space narrowing, sclerosis, spur formation, and the Kellgren 
and Lawrence scale (p=0.81, p=0.26, p=0.47, and p=0.81, respectively). Animals 
that received a delayed meniscal transplant (Figure 3) showed more joint space 
narrowing than those in the postmeniscectomy group but this difference was not 
statistically significant (p=0.054). Regarding sclerosis, spur formation, and the 
Kellgren and Lawrence scale, differences were not found between these 2 groups 
(p=().62, p=0.32, and p=0.57, respectively). 

Figure I. Radiograph of a right (R) experimental and left control rabbit knee at I year after medial 
meniscectomy (frontal image) showing moderate joint space narrowing; no sclerosis: osteophyte lipping, 
and minimal osteoarthritic changes according to the Kellgren and Lawrence scale. 

Figure 2. Radiograph of a right (R) and left rabbit knee at I year after immediate medial meniscal 
transplantation of the right knee (frontal image) showing moderate joint space narrowing; moderate sclerosis; 
large osteophytes, and moderate osteoarthritic changes according to the Kellgren and Lawrence scale. 
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Figure 3. Radiograph of a right (R) and left rabbit knee at 1 year after delayed medial meniscal transplantation 
of the right knee (frontal image) showing severe joint space narrowing; moderate sclerosis; moderate 
osteophytes, and moderate osteoarthritic changes according to the Kellgren and Lawrence scale. 

Discussion 

Progress in the techniques of meniscal repair allow for consideration of meniscal 
transplantation in totally meniscectomized knees in humans. The use of meniscal 
allografts in humans has progressed to a point where a relief of pain may be expected 
at 1 to 5 years follow-up which can be considered as short term.202122 Although a 14-
year follow-up of human transplanted knees has been reported (Peters et al.(2000). 
unpublished data), there are no long-term clinical studies available to show whether 
meniscal transplantation has a protective effect on articular cartilage. In an experimental 
study in goats, Jackson et al.12 found an increase in water content and a decrease in 
uronic acid in meniscal allografts, suggesting degeneration at 6 months after 
transplantation. On the basis of these biochemical findings, it is questionable whether 
meniscal allografts can protect articular cartilage on the long term in humans. 

In our radiographic analysis at 1 year follow-up, which can be considered as 
long-term follow-up in rabbits14, both meniscectomized and transplanted rabbit knee 
joints showed significantly more osteoarthritic changes in the medial compartment 
than at 6 weeks after surgery which can be considered as short-term follow-up.I? At 
1 year follow-up, significant differences were not found between knees that underwent 
meniscectomy and knees that received an immediate transplant. These long-term 
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findings are in agreement with those of Edwards et al.,2, who showed, in an 
experimental study in sheep, that osteoarthritic changes as observed in meniscecto-
mized knees were not prevented by immediate meniscal allograft transplantation 
after a mean follow-up of 21.4 months. As mentioned previously, comparable 
controlled studies in humans are not available thus far. 

Cummins et al.24 suggested that delayed meniscal allograft transplantation at 3 
months after meniscectomy reverses initial postmeniscectomy degenerative chan
ges on a short-term basis in rabbits. However, in the present radiographic study, 
delayed meniscal transplantation caused even more joint space narrowing at 1 year 
after surgery than meniscectomy only, although the difference was statistically not 
significant. This observation may be the result of the twofold surgical procedure 
performed in this group. Moreover, the articular cartilage in the delayed transplantation 
group was exposed to drying during a longer period than in the other groups. 
Degenerative changes were not observed in the lateral compartments of 6 of 7 knee 
joints in the delayed transplantation group. Apparently, drying alone does not cause 
radiographic changes. Furthermore. Aagaard et al.25 stated that the altered shape of 
the condyles due to ridge formation after meniscectomy may cause a mechanical 
conflict between the transplant and the condyles, which could be responsible for the 
rather poor outcome in this group. One rabbit showed moderate radiographic changes 
in the lateral compartment at 1 year after delayed transplantation. Probably, this 
finding is caused by mechanical or biochemical changes in the whole knee joint 
secondary to severe destruction of the medial compartment. 

Rabbits that received a meniscal transplant showed good healing of the graft 
within 6 weeks after implantation, which is in agreement with the data of Shibuya.26 

In the present study, animals could move freely and full weight bearing was allowed 
immediately postoperatively. However, in clinical trials, range of motion and weight 
bearing is commonly restricted during the early postoperative period. Further re
search is required to determine the ideal rehabilitation program after meniscal 
transplantation. Due to the small size of the rabbit knee joints, the horn ligamentous 
attachments of the transplanted allografts were not retained via transplantation of 
bone plugs, but the anterior and posterior horn were sutured to the appropriate 
ligamentous tibial bone attachments and the midportion to the medial collateral liga
ment. In clinical studies, a much more extensive meniscocapsular fixation is usually 
performed with or without bone plugs. The effect of the anchoring technique used 
in our study on load distribution and shock absorption could not be determined. 
Another important factor may be whether transplantation is performed through an 
arthrotomy or an arthroscopically assisted procedure. To our knowledge, there are 
no reports published that compare both techniques. Whether meniscal transplantation 
can either prevent or postpone the onset of osteoarthritis in humans remains to be 
established because the weight-bearing profile in rabbit knees is fundamentally dif
ferent from that in human knees. Furthermore, surgical procedures and radiographic 
analysis in small animals such as the rabbit are rather difficult and this may introduce 

53 



CHAPTER 3 

artefacts that are hard to evaluate when comparing data obtained with small animals 
with those obtained with larger animals. Therefore, there is a clear difference bet
ween long-term evaluation in the rabbit knee joint and the human knee joint. 
Nevertheless, rabbit models have proven to be one of the better models for 
osteoarthritis in humans because of similarities in histological and biochemical aspects 
of rabbit and human articular cartilage.15-27 The histological and histochemical analysis 
of the articular cartilage will be reported in a prospective paper. 

It is recognized that radiographic findings may have little relationship to 
symptoms of osteoarthritis. Furthermore, it is not known whether radiographic 
progression will cease if symptomatic degenerative joint disease is arrested or if 
protective procedures are successful. Despite these uncertainties, the most widely 
adopted method to assess degenerative changes in knee joints is weight-bearing 
radiographic evaluation. For the diagnosis of osteoarthritis in knees, the greatest 
sensitivity is achieved by analysis of anteroposterior weight-bearing images for joint 
space narrowing, spurs, and sclerosis.17 In the present study, radiographs of the knee 
joints were taken immediately after sacrifice of the rabbits, eliminating the effect of 
muscle tone and weight bearing and therefore affecting alignment and true 
measurement of joint space narrowing. Although joint space narrowing lost some 
sensitivity in non-weight-bearing views, abnormalities can be detected in both weight-
bearing and non-weight-bearing radiographs.17 The radiographs of rabbit knee joints 
were assessed by 2 observers and graded for joint space narrowing, sclerosis, spur 
formation, and an overall score according to the Kellgren and Lawrence scale. These 
criteria were assessed by eye alone according to a predetermined scale. It is 
recognized that this semiquantitative method of interpretation is subjective to some 
extent. However, the overall interpretation of the intraobserver and interobserver 
reliability was that the results could be reproduced with a repeatability which 
fluctuated between excellent and just acceptable values. 

Joint space narrowing showed the highest degree of intraobserver and inter
observer agreement. Intraobserver reliability of the Kellgren and Lawrence scale 
was lower than the reliability of the individual radiological features whereas 
interobserver reliability of this scale was higher than reliability of spur formation 
but lower than reliability of sclerosis and joint space narrowing. These results are in 
contrast to those of Kessler et al.28 who reported that the intraobserver and 
interobserver reliability of the Kellgren and Lawrence scale is higher than the 
reliability of individual radiological features. 

It can be concluded that immediate meniscal allograft transplantation in rabbits 
does not prevent degenerative changes of articular cartilage at 1 year postoperatively 
when compared to total meniscectomy. Delayed meniscal transplantation, although 
not statistically proven, may even lead to more degenerative changes than 
meniscectomy only. 
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CHAPTER 4 

Abstract 

Purpose: To evaluate scintigraphically changes in rabbit knees after meniscectomy 
only and after meniscectomy followed by immediate or delayed meniscal allograft 
transplantation. 

Type of Study: Experimental study. 

Introduction: It has been demonstrated that meniscal allografts show capsular 
ingrowth in meniscectomized knees. However, it remains to be established whether 
a transplanted meniscus can prevent degenerative changes in the long term. In the 
present study, scintigraphy was used to evaluate degenerative changes in rabbit knees 
after meniscectomy either or not in combination with immediate or delayed meniscus 
transplantation. 

Methods: Twenty-eight rabbits were divided into 4 groups. Three rabbits developed 
infective arthritis and were excluded from the study. In group A (6 animals), 2 rabbits 
were subjected to medial meniscectomy, 3 rabbits underwent transplantation with a 
freshly harvested medial meniscal allograft immediately after meniscectomy, and 1 
animal underwent a sham operation. In group B (6 rabbits), medial meniscectomy 
was performed. Group C (6 rabbits) was subjected to meniscal transplantation imme
diately after meniscectomy. Group D (7 rabbits) underwent delayed allograft 
transplantation at 6 weeks after meniscectomy. The animals in group A underwent 
scintigraphy at 6 weeks after surgery. In the other groups scintigraphy was performed 
at 1 year follow-up. Contour changes of the knee joints and uptake of radiolabeled 
diphosphonate in the subchondral bone were evaluated. 

Results: Animals in group A did not show any abnormalities scintigraphically. Medial 
compartment changes in group B were more pronounced than in group C. but this 
difference was not statistically significant. A significant increase of contour changes 
of the femoral condyle was observed in group D. 

Conclusions: Immediate meniscal allograft transplantation did not result in a signi
ficant protecting effect on articular cartilage against osteoarthritic degeneration on 
a long-term base. Delayed meniscal transplantation revealed even more degenerative 
changes of articular cartilage than meniscectomy without transplantation. 

5x 



S C I N T I G R A P H Y A F I E R M E N I S C U S R E P L A C E M E N T 

Introduction 

Over the past decades, progressive degenerative arthritis associated with meniscectomy 
has been thoroughly documented.'4 Due to recognition of the important role of 
menisci in the physiology of knee joints, treatment of meniscal tears has evolved 
from total excision to partial excision, and to meniscal-retaining procedures. Allograft 
transplantation of menisci is being investigated at present, especially because of the 
absence of immunological rejection of meniscal tissue.3-6 A number of studies showed 
that meniscal implants can induce capsular healing.78 However, the ultimate result 
of transplantation cannot be judged solely on the basis of successful allograft 
incorporation. It remains to be established whether a transplanted meniscus can 
prevent or slow down progression of degenerative changes in knees after meniscec
tomy. Therefore, the present experimental study was performed to establish whether 
acute and/or delayed allograft transplantation can prevent osteoarthritis in knee joints 
of rabbits during a long-term follow up of 1 year. 

Scintigraphy is the most sensitive diagnostic modality for evaluation of degenerative 
changes in knee joints.9 It allows analysis of contour changes of the joint and 
determination of uptake of bone-seeking agents in subchondral bone, which is 
increased in osteoarthritis.10" The purpose of the present scintigraphic study was to 
test the hypothesis that immediate or delayed meniscal allograft transplantation in 
rabbit knees can prevent degenerative changes of articular cartilage, which are 
observed after meniscectomy. 

• 

Material and Methods 

Twenty-eight mature female New Zealand white rabbits weighing between 3.0 and 
3.5 kg were divided into 4 groups. All surgical procedures were performed on the 
right knee. The nontreated contralateral knees served as paired controls. Three rabbits 
developed infective arthritis and were excluded from the study. 

In group A (6 animals), 2 rabbits were subjected to medial meniscectomy only, 
3 rabbits underwent transplantation of a fresh meniscal allograft immediately after 
medial meniscectomy, and 1 animal was selected for sham operation. These rabbits 
were scanned at 6 weeks after operation to evaluate scintigraphic abnormalities caused 
by post-traumatic synovitis. All other animals were subjected to scintigraphy of the 
knee joints at 1 year after the (first) operation. Group B (6 rabbits) underwent medial 
meniscectomy only. Group C (6 rabbits) underwent medial meniscectomy followed 
by immediate transplantation of a freshly harvested meniscal allograft. Group D (7 
rabbits) was subjected to medial meniscectomy and delayed transplantation. These 
animals received a meniscal allograft at 6 weeks after medial meniscectomy. One or 
2 days after the bone scan was performed, all rabbits were sacrificed by intravenous 
injection of sodium pentothal and the knees were removed for histochemical analysis. 
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Approval of this study was obtained from the local ethical committee for animal 
experiments. 

Surgical Procedures 
All animals were premedicated with an intramuscular dose of ketamine (50 mg/kg) 
and xylazine hydrochloride (8 mg/kg). Rabbits were anaesthetized with halothane, 
oxygen, and nitrous oxide inhalation via a mask. In all animals, the right knee was 
approached under sterile conditions by a medial parapatellar arthrotomy through 
the patellar fat pad and gentle lateral displacement of the extensor mechanism. Medial 
menisci were resected sharply along the periphery, dividing the coronary ligament, 
and detached from its anterior and posterior tibial bone attachments at the junction 
of the ligamentous attachment and the meniscal fibrocartilage. Care was taken to 
avoid injuring collateral and cruciate ligaments. The harvested meniscus grafts were 
immersed in sterile saline. Acute transplantation was performed immediately after 
meniscectomy by suturing an appropriately sized fresh allograft in the recipient bed 
using 6-Ü polypropylene. Allografts were selected from removed menisci by the eye 
on the basis of its match in size and shape with the original meniscus. All allografts 
were obtained from different animals used in this study and were reimplantcd within 
2 hours after harvesting. The anterior and posterior horns of the grafts were reattached 
to the appropriate ligamentous structures; the midportion was sutured to the medial 
collateral ligament. Allograft position and mobility were controlled during knee 
flexion and extension, and under valgus and varus stress. The capsule, periarticular 
tissues, and skin were closed with interrupted 3-0 polyglactin sutures. Delayed 
transplantation was performed by a 2-step procedure with an interval of 6 weeks 
between meniscectomy and transplantation using a fresh allograft. The surgical pro
cedure was as described above. In the sham procedure, the joint was surgically opened 
and exposed as for meniscectomy but the meniscus was not removed. After operation, 
animals received subcutaneous analgesics (buprenorfine, 0.05 mg/kg) during 24 hours 
and could move and exercise freely. Antibiotic prophylaxis was given for 72 hours 
(enrofloxacin 5%, 5 mg/kg). 

Scintigraphic Method 
During scintigraphy, animals were sedated with an intramuscular dose of ketamine 
(35 mg/kg) and xylazine hydrochloride (5 mg/kg). Anteroposterior images were 
obtained with a gamma camera (ARC 3000: ADAC, Best. The Netherlands) supplied 
with a pinhole collimator. Two hours after the intravenous injection of 70 MBq of 
hydroxymethylene diphosphonate labeled with technetium-99m. anteroposterior 
images of both knees were captured during 10 minutes. 

Four regions of the operated knees (medial condyle, lateral condyle, medial 
tibia, and lateral tibia) were compared individually with the corresponding regions 
in the control joints. Differences between control left knee joints and operated right 
knee joints in uptake of radiolabeled diphosphonate in subchondral bone were defined 
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as activity and scored as 0 (normal uptake) or 1 (increased uptake). Structural chan
ges of the outline of the bone of the knee joints were defined as contour changes and 
were scored as 0 (no changes present) or 1 (structural changes present). 

Two observers scored all images together to obtain agreement on standards for 
grading. Two months and 4 months later. 1 observer scored the images twice to 
establish intraobserver differences. To assess interobserver differences, the second 
observer performed evaluation again. Finally, both observers together scored the 
images to obtain a consensus score. All observations were performed blindly. 

Statistical A nalysis 
Cohen's kappa test was used to determine interobserver and intraobserver variation. 
The kappa values were categorized according to Landis and Koch12: 0.00-0.20 slight 
reliability; 0.21-0.40 fair reliability; 0.41-0.60 moderate reliability: 0.61-0.80 
substantial agreement; 0.81-1.00 almost perfect agreement. Comparisons between 
groups were performed using Fisher's exact test. Statistical significance was set at p 
< 0.05. 

Results 

Gross Appearance of Knee Joints 
Capsular ingrowth was observed in all meniscal transplants. None of the transplanted 
allografts showed extrusion. 

Intraobserver and Interobserver Variation 
The kappa values for intraobserver variation were 0.84 for grading of uptake and 
0.54 for grading of contour changes. The kappa values concerning the interobserver 
agreement of grading of uptake and contour changes were 0.68 for both parameters. 

Scintigraphic Observations 
In all (treated and nontreated) knees, increased activity was observed in the lateral 
tibia compared to the medial tibia. This finding should be considered as normal. 
Abnormalities were never observed with scintigraphy in any of the left control knees 
or in lateral compartments of the right knees. At 6 weeks after the surgical proce
dure, none of the images of the knees of the rabbits in group A showed increased 
activity or contour changes. 

The consensus scores of groups B, C. and D for activity and contour changes in 
the medial compartment of the right knee joints are presented in Table 1. One year 
postoperatively, 5 of 6 rabbits that were subjected to meniscectomy showed 
scintigraphic abnormalities (Figure 1; Table 1). In the group that underwent 
meniscectomy and acute transplantation, abnormalities were observed in 2 of 6 rabbits 
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Table 1. Consensus score of 2 observers of uptake of radioactive diphosphonate in subchondral bone (activity) 
and contour changes of the medial compartment in rabbit knee joints at 1 year after meniscectomy only 
(group B), after meniscectomy and acute meniscal transplantation (group C), and after meniscectomy and 6 
weeks delayed meniscal transplantation (group D). Scoring of activity and contour changes in the operated 
right knee joints is relative to the parameters in the nonoperated left knee joint. 

Activity' Contour2 

Animal Medial 
tibial 

plateau 

Medial 
femoral 
condyle 

Medial 
tibial 

plateau 

Medial 
femoral 
condyle 

Group B 

Group C 

Group D 

7 
8 
9 
10 
11 
12 

13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 

1 
1 
0 
1 
1 
1 

0 
1 
0 
1 
0 
0 

1 
1 
1 
1 
1 
1 
1 

0 
1 
0 
1 
0 
1 

0 
0 
0 
1 
0 
0 

0 
1 
1 
1 
1 
0 
0 

1 
1 
0 
1 
0 
1 

0 
0 
0 
1 
0 
0 

1 
0 
1 
1 
1 
0 
0 

1 
0 
0 
0 
0 
1 

0 
0 
0 
1 
0 
0 

0 

' Activity score: 0 = no increase; 1 = increase. z Contour score: 0 = no changes: 1 = changes. 

(Table 1). All 7 animals that underwent meniscectomy and delayed transplantation 
showed increased uptake and/or contour changes in the medial compartment of the 
right knee joints. No significant differences in uptake of diphosphonate in the medial 
tibia were observed between meniscectomized knees and knees receiving an 
immediate or a delayed meniscal transplant (p=0.24 and 0.46, respectively). Ani
mals receiving a delayed transplant showed significantly more uptake in the medial 
tibia than those receiving an immediate transplant (p=0.021). With respect to the 
activity of the femur and the contour changes of the tibia, differences were not 
found between the 3 groups (p=0.38 and p=0.26. respectively). Most contour chan
ges of the medial condyle were observed in group D. This finding was statistically 
significant (p=0.037). 
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Figure I. Bone scintigraphy of a right and a left rabbit knee at I year after medial meniscectomy of the right 
knee (frontal image) showing increased uptake and contour changes in the medial compartment of the joint 
(arrow) as compared to the nonoperated left knee. 

Discussion 

Transplantation of meniscal allografts for treatment of meniscus-deficient knees 
has progressed to a point that relief of pain is expected shortly after transplantation.1314 

However, studies have not yet demonstrated long-term protective effects on articular 
cartilage after meniscal allograft transplantation. Jackson et al.7 found an increase 
in water content and a decrease in uronic acid in meniscal allografts in goat knees, 
suggesting degeneration at 6 months after implantation. These findings indicated 
that meniscal allografts may not be able to protect articular cartilage on a long-term 
basis. Therefore, we have investigated the long-term effects of transplantation of 
meniscal allografts on osteoarthritic changes in meniscectomized rabbit knees using 
scintigraphy. 

Osteoarthritis in knee joints causes increased uptake of diphosphonate in 
subchondral bone and contour changes of the bone. Both aspects can be visualized 
in scintigraphic images.10 Dieppe et al.15 found that retention of radioactive diphospho
nate in subchondral bone is a good parameter for cartilage destruction. In our study, 
intraobserver agreement was almost perfect for grading of uptake and moderate for 
grading of contour changes, whereas interobserver agreement was substantial for 
both parameters. Therefore, the consensus score as presented in Table 1 can be 
considered as a reliable measure of osteoarthritic changes in rabbit knees. 
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The fact that scintigraphic abnormalities were not observed in subchondral bone 
in the early stages after surgery is consistent with the study of Christensen,"' who 
showed that early osteoarthritic development could not be diagnosed by scintigraphy. 
It can be concluded from these findings that scintigraphic abnormalities observed in 
later stages do not reflect processes involved in post-traumatic synovitis due to 
surgery. Although scintigraphic abnormalities in the rabbit knee joints at 1 year 
after meniscectomy were more pronounced than after immediate meniscal 
transplantation, this difference was not statistically significant due to small numbers 
of animals studied. Based on our results, a minimum sample size of 10 animals is 
required to demonstrate significant differences. 

Cummins et al.16 reported that delayed meniscal allograft implantation at 3 months 
after meniscectomy arrests degenerative changes and allows healing of the articular 
cartilage at 3 months afterwards. However, our long-term findings show that con
tour changes of the femoral condyle at 1 year after delayed transplantation were 
more prominent than after meniscectomy only. Furthermore, the uptake of 
radiolabeled diphosphonate in the medial tibia after delayed transplantation was 
significantly higher than after immediate transplantation. The pronounced scintigraphic 
abnormalities after delayed transplantation may be the result of the more extensive 
twofold surgical procedure in this group, in which articular cartilage was exposed 
for a longer period to the effects of drying. Aagaard et al.17 stated that the altered 
shape of the condyles due to ridge formation after meniscectomy may cause a 
mechanical conflict between the transplant and the condyles, which could be 
responsible for the poor outcome in this group. 

The rabbits in the present study showed good healing of the grafts within 6 
weeks after meniscal allograft transplantation, which is in agreement with the findings 
of Tachibana.18 

To date, there are no controlled studies available that have compared healing of 
meniscal allografts transplanted with or without bone plugs. Due to the small size of 
rabbit knee joints, the horn ligamentous attachments of the transplanted allografts 
were not retained via transplantation of bone plugs, but the anterior and posterior 
horn were reattached to the appropriate ligamentous tibial bone attachments in the 
present study. The effects of this anchoring technique on load distribution and shock 
absorption could not be determined in our study. Bone plugs increase the antigenic 
load since bone allografts elicit an immune response.19 On the other hand, Alhalki el 
al.20 reported that implantation of meniscal autografts in human cadaver knees with 
bone plugs resulted in contact mechanics that were significantly closer to normal as 
compared with fixation with sutures. However, fixation with bone plugs requires 
exact size match between donor and recipient, which limits severely the use of this 
method. Recognition of the importance of appropriate graft selection has led to a 
number of studies describing radiographic landmarks for the meniscus horn 
attachment sites which possibly could lead to more reliable meniscus sizing in the 
future.21-22 
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Whether acute meniscus transplantation can reduce osteoarthritis in man remains 
to be proven because animal models cannot completely mimic development of 
osteoarthritis in the human. The weight-bearing profile in rabbit knees is different 
from that in human knees. Furthermore, surgical procedures in small animals such 
as the rabbit are rather difficult and this may introduce artefacts that are hard to 
interpret when comparing data in small animals with those in larger animals. 
Nevertheless, rabbit models have proven to be one of the better models for the human 
situation because of similarities in histological and biochemical aspects of rabbit 
and human articular cartilage.2X2A The histological appearance of the articular cartilage 
after meniscal transplantation will be reported later in a prospective paper. 

It can be concluded from the present study that the protecting effect of acute 
meniscal allograft transplantation on articular cartilage against osteoarthritic de
generation on a long-term basis is not statistically significant. Delayed transplantation 
after meniscectomy revealed even more degenerative changes of articular cartilage 
than meniscectomy. 
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CHAPTER 5 

Abstract 

Purpose: Meniscal allografts show capsular ingrowth, but it remains to be established 
whether meniscal transplantation can prevent long-term degeneration of articular 
cartilage. This study examines whether immediate or delayed transplantation of the 
medial meniscus can protect the knee from degenerative changes. 

Type of study: Experimental study. 

Methods: Thirty-five rabbits were divided into 5 groups. Three rabbits developed 
infective arthritis and were excluded from the study. Group A (6 animals) and Group C 
(6 animals) had meniscectomy only. Group B (7 animals) and Group D (6 animals) 
underwent meniscal transplantation immediately after meniscectomy. Group E (7 
animals) had delayed transplantation 6 weeks after meniscectomy. Six nonoperated 
knees served as controls. Histological changes of the articular cartilage were examined 
6 weeks (Groups A, B) and 1 year (Groups C, D. E, controls) after surgery. 

Results: All operated groups showed more histological changes than the control group 
(p < 0.00001 for both medial tibial plateau and medial femoral condyle in all groups). 
At 6 weeks follow-up, no differences were found between the postmeniscectomy 
group and the transplanted group. At 1 year, immediately transplanted knees showed 
less degenerative changes than meniscectomized knees (p < 0.0001 for medial tibial 
plateau and p < 0.005 for medial femoral condyle). Delayed transplantation resulted 
in more degenerative changes than meniscectomy only and than immediate 
transplantation (for both comparisons, p < 0.00001 for both medial tibial plateau 
and medial femoral condyle). 

Conclusions: Immediate meniscal transplantation in rabbits has a protecting effect 
on articular cartilage for the long term, whereas delayed transplantation leads to 
even more degenerative changes than meniscectomy only. 

68 



CARTILAGE CHANGES AJ=TER MENISCUS REPLACEMENT 

Introduction 

Total meniscectomy leads to progressive degenerative arthritis of the knee on a long-
term basis.1"1 Therefore, meniscal-retaining procedures are preferred over total or 
partial excision in the treatment of meniscal tears. Nevertheless, there remains a 
group of patients, in which meniscal preservation is not possible. In an attempt to 
restore the function of the native meniscus in these cases, allografts, autografts, and 
synthetic substitutes have been evaluated.5"8 Several experimental and clinical stu
dies reported on implantation of meniscal allografts in meniscectomized knees and 
showed that ingrowth from the adjacent capsule into the transplant occurs and that 
allografts are not rejected.4"1" However, it has not yet been shown unequivocally that 
articular cartilage of the knee is protected and preserved after meniscectomy by 
meniscal allograft transplantation on a long-term basis. The purpose of the current 
study is to test the hypothesis that meniscal allograft transplantation provides 
protection of the articular cartilage by evaluating histological changes of articular 
cartilage in rabbit knees after meniscectomy and after immediate or delayed meniscal 
transplantation. 

Materials and Methods 

Thirty-five mature female New Zealand White rabbits weighing between 3.0 and 
3.5 kg were divided into 5 groups (Table 1). All animals were purchased from the 
same supplier. Surgery was performed on the medial compartment of the right knee. 
Three animals (1 in Group A. 1 in Group C, and 1 in Group D) developed infective 
arthritis of the knee and were not included in the study. A sham procedure on the 
right knee was done in 4 rabbits. Six weeks after surgery, animals in Groups A and 
B and 2 sham-operated animals were euthanized by intravenous injection of sodium 

Table 1. Groups of rabbits to study effects of meniscal transplantation on articular cartilage 

Group 

A 
B 
C 
D 
E 
Control 
Sham 
Sham 

Number 
of animals 

6 
7 
6 
6 
7 
6 
2 
2 

Follow-up 
(weeks) 

6 
6 

52 
52 
52 
52 
6 

52 

Type of operation 

Meniscectomy only 
Meniscectomy followed by immediate transplantation 
Meniscectomy only 
Meniscectomy followed by immediate transplantation 
Meniscectomy followed by delayed transplantation 
None 
Arthrotomy only 
Arthrotomy only 
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pentothal. AU other rabbits were euthanized 1 year after the first operation. The 
nonoperated left knees of 6 rabbits (3 animals in Group D and 3 animals in Group E) 
were selected at random before surgery to serve as the control group. The knees 
were removed for analysis at the time of death of the animals. Approval for this 
study was obtained from the local ethical committee for animal experiments. 

Surgical Procedures 
The rabbits were premedicated with an intramuscular dose of ketamine (50 mg/kg) 
and xylazine hydrochloride (8mg/kg). Surgery was performed with the animals under 
general anesthesia with halothane, oxygen, and nitrous oxide inhalation via a mask. 
All operations were done by the same surgeon. Using aseptic operating procedures, 
the joint was entered after an anterior midline incision, a medial parapatellar 
capsulotomy through the patellar fat pad, and gentle lateral displacement of the extensor 
mechanism. Medial menisci were resected sharply along the periphery, dividing the 
coronary ligament, and detached from their anterior and posterior tibial bone 
attachments at the junction of the ligamentous attachment and the meniscal 
fibrocartilage. Care was taken not to injure the medial collateral ligament, cruciate 
ligaments, or articular cartilage. The meniscal grafts were immersed in sterile saline 
after harvesting. When an immediate transplantation was done, an appropriately 
sized fresh allograft was selected from the removed menisci and sutured in the 
recipient bed using 6-0 polypropylene sutures. Allografts were selected from removed 
menisci by the eye on the basis of its match in size and shape with the original 
meniscus. Immunology mismatching was not performed before implantation. All 
allografts were obtained from animals used in this study and were reimplanted within 
2 hours after harvesting. The anterior and posterior horns of the graft were reattached 
to the appropriate ligamentous structures; the midportion was sutured to the medial 
collateral ligament. The allograft position and mobility were controlled in knee flexion 
and extension and under valgus and varus stress. The capsule, periarticular tissues, 
and skin were closed with interrupted 3-0 polyglactin sutures. Delayed transplantation 
was done by a 2-step procedure with an interval of 6 weeks between meniscectomy 
and transplantation using a fresh allograft. In the sham operations, the joint capsule 
was opened but the meniscus was not removed. After surgery, animals received a 
subcutaneous injection of buprenorphine (0.05 mg/kg) for pain relief and could move 
and exercise freely. Five milligrams enrofloxacin 5% (weight per volume) was given 
as an antibiotic prophylaxis for 72 hours. 

Preparation of Sections 
After dissection of the knees, skin and superficial muscle layers were removed and 
the joints were immediately embedded in an aqueous solution of 8% (weight per 
volume) gelatin white (Sigma, St. Louis, MO, USA) and frozen slowly in liquid 
nitrogen as previously described.2021 Sections were cut on a motor-driven cryostat 
fitted with a retraction microtome (Bright. Huntingdon, UK) and a tungsten carbide-
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tipped knife (Spikker, Zevenaar, The Netherlands) at a cabinet temperature of -25° 
C.21-22 The angle between the knife and surface of the tissue block was 8°. After the 
block was trimmed to the desired level, transparent tape (Scotch Tape 800; 3M, St. 
Paul, MN, USA) was fastened with a stiff brush onto the section surface of the 
block. The microtome knife then cut underneath the tape at an extremely low but 
constant speed and 10 um-thick sections attached to tape were obtained without loss 
of tissue integrity.21-23 Pieces of tape with adherent sections were fixed on glass slides 
with ordinary tape. Coronal sections of the intact knees were prepared including 
menisci, femur, and tibia. Sections made in this plane allow for comparative observations 
in medial and lateral compartments in each section. Three to 6 sections from the 
anterior and posterior region of each knee were prepared and stained with Giemsa 
(BDH, Poole, UK). 

Histological Evaluation 
The transplanted menisci were assessed macroscopically for capsular ingrowth and 
degenerative changes. The quality of cartilage of tibial and femoral surfaces was 
examined separately for the medial and lateral compartments using a scoring system 
that was slightly modified on the basis of histological criteria for quality assessment 
of cartilage structure and chondrocytes (Table 2).24To obtain a score that corresponds 
to the severity of degenerative changes in the cartilage, the scores for each of the 
criteria were added, resulting in a semiquantitative value ranging from 0 to 21. A 

Table 2. Scoring system for grading osteoarthritic changes in articular cartilage of rabbit knees adapted from 
Mankin24 

Changes in articular cartilage 

Parameter 

Cartilage structure 
Surface irregularities 
Clefts into transitional zone 
Clefts into radial zone 
Transverse clefts 
Tissue loss 

Chondrocytes 
Cloning 
Hypocellularity 

None 

0 
0 
0 
0 
0 

0 
0 

Total score (range, 0-21) is the sum of the grades foi 

Mild 

1 
1 
1 
1 
1 

1 
1 

each parameter. 

Moderate 

2 
2 
2 
2 
2 

2 
2 

Advanced 

3 
3 
3 
3 
3 

3 
3 
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value for each tibial and femoral surface of medial and lateral compartments was 
obtained in each section. To limit subjectivity of the assessment technique, all sections 
were randomized before scoring and the grading was done separately by 2 observers 
in a training session. After these individual assessments, the observers assessed the 
sections together to reach agreement on standards for grading. Four months later, 
both assessors separately graded all sections again to obtain definitive scores and to 
assess interobserver reliability. Eight months later, 1 observer scored the images 
again to establish intraobserver differences. All assessments were performed in a 
blinded manner. 

Statistical A nalysis 
Data were analyzed statistically using the Mann-Whitney rank-sum test for 
nonparametric variables. The Spearman correlation coefficient was used for 
determining intraobserver and interobserver reliability. Statistical significance was 
set at p<0.05 . 

Results 

Macroscopical Assessment of Menisci 
None of the menisci showed extrusion. Menisci in sham-operated knees appeared to 
be normal. Capsular ingrowth was observed in all menisci that were transplanted 
immediately after meniscectomy. Six weeks after transplantation, 2 of 7 meniscal 
allografts in Group B showed degenerative changes. One year after immediate 
transplantation (Group D), degenerative changes were found in 3 of 6 transplants. 
After delayed transplantation (Group E). 2 of 7 menisci were degenerated completely 
after 1 year follow-up. All other transplants in Group E healed to the periphery, but 
all showed degenerative changes and shrinkage. One of these transplants had a 
calcification developed in the anterior horn. Evidence of meniscal regeneration was 
observed in 5 of 6 rabbits at 6 weeks after meniscectomy without transplantation (Group 
A) and in 3 of 6 rabbits at 1 year after meniscectomy only (Group C). These observations 
were not correlated with the subsequent analysis of the articular cartilage. 

Histological Changes of Articular Cartilage 
The mean grading scores of both observers for each section in each group are 
summarized in Figure 1. Abnormalities were not observed in the lateral compartment 
except for 1 animal in the delayed transplant group (Group E) showing minimal 
degenerative changes. None of the assessed knees showed advanced loss of tissue in 
the medial compartment. In the sham-operated animals, minimal or no histological 
degenerative changes were found in the lateral and medial compartments. Because 
of their small numbers, these sham-operated animals were not included in the 
statistical analysis. 
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Figure 1. Box and whisker diagram comparing semiquantitative values of degenerative changes of the medial 
tibial plateau (MTP) and the medial femoral condyle (MFC) in the nonopc rated group (control). Group A (6 
weeks after meniscectomy). Group R (6 weeks after meniscal transplantation), Group C (I year after 
meniscectomy), Group D (I year after immediate meniscal transplantation), and Group E (1 year after 
meniscectomy followed by delayed meniscal transplantation 6 weeks later) by showing the median (bar), 
25% and 75% percentiles (box), and range (whisker) of the mean scores of both observers for each section. 

Statistical Analysis 
The scores of both observers for each section were used for statistical analysis. 
Compared to the nonoperated control group (Figure 2A), all groups of animals that 
had been operated on (Figures 2B-F) showed significantly more degenerative chan
ges (p < 0.00001 for medial tibial plateaus and medial femoral condyles in all groups). 
In the knees examined 1 year after meniscectomy (Figure 2D), significantly more 
osteoarthritic changes were found than in those examined 6 weeks after meniscectomy 
(Figure 2B) (p < 0.0001 for medial tibial plateaus and medial femoral condyles). 
Comparing the immediate transplant groups 6 weeks after transplantation (Figure 
2C) and 1 year after transplantation (Figure 2E), no significant differences were 
observed for the medial tibial plateau (p = 0.99), but the medial femoral condyle 
showed significantly more degenerative changes at 1 year follow-up (p = 0.022). 
Six weeks after immediate transplantation, less degenerative changes of the medial 
tibial plateau and more degenerative changes of the medial femoral condyle were 
found than at 6 weeks after meniscectomy, but these differences did not reach 
statistical significance (p = 0.37 and p = 0.45 for medial tibial plateau and medial 
femoral condyle, respectively). At 1 year follow-up, there were significantly more 
degenerative changes after meniscectomy than after immediate transplantation (p < 
0.0001 for the medial tibial plateau and p < 0.005 for the medial femoral condyle). 
The delayed transplant group (Figure 2F) showed significantly more degenerative 
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Figures 2A-F. Photomicrographs oj Giemsa-stained rabbit knees showing the effects ofmeniscal transplantation 
<ni articular cartilage after meniscectomy: {A I control', iBt 6 weeks after meniscet tomy; (Ci 6 weeks after 
meniscectomy immediately followed by transplantation: ilh I year after meniscectomy; (E) I year after 
meniscectomy immediately followed by transplantation; and(F) I yearaftermeniscectomyfollowedbydelayed 
transplantation. tM. meniscus; R. regenerating meniscus: I. tibia; F, femur; J. joint space: C, cartilage; He, 
hypocellularity oj • artilage; Th, suture: ":. surface irregularities of cartilage; arrow, vertical clefts into the 
transitional :one oj cartilage: double arrow, vertical clefts into the radial zont oj cartilage. Original 
magnification 110). 
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changes after 1 year than the postmeniscectomy group and the immediate transplant 
group (for both comparisons, p < 0.00001 for medial tibial plateaus and medial 
femoral condyles). The scoring system used in this study showed an intraobserver 
and interobserver reliability of 0.84 and 0.91, respectively (p < 0.00001 for both). 

Discussion 

The prospect of restoring the function of the meniscus by meniscal allograft 
transplantation is appealing to prevent degenerative osteoarthritic changes that occur 
after total meniscectomy. The use of meniscal allografts has progressed to a point 
where relief of pain may be expected for the short term."12 Arnoczky et al.13 reported 
that transplanted medial meniscal allografts in dogs were able to minimize 
degenerative changes of tibial cartilage at a 6-month follow-up. However, Jackson 
et al.9 found an increase in water content and a decrease in uronic acid in meniscal 
allografts in goats 6 months after transplantation, suggesting degeneration. These 
biochemical data cast doubt on the protective effects of meniscal allografts on articular 
cartilage on a long-term basis. However, follow-up studies for longer than 6 months 
are not available with respect to protective effects of meniscal allografts on articular 
cartilage. In the current study, meniscal transplantation in rabbits matched for size 
and weight showed good healing of the grafts within 6 weeks after meniscus 
transplantation, which is consistent with the results of Shibuya.14 After 6 weeks, no 
significant differences were observed between the postmeniscectomy group and the 
transplant group. These findings suggest that meniscal transplantation does not protect 
the articular surface during the initial period of capsular ingrowth. The results at 1 
year after surgery, which can be considered long-term follow-up, showed clearly 
that knees that received a meniscal transplant immediately after meniscectomy 
developed fewer degenerative changes than knees that were subjected to meniscectomy 
only. On the other hand, knees that underwent immediate transplantation showed 
more degenerative changes in the medial femoral condyle at 1 year than at 6 weeks 
after surgery. These findings suggest that immediate transplantation can delay but 
not prevent progression of degenerative changes. In contrast, rabbits that received a 
transplant 6 weeks after meniscectomy showed significantly more degenerative 
changes than rabbits in the postmeniscectomy group and the immediate transplant 
group. Cummins et al.15 reported that immediate and delayed meniscal allograft 
transplantation in rabbits at 3 months follow-up offer protection to articular cartilage 
of knees after meniscectomy and that delayed transplantation may reverse initial 
degenerative changes. The current results suggest that if initial degenerative changes 
attributable to meniscectomy are reversed, it is only temporary. Aagaard et al.16 stated 
that the altered shape of the condyles attributable to ridge formation after meniscectomy 
may cause a mechanical conflict between the transplant and the condyles, which 
may be responsible for the poor outcome in the delayed transplant group. 
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In the current study, 2 of 7 delayed transplanted allografts were totally 
degenerated 1 year after implantation, whereas the other delayed transplants all 
showed degenerative changes. In the group that had immediate transplantation, 
degenerative changes were observed in only 3 of 6 allografts at 1 year follow-up. A 
clinical implication of these findings may be that when the aim of meniscal 
transplantation is to reduce degenerative changes of articular cartilage, it has to be 
performed as soon as possible after meniscectomy. However, in the human situation 
the question how early to consider meniscal allograft transplantation is difficult to 
answer. In the first years after meniscectomy, patients have no symptoms and meniscal 
transplantation cannot be recommended at present for a patient without complaints. 

The knees that underwent a sham operation showed only minimal or no 
histological changes in cartilage after 6 weeks and 1 year. These findings are in 
agreement with those of Shapiro and Glimcher,25 who observed no significant 
degenerative changes in sham-operated rabbit knees at 6 months after surgery. On 
the basis of these considerations, it can be concluded that a first arthrotomy does not 
lead to degenerative changes by itself. However, the twofold insult to knees subjected 
to delayed meniscal transplantation where the cartilage has been exposed to the 
effects of drying for a longer period, may be at least partly responsible for the poor 
outcome in this group. 

Degenerative changes of the cartilage were graded by 2 observers in sections of 
knees using a modified Mankin scoring system.24 The overall interpretation of 
assessments by the first and second observer in the current study showed a more 
than acceptable interobserver and intraobserver reliability. However, it is recognized 
that this semiquantitative method of interpretation is subjective to a considerable 
extent. Moreover, despite the fact that some criteria that were assessed are likely 
more important than others in the grading of degenerative changes, each of the cri
teria was given the same numerical rating. 

The current data obtained in rabbits cannot be extrapolated to the situation in 
man. Fresh allografts were reimplanted within 2 hours after harvesting. Several stu
dies have suggested that the presence of viable cells in meniscal allografts may have 
a beneficial effect in maintaining the extracellular matrix and the mechanical integrity 
of the transplant26,27 Allografts can be kept at 4°C in sterile tissue culture medium 
for 7 days without loss of viability.2^ However, the availability of fresh transplants in 
clinical practice is limited and the impossibility of matching the meniscal size of 
donor and receiver may limit further the applicability of this type of graft in humans. 

Furthermore, all rabbits were purchased from the same supplier and immuno
logical mismatching was not performed. Therefore, it is possible that these animals 
have genetic similarities in their major histocompatibility complex haplotypes. Ro
deo et al.29 found a small number of immunologically active cells (B lymphocytes 
and/or T-cytotoxic cells) in the majority of transplanted allografts in humans. The 
presence of these cells suggests a subtle immune reaction which may modulate graft 
healing, incorporation, and graft revascularization. The clinical importance of these 
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immune responses to meniscal allografts is not exactly known yet, but in general, 
there is no evidence for graft failure or rejection. 

In 5 of 6 rabbits meniscal regeneration was observed after 6 weeks, which could 
be responsible for some protection of the articular cartilage in meniscectomized 
knees. The role of meniscal regeneration in the clinical situation is uncertain. Whether 
human meniscal allograft transplantation can prevent or postpone the onset of 
osteoarthritis has not been established. Nevertheless, rabbit models have proven to 
be one of the better models because of similarities in histological and biochemical 
aspects of rabbit and human articular cartilage.25,3° However, the weight-bearing 
profile in rabbit knees is different from that in human knees. Furthermore, surgical 
procedures in small animals such as the rabbit are difficult and may introduce artefacts 
that are hard to interpret when comparing data obtained in small animals with those 
obtained in larger animals. Because of the small size of rabbit knees, the horn 
ligamentous attachments of the transplanted allografts were not retained via trans
plantation of bone plugs, but the anterior and posterior horns were reattached to the 
ligamentous tibial bone attachments. In the current study, the effect of the anchoring 
technique on immune response, load distribution, and shock absorption could not be 
determined. However. Szomor et al.17, who reported comparable results at 4 months 
after immediate meniscal transplantation in sheep, hypothesized that the damage to 
articular cartilage observed in the group that underwent immediate transplantation 
was secondary to nonisometric positioning and tensioning and to rigidity of fixation 
of the grafts. Alhalki et al.31 reported that implantation of meniscal autografts in 
human cadaver knees with bone plugs resulted in contact mechanics that were 
significantly closer to normal as compared with fixation with sutures. However, 
bone plugs increase the antigenic load since bone allografts elicit an immune res
ponse.0 More future experimental and clinical studies are needed to evaluate these 
effects and to investigate the biological and biomechanical properties of different 
anchoring techniques on a long-term basis. The current findings suggest that meniscal 
allograft transplantation immediately after meniscectomy has a protecting effect on 
articular cartilage on a long-term basis, whereas delayed transplantation results in 
more degenerative changes than meniscectomy only. If the results of the current 
study are applicable to humans, they would support immediate but not delayed 
transplantation after removal of a meniscus. As a consequence, the question remains 
to be answered whether meniscal allograft transplantation after meniscectomy is 
indicated in asymptomatic patients. 
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Abstract 

Purpose: To evaluate quantitatively functional changes in articular cartilage after 
meniscus transplantation in rabbits. 

Type of study: Experimental study. 

Methods: Thirty rabbits were divided into 5 groups. Group A and Group C were 
subjected to meniscectomy only. Group B and Group D underwent meniscal 
transplantation immediately after meniscectomy. Group E had delayed transplantation 
at 6 weeks after meniscectomy. Six nonoperated knees served as controls. Functional 
changes in articular cartilage were examined at 6 weeks (Groups A, B) and 1 year 
(Groups C, D, E, controls) after surgery by measuring lactate dehydrogenase (LDH) 
activity in chondrocytes as a measure of their vitality and proteoglycan content of 
the extracellular matrix as a measure of its quality. 

Results: At 6 weeks and 1 year follow-up, no significant differences were found 
between the immediate transplant group and postmeniscectomy group. The delayed 
transplant group showed a significantly decreased proteoglycan content as compared 
with the postmeniscectomy group. No significant differences in cellular LDH activity 
were found between the immediate transplant group and postmeniscectomy group 
at 6 weeks and 1 year. However, the delayed transplant group showed a significant 
decrease in LDH activity as compared with the postmeniscectomy group. 

Conclusions: Immediate meniscal transplantation in rabbits did not significantly 
reduce degenerative changes of articular cartilage in comparison with meniscectomy 
on a short-term and long-term basis, whereas delayed transplantation lead to more 
degenerative changes than meniscectomy. 

Clinical relevance: Before meniscus transplantation can be considered as an 
alternative to meniscectomy in clinical practice, it has to be determined whether this 
procedure has any protective effect on articular cartilage on the long term. 
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Introduction 

Experimental and clinical studies have revealed an increased incidence of 
degenerative changes of articular cartilage in the knee joint after meniscectomy.1"4 

Meniscal allograft transplantation is used to replace the native meniscus in an effort 
to prevent these degenerative changes. Application of meniscal allografts in clinical 
practice has progressed to a point where relief of pain may be expected on a short-
term basis, but long-term protective effects on articular cartilage after meniscal 
transplantation have not yet been demonstrated conclusively.5" In experimental 
histological studies, it has been shown clearly that knees receiving a meniscal 
transplant immediately after meniscectomy developed fewer degenerative changes 
than knees that underwent meniscectomy only.710 On the other hand, it has been 
reported that meniscal transplantation with an interval between meniscectomy and 
implantation may even lead to more degenerative changes than meniscectomy only.7-8 

However, these studies evaluated the structural but not the functional changes in 
articular cartilage after meniscal transplantation. 

The aim of the present study was to evaluate with quantitative histochemical 
means functional changes in the remaining articular cartilage in rabbit knees following 
meniscal transplantation on a long-term basis. Several studies have demonstrated 
that activity of chondrocytes and levels of proteoglycans in articular cartilage are 
decreased in osteoarthritic joints."14 In the present study, vitality of chondrocytes is 
determined quantitatively by measuring cellular lactate dehydrogenase (LDH) activity, 
which is considered to be an indicator of biosynthetic capacity in chondrocytes."131617 

The quality of the extracellular matrix of cartilage was determined by measuring 
quantitatively the proteoglycan content in cartilage on the basis of the intensity of 
Safranin O staining.1318 

Material and Methods 

Thirty mature female New Zealand white rabbits were divided into 5 groups of 6 
animals each. The right knees were operated on. Groups A and C were subjected to 
medial meniscectomy. Groups B and D underwent meniscal allograft transplantation 
immediately after medial meniscectomy. In group E, delayed meniscal allograft 
transplantation was performed at 6 weeks after meniscectomy. Six weeks after 
operation, groups A and B were sacrificed by intravenous injection of sodium pen-
tothal. The other groups were sacrificed at 1 year after (the first) operation. The 
nonoperated left knee joints of 6 rabbits (3 animals of group D and 3 animals of 
group E) were selected at random before operation to serve as control group. Approval 
of this study was obtained from the local ethical committee for animal experiments. 
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Surgical Technique 
All animals were premedicated with an intramuscular dose of ketamine (50 mg/kg) 
and xylazine hydrochloride (8 mg/kg). Rabbits were anaesthetized by inhalation of 
halothane, oxygen, and nitrous oxide via a mask. After disinfection of the skin, the 
right knee was approached by a medial parapatellar arthrotomy through the patellar 
fat pad and gentle lateral displacement of the extensor mechanism using a sterile 
technique. Medial menisci, including the meniscal wall, were resected sharply along 
the periphery, dividing the coronary ligament, and were detached from its anterior 
and posterior tibial bone attachments at the junction of the ligamentous attachment 
and the meniscal flbrocartilage. Care was taken to avoid injuring collateral and 
cruciate ligaments. Harvested meniscal grafts were immersed in sterile saline. Acute 
transplantation was performed immediately after meniscectomy by suturing an 
appropriately sized fresh allograft, selected from previously removed menisci, in 
the recipient bed using 3 6-0 polypropylene sutures. The anterior and posterior horns 
of the graft were reattached anatomically to the appropriate ligamentous structures 
without using bone plugs; the midportion was sutured to the medial collateral 
ligament. Allograft position and mobility were controlled in knee flexion and 
extension, and under valgus and varus stress. The capsule, periarticular tissues, and 
skin were closed with interrupted 3-0 polyglactin sutures. Delayed transplantation 
was performed by a 2-step procedure with an interval of 6 weeks between 
meniscectomy and transplantation using an appropriately sized fresh allograft 
immersed in sterile saline. The surgical procedure was as described above. All 
allografts were obtained from different animals used in this study and were re-
implanted within 2 hours after harvesting. After operation, animals received 
subcutaneous analgesic (buprenorfine, 0.05 mg/kg) during 24 hours and were able 
to move and exercise freely. Antibiotic prophylaxis was given for 72 hours 
(enrofloxacin 5%, 5 mg/kg), perioperatively. 

Preparation of Cryostat Sections 
After dissection of the knee joints, skin and superficial muscle layers were removed 
and the joints were immediately embedded in an aqueous solution of 8% (weight 
per volume) gelatin white (Sigma, St. Louis, MO, USA) and frozen slowly in liquid 
nitrogen as previously described.1519 Sections were cut on a motor-driven cryostat 
fitted with a retraction microtome (Bright, Huntingdon, UK) and a tungsten carbide-
tipped knife (Spikker, Zevenaar. The Netherlands) at a cabinet temperature of-25" C.15-20 

The angle between knife and surface of the tissue block was 8°. After the block was 
trimmed to the desired level, transparent tape (Scotch tape 800; 3M, St. Paul, MN, 
USA) was fastened with a stiff brush onto the section surface of the block. The 
microtome knife then cut underneath the tape at a low but constant speed and 10-um 
thick sections attached to tape were obtained without loss of tissue integrity.1521 

Pieces of tape with adherent sections were fixed on glass slides with ordinary tape. 
Coronal serial sections of the intact knee joints were prepared including menisci. 
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lemur, and tibia. Sections were made in this plane to allow for comparative 
observations in medial and lateral compartments of the knees in each section. 

Histochemical Staining 
From each knee joint, 1 section was stained with Safranin O (Merck. Darmstadt, 
Germany) (Figure 1). To ensure that sections were taken from the same position of 
the knee in all animals, they were selected on the basis of the presence of sutures 
attaching the transplanted meniscus to the collateral ligament. These sections were 
air-dried for 60 minutes at room temperature and subsequently fixed in 4% 
paraformaldehyde (Merck) and 1% glutaraldehyde (Merck) in cacodylate buffer 
(0.1 M, pH 7.4) for 30 minutes at room temperature. After rinsing in distilled water, 
sections were stained in a solution of 300 mg Safranin O in 100 ml aqueous 0.125 N 
HC1 solution, pH 1.0, for 30 minutes at room temperature. Then, sections were rinsed 
thoroughly in distilled water, air-dried, and embedded in euparal. 

LDH activity was stained in another randomly chosen section from each knee 
joint that was adjacent to the section used for Safranin O staining (Figure 1). Sections 
were air-dried (10 minutes, 37° C) and then incubated at 37° C for 5 minutes using 
preheated incubation medium according to the method described by Van Noorden 
and Vogels22 and Van Noorden and Frederiks.23 The medium consisted of 100 mM 
phosphate buffer. pH 7.45, containing 18% polyvinyl alcohol (Sigma), 5 mM azide, 
and 5 mM tetranitro blue tetrazolium chloride (tetranitro BT; Serva, Heidelberg, 
Germany). Tetranitro BT was dissolved in equal amounts of dimethylformamide 
and ethanol before addition to the incubation medium giving a final concentration 
of each solvent of 2%. LDH activity was demonstrated with the addition of 150 mM 
sodium L-lactate (Serva), 3 mM NAD+ (Boehringer. Mannheim. Germany), and 
0.32 mM 1-methoxyPMS (Serva). The reaction was stopped immediately by was
hing sections in tap water of 60°C to remove the viscous incubation medium. Sections 
were mounted in glycerol-jelly. For control incubations, lactate was omitted from 
the incubation medium as described by Van Noorden and Vogels.22 All control 
incubations resulted in completely unstained sections. 

Quantitative Analysis 
Safranin O-stained sections and LDH activity-stained sections were analyzed 
quantitatively using the QWinPro image analysis software (Leica, Cambridge. UK) 
in the interactive mode. Illumination of the sections was performed with white light. 
Articular cartilage of femur and tibia were delineated by hand and the cartilage area 
was taken as 100%. Then areas of the articular cartilage that were considered to be 
positive for Safranin O staining were delineated manually after a threshold was 
selected that discriminated areas negative and positive for Safranin O staining (Figure 
1). Safranin O-positive areas were calculated as percentages of total areas of cartilage 
matrix. 
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Chondrocytes positive for LDH activity were delineated automatically using a 
constant threshold. This constant threshold could be used because of the large 
differences of absorbance between LDH-positive chondrocytes and extracellular 
matrix or dead LDH-negative chondrocytes (Figure 1). 

Statistical A nalysis 
Data were statistically analysed using the nonparametric Kruskal-Wallis test in 
multiple comparisons between different groups, followed by post-hoc comparisons 
with the Nemenyi test. Statistical significance was set at p < 0.05. 

Figures 1A-D. Photomicrographs of articular cartilage of the medial tibial plateau in rabbit knees of a control 
knee (A.Hi and a knee showing degenerative changes (CD). (A) Safranin 0 staining in control; (B) Lactate 
dehydrogenase activity in control: (C) Safranin <> staining at I year after meniscectomy; (D) Lactate dehydro-

e activity at I year after meniscectomy. U . cartilage; js, joint space; b.bone; \ areas showing extracellular 
matrix with decreased content of proteoglycans, *'. areas showing chondrocytes virtually without LDH activity; 
arrows indicating surface articular cartilage. Original magnification x40). 
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Results 

Macroscopical Assessment of Menisci 
None of the menisci showed extrusion. Capsular ingrowth was observed in all menisci 
that were transplanted immediately after meniscectomy. Six weeks after trans
plantation, 2 of 6 meniscal allografts in group B showed degenerative changes. One 
year after immediate transplantation (group D). degenerative changes were found in 
3 of 6 transplants. After delayed transplantation (group E), 2 of 6 menisci were 
completely degenerated after 1 year follow-up. All other transplants in group E healed 
to the periphery, but all showed degenerative changes and shrinkage. One of these 
transplants developed a calcification in the anterior horn. Evidence of meniscal 
regeneration was observed in 5 of 6 rabbits at 6 weeks after meniscectomy without 
transplantation (group A) and in 3 of 6 rabbits at 1 year after meniscectomy only 
(group C). These observations were not correlated with the subsequent analysis of 
the articular cartilage. 

Changes in Articular Cartilage 
Figure 1 shows Safranin O and LDH activity staining in control knees and knees at 
1 year follow-up after meniscectomy. It is clear that the operation resulted in reduced 
amounts of cartilage. The following quantitative analysis has been performed to 
analyse the quality of the remaining cartilage. The mean decrease in Safranin O-
staining intensity and LDH activity in tibial and femoral articular cartilage in each 
group are presented in the Figures 2 and 3. In general, changes in quality of 
extracellular matrix and vitality of chondrocytes due to treatment were similar in 
cartilage of the tibial plateau and femoral condyle. Control joints showed hardly any 
areas of cartilage with decreased Safranin O staining, whereas joints of animals in 
groups A-D showed 5-15% of the remaining cartilage with decreased amounts of 
proteoglycans. Delayed transplantation resulted in over 30% of the area of the 
remaining cartilage to be affected. Nine percent of the cartilage in the control group 
showed LDH activity. The delayed transplant group showed LDH activity in 4% of 
the cartilage. The differences between groups A-D and the control group were less 
distinct. 

Statistical A nalysis 
All groups of animals that had been operated on demonstrated a significant decrease 
in the area of the cartilage with healthy amounts of proteoglycans as compared with 
the control group (p < 0.01 for both the medial tibial plateau and femoral condyle in 
groups A-E). Knee joints examined at 1 year after meniscectomy and 1 year after 
immediate transplantation did not show a significant further decrease in proteoglycan 
content when compared with knee joints examined at 6 weeks after meniscectomy 
only and 6 weeks after immediate transplantation, respectively. No significant 
differences in proteoglycan content were found between the immediate transplant 
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Control Group A Group B Group C Group D Group E 

Figure 2. Mean percentage area + standard deviation of articular cartilage showing decreased Safranin O 
staining of the medial tibial plateau (MTP) and the medial femoral condyle (MFC) for the nonoperated group 
(control), group A (6 weeks after meniscectomy), group B (6 weeks after meniscal transplantation), group C 
(I year after meniscectomy), group D (I year after immediate meniscal transplantation), and group E (I year 
after meniscectomy followed by delayed meniscal transplantation at 6 weeks afterwards). 

Control Group A Group B Group C Group D Group E 

Figure 3. Mean percentage area ± standard deviation of healthy chondrocytes on the basis of their LDH 
activity in articular cartilage of the medial tibial plateau (MTP) and the medial femoral condyle (MFC) for 
the nonoperated group (control), group A (6 weeks after meniscectomy), group B (6 weeks after meniscal 
transplantation), group C (I year after meniscectomy), group D (I year after immediate meniscal 
transplantation), and group E (I year after meniscectomy followed by delayed meniscal transplantation at 6 
weeks afterwards). 
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group and the postmeniscectomy group at 6 weeks and 1 year follow-up. However, 
the delayed transplant group showed significantly more areas with decreased Safranin 
O staining than the postmeniscectomy group at 1 year follow-up (p < 0.01 for both 
the medial tibial plateau and femoral condyle). 

Compared to the nonoperated control group, no significant differences in vitality 
of chondrocytes as determined by LDH-activity staining were found in the 
postmeniscectomy group and the immediate transplant group at 6 weeks and 1 year 
follow-up. However, delayed transplantation caused diminished vitality of chondrocytes 
(p < 0.05). No significant differences in LDH activity were found between the 
immediate transplant group and the postmeniscectomy group at 6 weeks and 1 year 
follow-up. The delayed transplant group showed a significant decrease in LDH 
activity as compared with the postmeniscectomy group at 1 year follow-up (p < 0.05 
for both the medial tibial plateau and femoral condyle). 

Discussion 

The outcome of meniscal allograft transplantation must be examined on the basis of 
prevention of osteoarthritic changes in knees that underwent meniscectomy. To 
evaluate changes in articular cartilage, several scoring and grading systems have 
been used.710 However, these semiquantitative methods often suffer from bias. 
Quantification of changes in articular cartilage using image analysis allows a more 
objective comparison between specimens. Early degenerative changes of articular 
cartilage are characterized by decreased amounts of proteoglycans in the extracellular 
matrix and increased rates of proliferation of chondrocytes in clones.12 In later stages 
of the disease, hypocellularity is observed as well. However, the number of 
chondrocytes in osteoarthritic cartilage is not correlated directly with the metabolic 
activity of these cells. Therefore, numbers of chondrocytes are less relevant as a 
parameter for the quality of articular cartilage than metabolic activity of these cells. 
Indications of metabolic activity of chondrocytes can be obtained by determination 
of activities of key enzymes of particular metabolic pathways.1617 Because of their 
low oxygen uptake, chondrocytes depend largely on anaerobic glycolysis for the 
reoxidation of NADH to NAD, which is required for biosynthesis of proteoglycans. 
LDH can be considered as a key enzyme for this anaerobic metabolism in chondro
cytes."151617 In mice that spontaneously develop osteoarthritis and closely resembles 
osteoarthritis in humans. Altman" demonstrated a focal loss of LDH activity in 
chondrocytes in precisely those regions of cartilage where the disease starts to 
manifest. This was not due to death of chondrocytes because the cells were viable. 
This finding suggests that chondrocytes in osteoarthritic knees already show 
decreased enzyme activity before cell death occurs. 

In the present study, quantitative cytochemistry has been used to evaluate the 
anaerobic metabolism of chondrocytes. Cryostat sections were used giving the 
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opportunity to investigate the metabolism in cartilage without loss of enzyme activity 
by fixation, demineralisation, or embedding of the tissue. In general, osteoarthritic 
cartilage shows a mild to moderate decrease in proteoglycan content proportional to 
the severity of the disease.24 Measuring differences in intensity of Safranin O staining 
using image analysis can be used as a simple quantitative histochemical method to 
follow changes in proteoglycan content of the articular cartilage.18 To determine 
whether meniscal allografts are effective in reducing degenerative changes of the 
articular cartilage as observed after meniscectomy, a comparison with meniscecto-
mized knees at the same postoperative time is required. 

In the present study, no differences in LDH activity in chondrocytes between 
the groups were observed at 6 weeks and 1 year follow-up, which can be considered 
as short term and long term, respectively. The results at 6 weeks suggest that after 
meniscectomy as well as after meniscal transplantation chondrocytes are as vital as 
in control cartilage. At 1 year follow-up, the metabolic activity of the chondrocytes 
after meniscectomy and after immediate transplantation is still similar as in the control 
cartilage, whereas the LDH activity of chondrocytes in the articular cartilage in the 
delayed transplant group is clearly decreased. The proteoglycan content was 
significantly decreased in all experimental groups as compared with the control 
group. At 6 weeks and 1 year follow-up, differences between the meniscectomy 
group and the group that underwent immediate transplantation were not observed. 
Approximately 10% of the remainder of the cartilage showed decreased amounts of 
proteoglycans. However, levels of proteoglycans in the articular cartilage in the 
delayed transplant group were significantly decreased as compared to both the 
meniscectomy group and the immediate transplant group at 1 year follow-up. 

Combining the changes in activity of the chondrocytes with the changes in 
proteoglycan content in the present study, it can be concluded that chondrocytes 
remain similarly active after meniscectomy and after immediate meniscal 
transplantation as in control cartilage. Nevertheless, at 6 weeks follow-up there is a 
net decrease in total proteoglycan content after meniscectomy whether or not followed 
by immediate transplantation. Probably, this is the result of release of proteoglycans 
from the cartilage. No further decrease in proteoglycan content was observed at 
1 year in the meniscectomy group and in the group subjected to immediate 
transplantation. In the delayed transplant group, the reduced vitality of chondrocytes 
is accompanied by a depletion of proteoglycans in the remainder of the cartilage. It 
should be pointed out that the data provide insight in histochemical changes in the 
part of articular cartilage that is not lost by the osteoarthritic process. The amounts 
of destroyed articular cartilage were not included in the present study. 

In a previous study by Rijk et al.,8, no significant differences in structural changes 
were demonstrated between the meniscectomy group and the transplant group at 6 
weeks follow-up. The results at 1 year after surgery showed clearly that knees that 
received a meniscal transplant immediately after meniscectomy developed fewer 
degenerative changes than knees that were subjected to meniscectomy only. In the 
current study, it is demonstrated that the remainder of the cartilage in meniscectomized 
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knees showed the same proteoglycan content and LDH activity as the articular 
cartilage in knees subjected to immediate transplantation at 1 year. Apparently, the 
rate of metabolic activity and the proteoglycan content in the remaining cartilage in 
meniscectomized knees did not decrease as compared with the immediate transplant 
group despite the increased structural damage. Rabbits that underwent delayed 
transplantation showed significantly more degenerative structural changes than rabbits 
in the postmeniscectomy group and a decrease in proteoglycan content and LDH 
activity in the remaining cartilage as well. Thus delayed transplantation not only 
results in more structural damage to the articular cartilage than meniscectomy, but 
the remaining cartilage is also of less quality. 

Our findings are in agreement with those of Mankin et al.,12 who reported that 
with increasing severity of degenerative changes, synthetic mechanisms in 
chondrocytes fail and cartilage is destroyed. Aagaard et al.7 stated that the altered 
shape of the condyles attributable to ridge formation after meniscectomy may cause 
a mechanical conflict between the transplant and the condyles, which then could be 
responsible for the increased degenerative changes in the delayed transplant group. 
In addition, the twofold insult to knees subjected to delayed meniscal transplantation 
where the cartilage was exposed to the effects of drying for a longer period, could 
be at least partly responsible for the poor outcome in this group. Cummins et al.10 

reported that immediate and delayed meniscal allograft transplantation in rabbits at 
3 months follow-up offer protection to the articular cartilage of knees after 
meniscectomy and that delayed transplantation may reverse initial degenerative 
changes. The current results suggest that when initial degenerative changes 
attributable to meniscectomy are reversed, it is only temporary. The findings of the 
present study strongly suggest that delayed transplantation is not a good clinical 
alternative to treat patients with symptomatic degenerative joint disease after 
meniscectomy. 

The results from the present study cannot simply be extrapolated to the situation 
in humans. Whether human meniscal allograft transplantation can either prevent or 
postpone the onset of osteoarthritis remains to be established. Nevertheless, rabbit 
models have proven to be one of the better models for the human situation because 
of similarities in histological and biochemical aspects of rabbit and human articular 
cartilage.14-25 On the other hand, the weight-bearing profile in rabbit knees is different 
from that in human knees. Furthermore, surgical procedures in small animals such 
as the rabbit are rather difficult and this may introduce artefacts that are hard to 
interpret when comparing data obtained in small animals with those obtained in 
larger animals. 

It can be concluded that immediate meniscal allograft transplantation in rabbit 
knees did not significantly reduce degenerative changes of articular cartilage when 
compared with meniscectomy only. Moreover, after delayed meniscal transplantation, 
the articular cartilage showed even more degenerative changes than after meni
scectomy. Therefore, clinical application of delayed meniscus transplantation has to 
be considered with care. 
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Abstract 

Purpose: To compare long-term performance of meniscal allografts transplanted 
immediately after meniscectomy and allografts transplanted at 6 weeks after 
meniscectomy. 

Type of Study: Experimental study. 

Introduction: Meniscus transplantation has been proposed as an alternative to total 
meniscectomy. A structural analysis was performed to compare long-term 
performance of meniscal allografts transplanted immediately after meniscectomy 
and allografts transplanted at 6 weeks after meniscectomy. 

Methods: Twenty-one rabbits were subjected to meniscectomy and divided into 3 
groups of 7 animals. Immediate meniscal transplantation was performed in group A 
(6 weeks follow-up) and group B (1 year follow-up). Group C underwent delayed 
transplantation at 6 weeks after meniscectomy. One animal in group B developed 
infective arthritis and was not included. Six nonoperated knees served as controls. 
Four other knees were subjected to a sham procedure. Menisci were examined 
macroscopically and histologically at 6 weeks (group A and 2 sham-operated ani
mals) and 1 year (group B, C, controls, and 2 sham-operated animals). 

Results: Capsular ingrowth was observed in all allografts. At 1 year, osteoarthritic 
changes in the delayed transplant group were more pronounced than in the immediate 
transplant group. Menisci in nonoperated controls and sham-operated knees appeared 
normal. No differences in shrinkage of allografts were observed between groups A 
and B. Group C showed significantly more shrinkage than allografts in both group A 
(p=0.004) and group B (p=0.005). Two allografts in group C were completely 
degenerated. Differences in architecture of the allografts were not found between 
groups A, B, and C. In both the peripheral and central areas of transplanted menisci, 
the number of cells was frequently increased due to repopulation even at 6 weeks 
follow-up. 

Conclusions: Delayed meniscal allograft transplantation causes distinct structural 
damage to menisci in comparison with immediate transplantation. 
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Introduction 

It has been demonstrated that menisci perform an important functional role in knee 
joints and that their removal results in degeneration of articular cartilage.M Menisci 
are weight bearing, increase joint congruency, stabilize the knee, facilitate rotation 
of the opposing articular surfaces of the joint, and improve articular cartilage nutrition 
and lubrication.59 Recognition of the harmful effects of meniscectomy and the 
immunoprivileged character of meniscal tissue have led to efforts to replace menisci 
that have been irreversibly damaged. Transplantation of meniscal allografts has mainly 
been studied in animals,101112 but its effects have been analysed in a number of clinical 
trials as well13'14,13 and the short-term and mid-term results are promising. However, 
experimental studies cannot be directly compared with clinical trials because 
transplantation in animals is performed mostly immediately after meniscectomy, 
whereas in the human, transplantation is delayed because the indication for meniscal 
transplantation is degenerative joint disease due to meniscectomy. To our knowledge, 
long-term studies have not yet been published, in which the performance of allografts 
after primary meniscal transplantation is compared with that of allografts after 
secondary transplantation. In the present histological study in rabbits, long-term 
performance of meniscal allografts transplanted immediately after removal of the 
original meniscus and allografts transplanted at 6 weeks after meniscectomy are 
compared at 1 year after (the first) operation. 

Material and Methods 

Twenty-one mature female New Zealand white rabbits weighing between 3.0 and 
3.5 kg were divided into 3 groups of 7 animals each. In all animals, the right knee 
was the experimental knee. Group A and group B were subjected to meniscal allograft 
transplantation immediately after medial meniscectomy. Group C underwent delayed 
meniscus transplantation at 6 weeks after meniscectomy. One animal in group B 
developed infective arthritis of the knee joint and was not included in the study. A 
sham procedure on the right knee was performed in 4 other rabbits. Six weeks after 
operation, animals in group A and 2 sham-operated animals were killed by intravenous 
injection of sodium pentothal. All other rabbits were sacrificed at 1 year after (the 
first) operation. The nonoperated left knee joints of 6 rabbits (3 animals from group 
B and 3 animals from group C) were selected at random before operation to serve as 
control group. The knees were removed for analysis at the time of death of the 
animals. Approval of this study was obtained from the local ethical committee for 
animal experiments. 

Surgical Procedures 
The rabbits were premedicated with an intramuscular dose of ketamine (50 mg/kg) 
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and xylazine hydrochloride (8 mg/kg). Surgery was carried out under general 
anesthesia with halothane, oxygen, and nitrous oxide inhalation via a mask. All 
operations were performed by the same surgeon. Using sterile operating procedu
res, the joint was entered following an anterior midline incision, a medial parapatellar 
capsulotomy through the patellar fat pad, and gentle lateral displacement of the 
extensor mechanism. Medial menisci were resected sharply along the periphery, the 
coronary ligament was divided, and detached from the anterior and posterior tibial 
bone at the junction of the ligamentous attachments and the meniscal fibrocartilage. 
Care was taken not to injure the medial collateral ligament, cruciate ligaments, or 
articular cartilage. The meniscal grafts were immersed in sterile saline after 
harvesting. 

When an immediate transplantation was performed, an appropriately sized fresh 
allograft was selected from the removed menisci and sutured in the recipient bed 
using 3 6-0 polypropylene sutures. The anterior and posterior horns of the graft 
were reattached to the appropriate ligamentous structures; the midportion was sutured 
to the medial collateral ligament. The allograft position and mobility were controlled 
in knee flexion and extension, and under valgus and varus stress. The capsule, 
periarticular tissues, and skin were closed with interrupted 3-0 polyglactin sutures. 

Delayed transplantation was performed by a 2-step procedure with an interval 
of 6 weeks between meniscectomy and transplantation using a fresh allograft. 

All allografts were obtained from animals used in this study and were reimplanted 
within 2 hours after harvesting. In the sham operations, similar skin and capsular 
incisions were made but the meniscus was not removed. After surgery, animals 
received subcutaneous analgesic (buprenorfme, 0.05 mg/kg) during 24 hours and 
were allowed to bear weight immediately and to move freely. Antibiotic profylaxis 
was given for 72 hours (enrofloxacin 5%, 5 mg/kg). 

Preparation of Sections 
After dissection of the knee joints, skin and superficial muscle layers were removed 
and the joints were immediately embedded in an aqueous solution of 8% gelatin 
white (Sigma, St. Louis. MO. USA) and frozen slowly in liquid nitrogen as described 
previously.1617 Sections were cut on a motor-driven cryostat fitted with a retraction 
microtome (Bright, Huntingdon, UK) and a tungsten carbide-tipped knife (S pikker, 
Zevenaar. The Netherlands) at a cabinet temperature of -25" C.I7IS The angle bet
ween knife and surface of the tissue block was 8". After the block was trimmed to 
the desired level, transparent tape (Scotch tape 800; 3M. St. Paul, MN, USA) was 
fastened with a stiff brush onto the section surface of the block. The microtome 
knife then cut underneath the tape at an extremely low but constant speed and 10-|jm 
thick sections attached to tape were obtained without loss of tissue integrity.1719 

Pieces of tape with adherent sections were fixed on glass slides with ordinary tape. 
Coronal sections of the intact knee joints were prepared including menisci, femur, 
and tibia. Sections made in this plane allow for comparative observations in medial 
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and lateral compartments in each section. Three to 6 sections from the anterior and 
posterior region of each knee joint were prepared and stained with Giemsa (BDH, 
Poole, UK). 

Histological Evaluation 
Light microscopical assessment of the menisci was performed by 1 observer who 
was blinded to the experimental groups. Capsular ingrowth, coverage with synovial 
tissue, surface irregularities, and calcifications were described and scored as 0 (absent) 
or 1 (present). Features were presumed to be present if they were observed in more 
than I section. The number of viable cells was scored separately for peripheral and 
central areas as -1 (decreased), 0 (normal), or 1 (increased). Shrinkage was examined 
separately for the anterior and posterior horn of the meniscus and scored as 0 (absent). 
1 (only present in the anterior or posterior horn), 2 (present in both the anterior and 
posterior horn), or 3 (meniscus completely degenerated). In order to limit subjectivity 
of the assessment technique, all sections were randomized before they were described. 

A mean histological score for the articular cartilage was obtained per animal for 
both the medial tibial plateau (MTP) and medial femoral condyle (MFC) using a 
slight modification of the Mankin scoring system as described previously.20-21 The 
mean scores for all animals per group were registered but not evaluated in the present 
study. 

Statistical A nalysis 
The Fisher exact probability test was used to compare differences in frequencies of 
coverage with synovial tissue, surface irregularities, and calcifications. The Mann-
Whitney rank-sum test was used to compare scores for cellularity and shrinkage 
between different groups. Statistical significance was set at p < 0.05. 

Results 

Macroscopical Evaluation 
Two allograft menisci in the group that underwent delayed transplantation were 
completely degenerated. All other allografts showed integration into the host capsular 
tissues. None of the menisci showed extrusion. 

Histological Evaluation of the Articular Cartilage 
In all transplanted knees some degeneration of the medial tibial and femoral surface 
was observed in comparison with the nonoperated knees (Figure 1). At 1 year follow-
up, osteoarthritic changes were more pronounced in the delayed transplant group 
(histological score. 9.3 ± 3.6 and 9.8 ± 3.9 for the MTP and MFC. respectively) than 
in the immediate transplant group (histological score. 2.7 ± 1.7 and 2.7 ± 2.0 for the 
MTP and MFC, respectively)(Figures 1C and D). Degenerative changes of the 
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Figures IA-D. Photomicrographs oj central areas of rabbit knee joints. A. control: B. 6 weeks afte\ 
meniscectomy immediately followed by transplantation; C, I year after meniscectomy immediately followed 
by transplantation; I). I year after meniscectomy followed by delayed transplantation with meniscus showing 
shrinkage, m. meniscus; js, joint space; c cartilage; th, suture; ca, calcification. Bur: I mm. 

cartilage were similar at 6 weeks (histological score. 3.1 ± 2.0 and 2.6 ± 2.4 for the 
MTP and MFC, respectively) and at 1 year after immediate meniscal transplantation 
(Figures IB and 1C). Degenerative changes were not found in knees of animals 
subjected to a sham procedure. 

Histological Evaluation of Menisci 
Histological evidence of rejection was never observed although mild proliferation 
of synovial tissue surrounding the meniscus was observed in all transplanted ani
mals. In most animals, blood vessels were present in areas adjacent to the peripheral 
meniscal attachment. Histological changes in groups A, B. and C are summarized in 
Table I. No scores for synovial coverage, surface irregularities, calcifications, and 
number of cells could be obtained for the 2 completely degenerated allografts. 

Group A (6 weeks after immediate transplantation, Figure IB). All allografts 
showed a synovial membrane covering the peripheral surface. The histological 
appearance of the transplanted menisci was completely normal in 2 of 7 animals. An 
increased number of cells was found in peripheral and central areas in I allograft. 
Four other allografts showed an increase in cells in the peripheral edge only. The 
majorit) of these cells were found in the superficial layers of the transplants. Some 
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Table 1. Histological changes in medial meniscal allografts at 6 weeks after meniscectomy followed by 
immediate transplantation (group A). 1 year after meniscectomy followed by immediate transplantation (group 
B). and 1 year after meniscectomy followed by 6 weeks delayed transplantation (group C). 

Group A 

Group B 

Group C 

Animal 

1 
2 
3 
4 
5 
6 
7 

8 
9 
10 
11 
12 
13 

14 
15 
16 
17 
18 
19 
20 

Peripheral 
coverage with 
synovial tissue' 

1 
1 
1 
1 
1 
1 
1 

1 
0 
1 
1 
0 
0 

0 
completely degenerated 

1 
1 

completely degenerated 
0 
1 

Surface 
irregula

rities' 

1 
0 
0 
0 
0 
0 
0 

0 
0 
0 
1 
0 
1 

1 

1 
1 

0 
1 

Increased 
number of cells 

(peripheral/ 
central area)2 

1/0 
0/0 
1/0 
1/0 
0/0 
1/0 
1/1 

0/0 
0/0 
1/0 
1/1 
0/0 
1/0 

1/1 

0/0 
0/0 

1/0 
0/0 

Calcification' 

0 
0 
0 
0 
0 
0 
0 

1 
0 
0 
0 
1* 
0 

0 

0* 

o 
1 
1 

Shrinkage-1 

1 
0 
1 
1 
0 
0 
0 

1 
0 
0 
0 
0 
1 

2 
3 
2 
2 
3 
1 
2 

' Score for peripheral coverage with synovial tissue, surface irregularities and calcification: 0 = absent: I = 
present 
2 Score for number of cells: -I = decreased: 0 = normal: I = increased 
•' Score for shrinkage: 0 = no shrinkage: 1 = shrinkage of only the anterior or posterior horn; 2 = shrinkage 
of both the anterior and posterior horn: 3 = meniscus completely degenerated 
* Calcification observed in the central area of the lateral meniscus 

shrinkage of the anterior horn was observed in 3 specimens. No signs of shrinkage 
were observed in the posterior horns of the transplanted allografts. None of the 
allografts showed calcifications. Mild surface irregularities were found in 1 allograft. 

Group B (1 year after immediate transplantation, Figure 1C). In 3 out of 6 
transplants, the peripheral surface was covered with synovial tissue. The histological 
appearance was completely normal in 1 transplanted specimen. Shrinkage of the 
anterior horn was observed in 2 allografts, whereas shrinkage of the posterior horn 
was never found. Increased number of cells in only the peripheral areas of the allograft 
was found in 2 animals. These cells were located both in the deep and superficial 
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layers. One other transplant showed an increased number of cells in the deep and 
superficial peripheral areas as well as in the superficial central areas. Calcifications 
in the central area of the allografts were observed in 2 rabbits. One of these animals 
also showed calcification of the central area of the lateral meniscus. Mild surface 
irregularities were observed in 2 allografts. 

Group C (1 year after delayed transplantation, Figure ID). Two of 7 allografts 
were completely degenerated. In the other animals, synovial lining of the peripheral 
surface of the meniscal transplants was observed in 3 allografts. Increased numbers 
of cells in both deep and superficial layers of peripheral areas were found in 2 
transplants. One of these allografts also showed an increase in cells in the central 
area predominantly located in the superficial layers. One allograft showed shrinkage 
of the anterior horn only and 4 other allografts showed shrinkage of both the anterior 
and posterior horn. Calcifications in the central part of the transplant were observed 
in 2 allografts. Another animal showed a calcification in the central part of the lateral 
meniscus. Four allografts showed surface irregularities. 

Sham procedure and controls (Figure 1A). All menisci in control and sham-
operated knees appeared to be normal. Compared with the control group, a mild 
hyperplasia of synovial cells was found in all knees subjected to sham procedures. 

Statistical A nalysis 
When compared to the nonoperated controls, increased cellularity in the peripheral 
areas of the allografts and peripheral synovial coverage were significantly more 
often observed in allografts at 6 weeks after transplantation (p=0.04 and p=0.0006, 
respectively). No other significant differences were observed between these groups. 
In the immediate transplant group at 1 year follow-up, significant differences in 
examined features were not found when compared to both the control group and the 
immediate transplant group at 6 weeks follow-up. For the completely degenerated 
allografts, grading scores could not be obtained for peripheral coverage with synovial 
tissue, surface irregularities, number of cells, and calcifications. Therefore, it was 
not possible to analyse statistically differences in these features between the delayed 
transplant group and the immediate transplant groups. However, allografts showed 
significantly more shrinkage after delayed transplantation than controls (p=0.003) 
and immediately transplanted allografts at 6 weeks and at 1 year follow-up (p=0.004 
and p=0.0()5, respectively). 

Discussion 

Several animal studies evaluated meniscal allograft transplantation immediately after 
meniscectomy in normal knee joints. Arnoczky et al.22 reported that allografts had 
healed to the capsule at 6 months after transplantation showing normal cell 
populations in a dog model. In another study, Jackson et al." performed immediate 
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transplantation of meniscal allografts after meniscectomy in goats and demonstrated 
that at 6 months after operation, the allografts did not show gross signs of degeneration 
although a decreased uronic acid and an increased water content was observed. 
However, the indication for meniscal transplantation in humans is usually symptomatic 
degenerative joint disease secondary to meniscectomy and therefore, immediate 
transplantation in animal models cannot be transposed to the human situation. Long-
term histological studies have not been published yet. in which functional aspects of 
secondarily transplanted meniscal allografts are compared with primarily transplanted 
specimens. 

In our study, secondarily transplanted allografts showed significantly more 
shrinkage than immediately transplanted menisci at 1 year after transplantation (Table 
1). Two allografts in the delayed transplant group were even completely degenerated. 
These findings are in agreement with Aagaard et al.,23 who reported that the mean 
macroscopical shrinkage of allografts in sheep was 2.5% after immediate trans
plantation and 23.8% after delayed transplantation at 6 months follow-up. The more 
pronounced shrinkage in secondarily transplanted menisci could be due to ridge 
formation following meniscectomy as described by Fairbanks,2 which may lead to a 
mechanical conflict between allograft and condyle. Furthermore, the twofold insult 
to knee joints subjected to delayed meniscal transplantation could at least be partly 
responsible for the pronounced graft shrinkage in this group. The finding that knee 
joints subjected to a sham operation did not show shrinkage of the meniscus, suggests 
that a first arthrotomy by itself does not lead to shrinkage. Histologically, obvious 
differences were not found between immediately and secondarily transplanted 
allografts at 1 year follow-up. In comparison with menisci in sham-operated knees 
and menisci in control knees, the number of cells was frequently increased in 
transplanted menisci both at 6 weeks and 1 year follow-up. None of the allografts 
showed a decrease in cellularity. These findings are in contrast to those of Mikic et 
al.,10 who demonstrated an obvious cellular depopulation in meniscal allografts during 
the first 4 - 5 months after transplantation in dogs. On the other hand. Arnoczky et 
al.22 observed a decreased cellularity at 2 weeks after transplantation, but an increase 
in cellularity at 1 month follow-up in dogs. Jackson et al.24 stated that this increased 
cellularity is caused by a repopulation of the allograft with host cells replacing do
nor cells. The increased peripheral coverage of the meniscal allografts with synovial 
tissue at 6 weeks follow-up is in agreement with animal studies that demonstrated 
synovial-cell repopulation of frozen meniscal transplants.a Apparently, repopulation 
has already taken place at 6 weeks follow-up in the present study in rabbits, probably 
after a temporary decrease in cellularity during the first weeks. 

Several studies reported that articular cartilage that is not covered by a meniscus 
shows more degenerative changes than cartilage directly beneath a transplant.10-22 

This phenomenon suggests that pronounced shrinkage of secondarily transplanted 
allografts is responsible for the increased degenerative changes of articular cartilage 
as observed in the delayed transplant group. 
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It is recognized that the semiquantitative method of interpretation in the present 
study may be subjective. However, no quantitative or semiquantitative scoring system 
with an acceptable reproducibility for grading histological changes in meniscal tissue 
has been described thus far. 

A clinical consequence of our study is that when meniscal allograft transplantation 
is performed to protect articular cartilage, it has to be performed as soon as possible 
after meniscectomy. However, our data obtained in rabbits cannot simply be 
extrapolated to the situation in man. Rabbit models have proven to be one of the 
better models for the human situation because of similarities in histological and 
biochemical aspects of rabbit and human cartilage.21-26 On the other hand, the weight-
bearing profile in rabbit knees is different from that in human knees. Furthermore, 
surgical procedures in small animals such as the rabbit are rather difficult and may 
introduce artefacts that are hard to interpret when comparing data obtained in small 
animals with those obtained in larger animals. Due to the small size of rabbit knee 
joints, the horn ligamentous attachments of the transplanted allografts were not 
retained via transplantation of bone plugs, but the anterior and posterior horn were 
reattached to the ligamentous tibial bone attachments. Alhalki et al.27 reported that 
implantation of meniscal autografts in human cadaver knees with bone plugs resulted 
in contact mechanics that were significantly closer to normal as compared with 
fixation with sutures. On the other hand, bone plugs increase the antigenic load 
since bone allografts elicit an immune response.28 The effect of the anchoring 
technique on immune response, load distribution, and shock absorption could not be 
determined in our study. More future experimental and clinical studies are needed 
to evaluate these effects and to investigate the biologic and biomechanical properties 
of meniscal transplants on a long-term basis. 

In conclusion, our findings suggest that delayed meniscal allograft transplantation 
leads to more graft shrinkage than immediate allograft transplantation, whereas no 
clear differences in histological architecture were observed between both groups. 
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Abstract 

Meniscal allograft transplantation in clinical practice has progressed to a point where 
relief of pain may be expected for the short term. However, it remains to be established 
whether a transplanted meniscus can prevent degenerative changes in the knee joint 
on the long term. In part 2 of this review, meniscus regeneration and alternative 
treatments to meniscal allograft transplantation will be evaluated as well as the effect 
of meniscal allograft transplantation on articular cartilage. Remaining questions and 
future directions will be considered in a final discussion. It can be concluded that 
considerably more data and evaluations of results are needed to determine whether 
meniscal allograft transplantation in humans will be successful in protecting and 
preserving articular cartilage after meniscectomy on the long term. 
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Introduction 

Meniscal allograft transplantation has been studied by many as an alternative to 
meniscectomy.'"16 Part I of this review (chapter 2) discussed the background and 
results of meniscal allograft transplantation and the selection and preservation of 
allografts followed by surgical considerations. In part 2 meniscus regeneration and 
alternative treatments to meniscal allograft transplantation are evaluated as well as 
the effects of meniscal transplantation on articular cartilage. Remaining questions 
and future directions are taken into consideration in a final discussion. The aim of 
this review is to evaluate the potentials of meniscal allograft transplantation to prevent 
degenerative changes of the articular cartilage. 

Meniscus Regeneration and Alternative Treatments 

Meniscus Regeneration 
Various experimental and clinical studies have described meniscal regeneration 
following meniscectomy.1720 Smillie20 erroneously concluded that meniscus 
regeneration was only possible after total meniscectomy and not after partial 
meniscectomy. In a dog study, Arnoczky et al.21 found a remodeling response in 
67% of the menisci after partial meniscectomy as well. Histological studies of 
regenerated menisci suggest that fibroblasts migrate from the synovium into the 
joint, become undifferentiated, and, subsequently, differentiate into chondrocytes.22-23 

However, Ghosh et al.24 noted that the tissue that regenerates is not true fibrocartilage, 
but consists of loosely dispersed collagen fibers and that the proteoglycan content is 
lower than normal. It has been demonstrated in rabbits and dogs that degenerative 
changes of articular cartilage in the tibiofemoral joints are inversely related with the 
size of the regenerated meniscus.1719 In a rabbit study. Moon et al.19 showed a higher 
incidence of meniscal regeneration after medial than after lateral meniscectomy. 
This may be a cause of poorer results after lateral meniscectomy as compared with 
medial meniscectomy.2526 

In general, it is assumed that incompletely regenerated menisci fail to prevent 
degenerative joint disease. 

Meniscal Autografts 
Stone et al.27 reimplanted fresh meniscal autografts in dogs immediately after 
meniscectomy and noted that 7 of 14 autografts failed to heal at 1 to 12 months 
follow-up, whereas meniscal cartilage showed significant abnormalities in collagen 
organization both at the healing interface and within the substance of the replant. 
These abnormalities may compromise long-term structural properties of meniscal 
tissue and limit its functional behavior. It was concluded that these grafts are in
adequate substitutes for intact menisci. In contrast, Szomor et al.28 reimplanted 8 
fresh medial meniscal autografts in sheep knees and showed uneventful healing to 
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the capsule. All grafts showed a normal or nearly normal histological appearance at 
4 months follow-up and noticeable but not complete protection against damage to 
articular cartilage. 

Autografts consisting of the middle third of the patellar tendon in sheep 
demonstrated the same revascularization process and cellular repopulation as 
meniscal allografts at 1 year follow-up.20 Although these tendon autografts offered 
some cartilage protection, the biomechanical properties were inferior to genuine 
meniscal tissue. Bruns et al.3" performed meniscus replacement in 12 sheep using 
strips of autologous perichondrium harvested from the lower rib with 3 to 12 months 
follow-up. In all transplanted knee joints, a new perichondral meniscus developed 
after 3 months with a normal orientation of collagen fibers and normal cellular 
characteristics, but in the central region areas of calcification were observed. More
over, vascularization of perichondral menisci was reduced when compared with 
normal menisci and failure stress and tensile modulus were significantly lower. 
Femoral and tibial cartilage in contact with the autografts showed slight surface 
irregularities in 1 animal. In a rabbit study, periosteal autografts were implanted in 
partial meniscal defects, which differentiated into bone and hyaline cartilage that 
was ineffective as meniscus and the knees showed accelerated articular degeneration.31 

Transplantation of a pediculated infrapatellar fat pad in sheep showed promising 
macroscopical results with the development of a meniscus-like structure within 6 
months.32 However, this structure deteriorated at 1 year follow-up. Mechanically, it 
remained very weak and was never comparable to meniscal tissue. In a pilot study, 
Johnson and Feagin33 implanted 4 semitendinosus tendon grafts and 1 patellar tendon 
graft in the lateral compartment of meniscectomized human knee joints. Only 1 
patient showed minimal clinical improvement; the others did not show any improvement. 
At second-look arthroscopy in 4 patients at 9 to 24 months after implantation, 
preservation of articular cartilage was not observed. It was concluded that these 
autogenous grafts were not successful as a substitute for an absent meniscus. In 
another clinical study, Kohn" replaced the medial meniscus by a quadriceps tendon 
graft in combination with anterior cruciate ligament reconstruction followed by 
clinical, radiological, and/or arthroscopies] evaluation at 1 to 2 years after reconstruc
tion. Progress in osteoarthrosis was not observed radiologically, but in 2 of 9 patients 
progress of chondromalacia was observed arthroscopically. In addition, range of 
motion was decreased but stability in 70° flexion was improved after meniscus 
replacement in combination with anterior cruciate ligament reconstruction as 
compared with a control group that underwent anterior cruciate ligament reconstruction 
only. In conclusion, there is no proof at present that replacement of menisci by 
autografts can protect the articular cartilage from degeneration on the long term. 

Meniscal Prostheses 
At present, there are no artificial materials available with properties similar to a 
normal meniscus.M Sommerlath and Gillquist- implanted meniscal prostheses made 
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of Dacron (Dupont, Wilmington, DE, USA) with polyurethane coating in meniscecto-
mized rabbit knees and found at 3 months follow-up that the prosthesis group showed 
less changes in the articular cartilage of the tibia, but not of the femur, as compared 
with the meniscectomy group. Biomechanically, the structural properties of the knee 
containing a prosthesis were more similar to that of meniscectomized knees than to 
that of a normal knee. In a dog study, Klompmaker et al.36 investigated the properties 
of a porous polyurethane meniscus prosthesis and demonstrated initial ingrowth of 
fibrous tissue containing type I collagen only. From 10 weeks onwards, the prostheses 
were invaded with fibrocartilage strongly resembling normal meniscal fibrocartilage 
containing both type I and II collagen. It was concluded that porous polymers can be 
useful for replacement of the meniscus although cartilage degeneration was frequently 
observed. A prosthesis made of a polytetrafluoroethylene net of nondegradable fibers 
was reported to provide cartilage protection in dogs up to 1 year after implantation.37 

After an initial response consisting of infiltration with inflammatory cells and 
fibroblasts, fibrocartilage developed at 9 months follow-up. In another study, a 
polyester carbon fiber prosthesis implanted in rabbits did not show any ingrowth of 
tissue, whereas biological regeneration was poor and a severe inflammatory 
response occurred.38 However, some protective effects on the cartilage were found 
as well. 

In summary, it can be stated that most synthetic polymeric materials fail at present 
to approximate the properties of normal menisci and, therefore, cannot protect 
articular cartilage on the long term. More research is needed to optimize biomaterials 
for meniscal prostheses. 

Resorbable Scaffolds 
Resorbable scaffolds can be used successfully as nerve conduits and as replacement 
of human skin.39-40 Because chondrocytes most likely do not survive meniscal 
transplantation, it has been suggested that meniscal autografts or allografts are in 
practice mere biological scaffolds for meniscal regeneration.41-42 Stone et al.43-44 

investigated meniscal reconstruction by meniscal regeneration supported by scaffolds 
that are designed to support ingrowth of host fibroblasts and/or chondroblasts in a 
sequence of animal trials. In dog knees that underwent excision of 80% of the 
meniscus, host chondrocytes were observed to be present in an implanted scaffold 
of collagen purified from bovine Achilles tendon with only a minimal immunological 
response at 1 year follow-up. 

In a clinical trial, newly formed collagen was found in biopsies taken at second-
look arthroscopy performed at either 3 or 6 months after implantation.45 Furthermore, 
magnetic resonance imaging (MRI) showed signal maturation in the regenerated 
meniscus during a 3-year follow-up. Nevertheless, it is to early to conclude whether 
meniscal scaffolds made of collagen or biodegradable materials can sufficiently 
protect articular cartilage in humans on the long term. 
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Xenografts 
Xenografts are theoretically still the easiest obtainable material to replace menisci. 
In experimental studies in dogs and rabbits, porcine small intestinal submucosa has 
been used to replace meniscal tissue.46-47 At 12 and 24 weeks follow-up, respectively, 
replacement tissue closely resembled normal meniscal tissue with respect to 
chondrocyte differentiation and collagen content. In clinical practice, implantation 
of meniscal xenografts has not yet been reported because shape and biochemical 
characteristics of menisci from animals are different from those of humans. 
Furthermore, in comparison to allografts, xenografts can induce strong immunological 
rejection processes that are currently incompletely defined.48 

Articular Cartilage 

Although meniscal allograft transplantation appears to be attractive, only a few 
experimental studies have been published with respect to the ability of a meniscal 
allograft to protect the articular cartilage. Changes in articular cartilage as observed 
after meniscal transplantation in humans are summarized in Table 2 in pail 1 of this 
review (chapter 2). 

Macroscopical Findings 
Shibuya4'' observed osteoarthrosis in 11 of 40 rabbit knee joints after meniscal allograft 
transplantation at 4 to 16 weeks follow-up. Mikic et al.50 noted that degenerative 
changes of articular cartilage in transplanted dog knees were significantly less than 
those reported after meniscectomy. The degenerative changes that were still present 
in the transplanted knees were less distinct directly underneath the transplant than 
in the area not covered by allograft. It was also observed that degenerative changes 
were less pronounced at 8 and 12 months after transplantation than at 4 and 6 months 
follow-up, which suggests that articular cartilage may recover over time provided 
that it is covered by a transplant. On the other hand, Fabriciani et al.51 transplanted 
medial meniscal allografts in goats and demonstrated degenerative changes in both 
areas of exposed cartilage and the cartilage under the meniscus, and also in the 
weight-bearing area of the medial condyle at 6 and 12 months follow-up. However, 
these studies did not grade their observations or did not compare the results with 
those after meniscectomy. In a semiquantitative study in sheep, Szomor et al.28 

observed significantly less degenerative changes at 4 months follow-up after both 
meniscal autograft and meniscal allograft transplantation as compared with 
meniscectomy. In a comparative study with 6 months follow-up, Jackson et al.52 

transplanted 10 meniscal autografts, 10 fresh allografts, and 10 cryopreserved 
allografts in goats with the nonoperated contralateral knee as paired control. A 
meniscectomy group was not included. On the basis of a grading system, degenerative 
changes in the transplanted groups were found to be more pronounced than those in 
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the control knees, but these differences were not significant for each individual group. 
However, there were significant differences between the degenerative changes in 
all operated knees together as compared with ail control knees. Aagaard et al.53 

found that immediate meniscal transplantation in sheep knees protected the articular 
cartilage to some extent as determined quantitatively using computer image analysis, 
at 6 months follow-up. Furthermore, immediate transplantation was superior to 
delayed transplantation performed at 3 months after meniscectomy. 

In clinical practice, second-look arthroscopy has been used for macroscopical 
analysis of articular cartilage after meniscal transplantation, but until now, this has 
been done only in a descriptive manner. Van Arkel et al.54 performed diagnostic 
arthroscopy before and after transplantation of cryopreserved allografts in 16 patients 
(10 lateral, 3 medial, and 3 both lateral and medial) at 14 to 55 months follow-up. 
Fifteen allografts were completely healed to the capsule. 3 allografts were partially 
detached, and 1 allograft was totally detached. Deterioration of the articular cartilage 
was not found on the basis of the Outerbridge grading system55, nor was improvement 
in the quality of the cartilage observed after meniscal transplantation. Wirth et al.6 

reported that articular cartilage was more damaged as compared with the preoperative 
situation in almost all cases at a mean follow-up of 3.8 years after implantation of 14 
lyophilized allografts in combination with anterior cruciate ligament reconstruction, 
whereas 5 patients who had received a deep-frozen allograft showed that the state of 
the articular cartilage was generally unchanged. Zukor et al.7 performed a second-
look arthroscopy in 8 patients (10 menisci) after transplantation of fresh allografts 
and noted that the articular cartilage that was covered by the meniscus had a more 
normal appearance than the rest of the tibial plateau. Finally, Carter* reported more 
degenerative changes of the articular cartilage in 2 of 38 knees at second-look 
arthroscopy at 24 to 73 months follow-up as compared with the cartilage before 
transplantation. Both knee joints showed varus malalignment and flattening of the 
femoral condyle. In summary, it can be stated that degenerative changes of the 
articular cartilage proceed after meniscal allograft transplantation, although in some 
studies these changes seem to be less severe on the short term than those reported 
after meniscectomy. 

Radiographic Evaluation 
The standard evaluation of osteoarthritis in humans includes radiographic examination, 
although this diagnostic modality is relatively insensitive to early osteoarthritic 
changes.56-57 

In a radiographic analysis of rabbit knee joints by Rijk et al.,5" both meniscectomized 
and transplanted knees showed significantly more osteoarthritic changes in the medial 
compartment at 1 year follow-up than at 6 weeks after surgery. Statistically significant 
radiographic differences were not found between the joints that had undergone 
meniscectomy and those that were subjected to immediate or delayed meniscal 
transplantation at 1 year follow-up. These results confirmed those of Edwards et 
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al.59 who observed that immediate meniscal transplantation in sheep did not lead to 
a reduction in osteoarthritic changes when compared to meniscectomy at a mean 
follow-up of 21.4 months. In addition, meniscal transplantation can even lead to an 
increase in osteoarthritic changes. In 2 noncontrolled clinical studies, Rath et al.14 

and Garrett and Stevensen60 reported no significant decrease in joint space on 45° 
posteroanterior weight-bearing radiographs at 2 to 8 years and at 24 to 44 months 
follow-up. respectively. Ryu et al.1' compared preoperative and postoperative 
radiographs at a minimum follow-up of 2 years after meniscal implantation in 8 
patients and found joint space narrowing of 1 to 4 mm in 3 patients, whereas 
radiographic changes were not observed in 5 patients. Carters reported progressive 
degeneration radiographically in only 2 of 38 patients with 46 allografts at a mini
mum 2-year follow-up after transplantation. 

Scintigraphic Results 
Bone scintigraphy is a sensitive diagnostic tool for early detection of bone 
abnormalities in rabbit knee joints."1 In a scintigraphic study. Rijk et al.62 showed 
that the protecting effect of immediate meniscal allograft transplantation on articular 
cartilage against osteoarthritic degeneration is not statistically significant on a long-
term basis, whereas delayed transplantation resulted in more degenerative changes 
of articular cartilage than meniscectomy only. 

Histological Evaluation 
Two studies in dog knees did not show histological signs of degenerative changes of 
articular cartilage at 2 and 6 months follow-up after immediate meniscal allograft 
transplantation.2i63 In contrast, Arnoczky et al.64 and Mikic et al.63 demonstrated 
degenerative changes of articular cartilage at 6 months after meniscal transplantation 
in 2 other studies in dogs, but these changes were less distinct underneath the 
transplants. However, the authors did not grade their observations or compare the 
results with those after meniscectomy. Szomor et al.2x concluded that immediate 
meniscal transplantation in sheep provides some protection, although not complete, 
against damage to articular cartilage after meniscectomy on the basis of the 
histological-histochemical grading system of Mankin et al.66 Elliott et al.67 observed 
in a study in dogs significant histological changes in cartilage structure of the medial 
femoral surface at 3 months after meniscal transplantation that did not differ from 
changes observed after meniscectomy. Cummins et aL68 reported that both immediate 
and delayed meniscal allograft transplantation in rabbits offer initial protection to 
the articular cartilage of knee joints at 3 months after transplantation and that delayed 
transplantation may even reverse initial degenerative changes. However, histological 
analysis of the articular cartilage in sheep by Aagaard et al.69 and in rabbits by Rijk 
et al.70 showed that the protecting effect of meniscus transplantation immediately 
after meniscectomy is significant on a long-term basis, whereas delayed trans-
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plantation results in more osteoarthritic changes than meniscectomy only. These 
findings suggest that when initial degenerative changes due to meniscectomy are 
reversed after meniscal transplantation, it is only temporary. To date, no clinical 
reports have been published evaluating histologically changes of the articular cartilage 
after meniscal transplantation. It can be concluded that experimental histological 
studies thai investigate the prevention of osteoarthritic changes in meniscectomized 
knees following immediate or delayed meniscal allograft transplantation are not 
unequivocal. In general, immediate meniscal transplantation seems to provide more 
protection of the articular cartilage than delayed transplantation. 

Biochemical Results 
Biochemical changes of articular cartilage after meniscal allograft transplantation 
mostly have been graded as a part of overall scoring systems without making 
distinction between individual variables.28,67 Recently, Rijk et al.71 evaluated functional 
changes in articular cartilage of rabbit knees after meniscectomy with or without 
immediate or delayed meniscus transplantation by measuring the lactate dehydrogenase 
activity in chondrocytes as a measure of their vitality and the proteoglycan content 
of the extracellular matrix as a measure of its quality. Immediate meniscal allograft 
transplantation did not significantly reduce degenerative changes of articular cartilage 
at 1 year follow-up when compared with meniscectomy only. Moreover, delayed 
meniscal transplantation induced even more degenerative changes in the articular 
cartilage than meniscectomy. Before meniscus transplantation can be considered as 
an alternative to meniscectomy, further research is required to better assess the 
biochemical changes in articular cartilage after meniscal allograft transplantation. 

Biomechanical Results 
Long-term protection of articular cartilage by meniscus transplantation may be 
predicted on the basis of short-term biomechanical studies. Several studies have 
investigated the effects of meniscus replacement on knee biomechanics and articular 
cartilage. Bylski-Austrow et al.72 reported that the decrease in joint pressure at 8 
months after meniscal allograft transplantation in goats was not significant when 
compared with joint pressure in meniscectomized knees, implying that the 
transplanted menisci had few biomechanical effects. These findings are in agreement 
with those of Sommerlath and Gillquist35 who found that a medial meniscus prosthesis 
did not add much to the compression behavior of a meniscectomized knee. In a dog 
study. Elliott et al.67 showed that the tensile modulus of articular cartilage of the 
femur following either meniscectomy or allograft transplantation was significantly 
lower than in nonoperated controls. In summary, it remains to be established from a 
biomechanical point of view whether meniscal allograft transplantation allows for a 
more equal distribution of weight in the knee joint. 
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MRI 

The role of MRI in the evaluation of degenerative changes in articular cartilage is 
becoming more and more important. Wirth et al.6 performed MRI to analyse articular 
cartilage after transplantation of 3 deep-frozen meniscal allografts and 6 lyophilized 
allografts in 9 patients at a long-term follow-up. In the deep-frozen meniscal allograft 
group less degenerative changes were observed than in the lyophilized meniscal 
transplant group. However, the quality of the MRI scans was not the same for all 
patients. At present, more sophisticated MRI techniques are available that will allow 
for more sensitive analysis of articular cartilage after meniscal transplantation in the 
near future. 

Discussion 

The meniscus is an important structure for the maintenance of normal joint function 
and the prevention of cartilage degeneration. The increasing awareness of the 
consequences of meniscectomy has led to the rationale for investigating meniscal-
retaining procedures. Meniscal allograft transplantation may be a good alternative 
to replace a severely damaged meniscus. Several publications have documented 
meniscal allograft healing in animal models.2-28-4252-64'65-737* However, the ultimate 
success of the procedure is not whether meniscal allografts can be transplanted into 
a host knee, but whether the tissue can be made to function and to preserve articular 
cartilage. While variables such as graft healing, blood supply, cellular repopulation, 
composition of the extracellular matrix, and structure of the allografts are important, it 
is not clear how these variables relate to the chondroprotective abilities of transplanted 
menisci. 

Furthermore, animal studies cannot be directly compared with clinical trials 
because transplantation in animals mostly has been performed immediately after 
meniscectomy, whereas in humans, transplantation is delayed because the indication 
for meniscal transplantation is usually symptomatic degenerative joint disease due 
to meniscectomy. In a histological and histochemical analysis. Rijk et al.70-71 showed 
significant degenerative changes of articular cartilage at 6 weeks after meniscectomy 
in rabbits. The results obtained after meniscus transplantation in rabbits at this point 
of time were significantly poorer at 1 year follow-up than those obtained after 
transplantation performed immediately after meniscectomy. These findings confirm 
that results obtained after immediate meniscal allograft transplantation differ clearly 
from results obtained after delayed transplantation. The poor results after meniscal 
transplantation in rabbit knees with degenerative changes of the articular cartilage 
are in agreement with those of a clinical study of Garrett4 who reported a high failure 
rate in knees with advanced degeneration of articular cartilage at a 2- to 7- year follow-
up. It has been suggested that meniscal allografts implanted in arthritic knees fail 
secondary to abnormal biomechanics, joint surfaces, and destructive enzymes.""3-79 
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A clinical implication of these findings may be that when the aim of meniscal 
transplantation is to reduce degenerative changes of articular cartilage, it has to be 
performed as soon as possible after meniscectomy. However, the difficult question 
in the human situation is how early to consider meniscal allograft transplantation. In 
the first years after meniscectomy, patients have no symptoms and meniscal 
transplantation cannot be recommended at present for a patient without complaints. 
An objective indicator is needed for the detection of early degenerative changes of 
articular cartilage after meniscectomy before development of significant cartilage 
injury. Potter et al.79 reported that high-resolution MRI allows assessment of early 
softening and fibrillation of hyaline cartilage. In another study, it was demonstrated 
that bone scintigraphy also is a sensitive diagnostic modality for detecting early 
degenerative changes in human knee joints.57 However, Rijk et al.62-7" found significant 
degenerative changes in a histological study in rabbit knees al 6 weeks after 
meniscectomy, whereas scintigraphic changes were not observed at that point of 
time. It remains to be studied which modality is the most sensitive indicator of early 
degenerative changes in articular cartilage. In the future, analysis of collagen or 
proteoglycan breakdown products and proteinase activity in synovial fluid of knee 
joints after meniscectomy may provide early evidence of cartilage breakdown. Such 
information may assist in determining the appropriate point in time to consider 
meniscal transplantation in postmeniscectomy knees. 

It remains to be established whether the meniscus must be viable at the time of 
transplantation or whether it can be nonviable and act merely as a biological scaffold 
for migrating cells from host tissues. Rodeo et al.80 examined biopsy specimens 
from 28 human meniscal transplants and demonstrated repopulation with cells that 
appeared to be derived from synovial tissue. Incorporation of the allograft begins at 
the periphery and progresses towards the center. More research is required to evaluate 
the significance of these findings for mechanical function of meniscal allografts. 

Several studies have assessed macroscopically and microscopically the de
generation of articular cartilage after meniscal transplantation in animal models by 
using semiquantitative scoring systems in which various histological variables are 
added to obtain a summed score.28-67-6KXI The relative importance of these individual 
variables in the overall histological score is not apparent a priori. Controlled 
investigations of structural changes in articular cartilage in human knee joints have 
even more limitations.s:>83 S4 The development of degenerative changes in human 
knees can vary widely on the basis of genetic heterogeneity and differences in 
nutritional, biomechanica!, and pharmacological history, all of which can be only 
incompletely established by epidemiological studies. Furthermore, the lack of 
sensitive noninvasive methods to identify early disease, the relative inaccessibility 
of diseased tissues for sampling, and the limitations in obtaining control tissues are 
obstacles to use human tissues for the study of osleoarlhritic changes. 

It has been documented that meniscus transplantation in humans may lead to 
promising improvements in pain, swelling, and knee function.1385 However, most 
clinical reports have been short-term follow-up studies without control groups. In 
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addition, pain relief is subjective and the possibility of some placebo effect must be 
considered. Nevertheless, it may be argued that even short-term improvements in 
pain and activity levels are successes for some patients, although medical sciences 
require longer follow-up studies and a larger number of clinical evaluations to 
establish objectively whether meniscus transplantation is advantageous. Furthermore, 
clinical results in the literature are difficult to compare because surgical and fixation 
techniques, additional procedures, preservation techniques, number of patients, and 
clinical evaluation differ widely and often no distinction is made between medial 
and lateral meniscal transplantation. Because of anatomical and functional differences 
between the medial and lateral meniscus, the results obtained after medial meniscus 
transplantation cannot be compared with those obtained after lateral meniscus 
transplantation. In a survival analysis, Van Arkel and De Boer86 reported significantly 
different results after transplantation of medial and lateral allografts in humans using 
the same surgical technique. The minimum requirements for a controlled comparative 
study in which the issue of meniscal replacement is evaluated with reference to 
articular cartilage changes must comprise three groups: a replacement group, a 
meniscectomy group, and a normal or sham-operated control group. Because it is 
virtually impossible to obtain human cartilage, changes of articular cartilage after 
meniscal transplantation must be studied in animal models. These models have the 
advantage of assessing biologic factors after meniscal allograft transplantation by 
allowing the use of the contralateral knee as a paired control. Rabbit models, for 
example, have proven to be one of the better models for the human situation because 
of similarities in histological and biochemical aspects of rabbit and human articular 
cartilage.*7'*8 Furthermore, osteoarthritis in small animals like rabbits progresses at 
a faster rate than in larger animals or humans.8'' Because 1 year can be considered as 
long-term follow-up in these models, small animals are useful for evaluating late 
articular cartilage changes on the long term. On the other hand, surgical procedures 
in small animals such as the rabbit are rather difficult to perform and may introduce 
artefacts that are hard to interpret when comparing data obtained in small animals 
with those obtained in larger animals and humans. Although it is usually assumed 
that the biology of the tissue and the physiology of the biological processes are 
comparable between commonly used experimental animals, differences in kinematics 
of knee joint of quadruped animals may introduce different physical forces acting 
on the meniscus than in humans. Therefore, animals can not be considered to be 
optimal models for evaluating meniscal transplantation. 

Current methods to objectively evaluate meniscal allografts macroscopically after 
transplantation in humans include MRI and second-look arthroscopy. Potter et al.90 

correlated MRI findings after meniscal transplantation with clinical, arthroscopical, 
and histological findings. MRI assessed accurately allograft attachments. Degenerative 
changes of the allograft were indicated by increased signal intensity. Verstraete et 
al.91 also found a strong correlation between MRI findings and clinical outcome in 
patients with poor, good, and excellent clinical results, even though MRI cannot be 
used to predict clinical outcome in every case. However, both studies are descriptive 
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without statistical analysis and the observers were not blinded to the results. Van 
Arkel et al.54 reported a better correlation between clinical results and arthroscopy 
than between clinical results and MRI after meniscal transplantation. It was concluded 
that the correlation between clinical results, arthroscopy, and MRI could be improved 
by more sophisticated MRI techniques. Dynamic MRI and weight-bearing MRI may 
be used in the future to evaluate meniscal allografts. 

Aside from these considerations, meniscal allograft transplantation will possibly 
have to stand the competition of tissue engineering products, collagen scaffolds, 
and gene therapy on the short term. Implantation of modified mesenchymal stem 
cells with a gene encoding for bone morphogenic protein-7 into osteochondral defects 
in rabbit knees resulted in complete or nearly complete cartilage regeneration at 8 
and 12 weeks follow-up."2 Furthermore, meniscal tissue obtained by tissue engineering 
consisting of fibroblasts and chondroblasts seeded on polymer scaffolds has been 
implanted into partial meniscal defects in rabbit knees and it was found that the 
reconstructed areas had the same histological appearance as the native meniscus at 
1 year follow-up, both in cellularity and organization of collagen fibers.77 In the 
near future, meniscal regeneration will probably combine the improving scaffold 
technology with gene therapy forming a useful alternative to meniscal allograft 
transplantation. 

Although it has been demonstrated that meniscal allograft transplantation is 
technically feasible, more research is needed to determine the long-term results. 
Success of the procedure must not be measured only by healing of the meniscal 
allograft or short-term relief of pain. Especially, quantitative assessments of the 
histology and function of articular cartilage are needed to determine objectively 
whether meniscal allografts are able to exert functions of the native meniscus and 
prevent cartilage degeneration after meniscectomy in the human knee joint. 
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C H A P T E R 9 

In chapter 1 the aims of the present thesis are formulated. First, to review the literature 
on meniscal allograft transplantation. Second, to evaluate radiologically, scinti-
graphically, histologically, and biochemically changes in articular cartilage after 
immediate and delayed meniscal allograft transplantation in rabbits and to compare 
these changes with those in articular cartilage after meniscectomy only. Third, to 
evaluate structural changes in meniscal allografts after transplantation. 

In chapter 2 a review is presented about 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, immunological reactions, sizing, disease 
transmission, indications, surgical techniques, graft fixation, rehabilitation, and 
complications are 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 on a short-term basis, whereas the clinical outcome on a long-term 
basis remains uncertain. 

In chapter 3 a study is described in which radiography is used to compare 
degenerative changes of articular cartilage in rabbit knees after meniscectomy and 
after immediate or delayed meniscal transplantation. In conclusion, radiographic 
evaluation demonstrated that meniscal allograft transplantation performed immediately 
after meniscectomy does not prevent degenerative changes of articular cartilage at 1 
year postoperatively when compared to total meniscectomy. Delayed meniscal 
transplantation, although not statistically proven, may even lead to more degenerative 
changes than meniscectomy only. 

In chapter 4 a study is presented in which scintigraphy is used to evaluate 
degenerative changes in rabbit knees after meniscectomy either or not in combination 
with immediate or delayed meniscus transplantation. In conclusion, scintigraphic 
evaluation demonstrated that immediate meniscal allograft transplantation does not 
result in a significant protecting effect on articular cartilage against osteoarthritic 
degeneration on a long-term basis. It also demonstrated that delayed meniscal 
transplantation induced even more degenerative changes of articular cartilage than 
meniscectomy without transplantation. 

In chapter 5 a histological study is described that evaluated whether immediate 
or delayed transplantation of the medial meniscus can protect rabbit knees from 
degenerative changes after meniscectomy. It is concluded that meniscal allograft 
transplantation immediately after meniscectomy has a protecting effect on articular 
cartilage on a long-term basis, whereas delayed transplantation results in more 
degenerative changes than meniscectomy only. 

When the histological analysis is taken as golden standard, it can be concluded 
that of both noninvasive diagnostic modalities, radiography and scintigraphy, the 
latter is the more accurate, sensitive, and reliable technique. 

In chapter 6 a quantitative histochemical analysis is described of the functional 
changes in the remainder of the articular cartilage in rabbit knees following 
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meniscectomy with or without immediate or delayed meniscal transplantation. Vitality 
of chondrocytes was determined on the basis of their lactate dehydrogenase activity 
and the quality of the extracellular matrix was determined by measuring the 
proteoglycan content in cartilage on the basis of the intensity of Safranin O staining. 
It is concluded that immediate meniscal allograft transplantation in rabbit knees did 
not significantly reduce degenerative changes of articular cartilage when compared 
with meniscectomy only, whereas delayed meniscal transplantation induced even 
more degenerative changes in the remainder of the cartilage than meniscectomy 
only. 

In chapter 7 a structural analysis is performed to compare long-term performance 
of meniscal allografts transplanted immediately after meniscectomy and allografts 
transplanted at 6 weeks after meniscectomy in rabbit knees. In conclusion, our 
findings suggest that delayed meniscal allograft transplantation leads to more graft 
shrinkage than immediate allograft transplantation, whereas no clear differences in 
histological architecture were observed between both groups. 

In chapter 8 meniscus regeneration and alternative treatments to meniscal allograft 
transplantation are reviewed and evaluated as well as the effects of meniscal allograft 
transplantation on articular cartilage. Remaining questions and future directions are 
considered in a final discussion. 

The success of meniscal allograft transplantation must not be judged solely on 
the basis of incorporation of the transplant into the host knee, but must be evaluated 
on the basis of protective effects of the transplant on articular cartilage. Furthermore, 
distinction must be made between knees subjected to meniscal transplantation 
immediately after meniscectomy and knees that underwent delayed transplantation. 
Based on the data presented in the present thesis, it can be stated that both immediate 
and delayed meniscal transplantation in rabbits show good incorporation of the graft. 
However, delayed meniscal allograft transplantation leads to more graft shrinkage 
than immediate allograft transplantation. Histological evaluation shows that immediate 
meniscal transplantation has a protecting effect on articular cartilage, although this 
finding could not be confirmed by radiographic, scintigraphic, and histochemical 
studies. In any case, delayed meniscal transplantation induced even more degenerative 
changes than meniscectomy only. It is concluded that considerably more data and 
evaluation of results are needed to determine whether meniscal allograft trans
plantation in humans will be successful in protecting and preserving articular cartilage 
after meniscectomy on the long term, but it is clear from the present study that 
delayed transplantation has to be considered with great care. 
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In hoofdstuk 1 worden de doelstellingen van dit proefschrift geformuleerd. Ten eer
ste, een overzicht geven van de literatuur met betrekking tot meniscustransplantatie. 
Ten tweede, het evalueren en vergelijken van radiologische, scintigrafische, 
histologische en histochemische veranderingen in gewrichtskraakbeen van konijnen-
knieën na meniscectomie alleen en na meniscectomie gevolgd door meniscus
transplantatie. Ten derde, het evalueren van strukturele veranderingen in menisci na 
transplantatie. 

In hoofdstuk 2 wordt een overzicht van de literatuurgegeven betreffende funktie, 
anatomie en samenstelling van de meniscus alsmede ontwikkelingen in de behandeling 
van meniscusrupturen en resultaten van meniscustransplantatie in klinische en 
experimentele studies tot nu toe. Verder worden onderwerpen als preserverings-
technieken, immunologische respons, grootte van het transplantaat, ziekteoverdracht, 
indicatiestelling, chirurgische technieken, fixatiemogelijkheden, revalidatie en 
complicaties in beschouwing genomen. Concluderend kan worden gesteld dat de 
ontwikkelingen zover zijn gevorderd dat patiënten, die tegenwoordig een meniscus
transplantatie ondergaan, verlichting van pijnklachten op de korte termijn mogen 
verwachten. Het klinische resultaat op de lange termijn is nog steeds onzeker. 

Hoofdstuk 3 beschrijft een onderzoek waarbij röntgenfoto's worden gebruikt 
om degeneratieve veranderingen van gewrichtskraakbeen in konijnenknieën te eva
lueren na onmiddellijke of uitgestelde meniscustransplantatie en deze te vergelijken 
met veranderingen die optreden na meniscectomie alleen. Er is geconcludeerd dat, 
in vergelijking met meniscectomie alleen, meniscustransplantatie uitgevoerd onmid
dellijk na meniscectomie geen beschermend effect heeft op het gewrichtskraakbeen 
na eenjaar follow-up. Meniscectomie gevolgd door uitgestelde transplantatie 6 weken 
later lijkt zelfs te leiden tot meer degeneratieve afwijkingen dan meniscectomie 
alleen hoewel dit niet statistisch bewezen kan worden. 

In hoofdstuk 4 wordt een studie beschreven waarin scintigrafie wordt gebruikt 
om degeneratieve afwijkingen te evalueren in konijnenknieën na meniscectomie al 
dan niet in combinatie met directe of uitgestelde meniscustransplantatie. Directe 
meniscustransplantatie leidt niet tot een significante bescherming van het gewrichts
kraakbeen tegen degeneratieve afwijkingen op de lange termijn (1 jaar follow-up). 
Uitgestelde meniscustransplantatie levert zelfs meer degeneratieve afwijkingen van 
het gewrichtskraakbeen op dan meniscectomie alleen. 

In hoofdstuk 5 wordt middels een histologische studie onderzocht of directe of 
uitgestelde transplantatie van de mediale meniscus het gewrichtskraakbeen kan 
beschermen tegen degeneratieve veranderingen. Meniscustransplantatie uitgevoerd 
onmiddellijk na meniscectomie heeft een beschermend effect op het gewrichts
kraakbeen op de lange termijn. Uitgestelde transplantatie daarentegen geeft meer 
degeneratieve afwijkingen dan meniscectomie alleen. Wanneer het histologische 
onderzoek als gouden standaard wordt genomen kan worden geconcludeerd dat van 
scintigrafie en radiologie, eerstgenoemde de meest betrouwbare is als het gaat om 
niet-invasieve diagnostiek. 
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De studie die wordt gepresenteerd in hoofdstuk 6 heeft tot doel functionele ver
anderingen te evalueren in het nog aanwezige gewrichtskraakbeen van konijnen
knieën na meniscustransplantatie waarbij gebruik wordt gemaakt van kwantitatieve 
histochemische methoden. De vitaliteit van de chondrocyten wordt hierbij bepaald 
door het meten van de lactaatdehydrogenase aktiviteit van deze cellen. De kwaliteit 
van de extracellulaire matrix wordt bepaald door het meten van de intensiteit van 
kleuring van het kraakbeen met safranine O dat een maat vormt voor de hoeveelheid 
proteoglycanen in het kraakbeen. Geconcludeerd is dat meniscustransplantatie 
onmiddellijk na meniscectomie geen vermindering geeft van histochemische dege-
neratieve veranderingen van het overgebleven gewrichtskraakbeen zoals gezien na 
meniscectomie alleen. Na uitgestelde transplan talie worden wederom meer degenera-
tieve afwijkingen gezien dan na meniscectomie alleen. 

In hoofdstuk 7 worden de getransplanteerde menisci onderworpen aan een 
strukturele analyse waarbij de lange termijn eigenschappen worden vergeleken van 
menisci die worden getransplanteerd onmiddellijk na meniscectomie en menisci die 
6 weken na meniscectomie worden getransplanteerd. De studie heeft aangetoond 
dat uitgestelde meniscustransplantatie leidt tot een grotere schade aan menisci dan 
directe transplantatie. 

In hoofdstuk 8 worden meniscusregeneratie en alternatieven voor meniscustrans
plantatie besproken. Ook wordt een overzicht gegeven van de literatuur betreffende 
het effect van meniscustransplantatie op het gewrichtskraakbeen. Een aantal 
onbeantwoorde vragen alsmede enkele toekomstige mogelijkheden op het gebied 
van meniscus vervangende chirurgie worden in beschouwing genomen in een 
afsluitende discussie. 

Het succes van meniscustransplantatie moet niet alleen worden beoordeeld op 
basis van ingroei van het transplantaat in de ontvangende knie maar ook aan de hand 
van het beschermend effect dat de procedure heeft op het gewrichtskraakbeen. Verder 
behoort er onderscheid te worden gemaakt tussen knieën die een meniscustrans
plantatie ondergaan onmiddellijk na meniscectomie en knieën die een uitgestelde 
transplantatie ondergaan. Naar aanleiding van de in dit proefschrift gepresenteerde 
gegevens kan worden gesteld dat zowel onmiddellijke als uitgestelde meniscus
transplantatie in konijnen een goede ingroei van het transplantaat laat zien. Uitgestelde 
transplantatie leidt echter tot een sterkere afname van de grootte van het transplantaat 
dan onmiddellijke transplantatie. Histologisch onderzoek heeft aangetoond dat 
meniscustransplantatie het best kan worden uitgevoerd onmiddellijk na meniscectomie 
omdat dit een beschermende werking heeft op het gewrichtskraakbeen. Deze bevin
ding is niet bevestigd door radiologische, scintigrafische en histochemische studies. 
Uitgestelde meniscustransplantatie leidt zelfs tot meer degeneratieve afwijkingen 
dan meniscectomie alleen. Hieruit mag worden geconcludeerd dat aanzienlijk meer 
gegevens en studies nodig zijn om te kunnen beoordelen of meniscustransplantatie 
op de lange termijn in de klinische situatie een optie is om gewrichtskraakbeen te 
beschermen na meniscectomie. Uit de gepresenteerde studies blijkt echter dat in 
ieder geval terughoudendheid is geboden bij het uitvoeren van uitgestelde 
meniscustransplantaties. 

131 



132 



Dankwoord 



Prof.dr. C.J.F, van Noorden. Beste Ron, de belangrijkste reden voor mij om aanvan
kelijk aan dit project te beginnen was het hebben van een excuus om andere weten
schappelijke klusjes tijdens mijn opleiding te kunnen ontlopen. Dat het tot een boekje 
zou komen heb ik tot voor kort eigenlijk nooit geloofd. Ik ben je echter zeer dank
baar voor de manier waarop je mij als perifeer opgeleide dokter steeds enthousiaster 
hebt weten te krijgen voor de wetenschap. Zonder je ongecompliceerde manier van 
begeleiden en stimuleren was het nooit wat geworden. Het feit dat je me geleerd 
hebt artikelen te schrijven heeft me eveneens in positieve zin verrast. 

Mevr. W. Tigchelaar. Beste Wikky, veel dank ben ik je verschuldigd voor het snijden, 
prepareren en scoren van alle coupes. Bij de diverse keren dat er een kleuring over 
moest omdat deze om dubieuze redenen niet geheel naar mijn zin was heb ik je 
flexibiliteit en geduld altijd erg gewaardeerd. 

Dr. F.P. Bernoski. Beste Franz-Peter, ik wil je bedanken voor het bieden van de 
mogelijkheid om te promoveren en het aanboren van de financiële bronnen voor dit 
onderzoek. 

Mevr. T. Pierik. Beste Trees, dank voor alle begeleiding tijdens het gehele traject. 
Zonder jou hulp was ik waarschijnlijk verstrikt geraakt in alle regelgeving die bij 
een promotie als deze hoort. Nu bleek één telefoontje altijd genoeg. 

Dhr. J. Peeterse. Beste Jan, niet alleen dank voor je geduld bij het maken en eindeloos 
aanpassen van de foto's maar ook voor de snelheid waarmee de wensen steeds weer 
werden vervuld. 

Prof.dr. B.L.F, van Eck-Smit, E.G. Coerkamp, T.P.W. de Rooy. Beste Berthe, Emile 
en Theo, het is al weer een tijd geleden dat we onze gezamelijke inspanningen le
verden. Daarom echter niet minder dank voor het scoren van de vele röntgenfoto's 
en botscans en het bekritiseren van de daaruit voortgevloeide publicaties. 

Afdeling experimentele geneeskunde van het A.M.C.. De hulp en adviezen bij het 
uitvoeren van de transplantaties waren van onschatbare waarde. De samenwerking 
met jullie vormt dan ook de basis voor dit proefschrift waarvoor veel dank. Helaas is 
het contact de laatste tijd verwaterd maar ik kom graag nog eens op jullie bijzondere 
afdeling langs voor een kop koffie en een mooi verhaal. 

De afdelingen radiodiagnostiek en nucleaire geneeskunde van het A.M.C.. De fo
to's konden altijd even tussen 2 patiënten door worden gemaakt gedurende het regu
liere programma, de botscans werden zelfs buiten kantooruren gemaakt. Zonder 
jullie bereidwilligheid en flexibiliteit waren een aantal publicaties niet mogelijk 
geweest. Veel dank daarvoor. 

134 



DANKWOORD 

Papa en Mama. Niet verwacht hè. Doordat jullie me altijd vrij hebben gelaten in het 
maken van keuzes is het uiteindelijk tot dit proefschrift gekomen. Mooi dat jullie het 
mogen mee maken. Ik draag het dan ook mede aan jullie op. 

Mette, Hanna en Imme. Bedankt voor de mooie tekening. De ontelbare momenten 
van geluk die jullie me bezorgen maken het steeds moeilijker achter de computer te 
kruipen maar gelukkig slapen jullie soms. Het is nu af, we moesten maar eens iets 
leuks gaan doen. 

Lieve Hanneke, promoveren alleen was misschien ook nog wel zonder jou gelukt. 
Niet echter in combinatie met het genieten van 4 mooie dames, het werk, de verbou
wing en verhuizing, de ski- en zeilvakantie's met de mannen, het voetballen, het 
tafelen, de rondjes Goenga, de Bruskoppen enz. enz.. Daarom gaat mijn meeste 
dank en waardering naar jou. Hou jou veel. 

135 



13ft 



Curriculum Vitae 



The author of this thesis was bom on September 15, 1967. in Zwolle, the Netherlands. 
After graduating from the Pius-X college in Almelo in 1985, he entered medical 
school at the University of Groningen. During his medical training he studied 
economics, law, and Spanish at the same university. In 1991 he obtained his degree 
in economics and in 1993 he registered as doctor of medicine. From 1993-1995 he 
fulfilled his military service as a medical doctor in the Royal Dutch Army. In 1995 
he started his training in general surgery at the former Westeinde Hospital (today: 
Medical Centre Haaglanden) in the Hague (Head: Dr. R.K.J. Koumans/ Dr. B.C. de 
Vries). From 1997 to 2001 his training in orthopaedic surgery was fulfilled: 3 years 
in the Westeinde Hospital (Head: Dr. R.J. Sanders/ S. de Lange), 1 year in the 
University Medical Centre Rotterdam (Head: Prof.dr. J.A.N. Verhaar). Since 2001 . 
he works as an orthopaedic surgeon at the Medical Centre Leeuwarden together 
with Dr. J. Rijnks, W. de Graaf, Dr. W.H.J. Kok. Dr. J.W. Schimmel, and Dr. P.F. 
Doorn. 

13.S 



. 





Stellingen 

behorende bij het proefschrift 'The Effects of Meniscal Allograft Transplantation on 
Articular Cartilage' 

1. Meniscustransplantatie dient te worden beschouwd als een experimentele ingreep 
omdat de beschermende werking van deze procedure op het gewrichtskraakbeen 
tot op heden onvoldoende is aangetoond. 

2. Afwijkingen in gewrichtskraakbeen na meniscustransplantatie moeten worden 
gekwantificeerd en vergeleken met afwijkingen na meniscectomie om het nut 
van meniscustransplantatie te kunnen vaststellen. 

3. Bij het evalueren van de resultaten van meniscustransplantatie behoort onderscheid 
te worden gemaakt tussen meniscustransplantatie uitgevoerd onmiddellijk na 
meniscectomie en meniscustransplantatie uitgevoerd in een later stadium. 

4. Dierexperimenteel onderzoek laat zien dat uitgestelde meniscustransplantatie 
tot meer degeneratieve afwijkingen in het gewrichtskraakbeen leidt dan 
meniscectomie alleen. 

5. Uitgestelde meniscustransplantatie leidt op de lange termijn tot een grotere 
afname van de hoeveelheid meniscus weefsel dan transplantatie direct aansluitend 
op meniscectomie in dierexperimenteel onderzoek. 

6. In vergelijking met histologisch en histochemisch onderzoek hebben radio
diagnostiek en scintigrafie een te lage sensitiviteit om veranderingen in 
gewrichtskraakbeen te evalueren na meniscustransplantatie bij konijnen. 

7. Indien gewrichtsdistractie een heilzaam effect op gewrichtskraakbeen zou hebben 
was het Nederlands elftal in 1994 waarschijnlijk wereldkampioen voetbal 
geworden. 

8. De regel dat een patiënt voor aanvang van een operatie 8 uur nuchter moet zijn 
geweest werkt vaker in het voordeel van de anesthesist dan van de patiënt. 

9. Het verwijzen van patiënten naar de fysiotherapeut door artsen zal sterk afnemen 
indien gemakzucht plaats maakt voor evidence based medicine. 



10. In het algemeen is het aanvangstijdstip van een operatie tijdens diensturen later 
dan verwacht zelfs wanneer deze kennis wordt toegepast. 

1 1. Een konijn kan ook wel eens het haasje zijn. 

12. Wanneer kinderen het drinken van roosvicee associëren met hoofdpijn dient 
men bedacht te zijn op overmatig alcoholgebruik bij de ouders. 

13. Wie zichzelf spaart vangt nooit rente. 

14. Men moat net alles sizze wat men wit, mar wol alles witte wat men seit. 

15. Het is niet het geld maar het Rijk zijn dat gelukkig maakt. 

Paul C. Rijk 
Amsterdam, 3 december 2004 
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