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MENISCAL ANATOMY, STRUCTURE AND FUNCTION
The menisci are semi‐lunar and wedge‐shaped structures located between the femoral
condyles and tibia plateau in the knee joint (Figure 1.1a). The human lateral meniscus
generally has a semi‐circular shape with practically symmetrical anterior and posterior
horns. The medial meniscus is better described as semi‐oval and its posterior horn is
larger than its anterior horn (Figure 1.1b).The fixation of the menisci and the surrounding
tissues differs between the medial and lateral compartments of the knee joint, but also
between individuals. Both medially and laterally a firm connection between the meniscus
horns and the tibia plateau is established through the menisco‐tibial ligaments (Figure
1.1b). In a majority of the individuals the posterior aspect of the lateral meniscus is also
connected to the femur, either by means of the ligament of Humphrey (observed in 50%
of the cases), the ligament of Wrisberg (70%) or both (30%) [1]. In approximately 60% of
the individuals the anterior horns of the medial and lateral meniscus are connected
through the intermeniscal or transverse ligament [2] (Figure 1.1b). Additionally, the
medial meniscus is circumferentially integrated with the medial collateral ligament (MCL)
and the richly vascularized knee capsule, whereas a connection between the lateral
meniscus and the lateral collateral ligament is absent [3].

Figure 1.1: a) The position of the human meniscus between the femur and the tibia. b) Top
view of the tibia plateau showing the medial and lateral meniscus and the knee ligaments
related to the menisci. The arrows indicate the locations of the menisco‐tibial ligaments.
c) Cross‐sectional view of the meniscus showing the distinct zones of meniscal
vascularization: (I) red zone, (II) red‐white zone and (III) white zone.
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The meniscus can be subdivided into three zones based on its vascularization (Figure
1.1c). A capillary system originating from the capsule and the synovial tissue provides
blood supply to the peripheral 10‐25% of the meniscus, which is therefore referred to as
the red zone. The transitional red‐white zone connects the vascularized region to the
non‐vascularized white zone, which comprises the inner two‐third of the meniscus. Blood
supply to the horn attachment sites is guaranteed by coverage with synovial tissue [4].
Meniscal tissue is relatively soft, fibrocartilaginous and well hydrated (70‐75% water)
[5]. The extracellular matrix of menisci mainly consists of collagen type I (20‐22% of the
wet weight) [5, 6]. The organization of the collagen fibers depends on the location within
the meniscus; in the central part the thick collagen bundles have a circumferential
orientation, whereas the fibers in the mid‐zone intersect at various angles (Figure 1.2). A
fine mesh of collagen fibrils on the surfaces guarantees a smooth top layer [7]. The
abundant, circumferentially oriented collagen type I bundles are continuous within the
meniscus, pass through the menisco‐tibial ligaments and finally integrate with the tibia
plateau [7]. Glycosaminoglycans, which only comprise 0.8% of the extracellular matrix
wet weight, are important to maintain the tissue’s viscosity, compressive properties and
hydration, mainly in the inner region [5, 8]. The presence of glycosaminoglycans and
lubricating proteins on the surface of the cartilage and the meniscus allows for smooth
and virtually frictionless movement on the articular cartilage [9, 10].
The menisci play a crucial role in load redistribution in the knee joint. Their response
to loading results from the interaction between macroscopic geometry, insertional
anatomy and molecular organization. The meniscal geometry has evolved to maintain
congruency between the femoral and tibial cartilage surfaces and as such increases
contact areas of load bearing structures in the knee joint. To optimize congruency
throughout the full range of flexion, the menisci are deformable structures that are able
to move along with the femoral condyles [11, 12]. The circumferentially oriented collagen
bundles integrated with the tibial bone counteract radial extrusion of the meniscus when
the knee joint is subjected to compressive loads, thereby generating tensile hoop stresses
within the meniscal tissue [13, 14]. The combination of an increased tibiofemoral contact
area and the generation of hoop stress results in reduced stresses on the articular
cartilage surfaces when the menisci are intact, which illustrates the significance of their
load bearing capacity [15‐17]. In addition, the menisci improve knee stability by restricting
tibial translation along the anteroposterior axis, although there is no consensus whether
this is a primary function or only in action following rupture of the anterior cruciate
ligament [18‐20]. Lastly, it is commonly stated that the visco‐elastic nature of its tissue
provides the menisci with shock absorbing capacities [21‐24]. However, a recent
publication identifies that the outcomes of the publications claiming the shock‐absorbing
capacity of the meniscus actually do not support this paradigm [25].
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Figure 1.2: Detailed drawing of the three distinct zones of the meniscal collagen ultra
structure: (1) The femoral and tibial meniscal surfaces are covered with a layer of thin
collagen fibrils which have a random orientation. (2) In the mid‐zone, collagen fibril bundles
are oriented relatively randomly over a large part of the meniscal body, adopting a radial
orientation when approaching the outer circumference of the meniscus. (3) A majority of the
collagen can be found in the central part of the meniscus, where it is organized in thick
bundles with a circumferential orientation. The white arrows indicate the integration of
connective tissue from the medial collateral ligament and joint capsule with the meniscal
body. Reprinted from Petersen et al. [7].

MENISCAL INJURY
Meniscal injuries occur frequently among a wide range of age groups. Lohmander et al.
estimated that the cumulative risk of meniscus injury requiring surgical intervention
between age 10 and 64 is at least 15% [26]. In the USA this results in approximately
650,000 meniscus related‐surgeries on an annual basis [27]. Meniscal injury can have
either a traumatic or degenerative origin, each associated with a distinct pattern of
tearing. Radial tears and longitudinal tears in the proximity of the menisco‐synovial
junction have been related to younger patients experiencing knee trauma, whereas
complex and horizontal tears were generally caused by meniscal degeneration in older
patients [28]. Tears of the medial meniscus are observed two to three times more
frequently than lateral meniscus injuries [29, 30].
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CONVENTIONAL TREATMENT OPTIONS
The initial surgical treatment of meniscal injuries may comprise repair strategies or
meniscectomy (i.e. partial or total removal of the injured meniscal tissue) (Figures 1.3a, b
and d). Because of the poor healing capacity of the avascular inner two‐third of the
meniscus, the type and location of a meniscal tear and the patient’s age determine the
choice for a particular treatment. Although preservation of the meniscal tissue is
generally aimed for, repair strategies are often not considered viable. Consequently,
approximately 95% of the meniscal injuries still require (partial or total) meniscectomy
(Figures 1.3b and d) [27, 31]. A large cross‐sectional analysis in the USA showed that 78%
of these meniscectomies was performed in the medial compartment and only 22% in the
lateral compartment. The incidence of lateral meniscectomy was rather constant
between age 10 and 70, whereas the incidence of medial meniscectomy increased with
age, peaking at age 50 to 59 [31].

Figure 1.3: Treatment options after meniscal injury. a) Meniscal repair of tears in the
vascularized zone, using for example sutures, anchors or staples. b) Partial meniscectomy of
tears in the non‐vascularized zone, comprising removal of the torn tissue. c) Implantation of
a porous meniscus implant after partial meniscectomy, which serves as a scaffold for
meniscal regeneration. d) Total meniscectomy, removing the complete meniscus, which is
often a result of multiple partial meniscectomies. e) Transplantation of a donor meniscus, a
meniscal allograft. f) Implantation of an artificial total meniscus replacement, which may
either be solid and permanent or porous and aiming at meniscal regeneration.
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Patients generally experience relief of pain and improvement of knee function
immediately post‐meniscectomy, explaining the widespread use of this treatment [32,
33]. However, at long‐term follow‐up approximately half of the total meniscectomy
patients did develop symptomatic osteoarthritis [32, 34]. Factors that are associated with
an increased risk of developing osteoarthritis after meniscal resection are obesity, female
sex and pre‐existing early‐stage osteoarthritis [34]. Driven by the knowledge that the risk
to develop osteoarthritis increases proportionally to the amount of resected tissue [35],
orthopaedic surgeons nowadays preserve as much of the meniscal tissue as possible.
Nevertheless, situations where total meniscectomy is inevitable or a result of several
partial resections are still encountered.
Meniscal allograft transplantation (i.e. transplantation of a donor meniscus, Figure
1.3e) currently is the only treatment option for patients who remain symptomatic after
total meniscectomy, and has been proven to relieve pain and improve knee function [36‐
38]. However, post‐implantation shrinkage and retearing of the graft tissue potentially
affect its functioning [39‐41]. Furthermore, the availability of suitable grafts is limited and
further hampered by the sizing criteria that should be met to obtain proper loading of the
cartilage [42]. Lastly, meniscal allograft transplantation is generally only performed in
patients younger than 50 years old [37], while most meniscectomies are performed in
patients aged 45 to 59 [27, 31]. Since patients in this age group likely suffer from
degenerative meniscal injury and early stage osteoarthritis, their risk of symptomatic
osteoarthritis and thereby their need of allograft transplantation is potentially higher
than in younger patients [34]. These shortcomings of meniscal allograft transplantation
clearly illustrate the need for an alternative treatment, particularly for older patients
suffering from degenerative tears.

TOTAL MENISCUS IMPLANTS
A total meniscus implant could potentially overcome the abovementioned disadvantages
of meniscal allografts. Various research groups have attempted to develop prostheses
that bear the right characteristics to take over the crucial functions of the native meniscus
(discussed in Chapter 2). Two main approaches can be distinguished within the research
focusing on total meniscus implants: (I) degradable scaffolds of natural or synthetic
polymers which rely on regeneration of native meniscus tissue [43‐49] and (II) synthetic
implants, either porous or solid, that permanently replace the native meniscus [50‐55]
(Figure 1.3f).
The use of non‐resorbable polymers as scaffold material has been associated with a
lack of biocompatibility, mechanical strength and wear resistance, resulting in synovitis
and foreign body response [50‐52]. Tissue ingrowth into a meniscal replacement requires
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a high porosity of the scaffold material [56], compromising its initial mechanical strength
and load bearing capacity. Nevertheless, porous meniscal implants have been shown to
be capable of stimulating the formation of fibrocartilaginous tissue [43‐46, 49]. Although
the compressive stiffness of porous meniscal replacements tends to increase over time as
a result of the neo‐tissue formation, often the stiffness of the native meniscus cannot be
equaled [45, 46, 51]. Recent research has a stronger focus on the tensile properties of the
scaffold material, showing the characteristic anisotropic material behavior and
mechanical properties closer resembling the native tissue [47, 48].
Recent developments in the field of synthetic, total meniscus replacement focused on
permanent, solid implants [53‐55]. A polyvinyl alcohol hydrogel implant showed to be
biocompatible and capable of cartilage protection compared to total meniscectomy in
the rabbit knee [53]. However, in a large animal model the implant caused more cartilage
degeneration than a meniscal allograft and complete radial tears were observed in all
implants after one year follow‐up [54]. After six months follow‐up of an anatomically
shaped fiber‐reinforced polycarbonate urethane (PCU) total meniscus replacement in a
large animal model the cartilage condition of the implant group was similar t0 that of the
non‐operated control group [55]. However, for the human implant a free‐floating disc‐
shaped design was adopted, moving away from the anatomical concept. Since the human
version requires the peripheral rim of the native meniscus to be present, this implant does
not provide a suitable solution for total meniscectomy patients [57]. Preliminary clinical
results show considerable improvement of the KOOS and VAS pain score after one year
follow‐up of this implant in 61 patients [58], illustrating the potential of PCU implants in
articular joints. However, major complications due to dislocation, device fracturing or
tearing, inflammatory reaction or osteoarthritis progression were reported in 13.5% to
46% of the patients [58, 59].
Thus, we can conclude that the total meniscus replacements that have been
developed until now do not possess the correct balance of material properties and wear
resistance to result in a successful alternative to meniscal allograft transplantation. The
concept of regenerating meniscus tissue would provide the patient with a solution that is
closest to the original situation. However, regenerating a complete meniscus that bears
the same functionality as the native tissue has proven to be challenging. From this
perspective it may be expected that the clinical introduction of a tissue regenerating total
meniscus replacement still requires a substantial amount of time. The promising
experiences with a solid, permanent PCU total meniscus prosthesis suggest that this
approach may provide patients with an alternative treatment more rapidly.

General introduction

15

REQUIREMENTS FOR A TOTAL MENISCUS REPLACEMENT
Ideally, a meniscal substitute is capable of preventing or confining the progression of
osteoarthritic changes to the knee articular cartilage in patients that remain symptomatic
post‐meniscectomy. Since currently even no proof is available concerning the
chondroprotective effect after the transplantation of an allograft, one could also consider
total chondroprotection by a synthetic meniscus replacement as a future aim and first
focus on the relief of pain and restoration of knee function instead. Since these
parameters cannot be evaluated until the clinical testing phase has been reached, an
artificial meniscal replacement will be developed from the rationale that it should take
over the native meniscus functions as a load bearing and knee stabilizing structure.
Any material that is introduced to the (human) body should be biocompatible. This
process includes both the host’s response and the material’s response. Specifically for
orthopaedic implants the material’s response to mechanical loading plays an important
role in establishing biocompatibility. Optimizing its degradation and wear resistance for
the specific implant application is required to guarantee material integrity and is
therefore an important aspect of pursuing biocompatibility [60].
The specific set of theoretical design criteria for a synthetic meniscus implant can be
derived from basic knowledge on native meniscus tissue, the (biomechanical) evaluation
of meniscal allograft transplantation and ongoing research in the field of artificial
meniscal substitution.
1. Resemble the mechanical properties of native meniscus tissue
Its unique molecular organization provides meniscal tissue with highly anisotropic
material behavior [21]. The human meniscus circumferential tensile modulus, which is
in the order of 100 MPa [21, 61, 62], greatly exceeds that in radial direction, which is in
the order of 10 MPa [61]. Also, the anterior region is stiffer than the central and
posterior regions [21, 61, 62]. In compression, native meniscus tissue behaves
transversely isotropic, with similar moduli in axial and radial direction. Due to the
visco‐elastic nature of the tissue the compressive modulus is, however, strain and
strain rate dependent. At low strain rates the compressive modulus at 12% strain
varied between 29‐138 kPa, while these values increased up to 301‐1130 kPa at
physiological strain rates. Also in compression, the anterior region is stiffer than the
mid and posterior regions [63]. It is challenging to mimic this complex combination of
mechanical properties in a synthetic meniscus implant. More pragmatically, this
requirement could be redefined as sufficiently compliant to create good conformity
between the articular cartilage and the implant and sufficiently rigid to counteract
extrusion from the joint when being compressed.
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2. Resemble the native meniscus tribological properties
The unique tribological properties of the knee joint that guarantee low friction in both
dynamic and static conditions are predominantly a result of interstitial fluid load
support and boundary lubrication [64, 65]. Although the friction coefficient of
meniscus against cartilage is still unknown, presumably it is close to that of cartilage
on cartilage contact. Depending on the loading conditions, the cartilage friction
coefficient varies between 0.014 and 0.19 [66]. These values can serve as a first
reference for the desired friction coefficient of a meniscal replacement. Since a solid
meniscal replacement is not capable of contributing to joint lubrication through
interstitial fluid load support, the interaction of such implant with the synovial fluid
constituents will be even more important than for the native meniscus.
3. The implant geometry should closely match the native meniscus geometry
The ability of a meniscal allograft to restore the cartilage contact pressures to native
meniscus levels has been shown to be dependent on its size. Dienst et al. concluded
that an allograft should maximally be 10% smaller or larger than the tissue to be
replaced, in order to achieve acceptable contact mechanics [42]. Undersized allografts
did result in superior contact mechanics compared to optimally sized grafts; however,
this observation was accompanied by an increased risk of graft failure due to excessive
tissue stresses [42]. Previous investigations did not evaluate the influence of shape
mismatches between the allograft and native meniscus. Particularly when the
mechanical properties of the implant material do not perfectly match those of the
native tissue, a good initial conformity between the concave top surface of the
implant and the spherical shape of the femur cartilage is essential.
4. The implant should be fixed to the tibia plateau
The integration between the meniscal horns and the tibia plateau is essential to
transform compressive loads into circumferentially oriented hoop stresses. This
biomechanical importance of horn fixation is well illustrated by the observation that
without fixation of the horns to the tibia plateau the cartilage contact pressures
following meniscal allograft transplantation were approximately as high as after total
meniscectomy [67, 68]. These findings indicate that a horn fixation strategy should be
taken into account as one of the design criteria for an anatomically shaped meniscal
substitute.
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5. A minimal invasive implantation procedure
The first meniscal allograft transplantations, performed in the 1980’s, were open
procedures, involving medial or lateral arthrotomy and release of the collateral
ligament [37, 69]. In the 1990’s, minimal invasive, arthroscopically assisted allograft
transplantation was introduced [70]. The clinical outcomes of the open and
arthroscopic techniques are considered similar [71]. Driven by the advantages
associated with the arthroscopic technique, a decreased surgical morbidity,
preservation of the collateral ligaments and early rehabilitation, arthroscopic allograft
transplantation has become the standard procedure [72]. Therefore, a synthetic
meniscal replacement should ideally comply with the minimally invasive surgical
technique applied in the field of meniscal allograft transplantation.

THE TRAMMPOLIN PROJECT
In 2007, the BioMedical Materials (BMM) program was established to develop innovative
biomaterial‐based strategies to tackle organ and tissue failure in the cardiovascular,
oncology, musculoskeletal and nephrology fields. Within public‐private partnerships, the
program focused on creating technological, clinical and societal advancement, but also
on generating economic value. The BMM TRAMMPOLIN project (Total ReplAcement of
Meniscus with Minimally invasive POLymer ImplaNt) comprised the development of a
synthetic, non‐resorbable total meniscus substitute. The tasks within this project were
subdivided over the six academic and industrial consortium partners (Radboudumc,
Eindhoven University of Technology, UMC Groningen, DSM, Biomet, Baat Medical),
combining the knowledge of material scientists, tribology experts, biomechanical
engineers, biologists and surgeons to optimally tune the design of the implant.
As a start, the Radboudumc provided basic insights into the fixation and geometry
variation of the native meniscus, to supplement the design criteria of the implant. The
effect of material configuration, mechanical properties and implant geometry on
macroscopic and microscopic cartilage mechanics was computationally evaluated at the
Radboudumc and the Eindhoven University of Technology. Tribology tests were
simultaneously performed at the UMC Groningen. Based on the outcomes of these
investigations, the implant material was selected from the biomaterial portfolio of DSM.
Additionally, DSM was responsible for the methodology and technology to produce the
implants. Researchers at the Radboudumc subsequently evaluated the performance of
the full implant using both in vitro and in vivo methods. Finally, Baat Medical was involved
in the development of the surgical technique and instrumentation for clinical application
of the implant.
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THESIS OUTLINE
This thesis includes three aspects of the development of the TRAMMPOLIN total
meniscus implant. The first part of the thesis comprises a thorough review of the current
status of synthetic meniscus replacement. The second part consists of fundamental
research into the fixation and geometry of the native meniscus in order to define the
related design criteria of the implant. The third part describes the evaluation of the
implant’s functional performance in in silico, in vitro and in vivo models of the knee joint.
Review of the current status of synthetic meniscus replacement
Research into the use of synthetic materials for meniscal substitution is being carried out
since several decades. The aim of Chapter 2 was to review the present concepts for
partial and total synthetic meniscal replacement. To obtain a complete overview of the
strengths and pitfalls of the currently adopted strategies, both approaches that are
already clinically applied and those still in the preclinical development phase were
included in this review. In addition, the currently applied methods for evaluation of novel
meniscal substitutes were reviewed. The outcomes of this chapter provided a rationale
for the design criteria for our total meniscus replacement as well as a framework for a
multimodal approach in assessing the functional performance of our novel implant.
Circumferential fixation of the native meniscus
The importance of meniscal horn fixation in obtaining a proper load distribution on the
articulating cartilage has been well established in the literature [67, 68]. However, the
biomechanical role of the remaining modes of meniscal fixation (the inter‐meniscal,
menisco‐femoral and menisco‐synovial fixation) has been less extensively investigated. In
addition to horn fixation to the tibia plateau, medial meniscal allografts are sutured to the
knee capsule. This circumferential fixation is adopted as it is generally accepted that a
firm connection between the allograft tissue and the knee capsule is essential for graft
healing and revascularization [38]. Since a solid synthetic meniscal replacement does not
require this biological aspect of circumferential fixation, it is important to identify
whether there is a biomechanical rationale to include options for circumferential fixation.
Although it is known that the cartilage contact mechanics in the knee are not affected by
the absence of fixation to the capsule in allografts or autografts [68, 73, 74], the influence
of circumferential fixation on meniscal kinematics has not been investigated. Therefore,
the aim of Chapter 3 was to determine whether releasing and restoring the
circumferential fixation of the medial meniscus influences its kinematics pattern.
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3D geometry of the human medial meniscus
Designing an anatomically shaped meniscus replacement requires detailed knowledge on
the inter‐subject variations in native meniscus geometry encountered naturally. 2D
meniscal size parameters have been quantified [75, 76], however a 3D description of
meniscal geometry is not available yet. Moreover, it is unknown whether variation in
meniscus geometry mainly depends on linear scaling (size) or whether different meniscal
shapes can be distinguished. Statistical shape modeling captures the geometry variation
of a group of objects and reduces the dimensionality of this data set consisting of a large
number of correlated landmarks to a small set of uncorrelated variables [77]. This
characteristic can therefore be employed to separate the size and shape components of
anatomical variation [78, 79]. In Chapter 4, a statistical shape modeling approach was
adopted to quantify the 3D variation in meniscus geometry and to determine whether
this variation in medial meniscus geometry is size or shape driven. Additionally, a cluster
analysis was performed to assess whether distinct morphological groups of medial
menisci could be distinguished and whether medial meniscus geometry is gender
dependent.
The sensitivity of cartilage stresses to geometry variation of an anatomically shaped
meniscus implant
As previously discussed, mismatches between allograft and native meniscus size are
known to influence the cartilage contact pressures and graft strains [42]. Therefore, it is
essential to consider the effect of geometry variation of an anatomically shaped meniscal
implant on cartilage and implant mechanics. In Chapter 4 we developed a statistical
shape model to quantify the independent modes of meniscal geometry variation.
However, this model does not provide insight into the importance of these geometry
modes for implant and knee functioning. A 3D finite element model of the knee joint
allows simple adaptation of the native meniscus geometry and material properties to
those of the implant. Therefore, the purpose of the research described in Chapter 5 was
to computationally quantify the effects of the previously identified variations in meniscal
geometry on cartilage and implant mechanics.
Biomechanical implant performance in a human cadaver knee joint
Any meniscal replacement should ideally be capable of carrying the high loads
experienced by the native meniscus, take over its functions in load redistribution across
the knee articular cartilage and provide knee stability. Cadaveric human knee joints
provide a model to assess the functional biomechanical performance of a novel meniscus
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implant in an environment closely resembling the native situation and allow for
measurements and comparisons that cannot be performed in vivo. In Chapter 6 we
utilized these characteristics of the cadaveric knee model to evaluate whether our
meniscus implant influenced meniscal kinematics, knee stability and tibial contact
mechanics in comparison with the native medial meniscus, a meniscal allograft and after
total meniscectomy.
In vivo performance of the implant in a goat model
Although in vitro and in silico methods can provide a considerable amount of knowledge
on the biomechanical performance of a synthetic meniscal substitute, the assessment of
the biological response induced by the implant and the effects of long term physiological
loading requires in vivo experiments. In Chapter 7 and 8 we studied the functional
performance of the implant in a goat model. Chapter 7 comprises a short‐term study with
a limited number of experimental groups, to analyze implant biocompatibility, implant
and fixation integrity and the effect of the implant on the articular cartilage. Since the
goat model, like any animal model in the field of meniscus replacement research, is not
perfectly analogous to the human knee joint in terms of anatomy, physiology and
biomechanics, it is essential to include suitable control groups to be able to interpret and
extrapolate the results of an in vivo study. In Chapter 8 we therefore performed a twelve
month goat study that, besides the implant group, included total meniscectomy,
meniscal allograft, sham surgery and non‐operated control groups. Including this
extensive set of experimental groups allowed examination of the chondroprotective
potential of our meniscal implant and comparing its performance with that of treatments
that are currently applied in clinical practice.
Summary ‐ General discussion ‐ Future research
In Chapter 9, the main findings of the separate studies described in this thesis are
summarized and combined, in order to identify the aspects of the implant design that
require improvement. This chapter also addresses the strengths and limitations of our
multimodal framework for the preclinical evaluation of the TRAMMPOLIN implant and
how the results of this thesis can be employed to predict the implant’s clinical value.
Finally, suggestions for future research in the field of meniscal replacement are provided.
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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 meniscus injury vary between 0.35 and 0.7 per 1000 person‐
years [1, 2]. However, in a large, recently published study amongst active duty US Military
Service members, the incidence of meniscal injury (treated and non‐treated) was found to
be as high as 8.27 per 1000 person‐years [4].
Meniscus 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 deterioration of tissue quality being part
of the natural aging process [5, 6]. The two types of tears can be morphologically
discriminated; traumatic meniscal lesions generally are vertically and longitudinally
oriented, whereas degenerative tears usually originate in horizontal direction [5, 6]. The
risk of tearing a meniscus in the age group over 40 years was reported to be a factor four
larger 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 the patients.

TREATMENT
Meniscal tears require surgical intervention in approximately 85% of the cases, a
relatively high percentage compared 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. However, successful healing of the torn tissue is more likely when it is
located in the vascularized 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 meniscus 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. In this scope,
a torn meniscus was usually treated by a total meniscectomy. The instantaneous
disappearance of impairment and pain observed after such surgery supported value of
this treatment. In the seventies and eighties, several studies however elucidated the

2

28

Chapter 2

biomechanical effects of a (partial) meniscectomy in cadaveric knees. Contact stresses on
the tibia plateau were found to increase proportional with the amount of meniscus tissue
removed [10, 11], illustrating the importance of the meniscus in load bearing and
distribution.
Radiographic signs of in vivo changes after meniscectomy were already presented in
1948, when Fairbank noticed 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
established [13‐15]. Nevertheless, radiographic OA can only be moderately correlated to
the degree of cartilage degeneration 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
KOOS, Tegner activity and Lysholm scores.
MR 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 dGEMRIC MRI, allow visualization of the molecular structure
of the articular cartilage and of the meniscus, and can be used to examine degenerative
processes in time in future studies [19].
The first period post‐meniscectomy, patients generally experience pain relief and
improved functionality compared with the pre‐surgery situation [20, 21]. Some patients
however, report on 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 were found to suffer from symptomatic OA
sixteen 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 meniscectomy. Interestingly, the risk of developing symptomatic OA
increased significantly after meniscectomy in 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
Since several years, two companies offer a solution for these patients suffering from post‐
meniscectomy syndrome, provided that the peripheral meniscus rim is still intact and
cartilage damage is limited. The treatment strategy is similar for the two implants
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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 moment of implantation may either be directly following the meniscectomy
or after development of symptoms. Clinical studies are being performed to evaluate
efficacy of the collagen meniscus implant (CMI®) and a polyurethane polymeric implant
(Actifit®). FDA approval 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 (Figure 2.1a) made of collagen type I fibers from
purified bovine Achilles tendon (Figure 2.1b) 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‐nineties the first small clinical trial with the CMI®
demonstrated 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 standards, recently
the outcomes of a prospective randomized clinical trial addressing this comparison were
published [25]. A total of 311 partial meniscectomy patients with Outerbridge scores less
than grade four were subdivided in 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 meniscus defects improves clinical outcomes for chronic
patients 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 clinical 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 authors’
conclusion that clinical outcomes improve for chronic patients receiving the CMI®.
Zaffagnini and colleagues combined several clinical measures with radiographic and
MRI evaluation to compare the CMI® to partial meniscectomy at a minimum of ten year
follow‐up [26]. The patients were not randomized between treatment groups and the
outcome of acute and chronic tears was not separately analyzed. 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, also in this
case the clinical significance of the differences was not addressed. Unique in their clinical
evaluation of the CMI® implant 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, signal intensity does not resemble that of the native
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meniscus, neither for short follow‐up [27, 28], nor for follow‐up periods exceeding 10
years [26, 29]. Figure 2.1c shows an example MRI of a CMI® implanted knee 12 months
post‐surgery. Based on second look arthroscopies at mean 12.8 months and MR scans at
mean 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.

Figure 2.1: a) Medial (left) and lateral (right) CMI®. Reprinted with permission of Ivy Sports
Medicine GmbH. b) Scanning electron microscopy image of the CMI®, clearly showing the
collagen laminae. Reprinted from [30]. c) 12 month follow‐up sagittal MRI image of the
CMI®. The white arrow illustrates the boundary of the implant, which has decreased in size
compared to the situation directly post‐operatively. The signal intensity of the implant is
different from native meniscus tissue. Reprinted from [28].
The second commercially available scaffold for partial meniscus replacement is the
synthetic, porous Actifit® implant (Figures 2.2a and b). To create an optimal combination
of flexibility and mechanical strength, the Actifit® implant is built of polymers that consist
of flexible, biodegradable polycaprolactone segments combined with stiffer, semi‐
degradable polyurethane segments [31]. The Actifit® implant originally was developed 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 replacement,
the implant could not resist the shear forces in the knee joint and cartilage damage could
not be prevented [32, 33]. When implanted in an ovine partial meniscal defect however,
the Actifit® implant promoted fibrous tissue ingrowth into the defect site while not
damaging the articulating cartilage [34]. Moreover, the scaffold improved contact
mechanics on the ovine tibia plateau compared to a partial defect situation [35]. Verdonk
et al. recently published the first outcomes of a case series involving 52 partial
meniscectomy patients with ICRS cartilage grades less than two receiving the Actifit®
scaffold, with a follow‐up period of 24 months [36]. 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
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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
stabilization or improvement of the articular cartilage condition, suggesting the implant’s
protective effect against cartilage degeneration [36]. However, this study did not include
a control group with only partial meniscectomy like in the CMI® study by Rodkey et al.
Although the scores (VAS pain score, Lysholm score) of the Actifit® patients seem not to
vary much from the control patients in the CMI® study, only a proper randomized
controlled study could support the additional value of the Actifit® implant.

Figure 2.2: a) Medial (top) and lateral (bottom) Actifit® implant. Reprinted with permission
of Orteq Sports Medicine. b) Scanning electron microscopy image of the Actifit® implant,
showing the interconnected porous structure of the material. Reprinted from [37]. c) Sagittal
and d) coronal proton density MRI images of the Actifit® implant, taken 14 months post‐
surgery. The images show that integrity of the construct is maintained, yet the implant
displays a homogeneous oedema‐like signal (black arrows) in comparison with the native
meniscus (white arrows). Reprinted from [27].
Although Verdonk et al. collected MRI data, the two year follow‐up publication only
reports on cartilage condition [36]. 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 6–36) [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 (Figures 2.2c and d) which
persisted up to 19 months post‐surgery [27].
To summarize, the available implants for partial meniscus defects seem safe. For
acute irreparable meniscus 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 whether the implanted knee joint indeed functions better than
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meniscectomized control knees is still doubtful. A prospective randomized 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 to conserve as much of the damaged meniscus as possible,
orthopaedic surgeons still encounter 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 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 are treated by implantation of an allograft meniscus. Patient related outcomes
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 twenty years are
reviewed [38]. Ideally, a meniscal allograft would protect the articular cartilage by
preventing the progression of OA. There is, however, no data that supports the
chondroprotective effect of donor menisci in the human knee [38].
Although allograft transplantation is currently the best treatment available for
symptomatic meniscectomy patients, problems related to graft availability, size
matching, high costs and disease transmission limit the widespread practice of this
intervention. Moreover, upon transplantation allograft menisci were observed to shrink
[39] and undergo collagen remodeling [40], 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 anatomically shaped synthetic total meniscus replacement has been tested in
patients yet. Recently, the first synthetic meniscus‐like implant (NUsurface®) has
proceeded to phase one clinical trials. Several other approaches are still in the pre‐clinical
phase.
Synthetic total meniscus substitutes
Messner et al. were the first to publish a comprehensive series of papers on the potential
of Teflon® and Dacron® biomaterials to serve as permanent meniscus substitution [41‐
43]. Iteratively improved designs were extensively tested in a rabbit model. However, the
limited pool of biocompatible materials available in the nineties could not provide the
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optimal combination of flexibility and strength, and wear resistance, resulting in severe
deformation of the implant and deposition of wear particles, accompanied by synovitus
and knee joint remodeling [41, 42].
Van Tienen et al. explored the capacity of porous polyurethane scaffolds as total
meniscus substitutes. Pore size and compressive properties were tuned to stimulate
tissue ingrowth and differentiation into fibrocartilaginous tissue based on earlier findings
[44, 45]. Six months after implantation in dogs, fibrous tissue had formed in the periphery
of the scaffold, but cartilaginous tissue was found in the central region [32]. Compressive
properties of the implant increased up to evaluation at 24 months post‐implantation and
were not different from native meniscus properties [33]. 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 degradation at
24 months. The combination of these factors might have been resulted in the lack of
chondro‐protectiveness of these polymer implants [33]. Following these results this type
of polyurethane scaffold seemed to be more suitable as a partial meniscus substitute, to
be used with a remaining peripheral meniscus rim. This partial replacement has been
introduced to the market as the Actifit® partial meniscus substitute.
The polyvinyl alcohol (PVA) hydrogel implant of Kobayashi et al. was one of the first
non‐porous permanent replacement approaches. Compressive strength and visco‐elastic
behavior of the material was highly similar to that of the native (human) meniscus, even
after two years of implantation in a rabbit knee [46, 47]. The implant proved to be
chondroprotective when compared to meniscectomy, however no sham‐operated
controls were included to evaluate the influence of the replacement surgery on cartilage
condition [47]. In a large animal model however, the implant caused severe damage to
the articular cartilage and benefits in comparison with allograft menisci could not been
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
hyper‐mobility of the implant’s body [48]. Recently, an American group has renewed
interest in PVA hydrogels for meniscal substitution. It has been shown that by the
incorporation of polyethylene fibers into the hydrogel, both the compressive and tensile
moduli of the biomaterial can be tuned to resemble that of the native meniscus [49],
which is an important step towards the ability of any meniscal implant to convert
compressive loads into hoop stresses.
Kon and coworkers have developed a porous scaffold for total meniscus substitution
based on a hyaluronic acid and polycaprolactone matrix augmented with circumferential
polylactic acid fibers [50‐52]. 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 cartilage
degeneration unlike meniscectomy, yet the cell‐seeded scaffolds did not show better
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cartilage condition than the cell‐free scaffolds [52]. Based on the results of a small
number of non‐extruded constructs, the authors expect improved outcomes when
extrusion of the implants can be prevented [52]. However, this may require a more rigid
horn fixation which was associated with implant failure and dislocation in one of their
earlier investigations [51].

Figure 2.3: a) Disc‐shaped, free floating NUsurface® total meniscus prosthesis, for
replacement of the human medial meniscus. The image shows the orientation of the ring
shaped fiber bundles inside the bulk material. Reprinted from [53]. b) Anatomically shaped
version of the NUsurface® total meniscus prosthesis, including fixation bolts at both horns.
Reprinted from [54]. c) 12 month follow‐up sagittal MRI image of the NUsurface® meniscus
replacement. The joint space has been restored with respect to the pre‐operative situation
and the image does not show signs of cartilage pathologies. Reprinted with permission of
Active Implants Corporation.
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 polycarbonate urethane (PCU) meniscal implant (NUsurface®, Figure 2.3a).
Whereas other groups mainly published on the body´s biological response to their
meniscal prosthesis, this group chose FDA approved PCUs as a starting point, and
focused on optimization of the biomechanical response first. The design has been
optimized using finite element modeling of the implant’s material behavior and the
resultant contact mechanics on the tibial articular cartilage [55]. The computed contact
mechanics under the ultimate implant resembled those of an intact human meniscus
measured from cadaveric experiments [53, 55]. Subsequent in vivo experiments in a sheep
model show no differences in cartilage condition between the PCU implant and the
contralateral control joints up to six months post‐operatively [54]. However, Mankin
scores of these non‐operated controls were relatively high compared to earlier reported
values [56] 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
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each time point, which in our opinion is not sufficient to draw conclusions regarding
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 (Figure 2.3b), the human
version is disc shaped and free‐floating (Figure 2.3a) [54, 55]. Arguments for this change
were not provided in 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 restoration of the joint
space and maintenance of cartilage signal intensity at 12 months post‐surgery (Figure
2.3c).

FUTURE DIRECTIONS IN MENISCAL REPLACEMENT
Meniscus replacement remains an incessantly popular topic in the scientific literature.
Advancements of the last decade have resulted in several implants that are now being
subjected to the process of clinical evaluation. However, results keep indicating that the
substitutes still require improvement to optimally mimic native meniscus functioning and
new approaches are constantly investigated.
Synthetic partial and total meniscal substitutes
Continuously, several groups are seeking for the right combination of material
(properties), geometry and boundary conditions 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 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 [53‐55]. The time span short of these
publications and the fact that the implant has already proceeded to a phase one clinical
trial, illustrate the high speed by which progress can be made with synthetic implants that
do not require tissue regeneration.
Balint et al. developed a fibrous scaffold for total meniscus replacement and
subsequent tissue regeneration. The implant, composed of quasi‐circumferentially
wrapped collagen‐polymeric fibers, is able to convert applied compressive loads into
tensile hoop stresses, which is an important characteristic of native meniscus functioning
[57, 58]. However, the lack of a supportive bulk material seems to result in compressive
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properties that are considerably inferior to native meniscus tissue, although only
preliminary data is provided on compressive testing and contact pressure analysis [57].
Recently, the first results on silk scaffolds for (partial) meniscus regeneration have
been published [59‐61]. Improvement of the scaffold’s mechanical properties to resemble
those of the native meniscus seems to be the largest challenge. Mandal et al. published
on a multilayered silk scaffold for total meniscus tissue engineering. Compressive moduli
of the distinct scaffold layers exceed those of the native meniscus, yet the tensile moduli
are still a factor 50 to 100 lower [59]. Although from their publication it is unclear whether
they aim at partial or total meniscus substitution, in our opinion the mechanical
properties of this scaffold are by far not sufficient for a total meniscus replacement. In
vivo regeneration of meniscus tissue in a different partial defect silk scaffold (FibroFixTM)
does increase its compressive modulus towards that of the native meniscus, yet the
tensile properties of the scaffold were not reported [60].
Many other research groups may be working on individual aspects of meniscus
implants, like balancing scaffold porosity and material properties, improving tissue
infiltration or designing fixation strategies for optimal integration with the surrounding
tissues. Results of this work are not included since we have chosen to limit the content of
this chapter to implants that have been functionally tested.
Pre‐clinical testing platforms
Resembling the native biomechanical characteristics seems to be the key factor in
(partial) meniscus replacement functioning that remains challenging and requires early
attention during the development process. When reviewing literature however,
biomechanical functioning of meniscal 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. suggest a pre‐clinical pathway
integrating in vitro, in vivo and in silico models for a complete functional evaluation of
meniscal substitutes [62]. Pressure distribution and magnitude can be studied in
cadaveric knee joints. Additional in vitro tests should elucidate the frictional behavior of
the implant material 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 [62]. Once such trajectory of pre‐clinical assessment has resulted in a prosthesis
that has successfully born all tests, a firm foundation has been laid to start phase one
clinical trials. In our opinion such extensive pre‐clinical screening of novel implants should
be adopted by all investigators involved in the development of meniscal substitutes, in
order to provide well‐founded arguments for the introduction of new implants to the
market.
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The TRAMMPOLIN total meniscus substitute
Over the last years, the authors of this paper have been part of a Dutch national
consortium (TRAMMPOLIN) developing an anatomically shaped, non‐resorbable total
meniscus substitute. The consortium combines knowledge of material scientists,
tribological experts, biomechanical engineers, biologists and surgeons to optimally tune
the design of the implant. The aspects determining implant functioning (material
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 kinematics 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 chondroprotective capacity. The results 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 last decades, a wide range of therapeutic strategies has been developed to treat
meniscus 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 comprise 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, chondrocytes, 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 composition and
organization 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 ingrowth and remodeling during resorption of the implant
material.
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The interest in research on the meniscus is growing, considering the substantial
increase of papers published on this subject. However, the fact that there are yet no
anatomically based implants to replace the entire meniscus and only three meniscus
replacements are 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 if daily
life activities of implanted patients really improve. Only thorough pre‐clinical testing and
decent randomized controlled trials can supply us with data that proves the additional
value of new developments. Nevertheless, all scientific output on the development and
testing of meniscal replacements provides a wealth of experience to be used to design
the ideal meniscus substitute
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INTRODUCTION
Each year, approximately 850,000 meniscus‐related surgeries are performed in the USA
alone [1], making the meniscus one of the most vulnerable tissues inside the knee joint
[2]. Although meniscal repair and partial meniscectomy are favorable treatments,
severely damaged menisci may require a total meniscectomy. Sixteen years post‐
meniscectomy, 50% of these patients have developed symptomatic osteoarthritis [3].
Symptomatic meniscectomized patients with early cartilage degeneration are typically
treated by meniscal allograft transplantation, which reduces pain and improves knee
function [4]. Problems related to the use of allograft menisci stimulate the development
of new synthetic implants for total meniscus replacement. This process requires a
detailed understanding of meniscal biomechanics. Moreover, such information also is
beneficial for the successful application of existing interventions.
The menisci facilitate the load bearing capacity of the knee by acting as a load
distributor, shock absorber and stabilizer [5]. By moving along with the femur during
flexion, maximum joint congruency is maintained and thereby an optimal distribution of
the contact pressures is maintained. Meniscal motion is partially guided and restricted by
the meniscotibial ligaments, which connect the menisci and the tibia plateau. Contrary to
the lateral meniscus that is separated from the lateral collateral ligament, the medial
meniscus is circumferentially firmly integrated with the medial collateral ligament (MCL)
and the knee capsule [6]. It has been hypothesized that this difference in circumferential
fixation causes the low mobility of the medial relative to the lateral meniscus, and by that
explains the increased frequency of medial meniscus tears [7]. However, it has never been
directly tested whether the circumferential fixation contributes to medial meniscus
kinematics and thereby regulates meniscal biomechanics.
Fixing meniscal autografts with and without circumferential sutures did not affect
tibial contact pressures [8, 9]. However, these experiments included flexion angles up to
45° only, while meniscal motion cannot be linearly extrapolated to higher flexion angles
[10]. Moreover, circumferential fixation may become more important for restricting
medial meniscus motion in complex movements like tibial rotation. Therefore, the
objective of this study was to determine whether releasing and restoring the
circumferential fixation of the medial meniscus affects its kinematics. Additionally, the
influence of an internal and external tibial torque on meniscal kinematics was
investigated for all fixation conditions.
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MATERIALS AND METHODS
In a knee loading apparatus, cadaveric knee joints were subjected to loading conditions
simulating a squat movement. Medial meniscal motion was captured using roentgen
stereophotogrammetric analysis (RSA) of radiopaque beads fixed inside the meniscus.
Measurements were repeated for three different fixation conditions between the medial
meniscus and the surrounding tissues.
Specimens
Fresh‐frozen, right human cadaveric knee joints were obtained from our institutional
department of Anatomy. Specimens that showed radiographic signs of joint space
narrowing, osteophytes or chondrocalcinosis, and those displaying meniscal tears upon
opening the joint, were excluded. Six knee joints (two male, four female) with an average
age of 83 years (range 75 to 90) were tested.
Knee loading apparatus
To fit the specimens in the loading apparatus, both the femur and the tibia were
shortened to 15 cm length. Each specimen was then transferred to the six degrees of
freedom knee joint loading apparatus. This apparatus constraints flexion of the femur
while the tibia can freely set its internal/external and varus/valgus rotations, together with
its anterior/posterior, medial/lateral and axial translations (Figure 3.1) [11]. To align the
knee joint, the femur was positioned with its intercondyllar notch in the intersection of
the flexion/extension axis and the varus/valgus axis, and the tibial shaft was aligned with
the internal/external rotation axis of the apparatus. Upon alignment, the specimens were
permanently fixed to the holders of the loading apparatus with polymethyl methacrylate.
These holders could easily be removed from the loading apparatus and placed back in the
exact same position, which allowed applying surgical interventions to the knee joint
outside the test setup without changing the alignment.
Surgery
The knee joint was opened through an anteromedial parapatellar incision. To access the
medial knee compartment, the femoral attachment of the MCL was released by isolation
of a bone cap, which could be repositioned with a screw. The bone cap technique was
chosen to allow easy and reproducible repositioning of the MCL, without changing its
kinematics [12]. Using a custom insertion device [10], three tantalum beads (0.8 mm
diameter) were inserted in the periphery of the anterior and posterior horn and the mid‐
region of the medial meniscus. One extra bead (1 mm diameter) was inserted in the tibial
origin of the anterior cruciate ligament, to define a reproducible origin of the coordinate
system. Four more tantalum markers (1 mm diameter) were inserted into both the
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proximal tibia and the distal femur. A metal ring was sutured to the distal end of the
rectus femoris tendon, to allow for load transfer from the loading apparatus to the tibia.
All surgical interventions were performed by an orthopaedic surgeon (TvT) experienced in
meniscal allograft transplantations.

3

Figure 3.1: Schematic representation of the knee loading apparatus, showing the axes of
rotation of the tibia (t) with respect to the femur (f): (a) varus/valgus rotation and (b)
internal/external rotation. The flexion angle is changed on the femoral side (c). Compressive
loading is applied through weights at point (d) and the internal/external torque via the
sheaves at point (e). Adapted from van Tienen et al. [10].
Loading protocol
In order to apply realistic loading conditions for each angle up to 90° of flexion, the
loading regime was based on a free body diagram of a squat movement [13]. Compressive
forces acting on the knee joint were determined by completing the equilibrium equations
with anthropometric data from literature [14‐17] and ranged from 667 N for 0° flexion to
1870 N for 90° flexion (Table 3.1). To prevent damage to the loading apparatus and the
tissue, forces were linearly scaled down to a maximum of 1000 N (range 357‐1000 N). For
the same reason, loading of the rectus femoris tendon was restricted to 250 N, which was
kept constant for every flexion angle (Table 3.1). The measurements of each condition
started with a preconditioning regime during which the knee was dynamically flexed from
0° to 90° and back to 0° in unloaded state, for five consecutive cycles. Then the knee was
placed in 0° flexion and the actual loading cycle was started, according to the flexion
angles and loads listed in Table 3.1. In each flexion angle, the knee was first tested
without tibial torque (neutral), and subsequently with an internal torque of 3.4 Nm and an
external torque of 1.4 Nm. These were rotational moments measured for daily activities
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and adjusted for a person with an average bodyweight [18]. The tibial torques were
induced by loads applied to the pulleys attached to the tibial fixation holders (indicated by
letter (e) in Figure 3.1), resulting in a rotation around the long axis of the tibial shaft (axis
(b) in Figure 3.1). The loading protocol was repeated for three different capsular fixation
conditions of the medial meniscus. First, the integration between the meniscus and knee
capsule was left intact (Figure 3.2a). Secondly, this integration was detached over the
complete circumference of the meniscus (Figure 3.2b). Thirdly, the meniscus was sutured
back to the knee capsule with five inside‐out vertical mattress sutures (Vicryl 2‐0, Ethicon,
Somerville, NJ, USA) (Figure 3.2c).

Flexion angle
(°)

Computed (axial)
compressive force
(N)

Applied (axial)
compressive force
(N)

Applied quadriceps
tendon load
(N)

0

667

357

250

30

1070

572

250

60

1542

824

250

90

1870

1000

250

Table 3.1: Compressive forces applied to the knee joints.

Figure 3.2: Medial views of a representative knee joint. The medial meniscus is indicated by
#, the MCL by * and the knee capsule by $. a) Intact fixation between medial meniscus and
MCL/knee capsule complex, b) detached fixation and c) resutured fixation.
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RSA measurements & data analysis
For each flexion angle, rotation and fixation combination, a bi‐planar radiograph of the
knee with the tantalum markers was taken. Using RSA techniques, the positions of the
tantalum markers inside the knee joint were related to the distances known from a
calibration image, which resulted in the 3D location of the beads and thereby their
motion pattern for the flexion range from 0° to 90° flexion. Bead positions for each
flexion angle were converted into translations relative to the neutral position, for three
flexion intervals (30°‐0°, 60°‐0°, 90°‐0°). Meniscal motion was described by a
combination of the translations along the antero‐posterior (AP) and medio‐lateral (ML)
axes of the tibia, since previously it was stated that translations in axial direction were
negligible compared to those in AP and ML direction [19]. Statistical analysis of the AP
and ML translation data was performed by four‐way repeated measures analyses of
variance (rANOVA), with fixation condition, tibial rotation, flexion interval and meniscal
region as the within‐subject factors. Following the conditions tested, each of the within‐
subject factors had three different levels (Table 3.2). If one of the within‐subject factors
showed a significant effect, Bonferroni post‐hoc tests for pairwise comparisons were
performed. P‐values smaller than 0.05 were considered significant.

Fixation condition

Tibial rotation

Flexion interval

Meniscal region

1

Intact

Neutral

30°‐ 0°

Anterior

2

Detached

Internal

60°‐ 0°

Mid

3

Levels

Within‐subject factor

Resutured

External

90°‐ 0°

Posterior

Table 3.2: Levels of the four within‐subject factors as used for the four‐way rANOVA tests.

RESULTS
Figures 3.3 and 3.4 give an overview of the translation data (mean ± standard error of the
mean (SEM)) for all situations evaluated. Each of the applied loading configurations is
displayed in one subplot. Between 0° to 90° flexion, AP translations for the intact
fixation/neutral rotation case were 7.0±1.6 mm (anterior horn), 4.1±1.2 mm (mid region)
and 3.2±1.1 mm (posterior horn), all in posterior direction (Figure 3.3). The corresponding
mean ML translations were 1.7±0.5 mm (anterior horn) in lateral direction, 0.8±0.2 mm
(mid region) in medial direction and 0.1±0.4 mm (posterior horn) in medial direction.
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Figure 3.3: Medial meniscus translations (Mean ± SEM) in AP direction, for all different
configurations measured. Within one subplot the different fixation conditions and flexion
intervals are displayed. Horizontally, the three different rotations and vertically the three
locations within the meniscus are given.

Effect of fixation condition
Changing the circumferential fixation of the medial meniscus did not lead to substantial
differences between the translation patterns measured for the three fixation conditions
(Figures 3.3 and 3.4, compare the groups of black, gray and white bars). The maximum
mean difference between the fixation conditions were 0.35 mm for AP translation and
0.27 mm for ML translation (Table 3.3). The rANOVA tests showed a non‐significant
effect of fixation condition on AP (p=0.755) and ML translation (p=0.668).
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Figure 3.4: Medial meniscus translations (Mean ± SEM) in ML direction, for all different
configurations measured. Within one subplot the different fixation conditions and flexion
intervals are displayed. Horizontally, the three different rotations and vertically the three
locations within the meniscus are given.

Effect of tibial rotation
The application of an additional internal torque reduced the posterior translation of the
medial meniscus by approximately 1 mm, while an external torque increased the
backward translation with approximately 0.5 mm. The effect of the tibial torque was
similar for all three fixation conditions (Figure 3.5). ML motion was less regularly
influenced by applying an internal or external torque, and the resulting translations were
small. The outcomes of the rANOVA test showed that the isolated effect of the factor
tibial rotation did not influence any of AP (p=0.255) and ML translation (p=0.679).
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Effect of flexion angle
During flexion of the knee, the medial meniscus predominantly displayed posterior
translation, while motion along the ML axis was less regularly distributed over the
meniscus and rather limited (Figures 3.3 and 3.4). The mean effect of the factor flexion
angle showed a significant effect for AP translation (p=0.028), but not for ML translation
(p=0.255). Post‐hoc pairwise comparisons did not reveal significant differences between
AP translations of the three separate flexion intervals.

Figure 3.5: Medial meniscus translations (mean ± SEM) in AP direction as a result of
applying an internal and external tibial torque.
Effect of meniscal region
The individual regions within the medial meniscus each had a distinct motion pattern
(Figures 3.3 and 3.4, compare the results of subplots a‐b‐c with graphs d‐e‐f and g‐h‐i),
which is indicated by the significant effect of the factor location for both AP and ML
translation (p=0.005 for AP and p=0.006 for ML). The anterior horn displayed significantly
more posterior translation than the posterior horn (p=0.041). While the anterior horn
moved in lateral direction during flexion, the mid region of the medial meniscus moved
medially. ML translation of the posterior horn was not consistent over all specimens.
After post‐hoc pairwise comparisons only the difference between ML translation of the
anterior horn and mid region was significant (p=0.006).

DISCUSSION
In this study, RSA was used to investigate motion patterns of the medial meniscus after
release and subsequent restoration of its capsular fixation. Our results indicate that
meniscal motion is not affected by its separation from the MCL and knee capsule, nor by
resuturing the meniscus to the capsule. Our results are not in agreement with the belief
that the integration between the deep MCL and the medial meniscus limits mobility of
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the meniscus [7]. This generally accepted explanation of the biomechanics of the MCL‐
meniscus complex is based on a macroscopic anatomical evaluation of the tissues. In a
more detailed investigation, Robinson et al. have studied the separate layers of the
posteromedial aspect of the knee, and concluded that only the deep MCL is attached to
the circumference of the meniscus. The fibers of the deep MCL, however, do not tighten
with flexion of the knee [6]. Microscopic evaluation of the MCL‐meniscus complex shows
that this connection between the deep MCL, the joint capsule and the meniscus
comprises loosely arranged, undulating, connective tissue fibrils [20, 21]. Just underneath
the superficial collagen fibril network, one additional lamellar layer of radially oriented
fibrils runs towards the joint capsule [20]. It is unlikely that a loosely organized fibril
network is able to restrain motion of the heavily loaded meniscus. Hence from a
microscopic perspective it could be expected that releasing the circumferential fixation of
the medial meniscus would not cause large changes in meniscal displacement.
RSA is generally used to assess rigid body motion, but can also be applied to soft
tissues [10, 22, 23]. Bead migration inside the tissue should be absent to obtain valid RSA
results. To check for absence of bead migration a pilot study was performed, in which the
0° flexion measurement was repeated after the full loading cycle in the intact meniscus.
Bead locations of both 0° measurements were almost identical (mean difference 0.13
mm, range 0.03‐0.34 mm for two knees. These small differences are more likely to be the
result of changes in meniscal position with respect to the tibia than the result of bead
migration within the meniscus.
The AP translations of the intact medial meniscus as measured in this study, are
similar to those reported in other publications, both in vivo [24‐26] and in vitro [10, 27].
Reported ML translations are more randomly distributed, yet in a similar range as our
measurements [10, 19]. Applying an internal tibial torque resulted in anterior translation
of the medial meniscus with respect to the neutral situation. An external torque induced
posterior translation of the meniscus. These results are consistent with previously
published data [10, 19]. The close correspondence between meniscal displacements
described in literature and our results indicates that dissection of the knee joint and
opening the knee capsule to insert the radiopaque markers has not influenced meniscal
kinematics.
Although a relationship between meniscal displacement and tibial contact mechanics
has not been established yet, it is likely that the center of pressure shifts when the
meniscus moves over the tibia plateau. Therefore, we consider our conclusions to be in
agreement with the findings of Alhalki et al. who did not find differences in tibia plateau
contact mechanics between medial meniscal autografts fixed at the horns only and horn
fixation augmented with peripheral sutures [8]. Small shifts in the center of maximum
pressure were observed between these two fixation conditions, yet these were not
significant. From a finite element analysis of a knee in full extension, D’Lima et al. drew
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similar conclusions regarding the absence of changes in contact mechanics after suturing
the peripheral rim of an autograft meniscus [9].
While other researchers have evaluated a limited number of knee flexion angles under
constant loading, this study includes a wide range of flexion and more sophisticated
loading configurations, as suggested by Alhalki et al. [8]. Ideally, meniscal displacements
would be tested in a dynamic fashion. Although the knee loading rigs to perform such
tests are available, these do not allow for the combination of loading and simultaneous
visualization of the soft tissues within the knee joint. Currently available methods capable
of capturing meniscal displacements (MR imaging and X‐ray based methods) require
static imaging of the knee, as was used in this study.
This study is not without limitations. The age of the specimens tested was relatively
high. Although a healthy joint status was confirmed at the start of the experiment, the
natural aging process may have increased laxity of the MCL and knee capsule compared
to younger adults. As such, it is possible that the peripheral constraint to meniscal motion
was already reduced in the intact joint. The knee loading rig used in this experiment is
capable of exerting compressive loads up to 1250 N, while in vivo the compressive loads
can be as high as multiple times body weight. This limitation in loading of the knee joint is
not believed to affect outcome of this study, since Vedi et al. have shown that meniscal
motion is not significantly different in weight bearing and non‐weight bearing situations
[24]. However, more complex loading configurations of the knee joint, as experienced for
example during pivoting or stair‐climbing, may apply loads to the medial meniscus that
could result in differences in kinematics pattern between the fixation conditions tested in
this paper.
Our results suggest that meniscal circumferential fixation does not substantially
support guidance to meniscal motion. Therefore, the higher frequency of medial
meniscus injuries compared to the lateral side cannot primarily be explained from a
relative immobility caused by its circumferential fixation, as was suggested by multiple
authors [21, 24, 27]. In native menisci and allograft transplants the circumferential
fixation additionally plays an important biological role in providing (new) blood supply to
the outer periphery of the meniscus [28]. However, for a new generation of non‐
resorbable meniscal replacements, a fixation strategy can be designed independent of
this biological aspect. Horn fixation is the dominant determinant of meniscal
biomechanical function [8, 29], and should therefore be incorporated into the design of
any anatomically shaped implant if it aims at mimicking native meniscal kinematics
conditions. Based on the results of this study, however, one could consider omitting
peripheral fixation options for the implant. Thorough comparison between implant and
native meniscus kinematics is then required to judge implant functioning without
circumferential fixation.

Circumferential fixation of the medial meniscus

53

In conclusion, we demonstrated that medial meniscus kinematics was not influenced
by releasing and restoring its circumferential, for a simulated squat activity. Also the
addition of an internal and external tibial torque did not cause differences in meniscal
motion pattern between the different fixation conditions
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INTRODUCTION
The knee joint menisci play a major role in directing knee biomechanics. By facilitating
joint congruency between the femur and tibia and their unique material properties, their
primary biomechanical function is the redistribution of load over the tibiofemoral
cartilage surfaces [1, 2]. Also, the menisci play a role in (secondary) knee stabilization [3‐
5] and joint lubrication [6]. All combined, the menisci protect the knee articular cartilage
from being mechanically overloaded, which has been linked to an increased risk of
osteoarthritis development [7].
Cartilage contact mechanics has been shown to be influenced by meniscal geometry.
Partial removal of the meniscus results in an increase of the contact pressures on the
articular cartilage [8‐10]. In addition, several studies have reported that discrepancies in
size between the native meniscus and a meniscal allograft increase contact pressures as
well [11, 12]. A mismatch in size of more than ten percent may already cause disturbed
contact mechanics or increased internal meniscus loads [13]. From a finite element
analysis Donahue et al. concluded that the articular cartilage is more sensitive to
geometry changes of the medial meniscus than the lateral meniscus [14].
Currently, meniscal allograft transplantation is the most widely accepted treatment
for patients that have been subjected to removal of the complete meniscus. Therefore, up
to now, meniscal geometry has primarily been characterized as part of the optimization
of meniscal replacement size‐matching. These studies generally focused on the
prediction of 2D meniscal size parameters from radiographs or MR images [15‐20], or
anthropometric parameters like body height and weight [21, 22]. Several publications
have shown that meniscal size is gender dependent, with female menisci generally being
smaller than male menisci [20‐22].
As an alternative to meniscal allografts, several groups are developing anatomically
shaped total meniscus replacements, created of various materials [23‐27]. In the pre‐
clinical testing phase, implant geometry is generally adopted from medical images of a
single subject. However, to successfully take over the function of the native meniscus, the
final geometry of such an implant should, amongst others, be derived from 3D meniscal
geometry. Also, to design a well‐fitting implant for the majority of the patients, one
should take into account the variation in meniscus geometry observed in the target
population.
Although effort has been made to describe 3D meniscal geometry as an extensive set
of 2D size parameters [17, 28], a continuous description of the 3D meniscal geometry,
which would greatly facilitate the design of an artificial meniscal replacement, is not
available. Moreover, it is unknown whether inter‐subject variation in meniscus geometry
is primarily a result of linear scaling or whether different meniscal shapes can be
discerned. 3D statistical shape modeling allows studying the independent modes of
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geometry changes and has been employed to study anatomical variation of the knee joint
bones [29, 30]. Therefore, this study uses a statistical shape modeling approach to
determine and characterize the most important modes of variation in 3D meniscus
geometry. The shape model will be employed to investigate whether male and female
subjects possess differently shaped menisci. As a gender‐based subdivision does not
necessarily represent all distinct morphological groups of meniscal geometry, we
performed a cluster analysis to identify distinct geometry categories for the medial
meniscus.

MATERIALS AND METHODS
Knee MR images were collected from 35 subjects (15 males and 20 females, 21 left and 14
right knees, mean age ± standard deviation 33 ± 12 years), who did not show medial
compartment pathologies. All MRI examinations were performed with a 3 T MRI system
(Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany), in combination with a
quadrature knee coil (USA Instruments Inc, Aurora, OH, USA). The imaging protocol
consisted of a sagittal proton density‐weighted, 3D turbo spin echo sequence. Sequence
parameters were: repetition time 1100 ms, echo time 29 ms, flip angle 120°, bandwidth
539 Hz, matrix 320x320, 224 slices, slice thickness 0.5 mm, no interslice gap, voxel size
0.5x0.5x0.5 mm3, 1 scan average.
The medial menisci were manually segmented from the MR images using Mimics
software (v14.0, Materialise, Leuven, Belgium). Five scans were re‐segmented six months
later by the same reader and a second reader, to evaluate intra‐ and inter‐observer
reliability. 3D surface models were reconstructed from all segmentation masks. As the
medial meniscus shows bilateral symmetry [31], the right menisci were mirrored to allow
comparison of the full dataset. All meniscus models of the training set were coarsely
aligned with respect to a randomly chosen reference case, using a Hausdorff distance
minimization algorithm [32]. Further (anatomical) alignment was based on the manual
selection of three points: A, the most anterior location along the inner circumference, P,
the most posterior location along the inner circumference and C the valley point, which
are all in contact with the tibia plateau (Figure 4.1a). All menisci in the dataset were
rotated and translated such that point C represented the origin, the planes APC were
superimposed, and the lines AP were parallel, all with respect to the previously selected
reference geometry.
Evaluation of 3D meniscal geometry was performed using statistical shape analysis,
following the steps described by Cootes et al. [33]. This technique requires all geometries
in the dataset to be described by an equal number of points that are at the same relative
location on each shape. This so‐called point correspondence model (PCM) was created
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using the 3D Shape Context method written for Matlab (version R2013a, Mathworks,
Natick, MA, USA ), that was developed by Kroon et al. [34, 35]. An arbitrary dataset
member was chosen as the reference shape. The surface points of this reference
geometry were non‐rigidly registered to the remaining 34 dataset members, resulting in
7814 corresponding landmark points on each meniscal surface. By omitting the scaling
step as described by Cootes et al. [33], the PCM contained information on both size and
shape variations of the medial meniscus.
The re‐segmented meniscus models were landmarked as well. The root mean square
error (RMSE) of the difference between the landmark locations on the original and
duplicate models was determined as a measure of intra‐ and inter‐observer reliability.
The RMSE was 0.29±0.08 mm (mean ± standard deviation) for the intra‐observer
segmentations and 0.27±0.11 mm for the inter‐observer segmentations. These values are
less than the size of one pixel in the original MRI scans, and were therefore considered
acceptable.
The statistical shape model was built from the PCM using principal component
analysis (PCA). In short, the mean meniscal shape was determined, together with the
differences between each dataset member and the mean shape. Singular value
decomposition of the difference covariance matrix resulted in a set of eigenvectors and
eigenvalues (λ). The eigenvectors each give an uncorrelated mode of variation of
meniscal geometry. The eigenvalues describe the amount of variance explained by each
eigenvector. These properties of PCA allow separating size variation from shape
variation, since in the former situation all meniscal dimensions change in a correlated way
(i.e., a certain scaling factor is applicable), while for shape changes the meniscal
dimensions change independently of each other. As such, multiple modes of uncorrelated
shape changes can be distinguished.
To determine which principal components (PCs) have a significant contribution to
medial meniscus geometry variation, a parallel analysis was performed [36]. This
procedure aims at identifying the PCs that contain variation larger than the expected
variation from noise. Pseudorandom matrices were generated with the same number of
variables (landmark points) and samples (subjects) as the original dataset. Since the PCA
comprised singular value decomposition of the covariance matrix, the generated datasets
were additionally restricted to have variable means and standard deviations identical to
the original data [37]. Upon identifying the number of significant PCs, the non‐significant
ones were removed from the statistical shape model.
To describe the characteristic geometry changes within each PC, the landmark
positions were varied within the ±3√λ range of the significant PCs, which corresponds to
plus or minus three standard deviations of the mean. The resulting geometries were
further evaluated, following the set of 2D size measurements for meniscus geometry
evaluation as introduced by Haut et al. [17]. First, points A, P, and C, that were used
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earlier for the alignment of the original meniscus geometries, were identified on each
reconstructed surface using the PCM. Next, each 3D meniscus geometry was projected
onto the transverse plane. Two extra points were defined to represent the most anterior
and posterior locations on the meniscus; Ah and Ph respectively (Figure 4.1a). Four
dimensions were determined, which are further defined in Figure 4.1a: total length (LT),
gap length (LG), anterior width (WA) and posterior width (WP). Transverse geometry was
then described by LT, WA, WP, the gap ratio (RG= LG / LT) and the length‐width ratio (RLW =
LT/WP). The gap ratio is a measure for the relative coverage of the tibia plateau cartilage
by meniscal tissue, while the length‐width ratio indicates whether the meniscus has a
more semi‐circular or semi‐oval shape.

Figure 4.1: Definition of parameters to describe meniscal geometry: a) Transversal plane
dimensions LT, LG , WA, and WP b) Overview of the locations of cross‐sections P1 to A3. and c)
Cross‐sectional plane dimensions H, H0, W, W0 and B.
For further analysis of the variations in cross‐sectional geometry of the menisci, point
M, the intersection between line AhPh and its normal through point C, was taken as the
center of a semi‐circle. The semi‐circle was divided into ten equal parts, thereby defining
cross‐sections A1 to A3, M1 to M3 and P1 to P3 (Figure 4.1b). These cross‐sections were
plotted in a (x’,z)‐coordinate frame, resulting in the definition of five additional
dimensions: maximum height (H), maximum width (W), bulge (B), the height of the
concave part of the meniscus (H0) and the width of the meniscus tissue being in contact
with the femoral cartilage (W0) (Figure 4.1c). Cross‐sectional geometry was then
described by maximum height, maximum width, bulge, the height ratio (H/H0) and the
slope (H0/W0), following the parameters introduced in Figure 4.1c. For each geometry at
the ±3√λ limit of the significant PCs, all transverse and cross‐sectional size parameters
were determined, and the percentage change with respect to the mean geometry was
reported. The dimensions for the anterior, mid and posterior regions were averaged as
suggested by Haut et al. [17].
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To evaluate whether certain geometry characteristics are gender dependent, each
meniscus from the original dataset was reconstructed by a combination of the mean
meniscus geometry plus a linear combination of the significant PCs [33]. The RMSE
between the original and reconstructed geometries was 0.22 ± 0.03 mm (mean ±
standard deviation). The weight factors for each PC were subsequently compared for the
female and male subset by an independent samples t‐test. A p‐value smaller than 0.05
was considered significant.

4

Figure 4.2: Superior view of the effect of varying the first six modes of meniscus geometry
variation individually within their ±3√λ range. The color variations represent the change of
meniscal height, while the arrows illustrate the most prominent changes observed for each
principal component.
Cluster analysis allows subdividing a dataset into groups with similar characteristics,
e.g. geometry, such that the groups maximally differ from each other. Therefore, it can
be used to identify different meniscal morphologies. In our case, k‐means clustering was
used to categorize all menisci in the training set. The optimal number of clusters was
determined through evaluation of the gap statistic for one to ten clusters [38]. The
differences between the mean weight factors for each PC in each cluster were compared
using a one way ANOVA test, using the Bonferroni correction for multiple comparisons.
P‐values less than 0.05 were considered significant.

62

Chapter 4

RESULTS
The eigenvalues of the dataset generated within the parallel analysis exceeded those of
the meniscus training set from PC 7 onward, indicating a noise level of 16.6% in the
original data set. Therefore, the first six PCs were considered to be significant and were
included in the final statistical shape model. The first PC accounted for most of the
variation in medial meniscus geometry (53.8%), PCs 2 to 6 add 9.1% to 4.1% of explained
variation (Figure 4.2). PC 1 mainly involves changes in size (Figure 4.2), as the parameters
directly related to overall surface geometry (transverse plane total length, posterior
width, anterior width and cross‐sectional width and height) all changed with a ratio that
was approximately similar within the ±3√λ range (Figures 3 and 4). PC 2 is explained by
changes in the anterior horn curve (Figure 4.2), a change that could not be observed from
the evaluation of the 2D parameters describing internal meniscus geometry. The internal
parameters primarily revealed changes of the slope and some changes of the other height
related parameters (Figure 4.4). PC 3 affected the length‐width ratio by changes in both
total length and width (Figures 4.2 and 4.3), together with height and slope related
changes that were most prominent in the posterior horn (Figure 4.4). PC 4 accounts for a
change in length‐width ratio as well, however, only through changes in width of the
meniscus (Figures 4.2 and 4.3). Although overall height was not affected by PC 4, the
height ratio and particularly the slope were affected to a large extent, which was most
noticeable in the anterior region (Figure 4.4). PCs 5 and 6 hardly explain any variation in
transverse plane geometry, yet the cross‐sectional plane parameters all show
considerable variation (Figure 4.4). Within PC 6, the remarkable change is the shift in
location of the valley point C along the inner circumference (Figure 4.2), changing the size
of the anterior and posterior regions. Overall, the changes in the cross‐sectional plane
were relatively larger than those in the transverse plane.

Figure 4.3: Change of the transverse plane 2D size parameters within the ±3√λ range of
each separate principal component. The dashed lines represent the ±10% size changes that
Dienst et al. identified as critical values for changes in contact mechanics [13].
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Figure 4.4: Change of the cross‐sectional plane 2D size parameters within the ±3√λ range of
each separate principal component. Each plot contains information on the changes observed
for one individual parameter, within the anterior, mid and posterior regions of the meniscus.
The dashed lines represent the ±10% size changes that Dienst et al. identified as critical
values for changes in contact mechanics [13].
Male and female menisci only differed significantly regarding PC 1, which mainly
reflects size (p<0.001, Figure 4.5a). The average geometries for males and females in our
dataset are displayed in Figure 4.6a. Following the maximum value of the gap statistic,
the training set was clustered into four groups. The mean meniscus geometries of the
four morphological groups resulting from the cluster analysis are shown in Figure 4.6b.
Cluster 1 comprised of females only (n = 8), cluster 2 consisted of ten males and only one
female, cluster 3 was a mix of males (n = 4) and females (n = 3) and cluster 4 contained
eight females and one male. The mean reconstruction weight factors per cluster (Figure
4.5b) illustrate that clusters 1 and 2 mainly have been created based on size, while for
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clusters 3 and 4, PC 2, which involves shape changes related to height and slope, plays a
more important role. Thus, cluster 3 contains relatively small male menisci and larger
female menisci, which are thicker and have a steeper slope. The menisci in cluster 4 are
also somewhat larger than the average female menisci, but they are thinner as well. The
cluster coefficients for PC 1 were all significantly different from each other (p<0.001),
while for PC 2 significant differences were observed between cluster 1 and 3 (p=0.030),
cluster 2 and 3 (p=0.003) and cluster 3 and 4 (p<0.001). For PC 3 to 6, no statistically
significant differences were observed between the weight factors for all four clusters.

Figure 4.5: Principal component weight factors (mean ± standard deviation) for the
reconstruction of a) the mean female and male menisci and b) the mean meniscal geometry
of cluster 1 to 4.

Figure 4.6: Mean geometries a) for female and male menisci and b) for the four clusters. The
color variations represent the change of meniscal height.
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DISCUSSION
In this study, a statistical shape modeling approach was adopted to evaluate the most
important modes of variation of 3D meniscus geometry. Six PCs significantly contributed
to variation of medial meniscus geometry. More than halve of this variation could be
attributed to changes that predominantly represent size (PC 1), while approximately one
third involved pure shape changes (PCs 2 to 6). These shape changes were more
prominent in the cross‐sectional plane than in the transverse plane.
Gender dependent differences were observed for PC 1 only, indicating that female
menisci are smaller than male ones, but also that gender does not influence the shape of
the meniscus. Gender related shape differences were identified for the bony structures of
the tibiofemoral joint, involving differences in the length‐width ratio of the femur and the
curvature of the femoral condyles [29]. An explanation for the absence of these sex‐
related shape differences in the meniscus may be the adaptability of this tissue. With
increasing knee flexion the medial meniscus deforms and moves posteriorly on the tibia
plateau, to maintain optimal congruency between the femur and tibia [39]. Therefore,
intrinsic meniscal shape differences between the sexes are apparently not necessary to
cope with the relatively subtle gender dependent differences in bony geometry of the
knee.
Our cluster analysis identified four groups, of which three (cluster 1, 2 and 4) only
differed significantly in parameters that are predominantly size‐related, while cluster 3
contains menisci that have different shape characteristics compared to the other three
clusters. We can therefore conclude that this analysis revealed two different meniscal
shapes. These two morphological groups mainly differ in height. From a finite element
analysis, Donahue et al. concluded that cartilage contact mechanics is most sensitive to
changes in medial meniscus height. In their analyses, only a 0.5 mm change in meniscus
height caused a change of more than ten percent in knee cartilage contact mechanics
[14]. As the height differences we observed between the mean menisci of clusters 1 and 4
on the one hand and cluster 3 on the other hand considerably exceed 0.5 mm, this
subdivision may have important implications for the functional grouping of medial
menisci as well.
The results of this study did not reveal pronounced differences in local geometry
changes in the anterior, mid and posterior regions. However, in the human knee joint, the
mid and posterior aspects of the medial meniscus are more heavily loaded than the
anterior part [8‐10]. Similar geometry changes may therefore differently affect cartilage
contact mechanics in each individual region. Hence, to use the outcomes of this study to
optimally select a meniscal allograft or to design a synthetic meniscal replacement, it is
necessary to additionally identify the modes of meniscus geometry variation that cause
significant changes in cartilage contact mechanics. Such sensitivity analysis could be
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performed using a finite element model of the knee joint. Donahue et al. previously
reported the results of a finite element study in which they evaluated the effects of
varying meniscus dimensions on tibiofemoral contact pressures [14]. In that study four
geometric parameters were investigated, yet these were varied independently, which
does not represent the geometry variation identified in this study. The statistical shape
model established in this study allows creating new meniscal geometries for which the
correlated parameters can be varied in a combined fashion, following the PCs.
Some limitations should be considered when interpreting the results of this study.
Meniscal geometry was extracted from MR images by manual segmentation, rather than
via a direct method. Bowers et al. validated that meniscal volume could accurately be
determined from 3 Tesla MR images with 1x1x1 mm3 voxels, which is eight times the voxel
size used in this study [40]. A similar validation study for meniscal geometry (e.g. using 3D
laser scanning techniques) is likely being hampered by meniscal deformation when the
tissue is removed from the knee joint, and is therefore not expected to provide more
accurate data than segmentations from MR images.
Another limitation concerns the limited sample size used in this study. In order to use
the 3D medial meniscus statistical shape model as presented in this study for implant
design purposes, one is in need of a model that is based on a representative sample of the
population that covers both commonly observed geometries and extremes. Our
population size was limited, yet meniscal length of the dataset stretched to the maximum
value observed in a study including almost 500 medial menisci [22]. The minimal meniscal
length observed in our study was considerably larger than that in the large dataset,
possibly arising from the fact that around twenty percent of the subjects included by Van
Thiel et al. was aged 18 or younger and may not have been skeletally mature [41]. We
were however, only interested in meniscal shape variations within a full‐grown
population. Also, ethnicity of the subjects in our study was not known, but is likely to be
Caucasian. As proximal tibia and distal femur morphology differs between ethnic groups
[29], ethnicity could affect meniscal geometry as well. These factors may limit the ability
of our statistical shape model to generate meniscal geometries for a skeletally mature,
Caucasian population only.
In conclusion, this is the first study to describe medial meniscus geometry from a 3D
perspective. A majority of the geometry variation could be attributed to size related
changes rather than shape changes. The difference between male and female meniscus is
predominantly size‐based. Nevertheless, when evaluating the full dataset we were able
to identify two morphological groups with distinct meniscal shapes, which are mainly
characterized by differences in meniscal height. Further research is needed to determine
whether the meniscal shape variations identified in this study actually influence meniscal
functioning.
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INTRODUCTION
The menisci are crucial for load transmission and stability of the knee joint [1]. Meniscal
injuries occur frequently, resulting in approximately 650,000 meniscus‐related surgeries
annually performed in the USA [2]. A majority of these surgeries involves meniscectomy
(e.g. partial or total removal of the meniscus). However, it is known that 50% of the
meniscectomized patients still develop symptomatic osteoarthritis [3]. These patients
may be treated by meniscal allograft transplantation (i.e., replacement of the native
tissue with a donor meniscus) to relieve pain and restore knee function [4]. However,
problems related to the availability and sizing of allografts, the risk of disease
transmission and post‐implantation remodeling [5, 6] have driven the search for an
alternative treatment. A non‐resorbable synthetic prosthesis could potentially overcome
the shortcomings of meniscal allograft transplantation.
The native meniscus has a wedge‐shaped geometry that assures optimal conformity
between the femur and tibia. Meniscal geometry is known to influence the stresses and
strains inside the meniscal tissue and the pressures acting on the articulating cartilage
surfaces [7‐9]. A mismatch of only ten percent between the native meniscus and a
meniscal allograft may already disturb the articular cartilage contact pressures [10]. Non‐
physiological elevation of the contact pressures is believed to lead to damage of the
articular cartilage [1, 11].
Recently, we have developed an anatomically shaped, polycarbonate urethane
implant for total replacement of the medial meniscus. Given the importance of the
geometry for native meniscus biomechanical functioning, careful consideration of the
implant geometry is necessary to obtain optimal implant functioning. To address this
problem, we have developed a statistical shape model (SSM) that describes the variations
in 3D meniscal geometry [12]. In this study, six independent modes were identified that
together describe the variations in meniscal geometry; one size configuration
(predominantly representing linear scaling) and five shape configurations. However, the
SSM does not provide information on the functional importance of these geometry
parameters. Therefore, the aim of this study was to computationally quantify the
sensitivity of the tibiofemoral cartilage contact pressures to the previously identified
meniscal implant size and shape variations, using 3D finite element simulations of the
knee joint.
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METHODS
General approach
A 3D finite element model of the knee joint was developed based on the geometries of
the knee joint tissues provided by the Open Knee project [13]. First, simulations were
performed without the medial meniscus in place, representing the total meniscectomy
case. Secondly, the simulations were repeated for a medial meniscal allograft. Lastly, the
allograft was replaced by the implant and the simulations were repeated for 16 meniscal
size and shape variations that were derived from a SSM of the medial meniscus [12]. For
each meniscal condition studied, the articular cartilage contact pressures and principal
compressive strains were monitored. Additionally, for the allograft and implant cases, the
internal meniscal tensile strains were evaluated.
Allograft and implant geometry
The mesh geometry of the medial meniscal allograft and all implant variations was
derived from a SSM of the medial meniscus, which was based on 35 healthy medial
menisci (15 males and 20 females, 21 left and 14 right knees, mean age ± standard
deviation (SD): 33 ± 12 years) [12]. The average meniscal geometry of this SSM was
adopted as the geometry for the medial allograft and the average implant (Figure 5.1a).
The deviations in length and width between this average geometry and the original
medial meniscus were ‐3% and +4% respectively, which is within the ± 10% deviation that
was reported to provide allograft contact pressures close to the native situation [10].
The SSM identified six independent modes that determine variation in medial
meniscus geometry and allowed to differentiate between size‐ and shape‐based
variations. Based on the size‐dependent mode of meniscus geometry variation, six
different implant geometries were defined, each with a ±1 SD increment with respect to
the average geometry (Figure 5.1a). The length and width changes for each increment
were ±8% and ±9% respectively.
Ten additional implant geometries were defined based on the five shape‐related
modes of variation of the SSM (Figure 5.1b). These geometries represent the ±3 SD
boundaries of the geometry change defined by the corresponding mode of shape
variation. Mode 2 is mainly characterized by changes in the anterior horn curve and
height. Mode 3 represents changes in the length‐width ratio together with height
changes in the posterior horn. Mode 4 involves changes in meniscal width, affecting the
slope of the concave femoral surface. Mode 5 predominantly shows changes of posterior
horn width and height of the anterior and mid regions. Mode 6 involves changes in overall
meniscal height and additionally shows a shift of the narrowest cross‐section, changing
the length of the anterior and posterior horns (Figure 5.1b).
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Figure 5.1: Superior view of the studied implant geometries, which were defined based on
the outcomes of a statistical shape model of the medial meniscus [12]. a) The size‐related
variations (mode 1), with ±1 SD increments compared to the average implant geometry. b)
The shape‐related variations (modes 2‐6), with ±3 SD increments compared to the average
implant geometry. The color scale represents the change of meniscal height, while the
arrows illustrate the most prominent changes in the transverse plane.
Finite element model
Adopting the MRI‐extracted 3D geometry of the knee substructures from the Open Knee
project (female, 70 years old) [13], a 3D finite element model of the knee was developed in
Abaqus v6.13 (Figure 5.2). The model included the femur, tibia, anterior and posterior
cruciate ligaments (the ACL and PCL, respectively), the medial and lateral collateral
ligaments (the MCL and LCL, respectively), the articular cartilage and the medial and
lateral menisci. General frictionless contact involving finite sliding was modeled between
the femoral cartilage and the menisci, the menisci and the tibial cartilage, and the
femoral and tibial cartilage surfaces of both the lateral and medial compartments. The
ligaments, cartilage and native lateral meniscus were discretized into hexahedral
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elements with a full geometrically nonlinear formulation. Due to the geometrical
complexity of the allograft and implants, quadratic tetrahedral elements were used for
the allograft and all implants to avoid geometrical smoothing. Based on convergence
studies, the characteristic element size of ligaments, cartilage surfaces and the lateral
meniscus was chosen to be 1 mm and that of the medial meniscus allograft and the
implants was chosen to be 0.7 mm. The convergence studies were conducted by doubling
the mesh densities to verify that the observed model outcomes were independent of the
chosen mesh densities.
The loading condition of interest here was that of short‐term gait load of a single leg
in full extension. The tibia was fixed and the femur was unconstrained in all translational
and rotational degrees of freedom, except in flexion. An axial compressive femoral load
of 1200 N was applied.

Figure 5.2: Posterior view of the 3D finite element model of the knee joint, including the
femur, tibia, anterior and posterior cruciate ligaments (ACL and PCL), the medial and lateral
cruciate ligaments (MCL and LCL), the articular cartilage surfaces, the lateral meniscus and
the medial allograft and medial meniscal implant
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Material models
The native lateral meniscus, the medial meniscal allograft and the ligaments were
modeled as transversely isotropic nearly‐incompressible neo‐Hookean materials [13‐15],
where the Cauchy stress was the summation of the stress in the bulk material, σbulk, and
that in the collagen fibers σfib:
(1)
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C1 was a bulk material constant related to the shear modulus µ (C1 = 2/µ) and κ was the
bulk modulus of the bulk material. J was the Jacobian of the deformation gradient F and
I1(B) was the first invariant of the left Cauchy Green stretch tensor, B, defined as F•FT≡B.
The stress in the fibers was dependent on the fiber stretch λ. If the fibers were under
compression, λ<1, they did not support any compressive stresses. If the fibers stretched,
but less than a certain value, λ*, the stiffness of the fibers increased exponentially.
Beyond this stretch, λ≥λ*, the fibers started to be straightened and their stiffness
increased linearly. The constant C3 scaled the exponential stress, C4 was related to the
rate of collagen uncrimping and C5 was the elastic modulus of the straightened collagen
fibers. The constant C6 was introduced to ensure stress continuation at λ*:
exp

∗

1

1

∗

(5)

The fiber stretch λ was determined from the initial fiber direction a0, the deformed fiber
direction a and the deformation gradient F as:
∙

(6)

The local fiber orientation a0 was specified according to the local element geometry. In all
ligaments, the fibers were in line with the principal geometrical axis of the ligament. In
the meniscus, the fibers were aligned in circumferential direction, according to the well‐
established fiber orientation described in the literature [16, 17]. The material parameters
for the native lateral meniscus, the meniscal allograft and the ligaments are presented in
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Table 5.1. The meniscal horn attachments were modeled as linear springs (10 per horn)
with a stiffness of 350 N/mm [18].
Tissue

C1 (MPa)

C3 (MPa)

C4 (‐)

C5 (MPa)

κ (MPa)

λ*

Meniscus /Allograft
ACL
PCL
MCL
LCL

4.6115
1.95
3.25
1.44
1.44

0.12
0.0139
0.1196
0.57
0.57

150
116.22
87.178
48
48

400
535.039
431.063
467.1
467.1

227.5
73.2
122
397
397

1.02
1.046
1.035
1.063
1.063

Table 5.1: Material parameters C1, C3, C4, C5, κ and λ*for the lateral meniscus, meniscal
allograft, ACL, PCL, MCL and LCL. [13, 14]
The femur and tibia were modeled as rigid bodies given that bone stiffness is
substantially higher than that of the included soft tissues. This assumption does not have
a substantial effect on the contact variables [19]. The cartilage was assumed to behave as
a linear elastic material with an elastic modulus E = 15 MPa and a Poisson ratio ν = 0.475,
selected based on experimental measurements under short loading times, where
viscoelastic effects are negligible [14, 20, 21]. The meniscus implant material
(polycarbonate urethane, Bionate® grade II 80A, DSM Biomedical, Geleen, Netherlands)
was modeled as an isotropic neo‐Hookean material with an initial Young’s modulus E = 11
MPa and a Poisson’s ratio ν = 0.49.

RESULTS
The total medial meniscectomy resulted in a focal pattern of contact pressures centrally
located on both the femoral and tibial cartilage. The meniscal allograft redistributed the
pressures over a larger area, loading both the central and peripheral cartilage regions.
The center of pressure on the femur was moved in posterior direction by the allograft. For
the femoral cartilage, the average implant maintained the posterior shift of the center of
pressure compared to the meniscectomy case, however, the pressures were higher than
for the allograft (Figure 5.3a). The cartilage area experiencing high pressures (>5 MPa,
which is the peak pressure observed for the native medial meniscus loading conditions
comparable to those in our study [22‐25]) was considerably lower for the allograft and
average implant, particularly for the femur (Figures 5.4a‐b). Although the allograft and
average implant showed a favorable distribution of the pressures compared to the
meniscectomy, only on the tibial side this was related to an increase of the contact area
(Figures 5.4e‐f). The peak contact pressures for the average implant (6.0 MPa (femur) and
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6.4 MPa (tibia)) were intermediate between those for the meniscectomy (7.1 MPa (femur)
and 7.5 MPa (tibia)) and allograft conditions (5.2 MPa (femur) and 5.1 MPa (tibia)) (Table
5.2). The femoral cartilage experienced similar peak principal compressive strains for the
meniscectomy, allograft and average implant conditions, whereas for the tibial cartilage,
the average implant caused compressive strains intermediate between the allograft and
the meniscectomy conditions (Table 5.2). The principal tensile strains generated in the
average implant showed patterns corresponding to those in the allograft; strains were
induced in the anterior horn and inner posterior region, while the outer posterior region
experienced negligible strains (Figure 5.3b). The maximum tensile strain was 23% for
both the allograft and average implant (Table 5.2).

5

Figure 5.3: a) The contact pressures on the medial femoral and tibial cartilage surfaces for
the total meniscectomy, allograft and average implant cases. b) The deformation and tensile
strain in the allograft and the average implant under a compressive load of 1200 N.
The size‐based variations in implant geometry clearly affected the articular cartilage
contact mechanics. While the larger implants (mode 1+1SD, +2SD, +3SD) all induced
concentrated areas of high peak pressures on the central femoral and tibial cartilage, all
smaller implant variations (mode 1‐1SD, ‐2SD, ‐3SD) distributed the pressures over a
larger area of the central and peripheral cartilage surfaces (Figures 4b‐c and 5a). The
pressure distribution and the cartilage area experiencing peak pressures > 5 MPa for the
smaller implants were closer to that of the allograft than to that of the average implant
(Figuress 4b and 5a). The peak pressure observed for the mode 1‐1SD implant (4.6 MPa
for both the tibia and femur) was considerably lower than that of the allograft meniscus
(5.2 MPa (femur) and 5.1 MPa (tibia)), while the mode 1‐3SD implant induced a peak
pressure slightly lower than the allograft (5.1 MPa (femur) and 5.0 MPa (tibia)).
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Figure 5.4: Contact pressure analysis. a) Frequency plot displaying the contact pressure per
node. Bins of 0.5 MPa were used for this plot and only values >0 MPa were included. b) The
relative number of nodes experiencing contact pressures >5 MPa (which is the peak pressure
observed for the native medial meniscus under loading conditions comparable to those
applied in this study [22‐25]). c) The relative number of nodes experiencing contact pressures
>0 MPa, which can be seen as a measure for the total cartilage contact area.
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The peak pressures of all larger implant variations resembled that of the
meniscectomy condition (7.1 MPa (femur) and 7.5 MPa (tibia)). Cartilage peak
compressive strains for the larger implants were comparable to those for the average
implant (19‐21%), while the peak compressive strains for the smaller implants were
considerably smaller than for the allograft condition (13‐15% versus 18‐19%, Table 5.2).
On the other hand, the smaller implants experienced substantially higher tensile strains
than the larger implants. All three smaller implant variations showed tensile strains up to
40% in the anterior horn and along the inner circumference of the posterior horn (Figure
5.5b and Table 5.2).

5

Figure 5.5: a) The medial femoral and tibial cartilage contact stresses following the variation
of implant size and b) the corresponding deformation and tensile strain in induced in the
implants.

Size variations

Cartilage peak contact
pressure (MPa)

Cartilage peak
compressive strain (%)

5.2

Average
Implant
6.0

Mode 1
‐3 SD
5.1

Mode 1
‐2 SD
5.0

Mode 1
‐1 SD
4.6

Mode 1
+1 SD
7.4

Mode 1
+2 SD
7.4

Mode 1
+3 SD
7.3

7.5

5.1

6.4

5.0

5.0

4.6

7.5

7.5

7.5

Femur

20

19

19

15

14

13

20

20

21

Tibia

24

18

21

14

14

13

20

20

20

‐

23

21

40

40

40

10

10

10

Mx

Allograft

Femur

7.1

Tibia

Max. tensile strain (%)

Shape variations

Cartilage peak contact
pressure (MPa)

Cartilage peak
compressive strain (%)

Max. tensile strain (%)

Mode 2
‐ 3 SD
7.0

Mode 2
+3 SD
6.1

Mode 3
‐3 SD
7.2

Mode 3
+3 SD
6.1

Mode 4
‐3 SD
6.1

Mode 4
+3 SD
6.1

Mode 5
‐3 SD
6.1

Mode 5
+3 SD
6.3

Mode 6
‐3 SD
7.4

Mode 6
+3 SD
5.7

Tibia

6.9

6.0

7.4

6.1

6.3

6.0

6.2

6.2

7.5

5.6

Femur

20

17

22

19

20

17

20

20

20

17

Tibia

19

18

22

18

19

17

20

19

19

17

18

23

10

17

20

21

18

17

23

10

Femur

Table 5.2: (I) The cartilage peak contact pressures and (II) the cartilage peak principal compressive strains induced on the femoral and tibial
cartilage for the meniscectomy (Mx) and allograft cases, the average implant and all implant size and shape variations. (III) The maximum
tensile strain generated in the allograft and all implant variations.
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The influence of implant shape on cartilage contact mechanics was less pronounced
than that of implant size. The pressure distribution showed minimal changes for the
shape variations over the ±3SD range of modes 2, 4 and 5. The implant shapes associated
with modes 3 and 6 induced more distinct changes to the tibial and femoral contact
pressures over their ±3SD ranges (Figure 5.6). All implant shapes reduced the area of the
femoral cartilage experiencing contact pressures >5 MPa with respect to the
meniscectomy condition, while this effect was not observed for the tibial cartilage (Figure
5.4b). The peak pressures for modes 2+3SD, 3+3SD, 4±3SD and 5±3SD (6.0‐6.3 MPa) were
close to those found for the average implant geometry. Modes 3‐3SD and 6‐3SD induced
peak pressures that were comparable to the meniscectomy condition (7.5 MPa). On the
other hand, mode 6‐3SD resulted in peak contact pressures intermediate between those
found for the allograft and the average implant (Figure 5.6, Table 5.2). The cartilage peak
compressive strains were rather comparable for all implant shape variations (Table 5.2).

5

Figure 5.6: The medial femoral and tibial cartilage contact stresses following the variation of
implant shape.
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Implant strains were smaller for the shape variations that resulted in higher contact
pressures. However, the maximum tensile strain did not exceed 23% for any of the
implant shape variations studied. The strain distribution was similar to that of the average
implant, with higher strains induced in the anterior, central and inner posterior regions of
the implants (Figure 5.7, Table 5.2).

Figure 5.7: The deformation and tensile strain induced in the implants after variation of the
implant shape.

DISCUSSION
The ability of a meniscal implant to improve cartilage contact mechanics after total
meniscectomy obviously depends on its geometry. In this study, finite element
simulations were employed to evaluate the influence of anatomically‐based geometry
variations of a polycarbonate urethane total medial meniscal implant on cartilage contact
pressures. The most important findings were: (1) cartilage contact stresses and
compressive strains were more sensitive to variations in implant size than implant shape.
(2) The optimally size‐matched, average implant reduced the cartilage contact stresses to
values intermediate between the meniscectomy and the meniscal allograft cases,
whereas the implant just under 10% smaller (mode 1‐1SD) than the average implant was
able to reduce the peak contact pressures below the values found for the allograft. (3) The
down‐sized implant geometries showed maximal tensile strains twice that of the average
implant.
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Overall, the cartilage peak contact pressures and compressive strains were lowest for
the mode 1‐3SD implant geometry. This implant was able to distribute the pressures on
the tibial and femoral cartilage closely corresponding to that of the allograft and reduced
the peak contact pressures and compressive strains even further than the allograft. These
results are in agreement with experimental findings by Dienst et al. [10], who showed
that lateral allografts more than 10.5% smaller than the native meniscus could restore
contact pressures close to native levels, whereas optimally size‐matched allografts
showed higher contact pressures. Due to ruptures in the smallest allograft group, they
concluded that there is an increased risk of failure for allografts that are more than 10.5%
smaller than the native meniscus [10], which is also in concordance with our findings. In a
3D finite element model of the knee joint, Haut Donahue et al. studied the sensitivity of
the cartilage contact pressures in response to variations of four meniscal dimensions
(length, width, height and cross‐sectional width) [9]. Contrary to the experimental results
by Dienst et al. [10] and the findings from our simulations, Haut Donahue et al. did not
report decreased contact pressures for down‐sized meniscal geometries. However, rather
than by a simultaneous change, they independently varied four geometrical parameters,
which may explain these differences. Huang et al. concluded that the width of the
meniscus body, within the anatomical range of variation, is an important determinant of
the cartilage contact mechanics [7]. In our simulations, the anatomical variation in
meniscal body width is spread over the size mode and the five shape modes, with most of
the variation occurring in the former. As the cartilage contact pressures were most
sensitive to implant size variation, we do agree that meniscal body width, amongst
others, has a considerable influence on the cartilage contact mechanics.
With the exception of modes 2, 3 and 6, the cartilage pressure distribution and the
contact pressures were hardly affected by changing implant geometry over the ±3SD
range of the SSM meniscal shape variations. However, the main changes in geometry
over modes 3 (inverse length‐width changes and posterior height changes) and 6 (overall
meniscal height changes and a shift in anterior‐posterior horn length) were not unique for
these specific modes of meniscal geometry variation. Therefore, it was not possible to
identify meniscal shape parameters that advantageously or adversely affected the
tibiofemoral contact mechanics. Most likely, the changes in contact stresses for the
implant shape variations resulted from subtle differences in implant and cartilage
congruency. Hence, these effects will be different in each knee joint.
In this study we found that although the smaller implants resulted in superior cartilage
contact mechanics compared to the average implant, the tensile strains in the implant
material increased up to 40% in these cases. This is quite a large strain to be
accommodated by the implant material, which will be subjected to long‐term loading.
Therefore, advancements to the implant design seem to be necessary in order to
combine optimal cartilage contact mechanics with acceptable deformation of the implant
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material. Implant deformation could be limited by using a material with a stiffness
exceeding that of the specific polycarbonate urethane under investigation in this study.
Increasing the meniscus circumferential, radial and axial modulus to values that
substantially exceed that of the native meniscus and the material under investigation in
this study, demonstrated to decrease the cartilage contact pressures [26, 27].
Alternatively, reinforcing the bulk material of a disc‐shaped meniscal replacement with
highly stiff fibers has been shown to reduce the bulk strain and peak contact pressures as
well [28]. Since any material property changes likely interact with the geometry‐
dependent response of the cartilage contact mechanics, it is necessary to repeat the
simulations performed in this paper for any change to the implant material properties.
The sensitivity of knee cartilage contact stresses to meniscal geometry changes has
been addressed using finite element modeling before [8, 9]. However, this is the first
study that uses 3D anatomically based meniscal geometry variations as an input. The
SSM allows the definition of continuous 3D meniscal geometries in which all dimensions
that are correlated change simultaneously, providing a more realistic representation of
meniscal geometry variation than the subset of meniscal dimension variations studied by
Haut Donahue et al. [9]. As such it was possible to systematically evaluate a large set of
geometry variations that may potentially affect functioning of our implant. On the other
hand, the simulations presented here only took into account the effects of the separate
modes of geometry variation, whereas combining modes may affect the contact
mechanics in an alternative fashion. Performing a similar study experimentally would
have been problematic as the implant production technique does not allow for easy
changes to the implant geometry and degenerative changes to the cadaveric tissue would
interfere with testing all geometries under equal conditions.
Flexion
angle
(°)

Compressive
load
(N)

Meniscectomy
peak pressure
(MPa)

Allograft
peak pressure
(MPa)

Meniscectomy
‐ Allograft
(%)

Fukubayashi et al. [29]
Allaire et al., [24]
Lee et al., [23]

0
0
0

1000
1000
1800

6.0
6.4
9.2

‐
‐
‐

‐
‐
‐

Paletta et al., [30]
Verma et al., [25]
Wang et al., [22]

0
0
15

1800
1000
2400

8.3
12.3
6.1

3.6
7.8
5.0

‐57%
‐36%
‐22%

Present study

0

1200

7.5

5.1

‐31%

Study

Table 5.3: A comparison between the tibial cartilage peak contact pressures predicted in the
present study and those from experimental studies as reported in the literature.
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In order to extrapolate the results of any numerical simulation to the in vivo situation,
verification and validation of the model outcomes against experimental data is necessary.
In terms of direct validation, we were hampered by the fact that we used the Open Knee
model. Hence, the physical knee was not available for validation purposes. We therefore
compared our results with those reported in the literature, to assess whether our model
predicts appropriate outcomes. The literature provides several studies that
experimentally measured the tibial cartilage contact pressures for a total medial
meniscectomy and after medial allograft transplantation, which can provide a reference
for the cases that we studied (Table 5.3). The experimentally recorded contact pressures
were highly variable, which could not solely be attributed to the differences in loading
conditions. Under 1000 N of compression peak contact pressures between 6 and 12.3 MPa
were reported after a total medial meniscectomy [24, 25, 29], while 1800 N axial
compression resulted in peak pressures between 6.0 and 9.2 MPa [22, 23, 30]. The peak
pressure predicted for the meniscectomy condition in the present study (7.5 MPa) is in
acceptable agreement with these studies, considering the intermediate loading of 1200
N. Subsequent implantation of an allograft meniscus generally resulted in a decrease of
the peak contact pressures. However, Wang et al. did report on a slight increase of the
peak pressures for the fully extended knee [22]. The 31% reduction of the peak contact
pressures induced by the allograft in the present study is in good agreement with the
observations by Verma et al. [25, 30]. By including both a meniscectomy and an allograft
as control conditions for comparison with the implant, we are confident that our
simulations provide the information necessary to compare implant functioning to the
cases that are relevant in the current clinical practice.
Several limitations should be considered when interpreting the results of our study. As
every person displays a unique native meniscus and knee joint geometry, each knee may
potentially respond different to the implant geometry variations studied here. Repeating
the simulations for a larger set of knee models would provide insight whether our results
can be extrapolated to a general population or whether patient‐specific models are
necessary to predict the effect of a meniscal implant on cartilage stresses. In the present
study, static simulations were performed under rather limited loading conditions. It is well
established that cartilage and menisci are biphasic tissues [31]. However, when subjected
to a step load, the instantaneous response of a biphasic material is equal to that of an
elastic material as the fluid flow (and thus the biphasic effect) is not substantial at this
time scale [32]. As this study focused on the initial response of the cartilage and meniscus
to a compressive load experienced during gait, these tissues can thus be modeled as
elastic materials. In addition, the tissue‐level complexities (e.g. anisotropy, the swelling
properties and the inhomogeneous distribution of the biochemical constituents) in the
material descriptions of the cartilage were not accounted for [33]. Future numerical
studies may address these limitations to more accurately predict the mechanical
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response of the articular cartilage, preferably using dynamic simulations with loading
conditions derived directly from gait data.
CONCLUSION
The numerical simulations conducted in the present study demonstrate that cartilage
contact pressures and compressive strains are influenced by the geometry of a soft grade
polycarbonate urethane implant for total medial meniscal replacement. Cartilage
mechanics were shown to be more sensitive to implant size than to implant shape. Down‐
sizing the implant resulted in an improvement of the mechanical output parameters
compared to the best fitting, average implant. The implant that was approximately 10%
smaller than the average was able to reduce the cartilage peak contact pressures and
compressive strains below the values found for the allograft. However, the strains in the
down‐sized implants locally increased beyond the elastic range of the intended implant
material. These key findings will be employed to tune the geometry and material
properties of our novel meniscal implant. During this process, care should be taken to
balance a maximal reduction of the peak contact pressures with material deformations
that remain within the elastic range of the implant material.
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INTRODUCTION
Being involved in 15% of the knee injuries in an active population, the menisci are
amongst the most vulnerable tissues in the knee joint [1]. In the USA, this results in
650,000 meniscus‐related surgeries performed annually, most of which encompass
(partial) meniscectomy [2]. However, in the long term, 50% of the meniscectomized
patients develop symptomatic osteoarthritis [3]. Currently, meniscal allograft
transplantation is the only treatment option for symptomatic total meniscectomy
patients. Although allograft transplantation generally relieves pain and improves knee
function [4‐6], several studies suggest structural remodeling and shrinkage of the graft
tissue, which may compromise its function in the long term [7‐9]. Also, the availability of
allografts is restricted by a limited supply and size‐matching requirements.
A synthetic, non‐resorbable total meniscus replacement could overcome these
shortcomings related to the use of meniscal allografts. Since both the fit and fixation of a
meniscal replacement have been shown to be important determinants of its functioning
[10‐13], we have developed an anatomically shaped, polycarbonate urethane (PCU), total
meniscus replacement with extensions for horn fixation to the tibia plateau (Figure 1c). If
this implant is capable of mimicking the native meniscus functions as a load redistributor
and a knee stabilizer [13‐16], it may have the potential to put a hold on post‐
meniscectomy knee pain and functional limitations and ideally also to stop the
development of osteoarthritic changes. Therefore, the objective of the current study was
to evaluate the functional biomechanical performance of this novel implant and to
compare its performance to the clinically relevant control cases. Specifically, we assessed
whether the implant influenced meniscal kinematics, knee stability and tibial contact
mechanics in comparison with the native medial meniscus, after total meniscectomy and
meniscal allograft transplantation.

MATERIALS AND METHODS
In a knee loading rig, cadaveric knee joints were subjected to a quasi‐static loading cycle.
Meniscal kinematics and knee stability were evaluated using Roentgen
stereophotogrammetric analysis (RSA) and tibial contact mechanics were recorded using
pressure sensors. The measurements were repeated for the native meniscus, the PCU
implant, after total medial meniscectomy and for a meniscal allograft.
Implant
Implant geometry was established by segmenting the medial menisci from eight routine
knee MR scans of healthy, male subjects (aged 21‐67) using Mimics (v14.0, Materialise,
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Leuven, Belgium) and 3D models were created. Meniscal length and width were
determined for each 3D model and the model that approached mean dimensions closest
was chosen to serve as the implant geometry. The meniscal horns were extended five
millimeters to allow for suture fixation to the tibia plateau. Bionate® PCU (grade II 80A,
DSM Biomedical, Geleen, Netherlands) implants were subsequently produced through
injection molding. The implants were hydrated in 37°C saline for two weeks prior to
testing.

Figure 6.1: a) Schematic drawing showing the degrees of freedom and modes of loading
allowed by the knee loading rig. The tibia was free to set its varus/valgus rotation, endo/exo
rotation, anterior/posterior translation and its medial/lateral translation, while the femur
was free to move in proximal/distal translation. Flexion/extension was controlled on the
femoral side and fixed during a measurement. An axial compressive load was applied on the
femoral side, but always approximately parallel to the tibial longitudinal axis. Extra
compression was applied through loading of the quadriceps tendon. b) Interventions to
access the medial knee compartment: a medial parapatellar incision (#) and release of the
MCL by isolation of a femoral bone cap ($). Later, the pressure sensor was inserted in
between the tibia and meniscus / meniscal replacements via a 2cm incision in the anterior
meniscotibial ligament (white arrow). c) The PCU implant including the sutures that were
used to fix the horns to the tibia plateau. The black dots inside the implant are the tantalum
beads used to determine meniscal kinematics and knee laxity by roentgen
stereophotogrammetric analysis. d) Tekscan 4010N pressure sensor. e) Example of the
pressure sensor output. Dark blue colors represent low pressures whereas light blue and
green colors indicate regions with higher pressures.
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Specimens
Fresh frozen, left human cadaveric knees were obtained from our institutional
Department of Anatomy. Calibrated anteroposterior and lateral knee radiographs were
taken to exclude specimens that showed joint space narrowing, osteophytes or
chondrocalcinosis. In addition, the images were used to estimate medial meniscus length
and width from tibial plateau size measurements [17]. As the prototype implant was
available in one size only, knees were excluded from this study when their estimated
medial meniscus length or width deviated more than 10% from the implant dimensions.
In total, ten knees were excluded based on radiographic signs of joint degeneration and
seven additional knee joints because of size mismatching. Five male knees (aged 70‐88)
were included for testing.
Knee loading rig & specimen preparation
To fit the specimens in the loading rig, the femur and the tibia were transected
approximately 15 cm above and below the joint line, while taking care to leave the knee
capsule intact. All soft tissues surrounding the knee capsule were left intact, including the
full quadriceps tendon. The specimens were then transferred to the knee loading rig,
which allowed the joints to move within their natural six degrees of freedom (Figure 6.1a)
[18]. To align the knee joint, the femur was positioned with its intercondyllar notch in the
intersection of the flexion/extension axis and the varus/valgus axis, and the tibial shaft
was aligned with the internal/external rotation axis of the apparatus. Upon alignment, the
specimens were permanently fixed to the holders of the loading rig with polymethyl
methacrylate. These holders allowed repositioning of the knee joint without affecting its
alignment.
Subsequently, the joint capsule was opened through a medial parapatellar incision. To
access the full medial knee compartment, the femoral attachment of the medial
collateral ligament (MCL) was released by isolation of a bone cap that could be
repositioned with a screw (Figure 6.1b). The bone cap technique was chosen to allow easy
and reproducible repositioning of the MCL, without changing its kinematics [19]. Three
tantalum beads (0.8 mm diameter) were inserted in the periphery of the anterior and
posterior horn and the mid‐region of the medial meniscus and the implant (Figure 6.1c).
One bead (1 mm diameter) was inserted in the tibial origin of the anterior cruciate
ligament, to define a reproducible origin of the coordinate system. Four additional
tantalum markers (1 mm diameter) were inserted into both the proximal tibia and the
distal femur. A metal ring was sutured to the distal end of the rectus femoris tendon, to
allow for patellafemoral and tibial load transfer from the loading apparatus.
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Loading protocol
The loading protocol (Table 6.1) was designed such that we could analyze meniscal
displacement and rotational laxity during a simulated squat movement (between 0° and
90° flexion), knee AP laxity in an unloaded knee joint (in 30° and 90° flexion) and cartilage
contact pressures under the maximum compressive load (in 90° flexion). Compressive
loads in each flexion angle were derived by solving the equilibrium equations describing a
free body diagram of a squat [20]. Pilot tests demonstrated that the cadaveric tissue
could not withstand physiological loads. To prevent tissue damage, the compressive
loads, as derived by solving the equilibrium equations, were linearly downscaled to a
maximum of 1000 N. For the same reason, loading of the rectus femoris tendon was
restricted to 250 N, which was kept constant during all tests. Since the quadriceps loads
resulting from the equilibrium equations were larger than 190 N, the quadriceps loads
applied in this study should mainly be considered as joint stabilizers.
In each flexion angle, the knee was tested without tibial torque (neutral), and
with an internal and external tibial torque of 3.4 Nm [21]. In addition, in 30° and 90°
flexion, AP stability of the knee joint was tested through anterior drawer tests. Anterior
loads of 67 N were applied to the proximal tibia, to mimic the load that is applied in
clinical knee laxity testers [22]. To assess whether repetitive loading of the cadaveric
tissue influenced the outcomes of our tests due to tissue degeneration, a second set of
measurements in 0° flexion was performed (Table 6.1).
Meniscal conditions
Testing of the native meniscus (condition 1, Figure 6.2a) was followed by the implant
(condition 2, Figure 6.2b), a total meniscectomy (condition 3, Figure 6.2c) and a meniscal
allograft (condition 4, Figure 6.2d). To start condition 2, a complete medial
meniscectomy was performed. The excised meniscus was wrapped in saline‐soaked
gauze and frozen at ‐80°C until its use as allograft meniscus. Tibial bone tunnels (2.5 mm
diameter) were drilled from the anteromedial side of the tibia to the anterior and
posterior attachment site of the meniscus on the tibial plateau. Two suture threads
(FiberWire #2, Arthrex, Naples, FL, USA) were fixed to each horn of the implant and
guided through the tunnels. The implant was positioned and fixed by knotting the sutures
together. Upon testing of condition 3, the implant was removed, and the knee was
retested for the meniscectomy condition. Lastly, for condition 4, the tests were repeated
for an allograft meniscus, which was obtained from the preceding experiment. As all
knees were size matched to the implant, their menisci were regarded to be properly sized
allografts as well. The horns of the allograft were fixed in a similar fashion as those of the
implant. To comply with the surgical standards that are clinically applied, in addition, the
allograft was circumferentially fixed to the joint capsule using four vertical mattress
sutures.
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Flexion angle
(°)

Axial compressive
load (N)

Quadriceps load
(N)

Tibial torque
(Nm)

Tibial drawer
load (N)

0

357
357
357

250
250
250

‐
3.4 internal
3.4 external

‐
‐
‐

30

572
572
572
‐

250
250
250
‐

‐
3.4 internal
3.4 external
‐

‐
‐
‐
67

60

824
824
824

250
250
250

‐
3.4 internal
3.4 external

‐
‐
‐

90

1000
1000
1000
‐

250
250
250
‐

‐
3.4 internal
3.4 external
‐

‐
‐
‐
67

0

357
357
357

250
250
250

‐
3.4 internal
3.4 external

‐
‐
‐

90

1000

250

‐

‐
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Table 6.1: Loading protocol describing all loads applied during the testing of one meniscal
condition
Biomechanical outcome measures
RSA was used to determine meniscal kinematics, knee AP laxity and tibial rotational
laxity [23]. For each separate loading step from Table 6.1, a bi‐planar Roentgen image
was taken. The 3D locations of the tantalum beads inside the tibia, native meniscus,
implant and allograft were obtained from each image by relating their 3D positions to the
distances known from a calibration image. All tibial beads were superimposed, allowing
the determination of the different locations of the meniscus on the tibia for each
condition. The meniscal locations were converted to meniscal translations along the AP
and ML axes for the flexion intervals 30°‐0°, 60°‐0° and 90°‐0° for the anterior, mid and
posterior regions of the meniscus or implant. To determine AP laxity (in 30° and 90°
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flexion), the centroid of the tantalum beads inside the tibia was determined in unloaded
and loaded state. AP laxity was defined as the translation of the centroid along the AP
axis. Rotational laxity was defined as the angular rotation of the tibia around its
longitudinal axis, as a result of the application of the internal or external torque. The
setup used in our laboratory allowed to determine bead location with an accuracy of 50
μm and repeated measurements can be performed with an precision of 200 µm [24].

Figure 6.2 ‐ Schematic representation of the tested meniscal conditions a) Intact meniscus,
b) PCU meniscal implant, fixed by sutures running through the implant horns and tibial bone
tunnels c) Total meniscectomy and d) Meniscal allograft, fixed by sutures running through
the allograft horns and tibial bone tunnels combined with peripheral vertical mattress
sutures
In 90° flexion, tibial contact mechanics were evaluated using piezo‐electric pressure
sensors (Figures 6.1d‐e, K‐scan 4010N, Tekscan, South Boston, MA, USA). To prevent
fluid penetration into the sensor, the sensor was placed between two layers of Tegaderm
film dressing (3M, St. Paul, MN, USA). After sealing, all sensors were conditioned,
equilibrated and calibrated using a materials testing system (MMED, Materials
Technology Corporation, La Canada, CA, USA) and a custom calibration tool consisting of
two Teflon plates. To optimize the accuracy of the pressure sensor, the calibration curve
was derived from a ten point polynomial fit through the calibration points that were
equally distributed between 0.9 and 9.0 MPa [25]. Consequently, cartilage contact
pressure could be determined with a precision of 0.035 MPa. To allow sensor insertion,
the knee was distracted by the weight of the tibia and a 2 cm incision was made to the
anterior meniscotibial ligament (Figure 6.1b). A suture with a 10 inch straight needle (PDS
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II 2‐0, Ethicon, Somerville, NJ, USA) was knotted to the most posteromedial corner of the
sensor, and guided along the cruciate ligaments. This suture allowed to pull the sensor
exactly underneath the meniscus, and was re‐used to place the sensors for the implant,
meniscectomy and allograft conditions in the same position. Additionally, the
anteromedial edge of the pressure sensor was fixed by a suture through the knee capsule.
A new sensor tab was used for each meniscal condition. Peak pressure, mean pressure
and contact area were determined from the pressure maps for each meniscal condition.
Statistical analysis
A sample size calculation was based on a previous study that evaluated the difference in
knee contact mechanics after total medial meniscectomy and subsequent meniscal
transplantation [26]. Five knees were required to detect a difference of 1.1 MPa (standard
deviation 0.5 MPa) in mean pressure, using a significance level of 0.05 and a power of
80%.
Linear mixed models were used to study the effect of meniscal condition on contact
mechanics, knee laxity and meniscal kinematics. Each outcome measure (peak pressure,
mean pressure, contact area, AP laxity in 30° and 90° flexion, internal and external tibial
rotation, AP and ML meniscal translation) was analyzed separately. The models included
specimen as a random factor and all other variables that applied to the outcome measure
under analysis (meniscal condition, flexion angle or flexion interval, meniscal region) as
fixed factors. A random intercept and slope were included to account for the specimen’s
individual response to each experimental condition. For rotational laxity and meniscal
displacement, models including the interaction terms between the fixed factors were also
evaluated. As the addition of the interaction terms did not significantly increase the
model fits based on likelihood ratio tests, the interaction terms were omitted from the
models used for the final analysis. Pairwise comparisons between the different levels of
the fixed variables were performed by Tukey’s tests that were Bonferroni corrected to
account for multiple comparisons. P‐values below 0.05 were considered statistically
significant.

RESULTS
The dimensions of the implant corresponded well to those of the native meniscus.
Deviations (mean ± standard deviation) were 4.0±4.1% for the length and 5.1±4.5% for
the width. Mean size deviations between the allograft and native meniscus were similar;
5.3±4.1% in length and 4.5±4.6% in width.
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Meniscal kinematics
For all three meniscal conditions, the translation patterns along the AP axis were similar;
translation occurred in posterior direction, increased with flexion angle and the anterior
horn was more mobile than the mid‐region (p=0.002) and posterior horn (p<0.001) (Figure
6.3a). A significant increase of the posterior translation was observed when replacing the
native meniscus with the implant (p<0.001) or an allograft (p<0.001). When comparing
the outcomes for each location–flexion interval combination, the differences in posterior
translation between the implant and allograft were never statistically significant, whereas
those between the meniscal replacements and the native meniscus were always
significant (Figure 6.3a).

Figure 6.3 ‐Meniscal translations (mean ± standard deviation) on the tibia plateau along a)
the AP and b) the ML axis, for the native medial meniscus, implant and allograft. The
translations are separately displayed for the anterior, mid and posterior regions of the
meniscus (replacements). * refers to p <0.05 and ** to p<0.001.
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Translations along the ML axis were less regular, particularly for the anterior horn.
With increasing flexion angle, the implant and allograft anterior horn both moved
medially, whereas the native meniscus moved laterally (Figure 6.3b). Also along the ML
axis, meniscal mobility increased when the native meniscus was replaced by the implant
(p<0.001) or an allograft (p=0.001). ML displacement of the implant and allograft was not
significantly different. When comparing the outcomes for each location‐flexion interval
combination, the differences in ML translation between the implant and allograft were
always non‐significant, whereas the differences between the implant and native
meniscus were always significant (Figure 6.3b).
Knee stability
The effect of changing the meniscal condition on AP laxity was larger in 30° flexion than
in 90° flexion (Figure 6.4). In 30° flexion, AP laxity was significantly increased for the
implant, meniscectomy and allograft conditions (all p<0.001). However, replacing the
native meniscus by the implant did not significantly increase AP laxity in 90° flexion,
whereas the increases of AP laxity found after meniscectomy and allograft
transplantation were significant (p=0.012 and p=0.016). The changes in internal and
external rotational laxity were observed between the four meniscal conditions at each
separate flexion angle were minor. The differences in rotational laxity between the first
and second evaluation in 0° flexion for each meniscal condition were small and not
significant (Figure 6.5).

Figure 6.4 ‐ Knee AP laxity (mean ± standard deviation) in 30° flexion and 90° flexion. *
refers to p<0.05 and ** to p<0.001.
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Figure 6.5‐ Tibial rotation (mean ± standard deviation) under influence of an externally (top
graph) and internally (bottom graph) applied torque.
Contact mechanics
A representative example of the pressure distribution on the tibia articular cartilage for
the four meniscal conditions is shown in Figure 6.6. The mean pressure for the native
meniscus condition was significantly increased for the implanted knee (p<0.001), after
meniscectomy (p<0.001) and after allograft transplantation (p=0.019, Figure 6.7). Both
the implant condition and allograft condition did significantly reduce the mean contact
pressure compared to the meniscectomy condition (p=0.018 and p<0.001, Figure 6.7).
Also the peak pressure was significantly elevated for the implant, meniscectomy and
allograft conditions with respect to the native meniscus (all p<0.001). The peak pressures
for the implant and allograft were highly similar. The contact area on the tibia articular
cartilage was largest for the native meniscus and was significantly reduced for the
implant, allograft and meniscectomy conditions (all p<0.001). Whereas the implant only
slightly increased the contact area with respect to the meniscectomized condition,
meniscal allograft transplantation resulted in a significant increase (p<0.001).

Figure 6.6 ‐ Example of the pressure distribution for the four different meniscal conditions.
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Figure 6.7 ‐ Meniscotibial contact mechanics (mean ± standard deviation) split into mean
pressure, peak pressure and contact area. * refers to p<0.05 and ** to p<0.001.

DISCUSSION
The most important finding of the present study was that our anatomically shaped PCU
total meniscus implant showed a similar biomechanical performance as a meniscal
allograft, but was unable to restore the functionality of the native meniscus. The implant
was more mobile than the native meniscus, and not capable of restoring native contact
mechanics. The implant significantly reduced the mean contact pressure relative to the
meniscectomized knee, but was not capable of improving peak pressure, contact area or
AP stability. On the other hand, the differences between the implant and allograft were
small and non‐significant, indicating that the implant could match the biomechanical
performance of a meniscal allograft. Previously it has been shown that meniscal allografts
cannot fully restore the biomechanical functionality of the native meniscus [10, 13, 27].
Nevertheless, allografts have shown to be an effective treatment to relieve pain and
resume activity for symptomatic meniscectomy patients [4‐6]. This illustrates that it may
not be necessary that a meniscal replacement fully restores the biomechanical outcomes
to native meniscus levels.
The translations of the implant and allograft were always larger than those of the
native meniscus, which may be due to the suture‐only fixation technique. The sutures
were knotted together to fix the meniscal replacements, however, the threads had the
freedom to move within the tibial bone tunnels when the knee was loaded. Whereas the
allograft had an additional peripheral fixation to the joint capsule, we did not observe
significant differences in mobility between the allograft and implant. This corresponds to
a previous observation that the integration between the medial meniscus and the MCL‐
joint capsule complex does not influence meniscal mobility [20].
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The results on AP knee laxity of this study are in agreement with previous findings
indicating that complete removal of the medial meniscus significantly increases anterior
knee laxity, which suggests that the medial meniscus plays a primary role in AP knee
stability [14, 15]. Although the maximum increase of anterior knee laxity was 89%
(meniscectomy versus native meniscus in 30° flexion), the corresponding absolute
increase in anterior displacement was only 1.8 mm. In the scope of the classification by
Daniel et al., who considered a left to right AP laxity difference of smaller than 2mm as
normal [28], our changes of knee laxity are marginal.
Whereas the implant and allograft significantly decreased the mean pressure with
respect to the meniscectomy condition, the peak pressure and contact area were not
improved. These observations correspond with previously reported findings [10, 27]. The
mean differences between the implant and native meniscus are close to the values
reported by Alhalki et al.[10]. Recently, Wang et al. reported inferior contact mechanics
for allografts fixed with the suture‐only technique compared to grafts fixed with bone
plugs, which was associated with increased extrusion in the former condition [27]. This
suggests that our choice for the suture‐only fixation technique may have been
responsible for the deficient contact mechanics of the meniscus replacements. Clinical
evaluations of allografts with suture‐only and bone plug fixation have shown similar
Lysholm, Tegner and VAS scores [29, 30]. However, contrary to meniscal allografts that
over time will be reinforced by tissue ingrowth [6, 31], our implant will permanently
depend on its initial fixation. This imposes extra demands on the fixation of the implant,
and suggests that future implant designs could benefit from a more rigid fixation
strategy.
Some limitations should be addressed when interpreting the results of this study.
Firstly, all tests were performed at room temperature, while PCU is known to be softer at
body temperature and in a fully humidified environment [32]. To minimize the influence
of temperature differences, the implant was kept in a 37°C saline solution up to the
moment of implantation. Secondly, the repeated measures design chosen for this study
may have biased our results. However, similar values were recorded for tibial rotation at
the beginning and end of a loading cycle. Therefore, we are confident that the outcomes
of this study were not influenced by the repeated measures design. Lastly, the
compressive loads used in this study were lower than physiological loads. Based on
previous evaluations of meniscal motion and tibial contact mechanics at multiple load
levels it is expected that the absolute translations and pressures would be increased when
higher loads would have been applied [33, 34]. However, it is not anticipated that an
increased load would affect the relative differences between the four conditions in this
study.
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CONCLUSION
The biomechanical performance of the novel PCU meniscal implant matched that of an
allograft meniscus. Nevertheless, neither of the meniscal replacements could reproduce
native meniscus performance or improve all aspects of contact mechanics compared to
total meniscectomy. Based on the similarity between implant and allograft performance
in this study, this implant may become an alternative to meniscal allograft
transplantation.
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INTRODUCTION
After (partial or total) meniscectomy the loads on the tibiofemoral cartilage surfaces
increase substantially [1, 2]. Therefore, preservation of the meniscal tissue is prioritized
during surgical treatment of meniscal lesions. Nevertheless, 94% of the meniscal injuries
requires (partial) meniscectomy [3]. Approximately half of the meniscectomized patients
develop symptomatic osteoarthritis [4]. Meniscal allograft transplantation has been
shown to be successful in reducing pain and functional limitations in symptomatic total
meniscectomy patients [5, 6]. However, the supply of allograft menisci is limited and
further challenged by the size‐matching criteria that should be met to obtain a proper
load distribution [7]. In addition, the integrity of the allograft tissue may be compromised
by post‐implantation shrinkage and retearing [8‐10]. These limitations illustrate the need
for an alternative treatment for total meniscectomy patients.
Efforts to develop a synthetic alternative to allograft menisci started several decades
ago. In vivo tests with Teflon® and Dacron® meniscal substitutes resulted in wear particle
induced synovitis and degenerative changes to the cartilage [11, 12]. More recently, a
polyvinyl alcohol (PVA) hydrogel total meniscal replacement tested in a rabbit model for
two years, showed good integrity and cartilage protection with respect to a
meniscectomized joint [13]. However, after four months implantation in an ovine model
more cartilage degeneration was observed in the PVA implant group than in the allograft
group. Additionally, implant integrity was insufficient as complete radial tears were
present in the posterior horns of all implants at the one year time point [14].
Its reported properties on biocompatibility, biostability, flexibility and wear resistance
suggest that polycarbonate urethane (PCU) would be a suitable biomaterial for
orthopaedic applications [15‐17]. Furthermore, PCU is hydrophilic and should therefore
be able to induce a fluid film between the bearing surfaces, mimicking the native
lubrication mechanism in synovial joints. These characteristics suggest that a PCU
implant could act as a potential substitute to the native meniscus, which was confirmed in
a six month ovine animal experiment showing cartilage histopathological scores to be
similar for an anatomically shaped PCU total medial meniscus replacement and the non‐
operated control group [18]. However, drastic changes to the geometry and fixation of
the implant were implemented, resulting in a non‐anatomical, disc‐shaped, free‐floating
implant for use in humans [19]. In addition, this implant requires a functional peripheral
rim of the meniscus, which excludes its use in total meniscectomy patients [20].
Stimulated by the promising results previously obtained with PCU implants in articular
joints, we have designed an anatomically shaped, PCU, total meniscus replacement. To
obtain initial insights into the in vivo performance of this novel meniscus replacement, the
current study describes a three month goat trial. Specifically, we assessed the implant
location in the joint, its integrity in response to physiological loading and the effect of the
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implant on the histopathological condition of the synovial membrane and the articular
cartilage.

MATERIALS AND METHODS
Ethics statement
This study was carried out according to the demands of the Dutch Experiments on
Animals Act and the guidelines of the Federation of European Laboratory Animal Science
Associations. The study protocol was approved by the institutional Animal Ethics
Committee of the Radboud University Nijmegen, The Netherlands (RU‐DEC 2012‐155).
Implant
Implant geometry was derived from an excised medial meniscus of a female Dutch milk
goat (Capra Hircus Sana) that was soaked in Omnipaque Iohexol (300 mg I/ml, GE
Healthcare, Inc., Princeton, NJ, USA) for 2 hours and subsequently microCT scanned in air
(μCT 40, Scanco Medical AG, Brüttisellen, Switzerland). The scans were taken using the
following settings: 70 kVp, 114 µA, 300 ms exposure time, 264 slices and 36x36x36 µm3
resolution. A 3D model of this meniscus was created and the meniscal horns were
extended five millimeters to allow some flexibility in adjusting the width of the implant to
that of the native meniscus and for suture fixation of the implant to the tibia plateau.
Polycarbonate urethane (PCU, Bionate® II 80A, DSM Biomedical, Berkeley, CA) implants
were subsequently produced by injection molding (Figure 7.1a). All implants were
sterilized by ethylene oxide gas (Synergy Health, Venlo, the Netherlands).

Figure 7.1: a) Goat version of the anatomically shaped, polycarbonate urethane (PCU) total
medial meniscus replacement, including the sutures for fixation to the tibia plateau. b) Direct
comparison between the goat PCU implant and a native medial meniscus that was replaced
by the implant.
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Study design
Thirteen female Dutch milk goats (Capra Hircus Sana) were included in the experiment.
Since the implant was available in only one size, the animals were assigned to the
experimental groups based on their weight. The weight of the implant group animals was
matched to that of the animal whose meniscus served as a model for implant geometry.
In seven animals (age 29.6±5.4 months, weight 65.9±5.0 kg) the medial meniscus of the
right stifle joint was replaced by the PCU implant (implant group (I)). Six goats (age
38.3±13.0 months, weight 66.8±9.6 kg) were subjected to a sham surgery (sham group
(S)). The non‐operated left stifle joints served as control joints, for which a distinction was
made between the implant‐control group (I‐c) and the sham‐control (S‐c) group. Three
months post‐surgery, the animals were sacrificed and the knee joints were collected for
radiological, macroscopic and histological evaluation.
The sample size for our study was based on the results of a previous study on meniscal
transplantation in an ovine model [21]. A sample size calculation showed that six animals
per group would be required to detect a difference in Mankin score of four points with a
standard deviation of two points with a power of 80% and a significance level of α=0.05.
To be able to cope with the potential loss of an animal due to complications of the
meniscal replacement surgery, we decided to include one extra animal in the implant
group.
Surgical procedure
The goats were anaesthetized by intravenous administration of propofol (4 mg/kg) and
subsequently intubated. Anesthesia was maintained using a mixture of nitrous oxide,
oxygen and 1.5% isoflurane. The animals were placed in supine position, and the medial
compartment of the stifle was accessed through an arthrotomy and subsequently the
medial collateral ligament (MCL) and synovial membrane were transected. The medial
meniscus was circumferentially separated from the synovial membrane and a medial
meniscectomy was performed by sharp dissection of the anterior and posterior menisco‐
tibial ligaments. Because of the variation in joint and native meniscus size, the implant fit
was evaluated and if necessary the horn extensions were trimmed to match the width of
the native meniscus as closely as possible. Using an Acufex Protrac drill‐guide (Smith &
Nephew, Andorver, MA, USA), two transosseous tunnels (2.5 mm diameter) were drilled
from the anterior part of the proximal tibia to the anterior and posterior attachment sites
of the meniscal horns on the tibial plateau. Both implant horns were supplemented with
FiberWire No. 2 sutures (Arthrex Inc, Naples, FL, USA) (Figure 7.1a), which were guided
through the bone tunnels and knotted together on the anteromedial side of the tibia to
fix the implant. The MCL was repaired using FiberWire No. 2 sutures. The capsule, fascia
and skin were closed in layers using resorbable Vicryl 2‐0 sutures (Ethicon, Sommerville,
NJ, USA). The animals in the sham group underwent the same procedure, except for the
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steps related to replacement of the meniscus (meniscectomy, bone tunnel drilling and
implantation of the prosthesis). Post‐operatively, analgesics were administered by
intramuscular injection (buprenorphine 0.3 mg/ml, two times 1 ml/12 hours and flunixine
50 mg/ml, three times 1.2 ml/24 hours). Antibiotics (ampicilline, two times 15 mg/kg/48
hours) were injected subcutaneously. To promote the wound healing process, the animals
were placed in a custom‐designed hammock for six to ten days following the surgery. The
hammock allowed voluntary load bearing of the operated leg, but restricted mobility.
Hereafter, the goats were housed in a large stable and allowed to freely load the operated
leg. After three months follow‐up, the goats were killed by intravenous injection of an
overdose of sodium pentobarbital. Thereafter, the femur was transected close to the
femoral head, leaving the skin and soft tissues around the stifle joint intact.
MR imaging and extrusion measurements
All limbs of the implant and sham groups were imaged on a 7 Tesla small animal MRI
scanner (ClinScan, Bruker, Billerica, MA, USA), using a 3D DESS sequence. The scanning
parameters were: repetition time 10 ms, echo time 2.91 ms, flip angle 20°, slice thickness
0.29 mm, no interslice gap, a voxel size of 0.29x0.29x0.29 mm3 and a field of view of
129x129 mm2. Tibial and femoral extrusion of the implant and the native medial meniscus
in the sham group were evaluated from the MR images following the definitions by
Verdonk et al. [22]. Measurements were taken in the mid‐coronal plane, displaying both
tibial intercondyllar eminences.
Tissue dissection and macroscopic evaluation
Following MR imaging, the stifle joints were carefully dissected. First, the MCL repair was
macroscopically inspected. Then, the synovium was opened and macroscopically imaged
under standardized lighting conditions. Samples from the synovial membrane covering
the infrapatellar fat pad were harvested for histological analysis. The femoral and tibial
articular cartilage surfaces were macroscopically imaged under standardized lighting
conditions before and after India ink staining. Undiluted India ink (Rotring International
GmbH & Co, Hamburg, Germany) was applied for 30 seconds and rinsed with tap water
for 30 seconds. Approximately 5 mm wide, radially oriented osteochondral specimen
from the central regions of the medial tibia plateau and medial femur condyle were
harvested for histological analysis (Figure 7.2).
Gross appearance of the India ink stained articular cartilage surfaces was assessed
blindly from the macroscopic images by two independent observers (ACTV & PB)
applying the scoring scheme recommended by the OARSI histopathology initiative [23].
This score assesses changes related to tissue morphology (presence of roughening,
fibrillation, fissures or complete erosion).
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Histology
The synovial specimens were fixed in 4% neutral phosphate buffered formaldehyde for 48
hours and subsequently embedded in paraffin and 5 µm thick sections were cut. The
sections were stained with haematoxylin and eosin (HE) and scored [23]. Since some
differences were observed between the synovial membrane of the implant and sham
groups, additional histochemical staining of these sections was performed to identify
whether these changes could be explained from the natural wound healing process. To
indicate activated macrophages, the sections were stained with acid phosphatase [24].
To detect whether observed debris contained iron from blood degradation products, a
Perl’s Prusian blue staining was performed [24]. All synovium sections were assessed by
conventional and polarized light microscopy.

Figure 7.2: Locations of the osteochondral specimen harvested to assess cartilage
histopathological condition for a) the femur and b) the tibia. The tibial image additionally
displays the subdivision in the inner and outer regions that were scored separately.
The osteochondral specimens were fixed in 4% neutral phosphate buffered
formaldehyde for 24 hours and subsequently decalcified in 10% PVP‐EDTA. The tissue
blocks were embedded in paraffin and 5 µm thick sections were cut. The sections were
stained with Safranin‐O / Fast Green. Cartilage histopathological condition was scored
blindly by two independent observers (ACTV & PB) according to a modified Mankin
scoring scheme [23]. The surface area affected by structural degenerative changes below
10% of the cartilage thickness was scored separately (Affected Area Score), ranging from
0 (no structural damage) to 5 (>75% of the surface area affected by structural changes).
Because of large differences in histopathological condition, separate scores were
assigned to the inner and outer halves of the tibia sections (Figure 7.2b).
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Implant deformation
All explanted prostheses were stored at room temperature in 0.15 M phosphate buffered
saline for a minimum of four weeks. A non‐implanted reference prosthesis was kept
under similar conditions for four weeks. The implants were microCT scanned in air using
the same settings as described in the ‘implant’ section of this paper. The images were
segmented using Mimics software (v14.0, Materialise, Leuven, Belgium) and 3D models
of the implant geometries were created. To be able to compare corresponding regions for
each implant, the 3D models were aligned by a Hausdorff distance minimization
algorithm [25]. Length and width of each implant were determined from the projection
on to the transverse plane. As the horn geometry was potentially different for each
implant, the horns were excluded from the analysis (Figures 7.3a and b). In addition, the
height, width and area of cross‐sections through the anterior and posterior horn and mid
region of the implant were quantified (Figures 7.3b and c).

Figure 7.3: a) 3D model of implant geometry, illustrating the locations of the cross‐sections
through the anterior and posterior horn and mid region of the implant. b) Projection of the
implant onto the transverse plane, including the definitions of implant length and width. c)
Example of a cross‐section, including the definitions of the cross‐sectional area.
Statistical analysis
The scores of the two independent observers were averaged preceding statistical
analysis. Since the synovium and cartilage scores were not normally distributed, non‐
parametric tests were performed. Paired data (sham versus sham‐control and implant
versus implant‐control) were analyzed using Wilcoxon signed rank tests. Independent
data sets (implant versus sham, implant versus sham‐control and implant‐control versus
sham‐control) were evaluated using Mann‐Whitney U tests. The extrusion data were
analyzed using an independent‐samples t‐test. Differences between groups were
considered significant for p‐values smaller than 0.05. All statistical analyses were
performed using SPSS Statistics (v20, IBM SPSS Statistics, Armonk, NY, USA).
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RESULTS
General findings
All goats tolerated the surgery well. Initial malpositioning of the bone tunnel occurred in
three animals (twice anterior, once posterior), resulting in full‐depth cartilage defects.
The length of the implant corresponded well to that of all native menisci that were
replaced (Figure 7.1b). Six implants were trimmed to match the width of the native
meniscus. The wound healing process was without complications and all animals could be
released from the hammock within ten days post‐surgery. The goats returned to normal
activity levels within two weeks. Any initial adaptations of the animal’s gait had
normalized six weeks post‐operatively. No signs of distress were observed during the
three month follow‐up period.

7

Figure 7.4: Representative MR images of a knee joint with the PCU implant (a and b) and
the native medial meniscus in the sham group (c and d). The white arrows indicate the
location of the medial meniscus replacement (a and b) or medial meniscus (c and d). e)
Extrusion (mean ± SD) of the native medial meniscus in the sham group and the implant,
with respect to the femur (white bars) and tibia (grey bars). * refers to p<0.001, ** to
p=0.002.
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Implant position in the knee joint
The sagittal plane MR images showed good conformity between the implant and the
femoral and tibial cartilage surfaces (Figure 7.4a). The position of the implant horns on
the tibia plateau corresponded well to that of the native meniscus horns (Figure 7.4,
compare subfigures a and c). In the mid‐coronal plane, the mid body of the implant was
pushed more outside the joint space than the native meniscus (Figures 7.4b and d).
Quantitative assessment showed a difference of 2.5 mm in tibial extrusion (p<0.001) and
3.0 mm in femoral extrusion between the implant and sham groups (p<0.001 and p=0.002
respectively, Figure 7.4e). The degree of extrusion could not be related to rupture of the
posterior fixation suture as was observed for several implants.

Figure 7.5: Representative examples of macroscopic images of the india ink stained femur
condyles (a‐d) and tibia plateaus (e‐h) of the four study groups. Figures a‐d show the
presence of femoral condyle cartilage fibrillation in all experimental groups (white arrows),
while figures e‐f show focal india ink staining of the central tibia plateau for all groups (black
arrows). The femur and tibia of the implant group (a and e) showed more extensive ink
staining than the other groups.
Macroscopic observations
The medial aspect of all operated knee joints showed thickening due to fibrosis of the soft
tissues surrounding the repaired MCL. Regional extracapsular ossification of the scar
tissue was observed in one animal from the implant group. The synovial fluid was of
normal consistency and color in all animals. In one joint of the implant group severe
discoloration of the synovial membrane was observed, however, generally the
macroscopic changes to the synovial membrane were minimal.
Macroscopic inspection revealed that all implants were intact. However, integrity of
the fixation sutures was always compromised by elongation or wear or breakage. In two
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animals both posterior fixation sutures were torn at the implant‐bone interface. In three
other goats, one out of two posterior fixation sutures was torn at the same location. The
posterior sutures always showed signs of wear, compromising the surface layer and part
of the deeper layers of the suture material.
Signs of cartilage degeneration were present in all operated as well as in all non‐
operated joints. All femoral condyles showed marked fibrillation along the mediolateral
axis, which was most pronounced on the inner aspect of the medial condyle (Figures 7.5
a‐d). This resulted in highly similar macroscopic femoral cartilage scores for all groups
(Median (IQR): implant: 2.00 (0.00); implant‐control: 2.00 (0.00); sham: 2.00 (0.75); sham‐
control: 2.00 (0.00)). A majority of the joints of the implant group showed damage
patterns along the anteroposterior axis on the medial femur condyles (Figure 7.5a). The
cartilage covering the central region of the medial tibia plateau was also damaged in all
groups (Figures 7.5e‐h). The medial tibia plateau of the implant group showed additional
fibrillation. In two animals of the implant group cartilage erosions down to the
subchondral bone were found. However, the location of these chondral defects
corresponded to the location of the malpositioned bone tunnels. The median (IQR)
macroscopic scores for the tibial cartilage were: Implant: 3.00 (0.75); Implant‐control: 2.00
(1.00); Sham: 1.25 (0.88); Sham‐control: 2.00 (0.00)). Significant differences were found
between the scores of the implant and sham, and implant and sham‐control groups
(p=0.004 and p=0.012 respectively).

7

Figure 7.6: Box plots of the histopathological scores for a) the synovium and b‐d) the
modified Mankin and Affected Area Scores for the inner medial tibia, outer medial tibia and
medial femur specimen for each of the four experimental groups. The box extends from the
25th and 75th percentile and shows the median as a horizontal line crossing the box. The
whiskers represent the minimum and maximum scores. I = implant; I‐c = implant‐control; S =
sham; S‐c = sham‐ control.
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Histological observations
Signs of intimal hyperplasia, subintimal fibrosis and an increased vascularity of the
synovial membrane were observed in all experimental groups, resulting in similar
synovium histology scores (Figure 7.6a). Local infiltration of lymphocytes was only
observed for the implant group, but lymphoid aggregates were absent. In several
synovium HE sections from the implant group the area of sub‐intimal fibrosis contained a
small numbers of macrophages and giant cells, which contained brown debris (Figure
7.7a). While the acid phosphatase staining was weak or negative for these cells (Figure
7.7b), the debris stained intensely in response to the Perl’s Prussian blue staining (Figure
7.7c). This positive staining for iron suggests that these cells were recruited to
phagocytize blood containing debris. As this observation was restricted to the implant
group it cannot be linked to the arthrotomy but is most likely caused by drilling the bone
tunnels. Additionally, occasional giant cells were observed in the implant group, which
contained fibrous material with a diameter of maximal 20 µm. Polarized light microscopy
showed the birefringence of these fibrous fragments (Figure 7.7d). The birefringent
nature and diameter of these fibers indicate that they originate from the suture material
used for implant fixation.

Figure 7.7: Typical examples of synovium sections of the implant group; a) HE section
showing macrophages (white arrow) and a giant cell (#) containing brown debris and two
fibrous fragment cross‐sections with a diameter of approximately 20 µm (*) surrounded by a
giant cell. b) Acid phosphatase section showing weak positive staining of the fiber‐
surrounding giant cell (black arrow). c) Perl’s Prussian blue section, which is positive at the
location of the brown debris visible in a) and b). d) Polarized light HE section showing
birefringent fragments in the occasional macrophages and giant cells.
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7
Figure 7.8: Representative histological sections of the tibia sections (a‐d), magnifications of
the outer tibia (e‐h) and femur (i‐l). Images a‐d show severe damage to the cartilage of the
inner tibia plateau for all four experimental groups. The cartilage of the outer tibia and femur
of the implant group (e and i) showed structural damage and loss of Safranin‐O staining of
the surface layer, while this was absent for the other experimental groups.
The cartilage of the inner aspect of the tibia plateau displayed severe degenerative
changes in practically all operated and non‐operated joints. These areas showed loss of
structural integrity as a result of deep fibrillation of the cartilage. Also, the amount of
Safranin‐O staining was considerably reduced (Figure 7.8, a‐d). Consequently, the
histopathological scores for the inner tibia plateau were consistently high for all
experimental groups (Figure 7.6b).
The tibial cartilage in direct contact with the implant showed signs of fissuring, cell
cloning and loss of Safranin‐O staining, which were limited for the other groups (Figure
7.8, e‐h). This resulted in significant differences in Modified Mankin Scores between the
implant and implant‐control groups (p=0.027), the implant and sham groups (p=0.004)
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and implant and sham‐control groups (p=0.006, Figure 7.6c). Similar changes were
observed for the cartilage of the femur condyle (Figure 7.8, i‐l), resulting in significant
differences in modified Mankin scores between the implant and implant‐control groups
(p=0.018), the implant and sham groups (p=0.004) and implant and sham‐control groups
(p=0.004, Figure 7.6d). The Affected Area Score of the outer tibia cartilage was larger for
the implant group compared to the implant‐control, sham and sham‐control groups
(Figure 7.6c, p=0.046, p=0.004 and p=0.005 respectively). Morphological damage to the
femoral cartilage was more extended for the implant group with respect to the sham‐
control group (Figure 7.6d, p=0.004).
Difference compared to reference implant
Length
Width
Anterior area
Mid area
Posterior area

Mean
2.57%
0.75%
‐1.82%
‐1.12%
‐12.33%

SD
0.71%
0.71%
2.16%
2.93%
2.27%

Table 7.1: Change in implant dimensions over the 3 month
implantation period with respect to a non‐implanted reference
implant.

Implant deformation
Gross implant geometry was maintained during the three month follow‐up period.
Inspection of the microCT scans showed that the fixation sutures did not damage the
implant bulk material. In the transverse plane, implant deformation was characterized by
slight lengthening along the anteroposterior axis (Figures 7.9a and b, Table 7.1).
Deformation of the anterior horn and mid body was minimal, while the posterior horn
cross‐sectional area decreased with 12.33% (Table 7.1).

Figure 7.9: Representative example of implant deformation
a) top view and b) side view. Light = reference prosthesis,
dark = explanted prosthesis.
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DISCUSSION
This three month study in goats was designed to provide basic insights into the in vivo
performance of a novel PCU meniscal implant, with a specific focus on implant (fixation)
integrity and potential changes to the synovium and cartilage histopathological
condition. The results show that integrity of the implant bulk material was satisfactory as
the shape of the implant was well maintained after three months of physiological loading.
The implant fixation on the other hand, could not withstand physiological loading in the
goat knee, resulting in extrusion of the implant. The meniscal replacement did not induce
an inflammatory response in the goat knee joint. However, the onset of degenerative
changes to the articular cartilage was observed in the implant group, while these were
absent for experimental groups where the native meniscus was in place.
The MR images demonstrated that the implants were well positioned in the sagittal
plane. However, in the coronal plane, the implants showed a substantially higher degree
of extrusion than the native menisci. Because extrusion reduces the contact area between
the meniscal replacement and the articulating cartilage, it may increase the loads on the
cartilage. As mechanical overloading of the cartilage has been associated with the
development of osteoarthritis, extrusion of any meniscal replacement should be
minimized. Nevertheless, despite the frequent observation of extrusion after human
meniscal allograft transplantation, no adverse effects on clinical outcomes were detected
[26‐28]. The origin of the extrusion can be threefold. Firstly, failure of the suture fixation
allowed the implant to be pushed out of the joint. Secondly, the implant may have been
elongated as a result of the hoop stresses acting on the material. However, as the width
of the implant showed minimal change over the three month implantation period (Table
7.1), this explanation is unlikely. Thirdly, the implant body was slightly wider than most
native menisci (Figure 7.1b), which could not always sufficiently be corrected by
shortening of the horn extensions. Probably, the observed implant extrusion originated
from a combination of cause one and three.
The implant bulk material showed to be compliant and gross implant geometry was
maintained throughout the period of implantation. The MR images indicate that a good
congruency was obtained between the implant and the femoral cartilage. Minimal
lengthening of the implant along the anteroposterior axis was probably induced to adapt
to the femoral geometry during flexion. A biomechanical study in an ovine model showed
that the highest loads occur in the posterior aspect of the sheep knee [29]. Because of the
close anatomical correspondence between the goat and sheep knee [30], it can be
expected that similar trends can be observed in the goat knee. This explains the larger
implant deformation in the posterior region compared to the mid and anterior regions. As
implant deformation was monitored several weeks post‐mortem, it can be classified as
permanent deformation. It is unclear whether this deformation process was relatively
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abrupt or of continuous origin. Prolonged implantation periods are necessary to evaluate
long‐term implant integrity.
The present study confirms previous results on the good biocompatibility of PCU
implants in synovial joints [15, 16, 18]. We did not observe evidence of an infection or
immunological response caused by the implant material. The correspondence in
synovium histopathology scores for all experimental groups indicates that the mild
changes to the synovium were rather a characteristic of the goat model than of the
intervention studied here. The occasional and localized presence of macrophages and
giant cells observed in the implant group were associated with suture wear fragments and
debris caused by drilling the bone tunnels.
Goats and sheep are considered suitable models for evaluating the effects of meniscal
substitution on the articular cartilage because they rapidly develop osteoarthritic changes
following (partial) meniscectomy or meniscal replacement [14, 21, 31, 32]. However, all
four groups in our study showed severe degenerative changes of the articular cartilage of
the inner aspect of the medial tibia. This is a strong indication that the goat knee also
tends to develop spontaneous osteoarthritis. Similar observations of spontaneous
osteoarthritis of the unprotected area of the medial tibial cartilage in goats as young as
two years old were also reported by Little et al. [23]. Also in other common models used
within meniscal replacement research, the dog and sheep model, spontaneous
degeneration of the knee articular cartilage was observed [18, 33‐36]. These findings
complicated the assessment of the potential change in load induced by the meniscal
substitute in the highly loaded central region of the tibia plateau, as the cartilage
modified Mankin scores of the experimental and control groups were both equally high.
By scoring the inner and outer regions of the tibial cartilage sections separately, however,
we were still able to assess the direct influence of the implant on the articular cartilage
condition.
Histological analysis of the articular cartilage revealed more degeneration in the
implant group compared to the control groups, reflected by more severe
histomorphological changes and a larger extent of structural damage of the femoral and
outer tibia cartilage. The damage running along the anteroposterior axis of the medial
femur condyle was only visible on the macroscopic images of the implant group,
indicating specific involvement of the implant in the development of these patterns.
Cartilage damage was most severe in the two goats in which the posterior fixation sutures
ruptured. It has been shown that without fixation of the horns, the pressure distribution
under a meniscal allograft closely resembles that after meniscectomy [37, 38]. Thus, the
loss of fixation in our experiment has presumably resulted in a detrimental change of the
contact pressures and thereby may have aggravated cartilage degeneration. Because the
fixation integrity was affected for the remaining implants as well, these effects may have
affected the cartilage histology scores in all animals of the implant group.

Short term in vivo performance of a PCU total meniscus replacement

Previous animal studies, evaluating both permanent and tissue regenerating total
meniscal replacements, also showed more severe cartilage damage in the implanted
group compared to the sham or non‐operated controls [14, 39, 40]. The damage was
attributed to the surface characteristics of the biomaterial [40] and excessive motion due
to inadequate circumferential fixation [14]. Contrary to our findings, Zur et al. reported
only minor changes to the cartilage when evaluating a PCU meniscal replacement in
sheep. However, care should be taken to extrapolate these results because of their small
experimental group size. The difference in outcomes between their study and the present
study is presumably caused by the complications regarding the implant fixation that were
experienced in our study.
Failure of the double‐thread suture fixation strategy within the three month
implantation period was unforeseen. For meniscal allograft transplantation in human
patients, the soft tissue fixation technique with non‐resorbable sutures is common
practice [6], and no differences in clinical outcomes have been observed between grafts
fixed with bone plugs or with the suture‐only technique [27]. In addition to horn fixation,
allograft menisci are generally circumferentially fixed to the knee capsule [41]. However,
biomechanical studies have shown that the circumferential fixation does not play a role in
the functional performance of a meniscal graft [42, 43]. These observations, combined
with the surgical complexity of the circumferential fixation step, have resulted in our
decision to restrict the fixation to the horns only. As literature does not report on suture
breakage at the bone‐graft interface after long term follow‐up of allograft patients, the
occurrence of fixation failure in our experiments indicate that circumferential fixation
may shield the horn fixation sutures from rubbing against the sharp edge of the bone
tunnel. Evidently, it is essential to improve the fixation strategy of our implant for future
applications.
This short‐term study was performed to obtain initial experience with the in vivo
performance of our novel meniscal implant. Consequently, only two surgical groups, an
implant and a sham‐surgery group, were included. Previous studies evaluating meniscal
allograft transplantation in large animal models reported on considerable damage to the
articular cartilage [14, 21, 44], and a chondro‐protective effect has not been proven in
humans either [5, 6]. Nevertheless, clinically allografts are considered effective in
relieving pain and improving function for total meniscectomy patients [5, 6]. For future
long‐term experiments it is therefore necessary to included additional comparisons with
both a total meniscectomy group and an allograft transplantation group, in order to
predict the clinical value of the novel implant.
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CONCLUSION
This study showed that the novel, anatomically‐shaped PCU implant for total meniscal
replacement is biocompatible and that the implant bulk material can withstand repetitive
physiological loading in a large animal model. Failure of the implant fixation likely
increased implant extrusion from the knee joint and increased implant mobility, which
both may have induced the development of cartilage damage as observed in this study.
Apart from improvements to the fixation strategy, future tests require a direct
comparison of the implant with an allograft and a total meniscectomy group, to be able
to extrapolate performance of the implant to the current clinical practice.
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INTRODUCTION
The amount of resected tissue is the main predictor of the onset of osteoarthritis after
meniscectomy, thereby increasing the risk for total meniscectomy patients [1].
Consequently, approximately 50% of the (sub)total meniscectomy patients develop
symptomatic osteoarthritis [2, 3]. Meniscal allograft transplantation has been shown to
successfully reduce pain and improve knee function in these patients [4, 5]. However,
strict size‐matching criteria limit graft availability and post‐implantation, shrinkage and
re‐tearing of allografts is frequently observed [6‐9]. Moreover, meniscal allograft
transplantation is generally restricted to patients younger than 50 years, while most
meniscectomies are performed in patients over 45 years [4, 10, 11]. An implant that is
able to obviate these limitations may serve as an alternative to meniscal allografts.
Solid, non‐degradable, polymer implants designed to mimic the function of the native
meniscus are one potential solution. Contrary to tissue regenerating approaches, these
implants can provide full functionality from the moment of implantation. Polycarbonate
urethane (PCU) has shown the compliance and the wear resistance required for
orthopaedic applications [12]. Moreover, this material is capable of maintaining a fluid
film between two bearing surfaces, thereby approaching the lubrication mechanism of
synovial joints [12‐14]. Implantation of a PCU meniscus replacement did not alter the
cartilage condition with respect to the non‐operated control group after six months
follow‐up in an ovine model [15] . Preliminary results of the first clinical evaluation of this
meniscal implant show a considerable reduction of knee pain and increased activity levels
after one year follow‐up in 61 patients [16]. However, as this free‐floating, disc‐shaped
meniscal replacement requires a peripheral rim of the native meniscus to be present, it
does not provide a solution for total meniscectomy patients [17].
Encouraged by the promising performance of PCU implants in articular joints, we have
designed an anatomically shaped, PCU, total meniscus prosthesis. The outcomes of a
short term goat trial demonstrated that this implant is biocompatible and that the bulk
material is resistant to physiological loading. However, failure of the fixation sutures was
observed within the three month implantation period (Chapter 7). Therefore, this study
aimed at evaluating the long‐term performance of the PCU total meniscus implant after
improvement of the fixation strategy. The specific objectives of this twelve month in vivo
study were (1) to evaluate the implant’s integrity in response to long term physiological
loading and (2) to assess the chondroprotective capacity of the implant in comparison to
the clinically relevant control groups (meniscal allograft transplantation, total
meniscectomy and the intact meniscus).
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MATERIALS & METHODS
Ethics statement
This study was carried out according to the demands of the Dutch Experiments on
Animals Act and the guidelines of the Federation of European Laboratory Animal Science
Associations. The study protocol was approved by the institutional Animal Ethics
Committee of the Radboud University Nijmegen, The Netherlands (RU‐DEC 2012‐155).
Implant
Implant geometry was based on the geometry of a medial goat meniscus that was
microCT scanned (μCT 40, Scanco Medical AG, Brüttisellen, Switzerland) after
submersion in Omnipaque Iohexol (300 mg I / ml, GE Healthcare Inc., Princeton, NJ, USA)
for 2 hours to enhance the contrast. The scans were taken in air using the following
settings: 70 kVp, 114 µA, 300 ms exposure time, 264 slices and 36x36x36 µm3 resolution. A
3D model of this meniscus was created and the meniscal horns were extended five
millimeters to allow for suture fixation to the tibia plateau. Polycarbonate urethane
(Bionate® II 80A, DSM Biomedical, Berkeley, CA) implants were subsequently produced
by injection molding (Figure 8.1). All implants were sterilized by ethylene oxide gas
(Synergy Health, Venlo, the Netherlands).
Study design
Twenty‐six female Dutch milk goats (Capra Hircus Sana), aged 25±4 months, were
included in the experiment. The animals were subdivided over four surgical groups:
implant, allograft, meniscectomy and sham. The non‐operated left stifle joints of the
sham group served as the control group. Since the implant was available in only one size,
the animals were assigned to the implant group based on their weight, which was
matched to that of the animal whose meniscus served as a model for implant geometry.
The excised menisci from the implant and meniscectomy groups served as donor menisci
for the allograft group. Therefore, also these animals were size‐matched from the pool of
animals that was available. This resulted in the following distribution of the animals over
the experimental groups: implant (n=7, 64±13 kg), allograft (n=7, 57±6 kg), meniscectomy
(n=6, 56±9 kg) and sham/control (n=6, 45±3 kg).
We based the sample size for this study on the results of a study on meniscal
transplantation in sheep model [30]. A sample size calculation showed that six animals
per group would be required to detect a difference in Mankin score of four points with a
standard deviation of two point, a power of 80% and a significance level of α=0.05. To be
able to cope with the potential loss of an animal due to complications after the meniscal
replacement surgery, we decided to include one extra animal in the implant and allograft
groups.
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Figure 8.1: The anatomically shaped, polycarbonate urethane (PCU) total medial meniscus
replacement adjusted to the goat meniscus geometry, including the modified Revo knots for
fixation in the tibial bone tunnels.
Surgical procedure and follow‐up
The goats were anaesthetized by intravenous administration of propofol (4 mg/kg) and
subsequently intubated. Anesthesia was maintained using a mixture of nitrous oxide,
oxygen and 1.5% isoflurane. Transection of the medial collateral ligament (MCL) and the
joint capsule provided access to the medial compartment of the right stifle joint in all
animals. For the implant, allograft and meniscectomy groups, a total medial
meniscectomy was performed. The menisci selected to be used as a fresh allograft were
stored at room temperature in sterile saline (0.9% NaCl) for a maximum of 2 hours.
Allograft donor‐recipient pairs were assigned pre‐operatively based on weight‐matching.
In order to evaluate implant and allograft sizing, calibrated images were taken of the
excised native meniscus and the meniscal replacement.
In the implant and allograft groups, a custom‐designed drill guide was used to drill
two trans‐osseous tunnels (2.5 mm diameter) from the anteromedial aspect of the
proximal tibia to the anterior and posterior meniscal horn attachment sites. The implant
and allograft horns each were supplemented with two FiberWire No. 2 sutures (Arthrex
Inc, Naples, FL, USA). Compared to the three month goat trial, the fixation method was
modified by adding an extra suture thread and by creating a cylindrical Revo knot just
under the horns ([18], Figure 8.1). The sutures were guided through the trans‐osseous
tunnels and tightened until the cylindrical knots popped into the bone tunnels. As such,
suture mobility in the bone tunnels was reduced. In vitro loading for 1,800,000 cycles did
not induce damage of the modified fixation technique, while the fibers of the
conventional fixation method were clearly disrupted (Appendix A). The allograft menisci
were circumferentially fixed to the knee capsule by two vertical mattress sutures, while
the implants were not fixed along their circumference. In all surgical groups, the MCL was
repaired using FiberWire No. 2 sutures using the Bunnell technique. The capsule, fascia
and skin were closed in layers using Vicryl 2‐0 sutures (Ethicon, Sommerville, NJ, USA).
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Post‐operatively, analgesics were administered by intramuscular injection
(buprenorphine 0.3 mg/ml, two times 1 ml / 12 hours and flunixine 50 mg / ml, three times
1.2 ml / 24 hours). Antibiotics (ampicilline, two times 15 mg / kg /48 hours) were injected
subcutaneously. To promote the wound healing process, the animals were housed in
locomotion‐restricting, individual stables for six to ten days post‐surgery. Hereafter, the
goats were housed as one group, in a large straw‐covered stable, enriched with tree
trunks and willow branches. The animals had unlimited access to water, hay and salt lick
blocks and were fed pellets supplemented with vitamins and dietary elements once a day.
Once housed in the large stable, free loading of the operated leg was allowed. The goats
were sacrificed after twelve months follow‐up by intravenous injection of an overdose of
sodium pentobarbital.
MR imaging and extrusion measurements
Immediately after sacrifice, the stifle joints were amputated. Imaging of the joints was
performed on a 7 T small animal MRI scanner (ClinScan, Bruker, Billerica, MA, USA),
within three hours after sacrifice. The imaging parameters were: repetition time 10 ms,
echo time 2.91 ms, flip angle 20°, slice thickness 0.29 mm, no interslice gap, a voxel size
of 0.29x0.29x0.29 mm3 and a field of view 129x129 mm2. Tibial and femoral extrusion of
the implant, allograft and the native medial meniscus in the sham and control groups was
evaluated from the 3D‐DESS images using the definitions by Verdonk et al. [19]. The
measurements were taken in the mid‐coronal plane, displaying both tibial intercondyllar
eminences.
Joint dissection
After MR imaging, the soft tissues around the stifle joint were removed down to the joint
capsule. 20 ml demineralized water was injected into the joint space and dispersed by
flexing the knee five times. 10 ml of the diluted synovial fluid was retained and stored at ‐
80°C for wear particle analysis. The joint capsule was opened, imaged and synovial
membrane samples from the medial side of the trochlea were harvested for histological
analysis. The femoral and tibial articular cartilage surfaces were imaged before and after
India ink staining (Rotring International GmbH & Co, Hamburg, Germany) under
standardized lighting conditions. Gross appearance of the India ink stained articular
cartilage surfaces was blindly assessed from the macroscopic images by two independent
observers (ACTV and PB) applying the scoring scheme recommended by the OARSI
histopathology initiative [20]. Approximately 5 mm wide osteochondral specimen were
harvested from the tibia and femur at the locations indicated in Figure 8.2. The location
of the tibial specimen was selected such that the outer slice contained cartilage that was
completely covered by meniscal tissue or the implant and the central slice included the
uncovered part of the tibial cartilage.
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Figure 8.2: Location of the inner and outer osteochondral specimen for histological analysis
with respect to a) the femur and b) the tibia. c) 3D model of implant geometry, illustrating
the locations of the cross‐sections through the anterior and posterior horn and mid region of
the implant.
Histology
The synovial specimens were fixed in 4% neutral phosphate buffered formaldehyde for 24
hours and subsequently embedded in paraffin. 5 µm thick sections were cut using a
microtome. The sections were stained with haematoxylin and eosin. The osteochondral
specimens were fixed in 4% neutral phosphate buffered formaldehyde for 48 hours,
decalcified in formic acid and subsequently dehydrated in alcohol and embedded in
polymethyl methacrylate. 7 µm thick sections were cut using a microtome and stained
with Safranin‐O Fast Green. Two independent observers (ACTV and PB) blindly scored all
histological sections according to the scoring schemes recommended by the OARSI
histopathology initiative, resulting in a synovium histology score, a cartilage histology
score (modified Mankin scheme) and an affected area score [20]. The affected area score
represented the surface area affected by structural degenerative changes below 10% of
the cartilage thickness.
Implant deformation
All explanted prostheses were stored at room temperature in 0.15 M phosphate buffered
saline for a minimum of four weeks. A non‐implanted reference prosthesis was kept
under the same conditions for four weeks. The implants were microCT scanned in air
using the same settings as described in the implant section of this paper. The images
were segmented using Mimics software (v14.0, Materialise, Leuven, Belgium) and 3D
models of the implant geometries were created (Figure 8.2c). To be able to compare
corresponding regions for each implant, the 3D models were aligned by a Hausdorff
distance minimization algorithm [21]. Length and width of each implant were determined
from its projection on the transverse plane. As the horn geometry was potentially
different for each implant, the horns were excluded from the analysis. In addition, the
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area of cross‐sections through the anterior and posterior horn and mid region of the
implant was quantified (Figure 8.2c).
Implant wear analysis
In preparation for SEM imaging, the retrieved implants and the non‐implanted reference
prosthesis were dehydrated for one week at 37°C and thereafter rinsed with alcohol. The
femoral surfaces of the specimens were examined in a scanning electron microscope
operating at 15 kV (JEOL 6310, JEOL USA, Inc., Peabody, MA, USA).
Statistical analysis
Because the histopathological scores were not normally distributed, non‐parametric tests
were performed. Paired data (sham versus control) were analyzed using Wilcoxon signed
rank tests. Independent groups (implant versus control, allograft versus control,
meniscectomy versus control, implant versus allograft, implant versus meniscectomy and
allograft versus meniscectomy) were evaluated using Kruskal‐Wallis ANOVA followed by
Mann‐Whitney U tests for pairwise comparisons. The extrusion data were analyzed using
a one‐way ANOVA test followed by pairwise comparisons. Differences between groups
were considered significant for p‐values smaller than 0.05. All statistical analyses were
performed using SPSS Statistics (v20, IBM SPSS Statistics, Armonk, NY, USA).

RESULTS
General findings
All animals partially loaded the operated leg within one day post‐surgery. Within two
weeks, the goats returned to normal activity levels. Weakening due to persistent diarrhea
required the premature sacrifice of one goat from the sham group after eight months
follow‐up. No further complications were observed.
Macroscopic observations
The consistency and color of the synovial fluid was normal in all animals. No differences
were observed for the macroscopic appearance of the synovial membrane of the surgical
groups compared to the non‐operated controls. Fibrous tissue formation resulted in
thickening of the medial side of all operated knee joints. In the implant, allograft and
meniscectomy groups, fibrous tissue developed along the full circumference of the
medial tibia plateau, whereas tissue formation in the sham groups was limited to the area
directly surrounding the repaired MCL. Tissue ingrowth from the joint capsule resulted in
circumferential fixation of all allograft menisci. Furthermore, in all meniscectomized
joints, the excised tissue was partly regenerated (Figure 8.3g).
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Size matching of both the implant and allograft with the native meniscus appeared to
be suboptimal. Mismatches in length and/or width exceeding the clinically accepted ±10%
limits, were present for four implants and three allografts. The fixation sutures of the
meniscal replacements were intact in all animals. However, in three implant and five
allograft joints, one of the modified Revo knots was partly pulled out the tibial tunnel,
thereby extending the length of the suture. One implant failed by breakage of the
posterior horn extension. This animal was excluded from the analyses of macroscopic and
histological cartilage condition, extrusion and implant deformation.

Figure 8.3: Representative examples of macroscopic images of the india ink stained femur
condyles (a‐d) and tibia plateaus (e‐h) of the four study groups. Figures a‐d show the
presence of horizontal fibrillation of the medial femoral cartilage in all groups. Thickening of
the medial condyle was present in the implant, meniscectomy and allograft groups (white
arrows). Figures e‐h show roughening and focal india ink staining of the central tibia plateau
(black arrows), which was more pronounced for the implant, meniscectomy and allograft
groups. Figure g shows the regenerated tissue covering the periphery of the medial tibia
plateau in the meniscectomy group.
Thickening of the medial aspect of the medial femur condyle was observed in a
majority of the animals from the implant, allograft and meniscectomy groups. In several
animals of these groups, osteophytes developed along the periphery of the medial tibia
plateau (Figure 8.3a‐c). In practically all animals, the femur condyles showed marked
patterns of mediolateral fibrillation (Figure 8.3a‐d), resulting in comparable macroscopic
femoral cartilage scores for all experimental groups (median (IQR): implant: 2.00 (0.00);
allograft: 2.50 (0.50); meniscectomy: 2.00 (0.38); control: 2.00 (1.00); sham: 1.50 (1.00)).
Whereas the central area of the medial tibial cartilage was roughened and fibrillated in all
groups, the damage extended over a larger area in the implant, meniscectomy and
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allograft groups (Figure 8.3e‐h). Since the quantity of damage was not part of the (tibial)
macroscopic cartilage score, the scores of the four experimental groups were not
significantly different: median (IQR) implant: 2.25 (0.50); allograft: 2.50 (0.75);
meniscectomy: 2.50 (0.75); control: 1.50 (0.50); sham: 2.00 (0.50).
Histological observations
Signs of intimal hyperplasia, subintimal fibrosis and a slightly increased vascularity of the
synovial membrane were observed in all experimental groups. Small numbers of
lymphocytes were locally present in all groups, yet four out of seven specimens from the
allograft group also showed occasional lymphoid aggregates. No significant differences
were observed between the synovium histopathological scores (median (IQR)): implant:
5.25 (1.25); allograft: 7.00 (2.25); meniscectomy: 5.00 (3.00); control: 3.00 (2.50); sham:
4.50 (2.50).

Figure 8.4: Histological sections of the a) inner tibia, b) outer tibia, c) inner femur and d)
outer femur. The triangle excised in the full sections indicates the posterior side.
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Large parts of the cartilage of the inner tibia sections were severely degenerated in all
knee joints (Figure 8.4a). Independent of the experimental group, the damage in these
sections ranged from fissures down to the cartilage mid zone to severe fibrillations down
the deep zone, and was accompanied by a moderate reduction of cell density and loss of
Safranin‐O staining down to the mid zone, resulting in similarly high modified Mankin
and affected area scores for all groups (Figure 8.5a). The cartilage of the outer tibia, which
was in direct contact with the meniscus (replacements), was largely intact in the control
and sham groups. In the implant, allograft and meniscectomy groups, the structure of the
cartilage surface layer was compromised by fibrillation, resulting in a loss of Safranin‐O
staining (Figure 8.4b). The cell density in these groups was moderately decreased and cell
cloning was more frequent. Consequently, the modified Mankin scores of the implant and
allograft groups were increased compared to the control group (respectively p=0.017 and
p=0.018, Figure 8.5b). The extent of the structural damage in the implant, allograft and
meniscectomy groups was rather variable, which was reflected by the large spread of the
affected area scores for the outer tibia (Figure 8.5b).

Figure 8.5: Box plots of the modified Mankin and affected area scores for a) the inner tibia,
b) the outer tibia, c) the inner femur and d) the outer femur. The box extends from the 25th
and 75th percentile and shows the median as a horizontal line crossing the box. The whiskers
represent the minimum and maximum scores. I = Implant; A = Allograft; M = Meniscectomy;
C = Control and S = Sham. The * and # refer to significant differences between groups; *
p=0.017, ** p=0.018, # p=0.030, ## p=0.005, ### p=0.009.
Overall, the condition of the femur cartilage was better than the tibial cartilage
(Figure 8.4c). However, fissures down to the mid or deep zone were present locally in the
inner and outer femur cartilage of practically all animals, considerably adding to the
modified Mankin scores (Figures 8.4c and 8.5c‐d). Roughening of the cartilage surface
was observed for the control and sham groups, but was more pronounced in the implant,
allograft and meniscectomy groups (Figure 8.4d). Only small areas were affected by
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damage below 10% of the cartilage thickness, resulting in affected area scores that were
lower than for the tibia specimens (Figure 8.5).
Overall, the modified Mankin sub‐scores related to chondrocyte density and cloning
and Safranin‐O staining of the implant, allograft and meniscectomy groups were slightly
higher than those of the control group. However, only for the inner femur cartilage this
resulted in a significant difference of the modified Mankin scores for the implant, allograft
and meniscectomy groups compared to the control group (p=0.030, p=0.005 and p=0.009
respectively, Figures 8.5c‐d).

Figure 8.6: Representative MR images of a knee joint with the PCU implant (a ‐ b) and the
native medial meniscus in the control group (c ‐ d). The white arrows indicate the location of
the implant (in image b) or medial meniscus (in image d). e) Extrusion (mean ± SD) with
respect to the femur (grey bars) and tibia (white bars). * p=0.017, ** p=0.012, *** p=0.007.
Implant position and integrity
In the mid‐sagittal plane, the MR images showed that the conformity between the
implant horns and the tibiofemoral cartilage was similar as observed for the native
meniscus in the control group (Figures 8.6a‐b). The mid‐body of the implant showed
increased femoral extrusion from the joint space in comparison with the control group
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native meniscus (p=0.017), whereas both femoral and tibial extrusion were significantly
larger for the allograft group (respectively p=0.012 and p=0.007, Figures 8.6c‐e). The
degree of extrusion was similar for the implant and allograft groups (Figure 8.6e).

Difference with respect to the reference implant
Length
Width
Anterior area
Mid area
Posterior area

Mean
4.74%
1.22%
‐2.60%
2.00%
‐11.03%

SD
1.22%
0.91%
0.80%
2.27%
6.16%

Table 8.1: Change in implant dimensions with respect to a non‐implanted reference implant.
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Figure 8.7: Scanning electron images of different surface characteristics observed for a non‐
implanted reference prosthesis and retrieved implants. a) and b) Undulated surface of the
reference implants. c) Smoothing of the surface in highly loaded areas and d) persisting wavy
appearance in less loaded areas. Two isolated scratches were observed on the anterior horn
of two implants. e) and f) Opaque areas without apparent changes in surface smoothness.
Gross implant morphology was well maintained after one year of physiological
loading (Figure 8.3e). Deformation mainly comprised a slight increase of the implants´
length and compression of the posterior horn (Table 8.1). The SEM images showed that
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the surface of the non‐implanted reference prosthesis had an undulated appearance,
particularly in the anterior and posterior horn areas (Figures 8.7a‐b). These irregularities
were flattened over the twelve month implantation period, mainly in the high load‐
bearing inner region of the implants (Figures 8.7c‐d). Two implants displayed two isolated
scratches in the anterior horn area (Figure 8.7d). All implants showed localized opaque
areas. However, the smoothness of these areas appeared not to be affected (Figures 8.7e‐
f).

DISCUSSION
This study evaluated the integrity and chondroprotective capacity of a novel,
anatomically shaped, PCU implant for total meniscus replacement, in comparison with
the clinically relevant control groups. Implant deformation over the twelve month follow‐
up period was limited and the implant surfaces showed minor signs of wear, which was
reflected by the absence of changes to the synovial membrane. Nevertheless, implant
integrity was not yet satisfactory, since one implant failed by a complete tear of the
posterior horn extension. The cartilage histopathological conditions were similar for the
implant, allograft and meniscectomy groups, suggesting that, in the goat knee, neither of
the meniscal replacements offers chondroprotection compared to the meniscectomized
knee.
In order to remain functional, a meniscal implant should maintain surface integrity as
well as geometrical integrity. Following twelve months implantation, the highly loaded
areas of the implant showed polishing of the undulated surface. However, based on the
SEM images and synovium histology there was no indication of material loss. As expected
from PCU non‐linear compressive creep behavior, the increase in implant deformation
was limited between the three and twelve month time points ([12], Chapter 7). Because
the deformation of the posterior horn was highly similar after three and twelve months
implantation (Chapter 7), it can be concluded that compression of the more heavily
loaded posterior horn reached its maximum value within three months follow‐up.
Therefore, it can be expected that implant geometry is adequately maintained following
physiological loading exceeding the twelve month period studied here.
Although the majority of the implants were not affected by twelve months of
physiological loading, the failure of one of the horn extensions indicates that the integrity
of the implant is not yet sufficient. For this animal study, the PCU implant was available in
only one size. Because imaged‐based sizing procedures have not been established for the
goat meniscus, we attempted to obtain proper size‐matching by selecting goats for the
implant group based on a predetermined weight range. Nevertheless, the length of the
failed implant was 14% smaller than that of the native meniscus, which is beyond the 10%
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deviation that is clinically accepted [8]. Whereas undersized meniscal replacements have
been shown to improve cartilage contact mechanics, the internal strains may increase to
detrimental levels [8, 22]. In the current implant design, the cross‐sectional area is
smallest for the horn extension, thereby locally increasing the strain in the PCU. Hence,
this was the location most susceptible to material failure. Because the horn extensions
are positioned within the intercondyllar notch, future implants may be reinforced by
including more bulky extensions.
The use of a modified Revo knot to minimize mobility of the fixation suture
successfully improved the fixation integrity compared to our three month trial (Chapter
7). However, in several animals, the knot was (partially) pulled out of the transtibial
tunnel, thereby exposing the articular cartilage to a rough surface. Intra‐operative pre‐
tensioning of the fixation sutures of meniscal allografts has been shown to reduce the
cartilage peak pressure and cartilage degeneration [23, 24]. Therefore, incorporating a
pre‐tensioning step in our surgical procedure may prevent suture exposure and
potentially improves implant performance.
Similar to our three month evaluation, practically all animals, including the non‐
operated controls, showed severe degenerative changes of the central tibial cartilage as
well as fibrillation of the femoral cartilage. Consequently, the modified Mankin scores of
the inner tibia were comparable. To be able to detect changes to the cartilage caused by
the intervention, also samples from the peripheral cartilage, which was in direct contact
with the native meniscus or the meniscal replacements, were analyzed. Spontaneous
osteoarthritis has been reported for all large animal models in meniscal research [15, 20,
25‐27], and should therefore be taken into account when assessing the chondroprotective
capacity of any meniscal replacement. Moreover, the formation of a distinct neo‐
meniscus that covered the outer periphery of the tibia plateau in all animals of the
meniscectomy group potentially biased the interpretation of our results. The regenerated
tissue may have protected the cartilage in the meniscectomized joints from
degeneration, thereby minimizing the difference with the implant and allograft groups.
Whereas spontaneous regeneration after total meniscectomy is frequently reported in all
common large animal models [28‐31], however, this phenomenon is not observed in the
human knee joint. Hence, care should be taken to extrapolate the small differences in
cartilage condition between the implant and the meniscectomy groups to the human
situation.
When applied clinically, a meniscal replacement should reduce knee pain and
functional limitations in symptomatic meniscectomy patients and ideally also stop the
progression of osteoarthritis. In this study, the outer tibia and inner femur showed
increased cartilage degeneration for the implant, allograft and meniscectomy groups
compared to the non‐operated controls, suggesting that both meniscal replacements
cannot effectuate a chondroprotective function. Previous investigations show that
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meniscal allograft transplantation in a large animal model always results in histological
signs of cartilage degeneration with respect to the non‐operated controls [23, 30, 32‐36].
Compared to total meniscectomy, a chondroprotective effect of allograft transplantation
was observed in few studies [34, 35], whereas a majority of the large animal studies
reports no differences in articular cartilage condition between the allograft and
meniscectomy groups [23, 30, 32, 33, 36]. Although meniscal allograft transplantation is
frequently performed in clinical practice, also in the human knee a chondroprotective
effect of meniscal transplantation has not been substantiated [4, 5]. Nevertheless, knee
function and pain, as measured by the Lysholm and VAS scores, show a considerable
improvement [5]. This illustrates that to become clinically effective, chondroprotection is
not a prerequisite for a meniscal replacement.
Over the last decade, the chondroprotective potential of several total meniscal
implants has been evaluated in large animal models. With the exception of the
permanent PCU prosthesis tested by Zur et al, the cartilage condition in the implanted
group was significantly worse than in the native meniscus group [15, 31, 37, 38] . Although
Kon et al. concluded that their cell‐seeded scaffold could delay the degenerative process
compared to total meniscectomy after a four month evaluation, this effect diminished
after twelve months follow‐up [37, 39]. Kelly et al. observed similar cartilage scores for
their hydrogel meniscus implant and a meniscal allograft after two months, however,
after four months cartilage degeneration progressed in the implant group while it was
stopped in the allograft group. Moreover, complete radial tears were present in all
implants at the one year time point [38]. This indicates that long‐term evaluations in an
animal model are necessary to obtain an adequate impression of implant performance.
This is the first detailed, one year investigation of the performance of a permanent
total meniscus implant in a large animal model, including the relevant control groups
necessary to compare our novel implant to the current clinical practice. Surface and
geometrical integrity of the implant were maintained during the one year follow‐up.
However, the failure of one horn fixation extension stresses the importance of (local)
reinforcement of the bulk material in future implant designs. Although the implant could
not protect the cartilage from developing degenerative changes, the progression of
damage was similar in the allograft group. In the scope of the clinical success of meniscal
allograft transplantation and the preliminary data on improved clinical outcomes after
subtotal meniscus replacement with a PCU subtotal meniscus implant [4, 5, 16], our
implant may become an alternative treatment for symptomatic total meniscectomy
patients.
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SUMMARY
Meniscal tears are amongst the most frequently encountered injuries of the
musculoskeletal system [1]. The origin of meniscal injury shifts with age; in young
patients tears are usually caused by knee trauma, whereas older patients usually suffer
from degenerative tears [2]. Meniscal injury is generally treated by meniscectomy; i.e.,
partial or total removal of the meniscus. With advancing age, an increase in the number
of meniscectomies is observed, mainly on the medial side [3]. Although meniscectomy
generally reduces pain and restores knee function immediately post‐surgery, the patients
are prone to develop osteoarthritis in the long term [4, 5]. The risk of osteoarthritis after
meniscectomy increases proportionally with the amount of tissue resected [6]. Also
obesity, the female sex and pre‐existing early stage osteoarthritis are associated with
worse outcomes after meniscectomy [5]. To avoid or postpone the necessity of total knee
replacement, it is crucial to timely treat patients with post‐meniscectomy syndrome.
The current treatment standard for symptomatic total meniscectomy patients,
meniscal allograft transplantation, successfully relieves pain and improves knee function
[7‐9]. However, the supply of suitable grafts is limited and further restricted by the size‐
matching criteria formulated to optimize the chance of successful allograft functioning
[10]. Post‐implantation, allograft tissue is known to shrink and remodel, which may
compromise graft integrity [11‐13]. Lastly, patients over fifty years old are generally not
eligible for meniscal allograft transplantation [8], while they are too young and active for
total knee replacement.
These issues have stimulated the development of alternative treatment strategies for
total meniscectomy patients. Solid, non‐degradable, polymer implants designed to
mimic the function of the native meniscus comprise a potential solution to permanently
replace the complete meniscus. This thesis describes various aspects of the development
and preclinical evaluation of a novel, anatomically‐shaped, permanent implant for total
medial meniscus replacement.
Chapter 2 of this thesis comprises a literature review of the current status of synthetic
meniscus replacement and the (pre)clinical evaluation of novel meniscal implants. During
the last decade, three meniscal implants have been introduced to the clinical stage; two
porous, resorbable, scaffold‐like implants for meniscal tissue regeneration after partial
meniscectomy and one solid, non‐resorbable implant for permanent, subtotal
replacement of the meniscus. Randomized controlled trials by independent researchers
are necessary to assess whether the clinical performance of novel implants surpasses the
results of the conventional treatments, but such studies have not yet been reported for
the clinically applied implants. The preclinical evaluation of new meniscal prostheses
being developed requires a wider focus than has been adopted so far. Upon the
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development and evaluation of suitable materials, the preclinical testing of these
implants should comprise a combination of multilevel in vitro biomechanical and in vivo
animal experiments, while up to now the focus has mainly been on biological aspects.
Chapter 2 served as a basis for our approach to evaluate the performance of (aspects of)
the TRAMMPOLIN meniscal implant.
The fixation strategy of a solid, synthetic meniscal implant should take over the
biomechanical function of the fixation of the native meniscus. Horn fixation has been
shown to play a crucial role in meniscus biomechanics. While the circumferential
integration with the joint capsule guarantees the vascularization of the native meniscus
and allografts, this biological function is absent for a solid, synthetic implant. However, it
is still unknown whether circumferential fixation also contributes to the biomechanical
functioning of the meniscus. Therefore, the aim of Chapter 3 was to determine whether
releasing and restoring the circumferential fixation of the medial meniscus influences its
kinematics pattern. To this purpose, seven human cadaveric knee joints were subjected
to a combined flexion and loading series in a six degrees of freedom loading rig, in neutral
orientation and under an additional internal and external tibial torques. Roentgen
stereophotogrammetric analysis was used to determine motion of the meniscus along
the anteroposterior and mediolateral axes. Three fixation conditions were evaluated:
intact, detached and resutured. For all fixation conditions, the anterior horn translated
significantly more backwards than the posterior region. Detaching and resuturing the
circumferential fixation did not alter the meniscal motion pattern along the
anteroposterior or mediolateral axis. This study demonstrated that the motion pattern of
the medial meniscus is independent of its fixation to the knee capsule and medial
collateral ligament (MCL). The outcomes of this study have been deployed to finalize the
fixation strategy of our permanent meniscus prosthesis.
The geometry‐dependent functioning of the meniscus indicates that detailed knowledge
on 3D meniscus geometry and its inter‐subject variation is essential to design well‐
functioning anatomically shaped meniscus replacements. Therefore, the aim of Chapter
4 was to quantify 3D meniscus geometry and to determine whether variation in medial
meniscus geometry is size‐ or shape‐driven. Additionally, we performed a cluster analysis
to identify distinct morphological groups of medial menisci and assessed whether
meniscal geometry is gender‐dependent. A statistical shape model was created,
containing the meniscus geometries of 35 subjects which were obtained from MR images.
A principal component analysis was performed to determine the most important modes
of geometry variation and the characteristic changes per principal component were
evaluated. Each meniscus from the original dataset was then reconstructed as a linear
combination of principal components. This allowed the comparison of male and female
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menisci, and a cluster analysis to determine distinct morphological meniscus groups. Our
results indicated that 53.8% of the variation in medial meniscus geometry was due to
primarily size‐related differences and 29.6% due to shape differences. Shape changes
were most prominent in the cross‐sectional plane, rather than in the transverse plane.
Significant differences between male and female menisci were only found for principal
component 1, which predominantly reflected size differences. The cluster analysis
resulted in four clusters, yet these clusters represented two different meniscal shapes as
differences between cluster 1, 2 and 4 were only present for principal component 1. This
study illustrates that differences in meniscal geometry cannot be explained by scaling
only, but that different meniscal shapes can be distinguished.
In Chapter 4 we identified six independent modes of size‐ and shape‐related geometry
variation through 3D statistical shape modeling of the medial meniscus. However, a
statistical shape model does not provide information on the influence of these geometry
variations on the cartilage contact pressure. Therefore, in Chapter 5 finite element
simulations were performed to determine the influence of anatomically‐based meniscal
implant size and shape variations on knee cartilage contact pressures. The simulations
were repeated for a total medial meniscectomy, an allograft, the average implant
geometry, six implant sizes and ten shape variations. The geometries of all implant
variations and the allograft were based on the meniscus statistical shape model. Cartilage
contact pressures and implant tensile strains were evaluated in full extension under 1200
N of axial compression. Our results showed that the average implant induced tibial
cartilage peak pressures intermediate between the allograft and meniscectomy. The
smaller implant sizes resulted in lower tibial peak pressures than the allograft, yet high
implant strains were observed. Shape modes 2, 3 and 6 affected the peak stresses but to a
lesser extent than the size variations. Shape modes 4 and 5 did not result in changes of
the stress levels in the cartilage. The present study indicates that cartilage contact
mechanics are more sensitive to implant size than to implant shape. Down‐sizing the
implant resulted in more favorable contact mechanics, but caused excessive material
strains. Further evaluations are necessary to balance cartilage contact pressures and
material strains to ensure cartilage protection and longevity of the implant.
The first physical evaluation of the TRAMMPOLIN, anatomically shaped polycarbonate
urethane (PCU) total meniscus implant comprised the in vitro assessment of the implant’s
functional biomechanical performance in a cadaveric knee model (Chapter 6). To this
purpose, five human knee joints were flexed between 0° and 90° under compressive loads
mimicking a squat movement. Additionally, anteroposterior laxity tests were performed
in 30° and 90° flexion. Meniscal kinematics and knee laxity were quantified using
roentgen stereophotogrammetric analysis. Using piezoresistive pressure sensors, tibial
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cartilage peak pressure, mean pressure and contact area were measured in 90° flexion.
Measurements were repeated for four conditions: the native medial meniscus, the PCU
implant, total medial meniscectomy and a meniscal allograft. The results showed that the
implant and allograft both displayed increased posterior and medial displacements
compared to the native meniscus. The differences in displacement between the implant
and allograft were non‐significant. Rotational knee laxity was not affected by meniscal
condition. Compared to the native knee, anteroposterior laxity was increased for the
implant, meniscectomy and allograft in 30° flexion. In 90° flexion, laxity differences
between the implant and native meniscus were non‐significant. The implant reduced the
mean contact pressure compared to total meniscectomy but could not reduce contact
pressures to native meniscus levels. Also peak pressure and contact area were
significantly increased for the implant compared to the native meniscus. Contact
mechanics of the implant and allograft were never statistically different. Based on the
outcomes of this study we concluded that biomechanical performance was similar for the
implant and allograft. However, both meniscal replacements could not restore outcomes
to native meniscus levels or sufficiently improve outcomes after meniscectomy. This was
presumably caused by the mobility allowed by the suture‐only horn fixation.
Whereas in vitro and in silico studies can provide detailed insights into the implant’s
biomechanical performance immediately after implantation, information on the
implant’s influence on joint homeostasis and its response to long term physiological
loading can only be collected from in vivo experiments. Chapter 7 describes a three
month study in goats, which was designed to provide initial knowledge on the in vivo
performance of the PCU total meniscus implant, with a focus on implant (fixation)
integrity and potential changes to the synovium and cartilage. The right medial meniscus
of seven goats was replaced by the implant, which was fixed to the tibia plateau by
sutures running through the horns and transosseous tunnels. Sham surgery (trans‐
section of the MCL, arthrotomy and MCL suturing) was performed in six animals. The
contralateral knee joints of both groups served as control groups. After three months
follow‐up the following aspects of implant performance were evaluated: implant position
in the joint, implant deformation and histopathological condition of the synovium and
cartilage. The PCU implant did not induce an inflammatory response in the goat knee.
Both the femoral cartilage and tibial cartilage in direct contact with the implant showed
increased damage compared to the sham and sham‐control groups. In all animals,
implant fixation was compromised due to suture breakage, wear or elongation, likely
causing the significant increase in extrusion observed for the implant group. Implant
shape was well maintained during the three month implantation period. The findings of
this first large animal study demonstrate that the novel, anatomically shaped PCU total
meniscal replacement is biocompatible and resistant to physiological loading. Failure of
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the fixation sutures increased mobility of the implant, which may have induced implant
extrusion and potentially stimulated cartilage degeneration.
To be able to predict the implant’s clinical value, the knowledge from the three month in
vivo study had to be supplemented with a long‐term in vivo study including all clinically
relevant control groups. To prevent fixation failure, as observed in the three month in vivo
study, the first stage of the long‐term study comprised an in vitro evaluation of an
adapted fixation strategy (Appendix A). An extra fixation suture thread was added and a
cylindrical, modified Revo knot was created directly under the implant horn extensions.
As such the mobility of the sutures in the tibial bone tunnels was reduced. The original
and modified fixation configurations were tested by rubbing the sutures against the edge
of a transosseous tunnel for 1,800,000 cycles. SEM imaging indicated that damage of the
suture material in the modified fixation strategy was absent, whereas the fibers of the
original fixation strategy showed clear disruption.
In Chapter 8, the improved fixation method was applied in a twelve month goat study,
which aimed at evaluating the implant’s response to long‐term physiological loading and
assessing the chondroprotective capacity of the implant in comparison to the clinically
relevant control groups (meniscal allograft transplantation, total meniscectomy and the
intact meniscus). Surgery was performed to the right stifle joint of 26 female Saanen
goats, which were subdivided over four surgical groups: implant, allograft, total
meniscectomy and sham surgery. The contralateral joints of the sham group served as
non‐operated controls. In all surgical groups, the MCL was transsected and resutured
after the arthrotomy. In the implant, allograft and meniscectomy groups, a total medial
meniscectomy was performed. Tibial tunnels were created for suture fixation of the
implant and allograft to the tibia plateau using the modified Revo knot fixation method.
After twelve months follow‐up, implant wear and deformation as well as the
histopathological condition of the synovium and cartilage were evaluated. The
articulating surfaces of the implant did only show minor signs of wear, which was
confirmed by the absence of wear particles in the synovial membrane. Implant
deformation over the twelve month implantation period was limited and only marginally
increased compared to the three month study. However, one implant failed by a
complete tear of the posterior horn extension. No differences in cartilage
histopathological condition were observed for the implant, allograft and meniscectomy
groups. However locally, the cartilage scores for these groups were significantly worse
than those of the non‐operated controls. Whereas this study demonstrated that the novel
implant is resistant to wear and that deformation after twelve months physiological
loading is acceptable, (local) reinforcement of the implant horns is necessary to prevent
horn failure. Although the implant could not protect the cartilage from developing
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degenerative changes, the progression of damage was similar in the allograft group. In
the scope of the clinical success of meniscal allograft transplantation, the TRAMMPOLIN
implant may have the potential to become an alternative treatment for symptomatic
total meniscectomy patients.

GENERAL DISCUSSION
Design of the 1st generation TRAMMPOLIN implant
Based on basic knowledge of the native meniscus and the (biomechanical) evaluation of
the functioning of meniscal allografts and synthetic meniscal replacements, in Chapter 1
we introduced a set of design criteria that, ideally, should be adopted in the design of a
novel meniscal substitute. Several of these criteria have been implemented in the design
of the first generation of the TRAMMPOLIN implant, which was tested in this thesis.
Others remain a target for future design improvements.


Resemble the mechanical properties of native meniscus tissue
The first generation TRAMMPOLIN meniscal implant is fully fabricated of grade II
Bionate® 80A PCU (DSM Biomedical, Geleen, the Netherlands). The material’s
tensile modulus of 11 MPa corresponds to the radial tensile modulus of the native
meniscus [14]. However, with respect to the circumferential tensile modulus (circa
100 MPa, [14‐16]) and the compressive modulus (circa 1 MPa, [17]) of the native
tissue, a mismatch in material stiffness of approximately one order of magnitude is
present.
Despite the discrepancies in material properties, our experimental studies only
provide little proof that an isotropic implant would not be appropriate to replace the
meniscus. Although the biomechanical functioning of the implant was significantly
different from the native meniscus, the performance of the implant was rather
similar to that of a meniscal allograft (Chapter 6). As the allograft does possess the
anisotropic molecular organization of the native tissue, the differences in
biomechanical performance between the implant and native meniscus as observed in
Chapter 6 cannot be attributed to the isotropic concept.
The post‐mortem MR images of both the three and twelve month goat trials
displayed a good conformity between the implant and the femoral and tibial
cartilage surfaces. In addition, deformation of the implant was relatively small and
the progression of the deformation between the two time points was not
proportionally with time. The implant length, which is the parameter that is expected
to show most pronounced changes when the circumferential elastic modulus of the
implant would be too low, increased less than 5% over the twelve month
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implantation period. Although the overall deformation was limited, in one goat the
implant bulk material failed at the extension for horn fixation. The cross‐sectional
area of this extruded area was considerably smaller than that of the implant body,
thereby creating a weak spot. Although implant sizing was satisfactory in most
goats, in this particular animal the implant length was 14% smaller than the native
meniscus, which likely has increased the internal stresses. This case of implant failure
does not only underline the importance of proper sizing of a meniscal replacement
[10], but also indicates that the implant material configuration and geometry of the
horn extensions should be reconsidered carefully to avoid local stress concentrations.
Contrary to the experimental studies, the numerical analyses performed in
Chapter 5 provided clear arguments for changes to the implant material. In this study
similar tensile strains were observed in the allograft and (average) implant. Whereas
these strains can be endured by an allograft meniscus [14], the implant material
exceeds its yield point at strain levels of 20% (personal communication DSM
Biomedical). This illustrates that the circumferential elastic modulus of the implant
may not be sufficient to resist physiological loading in the human knee joint, without
causing permanent deformation. Deformation of the implant could be limited by the
use of a stiffer material. For example, DSM’s biomaterial portfolio also includes PCUs
with a tensile modulus between 50 and 330 MPa. Whereas this range better
approaches the native meniscus’ tensile modulus, the discrepancies with the
compressive modulus would further increase. Intuitively, one would hypothesize that
an increased compressive stiffness would adversely affect the cartilage contact
pressures. For static conditions, numerical studies have shown a slight reduction of
the contact pressures when the axial and radial compressive moduli of the meniscus
were increased [18, 19]. However, a reduced compliance may affect the capacity of
the meniscus to adapt its shape under dynamic conditions ([20], Chapter 3).
Moreover, when increasing the compressive modulus of the implant, obtaining a
good initial congruency between the implant and the femoral and tibial cartilage
surfaces is more critical.
In summary, we observed that the current implant material shows the
compliance to create good conformity between the implant and the cartilage
surfaces in the goat model. However, excessive deformation of the implant material
was observed in finite element simulations of the human knee joint. Therefore, the
design of the TRAMMPOLIN implant requires improvement from the material’s
perspective.


The implant geometry should closely match the native meniscus geometry
An important characteristic of the TRAMMPOLIN implants is its anatomical design.
The geometry of the human and goat versions of the first generation TRAMMPOLIN
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implant was based on the meniscus best approaching the average dimensions of a
small set of menisci. Thus, the prototypes were only fabricated in one size. Despite a
suboptimal fit caused by using an average implant, good congruency between the
implant and cartilage surfaces was observed after both three months and twelve
months follow up in the goat model.
One implant size is not sufficient to cover the population when aiming at a
maximum deviation of ±10% compared to the native meniscus size [10]. Therefore,
concurrently with the experimental evaluations of implant functioning, studies were
performed to identify the variation in meniscal geometry and to numerically assess
the influence of geometry variations on cartilage contact mechanics. While 29.6% of
meniscal morphological variation can be attributed to changes in shape, cartilage
contact mechanics was considerably more sensitive to meniscal size (Chapters 5 and
6). These findings suggest that, for an isotropic implant of grade II Bionate® 80A
PCU, it is not necessary to introduce separate implant shapes in addition to a well‐
defined range of implant sizes. However, based on the numerical studies it was also
recommended to increase the implant’s circumferential tensile stiffness to avoid
permanent deformation. Since any changes to the implant’s material likely interact
with the geometry‐dependent response of the cartilage contact mechanics, it is
necessary to repeat the simulations when a new material configuration is proposed.
The outcomes of Chapter 5 showed that the meniscal dimensions changed
approximately ±30% over the ±3 standard deviations of principal component 1 (the
size related mode of meniscus geometry variation). In allograft selection, size
mismatches of maximum ±10% are generally accepted. Applying this guideline to
define the number of implant sizes, five sizes would be sufficient to cover the
population (two ±15% increments with respect to the average size). However, the
results of Chapter 6 demonstrated drastic changes of the cartilage contact pressures
for implant size variations of ±10% with respect to the average size. Undersizing the
implant considerably reduced the contact pressures, while oversizing resulted in a
clear increase. This provides an argument in favor of a higher number of implant size
variations. Nevertheless, extra simulations are necessary to determine how size
deviations between 0% and 10% affect the cartilage contact pressures.


The implant should be fixed to the tibia plateau
An important aspect of the anatomical design of the TRAMMPOLIN implant is the
fixation of the horns of the prosthesis to the tibia plateau. Consistent with the
common techniques for fixation of meniscal allografts, in the experiments we aimed
at implant fixation by guiding ultra‐high molecular weight polyethylene sutures
through the implant and transtibial bone tunnels. As the menisco‐tibial ligaments
could not be accurately segmented from the MR scans used to establish implant
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geometry, the anterior and posterior horns were manually extruded to create
structures that could hold the sutures. The implant was not supplemented with
options for peripheral fixation to the joint capsule. This choice was motivated by the
observations that peripheral fixation does not affect meniscal contact mechanics and
kinematics ([21], Chapter 3).
During the in vitro evaluation of the implant, we observed similar increases in
mobility for the implant and allograft compared to the native meniscus. Because the
material properties of the allograft closely resemble those of the native meniscus, it
is unlikely that deformation of the tissue caused the differences in kinematics
pattern. Therefore, we believe that the increased translations are caused by the
sutures that could freely move within the bone tunnels. Since extrusion from the joint
causes a reduction of the contact area between the meniscus and the cartilage, the
increased mobility presumably also had a negative effect on the contact mechanics
for the implant and allograft conditions. In the three month goat trial, (partial) failure
of the horn fixation was observed in all animals. Integrity of the suture material was
compromised by repetitive rubbing of the suture against the edge of the bone
tunnels. Also in animals without complete breakage of one of the fixation sutures,
extrusion of the implant from the joint was observed. In the twelve month study,
suture failure was prevented by incorporating a modified Revo knot that limited
mobility of the suture in the bone tunnel. However, in several animals the knot was
partly pulled out of bone tunnel.
All together, the observations from the human cadaveric study and goat studies
clearly indicate that the fixation strategy of the TRAMMPOLIN implant should be
reconsidered in future implant designs. Whereas the outcomes from Chapter 2
demonstrated that the integration between the medial meniscus and the joint
capsule / MCL complex does not contribute to meniscal kinematics, omitting the
circumferential fixation from the implant fixation strategy may have increased the
loads on the horn fixation sutures. The implementation of a more rigid horn fixation
may offer sufficient resistance against these increased loads, while at the same time
allowing the omission of the surgically demanding circumferential fixation step.


A minimal invasive implantation procedure
The implantation of the first generation TRAMMPOLIN implant in Chapters 6, 7 and 8
involved an open technique including release of the MCL. In the human cadaveric
model, this procedure was necessary to accurately insert the radiopaque beads for
RSA into the native meniscus and to guide positioning of the pressure sensor. In the
animal trials, the size and tightness of the goat knee joint required release of the MCL
to create sufficient space to perform the meniscectomy and subsequent meniscal
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replacement. However, in the human knee, arthroscopic techniques are the current
surgical standard for meniscal replacement procedures [8, 9].
As a result of the relatively high compressive modulus of the TRAMMPOLIN
implant compared to the native meniscus, the flexibility of the implant is limited. This
inflexibility may challenge an arthroscopic implantation technique. However, a PCU
subtotal meniscus replacement with similar dimensions (NUsurface®) has shown to
be implantable through a mini‐arthrotomy [22]. Also, a rigid, cobalt‐chrome device
for tibial hemi‐arthroplasty (Unispacer®) can be implanted without release of the
MCL [23]. Thus, although not directly tested for our implant so far, the clinical
experience with other rigid meniscal replacement devices indicates that minimal
invasive implantation via a mini‐arthrotomy should be feasible.

Multi‐modal design and evaluation of meniscal implants
In this thesis, a multimodal approach, comprising in silico, in vitro and in vivo models, was
adopted to design a novel meniscus implant and evaluate its preclinical functionality.
Each of the methods has provided insights within its well‐defined domain. As outlined in
the preceding paragraph, solely by combining all outcomes, the strengths and
weaknesses of the first generation TRAMMPOLIN implant could be identified.
In orthopaedic implant design, finite element simulations are a widely used tool to
provide insights into parameters that cannot be measured experimentally. In the specific
case of our meniscal implant, a finite element model of the knee joint was used to
determine cartilage and implant stresses and strains. In addition, the finite element
model allowed simple variation of parameters such as geometry and material properties,
which has been employed to systematically identify the variables that most strongly
influence cartilage loading. This characteristic of finite element simulations provided clear
benefits compared to experimental testing of a product that involves a costly fabrication
process (e.g., machining a mold for injection molding). When studying processes within a
complex system like the knee joint, a numerical model always remains a simplified
representation of the reality. Therefore, the process of digital prototyping through finite
element simulations may reduce the number of physical prototypes needed, but cannot
fully replace physical tests.
The functional biomechanical performance of our implant was evaluated in a human
cadaveric knee model that was loaded into a knee loading rig. In this rig, a knee joint can
seek its equilibrium orientation according to its natural six degrees of freedom. The
combined use of human cadaveric knee joints and such loading rig provides a testing
environment that is a realistic representation of the native human knee joint. All
ligaments that constrain natural human knee motion are present in this model, as well as
the interaction between the implant, cartilage and synovial fluid. In addition, the
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cadaveric knee model allowed repeating several measurements under similar boundary
conditions, which is impossible in an in vivo model.
Although in silico and in vitro models provide a good starting point in assessing
implant functioning, the complex and irregular loading conditions within the knee joint
cannot be incorporated in these models. Therefore, in vivo testing of any meniscal
implant is necessary to determine whether the implant’s integrity is maintained during
long‐term repetitive loading under physiological conditions. Even more important,
insight into the response of the knee joint tissues to presence of the implant could only be
acquired through in vivo tests. These tests are an essential step in creating a dataset that
can be used to predict the clinical value of a meniscal implant.
The development and evaluation process of the TRAMMPOLIN implant could have
benefited optimally from the multi‐modal approach if the outcomes of one study could
have been implemented in the subsequent study. However, due to the strict time frame
for this project, the studies were performed in parallel, rather than sequentially. At the
moment the in silico study indicated that the implant’s mechanical properties may not be
optimal for physiological loading, implant fabrication for the in vitro and in vivo studies
was already finished. Whereas the in vitro studies raised doubts on the horn fixation
strategy, the in vivo studies were already initiated before the data of the in vitro tests
were completely analyzed. Thus, the strict deadlines within the project may have caused
some deviation from the optimal process. Nevertheless, the outcomes of the presented
studies provide a clear view on the future improvements to the implant design.

Model limitations
For each aspect of the preclinical evaluation process, we selected a model bearing in mind
the specific purpose of this particular study. However, as a model always remains an
approximation of the true system, each model comes with its specific limitations.
Mimicking the complex loading condition experienced by the native knee joint has
shown to be challenging in any model. The static finite element simulations in Chapter 5
were performed for full extension of the knee and an axial compressive load of 1200 N,
which was partly dictated by numerical convergence problems larger loads. The loading
protocol of the in vitro experiments in the knee loading rig (Chapter 3 and 6) comprised
loads up to 1200 N applied in a static fashion, which was imposed by the boundary
conditions of the loading rig and the maximum loads that could be applied to the
relatively old human cadaveric tissue. These static loading regimes obviously are a
simplification of the highly dynamic conditions in the native knee joint. In recent years,
the knowledge on the true loading conditions in the knee joint has been widely expanded
by the ability to obtain detailed profiles of the loads and moments acting in the knee joint
from instrumented knee prostheses. Typically, the peak loads during daily life activities
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equal multiple times body weight, e.g., 2.5 times body weight during level walking and
3.5 times body weight when descending stairs [24, 25]. Currently, the ORL 3D knee finite
element model is further developed to enable dynamic simulations under realistic loading
conditions. The datasets from the instrumented knee prostheses may serve as a
validation data set for the dynamic simulations. To facilitate the application of
physiological loading patterns in future cadaveric knee experiments, a dynamic knee
loading rig was developed within the BMM‐TRAMMPOLIN project [26].
Although the combination of this improved loading rig and the cadaver knee joint
model would provide a realistic representation of the ultimate environment in which the
meniscal implant needs to perform its action, tissue degeneration limits suitability for the
long term evaluation of implant integrity in the human knee. Therefore, controlled wear
testing in an artificial knee joint is a necessary step to complement the preclinical
evaluation of the TRAMMPOLIN implant. Wear testing for total knee arthroplasty is
described in an ISO standard (ISO 14243), thus a reference protocol for meniscal
replacements is readily available. The new loading rig has been designed such that wear
tests of several million cycles (the ISO standard requires 5 million cycles, which resembles
3 years of use) can be combined with intermittent functional evaluations of cartilage
contact mechanics and kinematics of internal structures like the meniscus or cruciate
ligaments.
The goat model is frequently selected for meniscal replacement research because of
the anatomical and physiological resemblance between the goat and human knee joint
[27]. However, one should keep in mind the differences between human and caprine gait
and the resulting loads acting on the knee joint. In full extension, the goat knee joint
maintains a flexion angle of 30°, while the maximum joint excursion during the gait cycle
is approximately 25°. The vertical component of the ground reaction force in caprine gait
peaks at approximately 75% of the goat’s body weight [28]. During human gait, the
flexion angle varies between 0° and 60° and the ground reaction force peaks at a value
over 100% of the body weight [29, 30]. Hence, even when the duration of the goat trial
would have been extended to 3 years, it should be accompanied by in vitro wear tests to
predict the long term integrity of the human implant.
Although literature review indicated that the goat model is a suitable model to assess
the in vivo functionality of a meniscal replacement [27, 31, 32], in the course of the studies
concerns regarding the goat’s intrinsic cartilage condition arose. Post‐mortem
macroscopic and microscopic inspection of the tibial articular cartilage surfaces revealed
a characteristic area of cartilage wear of the central medial tibia plateau in both the
surgically treated and non‐operated control joints, resulting in high histopathological
scores independent of the surgical intervention. The femoral cartilage of a majority of the
animals showed deep fibrillations along the mediolateral axis, which particularly affected
the scores for the twelve month goat trial (as a result of the altered sample orientation
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compared to the three month study). These observations evidently interfere with the
suitability of our (Saanen) goat model to assess the effect of a meniscus‐related
intervention on the articular cartilage.
Despite not being discussed in studies describing animal research on meniscal
replacement, literature reports of spontaneous osteoarthritis are encountered for all
preferred large animal models in this field (i.e. dogs, sheep and goats) [33‐37]. Based on
this information, switching to one of the other large animal models used in meniscus‐
related research would not circumvent the problem. Nevertheless, in future animal
investigations evaluating the cartilage condition after any meniscal intervention, the
researchers should be aware that the occurrence of spontaneous osteoarthritis may
potentially bias their outcomes. Using homogeneous groups with respect to the animal’s
gender, weight and age may minimize the pre‐study variation in cartilage condition. Also,
a direct assessment of the cartilage condition at the start and end of the study is desired.
To allow for a direct comparison of the patterns, ideally, the same method should be used
for the pre‐study and post‐study cartilage assessment. Care should be taken to select a
method that can also record the exact location of any lesion, to judge whether the
damage expanded over the course of the study, e.g., arthroscopic inspection with a
reference frame and score assigned or quantitative MRI. However, even detailed
monitoring cannot account for any inter‐animal differences in osteoarthritis progression
during the study.

Extrapolation of preclinical results to predict the implant’s clinical value
When applied clinically, the TRAMMPOLIN implant should stop the progression of
osteoarthritis and/or induce relief of pain and knee function complaints in patients
suffering from post‐meniscectomy syndrome. The outcomes from the preclinical
evaluation phase should provide the confidence that the implant will properly perform its
function in a patient’s knee. However, the link between the preclinical outcome measures
and clinically relevant parameters is not well‐defined. Therefore, the translation of
preclinical test results into a prediction of the implant’s clinical performance is not
straightforward.
Increased pressures acting on the articular cartilage are associated with detrimental
changes to the tissue [38, 39]. Therefore, evaluations of the articular cartilage contact
pressures are a common method to evaluate the effect of meniscus‐related interventions
[10, 40, 41]. However, the increase in load that can be tolerated by the cartilage depends,
amongst others, on the thickness and location of the tissue [39, 42]. Consequently, the
effect of the changes in contact mechanics after a meniscal intervention will be different
for each patient, which complicates the definition of a threshold indicating the acceptable
change. Thus, to extrapolate the findings of the biomechanical evaluation of a novel
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meniscal replacement to its clinical value, it is necessary to include relevant controls
whose clinical performance is well documented.
In the preclinical evaluation phase, the success of a meniscal replacement is mainly
derived from its effect on the surrounding tissues, as determined from animal studies [36,
43‐46]. In clinical practice, the success of meniscal allograft transplantation has primarily
been demonstrated by the improvement of the clinical outcome scores evaluating knee
function, pain, activity or a combination of these factors. An improvement of the clinical
outcomes is not necessarily accompanied by chondroprotection [8, 9], indicating that in
order to benefit from a meniscal replacement, chondroprotection is not a prerequisite.
However, this conclusion also illustrates the complexity of the translation of the
preclinical testing results into a prediction of the clinical value of a novel meniscal
implant.
Meniscal allograft transplantation is considered an effective treatment to reduce pain
and improve knee function in symptomatic total meniscectomy patients [8, 9]. Our
studies have shown that the biomechanical and biological performance of the novel PCU
total meniscus replacement is similar to allograft performance, yet also that several
improvements to the design are necessary. If implant performance is maintained or
improved following these design alterations, the resemblance with allograft performance
provides a basis to support the initiation of the clinical evaluation of the TRAMMPOLIN
total meniscus implant. Solely a clinical evaluation can indicate whether the implant is an
effective treatment for patients suffering from post‐meniscectomy syndrome.

FUTURE PERSPECTIVES
The research performed within the BMM‐TRAMMPOLIN project has laid a solid
foundation for the development of a novel implant for permanent, total medial meniscus
replacement. The multimodal design and evaluation approach adopted in this thesis has
resulted in thorough insights into preclinical implant functioning and points that should
receive attention in future versions of the implant. Within an extension of the
TRAMMPOLIN project, funded by the Top sector Life Science & Health, the implant will
be further optimized and tested. Improvement of the implant fixation strategy and local
reinforcement of the implant bulk material will be prioritized in this process. Within this
project extension, the combination of in silico, in vitro and in vivo testing will be
continued. In addition to the functional biomechanical evaluation of the implant as
described in Chapter 6, future experiments will also include long term dynamic loading
regimes to assess the human implant’s resistance to wear and fatigue. In parallel, the
research described in Chapter 4 and 5 will be expanded to establish the (number of)
geometries to provide a majority of the world population with a well fitting and functional
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implant. All tests will be performed such that the outcomes provide a solid basis to build
the dossier needed for CE and FDA certification.
The intended improvements to the implant design will likely increase its stiffness and
thereby reduce the implant’s capacity to accommodate to subtle differences in knee joint
geometry. As such, optimizing the initial fit of the implant becomes even more critical to
obtain good joint congruency. A personalized implant may overcome the discrepancies in
fit that undoubtedly will exist when implant geometry is population‐based. The
introduction of personalized implants requires fast medical imaging and subsequent
image processing as well as a production method that offers the flexibility to customize
the implant geometry for each patient at low costs.
Over the last decade, advances in MR imaging sequences have allowed 3D, high‐
resolution (0.5x0.5x0.5 mm3 voxels) imaging of the knee joint within clinically applicable
acquisition times [47]. Moreover, recent developments in the field of image segmentation
and 3D reconstruction have resulted in an algorithm that successfully segments the
menisci from clinical MR images in a fully automated manner and subsequently
reconstructs smooth 3D meniscus models [48]. These 3D models serve as an input for the
implant manufacturing process.
The implants tested in this thesis were produced by injection molding, using a mold
created by milling. The high production costs of these molds, however, preclude frequent
design changes, which makes this technique unsuitable for the cost‐effective production
of personalized implants. Using additive manufacturing processes (also known as 3D
printing) an object is built in a layer‐wise fashion directly from the 3D model. Over the last
decade, the increased range of FDA approved materials that is available for additive
manufacturing has stimulated the introduction of this technology in the medical device
industry. The flexibility of this technique to customize each separate object to be created
has enabled ample applications in the field of personalized (orthopaedic) implants and
surgical tools. However, printing strong but flexible materials in combination with a
highly smooth and regular surface finish, as required for the PCU TRAMMPOLIN implant,
is still challenging. Therefore, in addition to the direct printing of PCU, also the options
for creating 3D printed inserts for the injection mold are currently investigated.
A permanent meniscus implant comprises a valuable treatment for older patients who
possess a diminished regenerating capacity. However, a resorbable, scaffold‐based
implant that stimulates the regeneration of native meniscal tissue probably is the
ultimate solution to treat young meniscectomized patients. Both passive and active
stimuli are explored in order to tune the scaffold material to optimally stimulate cell
infiltration, cell differentiation and extracellular matrix decomposition. Passive
approaches include the use of an anisotropic scaffold architecture; e.g. the synthesis of
scaffolds with a predefined circumferential pore structure to guide collagen formation in
the desired direction [49], or the use of a multilayered silk scaffold with regionally
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different porosities. Active approaches may comprise the use of growth factors or
mechanical stimuli. Advances in the scaffold fabrication process have allowed the
incorporation of proteins that can be released spatially and temporally in a controlled
manner and as such stimulate the formation of the distinct tissue phenotypes of the
meniscus [50]. Creating native meniscus‐like mechanical boundary conditions by
clamping the anterior and posterior horns or the application of physiological loading
during culturing have also been shown to stimulate the formation and circumferential
organization of collagen fibers [51, 52]. These examples illustrate the recent progression
in the field of tuning the tissue regenerating step of meniscus tissue engineering.
However, creating a scaffold that combines the desired tissue regenerating capacity with
appropriate initial mechanical and tribological properties has received only little attention
over the last decade and should be the main focus of future research in the field of
meniscal regeneration.

CONCLUDING REMARKS
The fundamental research on meniscal fixation and meniscus geometry variation, which
comprises the first part of this thesis, supplemented the scientific literature that was
employed to define the design criteria for the anatomically shaped TRAMMPOLIN total
meniscus implant. The second part of this thesis presents the preclinical evaluation of the
novel meniscal implant. In silico, in vitro and in vivo methods were combined to examine
the biomechanical as well as the biological functionality of the implant. Implant and
allograft performance were largely similar, suggesting that the TRAMMPOLIN implant
has the potential to become an alternative treatment for symptomatic total
meniscectomy patients. Additionally, these studies indicated that implant performance
may be improved by a more rigid fixation strategy and (local) reinforcement of the
implant bulk material.
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Meniscusscheuren zijn een veelvoorkomend letsel in het kniegewricht en komen voor in
alle leeftijdscategorieën. Meniscusletsel wordt gewoonlijk behandeld middels een
(partiële) meniscectomie, het wegnemen van (een deel van) de meniscus. Hoewel
patiënten kort na een meniscectomie doorgaans pijnverlichting en functieverbetering
ervaren, stijgt het risico op artrose op de lange termijn proportioneel met de hoeveelheid
meniscusweefsel dat verwijderd is. Patiënten waarbij de complete meniscus verwijderd is
lopen dus het hoogste risico. Daarom is het essentieel dat deze patiënten tijdig
behandeld worden wanneer zij pijnklachten of functionele beperkingen ontwikkelen na
een meniscectomie. Momenteel kunnen deze klachten succesvol behandeld worden door
het transplanteren van een meniscus van een donor, ook wel een allograft meniscus
genoemd. Het aantal beschikbare allografts is echter laag en wordt verder beperkt
doordat de maat van de donormeniscus slechts 10% mag afwijken van de oorspronkelijke
meniscus om het functioneren te optimaliseren. Daarnaast wordt de integriteit van de
allograft mogelijk aangetast doordat het weefsel krimpt en remodelleert na de
transplantatie. Ook komen patiënten ouder dan vijftig jaar over het algemeen niet in
aanmerking voor deze behandeling, terwijl zij nog te jong en actief zijn voor een totale
knieprothese. Deze beperkingen hebben geleid tot de ontwikkeling van alternatieve
behandelingen voor patiënten met aanhoudende klachten na een totale meniscectomie.
Een kunststof implantaat dat de functie van de natuurlijke meniscus overneemt vormt
een van de mogelijke oplossingen. Dit proefschrift beschrijft verschillende aspecten
rondom de ontwikkeling en preklinische evaluatie van een nieuw, anatomisch gevormd,
kunststof implantaat voor totale meniscusvervanging.
Hoofdstuk 2 omvat een literatuuroverzicht op het gebied van kunststof
meniscusimplantaten en de (pre)klinische evaluatie van deze implantaten. De informatie
verzameld in dit hoofdstuk vormde de basis voor de ontwerpeisen van het te ontwikkelen
implantaat en voor de combinatie van methoden om het functioneren van het implantaat
te evalueren.
Een kunststof meniscusimplantaat moet de (biomechanische) functie van de natuurlijke
meniscus overnemen. De fixatie van het implantaat met de omringende weefsels speelt
hierbij een belangrijke rol. In de intacte situatie bestaat de fixatie van de mediale
meniscus uit de verbinding van de meniscushoorns met het tibiaplateau en de integratie
van de meniscus met het gewrichtskapsel en de mediale collaterale band, die langs de
hele buitenrand loopt. Het is aangetoond dat de hoornfixatie essentieel is voor een goede
biomechanische functie van de meniscus. Het is echter onbekend of de fixatie met het
gewrichtskapsel ook bijdraagt aan het biomechanisch functioneren. Daarom is in
Hoofdstuk 3 in een kadavermodel van het kniegewricht onderzocht of het losmaken van
de perifere fixatie invloed heeft op de beweging van de mediale meniscus. Hiertoe werd
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door middel van Roentgen stereofotogrammetrische analyse (RSA) de beweging van de
meniscus bepaald tijdens een belastingscyclus. De metingen werden herhaald voor de
intacte, losgemaakte en vastgehechte meniscus. De mobiliteit van de meniscus
veranderde niet voor deze drie fixatiecondities. Deze studie toonde dus aan dat het
bewegingspatroon van de mediale meniscus niet beïnvloed wordt door de integratie met
het gewrichtskapsel en de mediale collaterale band. Op basis van deze resultaten is
ervoor gekozen om het nieuwe meniscusimplantaat alleen bij de hoorn te fixeren.
De geometrie van de meniscus beïnvloedt in welke mate de meniscus het kraakbeen kan
beschermen tegen hoge belastingen. Daarom is het voor het ontwerpen van een
meniscusimplantaat noodzakelijk om te beschikken over gedetailleerde kennis over de
3D geometrie van de meniscus en de mogelijke variatie binnen de populatie. Met behulp
van MRI beelden van 35 proefpersonen is in Hoofdstuk 4 de variatie in de 3D geometrie
van de mediale meniscus gekwantificeerd. Door middel van een principale
componentenanalyse (PCA) is de set 3D meniscusgeometrieën gereduceerd tot een set
onafhankelijke maat‐ en vormvariabelen. Daarnaast werd een clusteranalyse toegepast
om verschillende morfologische groepen te onderscheiden en te bepalen of
meniscusgeometrie afhankelijk is van geslacht. Op basis van de resultaten van de PCA
bleek dat de 3D meniscusgeometrie beschreven kan worden door zes onafhankelijke
maat‐ en vormvariabelen. 53.8% van de variatie in meniscusgeometrie bleek gerelateerd
aan verschillen in maat, terwijl 29.6% van de variatie geassocieerd was met verschillen in
vorm. De clusteranalyse resulteerde in twee verschillende meniscusvormen, waarbij de
ene groep menisci beduidend dikker was dan de andere. De menisci van mannen en
vrouwen hebben dezelfde variatie in vormen, maar verschillen in maat. Deze studie laat
zien dat de variatie in meniscusgeometrie niet alleen het gevolg is van verschillen in maat,
maar dat verschillende meniscusvormen onderscheiden kunnen worden.
In Hoofdstuk 4 werden zes onafhankelijke maat‐ en vormgerelateerde variabelen
geïdentificeerd, die samen de variatie in 3D meniscusgeometrie beschrijven. Deze
analyse verschaft echter geen inzicht hoe deze zes variabelen de functionaliteit van een
meniscusimplantaat beïnvloeden. Daarom werden in Hoofdstuk 5 eindige elementen
simulaties uitgevoerd om de invloed van de zes geometrievariabelen op de
kraakbeendruk te bepalen. De simulaties werden herhaald voor een totale mediale
meniscectomie, een meniscus allograft, het gemiddelde implantaat, zes maatvariaties
van het implantaat, en tien vormvariaties. Onder 1200 N compressie van het kniegewricht
werden de kraakbeen contactdruk en de rek in de meniscus geëvalueerd. De resultaten
lieten zien dat het gemiddelde implantaat een kraakbeendruk opleverde die tussen de
allograft en meniscectomie in lag. De kleine implantaatmaten resulteerden in
kraakbeendrukken lager dan die voor de allograft, maar ook in hoge rekken in het
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implantaat. De vormvariaties hadden minder invloed op de kraakbeendrukken dan de
variaties in maat. Het kleiner maken van het meniscusimplantaat had dus een gunstig
effect op het kraakbeen, maar resulteerde ook in excessieve rekken in het
implantaatmateriaal. Deze studie gaf een eerste inzicht in het effect van implantaat
maat‐ en vormvariaties op het kraakbeen. Additionele simulaties zijn nodig om een
goede balans te vinden tussen bescherming van het kraakbeen enerzijds en de
levensduur van het implantaat anderzijds.
Hoofdstuk 6 beschrijft de eerste fysieke evaluatie van het nieuwe meniscusimplantaat.
Deze bestond uit een in vitro evaluatie van het biomechanisch functioneren van het
implantaat in een kadavermodel van de knie. Een belastingscyclus gebaseerd op een
hurkbeweging werd opgelegd in een kniebelastingsapparaat. In 30° and 90° flexie werden
schuiflade testen uitgevoerd. De beweging van de meniscus en de laxiteit van het
kniegewricht werden gekwantificeerd door middel van RSA metingen. In 90° flexie werd
middels drukgevoelige sensoren ook de belasting op het kraakbeen van het tibiaplateau
gemeten. In totaal werden vijf knieën getest, waarbij in elke knie de metingen herhaald
werden voor de intacte meniscus, na implanteren van het implantaat, na een totale
mediale meniscectomie en na allograft transplantatie. Het implantaat en de allograft
waren beide meer mobiel dan de intacte meniscus, maar er werden geen verschillen
gevonden tussen de bewegingspatronen van het implantaat en de allograft meniscus. In
vergelijking met het intacte gewricht was de laxiteit voor het implantaat verhoogd in 30°
flexie maar niet in 90°. Het implantaat verlaagde de gemiddelde contactdruk vergeleken
met de meniscectomie, maar kon de druk niet verlagen tot het niveau van de intacte
meniscus. De piekdruk en het contactoppervlak waren significant verhoogd voor het
implantaat ten opzichte van de intacte meniscus. Er werden geen significante verschillen
gevonden tussen de kraakbeendrukken voor het implantaat en de allograft meniscus.
Deze studie laat zien dat het biomechanisch functioneren van het nieuwe implantaat
ongeveer gelijk is aan dat van een allograft. Beide meniscusvervangingen waren echter
niet in staat de uitkomsten te herstellen tot de waarden voor de natuurlijke meniscus of
de resultaten na een totale meniscectomie voldoende te verbeteren. Dit werd
vermoedelijk veroorzaakt door de grote mobiliteit van het implantaat als gevolg van de
fixatietechniek waarbij alleen hechtingen gebruikt worden.
De in vitro en in silico studies zoals beschreven in de voorgaande hoofdstukken
resulteerden in inzichten in het biomechanisch functioneren van het nieuwe
meniscusimplantaat, direct na het implanteren. Het is echter ook noodzakelijk om kennis
te verzamelen over de invloed van het implantaat op de homeostase van het
kniegewricht en de invloed van langdurige fysiologische belasting op het implantaat.
Deze kennis kan alleen vergaard worden middels in vivo experimenten.
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Hoofdstuk 7 beschrijft daarom een drie maanden durende in vivo evaluatie van het
nieuwe meniscusimplantaat in een geitenmodel. Deze studie werd uitgevoerd om een
eerste inzicht te krijgen in de invloed van het implantaat op het kraakbeen en het
synoviale membraan en daarnaast om de integriteit van het implantaat en de fixatie te
bestuderen. Bij zeven Saanen geiten werd de mediale meniscus van de rechterknie
vervangen door het implantaat. De fixatie bestond uit hechtingen die door de
implantaathoorns en transtibiale tunnels geleid werden. Bij zes andere geiten werd een
sham‐operatie uitgevoerd. De contralaterale knieën van beide groepen fungeerden als
controle groepen. Na drie maanden werd het functioneren van het implantaat
beoordeeld aan de hand van de positie van het implantaat in het kniegewricht, de
vervorming van het implantaat en de histopathologische status van het synoviale
membraan en het kraakbeen. Het implantaatmateriaal wekte geen ontstekingsreactie op
in het kniegewricht. Het kraakbeen van het femur en de tibia dat in direct contact stond
met het implantaat toonde meer schade dan het kraakbeen in de sham en controle
groepen. De vorm van het implantaat was goed behouden na drie maanden implantatie.
In alle dieren was de integriteit van de fixatie echter verminderd door breuk, slijtage of
verlengen van de hechtingen. Het is waarschijnlijk dat het implantaat hierdoor significant
meer uit het gewricht geduwd werd dan de natuurlijke meniscus in de sham groep. De
resultaten van deze studie tonen aan dat het nieuwe meniscusimplantaat biocompatibel
is en bestand tegen fysiologische belasting. Het falen van de fixatiehechtingen zorgde
voor een grotere mobiliteit van het implantaat, wat mogelijk de grotere extrusie en het
ontwikkelen van kraakbeenschade in de implantaat groep kan verklaren.
Om de klinische waarde van het implantaat te kunnen voorspellen was het noodzakelijk
om ook een langdurige in vivo studie uit te voeren, waarbij alle klinisch relevante groepen
geïncludeerd werden. Om in deze studie het falen van de implantaatfixatie te
voorkomen, werd eerst een in vitro experiment uitgevoerd waarin een aangepaste
fixatiestrategie getest werd (Appendix A). Een extra hechtdraad werd toegevoegd aan
de fixatie. Met de dubbele hechtingen werd een cilindrische Revo‐knoop gecreëerd direct
onder de hoorns van het meniscusimplantaat. Door deze knoop in de transtibiale tunnel
te verzinken werd de beweging van de hechting verminderd. De originele en aangepaste
fixatiestrategieën werden getest door de hechtingen langs de scherpe rand van de
transtibiale tunnel te wrijven gedurende 1,800,000 cycli. Scanning elektronenmicroscopie
toonde aan dat er geen schade aan het fixatiemateriaal ontstond bij de fixatie met de
Revo‐knoop, terwijl bij de originele fixatiemethode duidelijke schade aan de hechting
zichtbaar was.
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In Hoofdstuk 8 werd de verbeterde fixatiestrategie toegepast tijdens een twaalf
maanden durende geitenstudie. Hierin werd de invloed van langdurige belasting op het
implantaat geëvalueerd. Daarnaast werd de beschermende werking van het implantaat
op het kraakbeen vergeleken met die van de klinisch relevante controlegroepen;
meniscus allograft transplantatie, totale meniscectomie en de intacte meniscus. De
operaties werden uitgevoerd aan de rechterknie van 26 Saanen geiten. De geiten werden
verdeeld over vier chirurgische groepen; implantaat, allograft, totale meniscectomie en
sham‐operatie. De linker kniegewrichten van de sham groep dienden als controle groep.
In alle chirurgische groepen werd de mediale collateraalband doorgesneden en een
arthrotomie uitgevoerd. In de implantaat, allograft en meniscectomie groepen werd een
totale mediale meniscectomie uitgevoerd. Voor de fixatie van het implantaat en de
allograft met de Revo‐knoop techniek werden bottunnels geboord in de tibia. Na twaalf
maanden werd het functioneren van het implantaat beoordeeld aan de hand van de
slijtage en de vervorming van het implantaat en de histopathologische status van het
synoviale membraan en het kraakbeen. De vervorming van het implantaat na twaalf
maanden belasting was beperkt en was slechts marginaal groter dan de vervorming na
drie maanden. Één implantaat was echter gefaald door het scheuren van de posterieure
hoornextensie. De verschillen in kraakbeenconditie in de implantaat, allograft en
meniscectomie groepen waren niet significant. Lokaal waren de kraakbeenscores voor
deze groepen echter significant hoger dan de scores van de controle groep. Deze studie
toonde aan dat het nieuwe meniscusimplantaat bestand is tegen slijtage en dat het
slechts beperkt vervormt na twaalf maanden belasting. Het is echter noodzakelijk om het
implantaat lokaal te verstevigen om falen in de toekomst te voorkomen. Hoewel het
implantaat het kraakbeen niet kon beschermen tegen het optreden van degeneratie,
deze groep een vergelijkbare kraakbeenschade liet zien als de allograft groep.
In dit proefschrift werden in silico, in vitro en in vivo methoden gecombineerd om de
ontwerpeisen voor een nieuw, kunststof, meniscusimplantaat aan te vullen en vervolgens
het biomechanisch en biologisch functioneren van dit implantaat te evalueren. De
verschillende studies lieten zien dat het functioneren van het meniscusimplantaat gelijk
was aan dat van een allograft meniscus. Uit het oogpunt van het klinische succes dat met
allograft transplantatie behaald wordt, suggereren onze bevindingen dat het nieuwe
meniscusimplantaat de potentie heeft om te dienen als een alternatieve behandeling
voor patiënten met aanhoudende klachten na een totale meniscectomie. Daarnaast bleek
dat het functioneren van het implantaat verbeterd zou kunnen worden door lokale
versteviging en een meer rigide fixatie.
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INTRODUCTION
Fixation of the implant to the tibia plateau by guiding sutures through trans‐osseous
tunnels, as applied in the three month goat trial, was derived from one of the clinically
common fixation strategies for meniscal allografts. Since it was presumed that fixation
failure was caused by repetitive rubbing of the sutures against the edge of the trans‐
osseous tunnel, it was attempted to prevent damage to the suture material by minimizing
its mobility in the tunnel. Therefore, the conventional two‐strand cylindrical Revo knot
was modified to a four‐strand version ([1], Figure A.1). The aim of this in vitro study was to
evaluate the resistance of the modified Revo knot fixation against mechanically induced
damage in a cadaveric model of the trans‐osseous tunnel.

Figure A.1: a) Conventional Revo knot using two suture strands and b) modified Revo knot
with four suture strands and an extra loop to increase the knot length.

MATERIALS & METHODS
All soft tissues (except the cartilage) of three distal goat femora were removed and a
trans‐osseous tunnel was drilled from the posterior femur to the flat surface of the
trochlea using a 2.5mm diameter drill (Figure A.2c). FiberWire No. 2 sutures (Arthrex Inc,
Naples, FL, USA) were attached to a rectangular sheet of PCU (length x width x thickness:
20 x 10 x 2 mm, Bionate® II 80A, DSM Biomedical, Berkeley, CA) in two configurations: (I)
one suture thread in crossed formation (n = 3, Figure A.2a) and (II) two suture threads in
crossed formation and tied together using a modified Revo knot on the bottom surface of
the PCU sheet (n = 3, Figures S2b). The modified Revo knot was created by looping one
suture strand around the remaining three threads, which resulted in an increased
diameter of the knot (Figure A.1). The diameter of this modified Revo knot approximated
that of the trans‐osseous tunnel, resulting in relative immobility of the suture when pulled
into the tunnel.
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Figure A.2: Schematic drawings of a) the original fixation suture configuration and b) the
modified Revo knot suture configuration. c) Loading of the sutures against the edge of a
bone tunnel created in the trochlear groove.
The proximal end of the femur was fixed to the table of a bioreactor for biomaterial
characterization equipped with a 200 N load cell (Bose ElectroForce BioDynamic,
Minneapolis, Minnesota, USA). The trochlea was aligned with the loading axis of the
machine, to assure that the suture was loaded similarly as in the knee joint. The suture
ends were guided through the bone tunnel and tightened around a pin on the posterior
side of the femur (Figure A.2c). An extra suture was looped around the cross on the front
of the PCU sample and was tightened around a free rotating hook that was connected to
the cross‐head of the bioreactor.
First a pre‐load of 10 N was applied, to assure a reproducible starting condition for
each sample. Subsequently, the suture construct was subjected to a sinusoidal loading
regime between 10 and 50 N, applied at 5 Hz for 100 hours. Thus, a total of 1,800,000
loading cycles was applied (for comparison: ISO 14243, which prescribes the protocol for
wear testing of total knee prostheses, dictates 5,000,000 to resemble 3 years of loading).
All tests were performed at room temperature. Each femur was used for two tests, yet a
new drill hole was created for every test.
Following loading, the sutures were carefully detached from the bone and rinsed with
70% EtOH to remove any fatty remains. Subsequently, the specimens were examined by
scanning electron microscopy (SEM) at 15 kV (JEOL 6310, JEOL USA, Inc., Peabody, MA,
USA).
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RESULTS AND CONCLUSION
The SEM images show that the fibers of the original fixation strategy have clearly been
damaged by the long‐term loading, whereas the fibers of the modified Revo knot
specimens were completely intact (Figure A.3a‐b). Therefore, we can conclude that the
use of a modified Revo knot successfully prevents damage to the fixation sutures when
loaded against the edges of a trans‐osseous tunnel.

Figure A.3: SEM images after loading the a) the original suture fixation and b) the modified
fixation for 1,800,000 cycles. The fibers of the original fixation are clearly interupted, while
no damage was observed for the sutures in the modified Revo knot configuration.
REFERENCES
[1] Lieurance, R.K., et al., Failure characteristics of various arthroscopically tied knots. Clin Orthop
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