








determine the percentage area of degenerative changes,
based on area of the black (toluidine blue–stained) region
above the background threshold. A quantitative analysis
of the surface area damage was then performed on all
samples.

Statistical Analysis

Data were analyzed statistically with a 1-way analysis of
variance (ANOVA) and multiple pairwise comparisons
determined using the Student-Newman-Keuls method.
P values \.05 were considered statistically significant.
Calculations were performed using Sigma-Stat software
(Systat Software Inc).

RESULTS

Gross Observations

All explanted scaffolds were successfully recovered and
were found fully intact, with no ruptures or fixation fail-
ures. At the 16-week time point, 2 of the 8 explants had
a thinning of the body inner margin while the remainder
had excellent appearances. After 32 weeks, 3 of the 8
explants had this same thinning, which was exacerbated
by mild extrusion of the explant from the joint. Even so,
all explants at all time points had tissue infiltration and
fiber preservation at the anterior and posterior sections.
Figure 2 shows the tissue infiltration of the explants and

Figure 2. Ovine knees opened book-matched fashion with the native knee on the top for comparison with the various experimen-
tal groups. Native meniscus and excised explants are shown on the right.
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their resemblance to the size and shape of the native
meniscus.

There was little visible damage to the cartilage surfaces
of the implanted knees at either time point (Figure 2). In
sharp contrast, the cartilage of the meniscectomized knees
was consistently and badly damaged.

Confined Compression Testing

Confined compressive creep showed that the explants were
25% to 40% as stiff in compression as the native meniscus
(Figure 3A). The 32-week explants were significantly
stiffer than the time zero (nonimplanted) scaffolds (P =
3.0 3 10–5). No significant differences were discovered
between regions of the scaffolds (anterior, body, or poste-
rior). The permeability of the scaffolds became greatly
reduced after implantation, with values approaching those
of the native structure (Figure 3B).

Uniaxial Tensile Testing

The ultimate tensile load of the explants at both 16 and 32
weeks was found to be approximately half that of the native
medial menisci (Figure 4A). By 32 weeks, the tensile stiff-
ness of the explants was significantly different from that
of the native menisci and time zero scaffolds (P = .008) (Fig-
ure 4B).

Histological Testing (Explant)

Excellent tissue adherence and incorporation was
observed, both grossly (Figure 2) and histologically (Fig-
ures 5 and 6) within all explants, forming neomeniscus tis-
sue. Staining with Masson trichrome showed no remaining
bovine collagen within the explant at 16 and 32 weeks.
Lymphocytes were mostly found within the areas formerly
occupied by the collagen scaffold, while multinucleated
giant (MNG) cells were sometimes found around the poly-
mer fibers. Cell density data were determined by ranking
cellularity of slides from 1 (low) to 4 (high); the results
were not significantly different for anterior, body, and pos-
terior sections at both 16 and 32 weeks. There was a gen-
eral trend of a reduction of polymer fiber and MNG cells
from 16 to 32 weeks.

Vascularization was found throughout the explants at
both time points, unlike the native meniscus, which is pri-
marily vascularized in the outer one-third. There was sig-
nificantly more tissue organization from 16 to 32 weeks,
with the most organized tissue being found in the posterior
section of the explant with fewer fibers, fewer inflamma-
tory cells, and less vasculature.

Immunohistochemical Testing (Explant)

All explants and native meniscus expressed fluorescence
when exposed to wavelengths of 594 nm for collagen types
I and II (Figures 7 and 8), while negative controls showed

Figure 4. (A) Ultimate tensile load of the scaffold (time 0) and
explants compared with the native medial meniscus. (B) Ten-
sile stiffness of the scaffold and explants compared with the
native medial meniscus. *Significantly different from native
menisci and time zero scaffolds (P \ .05).

Figure 3. (A) Compressive aggregate modulus of the scaffold
(time 0) and explants compared with the native medial menis-
cus. (B) Compressive permeability of the scaffold and explants
compared with the native medial meniscus. ^Significantly dif-
ferent from time zero scaffold; *significantly different from all
other groups within the same location; ¤significantly different
from native meniscus (P \ .05; n = 4 per group).

2532 Merriam et al The American Journal of Sports Medicine

 at RUTGERS UNIV on October 1, 2015ajs.sagepub.comDownloaded from 

http://ajs.sagepub.com/


little to no expression. Strong expression of type I collagen
was found throughout the explants at both time points and
within the native meniscus. In the explants near the inner
margin, type II collagen was expressed in similar amounts
and locations as the native meniscus (Figure 8). Type II
collagen was also found in the body of the explant, with
a slight increase in amount and organization from 16 to
32 weeks. Some areas of the 32-week explants expressed
similar structures as seen in the native meniscus (Figure
7, bottom row/center). Collagen organization tended to be
more pronounced in areas of the explants that had fewer
fibers.

Cartilage Damage Based on Histological
Testing and Surface Staining

Representative photographs of histological sections of fem-
oral condyles and surface-stained tibial plateaus from each
group are shown in Figure 9. Differences in the appearan-
ces of the groups are clearly evident. The data confirming
these differences (Mankin scores for the femoral condyle
and the percentage surface area damaged on the tibia)
are shown in Figure 10. For both variables, and at both
time points, the values were significantly lower (less carti-
lage damage) for the scaffold-implanted knees compared
with untreated meniscectomies.

For the femoral condyle, damage to the articular surface
was exclusively found in the central/central and central/
posterior sections as defined by the ICRS mapping scheme.
Thus, the following results focus on these sections.

Figure 9 shows micrographs of safranin O– and fast
green–stained cartilage sections from the medial femoral
condyles of implanted knees and meniscectomies. In the
native knee, the surface of the cartilage was relatively
smooth and continuous, with an even arrangement of cells
throughout the cartilage. The native knees also retained
all of the red safranin stain and had an undisrupted tide-
mark. In the meniscectomized knees, there was moderate

Figure 5. Entire cross section of a 32-week explant stained
with hematoxylin and eosin. The white void spaces represent
polymer fibers; pink represents new collagen deposition. This
is from the center of the device; the distance from the inner to
outer margin is approximately 10 mm, and the height approx-
imately 5 mm, similar to the dimensions of the native ovine
meniscus.

Figure 6. (A) Sixteen-week explant; (B) 32-week explant.
White void spaces represent polymer fibers (F), pink depicts
new collagen deposition, white arrows depict cells, black
arrows depict blood vessels. (C) Native meniscus with
sparser cellularity. Hematoxylin and eosin stain; magnifica-
tion 403; bars = 100 mm.

Figure 8. Immunofluorescence staining of type II collagen,
inner margin (top row) and center (bottom row). Shown are
a 16-week explant (left), a 32-week explant (center), and
a native meniscus (right). Magnification 1003; bar = 100 mm.

Figure 7. Immunofluorescence staining of type I collagen,
inner margin (top row) and center (bottom row). Shown are
a 16-week explant (left), a 32-week explant (center), and
a native meniscus (right). Magnification 1003; bar = 100 mm.
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to severe surface damage, hypocellularity, substantial loss
of safranin stain, and disruption of the tidemark in both
the posterior and central portions at both time points.
One meniscectomized joint had severe damage down to
the subchondral bone.

The scaffold-implanted knees at both time points
received significantly better Mankin scores than their
respective meniscectomized groups in the posterior and
central locations (Figure 10). As there was little to no dam-
age in the anterior locations, these same differences were
not noted at that location. At both time points for the
implanted joints, there was slight surface cartilage disrup-
tion confined to the outer one-third or less of the cartilage

surface, starting at the central section and tapering off to
the posterior section. This damage occasionally led to
a slight loss of cellularity near the surface and a slight
reduction of safranin stain, but it did not affect the tide-
mark. There were no statistically significant differences
between the Mankin scores at the 2 time points of the
implanted joints, suggesting that any slight damage did
not get worse over time. The central/central section, as
defined by the ICRS,48 of the implanted femurs had signif-
icantly more structural irregularities than any other
location.

Based on quantitative analysis of toluidine blue surface
staining, the percentage area damaged on the tibia was
about 5% for the implanted knees compared with about
20% for the meniscectomized knees (Figure 10). Collec-
tively, the gross observations, the histological Mankin
scores, and the percentage area damaged of tibial plateaus
consistently showed that meniscectomized knees had more
severe articular cartilage damage than those treated with
the meniscus scaffold implant.

DISCUSSION

The purpose of this study was to investigate the mechani-
cal and histological properties of a novel fiber-reinforced
scaffold after implantation as a full meniscus replacement
in an in vivo model. To our knowledge, this is the first
study to examine the performance of a total meniscus
replacement scaffold with substantial continuous fiber
reinforcement with rigid anchoring in bone tunnels.
Through 32 weeks after implantation, the scaffolds
remained intact and functional and their size and shape
were preserved, supporting our first hypothesis.

Our second hypothesis, that the scaffolds would become
more resistive to compressive loads after implantation, was
supported by the data. Confined compressive creep showed
that the explants were about 2 times stiffer at 16 and 32
weeks than the unimplanted (time zero) scaffold. This

Figure 9. Representative images of femoral cartilage his-
tological evaluation (left) and tibial plateau surface staining
(right), with the native knee on the top for comparison with
the various experimental groups. MTP, medial tibial
plateau.

Figure 10. Mankin scores, based on histological analysis of
femoral condyle cartilage, and percentage area of tibial pla-
teau damaged, based on toluidine blue surface staining.
*Statistically significantly lower compared with untreated
meniscectomy group (P \ .05).
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suggests tissue ingrowth and perhaps remodeling in
response to mechanical stimulation, creating neomeniscus
tissue that can resist the loads that it experiences.

Comparison of in vivo compressive properties to other
meniscus replacements was difficult, as most investigators
did not report these values.43-45 Heijkants et al20 did report
an unconfined compressive modulus of 0.012 MPa, at 20%
compression, after 24 weeks of implantation. However, it is
difficult to compare our modulus to this because we used
a different testing method—confined compression.

To our knowledge, no one has reported permeability val-
ues of implanted meniscus replacements. Thus, our com-
parison is limited to reports of native structures. Martin
Seitz et al32 used confined compressive creep and deter-
mined that human meniscus had a permeability of
0.0039 mm4/N�s, and Joshi et al22 found that the ovine
meniscus value was 0.0019 mm4/N�s. We observed an aver-
age permeability higher than these values for all samples
tested: 0.041 mm4/N�s at 16 weeks, 0.035 mm4/N�s at
32 weeks, and 0.015 mm4/N�s for the native ovine menis-
cus. Differences in values may have occurred from the test-
ing procedure or the mathematical model used to calculate
the permeability. In either case, our implanted scaffold had
an 87.7% decrease in permeability from time zero to 8
months after implantation, a positive result, perhaps due
to the tissue infiltration into the device. Compression of
the implant from weightbearing is another potential cause
of decreased permeability.

As anticipated, there was a reduction in ultimate tensile
load as well as stiffness of the fiber-reinforced scaffold after
implantation, due to polymer fiber degradation. The fact
that we saw little change in tensile properties from 16 to
32 weeks suggests either that the fiber degradation had
stopped or, more likely, that the neomeniscus tissue was
beginning to organize and take over the load that the fibers
could no longer bear in their degrading state. Even so, at
the currently evaluated time points, the meniscus scaffold
bears loads above the normal functional tensile load of the
native meniscus, supporting our third hypothesis that scaf-
folds would maintain sufficient tensile loads over time
after implantation.

The fourth hypothesis, that scaffolds would promote cel-
lular ingrowth and new tissue deposition, was also proven
true. We observed cellular ingrowth and tissue deposition
that persisted through both time points. The cellular
response to the scaffold followed the expected progression,
with a primarily lymphocytic reaction between the fibers
(where the collagen matrix had degraded) and MNG cell
reaction to the polymer fiber that decreased as the fibers
began to degrade.5 We also observed fibrochondrocyte-
like cells within the explants at both time points.

Cellular reactions to implanted meniscus replacements
varied widely between investigators. Unsurprisingly, those
using synthetic sponges had a much stronger MNG cell
response and encapsulation of the polymer, with fewer
lymphocytes found in the implants.13,29,46,47 While we
saw a slight decrease in the quantity of MNG cells from
16 to 32 weeks, Tienen et al47 observed a significant
increase in the number of giant cells from 3 to 6 months.
The larger amount of degrading polymer in their device

may cause a cellular cascade, resulting in this strong
encapsulation response. Those using collagen scaffolds
showed a stronger lymphocytic response.14,44 Collagen deg-
radation has been shown to have a strong chemotactic
effect, eliciting more cells as it breaks down. As the original
collagen matrix is resorbed, there is less reactive material
and the cellular response decreases. We expect that as the
polymer fibers continue to degrade, the neomeniscus tissue
will be exposed to more mechanical stimulation and will
develop and organize in response. Longer time points will
help to clarify the extent to which the neomeniscus tissue
will remodel.

Remodeling of meniscus replacements is a widely con-
troversial topic. Some investigators report excellent pro-
duction of fibrocartilaginous tissue,7,21,24 while others
report abnormal tissue deposition.16,33 Even when there
is excellent tissue incorporation, investigators still fre-
quently report negative changes to the cellularity28,39

and biochemistry of the joint.17 This creates difficulty in
making comparisons between devices. In addition, most
devices, aside from allografts, were never designed to
accommodate tensile loads, and thus tissue remodeling is
usually limited to a compressive response. Reguzzoni
et al41 evaluated the collagen meniscus implant (CMI)
and found that the glutaraldehyde crosslinking of the col-
lagen sponge greatly reduced its ability to degrade, to the
extent that it persisted even after 6 months. This likely
extended the inflammatory response, causing detrimental
effects to the joint. Our device used EDC crosslinking,
and we noted that all of the original implanted collagen
was degraded by 16 weeks.

Our fifth hypothesis was that infiltrating cells would
produce appropriate proteins in native locations and orga-
nization. To determine the types of collagens being synthe-
sized and deposited, immunofluorescence staining was
used to identify collagen I and II expression within the
explanted scaffold. The meniscus is predominantly made
of fibrillar protein: collagens I and II.2 As such, it was
important that we observed large amounts of both of these
proteins within the explants. Although the entire explant
expressed type I collagen, we did not see many dense clus-
ters or signs of organization. By 32 weeks, type II collagen
was found in dense amounts in the inner margin and sur-
face of the explant, similar to the native meniscus. At this
time point we also observed sections of organized collagen
II within the interior of the explant that were comparable
in appearance to the native meniscus. The data support
the hypothesis that infiltrating cells would produce menis-
cus appropriate proteins.

Other investigators also reported the presence of type I
and type II collagen in implanted meniscus scaffolds.23,27

Using a synthetic sponge in a rabbit model, Kang et al23

saw both collagen I and II in amounts similar to those in
the native rabbit meniscus. Klompmaker et al27 investi-
gated a polyurethane sponge replacement in a dog model
and detected more collagen II than collagen I.

The final hypothesis was that the scaffold would have
a protective effect on the articular surface of the knee com-
pared with the untreated meniscectomies. Gross observa-
tions and data from surface staining of tibial plateaus
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were consistent with this hypothesis. Furthermore, stain-
ing with safranin O and fast green allowed us to use the
scoring system developed by Mankin, which comprehen-
sively analyzes the structural, cellular, proteoglycan, and
tidemark changes associated with cartilage damage.37,38

Compared with the untreated meniscectomies, both 16-
and 32-week implanted femoral condyles had significantly
better structural, cellular, proteoglycan, and tidemark
scores. Kelly et al25 performed total meniscectomies at sim-
ilar time points as our study (8 and 16 weeks); Mankin
scores increased from 7.25 to 11.33 (out of 14), indicating
progressive cartilage damage. Kon et al30 evaluated the
effect of total meniscectomies in 6 sheep after 12 months.
Joint gross assessment was used in their study, and sub-
chondral bone was exposed in 6 of 6 animals. In our study,
untreated meniscectomies had scores of 12 (16 weeks) and
10 (32 weeks), while implanted joints had scores of 3.7 (16
weeks) and 3.1 (32 weeks). As hypothesized, the meniscus
scaffolds had a protective effect on the articular surface of
knee compared with the untreated meniscectomies.

In contrast, most investigators implanting allografts,
collagen devices, or synthetic devices observed little to no
protective effects of the implants on the articular surfa-
ces.13,17,21,28,29,40,46,47 The CMI had inconclusive chondro-
protective effects.10 The evaluation of a polymer sponge
scaffold by Tienen et al47 showed highly variable cartilage
health throughout their study and found no protective
effect after 2 years.

Limitations

The nature of our fiber design does not allow for tensile
testing of dumbbell sections. Thus, we used a method
used by both Newman et al35 and Balint et al9 that allows
for testing of full menisci, scaffolds, and explants in ten-
sion. Although this method uses an abnormal length to
width ratio, it is the only feasible way of determining the
structural tensile properties of these structures.

We used a small group of untreated meniscectomies
(n = 2) because our previous unpublished studies (Balint8)
as well as those of other investigators (Kelly et al25 and
Kon et al30) demonstrated significant cartilage degeneration
after total meniscectomy. While this lowers the power of our
statistical comparisons, it would have been unethical to use
more sheep to further demonstrate what has been estab-
lished in the literature, especially considering this is a feasi-
bility study. Furthermore, the efficacy of this implant will
ultimately be compared with that of a clinical standard of
care—for example, a partial meniscectomy or a meniscus
allograft—and not just an untreated total meniscectomy.

CONCLUSION

Designing a mechanically functional meniscus device is not
a trivial undertaking. As proven by so many investigators,
it is extremely difficult to create a meniscus replacement
that can properly protect the articular cartilage of the
joint. Fabricating the correct dimensions, mechanical prop-
erties, and biological properties coupled with proper

degradation rate and tissue remodeling is challenging. In
addition, scaffold placement, fixation, movement, and
deformation can further impede this development. In this
study, we were able to demonstrate that a fiber-reinforced
meniscus scaffold could act as a functional meniscus
replacement and have a protective effect on the articular
surfaces of the knee through 32 weeks of implantation.
Based on these promising results, longer implantation
time points will be evaluated in the ovine model, and a scaf-
fold with the corresponding size and shape of the human
meniscus will be developed and tested.
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