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Abstract The number of meniscus-related operations contin-
ues to rise due to the ageing and more active population.
Irreparable meniscal lesions generally require (partial) menis-
cectomy. Although a majority of the patients benefit from pain
relief and functional improvement post-meniscectomy, some
remain symptomatic. As an alternative to a meniscal allograft,
which is only indicated for the severely damaged meniscus,
most patients can nowadays be treated by implantation
of a synthetic meniscal substitute. Currently three of these
implants, two partial and one total replacement, are clinically
available and several others are in the stage of preclinical
testing. Grossly, two types of meniscal substitutes can be
distinguished: porous, resorbable implants that stimulate
tissue regeneration and solid, non-resorbable implants that
permanently replace the whole meniscus. Although the im-
plantation of a porous meniscus replacement generally seems
promising and improves clinical outcome measures to some
degree, their superiority to partial meniscectomy still needs to
be proven. The evaluation of new prostheses being developed
requires a wider focus than has been adopted so far. Upon
selection of the appropriate materials, preclinical evaluation of
such implants should comprise a combination of (in vitro)
biomechanical and (in vivo) biological tests, while up to now
the focus has mainly been on biological aspects. Obviously,
well-defined randomised controlled trials are necessary to
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support clinical performance of new implants. Since the use
of a meniscus replacement requires an additional costly im-
plant and surgery compared to meniscectomy only, the clinical
outcome of new products should be proven to surpass the
results of the conventional therapies available.

Meniscal injuries

The knee is the most vulnerable joint in a young and active
population [1, 2]. In 15 % of all knee injuries either one of the
menisci is involved [3]. Previously reported incidence rates for
hospital admission after meniscal injury vary between 0.35 and
0.7 per 1,000 person-years [1, 2]. However, in a large, recently
published study amongst active duty US military service mem-
bers, the incidence of meniscal injury (treated and non-treated)
was found to be as high as 8.27 per 1,000 person-years [4].
Meniscal lesions can be classified according to their cause.
Acute or traumatic tears result from forced movement of the
knee joint, affecting a healthy meniscus. However, meniscal
lesions also regularly arise without the presence of knee trauma.
These degenerative or chronic tears are a result of the deterio-
ration of tissue quality being part of the natural ageing process
[5, 6]. The two types of tears can be morphologically discrim-
inated: traumatic meniscal lesions generally are vertically and
longitudinally oriented, whereas degenerative tears usually
originate from a horizontal direction [5, 6]. The risk of tearing
a meniscus in the age group over 40 years was reported to be
larger by a factor of four than that of the age group under
20 years [4]. Keeping in mind the ageing of the Western
population and the fact that people nowadays desire to retain
their activity up to a high age, this is an alarming observation
that requires an appropriate set of treatment options for patients.

Treatment

Meniscal tears require surgical intervention in approximate-
ly 85 % of the cases, a relatively high percentage compared
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to other internal injuries of the knee joint [3]. The total number
of meniscus-related surgeries in the USA is estimated to be
850,000 annually [7]. Repair strategies, like sutures, staples
and anchors, allow preservation of the meniscal tissue. How-
ever, successful healing of the torn tissue is more likely when
it is located in the vascularised region of the meniscus [8, 9],
making repair techniques less suitable for degenerative tears
which tend to start at the inner circumference of the meniscus.
Irreparable meniscal lesions are usually treated by partial or
(sub)total meniscectomy. In some cases further treatment with
a meniscal substitute is indicated.

(Partial) meniscectomy

For years, the menisci were believed to be vestigial remains
of leg muscles. With this principle, a torn meniscus was
usually treated by a total meniscectomy. The instantaneous
disappearance of impairment and pain observed after such
surgery supported the value of this treatment. In the 1970s
and 1980s, several studies, however, elucidated the biome-
chanical effects of a (partial) meniscectomy in cadaveric
knees. Contact stresses on the tibial plateau were found to
increase proportionally with the amount of meniscus tissue
removed [10, 11], illustrating the importance of the menis-
cus in load bearing and distribution.

Radiographic signs of in vivo changes after meniscec-
tomy were already presented in 1948, when Fairbank no-
ticed joint space narrowing and the formation of a ridge that
flattened the femoral condyle [12]. Later, a direct relation
between meniscus resection and the risk of development of
radiographic osteoarthritis (OA) in the long term was estab-
lished [13—15]. Nevertheless, radiographic OA can only be
moderately correlated to the degree of cartilage degenera-
tion observed during arthroscopy [16]. Also the correlation
between knee pain and radiographic findings and vice versa
is weak [17]. Therefore radiographs should not be used as a
single tool to assess patient status after meniscectomy, but
should be accompanied by patient-related outcome scores,
like the Knee Injury and Osteoarthritis Outcome (KOOS),
Tegner activity and Lysholm scores.

Magnetic resonance images of the knee provide additional
information on anatomy and composition of both hard and soft
tissues, and therefore are increasingly used to assess patient
condition after meniscectomy. It should also be mentioned that
during development of OA the molecular structure of the
meniscus itself may also change [18]. Advanced imaging
techniques such as delayed gadolinium-enhanced magnetic
resonance imaging of cartilage (AGEMRIC) allow visualisa-
tion of the molecular structure of the articular cartilage and of
the meniscus and can be used to examine degenerative pro-
cesses in time in future studies [19].

In the first period post-meniscectomy, patients generally
experience pain relief and improved functionality compared
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with the pre-surgery situation [20, 21]. Some patients, how-
ever, reported persistent pain in the affected joint line, without
the presence of a remaining tear. This number increases as
follow-up time increases. Hede et al. found Lysholm scores to
be fair to poor (score <77) in 14 % of the patients 7.8 years
after partial or total meniscectomy [13]. From a retrospective,
controlled cohort study using the KOOS questionnaire, 50 %
of the patients was found to suffer from symptomatic OA
16 years post-meniscectomy, while 19 % of the control group
developed symptomatic knee OA in the same period [22]. No
differences were observed between partial or (sub)total menis-
cectomy. Interestingly, the risk of developing symptomatic
OA increased significantly after meniscectomy in the case of
a degenerative tear, but not for traumatic lesions [22]. Hence,
this chronic patient group in particular may benefit from a
meniscal substitute to relieve pain and functional limitations.

Partial meniscal substitutes

For several years, two companies have offered a solution for
these patients suffering from a post-meniscectomy syn-
drome, provided that the peripheral meniscal rim is still
intact and cartilage damage is limited. The treatment strate-
gy is similar for the two implants available: upon resection
of the damaged tissue the resulting space is filled with a
custom-sized, synthetic, porous material, which serves as a
scaffold to regenerate meniscus-like tissue. The timing of
implantation may either be directly following the meniscec-
tomy or after development of symptoms. Clinical studies are
being performed to evaluate efficacy of the collagen menis-
cus implant (CMI®) and a polyurethane polymeric implant
(Actifit®). US Food and Drug Administration (FDA) ap-
proval has not been granted for either of the implants, yet
both have received the CE mark for use in Europe.

The CMI® is a highly porous scaffold (Fig. 1a) made of
type I collagen fibres from purified bovine Achilles tendon
(Fig. 1b) which is supplemented with glycosaminoglycans.
Animal studies showed that the CMI® is safe to use in a
knee joint and stimulates the regeneration of meniscus-like
tissue within six months after implantation [23]. In the mid-
1990s the first small clinical trial with the CMI® demon-
strated no adverse effects in the human knee, formation of
new tissue and improved clinical scores 36 months post-
implantation [24]. Although the initial trials lacked proper
controls to compare the CMI® to traditional treatment stand-
ards, recently the outcomes of a prospective randomised
clinical trial addressing this comparison were published
[25]. A total of 311 partial meniscectomy patients with
Outerbridge scores less than grade IV were subdivided into
an acute and a chronic injury group and received either the
CMI® or partial meniscectomy only. After a mean follow-up
of five years, it was shown that the CMI® in medial menis-
cal defects improves clinical outcomes for chronic patients
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Fig. 1 a Medial (left) and lateral (righf) CMI®. Reprinted with per-
mission of Ivy Sports Medicine GmbH. b Scanning electron micros-
copy image of the CMI®, clearly showing the collagen laminae.
Reprinted from [61]. ¢ A 12-month follow-up sagittal MR image of

but has no benefits for acute patients [25]. However, this
improvement for chronic patients in comparison to partial
meniscectomy patients is based on a 13 %, statistically
significant, difference in Tegner index [25]. The other clin-
ical scores reached the same level as in the meniscectomy
group. Furthermore, one should question if this difference in
Tegner index is clinically relevant and sufficient to support
the author’s conclusion that clinical outcomes improve for
chronic patients receiving the CMI®,

Zaffagnini and colleagues combined several clinical meas-
ures with radiographic and MRI evaluation to compare the
CMI® to partial meniscectomy at a minimum follow-up of
ten years [26]. The patients were not randomised between
treatment groups and the outcome of acute and chronic tears
was not separately analysed. In contrast to the study by Rodkey
et al. [25], this study shows better results for several clinical
outcome scores in the CMI® group compared to the partial
meniscectomy group. Nevertheless, again the clinical signifi-
cance of the differences was not addressed. Unique in their
clinical evaluation of the CMI® are the data on joint space
narrowing. The considerable difference between the implant
group and the non-treated controls suggests that the implant
decreases the risk of degenerative changes in the knee [26].

Despite the general observation of improved clinical
scores, studies reporting on MRI results of the CMI® agree
on several aspects. Firstly, the size of the CMI® reduced
during follow-up [27-29]. Secondly, the signal intensity
does not resemble that of the native meniscus, either for
short follow-up [27, 28] or for follow-up periods exceeding
ten years [26, 29]. Figure 1c and d show a representative
MRI of a CMI® implanted knee 12 months post-surgery.
Based on second-look arthroscopies at a mean of
12.8 months and MR scans at a mean of 19 months, Spencer
et al. suggest that the regenerated tissue is not fibrocartilage
[27]. Hence, the mechanism of action of the CMI® is not
fully understood.

the CMI®. The white arrow indicates the boundary of the implant,
which has decreased in size compared to the situation directly after
surgery. Signal intensity of the implant is distinct from native meniscus
tissue. Reprinted from [28]

The second commercially available scaffold for partial
meniscus replacement is the synthetic, porous Actifit® im-
plant (Fig. 2a, b). To create an optimal combination of
flexibility and mechanical strength, the Actifit® implant is
built of polyurethane polymers that consist of biodegradable
polyester segments combined with semi-degradable stiff
segments [30]. The Actifit® implant originally was devel-
oped to serve as a full meniscus replacement. Based on the
results of a dog study a partial implant was considered to be
a more suitable application since as a total meniscus replace-
ment the implant could not resist the shear forces in the knee
joint and cartilage damage could not be prevented [31, 32].
When implanted in a bovine partial meniscal defect, how-
ever, the Actifit® implant promoted fibrous tissue ingrowth
into the defect site while not damaging the articular cartilage
[33]. Moreover, the scaffold improved contact mechanics on
the bovine tibial plateau compared to a partial defect situa-
tion [34]. Verdonk et al. recently published the first out-
comes of a case series involving 52 partial meniscectomy
patients with International Cartilage Repair Society (ICRS)
cartilage grades less than II receiving the Actifit® scaffold
with a follow-up period of 24 months [35]. With two
exceptions, all patients suffered from post-meniscectomy
symptoms. Statistically significant and clinically relevant
pain reduction combined with improved functionality and
activity were found from six months post-operatively, which
are attributed to the regeneration of meniscus-like tissue in
the scaffold. These values steadily improved up to the final
moment of observation at 24 months. In addition, more than
90 % of the patients showed stabilisation or improvement of
the articular cartilage condition, suggesting the implant’s
protective effect against cartilage degeneration [35]. How-
ever, this study did not include a control group with only
partial meniscectomy like in the CMI® study by Rodkey et
al. Although the scores (visual analogue scale pain score,
Lysholm score) of the Actifit® patients do not seem to vary
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Fig. 2 a Medial (top) and lateral (bottom) Actifit® implant. Reprinted
with permission of Orteq Sports Medicine. b Scanning electron mi-
croscopy image of the Actifit® implant, showing the interconnected
porous structure of the material. Reprinted from [62]. Sagittal (¢) and
coronal (d) proton density MR images of the Actifit® implant, taken

much from the control patients in the CMI® study, only a
proper randomised controlled study could support the addi-
tional value of the Actifit® implant.

Although Verdonk et al. collected MRI data, the two-year
follow-up publication only reports on cartilage condition [35].
Spencer et al. evaluated sequential MR images of a small
cohort of Actifit® implanted patients, taken at a mean of
19 months post-surgery (range six—36) [27]. Upon surgery,
no progression of OA was found on subsequent scans. The
Actifit® scaffold showed good structural integrity and tissue
ingrowth. However, the MRI signal from the regenerated
tissue in the scaffold did not suggest differentiation into fibro-
cartilage but rather demonstrated an oedema-like signal
(Fig. 2¢, d) which persisted up to 19 months post-surgery [27].

To summarise, the available implants for partial meniscal
defects seem safe. For acute irreparable meniscal lesions, the
additional value of the CMI® could not be proven. The
implants seem to improve the clinical scores in chronic
lesions compared to the pre-surgery situation, but if the
implanted knee joint indeed functions better than meniscec-
tomised control knees is still doubtful. A prospective rand-
omised study including an Actifit® implant group and a
partial meniscectomy group is necessary to assess the added
value of this meniscal substitute. Moreover, extended trial
periods should elucidate the long-term effects of treatment
with the Actifit® implant.

Total meniscal substitutes

Despite the current belief in conserving as much of the dam-
aged meniscus as possible, orthopaedic surgeons still encoun-
ter severe lesions that require a complete meniscectomy.
Alternatively, patients may undergo several partial resections,
resulting in a (sub)total meniscectomy in the end. Sixteen
years after subtotal meniscectomy, about 50 % of the patients
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14 months post-surgery. The images show that integrity of the con-
struct is maintained, yet the implant displays a homogeneous oedema-
like signal (black arrow) in comparison with the native meniscus
(white arrow). Reprinted from [27]

were symptomatic compared with 19 % of the controls [22].
These patients require replacement of the meniscus to relieve
pain and prevent the progression of OA to more advanced
stages. Since the peripheral rim is not intact any more, the
load-bearing capacity of a total meniscal substitute should
exceed that of partial substitutes greatly.

For several decades, symptomatic total meniscectomy
patients with minor cartilage damage have been treated by
implantation of a meniscal allograft. Patient-related out-
comes have been shown to increase considerably during
the first five years of follow-up, yet a decrease of these
scores was observed when follow-up periods up to 20 years
are reviewed [36]. Ideally, a meniscal allograft would pro-
tect the articular cartilage by preventing the progression of
OA. There is, however, no data that support the chondro-
protective effect of donor menisci in the human knee [36].

Although allograft transplantation is currently the best treat-
ment available for symptomatic meniscectomy patients, prob-
lems related to graft availability, size matching, high costs and
disease transmission limit the widespread practice of this in-
tervention. Moreover, upon transplantation meniscal allografts
were observed to shrink [37] and undergo collagen remodel-
ling [38], which may compromise their mechanical strength.
To overcome these issues related to allograft transplantation,
research into synthetic, full meniscus replacements has been
carried out for several decades now. Up to now, no anatomi-
cally shaped synthetic total meniscus replacement has been
tested in patients. Recently, the first synthetic meniscus-like
implant (NUsurface®) has proceeded to phase 1 clinical trials.
Several other approaches are still in the preclinical phase.

Synthetic total meniscal substitutes

Messner et al. were the first to publish a comprehensive series
of papers on the potential of Teflon and Dacron biomaterials to
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serve as permanent meniscal substitutes [39—41]. Improved
designs were extensively tested in a rabbit model. However,
the limited pool of biocompatible materials available in the
1990s could not provide the optimal combination of flexibility
and strength, and wear resistance, resulting in severe deforma-
tion of the implant and deposition of wear particles, accompa-
nied by synovitis and knee joint remodelling [39, 40].

van Tienen et al. explored the capacity of porous polyure-
thane scaffolds as total meniscal substitutes. Pore size and
compressive properties were tuned to stimulate tissue in-
growth and differentiation into fibrocartilaginous tissue based
on earlier findings [42, 43]. Six months after implantation in
dogs, fibrous tissue had formed in the periphery of the scaf-
fold, but cartilaginous tissue was found in the central region
[31]. Compressive properties of the implant increased up to
evaluation at 24 months post-implantation and were not dif-
ferent from native meniscus properties [32]. However, the
materials were not strong enough to resist the (shear) forces
in the knee joint and collagen type and orientation were not
meniscus-like, possibly because of a lack of scaffold degrada-
tion at 24 months. The combination of these factors might
have resulted in the lack of chondroprotectiveness of these
polymer implants [32]. Following these results this type of
polyurethane scaffold seemed to be more suitable as a partial
meniscal substitute, to be used with a remaining peripheral
meniscal rim. This partial replacement has been introduced to
the market as the Actifit® partial meniscal substitute.

The polyvinyl alcohol (PVA) hydrogel implant of Kobaya-
shi et al. was one of the first non-porous permanent replace-
ment approaches. Compressive strength and viscoelastic
behaviour of the material was highly similar to that of the
native (human) meniscus, even after two years of implantation
in a rabbit knee [44, 45]. The implant proved to be chondro-
protective when compared to meniscectomy; however, no
sham-operated controls were included to evaluate the influ-
ence of the replacement surgery on cartilage condition [45]. In
a large animal model, however, the implant caused severe
damage to the articular cartilage and benefits in comparison
with meniscal allografts could not be proven. Moreover,
structural integrity was compromised by complete radial tears
in the posterior horn of all implants. It was speculated that the
adverse effects were caused by hypermobility of the implant’s
body [46]. Recently, an American group has renewed interest
in PVA hydrogels for meniscal substitution. It has been shown
that by the incorporation of polyethylene fibres into the hydro-
gel both the compressive and tensile moduli of the biomaterial
can be tuned to resemble that of the native meniscus [47],
which is an important step towards the ability of any meniscus
implant to convert compressive loads into hoop stresses.

Kon and co-workers have developed a porous scaffold for
total meniscal substitution based on a hyaluronic acid and
polycaprolactone matrix augmented with circumferential poly-
lactic acid fibres [48—50]. Culturing autologous chondrocytes

onto the scaffold improved fibrocartilaginous tissue deposition
into the implant compared with cell-free constructs. One year
post-surgery, the implants contained the progression of carti-
lage degeneration, unlike meniscectomy. Yet, the cell-seeded
scaffolds did not show better cartilage condition than the cell-
free-scaffolds [50]. Based on the results of a small number of
non-extruded constructs, the authors expect improved out-
comes when extrusion of the implants can be prevented [50].
However, this may require a more rigid horn fixation which
was associated with implant failure and dislocation in one of
their earlier investigations [49].

The anisotropic approach was also followed by an Israeli
company that recently started the first clinical trials to evaluate
in vivo performance of their polyethylene reinforced polycar-
bonate urethane (PCU) meniscus implant (NUsurface®,
Fig. 3a). Whereas other groups mainly published on the
body’s biological response to their meniscal prosthesis, this
group choose FDA approved PCUs as a starting point and
focused on optimisation of the biomechanical response first.
The design has been optimised using finite element modelling
of the implant’s material behaviour and the resultant contact
mechanics on the tibial articular cartilage [51]. The computed
contact mechanics under the ultimate implant resembled those
of an intact human meniscus measured from cadaveric experi-
ments [51, 52]. Subsequent in vivo experiments in a sheep
model showed no differences in cartilage condition between
the PCU implant and the contralateral control joints up to
six months post-operatively [53]. However, Mankin scores
of these non-operated controls were relatively high compared
to earlier reported values [54], and it would be interesting to
see if the chondroprotective effect is prolonged upon long-
term implantation. Moreover, results of only three animals
were presented at each time point, which in our opinion is
not sufficient to draw conclusions regarding the effectiveness
of this implant. The most surprising aspect of the design
process of the NUsurface® implant is the large difference
between the sheep and human implant geometry and fixation
strategy. While the sheep implant is anatomically shaped and
supplemented with fixation bolts to secure the horns to the
tibia (Fig. 3b), the human version is disc shaped and free-
floating (Fig. 3a) [51, 53]. Arguments for this change were not
provided in the literature and no publications are available
describing the effects of the free-floating implant in animal
studies. The first clinical results may be expected within the
next two years, yet some preliminary MR images show res-
toration of the joint space and maintenance of cartilage signal
intensity at 12 months post-surgery (Fig. 3c¢).

Future directions in meniscus replacement

Meniscus replacement remains an incessantly popular topic
in the scientific literature. Advancements of the last decade
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Polycarbonate
Urethane (PCU)

Reinforcement
fibers (UHMWPE)

Fig. 3 a Disc-shaped, free-floating NUsurface® total meniscal pros-
thesis for replacement of the human medial meniscus. The image
shows the orientation of the ring-shaped fibre bundles inside the bulk
material. Reprinted from [52]. b Anatomically shaped version of the
NUsurface® total meniscal prosthesis, including fixation bolts at both

have resulted in several implants that are now being sub-
jected to the process of clinical evaluation. However, results
keep on indicating that the substitutes still require improve-
ment to optimally mimic native meniscus functioning and
new approaches are constantly being investigated.

Synthetic partial and total meniscal substitutes

Several groups are continuously seeking for the right combi-
nation of material (properties), geometry and boundary con-
ditions like fixation and tribological characteristics, in order to
develop a synthetic meniscal substitute that has the ability to
optimally mimic the function of the native meniscus. In the
recent literature, the publications on clinical outcomes of the
CMI® and Actifit® implants have drawn major attention.
Additionally, a few new concepts have been developed over
the last five years, which are in different stages of evaluation.

Publications on the design and testing processes of the
disc-shaped, free-floating NUsurface® implant all originate
from recent years [51-53]. The short span of time of these
publications and the fact that the implant has already pro-
ceeded to phase 1 clinical trials illustrate the high speed at
which progress can be made with synthetic implants that do
not require tissue regeneration.

Balint et al. developed a fibrous scaffold for total menis-
cus replacement and subsequent tissue regeneration. The
implant, composed of quasi-circumferentially wrapped
collagen-polymeric fibres, is able to convert applied com-
pressive loads into tensile hoop stresses, which is an impor-
tant characteristic of native meniscus functioning [55, 56].
However, the lack of a supportive bulk material seems to
result in compressive properties that are considerably infe-
rior to native meniscus tissue, although only preliminary
data have been provided on compressive testing and contact
pressure analysis [55].
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horns. Reprinted from [53]. ¢ A 12-month follow-up sagittal MR
image of the NUsurface® meniscal replacement. Joint space has been
restored with respect to the preoperative situation; the image does not
show signs of cartilage pathologies. Reprinted with permission of
Active Implants Corporation

Recently, the first results on silk scaffolds for (partial)
meniscal regeneration were published [57-59]. Improve-
ment of the scaffold’s mechanical properties to resemble
those of the native meniscus seems to be the largest chal-
lenge. Mandal et al. published on a multilayered silk scaf-
fold for total meniscus tissue engineering. Compressive
moduli of the distinct scaffold layers exceed those of the
native meniscus, yet the tensile moduli are still lower by a
factor of 50—100 [57]. Although from their publication it is
unclear whether they aim at partial or total meniscal substi-
tution, in our opinion the mechanical properties of this
scaffold are by far not sufficient for a total meniscus re-
placement. In vivo regeneration of meniscus tissue in a
different partial defect silk scaffold (FibroFix™) does in-
crease its compressive modulus towards that of the native
meniscus, yet the tensile properties of the scaffold were not
reported [58].

Many other research groups may be working on individual
aspects of meniscus implants, like balancing scaffold porosity
and material properties, improving tissue infiltration or de-
signing fixation strategies for optimal integration with the
surrounding tissues. Results of this work are not included
since the authors have chosen to limit the content of this paper
to full implants that have been functionally tested.

Preclinical testing platforms

Resembling the native biomechanical characteristics seems to
be the key factor in (partial) meniscus replacement function-
ing that remains challenging and requires early attention dur-
ing the development process. When reviewing the literature,
however, biomechanical functioning of meniscus implants has
been given too little attention compared to the biological
responses, making it difficult to identify the parameters that
are crucial for successful implant functioning. Maher et al.
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suggest a preclinical pathway integrating in vitro, in vivo and
in silico models for a complete functional evaluation of menis-
cal substitutes [60]. Pressure distribution and magnitude can
be studied in cadaveric knee joints. Additional in vitro tests
should elucidate the frictional behaviour of the implant mate-
rial against cartilage. Biocompatibility, long-term fixation
strength and wear of the implant material and surrounding
cartilage can only be studied in in vivo animal models. Output
data of this full set of experiments then serve as validation for
finite element models which subsequently are employed to
study changes to the implant design [60]. Once such a trajec-
tory of preclinical assessment has resulted in a prosthesis that
has successfully undergone all tests, a firm foundation has
been laid to start phase 1 clinical trials. In our opinion such
extensive preclinical screening of novel implants should be
adopted by all investigators involved in the development of
meniscal substitutes, in order to provide well-founded argu-
ments for the introduction of new implants to the market.

The TRAMMPOLIN total meniscus substitute

Over the past few years, the authors of this paper have been
part of a Dutch national consortium (TRAMMPOLIN) devel-
oping an anatomically shaped, non-resorbable total meniscus
substitute. The consortium combines the knowledge of mate-
rial scientists, tribological experts, biomechanical engineers,
biologists and surgeons to optimally tune the design of the
implant. The aspects determining implant functioning (mate-
rial properties, geometry, fixation and surface characteristics)
have been separately studied in vitro and in silico to closely
match native meniscus properties and are combined in the full
implant design. In vitro cadaveric tests are being performed to
evaluate the implant’s ability to restore contact mechanics and
rotational stability of the knee joint. At the same time kine-
matics of the prosthesis will be recorded. Furthermore, a four-
arm animal study is planned to assess implant performance
under long-term loading conditions together with its chondro-
protective capacity. The outcome of the implanted group will
be compared to a meniscectomy group, an allograft group and
a sham-operated control group. The contralateral joints will
serve as non-operated controls. Results of these studies may
be expected during the coming years.

Conclusion

Over the past few decades, a wide range of therapeutic strat-
egies has been developed to treat meniscal injuries. Although
not part of this review, the repair of a lesion with functional
tissue may be the ultimate solution for the prevention of OA
associated with meniscus pathology. Proposed strategies com-
prise a wide range of approaches: in vitro, scaffold-free or
scaffold-based tissue engineering concepts, in which various

cell types can be used (e.g. meniscus fibroblasts, chondro-
cytes, stem cells, stroma cells or mixtures of these), in vivo
tissue engineering approaches that rely on the regenerative
capacity of the human body to populate resorbable scaffolds
with meniscus-like tissue or permanent non-resorbable
implants. Irrespective of the method used, the molecular com-
position and organisation of load-bearing tissues in particular
has proven to be extremely difficult to duplicate, making
progress in the tissue engineering and regenerative field rather
slow compared to the development of synthetic prostheses. In
our opinion, a starting point might be to gain more experience
with non-resorbable, non-porous meniscus replacements to
collect data on the baseline requirements of the implant for
survival in the knee joint. From this point on, improvements
can be made in several directions: development of non-
degradable porous implants and eventually biodegradable
porous implants relying on tissue ingrowths and remodelling
during resorption of the implant material.

The interest in research on the meniscus is growing, consid-
ering the substantial increase of papers published on this subject.
However, the fact that there are as yet no anatomically based
implants to replace the entire meniscus and only three meniscus
replacements available for clinical use (Actifit®, CMI® and
NUsurface®) proves the challenging environment of the knee
in which the implant has to survive. Despite the widespread
support for the use of these new implants, we have to remain
critical with regard to whether the activities of daily life of
implanted patients really improve. Only thorough preclinical
testing and decent randomised controlled trials can supply us
with data that prove the additional value of new developments.
Nevertheless, all scientific output on the development and test-
ing of meniscus replacements provides a wealth of experience to
be used to design the ideal meniscal substitute.
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