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ABSTRACT: The primary objective of this study 
was to determine the retention rate of neocartilage 
constructs in caprine full-thickness cartilage defects 
by fibrin sealant alone. Two defects, one each on the 
trochlea and the medial femoral condyle, were cre-
ated in the stifle joint in 12 goats. Eight goats (16 de-
fects) were treated with neocartilage constructs and 
4 goats (8 defects) with fibrin glue alone. Postopera-
tive activity was protected weight bearing for 6 weeks 
and then unrestricted for 18 weeks. At 24-week pro-
curement, 4 neocartilage constructs were retained 
in 8 medial femoral defects and 4 in 8 trochlear de-
fects. In gross comparison, the defects that retained 
the construct had a mean grade significantly higher 
than defects treated with fibrin glue alone. The mean 
histological score of defects with retained constructs 
was also higher than those treated with fibrin sealant 
alone. There was no appreciable immunologic reac-
tion to the human neocartilage xenograft or human 
fibrin sealant. 

[J Knee Surg. 2009;22:196-204.]

IntroductIon

Focal injury to articular cartilage in the knees of young, 
active individuals can produce significant functional im-
pairment, resulting in inability to participate in athlet-
ics, loss of employment, and difficulty with activities of 
daily living. Current cartilage restoration techniques can 
minimize this morbidity. However, these techniques have 
some limitations. Marrow stimulation procedures, such as 
microfracture, produce predominantly type-I collagen re-
pair tissue and are best suited for smaller, well-contained 
lesions. Osteochondral autografting is limited by donor-
site morbidity, and osteochondral allografting is restrict-
ed by graft tissue availability. Autologous chondrocyte 
implantation (ACI) is a technically demanding, 2-stage 
procedure that results in a heterogeneous repair tissue of 
hyaline cartilage and fibrocartilage.3,19

Development of a hyaline neocartilage construct 
that could be grafted in a single-stage procedure may 
hold promise as a markedly improved technique for car-
tilage restoration. A biomechanically stable, hyaline-
like cartilage tissue construct described by Adkisson 
et al1 fits these criteria. The significance of this con-
struct is 3-fold. First, it biochemically resembles the 
native articular cartilage and is notably free of measur-
able type-I and type-X collagen.1 Second, the chondro-
cytes are not dedifferentiated and hence preserve the 
chondrogenic phenotype.1 Finally, the self-sustained 
neocartilage disk contains juvenile chondrocytes that 
are several orders of magnitude better in biosynthetic 
activities than adult chondrocytes implanted in ACI, 
osteochondral autografting, or osteochondral allograft-
ing.1 The potential benefits of this graft are well appre-
ciated, and additional studies of the graft fixation have 
been conducted.5,10,27,38
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This study investigated the fixation of human neocar-
tilage grafts in caprine, full-thickness cartilage defects by 
fibrin sealant (Crosseal Fibrin Sealant; Johnson & John-
son, New Brunswick, NJ). The primary hypothesis of the 
study was that fibrin sealant would retain the neocartilage 
xenograft in the cartilage defect. The standard for retention 
was an outcome of a smooth, intact cartilage repair that 
maintains the integrity of adjacent cartilage and subchon-
dral bone. The outcomes of defects repaired by neocarti-
lage graft were also compared with the outcomes of defects 
filled with fibrin sealant alone. In the comparison, it was hy-
pothesized that lesions treated via neocartilage grafts, fixed 
to the defects with fibrin sealant, would produce outcomes 
superior in both gross structure and histologic characteris-
tics (ie, predominant tissue, cellularity, degree of degenera-
tion of adjacent cartilage, integrity of subchondral bone) to 
those lesions treated via the use of fibrin sealant alone.

MaterIals and Methods

All study protocols, experimental procedures, and 
animal care methods were approved by the Institutional 
Animal Care and Use Committee. All animal care proce-
dures were performed in compliance with the Guide for 
the Care and Use of Laboratory Animals.20

Twelve female Spanish goats between the ages of 2 
and 4 and weighing 25 to 55 kg were used in this study. 
The animals were obtained from a United States Depart-
ment of Agriculture (USDA) licensed vendor (Thomas D. 
Morris Inc; Reisterstown, Md). Animal health was based 
on physical examination and blood chemistries by the at-
tending veterinarian on receipt. During the study, animals 
were housed in an Assessment and Accreditation of Labo-
ratory Animal Care (AAALAC) International-accredited 
research animal facility.

This study was a randomized animal experiment. The 
caprine model was chosen for its anatomic similarities to 
the human knee and for its wide use in previous cartilage 
repair studies.5,7,10,21,25,29,38 The size of the stifle joint has 
been cited as proportionally half that of the human knee.26 
In designing the study, we expected there would be little 
to no probability that the neocartilage construct would be 
retained without formal fixation. However, with the use of 
fibrin glue for fixation, we expected a >50% rate of graft 
retention.6

Preoperative prophylactic antibiotics were adminis-
tered (ceftiofur, 1.1 mg/kg intramuscularly. The animals 
were then anesthetized (induction: xylazine, 0.03 to 0.05 
mg/kg intravenously, ketamine 2 to 3 mg/kg intravenously; 
maintenance: isoflurane in oxygen). The stifle knee joint 
was then reached through a lateral parapatellar approach. 
Analgesia was provided (buprenorphine, 0.003 to 0.007 
mg/kg subcutaneously) at the end of the surgery, 4 to 6 

hours postoperatively, and subsequently on an as-needed 
basis as determined by the attending veterinarian.

Defects were created using a punch biopsy instrument 
on the medial femoral condyle and the trochlea. Care was 
taken to avoid penetration of the subchondral plate. The me-
dial femoral condyle defect measured 6 mm in diameter and 
was located 15 mm distal to the condylar groove junction 
and aligned with the medial crest of the trochlear groove. The 
trochlear defect measured 4 mm in diameter and was located 
in the centralmost portion of the anatomic trochlea. These 
defect sizes were chosen because of previous evidence that 
goat defects of <3 mm can spontaneously repair.5,7,22

Each subject was then randomized to receive either the 
neocartilage construct with fibrin glue (8 goats, 16 defects) 
or fibrin glue alone (4 goats, 8 defects). Adkisson et al1 previ-
ously described the neocartilage construct used in this study. 
The construct is cartilage tissue grown in vitro and created by 
culturing disaggregated chondrocytes derived from juvenile 
human donor articular cartilage.1 Therefore, the neocartilage 
constructs were xenografts for the animals.

Following closure of the surgical incision, a custom-
made, modified Thomas splint was applied to the limb. 
The splint allowed weight bearing through the hip only 
and restricted knee joint range of motion (Figure 1). Af-
ter 6 weeks of protected weight bearing, the animals pro-
gressed to weight bearing as tolerated. Necropsy was al-
lowed at 24 weeks postoperatively.

At the time of necropsy, gross evaluation was per-
formed on fresh specimens by 2 blinded evaluators 
(J.M.W., B.J.C.). In that evaluation, 4 parameters were 
categorically described40:
l Degree of filling.
l Edge integration.
l Smoothness.
l Color.

Each categorical description was assigned a numeric 
scale (Table 1). Successfully repaired defects were to have 

Figure 1. Custom-made modified Thomas splint. The pur-
pose of the splint was to focus the limb weight bearing to 
the hip joint and to restrict knee range of motion.

1
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complete filling (.50%) and a smooth graft-cartilage in-
terface. Grafts not retained were identified by an erythem-
atous, well-shouldered focal chondral lesion.

After gross evaluation, the specimens were fixed in 
10% phosphate-buffered formalin containing 5% acetyl 
pyridinium chloride, decalcified, and embedded in paraf-
fin for histologic evaluation. Histologic staining of 5 µm- 
to 10 µm-thick sections with hematoxylin-eosin was used 
for evaluation of the general morphology of the graft and 
surrounding native tissues. Safranin O/fast green staining 
was used to evaluate extracellular proteoglycan matrix or-
ganization and picrosirius red staining was used to evalu-
ate collagen orientation. Histologic scores were measured 
through a semiquantitative scale adopted from Frenkel et 
al13 and based on 11 different characteristics (Table 2).32

The quantitative scale for both gross and histology 
have been used previously by the authors of this study 
and in additional studies.13,32,40 To maintain transparency 
in the metrics of our evaluation, we have included both 
scales (Tables 1 and 2). This provides an opportunity to 
review the reproducibility and significance of the data.

Statistics on mean gross and histologic scores were 
conducted with two-tailed t tests. Independent pairs were 
used to compare the neocartilage construct with fibrin 
glue defects with the fibrin glue-only defects. Statistical 
significance was P , .05. All mean values are presented 
with the standard deviation.

results

All 12 goats tolerated the surgical procedure well and 
there were no operative complications. Postoperatively, 

1 animal (neocartilage construct with fibrin glue) fell be-
low the standard of life established in the research protocol 
secondary to rampant laminitis of a nonoperated extrem-
ity. This animal was euthanized 9 weeks postoperatively. 
The implanted graft and fibrin sealant were ruled out as a 
cause of the laminitis.

Fibrin glue retained the neocartilage graft in 4 of 8 
medial femoral condyle defects and in 4 of 8 trochlear 
defects. All 8 retained grafts demonstrated substantial fill-
ing (50% to 80%) and a smooth graft-cartilage interface 
(Figure 2). The degree of filling was complete in 6 de-
fects and partial in 2 defects. Eight defects had no fill-
ing (Table 3). Each of the defects that did not retain the 
graft were identified by an erythematous, well-shouldered 
focal chondral lesion (Figure 3). There was no observed 
evidence of fibrosis, immunologic response, osteophytic 
growth, or synovitis in any of the joints receiving a neo-
cartilage graft.

By gross evaluation, the mean overall grade of defects 
that retained the neocartilage graft (6.78, SD = 0.44) was 
significantly greater than that of fibrin glue only-treated 
defects (4.50, SD = 1.31, P < .01). Medial femoral con-
dyle defects retaining neocartilage grafts demonstrated a 
mean overall score of 6.75 (SD = 0.50). This mean overall 
score was significantly higher (P = .03) than that of fibrin 
glue only-treated medial femoral condyle defects (4.25, 
SD = 1.71). Defects in the trochlea treated with the neo-
cartilage were measured to have a mean overall score of 
6.75 (SD = 0.50). When treated with fibrin glue alone, the 
mean overall score was 4.75 (SD = 0.96). The superior 
mean overall score of neocartilage-treated defects was 
significantly higher (P = .01) (Table 4). The neocartilage 
construct with fibrin glue-treated defects were more often 
determined to be nearly normal in gross macroscopic ap-
pearance (37.5%) than were the fibrin glue only-treated 
defects (12.5%), which was a 3-fold difference. With the 
exception of 1 fibrin glue only-treated trochlear defect, 
all fibrin glue only-treated defects showed collapse of 
subchondral bone such that the defect was recessed, com-
pared with the surrounding host articular cartilage.

The mean histologic score of defects that retained the 
cartilage construct was 24.1 of 28 (SD = 5.4) and higher, 
but not significantly, than that of the fibrin glue only-
treated defects (15.8, SD = 8.7, P = .15). Retained neocar-
tilage grafts demonstrated excellent lateral integration into 
neighboring cartilage and basally with the subchondral 
bone (Figure 4). The subchondral bone was found to be 
fully maintained and had no appreciable reactive inflam-
matory response or change in the distribution of cells in 
all neocartilage construct with fibrin glue-treated samples 
(Figure 4). The 8 samples that retained the neocartilage 
construct with fibrin glue demonstrated deep staining with 
safranin O, representing proteoglycan content (Figure 5). 

TABlE 1
Scoring criteria for groSS appearance

characteristic Grading score

Degree of filling Complete 2

Partial 1

No filling 0

Edge integration Full 2

Partial 1

None 0

Smoothness Smooth 2

Intermediate 1

Rough 0

Color Opaque 2

Translucent 1

Transparent 0

Total maximum score 8
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Samples from the neocartilage construct with fibrin glue-
treated group stained with picrosirius red also demonstrat-
ed good integration but showed evidence of changes in 
fiber orientation (Figure 6).

dIscussIon

This study evaluated the use of fibrin sealant for the 
fixation of human neocartilage constructs in surgically 
created, full-thickness chondral defects in the caprine 
model. In addition, we examined repair by the neocarti-
lage graft versus repair generated by fibrin sealant alone. 
Fixation of the neocartilage construct was achieved in 8 
(50%) of 16 defects. The gross evaluation was superior 
for defects retaining the neocartilage graft, compared with 
defects treated with fibrin sealant alone (P , .01). Simi-

larly, the histologic evaluation was better, but not statisti-
cally significant, for the defects treated with neocartilage 
graft versus those treated with fibrin glue alone (P = .15). 
The absolute difference of 8.3 between the mean scores 
was quantitatively large, compared with the absolute dif-
ference of 3.9 between the mean score of neocartilage 
constructs versus native cartilage. The relative difference 
between the mean scores of the neocartilage-treated group 
and fibrin glue only-treated group was not statistically 
significant because of the large variation of scores for the 
fibrin glue only-treated defects (SD = 8.7, approximately 
60% of the mean value of 13.8). In this respect, the neo-
cartilage constructs were more similar to native cartilage 
grossly and histologically than they were to fibrin glue 
only-treated defects. Finally, it is important to note that at 
24 weeks postoperatively, there was no gross or histologic 

TABlE 2
Scoring criteria for HiStologic cHaracteriSticS

characteristic Grading score

Nature of predominant tissue 100% hyaline cartilage, 0% fibrocartilage 4

.75% hyaline cartilage, ,25% fibrocartilage 3

.50% hyaline cartilage, ,50% fibrocartilage 2

.25% hyaline cartilage, ,75% fibrocartilage 1

.0% hyaline cartilage, ,100% fibrocartilage 0

Structural characteristics

   Surface regularity Smooth and intact 3

Superficial horizontal lamination 2

Fissures 1

Severe disruption, including fibrillation 0

   Structural integrity Normal 2

Slight disruption, including cysts 1

Severe disintegration 0

   Thickness 100% of normal adjacent cartilage 2

50%-100% of normal cartilage 1

0%-50% of normal cartilage 0

   Bonding to adjacent cartilage Bonded at both ends of graft 2

Bonded at 1 end or partially at both ends 1

Not bonded 0

Cellular changes of degeneration

   Hypocellularity Normal cellularity 2

Slight hypocellularity 1

Moderate hypocellularity or hypercellularity 0

   Chondrocyte clustering No clusters 2

,25% of the cells 1

25%-100% of the cells 0
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evidence that the xenografts induced either hypertrophy at 
the graft interface or an immunologic reaction.

There was no appreciable evidence for chondral hy-
pertrophy after implantation of the neocartilage construct. 
This lack of hypertrophy is significant. The incidence 
rate of hypertrophy after ACI using a periosteal graft is 
<36%.10,17,18,24,28 This associated hypertrophy after ACI 
has been correlated to clinical symptoms and found to war-
rant further surgical intervention in 8 (28%) of 29 cases.24

The lack of an immune response to the xenogeneic 
fibrin sealant is significant. In the investigation of autolo-
gous cartilage construct fixation by Brehm et al,5 the ar-
ticle identified the use of human (xenogeneic) fibrin seal-
ant to cause cellular infiltration into the subchondral bone. 
Their finding was reported at 8 weeks postoperatively. In 
contrast, in our study at 24 weeks postoperatively, no im-
munogenic response occurred. This finding is not stated 
to deny the possibility of an immunologic reaction to the 
human fibrin. We hypothesize the host response to human 
fibrin may have occurred close to or during fibrin deg-
radation. In this respect, if a reaction did occur, it may 
have subsided by necropsy at 24 weeks postoperatively. 
To our knowledge, there is no information available on the 
timeline of exogenous fibrin degradation within the joint. 
However, clinical human fibrin will be allografted, not xe-
nografted. In addition, fibrin is already routinely used for 
hemostasis without adverse reactions.

An immunologic response to the human neocarti-
lage construct is considered unlikely. First, unpublished 
animal studies of human neocartilage constructs in the 
knee joints of sheep, without the use of human fibrin, 
have not demonstrated host immunological response 
to the implants (ISTO Technologies, unpublished data, 
2004). Second, there is no osseous component to the 
implantation of neocartilage constructs. Thorough inde-
pendent investigations by Elves,11 Elves and Zervas,12 

Figure 2. Successful neocartilage construct with fibrin glue-
treated defect, demonstrating an excellent repair. Filling 
was .50% to 80% with a smooth graft-cartilage interface.

2

TABlE 2
Scoring criteria for HiStologic cHaracteriSticS

characteristic Grading score

Degeneration in adjacent cartilage Normal cellularity, no clusters, normal staining 3

Normal cellularity, mild clusters, moderate staining 2

Mild or moderate hypocellularity, slight staining 1

Severe hypocellularity, poor or no staining 0

Integrity of subchondral bone

   Reconstitution of subchondral bone Normal 3

Reduced subchondral bone reconstitution 2

Minimal subchondral bone reconstitution 1

No subchondral bone reconstitution 0

   Inflammatory response in subchondral bone None or mild 2

Moderate 1

Severe 0

Safranin O staining Normal 3

Moderate 2

Slight 1

None 0

Total maximum score 28

(continued)
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Goldberg and Stevenson,16 Stevenson,36 and Vasseur et 
al39 have demonstrated that the immune responses with 
osteochondral allografts are elicited by either the bone 
or residual marrow elements. To reduce this concern, 
Gibson14 titrated the osseous thickness of allografts to 
identify the thickness that results in the best clinical out-
come. This thickness was found to be 2 to 3 mm.14 Third, 
cartilage is immune privileged, as found in 2 historical 
studies.4,8 In 1968, Chesterman and Smith8 found that 
chondrocytes and cartilage transplanted into the can-
cellous bone of separate animals failed to demonstrate 
histological evidence for immunogenicity. The lack of 
an immune response was confirmed by an investigation 
by Bentley et al4 in which epiphyseal chondrocyte al-
lografts were transplanted into the joint surface of adult 
rabbits but failed to produce a smooth cartilage repair. It 
is suspected this was a result of failed fixation into the 
tibial articular surface.

Use of fibrin fixation has important advantages over 
alternative methods of fixation. First, the ease of the 
surgical application of fibrin sealant and the potential 
adaptability to arthroscopic surgeries has significant ad-
vantages over the use of a periosteal flap requiring open 
surgery and technically demanding suturing. In addition, 
fibrin glue preserves graft integrity. Direct suturing of 

neocartilage grafts to surrounding native cartilage can 
fail with shearing action during joint articulation. The 
fibrin glue selected at the time of our study design was 
chosen because all of its protein components were hu-
man derived. There have been further developments in 
human-derived fibrin sealants since then. Fibrinogen, 
whether human or animal derived, is one of the biologi-
cal active components in fibrin sealants. The content of 
fibrinogen in the fibrin sealant used in this study was 40 
to 60 mg/mL.9 Fibrinogen sealants are now demonstrat-
ing a fibrinogen content of 67 to 107 mg/mL (Tisseel; 
Baxter, Deerfield, Ill).37 This increased fibrinogen con-
centration may yield a stronger fibrin matrix, leading to 
improved graft retention.35,42 In addition, natural growth 
factors within novel fibrin sealants may affect graft re-
tention rates.31

The results of this study, at an extended 24-week 
follow-up period, correspond to the results of 3 previ-
ously reported studies.5,27,38 Brehm et al5 studied 4 fixa-
tion methods. In that study, fixation with platelet-rich 
plasma and a periosteal flap together demonstrated the 
best results (4 of 8 defects).5 When the periosteal flap 
was used in combination with fibrin glue, the implant 
was maintained in 3 (37%) of 8 defects. The explana-
tion for decreased retention with the use of fibrin glue 

TABlE 3
groSS evaluation reSultS of individual neocartilage conStruct witH fibrin glue-treated 
defectS

defect smoothness color Integration Filling overall Grade

Medial femoral condyle lesion

   1 Smooth Translucent Full Complete Nearly normal

   2 Smooth Opaque Partial Partial Nearly normal

   3 Rough Transparent None No filling No repair

   4 Smooth Opaque Partial Complete Nearly normal

   5 Smooth Opaque Partial Complete Nearly normal

   6 Rough Transparent None No filling No repair

   7 Rough Transparent None No filling No repair

   8 Rough Transparent None No filling No repair

Trochlear lesion

   1 Rough Transparent None No filling No repair

   2 Rough Transparent None No filling No repair

   3 Intermediate Translucent Partial No filling Severely abnormal

   4 Smooth Opaque Partial Complete Nearly normal

   5 Smooth Opaque Partial Complete Nearly normal

   6 Smooth Translucent Full Complete Nearly normal

   7 Smooth Opaque Partial Partial Nearly normal

   8 Rough Transparent None No filling No repair
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was the hosts’ adverse reaction to xenogeneic material 
(fibrin glue).5 Lu et al27 used tissue transglutaminase to 
augment suture fixation and did not find a significant 
improvement in integration, compared with the use of 
suture alone. In a study of ACI, Vasara et al38 investi-
gated the use of suture and fibrin glue for fixation. De-
spite this relatively secure fixation, all treated defects 
lost the transplant. The study concluded that the model 
failed due to graft delamination secondary to a lack of 
immobilization.38

Successful immobilization has been cited as lower-
ing flap delamination and raising retention rates.2,5,10,27,38 
Driesang and Hunziker10 investigated this specifically 
and found that immobilization reduced the failure of 
periosteal and fascial flaps from 100% to 33% and 5%, 
respectively. The failure rate of 20% to 30% reported 

by Lu et al27 was primarily attributed to unsuccess-
ful immobilization after surgery. In the current study, 
weight bearing and range of motion of the stifle joint 
were restricted by the immediate postoperative appli-
cation of a custom-made Thomas splint.23 Despite the 
application of this splint, maintaining adequate immo-
bilization was challenging. Goats had freed their legs 
from the splint and endured full range of motion or un-
derwent unrestricted weight bearing. It is possible the 
rate of graft retention would be improved in a more 
compliant period of immobilization. However, the in-
terval of joint immobilization must be balanced with 
dynamic biomechanical stimulation to facilitate graft 
integration and maturation.33 Animal subjects are not 
easily managed with such a protocol of immobilization 
and remobilization.

The use of an animal model in this study limits its 
clinical relevance. Human subjects more adherent to a 
carefully designed rehabilitation protocol presumably 
will demonstrate higher rates of graft retention. This can 
parallel the successful evolution in ACI. The rate of de-
lamination of the periosteal flap in ACI was 50% in ani-
mal studies2,10,30 and 7% to 23% in human clinical experi-
ences.3,15,34,41

Tissue-engineered neocartilage constructs produced with 
juvenile chondrocytes offer potential benefits, including:
l The use of neocartilage avoids the need for harvesting 

autologous osteochondral plugs and therefore elimi-
nates the concern of donor-site morbidity.

l Implantation of durable neocartilage grafts can be per-
formed in a single-stage surgery and potentially with-
out the technical demand of suturing a periosteal flap 
into surrounding cartilage.

l The repair tissue from neocartilage allografting main-
tains type-II collagen and is not fibrocartilaginous.

TABlE 4
groSS evaluation reSultS of individual fibrin glue only-treated defectS

defect smoothness color Integration Filling overall Grade

Medial femoral condyle lesion

   1 Intermediate Opaque Partial Partial Abnormal

   2 Intermediate Translucent Partial Partial Severely abnormal

   3 Smooth Opaque Partial Partial Nearly normal

   4 Intermediate Translucent None No filling No repair

Trochlear lesion

   1 Smooth Translucent Partial No filling Severely abnormal

   2 Intermediate Opaque Partial Complete Abnormal

   3 Intermediate Opaque Partial Partial Severely abnormal

   4 Intermediate Translucent Partial Partial Severely abnormal

Figure 3. Failed neocartilage construct with fibrin glue-
treated defect. The step-off into an erythematous defect de-
picted here represents a medial femoral condyle defect that 
lost the implant.

3
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Compared with other emerging autologous cell therapies 
for cartilage repair, the neocartilage technology uses im-
plants of juvenile differentiated chondrocytes with sub-
stantial biosynthetic activities.

conclusIon

The results of this study show the use of fibrin glue 
can provide reasonable success of graft fixation within 
a well-shouldered full-thickness cartilage defect. Given 
more defined weight-bearing restrictions and passive 
range of motion limitations, fibrin glue may become a 
confident choice for the fixation of neocartilage grafts in 
full-thickness defects of human joints. We consider these 
results to be promising regarding the future use of neocar-
tilage grafts to address human chondral lesions.
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