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Summary

The purpose of this article is to provide a
broad review of the literature related to the
treatment of cartilage defects and degener-
ated cartilage in animals with some infer-
ences to the treatment in humans. Methods
range from the insertion of osteochondral
tissue or cells to the application of radio

frequency or insertion of scaffolds and
growth factors alone or in combination. De-
bridement, microfracture, radio frequency,
and chondrocyte implantation are all meth-
ods normally utilized when treating smaller
articular cartilage defects. Scaffolds and
mosaicplasty are examples of methods to
treat larger defects. This review will cover all
major treatment methods currently used to
treat articular cartilage defects.
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Introduction

Articular cartilage endures repetitive cyclic
loading for the lifetime of an animal or
human, yet it has poor intrinsic ability for
healing due to its isolation from vessels and
nerve supply (1). Once degeneration begins

or a defect forms, the bordering intact car-
tilage starts to degenerate and has the po-
tential to destroy opposing intact cartilage,
resulting in progressive osteoarthritis (1,
2).

Methods of treatment range from the
insertion of osteochondral tissue or cells to
the application of radio frequency energy
(RFE) or insertion of scaffolds and growth
factors alone or in combination. Some
methods have been shown to be problem-
atic when treating cartilage defects; for
example RFE has been implicated as a po-
tential cause of glenohumeral chondrolysis
in humans (3-6). Debridement, micro-
fracture, RFE, and chondrocyte implan-
tation are all methods normally utilized for
smaller articular cartilage defects. Scaffolds
and mosaicplasty are examples of methods
designed to treat larger defects. Some treat-
ment methods such as debridement and
mosaicplasty have been intensely studied
and the results of these studies are reported
in the literature (7-13). Other techniques
are undergoing active and current develop-
ment, or are in need of further investi-
gation, such as the insertion of xenografts
or the addition of growth factors. Many
growth factors have been investigated with
the goal of using them for insertion into de-
fects with and without the addition of cell
implantation (14-19). This review pro-
vides an updated analysis of the literature
related to the range of treatment methods
used for repair of cartilage defects in ani-
mals with some inferences to the treatment
in humans. Although current methods for
articular cartilage defects are promising, no
treatment has resulted in complete restora-
tion of the hyaline cartilage and the sub-
chondral bone (20).

Lavage

Arthroscopic lavage is a treatment used to
alleviate joint pain by irrigating the joint

during arthroscopy (21). Excessive growth
of irritated synovial membrane buckles
into fronds, which may become inflamed
and release destructive enzymes and cyto-
kines (such as interleukin-1 and 2, and tu-
mour necrosis factor-ot) into the joint
space, causing joint swelling and pain. Re-
moving this excess material via lavage
usually resolves knee inflammation or
pain. Fu et al. used a rabbit model to evalu-
ate the effects of joint lavage (22). Com-
pared to the control knees, both the break-
down of articular cartilage and the inflam-
mation of synovium were less in the lav-
aged knees. Synovial fluid volume de-
creased significantly and proteoglycan con-
tent in the cartilage matrix was higher in
the treatment group than in the control
joints without lavage (22).

Many studies have also evaluated the ef-
fectiveness of joint lavage in human pa-
tients (23, 24). Chang et al. reported a sig-
nificant improvement in pain at three
months post-lavage, which was sustained
up to 12 months (23). Edelson et al. in 1995
described the results of 23 patients in which
a total of 29 knees underwent joint lavage
with Ringer’s solution for the complaint of
symptomatic osteoarthritis (24). At one
year, the mean pain rating improved from
64 to 89 and mean function rating im-
proved from 62 to 82 using the scoring sys-
tem developed by The Knee Society®.
Seventeen of 21 patients evaluated at two
years had a good or excellent result (24).

Two studies have compared joint lavage
versus needle aspiration for the treatment
of inflammatory arthritis in humans (25,
26). Van Oosterhout et al. found joint lav-
age to have three times less risk of recur-
rence of symptomatic arthritis compared
with needle aspiration after 12 months
(26). Tanaka et al. compared joint lavage

@ The Knee Society: http://www.kneesociety.org/
web/index.html
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using 1, 3, or 5 L of saline with joint aspir-
ation (25). Patients with knee arthritis of
more than six months duration and with a
Larsen grade 2 or less were more responsive
to joint lavage using 3L or 5L than with 1L
of needle aspiration (25).

Reichenbach et al. compared lavage
treatment from seven previously reported
studies (27-34). Three of the studies exam-
ined arthroscopic lavage, two looked at
non-arthroscopic joint lavage, and the last
two were for tidal irrigation (28-32, 35).
Reichenbach found that these studies pro-
vided little evidence that joint lavage re-
sulted in pain relief at three months post-
treatment, or that it resulted in any im-
provement of function. Tidal irrigation
seemed to have the greatest positive effect
when followed by non-arthroscopic lavage
with arthroscopiclavage having the least ef-
fect on improvement (27).

Lavage is commonly used to alleviate
joint pain in lower-demand joints and has
been shown to be successful in treating the
early stages of osteoarthritis. The pro-
cedure does not induce repair of articular
cartilage; therefore, the procedure offers re-
lief in the short-term and typically is not
intended to provide long-term relief.

Radio frequency energy

Radio frequency energy application is a
technique used to melt and remove fibril-
lated tissue and produce a smooth articular
surface. In addition, the melted and sealed
articular surface may prevent cartilage
wear debris from being released into joints
to cause inflammation. An electrosurgical
generator is connected to either a bipolar
(bRFE) or a monopolar (mRFE) wand that
is moved across the irregular and rough-
ened articular surface with or without di-
rect contact depending on the device used
(36). Radio frequency energy was first in-
vestigated for thermal chondroplasty in
1996-1997 (37-39). The principle of RFE
heating with a monopolar probe utilizes an
alternating current between the appli-
cation probe and the grounding plate. This
ionic current density produces molecular
friction in tissue that results in tissue heat-
ing. Frictional or resistive heating of tissue
around the probe tip is the primary source
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of heat, rather than the probe itself (40).
When used arthroscopically, the mRFE
current path may pass from the probe
through the cartilage surface and subchon-
dral bone to the grounding plate on the
skin, or from the probe through the irri-
gation solution to the joint capsule and
then to the grounding plate. In bRFE heat-
ing, the alternating electric current passes
from the RFE generator through the con-
necting cable, through the probe, through
the positive electrode to the negative elec-
trode, where both positive and negative
electrodes are in the probe tip. The conduc-
tion path of the bRFE is within the irri-
gation fluid, resulting in vaporization of
the physiological saline in the joint. There-
fore, the tissue effects with bRFE are typi-
cally secondary to thermal and ionic modi-
fication of the tissue.

Compared to laser thermal chondro-
plasty, REE is inexpensive, safe for oper-
ating room personnel, and a simple sur-
gical tool that may be delivered arth-
roscopically with different application
probes that offer flexibility to surgeons
(41). Currently, opinions regarding the use
of RFE treatment for articular cartilage are
wide-ranging and contradictory.

Lu et al. in 2000 evaluated mRFE on ar-
ticular cartilage and concluded that the ef-
fects of mRFE were detrimental (38). Mon-
opolar RFE caused immediate chondrocyte
death that progressed to full-thickness
death after two weeks with concomitant
detrimental effects to cartilage proteo-
glycan concentration that progressed over
time. In 2001 and 2002, both Lu et al. and
Edwards et al. evaluated the effects of bRFE
compared to mRFE and reported the depth
of chondrocyte death to be greater for
bRFE systems than mRFE, with the cell
death extending to the subchondral bone in
many instances (42, 43). Although bRFE
resulted in greater depth of chondrocyte
death, Lu et al. proposed that both mRFE
and bRFE should be used cautiously during
thermal chondroplasty, because the devices
may result in thermal injury to chondro-
cytes causing their death (38, 43-45).

In 2008, Edwards et al. compared mRFE,
bRFE, and mechanical debridement in a
partial thickness defect in a pony model
(46). Monopolar RFE treated cartilage
showed 50% lower stiffness than that of

normal healthy cartilage, but had the high-
est stiffness value compared with bRFE,
mechanical debridement, and control (46).
Spahn et al. also evaluated the use of both
mechanical debridement and bRFE in a
human model, and reported that compared
with mechanical debridement, bRFE ap-
peared to be the superior method for
achieving a good midterm result (47). The
contradictions in these two studies that
compared bRFE with mechanical debride-
ment could be attributed to the type of
model used, the device used for RFE treat-
ment, and length of study.

In vitro and in vivo human case reports
have reported detrimental effects to the
cartilage after RFE treatment, similar to the
above animal model studies. These studies
concluded that RFE treatment and tem-
perature may be associated with gleno-
humeral chondrolysis in a small percentage
of patients (3-6, 48). In 2005, Caffey et al.
reported similar results in a study compar-
ing the effects of five different mRFE and
bRFE probes on human cartilage and ob-
served that the probes produced significant
cellular death with some probes causing
cell death that penetrated to the subchon-
dral bone (48). The development of chon-
drolysis following the application of ther-
mal energy in human patients has been re-
ported (3-5). It has been suggested that
physicians should reconsider the use of
postoperative infusion of local anaesthetic
drugs with RFE due to the association with
glenohumeral chondrolysis (6).

The use of non-ablative RFE is reported
to result in less chondrocyte necrosis than
ablation RFE (49). The ablation methods
were mRFE and bRFE that deliver RFE
through a direct electrode-to-tissue con-
tact. The non-ablation method delivers
RFE through a bipolar mechanism initi-
ated from a monopolar generator via a pro-
tected tip that prevents electrode-to-tissue
contact.

To date, studies evaluating thermal
chondroplasty using RFE have focused on
three major areas: 1) the determination of
postoperative clinical results relating to
safety and cartilage stabilization over time;
2) the comparison between mechanical de-
bridement and RFE thermal chondroplasty
stabilizing the further degradation of
chondral lesions; and 3) the determination
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of the RFE stimulating effect if any, on
chondrocyte proliferation and propa-
gation. We believe that RFE safety studies
must be completed before significant appli-
cation of RFE for chondroplasty is con-
sidered.

Microfracture

Microfracture is a technique where the sub-
chondral plate is perforated allowing access
to the marrow elements and the potential
for the formation of a blood clot to form in
the chondral defect. The blood clot pro-
vides a scaffold containing growth factors
and cytokines. Progenitor cells and bone
marrow mesenchymal stem cells, entering
an avascular cartilage defect differentiate
into fibrocartilage-producing cells, and fill
the defect. The blood clot usually induces
healing by forming fibrous or fibrocarti-
laginous repair tissue (50). Microfractures
are also sometimes implemented in the sur-
rounding subchondral bone to induce re-
pair tissue formation and attachment.

Studies have found microfracture treat-
ment to be beneficial, leading to increased
volume of repair tissue, type II collagen
content, and clinical functionality. Frisbie
et al. in 1999 performed the microfracture
technique on full-thickness defects in the
radial carpal bone and medial femoral con-
dyle of 10 horses with ages ranging from
two to five years (13). A greater volume of
repair tissue filled the treated defects (74%)
compared to only 45% in non-treated con-
trol defects. There was an increased percen-
tage of type I collagen in the treated defects
(13). These results are consistent with a
study performed by Frisbie et al. in 2006
that found an increase in overall repair tis-
sue in treated defects at both four and 12
months postoperatively (51).

On the other hand, microfracture has
also been found to be less than effective.
Custers et al. in 2009 investigated the treat-
ment of cartilage defects with the insertion
of defect-sized implants and compared this
treatment with microfracture using a goat
model (8). Significantly more degener-
ation, less glycosaminoglycan content,
lower synthetic activity, and increased gly-
cosaminoglycan release from medial tibial
plateau cartilage occurred in the defects
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treated with microfracture compared to the
implant group (p <0.05) (8).

Microfracture has also been evaluated in
human patients. Steadman et al. in 2001 as-
sessed the microfracture technique in hu-
mans and concluded that the technique
allowed for access to biological modulators
and mesenchymal stem cells that had the
ability to differentiate into cartilage-like
cells and produce a durable repair cartilage
which aided in chondral repair (12).

The microfracture technique appears to
be useful in cases with larger lesions in low
demand areas or smaller regions in high de-
mand areas. Removal of the calcified layer
in defects provides optimal attachment of
repair tissue. The microfracture technique
has benefited horses and humans, indicat-
ing its importance in repair of defects in
larger species. This technique could be
aided in the future by the use of growth fac-
tors and mesenchymal stem cells to mini-
mize degeneration in repair sites (52).

Mosaicplasty

Mosaicplasty is normally used to treat full-
thickness defects and involves the removal
of one or multiple cylindrical plugs of
osteochondral tissue from the articular car-
tilage of non-weight bearing regions. The
autogenic plugs are then inserted into the
full-thickness defect (21). Mosaicplasty has
been studied in many models, with the
most commonly treated defect being in the
medial femoral condyle (7, 10, 11, 53-55).

Mosaicplasty has shown promising re-
sults in animal models. Results seen include
the following: an increase in glycosaminog-
lycan, type II collagen, and repair tissue
concentration; an increase in integration of
repair tissue with native cartilage; and high
viability of repair cells. Bodo et al. trans-
planted grafts in 11 horses, and reported
the bony portions of the grafts to be well in-
tegrated with the recipient sites of horses at
six and 12 months after surgery (53).
Thereafter, Burks et al. in 2006 reported
similar results in sheep with improved
bonding of the graft to adjacent cartilage
compared to an empty defect at six months
(7). Prior to that, Lane et al. placed plugs
into the central portion of the medial fe-
moral condyle in six goats. He reported

high cellular viability in the transplanted
grafts, an increase in glycosaminoglycan
synthesis indicating continued repair activ-
ity, and a six- to seven-fold greater stiffness
for the experimental tissue compared with
contralateral control tissue (10). Palierne et
al. evaluated the one-month morphologi-
cal appearance of autogenous osteochon-
dral grafting in dogs with stifle osteochon-
drosis, and reported that histopathological
analysis performed one month after sur-
gery confirmed partial integration of the
grafts and osteochondral survival (56).

Mosaicplasty has also been shown to be
detrimental in the treatment of defects.
Hurtig et al. in 2001 used grafts from the
femoropatellar joint and transplanted
them to the third carpal bone in six horses
(57).It was reported that the cell viability in
the grafts significantly decreased, and the
levels of glycosaminoglycans were signifi-
cantly decreased in the grafts compared
with the donor sites at nine months post-
implantation (57). Following that, White-
side et al. applied the mosaicplasty tech-
nique to pigs and reported a decrease in
graft fixation strength (58).

Mosaicplasty has also been imple-
mented in the treatment of articular carti-
lage defects in humans. Hangody et al. in
2003 evaluated 831 cases of mosaicplasty in
humans from 1992-2002 (59). Upon
evaluating the cases using clinical scores,
92% of patients with femoral condylar im-
plantations, 87% with tibial resurfacings,
79% with patellar and/or trochlear mosaic-
plasties, and 94% with talar procedures
demonstrated good-to-excellent results
(59).A study by Hangody et al. evaluated 36
cases of talar implantation that included a
three to seven year follow-up (60). Out of
the 36 cases, 28 had excellent results, six
were good, and two were moderate accord-
ing to the Hannover scoring system (60).

Mosaicplasty previously was used for
smaller cartilage defects. This is because the
healthy graft tissue can only be taken from a
limited area of the same joint. Mosaicplasty
is currently now also used for larger articu-
lar cartilage defects. In such cases, mosaic-
plasty seems to be beneficial in treating car-
tilage defects in both animals and humans
due to the extensive repair ability.
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Allografts

If a cartilage defect is too large for treat-
ment using an autograft, then an allograft
may be considered. Compared to autograft,
allograft has advantages such as avoiding
donor site morbidity, reducing surgical
time, smaller incisions required, and avail-
ability of larger grafts. The allograft can be
shaped to fit the exact contour of the defect
and then press-fitted into place. Implan-
tation of allografts includes taking osteo-
chondral tissue, chondrocytes or other
cells, or cartilage from a donor and trans-
planting it into a different individual of the
same species (61). Cells are removed by
small needle-biopsy and expanded in vitro
whereas plugs are harvested using a tre-
phine or drill to generate a construct that is
implanted into the same species (62, 63).

The use of allografts for repaired carti-
lage defects was effective in horses and rab-
bits (62, 64). Osteochondral allografts har-
vested from metatarsophalangeal joints
were press-fitted into the medial and lateral
metatarsal condyles of six horses with four
sham-operated horses (62). Most grafts
had 90% or more coverage with hyaline-
like cartilage at 25 weeks post-implantation
with good graft incorporation as deter-
mined by histological and micro-
radiographic analysis. Boopalan et al. in
2006 transplanted allogenic chondrocytes
from knee joint cartilage to focal articular
cartilage defects of rabbits and assessed the
healing of the defects 12 weeks after im-
plantation (64). There was a significantly
increased amount of newly formed repair
tissue with good integration with the sur-
rounding articular cartilage (64).

Mainil-Varlet et al. in 2001 treated full-
thickness articular defects in the patellar
groove of the femoral condyle of pigs, and
did not find allograft implantation benefi-
cial (65). The reduced thickness, cellularity,
and safranin-O staining indicated inad-
equate repair of the defect (65).

Allograft transplantation has been
studied widely in humans (66, 67). Bugbee
et al. in 1999 evaluated the allograft pro-
cedure in 61 patients with cartilage defects
(66). After a two year evaluation, 48 of the
61 patients undergoing allograft transplan-
tation on one surface were rated good or
excellent. Of the 30 cases undergoing bipo-
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lar allografting, a success rate of 53% was
reported. After 10 years, 11 of the 15 cases,
bipolar and unipolar, were rated good or
excellent (66). Gross et al. in 2008 also
evaluated human allograft transplantation
and examined histological features of 35 al-
lografts retrieved at the time of subsequent
graft revision, osteotomy, or total knee
arthroplasty. Lack of chondrocyte viability
and loss of matrix cationic staining were
histological features of early graft failures
(67). Nonunion was evident due to fibro-
vascular tissue between the graft and host
tissue within one year of implantation (67).

The allograft procedure is commonly
used for larger articular cartilage defects.
Allograft treatment shows promise in ani-
mals, but longer term studies need to be
carried out. Allograft treatment does seem
to be successful in humans and could be
used in patients seeking long-term treat-
ment.

Xenografts

Xenografts can be obtained more easily
than allografts and involve the use of or-
gans, tissues, or cells derived from a differ-
ent species than the one being treated.
Chondrocytes are grown in culture and
transplanted into articular cartilage defects
similar to autografts and allografts (68).
Partial- and full-thickness defect models
have been used principally in the lateral
and medial femoral condyles or patellar
fossa of the knee (68-70).

A few studies found xenograft treatment
to be beneficial in animal models. Ramallal
et al. placed xenogeneic chondrocytes from
the femoral condyle of pigs into partial
chondral defects in the lateral femoral con-
dyle of rabbits and evaluated the grafts at 24
weeks post-implantation (68). The investi-
gators noted good integration between the
synthesized cartilage and the surrounding
native cartilage, with the repair tissue yield-
ing a smooth surface. Yagihashi et al. noted
hyaline-like cartilage in the peripheral re-
gion of the graft at six weeks post-implan-
tation of the demineralized dentin matrix of
bovine origin in the full-thickness defects in
the patellar fossa of the femur in rabbits (70).

Many studies found xenograft treat-
ment to be unfavourable in treating articu-

lar cartilage defects. Van Susante et al. in
1999 used xenogeneic rabbit chondrocytes
suspended in fibrin glue to treat full-thick-
ness defects in the medial femoral condyle
of goats and assessed the xenografts up to
52 weeks after surgery (71). The investi-
gators reported that there was no signifi-
cant difference between the xenograft
treatment group and the control at 52
weeks. Pei et al. evaluated the transplan-
tation of xenograft pig cartilage into osteo-
chondral defects in the medial femoral
condyles of rabbits for a duration of six
months post-implantation (72). The xeno-
graft treatment group displayed tissue loss
compared to untreated defects that were fil-
led with fibrocartilaginous tissue.

The differences between the mentioned
studies on xenograft implantation are most
likely due to the duration of the study and
animal model. The studies that reported
overall good results were short-term and in
lower-order animal models while the unfa-
vourable results were from longer-term
studies in higher-order animal models. It is
possible that xenografts cause a delayed im-
mune rejection when treating articular car-
tilage defects.

Autologous chondrocyte
implantation

The autologous chondrocyte implantation
(ACI) procedure, first introduced by Britt-
berg and coworkers, has been the most
widely used surgical procedure (73). This
procedure aims to provide complete hya-
line repair tissues for articular cartilage re-
pair. Autologous chondrocyte implan-
tation is a cell-based therapy that involves
transplantation of autogenous cells into ar-
ticular cartilage defects. The autologous ar-
ticular chondrocytes are harvested from a
minor load-bearing area and expanded be-
fore implanting into the defect under a
periosteal flap (74).

Many studies have reported favourable
results after applying ACI treatment to car-
tilage defects. Trzeciak et al in 2006 per-
formed ACI in full-thickness defects in the
distal femur of rabbits (75). At 12 weeks,
microscopic analysis showed repair tissue
consisting of morphological features simi-
lar to mature hyaline cartilage with a
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smooth surface and uniform thickness.
Dell’Accio et al. used goats to evaluate ACI
for full-thickness defects of the lateral fe-
moral condyle (76). The investigators re-
ported that at 14 weeks after surgery, col-
lagen fibres with a disposition similar to
that of hyaline cartilage were present as
evaluated by phase-contrast microscopy.
High proteoglycan expression in repair tis-
sue was also reported. Min et al. in 2007 re-
ported regenerative tissue with high pro-
teoglycan expression that resembled hya-
line cartilage in the periphery of the im-
plantation site of the defects in a dog model
at four weeks after ACI implantation (77).
Litzke et al. performed ACI in full-thick-
ness defects in the minor load-boarding
area on the lateral talus of the talocrural
joint in horses (74). The investigators re-
ported strong to moderate expression of
hyaline cartilage after two years, and re-
ported expression of type II collagen in
deep areas of 80% of the defects compared
with reduced or no expression in untreated
defects (74). Kamarul et al. implanted
autologous chondrocytes into full-thick-
ness defects in the medial femoral condyle
of rabbits and reported homogeneous dis-
tribution of type II collagen similar to sur-
rounding normal cartilage at three months
after surgery (78).

The findings of another study contra-
dicted the previous studies and reported a
trend toward decreased hyaline cartilage at
18 months post-implantation in a dog
model (79). The investigators also reported
an increased amount of fibrous tissue from
12 to 18 months post-implantation.

Autologous chondrocyte implantation
treatment also has been prevalent in
human patients. Peterson et al. in 2000
evaluated ACI of the first 94 of 101 patients
treated in Sweden (1987-1999) (80). Fifty-
three patients showed good repair tissue
fill, good adherence to underlying bone,
seamless integration with adjacent carti-
lage,and hardness close to that of the adjac-
ent tissue. Peterson et al. in 2010 evaluated
ACI by using questionnaires filled out by
224 patients 1020 years post-implantation
(81). Seventy-four percent of these patients
reported their status as better or the same as
the previous status while 26% reported
they were worse. Patients with bipolar
lesions were reported to have a worse final
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outcome than patients with multiple uni-
polar lesions (81).

Autologous chondrocyte implantation
is commonly used for smaller articular car-
tilage defects, with monopolar or bipolar
lesions. Most animal studies reported fa-
vourable results after using the ACI treat-
ment with high prevalence of hyaline-like
cartilage repair tissue, high expression of
type II collagen and proteoglycans, with
improved bonding to the native cartilage.
Autologous chondrocyte implantation per-
formed on humans resulted in similar re-
sults with good repair tissue fill and seam-
less integration with native cartilage. Auto-
logous chondrocyte implantation treat-
ment is beneficial to both human and ani-
mal patients and should be considered a vi-
able option when repairing articular carti-
lage defects, although the technique needs
to be simplified.

Cells within the collagen
membrane

Recent technological improvements have
aimed to overcome the intrinsic technical
disadvantages of ACI by using cartilage tis-
sue engineering grafts developed with
three-dimensional scaffolds or matrices
that contain autologous chondrocytes for
cartilage regeneration. Specifically, a stable
three-dimensional matrix which provides
the hyaline-like phenotype of the chondro-
cytes, in conjunction with seeding more ef-
ficiently at the site of implantation, should
promote integration between the neo-car-
tilage and the surrounding host articular
cartilage (82). With this technique, auto-
genic or allogenic cells are seeded onto a
collagen membrane (83). One proprietary
technique, Matrix-induced Autologous
Chondrocyte Implant (MACI®®), involves
the transplantation of autologous chon-
drocytes obtained arthroscopically, cul-
tured over several weeks, and then impreg-
nated on an absorbable collagen I/IIl mem-
brane. The membrane can be fixed to the
cartilage with fibrin, glue, pins, or sutures.
A periosteal membrane layer is not placed
over the implant.

b Genzyme Europe BV, Naarden, The Netherlands

Many studies that implanted a collagen
membrane seeded with cells have reported
favourable results in the repair of articular
cartilage defects (84-86). Yanai et al. placed
mesenchymal stem cells harvested from the
intercondylar notch of the distal femur and
cultured in a collagen gel into large full-
thickness articular cartilage defects of the
tibial plateau in rabbits (86). At 12 weeks
post-surgery, hyaline-like cartilage was ob-
served immediately below the superficial
zone, and there was significantly better ma-
trix morphology in the cell-seeded mem-
brane group compared with the membrane
implantation only group (86). Chiang et al.
in 2005 reported results similar to Yanai et
al. with significantly greater hyaline-like
cartilage in the transplanted group after six
months post-implantation in a pig model
(84). In 2005, De Franceschi et al. im-
planted autologous chondrocytes seeded
on a type [ collagen scaffold into full-thick-
ness defects in the weight-bearing surface
of the medial femoral condyle of rabbits
and assessed the treatment at six and 12
months post-implantation (85). The inves-
tigators reported a significantly higher
presence of type II collagen and proteogly-
can production in the chondrocyte seeded
scaffold group compared to control.

In contrast, other studies did not find
collagen membrane treatment to be benefi-
cial in all aspects of defect repair. Willers et
al. used rabbits as a model to implant
inoculated autologous chondrocytes onto a
type I/IIT collagen scaffold into medial
condylar defects (87). Willers et al. reported
a reduced amount of proteoglycan and re-
duced thickness in the repair tissue com-
pared with adjacent cartilage at 12 weeks
(87). Lee et al. used a type II collagen scaf-
fold cultured for four weeks prior to im-
plantation and seeded with autologous
chondrocytes in defects of the trochlear
groove in dogs (83). The investigators re-
ported a compressive stiffness of the repair
tissue to be 20-fold lower than that of
native articular cartilage at 15 weeks after
surgery. The repair tissue was only partially
integrated with adjacent cartilage and con-
sisted of mainly fibrocartilage (83). In
2008, Jones et al. reported poor integration
and poor architectural restoration at 12
weeks after implantation, and biomech-
anical properties of the repair tissue re-
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mained inferior compared with native car-
tilage in a sheep model (88).

Collagen membrane treatment has also
been assessed in human patients. In 2007,
Zheng et al. implanted a scaffold of ACI
seeded onto a type I/III collagen membrane
in 56 humans (89). The investigators re-
ported that the chondrocytes appeared
well-integrated into the matrix and main-
tained the chondrocyte phenotype as evi-
denced by aggrecan, type II collagen, and
S-100 expression from 21 days to 24
months after surgery. Formation of carti-
lage-like tissue was seen as early as 21 days
(89). Crawford et al. implanted autogenous
chondrocytes seeded into a three-dimen-
sional type I collagen scaffold into eight pa-
tients with full-thickness cartilage injury
(90). Pain scores were significantly lower
than baseline at 12 and 24 months after im-
plantation using a visual analog scale (90).

Although some studies reported adverse
results about this technique, most animal
and human patient studies have shown fa-
vourable results in the repair of cartilage de-
fects after implantation of a collagen mem-
brane seeded with cells. The prevalence of
hyaline-like cartilage and type II collagen as
repair tissue signifies the benefits of repair
with collagen treatment. This treatment may
be considered a valuable option when treat-
ing articular cartilage defects.

Cells within synthetics

Instead of seeding cells within a collagen
membrane, other synthetic materials have
been investigated as potential scaffolds in-
cluding polyglycolic acid or polylactic acid
(91). These polymeric scaffolds have prov-
en to be biocompatible, biodegradable,
permeable, reproducible, mechanically
stable, non-cytotoxic, and capable of serv-
ing as a temporary support (92). The chon-
drocytes are cultured and seeded in vitro
onto the synthetics. A few studies have
evaluated this technique using horse, rab-
bit, and pig animal models for the treat-
ment of cartilage defects (91, 93-95).
Studies have implanted cells seeded
onto a polyglycolic scaffold into cartilage
defects and reported favourable outcomes.
Zhou et al. implanted autologous mesen-
chymal stem cells embedded in a polygly-
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colic acid-hydroxyapatite scaffold into full-
thickness cartilage defects in the inter-
condylar fossa of the femur in rabbits (95).
The repair tissue consisted of hyaline carti-
lage and complete subchondral bone
formation was seen at 16 weeks post-
implantation. Prior to that, Liu et al. placed
autologous chondrocytes from the patellar
groove of the inferior femur segment with
polyglycolic acid into full-thickness defects
in pigs (94). Histological examination at 24
weeks in this study demonstrated typical
hyaline cartilage structure with good inter-
face healing as well as underlying cancel-
lous bone. The biomechanical properties of
the repair tissue improved over time and
were significantly better compared to con-
trol (94). Barnewitz et al. embedded auto-
logous chondrocytes into polyglactin/poly-
dioxanone scaffolds which were then trans-
planted into full-thickness defects in the
distal condyle of the third metacarpus in a
horse model (93). The content of both gly-
cosaminoglycans and hydroxyproline in
the repair tissue of treated and control de-
fects were comparable at 12 months post-
surgery (93).

In contrast to the above studies, one
study noted unfavourable results after syn-
thetic membrane treatment. Dounchis et
al. implanted a composite graft of autoge-
neic perichondrial cells and polylactic acid
into medial femoral condylar defects in
rabbits, and reported suboptimal concen-
trations of glycosaminoglycan in the neo-
cartilage matrix in a rabbit model at 12
months after surgery, and the repair tissue
had a depressed surface with the histo-
logical appearance of the repair tissue
poorer than that of normal articular carti-
lage (91). The differences in the studies
could be attributed to the implantation of a
perichondrial cell compared to autogenic
chondrocytes and the type of synthetic
membrane used.

To compare different synthetic mem-
branes, Knecht et al. mechanically tested
the fixation stability of four commonly
used biomaterials (polyglycolic acid
[PGA], poly-L-lactic acid [PLLA], collagen
membranes, and gel-like matrix material)
for ACI attached by four different fixation
techniques (unfixed, fibrin glue, chondral
suture, and transosseous suture) in situ
(96). The investigators reported the PGA-

scaffold could withstand the highest load
before failure compared to the other bio-
materials (96).

Due to the success in animal models,
human studies have been performed im-
planting synthetic membranes into defects.
Minenna et al. in 2005 reported a study of
32 human patients comparing the use of a
polylactide and polyglycolide copolymer
graft in conjunction with an open flap de-
bridement procedure to open flap debride-
ment alone (97). At six months post-
implantation of the graft, clinical attach-
ment was significantly greater in the defects
receiving the copolymer graft than de-
bridement alone. At 12 months, there were
not any significant differences in any of the
clinical parameters (clinical attachment
level, recession depth, and probing depth)
observed between the groups (97).

Animal studies have shown the value of
implanting synthetic membranes consist-
ing of polyglycolic acid and autogenic cells
into articular cartilage defects compared to
other synthetic membranes (91, 98). In the
study evaluating this procedure in humans,
no clear advantage was shown at 12 months
and this could be attributed to the fact that
no autogenic cells were embedded within
the synthetic membrane.

Scaffolds

Common to all attempts at tissue engineer-
ing for cartilage repair is to deliver the re-
pair material to the injury site and ensuring
that it stay in place long enough to effect the
desired repair. This issue may be solved by
using scaffolds as vehicles. Biphasic scaf-
folds contain an osseous phase and a chon-
dral phase so that the scaffold can integrate
with both the bone and cartilage surround-
ing the defect (99). Many combinations
have been employed for each phase. There
are two principal types of scaffolds, scaf-
folds seeded with autologous or allogenic
cells, and scaffolds augmented with growth
factors with or without cells.

Scaffolds with Cells

Beta (B)-tricalcium phosphate (TCP) has
been used in several biphasic scaffolds with
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mainly favourable results (99-102). Guo et
al. used a sheep model to place autologous
mesenchymal stem cells into bioceramic
scaffolds of TCP implanted into the
weight-bearing area of the medial femoral
condyle (100). At 24 weeks, the repair tissue
consisted of hyaline tissue which was al-
most indistinguishable from the surround-
ing normal cartilage. The glycosaminogly-
can content was significantly higher in de-
fects treated with the cell-seeded TCP scaf-
folds compared to cell-free scaffolds or de-
fects left untreated (100). Jiang et al. per-
formed a study placing a biphasic scaffold
of autologous chondrocytes  with
poly(D,L)-lactide-co-glycolide ~as  the
chondral phase and TCP as the osseous
phase into full-thickness femoral condylar
defects in mini-pigs (99). The experimental
group received higher mean scores in sur-
face morphology, matrix, cell distribution,
and cell viability than the control (99). Ta-
naka et al. placed allogenic chondrocytes in
collagen gel overlying a resorbable TCP
block in the intercondylar groove of the
distal femur in rabbits (102). At eight
weeks, repair tissue filled at least 85% of
each defect and consisted of hyaline-like
cartilage. Most of the TCP was replaced by
bone with a small amount remaining in the
underlying cartilage at 12 weeks post-
implantation (102).

Shao et al. used a different scaffold that
consisted of medical-grade polycaprolac-
tone (mPCL) as the bone phase and fibrin
glue as the cartilage phase (103). Both
phases were seeded with bone-marrow de-
rived allogenic mesenchymal cells from the
iliac crest and placed into a medial femoral
condylar defect in rabbits. The investi-
gators reported the majority of six-month
specimens revealed poor remodelling and
fissured integration with host cartilage
(103).

Another scaffold consists of allogenic
chondrocytes seeded on cancellous bone
matrix gelatin which is employed by Song
et al. in 2006 in the treatment of defects in
the medial femoral condyles of rabbits
(104). At 24 weeks post-implantation, pro-
teoglycan and type II collagen were de-
tected in the matrix of repair tissue. The
chondrocytes and cartilage matrix in repair
tissue were almost identical to those in nor-
mal articular cartilage (104).

© Schattauer 2012

Another category of a scaffold is a com-
posite seeded with cells (105, 106). Ito et al.
transplanted scaffolds consisting of auto-
genic chondrocytes from the humeral head
embedded in atelocollagen gel and seeded
on an atelocollagen sponge/PLLA mesh
composite for mechanical strength (105).
After 12 weeks, the defects were repaired
with hyaline-like cartilage and type II col-
lagen with well organized subchondral
bone formation (105). Ito et al. also trans-
planted autogenic chondrocytes embedded
in atelocollagen gel, but the cells were
seeded on top of an interconnected porous
calcium hydroxyapatite ceramic compared
to the atelocollagen sponge/PLLA mesh
composite as previously performed (105,
106). The investigators reported that at 12
weeks, 90% of the graft areas showed carti-
lage-like tissue with good subchondral
bone formation (106).

Cells have been implanted in various
scaffolds including B-TCP, medical-grade
polycaprolactone, bone matrix gelatin, and
composites. Scaffolds with B-TCP, bone
matrix gelatin, or composites have shown
favourable results with quality repair tis-
sue. In contrast, medical-grade polycapro-
lactone resulted in unfavourable results
with poor remodelling, which could be at-
tributed to the low sample size. More long-
term studies with larger sample sizes
should be investigated before the appli-
cation of the technique in human patients.

Scaffolds with growth factors

For cartilage repair and regeneration, mes-
enchymal stem cells have to differentiate
into chondrocytes for the correct extra-
cellular matrix generation. To ensure chon-
drogenic differentiation, the mesenchymal
stem cells will have to be able to attract and
respond to the correct biological signals for
tissue regeneration and repair. Growth fac-
tors have functions to regulate chondro-
cytes and cartilage development. These
growth factors can be delivered to the
required specific site by incorporating
these molecules into a scaffold for con-
trolled release to the exact site or by the use
of gene therapy. Growth factors have been
used to stimulate bone and cartilage
growth typically using either autogenic or

allogenic chondrocytes. The chondrocytes
are isolated and then cultured and geneti-
cally modified in vitro (15).

A commonly used growth factor in scaf-
folds to treat articular cartilage defects is
transforming growth factor-f (TGF-B),
which has been reported to show favour-
able results. Wayne et al. placed a construct
composed of polylactic acid-alginate amal-
gam seeded with autologous mesenchymal
stem cells, and stimulated in vitro with
TGF-B, into the femoral chondyles of a dog
model (17). Cell-seeded experimental de-
fects showed more cartilage-like matrix
quality, cell distribution, and proteoglycan
staining than control defects (17). Zhou et
al. also used a construct consisting of auto-
logous mesenchymal stem cells and
dexamethasone seeded onto polylactic
acid-coated polyglycolic acid scaffold
stimulated with TGF-f3, and the construct
was placed in a pig model (18). Eleven of
the 16 defects were completely repaired by
hyaline cartilage and cancellous bone with
high glycosaminoglycan content in the re-
pair tissue at six months. Aggrecan gene ex-
pression and type II collagen was signifi-
cantly enhanced in the treated defects (18).

Another commonly used growth factor
is the insulin-like growth factor-1 (IGF-1).
Articular cartilage defects treated with
IGF-1 showed mixed results. Goodrich et
al. implanted allogenic chondrocytes from
the femoropatellar joints of neonatal foals
that were incubated with IGF-1 into the lat-
eral trochlear ridge of a femoropatellar
joint defect of horses (15). The experimen-
tal defects had greater tissue filling and
higher levels of type II collagen at eight
months post-implantation in the experi-
mental repair tissue compared with control
defects (15). Strauss et al. used allogenic
chondrocytes that were stimulated by gene
transfer with IGF-1 and then placed into
full-thickness lateral trochlear ridge defects
of horses (19). The proteoglycan content
and the equilibrium modulus were signifi-
cantly increased for the experimental de-
fects. Fortier et al. implanted allogenic
chondrocytes supplemented with IFG-1 (0
ug, 12.5 ug, 25 ug) in an in vitro study (14).
The dosage of 25 g of IGF-1 increased the
glycosaminoglycan content and synthesis
the most in comparison to the lower dose
or no IGF-1 (14).
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A third growth factor is bone morpho-
genetic protein-7 (BMP-7) (107, 108). Hi-
daka et al. transplanted allogenic chondro-
cytes modified by gene transfer with
BMP-7 into articular cartilage defects in the
femoropatellar joints of 10 horses (107).
There was an approximately two- to
2.5-fold decrease in dynamic modulus of
the repair tissue compared to normal carti-
lage at eight months (107).

Recombinant human basic fibroblast
growth factor (rh-bFGF) also has been in-
vestigated by Siebert et al. in 2003 (109).
The investigators transplanted grafts bath-
ed in phosphate buffered sulfate containing
50 ug of rh-bFGF into the femoral condyle
of sheep. The quality of the repair was less
than excellent since there was a 28% differ-
ence in the cartilage thickness between the
transplanted plug and the recipient carti-
lage which resulted in a primary offset in
the subchondral plate (109).

Growth factors are commonly used in
experimental animal studies including
TGEF-B, IGF-1, and BMP-7. Transforming
growth factor-f} showed the most promis-
ing results in repair of articular cartilage
defects and should be implemented in
human studies. Overall the use of growth
factors is growing rapidly and has the po-
tential of surpassing other methods in
treating articular cartilage defects.

Summary

Articular cartilage defects may be treated
using any of the treatment methods
discussed in this article. In general, smal-
ler articular cartilage defects are treated
using debridement, microfracture, radio
frequency energy, or chondrocyte implan-
tation, whereas the other methods, such as
scaffolds and mosaicplasty, are normally
used for larger articular cartilage defects.
Lavage, radio frequency energy, micro-
fracture, mosaicplasty, allografts, and chon-
drocyte implantation, including MACI®,
have all been studied in humans. Xenografts
and scaffolds with growth factors and cells
are still in the experimental phase and have
not been used in treating human cartilage
defects. More clinical trials must be con-
ducted before these treatment methods can
be made available for human applications.

Vet Comp Orthop Traumatol 4/2012

Acknowledgements
The authors thank Mary Thurber for the
preliminary literature research.

Conflict of interest
None declared.

References

1. Ochi M, Uchio Y, Tobita M, et al. Current concepts
in tissue engineering technique for repair of carti-
lage defect. Artif Organs 2001; 25: 172-179.

2. ChiangH, Jiang CC. Repair of articular cartilage de-
fects: review and perspectives. ] Formos Med Assoc
2009; 108: 87-101.

3. Good CR, Shindle MK, Kelly BT, et al. Glenohum-
eral chondrolysis after shoulder arthroscopy with
thermal capsulorrhaphy. Arthroscopy 2007; 23:
797e.1-5.

4. Levine WN, Clark AM, Jr., D'Alessandro DF, et al.
Chondrolysis following arthroscopic thermal cap-
sulorrhaphy to treat shoulder instability. A report of
two cases. ] Bone Joint Surg Am 2005; 87: 616-621.

5. Petty DH, Jazrawi LM, Estrada LS, et al. Glenohum-
eral chondrolysis after shoulder arthroscopy: case
reports and review of the literature. Am J Sports
Med 2004; 32: 509-515.

6. Scheffel PT, Clinton J, Lynch JR, et al. Glenohumeral
chondrolysis: a systematic review of 100 cases from
the English language literature. ] Shoulder Elbow
Surg 2010; 19: 944-949.

7. Burks RT, Greis PE, Arnoczky SP, et al. The use of a
single osteochondral autograft plug in the treat-
ment of a large osteochondral lesion in the femoral
condyle: an experimental study in sheep. Am J
Sports Med 2006; 34: 247-255.

8. Custers RJ, Saris DB, Dhert WJ, et al. Articular car-
tilage degeneration following the treatment of focal
cartilage defects with ceramic metal implants and
compared with microfracture. ] Bone Joint Surg
Am 2009; 91: 900-910.

9. Frisbie DD, Oxford JT, Southwood L, et al. Early
events in cartilage repair after subchondral bone
microfracture. Clin Orthop Relat Res 2003; 407:
215-227.

10. Lane JG, Tontz WL, Jr., Ball ST, et al. A morphologic,
biochemical, and biomechanical assessment of
short-term effects of osteochondral autograft plug
transfer in an animal model. Arthroscopy 2001; 17:
856-863.

11. Nam EK, Makhsous M, Koh J, et al. Biomechanical
and histological evaluation of osteochondral trans-
plantation in a rabbit model. Am J Sports Med
2004; 32: 308-316.

12. Steadman JR, Rodkey WG, Rodrigo JJ. Microfrac-
ture: surgical technique and rehabilitation to treat
chondral defects. Clin Orthop Relat Res 2001; 391
Suppl: $362-S369.

13. Frisbie DD, Trotter GW, Powers BE, et al. Arth-
roscopic subchondral bone plate microfracture
technique augments healing of large chondral de-
fects in the radial carpal bone and medial femoral
condyle of horses. Vet Surg 1999; 28: 242-255.

14. Fortier LA, Nixon AJ, Lust G. Phenotypic ex-
pression of equine articular chondrocytes grown in

16.

17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

three-dimensional cultures supplemented with su-
praphysiologic concentrations of insulin-like
growth factor-1. Am ] Vet Res 2002; 63: 301-305.

. Goodrich LR, Hidaka C, Robbins PD, et al. Genetic

modification of chondrocytes with insulin-like
growth factor-1 enhances cartilage healing in an
equine model. ] Bone Joint Surg Br 2007; 89:
672-685.

Nixon AJ, Fortier LA, Williams J, et al. Enhanced re-
pair of extensive articular defects by insulin-like
growth factor-I-laden fibrin composites. J Orthop
Res 1999; 17: 475-487.

. Wayne JS, McDowell CL, Shields KJ, et al. In vivo re-

sponse of polylactic acid-alginate scaffolds and
bone marrow-derived cells for cartilage tissue en-
gineering. Tissue Eng 2005; 11: 953-963.

Zhou G, Liu W, Cui L et al. Repair of porcine articu-
lar osteochondral defects in non-weightbearing
areas with autologous bone marrow stromal cells.
Tissue Eng 2006; 12: 3209-3221.

Strauss EJ, Goodrich LR, Chen CT, et al. Biochemi-
cal and biomechanical properties of lesion and ad-
jacent articular cartilage after chondral defect re-
pair in an equine model. Am J Sports Med 2005; 33:
1647-1653.

Jackson DW, Scheer MJ, Simon TM. Cartilage sub-
stitutes: overview of basic science and treatment
options. ] Am Acad Orthop Surg 2001; 9: 37-52.
Redman SN, Oldfield SE, Archer CW. Current strat-
egies for articular cartilage repair. Eur Cell Mater
2005; 9: 23-32.

FuX, Lin L, ZhangJ et al. Assessment of the efficacy
of joint lavage in rabbits with osteoarthritis of the
knee. ] Orthop Res 2009; 27: 91-96.

Chang RW, Falconer J, Stulberg SD, et al. A random-
ized, controlled trial of arthroscopic surgery versus
closed-needle joint lavage for patients with osteoar-
thritis of the knee. Arthritis Rheum 1993; 36:
289-296.

Edelson R, Burks RT, Bloebaum RD. Short-term ef-
fects of knee washout for osteoarthritis. Am J Sports
Med 1995; 23: 345-349.

Tanaka N, Sakahashi H, Hirose K, et al. Volume of a
wash and the other conditions for maximum thera-
peutic effect of arthroscopic lavage in rheumatoid
knees. Clin Rheumatol 2006; 25: 65-69.

van Oosterhout M, Sont JK, van Laar JM. Superior
effect of arthroscopic lavage compared with needle
aspiration in the treatment of inflammatory arthri-
tis of the knee. Rheumatology (Oxford) 2003; 42:
102-107.

Reichenbach S, Rutjes AW, Nuesch E, et al. Joint lav-
age for osteoarthritis of the knee. Cochrane Data-
base Syst Rev 2010; CD007320.

Bradley JD, Heilman DK, Katz BP, et al. Tidal irri-
gation as treatment for knee osteoarthritis: a sham-
controlled, randomized, double-blinded evalu-
ation. Arthritis Rheum 2002; 46: 100-108.

Dawes PT, Kirlew C, Haslock I. Saline washout for
knee osteoarthritis: results of a controlled study.
Clin Rheumatol 1987; 6: 61-63.

Ike RW, Arnold WJ, Rothschild EW, et al. Tidal irri-
gation versus conservative medical management in
patients with osteoarthritis of the knee: a prospec-
tive randomized study. Tidal Irrigation Cooper-
ating Group. ] Rheumatol 1992; 19: 772-779.
Kalunian KC, Moreland IW, Klashman D], et al.
Visually-guided irrigation in patients with early
knee osteoarthritis: a multicenter randomized, con-

© Schattauer 2012

Downloaded from www.vcot-online.com on 2012-07-28 | ID: 1000446089 | IP: 95.227.90.131
For personal or educational use only. No other uses without permission. All rights reserved.



R. M. Thiede et al.: Treatment for cartilage defects

271

32.

33.

34,

35.

36.

37.

38.

39.

40.

4

—_

42,

43.

44,

45.

46.

47.

trolled trial. Osteoarthritis Cartilage 2000; 8:
412-418.

Moseley JB, O'Malley K, Petersen NJ, et al. A con-
trolled trial of arthroscopic surgery for osteoarthri-
tis of the knee. N Engl ] Med 2002; 347: 81-88.
Moseley JB Jr., Wray NP, Kuykendall D, et al. Arth-
roscopic treatment of osteoarthritis of the knee: a
prospective, randomized, placebo-controlled trial.
Results of a pilot study. Am ] Sports Med 1996; 24:
28-34.

Ravaud P, Moulinier L, Giraudeau B, et al. Effects of
joint lavage and steroid injection in patients with
osteoarthritis of the knee: results of a multicenter,
randomized, controlled trial. Arthritis Rheum
1999; 42: 475-482.

Moseley B, Wray N, Kuykendal D, et al. Arth-
roscopic treatment of osteoarthritis of the knee: a
prospective, randomized, placebo controlled trial.
Results of a pilot study. Am J sports Med 1996; 24:
28-34.

Voloshin I, Morse KR, Allred CD, et al. Arthroscopic
evaluation of radiofrequency chondroplasty of the
knee. Am ] Sports Med 2007; 35: 1702-1707.
Kaplan L, Uribe JW, Sasken H, et al. The acute ef-
fects of radiofrequency energy in articular cartilage:
an in vitro study. Arthroscopy 2000; 16: 2-5.

LuY, Hayashi K, Hecht P, et al. The effect of monop-
olar radiofrequency energy on partial-thickness de-
fects of articular cartilage. Arthroscopy 2000; 16:
527-536.

Turner AS, Tippett JW, Powers BE, et al. Radiofre-
quency (Electrosurgical) ablation of articular carti-
lage. a study in sheep. Arthroscopy 1998; 14:
585-591.

Organ LW. Electrophysiologic principles of radio-
frequency lesion making. Appl Neurophysiol 1976;
39: 69-76.

. LuY, Markel MD. Radiofrequency energy for carti-

lage treatment. In: Cole BJ, Malek MM, editors. Ar-
ticular Cartilage Lesions. New York: Springer Verlag
New York, Inc., 2006; 47-56.

Edwards RB, Lu Y, Kalscheur VL, et al. Thermal
chondroplasty of chondromalacic human cartilage:
an ex vivo comparison of bipolar and monopolar
radiofrequency devices. Am J Sports Med 2002; 30:
90-97.

Lu Y, Edwards RB, Kalscheur VL, et al. Effect of bi-
polar radiofrequency energy on human articular
cartilage: comparison of confocal laser microscopy
and light microscopy. Arthroscopy 2001; 17:
117-123.

Lu Y, Edwards RB III, Nho S, et al. Thermal chon-
droplasty with bipolar and monopolar radiofre-
quency energy: Effect of treatment time on chon-
drocyte death and surface contouring. Arthroscopy
2002; 18: 779-788.

LuY, Edwards RB, Cole BJ, et al. Thermal chondro-
plasty with radiofrequency energy: An in vitro com-
parison of bipolar and monopolar radiofrequency
devices. Am ] Sports Med 2001; 29: 42-49.
Edwards RB, Lu Y, Cole BJ, et al. Comparison of
radiofrequency treatment and mechanical debride-
ment of fibrillated cartilage in an equine model. Vet
Comp Orthop Traumatol 2008; 21: 41-48.

Spahn G, Klinger HM, Muckley T, et al. Four-year re-
sults from a randomized controlled study of knee
chondroplasty with concomitant medial meniscec-
tomy: mechanical debridement versus radiofrequen-
cy chondroplasty. Arthroscopy 2010; 26: S73-S80.

© Schattauer 2012

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Caffey S, McPherson E, Moore B, et al. Effects of
radiofrequency energy on human articular carti-
lage: an analysis of 5 systems. Am J Sports Med
2005; 33: 1035-1039.

Ganguly K, McRury ID, Goodwin PM, et al. Histo-
pomorphic evaluation of radiofrequency mediated
debridement chondroplasty. Open Orthop ] 2010;
4:211-220.

Sledge SL. Microfracture techniques in the treat-
ment of osteochondral injuries. Clin Sports Med
2001; 20: 365-377.

Frisbie DD, Morisset S, Ho CP, et al. Effects of calci-
fied cartilage on healing of chondral defects treated
with microfracture in horses. Am J Sports Med
2006; 34: 1824-1831.

Morisset S, Frisbie DD, Robbins PD, et al. IL-1ra/
IGF-1 gene therapy modulates repair of microfrac-
tured chondral defects. Clin Orthop Relat Res 2007;
462:221-228.

Bodo G, Hangody L, Modis L, et al. Autologous os-
teochondral grafting (mosaic arthroplasty) for
treatment of subchondral cystic lesions in the
equine stifle and fetlock joints. Vet Surg 2004; 33:
588-596.

Gulotta LV, Rudzki JR, Kovacevic D, et al. Chondro-
cyte death and cartilage degradation after autologous
osteochondral transplantation surgery in a rabbit
model. Am J Sports Med 2009; 37: 1324-1333.
Lane JG, Massie JB, Ball ST, et al. Follow-up of os-
teochondral plug transfers in a goat model: a
6-month study. Am ] Sports Med 2004; 32:
1440-1450.

Palierne S, Bilmont A, Raymond-Letron I, et al. A
case of stifle osteochondrosis treated by osteochon-
dral autogenous grafting. One month morphologi-
cal follow-up. Vet Comp Orthop Traumatol 2010;
23:190-195.

Hurtig M, Pearce S, Warren S, et al. Arthroscopic
mosaic arthroplasty in the equine third carpal bone.
Vet Surg 2001; 30: 228-239.

Whiteside RA, Bryant J T, Jakob RP, et al. Short-term
load bearing capacity of osteochondral autografts
implanted by the mosaicplasty technique: an in
vitro porcine model. ] Biomech. 2003; 36:
1203-1208.

Hangody L, Fules P. Autologous osteochondral mo-
saicplasty for the treatment of full-thickness defects
of weight-bearing joints: ten years of experimental
and clinical experience. ] Bone Joint Surg Am 2003;
85-A Suppl 2: 25-32.

Hangody L, Kish G, Modis L, et al. Mosaicplasty for
the treatment of osteochondritis dissecans of the
talus: two to seven year results in 36 patients. Foot
Ankle Int 2001; 22: 552-558.

Ragetly GR, Griffon DJ. The rationale behind novel
bone grafting techniques in small animals. Vet
Comp Orthop Traumatol 2011; 24: 1-8.

Pearce SG, Hurtig MB, Boure LP, et al. Cylindrical
press-fit osteochondral allografts for resurfacing
the equine metatarsophalangeal joint. Vet Surg
2003; 32: 220-230.

Waselau AC, Nadler D, Muller JM, et al. The effect of
cartilage and bone density of mushroom-shaped,
photooxidized, osteochondral transplants: an ex-
perimental study on graft performance in sheep
using transplants originating from different
species. BMC Musculoskelet Disord 2005; 6: 60.
Boopalan PR, Sathishkumar S, Kumar S, et al. Rab-
bit articular cartilage defects treated by allogenic

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

chondrocyte transplantation. Int Orthop 2006; 30:
357-361.

Mainil-Varlet P, Rieser F, Grogan S, et al. Articular
cartilage repair using a tissue-engineered cartilage-
like implant: an animal study. Osteoarthritis Carti-
lage 2001; 9 Suppl A: S6-15.

Bugbee WD, Convery FR. Osteochondral allograft
transplantation. Clin Sports Med 1999; 18: 67-75.
Gross AE, Kim W, Las HE et al. Fresh osteochondral
allografts for posttraumatic knee defects: long-term
followup. Clin Orthop Relat Res 2008; 466:
1863-1870.

Ramallal M, Maneiro E, Lopez E, et al. Xeno-im-
plantation of pig chondrocytes into rabbit to treat
localized articular cartilage defects: an animal
model. Wound Repair Regen 2004; 12: 337-345.
von Rechenberg B, Akens MK, Nadler D, et al. Mosaic-
plasty with photooxidized, mushroom shaped, bov-
ine, osteochondral xenografts in experimental sheep.
Vet Comp Orthop Traumatol 2006; 19: 147-156.
Yagihashi K, Miyazawa K, Togari K, et al. Demin-
eralized dentin matrix acts as a scaffold for repair of
articular cartilage defects. Calcif Tissue Int 2009; 84:
210-220.

van Susante JL, Buma P, Schuman L, et al. Resurfac-
ing potential of heterologous chondrocytes sus-
pended in fibrin glue in large full-thickness defects
of femoral articular cartilage: an experimental
study in the goat. Biomaterials 1999;20: 1167-1175.
Pei M, Yan Z, Shoukry M, et al. Failure of xenoim-
plantation using porcine synovium-derived stem
cell-based cartilage tissue constructs for the repair
of rabbit osteochondral defects. ] Orthop Res 2010;
28:1064-1070.

Brittberg M, Lindahl A, Nilsson A, et al. Treatment
of deep cartilage defects in the knee with auto-
logous chondrocyte transplantation. N Engl ] Med
1994; 331: 889-895.

Litzke LE, Wagner E, Baumgaertner W, et al. Repair
of extensive articular cartilage defects in horses by
autologous chondrocyte transplantation. Ann
Biomed Eng 2004; 32: 57-69.

Trzeciak T, Kruczynski ], Jaroszewski J, et al. Evalu-
ation of cartilage reconstruction by means of auto-
logous chondrocyte versus periosteal graft trans-
plantation: an animal study. Transplant Proc 2006;
38:305-311.

Dell'Accio E Vanlauwe J, Bellemans J, et al. Ex-
panded phenotypically stable chondrocytes persist
in the repair tissue and contribute to cartilage ma-
trix formation and structural integration in a goat
model of autologous chondrocyte implantation. J
Orthop Res 2003; 21: 123-131.

Min BH, Woo JI, Kim WH, et al. The fate of im-
planted autologous chondrocytes in regenerated ar-
ticular cartilage. Proc Inst Mech Eng H 2007; 221:
461-465.

Kamarul T, Selvaratnam L, Masjuddin T, et al. Auto-
logous chondrocyte transplantation in the repair of
full-thickness focal cartilage damage in rabbits. |
Orthop Surg (Hong Kong) 2008; 16: 230-236.
Breinan HA, Minas T, Hsu HP, et al. Effect of cul-
tured autologous chondrocytes on repair of chon-
dral defects in a canine model. ] Bone Joint Surg Am
19975 79: 1439-1451.

Peterson L, Minas T, Brittberg M, et al. Two- to
9-year outcome after autologous chondrocyte
transplantation of the knee. Clin Orthop Relat Res
2000; 212-234.

Vet Comp Orthop Traumatol 4/2012

Downloaded from www.vcot-online.com on 2012-07-28 | ID: 1000446089 | IP: 95.227.90.131
For personal or educational use only. No other uses without permission. All rights reserved.



272

R. M. Thiede et al.: Treatment for cartilage defects

8

—_

82.

83.

84.

85.

86.

87.

88.

89.

90.

. Peterson L, Vasiliadis HS, Brittberg M, et al. Autolo-

gous chondrocyte implantation: a long-term fol-
low-up. Am ] Sports Med 2010; 38: 1117-1124.
Ossendorf C, Kaps C, Kreuz PC, et al. Treatment of
posttraumatic and focal osteoarthritic cartilage de-
fects of the knee with autologous polymer-based
three-dimensional chondrocyte grafts: 2-year clini-
cal results. Arthritis Res Ther 2007; 9: R41.

Lee CR, Grodzinsky AJ, Hsu HP, et al. Effects of a
cultured autologous chondrocyte-seeded type II
collagen scaffold on the healing of a chondral defect
ina canine model. ] Orthop Res 2003;21: 272-281.
Chiang H, Kuo TF, Tsai CC, et al. Repair of porcine
articular cartilage defect with autologous chondro-
cyte transplantation. ] Orthop Res 2005; 23:
584-593.

De Franceschi L, Grigolo B, Roseti L, et al. Trans-
plantation of chondrocytes seeded on collagen-
based scaffold in cartilage defects in rabbits. J
Biomed Mater Res A 2005; 75: 612—622.

Yanai T, Ishii T, Chang F, et al. Repair of large full-
thickness articular cartilage defects in the rabbit:
the effects of joint distraction and autologous bone-
marrow-derived mesenchymal cell transplantation.
] Bone Joint Surg Br 2005; 87: 721-729.

Willers C, Chen J, Wood D, et al. Autologous chon-
drocyte implantation with collagen bioscaffold for
the treatment of osteochondral defects in rabbits.
Tissue Eng 2005; 11: 1065-1076.

Jones CW, Willers C, Keogh A, et al. Matrix-induced
autologous chondrocyte implantation in sheep: ob-
jective assessments including confocal arthroscopy.
J Orthop Res 2008; 26: 292-303.

Zheng MH, Willers C, Kirilak L, et al. Matrix-in-
duced autologous chondrocyte implantation
(MACI): biological and histological assessment.
Tissue Eng 2007; 13: 737-746.

Crawford DC, Heveran CM, Cannon WD Jr.,, et al.
An autologous cartilage tissue implant NeoCart for
treatment of grade IIT chondral injury to the distal

Vet Comp Orthop Traumatol 4/2012

9

—_

92.

93.

94.

95.

96.

97.

98.

99.

femur: prospective clinical safety trial at 2 years. Am
J Sports Med 2009; 37: 1334-1343.

. Dounchis JS, Bae WC, Chen AC, et al. Cartilage re-

pair with autogenic perichondrium cell and poly-
lactic acid grafts. Clin Orthop Relat Res 2000;
248-264.

Safran MR, Kim H, Zaffagnini S. The use of scaf-
folds in the management of articular cartilage in-
jury. ] Am Acad Orthop Surg 2008; 16: 306-311.
Barnewitz D, Endres M, Kruger I, et al. Treatment of
articular cartilage defects in horses with polymer-
based cartilage tissue engineering grafts. Biomateri-
als 2006; 27: 2882-2889.

Liu Y, Chen F, Liu W, et al. Repairing large porcine
full-thickness defects of articular cartilage using
autologous chondrocyte-engineered cartilage. Tis-
sue Eng 2002; 8: 709-721.

Zhou XZ, Leung VY, Dong QR, et al. Mesenchymal
stem cell-based repair of articular cartilage with
polyglycolic acid-hydroxyapatite biphasic scaffold.
Int J Artif Organs 2008; 31: 480—489.

Knecht S, Erggelet C, Endres M, et al. Mechanical
testing of fixation techniques for scaffold-based tis-
sue-engineered grafts. ] Biomed Mater Res B Appl
Biomater 2007; 83: 50-57.

Minenna L, Herrero F, Sanz M, et al. Adjunctive ef-
fect of a polylactide/polyglycolide copolymer in the
treatment of deep periodontal intra-osseous de-
fects: arandomized clinical trial. ] Clin Periodontol.
2005; 32: 456-461.

Dounchis JS, Coutts RD, Amiel D. Cartilage repair
with autogenic perichondrium cell/polylactic acid
grafts: a two-year study in rabbits. ] Orthop Res
20005 18: 512-515.

Jiang CC, Chiang H, Liao CJ, et al. Repair of porcine
articular cartilage defect with a biphasic osteochon-
dral composite. ] Orthop Res 2007; 25: 1277-1290.

100. Guo X, Wang C, Zhang Y, et al. Repair of large ar-

ticular cartilage defects with implants of auto-
logous mesenchymal stem cells seeded into beta-

10

—_

102.

103.

104.

105.

106.

107.

108.

109.

tricalcium phosphate in a sheep model. Tissue Eng
2004; 10: 1818-1829.

. Schaefer D, Martin I, Jundt G, et al. Tissue-engin-

eered composites for the repair of large osteochon-
dral defects. Arthritis Rheum 2002; 46: 2524-2534.
Tanaka T, Komaki H, Chazono M, et al. Use of a
biphasic graft constructed with chondrocytes
overlying a beta-tricalcium phosphate block in the
treatment of rabbit osteochondral defects. Tissue
Eng 2005; 11: 331-339.

Shao XX, Hutmacher DW, Ho ST, et al. Evaluation
of ahybrid scaffold/cell construct in repair of high-
load-bearing osteochondral defects in rabbits.
Biomaterials 2006; 27: 1071-1080.

Song HX, Li FB, Shen HL, et al. Repairing articular
cartilage defects with tissue-engineering cartilage
in rabbits. Chin ] Traumatol 2006; 9: 266-271.

Ito Y, Ochi M, Adachi N, et al. Repair of osteochon-
dral defect with tissue-engineered chondral plug
in a rabbit model. Arthroscopy 2005; 21:
1155-1163.

Ito Y, Adachi N, Nakamae A, et al. Transplantation
of tissue-engineered osteochondral plug using cul-
tured chondrocytes and interconnected porous
calcium hydroxyapatite ceramic cylindrical plugs
to treat osteochondral defects in a rabbit model.
Artif Organs 2008; 32: 36—44.

Hidaka C, Goodrich LR, Chen CT, et al. Acceler-
ation of cartilage repair by genetically modified
chondrocytes over expressing bone morphogen-
etic protein-7. ] Orthop Res 2003; 21: 573-583.
Oshin AO, Stewart MC. The role of bone morpho-
genetic proteins in articular cartilage devel-
opment, homeostasis and repair. Vet Comp Or-
thop Traumatol 2007; 20: 151-158.

Siebert CH, Miltner O, Weber M, et al. Healing of
osteochondral grafts in an ovine model under the
influence of bFGE. Arthroscopy 2003; 19: 182-187.

© Schattauer 2012

Downloaded from www.vcot-online.com on 2012-07-28 | ID: 1000446089 | IP: 95.227.90.131
For personal or educational use only. No other uses without permission. All rights reserved.



