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Abstract

Purpose To evaluate the long-term effects of implantation
of a biodegradable polymer meniscus implant on articular
cartilage degeneration and compare this to articular carti-
lage degeneration after meniscectomy.

Methods Porous polymer polycaprolacton-based poly-
urethane meniscus implants were implanted for 6 or
24 months in the lateral compartment of Beagle dog knees.
Contralateral knees were meniscectomized, or left intact
and served as controls. Articular cartilage degeneration was
evaluated in detail using India ink staining, routine his-
tology, immunochemistry for denatured (Col2-%M) and
cleaved (Col2-%Cgpor) type II collagen, Mankin’s grading
system, and cartilage thickness measurements.

Results Histologically, fibrillation and substantial immu-
nohistochemical staining for both denatured and cleaved
type II collagen were found in all three treatment groups.
The cartilage of the three groups showed identical degra-
dation patterns. In the 24 months implant group, degrada-
tion appeared to be more severe when compared to
the 6 months implant group and meniscectomy group.
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Significantly more cartilage damage (India ink staining,
Mankin’s grading system, and cartilage thickness mea-
surements) was found in the 24 months implant group
compared to the 6 months implant group and meniscec-
tomy group.

Conclusion Degradation of the cartilage matrix was the
result of both mechanical overloading as well as localized
cell-mediated degradation. The degeneration patterns were
highly variable between animals. Clinical application of a
porous polymer implant for total meniscus replacement is
not supported by this study.
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Introduction

The meniscus plays a critical role in load transmission,
stability and energy dissipation in the knee joint. Loss of
the meniscus leads to joint degeneration and osteoarthritis.
An increased understanding of the degenerative changes
that occur after meniscectomy made clear that it is bene-
ficial to save as much meniscal tissue as possible [20].
Meniscal repair has become a standard procedure, and
partial resection of damaged menisci should be performed
as sparingly as possible. However, not all damaged menisci
can be treated by partial resection or by repair, making a
total meniscectomy inevitable. In these cases, replacement
of the resected meniscal tissue by an implant might avoid
the articular cartilage degeneration [36]. Therefore, the
long-term success of meniscus replacement depends on the
prevention of degenerative osteoarthritic changes within
the articular cartilage of the knee.
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Different types of meniscal substitutes, such as allo-
grafts [27, 31, 35, 43], fat tissue [15], tendons [16], peri-
chondral tissue [3, 4], biodegradable scaffolds [10, 17, 38,
39, 45], and permanent synthetic scaffolds [14, 22, 23, 34],
have been used in experimental and clinical studies.
Although encouraging, much of the outcome data follow-
ing meniscal replacement have been subjective and of
limited follow-up.

With regard to the graft material, to date, fresh frozen
and cryopreserved allografts seem to provide the best
a priori conditions for the prevention of degenerative
arthritis [5, 12, 25, 30]. However, problems related to the
availability, preservation techniques, the possible transfer
of diseases, the individual shaping of the implant, and
possible immunologic reactions to the implant are recog-
nized worldwide [30].

To avoid all problems related to the above-mentioned
replacement techniques, our long-term aim is to generate a
completely new meniscus by in vivo tissue engineering.
Therefore, we developed a porous polycaprolacton-based
polyurethane (PCLPU) implant with nontoxic degradation
products [8]. This implant acts as a temporarily scaffold to
enable the regeneration of new meniscus tissue in time by
slow degradation of the polymer and simultaneous differ-
entiation of the ingrown fibro-vascular tissue into the typ-
ical avascular meniscus fibro-cartilage.

Cartilage degeneration has been investigated in rela-
tively few studies compared to the total amount of litera-
ture concerning meniscal replacements [1, 7, 24, 28, 32,
37]. In a previous study, we compared articular cartilage
damage after meniscectomy and after implantation of a
porous polymer, both after 3 and 6 months [38]. No sig-
nificant differences in cartilage degeneration could be
observed between the meniscectomy and the implant
groups, and between the follow-up periods. In other words,
the porous polymer implant could not prevent cartilage
degeneration. It was speculated that the cartilage degen-
eration merely had taken place during the first months after
implantation. At that time, the relatively rough prosthetic
surface, not yet covered with tissue, was in direct contact
with the articular cartilage. However, between 3 and
6 months after implantation, the whole implant was cov-
ered with a tissue layer. In the long-term, when the implant
is completely infiltrated and surrounded with tissue, the
gliding characteristics of the construct might improve.
Consequently, the progression of the cartilage degeneration
might end.

Therefore, the aim of the present study was to evaluate
the long-term effects of implantation of a polymer implant
compared to those of meniscectomy on articular cartilage
degeneration. The long-term tissue differentiation, changes
in implant stiffness, and foreign body reactions have been
published earlier [41].
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Materials and methods
Implant

Porous PCLPU meniscus implants were produced using a
Teflon mold (Teflon PTFE, DuPont, Wilmington, DE,
USA). The implants were provided with an interstice for
the popliteus tendon (Fig. 1). The PCLPU consists of a
hard segment of 1,4-butanediisocyanate and butanediol and
a soft segment of poly (e-caprolactone) [8, 9]. The pores
were created by mixing the polymer solvent solution with
salt crystals ranging in size from 150 to 355 microns, which
were washed away after complete polymerization of the
scaffold. The macropores were directly interconnected to
achieve a high permeability of the polymer. The porosity
was 81.4%, and the compression modulus at 20% com-
pression was 300 kPa [8].

Experimental design

Four experimental groups were defined: (1) native meniscus
group, (2) 6 months polymer implant group, (3) 24 months
polymer implant group, and (4) 24 months meniscectomy
group (Fig. 2). Thirteen adult male and female Beagle dogs
(mean weight 12.5 £ 0.2 kg) were bilaterally operated,
however not in one session. In the first session, six dogs
underwent a lateral meniscectomy. Seven dogs underwent
the implantation of a polymer meniscus immediately after
lateral meniscectomy. One of these dogs underwent a lateral
meniscectomy in the contralateral knee. The treatments,
polymer implant or meniscectomy for 24 months, were
randomly assigned to either the right or left knee. In the
second session, six dogs underwent an implantation of a
polymer meniscus immediately after lateral meniscectomy.
The remaining six knees were left intact and served as
control. The treatments, polymer implant for 6 months or
control, were randomly assigned to the dogs. The Animal
Experimentation Committee of the Radboud University
Nijmegen approved all procedures.

Surgical procedure

Preoperatively, all animals received antibiotics (12.5 mg/kg)
(amoxillin, Centrafarm BV, Etten-Leur, The Netherlands) and
analgetics (5 pg/kg) (Fentanyl Bipharma, Hameln Pharma-
ceuticals GmbH, Hameln, Germany). All animals were
anesthetized by intravenous administration of 4 mg/kg pro-
pofol (B. Braun Melsungen AG, Melsungen, Germany) and
maintained after intubation with nitrous oxide, oxygen, and
isoflurane (1.5%).

Under aseptic conditions, the lateral meniscus was
approached by a lateral incision of the knee joint capsule
without detachment of any ligament. Using a Beaver
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Fig. 1 a Scanning electron microscopy image of a cross section of the polycaprolacton-based polyurethane (PCLPU) implant. b Porous PCLPU
meniscus implant provided with an interstice for the popliteus tendon (arrow)

Experimental design
13 Beagle dogs

26 knees

bilaterally operated

treatment randomly assigned

PCLPU meniscus implant
6 months FU
6 knees

Native meniscus (control)
24 months FU
6 knees

Evaluation of articular cartilage damage
Macroscopic & microscopic

Macroscopy

India ink staining

Histology
HE & Safranin O staining
Mankin's grading system

Fig. 2 Schematic overview of experimental design

eyeblade (Waltham, MA, USA), the meniscus was sepa-
rated from its anterior and posterior attachments. Two drill
holes were created originating from the lateral tibial side to
the former attachment of the anterior and posterior horns of
the native meniscus. Two bonded nondegradable sutures
were led through the two horns of the implant. The sutures
were pulled through the drill holes in the tibia. The
periphery of the implant was sutured to the peripheral knee
joint capsule using resorbable bonded sutures (Vicryl 2/0
Ethicon, Johnson & Johnson Medical BV, Amersfoort, The
Netherlands) to achieve close contact between implant and
synovial tissues. Afterward, the capsule and skin were
closed. After the implantation procedure, the animals
received subcutaneous injections of antibiotics (15 mg/kg)
(Excenel, Pharmacia & Upjohn Animal Health BV,
Woerden, The Netherlands) and analgetics (1.1 mg/kg)
(Fynadine, Schering Plough Animal Health Benelux,
Utrecht, The Netherlands) two times. The dogs were not

Meniscectomy
24 months FU
7 knees

PCLPU meniscus implant
24 months FU
7 knees

Immunohistochemistry
Col2-3/4M & Col2-3/4Cshan staining

Histomorphometry
Safranin O staining
Cartilage thickness measurement

immobilized and were allowed to walk as soon as possible.
At the set time points, the dogs were killed with an over-
dose of sodium pentobarbital (Nembutal, CEVA Sante
Animale, Maasluis, The Netherlands) (1 mL/kg).

Evaluation of articular cartilage

After radiographs were taken, all knee joints were dis-
articulated, and digital photographs were taken using
standardized lighting conditions. Menisci, tissues that had
been formed in the meniscectomy group, or the polymer
implants were carefully removed. India ink (Rotring
International GmbH & Co., Hamburg, Germany) was
applied to the articular surfaces for 30 s, then washed
off using running tap water for 60 s to identify areas of
cartilage fibrillation. Areas of India ink uptake were
photographed to enable visualization and analysis of the
fibrillated areas on tibia and femur [2]. The ink-stained area
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was measured using an interactive, computer-controlled,
image analysis system (analySIS Soft Imaging System,
GmbH, Miinster, Germany).

Histology

The tibial plateaus and femoral condyles were dissected in
equal proportions (Fig. 3). The tibial plateaus were divided
into a lateral and a medial part, which were subsequently
divided into an anterior and posterior half. The anterior half
was processed for routine histology and the posterior half
for immunohistochemistry. The femur condyles were also
divided in a medial half for immunohistochemistry and a
lateral half for routine histology. Sections of the tibia were
cut in mid-transverse plane and sections of the femur in
mid-sagittal plane.

The anterior halves of the tibial plateaus and the lateral
halves of the femoral condyles were fixed in buffered 4%
formaldehyde (pH 7.4) and decalcified in 10% EDTA
(Titriplex III, Merck, Darmstadt, Germany). After exten-
sive rinsing with tap water, tissue blocks were dehydrated
in alcohol and embedded in PMMA for 2 days at 37°C.
Specimens were cut using a microtome (Leica RM 2155,
Leica Microsystems Nederland BV, Rijswijk, The Neth-
erlands) into 7-um-thick sections. The sections were
stained with hematoxylin—eosin (HE) and safranin O.
Degenerative changes were scored according to Mankin’s
grading system [19].

Immunohistochemistry

To determine the location of damaged collagen, the sam-
ples were stained using Col2-¥4M and Col2-%4Cy,,,, anti-
bodies. Col2-%M is a nonspecific indicator of collagen
molecule damage, tagging an epitope within the triple-
helix of the collagen molecule after the molecule is dena-
tured. Col2-%Cyq;o 18 a rabbit polyclonal antibody directed
against the COOH terminus of the three-quarter fragment,
which is generated very specifically by the cleavage of
native type II collagen by mammalian collagenases [42].

Fig. 3 Schematic drawing
showing the dissection of tibial
plateaus and femoral condyles
for histological and
immunohistochemical analysis

lateral i medial
routing + =

immuno

femoral condyles
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Using these antibodies, distinction can be made between
mechanical damage (Col2-%2M) and enzymatic cleavage
(Col2-¥%4Cgpor)- The staining procedures have been descri-
bed in detail elsewhere [42]. Adjacent sections were
stained with safranin O.

Cartilage thickness

The thickness measurements were made according to a
previously described method [26]. The cartilage thickness
was measured in the central zone of the tibial plateau and in
the corresponding zone on the femoral condyle. For
each specimen, five equally distanced (100 um), safranin
O-stained sections were measured at a 12.5x magnification
using custom-made software. Manually, a polyline roughly
delimiting the cartilage from the subchondral bone was
produced. This polyline was converted to a b-spline con-
sisting of a fixed number of points (500 points/section). Two
parallel polylines were constructed from this b-spline. One
of these polylines was offset to the inside, the other to the
outside. A series of straight line segments was generated
between each pair of points on these polylines. On each line
segment, two points were automatically calculated (Fig. 4).
The first one represents the transition between calcified
cartilage and cartilage (tidemark level). The second one
represents the outside edge of the cartilage. If necessary,
these points could be corrected manually. The distance
between these points was considered as the cartilage thick-
ness along the line segment. The cartilage thickness was
calculated as the mean length of all the segments generated.
All sections were investigated blinded and in random order.

Statistical analysis

The ink-stained surface area, Mankin score, and cartilage
thickness datasets were evaluated nonparametrically as
normal distribution could not be assumed for all parame-
ters. Between-treatment group datasets were evaluated with
Kruskal-Wallis ANOVA by ranks followed by Wilcoxon
signed-rank test. Within-treatment group datasets were

lateral | medial

posterior
anterior

| 1 immunc
4 routine

tibial plateau
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Fig. 4 Schematic
representation of cartilage
thickness measurements.
A series of straight line

segments perpendicular to both cartilage —
of the polylines were generated.
On each line segment, two

tidemark ——

points were automatically
calculated. One point represents
the transition between calcified
cartilage and cartilage
(tidemark), and the other point
represents the outer edge of the
cartilage. The distance between
these points was considered as
the cartilage thickness along the
line segment. The mean length
of all line segments between the
two points was calculated as
overall cartilage thickness

calcified cartilage ——
subchondral bone ——

cancellous bone —

evaluated using Wilcoxon rank-sum test. For all datasets,
differences were considered statistically significant for
P values <0.05. Statistical analysis was performed using
SPSS 16.0 software (SPSS Inc., Chicago, IL, USA).

Results
Macroscopic observations

Postoperatively, all dogs established a normal gait pattern
within 2 weeks. Two dogs had a delay of 3—4 days. One
dog was successfully treated for a suspected infection of
the knee joint. While harvesting the menisci, it was noticed
that the implants were severely damaged in all knees.
The implants appeared to be in near anatomic position and

Fig. 5 India ink-stained tibial plateau a and femoral condyles b from
a 24 months implant group. In the central weight-bearing zone of the
lateral tibial plateau and corresponding area on lateral femoral

transition points

line segment

parallel polylines created from b-spline

well attached to the peripheral synovial tissue with minimal
synovial overgrowth. In the meniscectomy group, a fibrous
structure was formed at the original location of the
meniscus. All tissues were available for evaluation.

The India ink staining allowed clear demarcation of
subtle cartilage defects as well as the zone of injury
(Fig. 5). On both femur and tibia, ink-stained surface areas
were significantly smaller on the nonoperated, medial side
compared to the ink-stained areas on the lateral side, except
for the native meniscus group (Table 1).

Histology
In the nonoperated medial compartments and in the native

meniscus group, safranin O staining was almost up to the
surface of the cartilage. Only in the upper thin superficial

condyle, articular cartilage damage can be identified as the area of ink
uptake. Medial tibial plateau and femoral condyle show no areas of
ink uptake
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Table 1 India ink-stained surface area (mmz)

Treatment Femur Tibia

Medial Lateral P value Medial Lateral P value
Native meniscus 0.0 (0.0-0.0) 0.0 (0.0-0.0)* 1.0 4.7 (0.0-10.7)** 6.2 (0.0-9.8)"# 0.9
6 months 0.0 (0.0-0.0) 20.9 (11.8-32.5) 0.001 6.9 (1.9-8.2) 21.5 (17.7-26.4)" 0.001
24 months 0.0 (0.0-1.1) 51.4 (19.3-53.9)* 0.001 8.0 (3.5-14.8)** 27.0 (19.1-54.2)* 0.004
Meniscectomy 0.0 (0.0-0.0) 29.5 (0-69.7) 0.02 7.0 (2.8-10.1) 30.7 (32.0-40.0)* 0.02

Values are median (range). *,**, *p =001,
T P =0.006;
¥ P =0.002 between treatment groups

layer, reduced safranin O staining was seen, and occa-
sionally, empty chondrocyte lacunae were present in local
slightly fibrillated areas.

In the 6 months implant group, 24 months implant
group, and meniscectomy group, tibial cartilage degener-
ation was more severe, more diffuse, and more variable
compared to femoral cartilage degeneration. On the fem-
oral side, the degenerated areas were more localized and
similar (less variable) in all specimens. In the peripheral
zone of the tibial plateau, beneath the implant or the newly
formed tissue, and in the corresponding femoral surface, no
or only moderate cartilage degradation was found. In
contrast, in the central weight-bearing zone of the tibia and
in the corresponding articulating surface on the femur,
large local fibrillated defects or deep fibrillated defects over

the entire surface were seen (Figs. 6a, d, 7a, d). These
locations closely matched the ink-stained areas. Severe
depletion of GAGs was demonstrated by the lack of saf-
ranin O staining in both tibial and femoral cartilage.

The cartilage of the three groups showed identical deg-
radation patterns. Clefts of variable depth were present.
In the meniscectomy group and 6 months implant group,
clefts progressed to the radial zone of the cartilage. How-
ever, in the 24 months implant group, the clefts progressed
even deeper to the calcified zone. In the degenerated, saf-
ranin O de-stained superficial areas, chondrocytes were
lacking or their number was strongly decreased. Below
these areas, a thin zone of hypertrophic clustered chon-
drocytes was seen. No swelling of cartilage was observed in
both tibial and femoral cartilage.

Fig. 6 Adjacent sections of the central weight-bearing zone of the lateral tibial plateaus from the 6 a—c¢ and 24 months d—f implant groups.
a, d Safranin O-stained sections, b, e Col2-%M- and ¢, f Col2-%Cyp,o-stained sections. Original magnification, 50x
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Fig. 7 Adjacent sections from lateral femoral condyles of the meniscectomy a—c and 24 months d—f implant groups. a, d Safranin O-stained
sections, b, e Col2-¥%M-,and ¢, f Col2-¥Cy,.-stained sections. Original magnification, 50x

The 6 months implant group and the meniscectomy
group showed comparable cartilage degeneration. How-
ever, in the 24 months implant group, cartilage degenera-
tion was more severe compared to the other two groups.

No differences in Mankin scores between the nonoper-
ated medial side and the lateral side were found for both
native meniscus group and 6 months implant group.
However, in both the 24 months implant group and the
meniscectomy group, significantly lower Mankin scores
were found for the medial tibia plateau compared to the
lateral tibia plateau (Table 2).

Immunohistochemistry

In the nonoperated medial compartments and in the native
meniscus group, Col2-%Cgyor (cleaved type II collagen)

and Col2-%M (denatured type II collagen) staining was
almost entirely lacking. Irrespective of the group, a thin
Col2-%4Cyp,or-stained strand was seen on the bone—cartilage
interface at the location of the tidemark. In some of the
specimens, a diffuse Col2-%M staining was found
throughout the cartilage without any relation with degra-
dation of the cartilage.

In the meniscectomy group and both meniscus implant
groups, similar Col2-%Cg,o, and Col2-%M staining pat-
terns were present. In the peripheral zone of the tibial
plateau, beneath the implant or the newly formed tissue,
and in the corresponding femoral surface, a moderate Col2-
%Cgnore and Col2-%M staining was visible at the surface in
slightly fibrillated areas.

In the central weight-bearing zone of the tibia and the
corresponding articulating surface on the femur, intense
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Table 2 Classification of cartilage degeneration using Mankin score

Treatment Femur Tibia
Medial Lateral P value Medial Lateral P value

Native meniscus 1 (0-2) 0.5 (0-6)* 1.0 2 (1-5) 1.5 1-3)™ 0.6
6 months 2 (2-5) 6 (3-10) 0.06 3.5 (2-10) 6.5 (2-11) 0.4
24 months 2 (1-6) 8 (7-15)* 0.02 2 (2-8) 9 (4-12)° 0.03
Meniscectomy 1 (0-5) 7 (2-11) 0.08 1 (1-2) 7 (4-11)F 0.02
Values are median (range). *, T, and ¥ P = 0.001 between treatment groups
Table 3 Cartilage thickness (um) measurements
Treatment Femur Tibia

Medial Lateral P value Medial Lateral P value
Native meniscus 562.3 (515.2-773.6) 459.7 (324.9-714.7) 0.03 593.5 (522.9-732.2) 530.7 (329.6-631.2) 0.2
6 months 560.6 (517.2-638.2) 345.6 (285.6-455.8) 0.03 654.2 (592.2-697.8) 398.3 (243.4-650.3) 0.06
24 months 754.6 (517.0-857.2) 363.2 (35.3-420.8) 0.03 701.5 (620.2-823.9) 367.4 (30.1-529.0) 0.02
Meniscectomy 551.6 (422.5-698.8) 390.6 (265.7-491.9) 0.04 660.6 (557.5-685.5) 407.5 (289.3-686.6) 0.06

Values are median (range)

Col2-%Cyoe and Col2-%M staining were particularly
found in the transition zone between the safranin O-nega-
tive surface zone, where chondrocytes were lacking or
were totally absent, and the deeper nondegraded zones
of the cartilage (Figs. 6b, c, e, f, 7b, c, e, f). This zone
corresponds with the zone where hypertrophic clustered
chondrocytes were located. Col2-%4Cgpop Staining was
directly related to this zone, the Col2-%4M extended
slightly deeper and more laterally into the cartilage.
In addition, at the transition between damaged and non-
damaged cartilage, as well as under localized cartilage
defects, both Col2-%4Cy},or and Col2-%4M staining were seen.

In the deeper, nondamaged zones of the cartilage, no or
only very slight Col2-%Cyg,or and Col2-%M labeling was
found. These deeper zones were comparable with the
native meniscus group.

In both 6 and 24 months meniscus implant groups, the
tibial and femoral cartilage showed Col2-%Cg and Col2-
%M staining that progressed deeper into the cartilage
compared to the meniscectomy group.

Cartilage thickness

Within each group, on the femoral side, the cartilage on the
lateral condyle was thinner than the cartilage on the medial
condyle. However, no difference in cartilage thickness
between lateral and medial tibial plateaus was found. Only
in the 24 months implant group, cartilage on the medial
tibial plateau was thicker than the cartilage on the lateral
tibial plateau. A large variation in cartilage thickness
between the animals was observed. No differences in
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cartilage thickness between treatment groups were found
(Table 3).

Discussion

The most important finding of the present study was that
after 24 months of implantation of a polymer meniscus,
significantly more cartilage damage was found compared
with the native, 6 months and meniscectomy group.
Degradation of the cartilage matrix (type II collagen net-
work) was the result of both mechanical overloading and
localized cell-mediated enzymatic degradation. The long-
term tissue differentiation, changes in implant stiffness, and
foreign body reactions have been published earlier [41].

In a previous study, we compared articular cartilage
damage after meniscectomy and implantation of a porous
polymer was compared after 3 and 6 months [38]. It was
then speculated that the improved surface properties of the
implant over time could have a beneficial effect on chon-
droprotection. However, this was not found in the present
study.

The ink staining, mainly located on the central weight-
bearing zone of the tibia and the corresponding articulat-
ing surface on the femur, strongly suggests that the car-
tilage damage is the result of abnormal stresses between
femur and tibia. Apparently, neither the regenerated
meniscus-like tissue that had been formed after menis-
cectomy nor the polymer implants could prevent this. This
would indicate that the initiation of damage is merely a
result of overloading of tibia on femur rather than of
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abrasive properties of the foam. If this is the case, then it
should be concluded that the initial mechanical charac-
teristics of the implant itself were not sufficient to protect
the articular cartilage from overloading. Initially, the
compression moduli of the scaffolds are indeed rather
low, which might lead to almost similar contact stresses
between tibia and femur when compared to meniscectomy
[8, 38]. This might explain why no significant differences
in Mankin scores between meniscectomy and implant
group were observed at short follow-up periods. Although
after 24 months, the compression moduli of the implants
did not differ from the compression moduli after 6 months
[41] and were intermediate between the scaffold before
implantation and native meniscus tissue, the articular
cartilage further deteriorated between 6 and 24 months
as observed by ink-stained surface area and Mankin
scores.

In addition, the cartilage under the meniscus implant on
the tibial plateau was also damaged. Even after 24 months,
some parts of the implant were not covered with tissue and
by that might have introduced friction between implant and
cartilage and might explain the damage outside the central
weight-bearing zone.

The localization of both (cleaved and denatured col-
lagen) epitopes strongly suggests that a more general
disruption of the matrix under the influence of mechanical
overloading occurs while simultaneously localized cell-
mediated enzymatic degradation occurs. Both cleaved and
denatured collagen increase as the severity of OA
increases [18]. It has been shown that chondrocyte death
is also associated with cartilage matrix degradation [33].

There are only a few studies dealing with histological
cartilage evaluation after meniscal replacement with a
similar long-term follow-up. Most studies, even with short-
or medium-term follow-up, did not even find a significant
difference in comparison with meniscectomized knees
[11, 13, 22, 23, 34, 44]. To our knowledge, so far there is
only one study that shows a chondroprotective effect after
meniscal replacement. Kobayashi et al. [14] reported on the
use of hydrogel menisci in a small animal model. Using
both gross and histological parameter, they compared lat-
eral meniscal transplantation using a hydrogel implant
versus lateral meniscectomy in 19 rabbits with a 2-year
follow-up. They found slight macroscopic and microscopic
changes in the articular cartilage in the early stages (4 and
6 months). However, the meniscal hydrogel group showed
little progression of cartilage degeneration, by both gross
and histological examinations, at 1- and 2-year follow-up.
Conversely, the meniscectomy group exhibited severe
cartilage wear and osteophyte formation at 1 year.
The hydrogel implants demonstrated good wear charac-
teristics and no evidence of infection or immune-mediated
response.

The small size of the Beagle knee joints made the sur-
gery difficult. The actual goal of restoring the conditions of
the normal knee with a meniscal implant has been shown to
be difficult to achieve. Precise positioning of the anterior
and posterior horn seems to be mandatory for achieving an
adequate pressure distribution by the meniscal implant.
Placement of the posterior horn in a nonanatomic location
has been shown to cause a significant increase in the nor-
mal pressure over all flexion angles [29], leading to
degenerative cartilage changes that are even worse than
that after meniscectomy [40].

Besides the problem of malpositioning, a correct size of
the implant has been frequently mentioned to be essential
for a successful meniscal transplantation. In our previous
studies, the implants were cut and modeled by hand from a
porous polymer block to the shape of the native meniscus
during surgery [38, 39]. Aiming to reduce variation, in the
present study, polymer implants have been produced using a
mold, providing standard-shaped, identical-sized, and
smooth-surfaced scaffolds. However, an undersized implant
may be trapped beneath the femoral condyle and thereby
subjected to disproportionally high forces, predisposing the
implant to failure. Conversely, an oversized implant may
have a loose fit around the femoral condyle, and therefore
mechanically ineffective [21]. Only a mismatch of less than
10% of the original meniscus seems to be acceptable [6].

Most animal studies report a high incidence of implant
lesions at longer follow-up. Recently, it has been shown
that these lesions appear to be related to the implant fixa-
tion technique used [17]. Using two different fixation
techniques allowing comparison between a rigid, transtibial
horn fixation and a less rigid, more physiological fixation to
the meniscal ligaments, a higher incidence of tears and
implant dislocations and worse implant and joint appear-
ances were observed in cases where transtibial fixation of
the horns was used. It is likely that a too rigid horn fixation
does not allow for physiological movement of the meniscal
implant and resulted in high mechanical stresses on the
implant, leading to a higher incidence of implant failure
and cartilage degradation.

Conclusions

The long-term effects of implantation of a biodegradable
polymer meniscus implant on articular cartilage degenera-
tion were evaluated and compared to articular carti-
lage degeneration after meniscectomy. After 24 months,
significantly more cartilage damage was found compared
with the native, 6 months and meniscectomy group. Deg-
radation of the cartilage matrix (type II collagen network)
was the result of both mechanical overloading as well as
localized cell-mediated enzymatic degradation. The severity
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of degeneration was highly variable between animals. Fur-
ther improvements in the implant, model and surgical tech-
nique are essential for adequate protection of the articular
cartilage. Clinical application of a porous polymer implant
for total meniscus replacement is not supported by this study.
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