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Abstract (English)

Total joint arthroplasty (TJA) is one of the clinically most successful and cost-effective surgical
procedures being performed as a treatment for end-stage osteoarthritis. However, complications
may occur due to biological responses triggered by polyethylene wear particles and metal ions
released from the implant components. Originally, TJA was conceived as a procedure for elderly
patients with moderate activity levels. Nevertheless, this procedure has now expanded to younger
and more active patients, who generate more wear products due to their higher activity level. The
purpose of the following doctoral thesis was to perform a series of pre-clinical tests in the field of
biotribology in order to better understand the mechanisms that generate wear and evaluate if the
implants in question are able to fulfill the demanding requirements of a long-term clinical
performance. Two main research topics were defined, each one addressing a certain aspect of the
implants: 1) backside wear on acetabular polyethylene liners and 2) biotribological behavior and
metal ion release barrier function of zirconium nitride (ZrN) multilayer coated knee implants,
designed for patients with metal ion hypersensitivity.

Backside wear due to micro-motion and poor conformity between the polyethylene liner and its
acetabular shell may contribute to the overall amount of released wear particles and lead to aseptic
loosening. Two research publications regarding this topic were performed with the purpose of
understanding the wear process at the backside of polyethylene liners with a certain locking
mechanism. As there are currently no studies nor standards to quantitatively measure the backside
wear, a semi-quantitative optical analysis was developed in order to evaluate this type of wear. In
the first research publication, a direct comparison between the backside wear of short-term in vitro
wear simulated and retrieved acetabular liners with an equivalent life in service was done to obtain
a first knowledge of the type of wear present at this non-articulating cup-insert fixation surface. In
the second research publication, a long-term in vitro wear simulation was performed to analyze if
this type of wear increases with time. The main finding of these two research publications was that
most of the backside wear produced on the liners occurred during their insertion and removal from
the acetabular shell rather than during their life in service and that there was no significant

incremental progression of this type of wear through time (high cycle testing).

Regarding metal ion release, metal hypersensitivity became an important topic of research due to
the adverse clinical results seen in patients with elevated cobalt values in blood. An alternative for
such patients is the use of implants with a ZrN multilayer coating, which prevents the release of
metal ions from the CoCrMo substrate material. The second part of this doctoral thesis was focused
in the pre-clinical evaluation of total knee implants with such a ZrN multilayer coating. For the third
and final research publication of the present thesis, a highly demanding activities knee wear
simulation was performed for the first time on a ZrN multilayer coated knee implant with the purpose
of comparing its wear characteristics and metal ion release barrier function against its clinically
established uncoated version made out of CoCrMo. The results demonstrated that the ZrN

multilayer coating significantly reduced the polyethylene wear rate and metal ion release from the



substrate material, even under such highly demanding conditions. Besides, the integrity of the ZrN
multilayer coating was not impaired by failure modes such as delamination, surface disruption or

flaking, resulting in a full functioning multilayer coating with long-term behavior.

In conclusion, this doctoral thesis demonstrates that the analyzed implants are able to maintain
their good biotribological performance at the long-term, even under highly demanding conditions.
Long-term in vitro tests that account for high demanding activities, need to be applied in future pre-
clinical testing in order to evaluate and ensure the performance at the long-term of total joint

arthroplasty implants in younger patients.



Zusammenfassung (Deutsch)

Die totale Gelenkarthroplastik (TJA) ist eines der Klinisch erfolgreichsten und kostengiinstigsten
chirurgischen Verfahren zur Behandlung von Arthrose im Endstadium. Komplikationen kdnnen
jedoch durch biologische Reaktionen auftreten, die durch Polyethylen-Verschlei3partikel und
Metallionen aus den Implantatkomponenten ausgelést werden. Urspriinglich wurde TJA als ein
Verfahren fir altere Patienten mit Uberschaubarer Aktivitat konzipiert. Dennoch wurden diese
Verfahren inzwischen auf jingere und aktivere Patienten ausgeweitet, die aufgrund ihrer hdheren
Aktivitat mehr VerschleiBprodukte erzeugen. Ziel der folgenden Doktorarbeit war es, eine Reihe
von praklinischen Tests im Bereich der Biotribologie durchzufiihren, um die Mechanismen besser
zu verstehen, die zu VerschleiB fiihren und zu bewerten, ob die betreffenden Implantate die hohen
Anforderungen an eine langfristige klinische Leistungsfahigkeit erfiillen kénnen. Es wurden zwei
Forschungsschwerpunkte definiert, die sich jeweils auf einen bestimmten Aspekt der Implantate
beziehen: 1) ,Backside Wear* (Ruckflachenverschleil3) am Acetabulum-Polyethylen-Inlay und 2)
biotribologisches Verhalten und Metallionenfreisetzung Barrierefunktion von Zirkoniumnitrid (ZrN)
Multilayer-beschichteten Knieimplantaten, die fur Patienten mit Metallionenliberempfindlichkeit

entwickelt wurden.

,Backside Wear“ aufgrund von Mikrobewegungen und mangelnder Ubereinstimmung zwischen
dem Polyethylen-Inlay und der zugehdrigen Huftpfanne kann die Gesamtmenge der freigesetzten
VerschleiRpartikel erhohen und zu einer aseptischen Lockerung fihren. Zwei Veroffentlichungen
zu diesem Thema wurden mit der Zielsetzung durchgefiihrt, den Verschlei3prozess an der
Rickflache des Polyethylen-Inlays mit einem bestimmten Fixationsmechanismus zu verstehen. Da
es derzeit weder Studien noch Standards zur quantitativen Messung des ,Backside Wear* gibt,
wurde eine semi-quantitative optische Analyse entwickelt, um diese Art von Verschleil3 zu
bewerten. In der ersten Veroffentlichung wurde ein direkter Vergleich zwischen dem ,Backside
Wear“ von kurzzeitig in vitro simulierten HuUft-Polyethylen-Inlays und Explantaten mit einer
aquivalenten Lebensdauer in situ durchgefuhrt, um erste Erkenntnisse Uber die Art des
VerschleiBes an dieser nicht artikulierenden Oberflache (Cup-Inlay-Fixation) zu erhalten. In der
zweiten Veroffentlichung wurde eine langfristige In-vitro-Verschlei3simulation durchgefiihrt, um zu
analysieren, ob diese Art von Verschleil3 mit der Zeit zunimmt. Das Hauptergebnis dieser beiden
Verdffentlichungen war, dass der grof3te Teil des ,Backside Wear“ bei den Inlays wahrend des
Einsetzens und Entfernens aus der Huftgelenkpfanne und nicht wéhrend ihrer Lebensdauer auftrat,
und dass es keinen signifikanten Anstieg dieser Art von Verschlei3 im Laufe der Zeit gab
(Hochzyklische Tests).

Im Hinblick auf die Metallionenfreisetzung, wurde die Metalliiberempfindlichkeit aufgrund der
negativen klinischen Ergebnisse bei Patienten mit erhéhten Kobaltwerten im Blut zu einem
wichtigen Forschungsthema. Eine Alternative fur solche Patienten ist der Einsatz von Implantaten
mit einer ZrN-Multilayer-Beschichtung, die die Freisetzung von Metallionen aus dem CoCrMo-

Substratmaterial substantiell vermindert. Der zweite Teil dieser Dissertation befasste sich mit



praklinischen Tests von Knieimplantaten mit einer solchen ZrN-Multilayer-Beschichtung. Fir die
dritte und letzte Verodffentlichung der vorliegenden Arbeit wurde erstmals eine
Knieverschleil3simulation mit Hochbelastungsaktivitditen an einem Multilayer-beschichteten ZrN-
Knieimplantat mit dem Ziel durchgefiihrt, dessen Verschlei3verhalten und Barrierefunktion gegen
Metallionenfreisetzung mit seiner klinisch etablierten unbeschichteten Version aus CoCrMo zu
vergleichen. Die Ergebnisse zeigten, dass die ZrN-Multilayer-Beschichtung die
Polyethylenverschleidrate und die Metallionen-freisetzung aus dem Substratmaterial auch unter
solchen anspruchsvollen Bedingungen deutlich reduziert. AuRerdem wurde die Integritéat der ZrN-
Multilayer-Beschichtung nicht durch Versagensmodi wie Delamination, Oberflachenzerrittung oder
Schichtabplatzen beeintrachtigt, was einer voll funktionsfahigen Multilayer-Beschichtung mit

Langzeitverhalten entspricht.

Zusammenfassend zeigt diese Dissertation, dass die untersuchten Implantate ihre gute
biotribologische Leistungsféhigkeit auch unter sehr anspruchsvollen Bedingungen langfristig
erhalten kdnnen. Langfristige In-vitro-Tests, die hohe Anforderungen stellen, sollten in zukinftigen
préklinischen Tests angewendet werden, um die Leistungsfahigkeit von Implantaten fir die

Gelenkendoprothetik bei aktiven Patienten zu beurteilen und langfristig zu gewahrleisten.

VI
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1. Introduction

1.1 Background — Total joint arthroplasty

Total joint arthroplasty (TJA) is one of the clinically most successful and cost-effective surgical
procedures being performed as a treatment for end-stage osteoarthritis, which has shown to relief
pain and improve mobility in patients. During this procedure, the damaged articulation is resected
and an artificial one is implanted. In case of total hip arthroplasty (THA), the four main components
of a hip joint replacement are a metallic or ceramic ball, a metallic femoral stem, and an acetabular
component formed by a liner made out of ultra high molecular weight polyethylene (UHMWPE),
ceramic or metal and its metallic shell. Regarding the total knee arthroplasty (TKA), the three main
components of a knee joint replacement are a metallic femoral component, a metallic tibia tray and
an UHMWPE tibia liner.

In 2016, hip arthroplasty with 233 424 procedures and knee arthroplasty with 187 319 procedures
were number six and fourteen among the most commonly performed inpatient procedures in
Germany [1]. According to a study performed by Wengler et al. [2], the number of THA and TKA
procedures performed in Germany increased approximately 11% and 22% respectively from 2005
to 2011 and is expected to keep growing during the next decades [3,4]. The general future
demographic change to an older population as well as the increasing life expectancy were suggested
as the main reasons for the increasing number of THA procedures [3]. However, non-demographic

factors played a greater role in the changes of knee replacement case numbers [2].

In part due to its high survival rates greater than 90% at 10 years [5-9], TJA is howadays more
frequently performed in younger patients. A projection study performed by Kurtz et al. [10] showed
that the patient population younger than 65 years represented 25 - 32% of the patients undergoing
primary and revision TJA in 1993, this percentage increased to 40 - 46% in 2006 and is projected to
be 52% for primary THA, 36% for revision THA, 55% for primary TKA and 62% for revision TKA by
2030. Thus, not only the aging of the population, but also the acceptance of TJA in young patients
have contributed to the increasing number of primary TJA [11]. Consequently, the number of revision
surgeries is also expected to increase and this could bring serious problems to the budget of the
healthcare systems. For this reason, it is very important to research for new materials and implant

designs that could assure a long-term performance and thus, reduce the need for a revision surgery.

1.2 Reasons for revision

Even though joint replacements are highly successful during their first decade of use, follow-up
studies as well as registry data have shown a decrease in their survival rates during the second and
third decade of clinical performance, where the survival rates can drop to 70 - 80% [12-17].
Moreover, studies have demonstrated that young patients have an enhanced risk of requiring a
revision surgery starting the second decade after the primary procedure, especially young men who
underwent a TKA [5,7,12,15,18] (Figure 1).
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Figure 1. Cumulative percentage for revision of primary THA and TKA (with a primary diagnosis for
osteoarthritis) classified by patient’s age. Adapted from the Australian National Joint Replacement
Registry 2017 [12].

The most common causes for revision surgery in THA are aseptic loosening (55.2%) followed by
dislocation (11.8%), while for TKA are aseptic loosening (29.8%) followed by septic loosening
(14.8%) and wear (8.2%) [19]. Aseptic loosening is a direct consequence of wear particles from the
UHMWPE liners. These wear particles trigger an inflammatory response mediated by macrophages
and giant cells, who activate and liberate cytokines (interleukins IL-113, IL-6 and the TNF-a), which
in turn produce inflammation, stimulate the osteoclasts and reduce the activity of the osteoblasts
[20-22]. As aresult, a periprostetic osetolysis occurs and so a loosening of the implant components.
This inflammatory response is dependent on the amount of wear particles as well as their size and
shape [22].

Originally, TJA was conceived as a procedure for elderly patients with moderate activity levels. Over
the time, this procedure was expanded to younger and more active patients, who generate more
wear on the UHMWPE liners due to their higher activity level. In order to reduce wear of the
UHMWPE liners, and thus the incidence of revision resulting from oseteolysis, several improvements
on the UHMWPE have been made through the last decades, which include a change to sterilization
in an inert environment [23] and highly crosslinking of the UHMWPE [24—-26]. Nevertheless, the long-
term clinical performance of the highly-crosslinked UHMWPE is in question, as retrieval studies have
demonstrated in vivo oxidation of this material due to cyclic loading and fluid absorption, which would
increase its wear rates at the long-term [23,25,27—-29]. More recently, antioxidants like a-tocopherol
(vitamin E) are being added to the UHMPWE to prevent its oxidation and so maintain the low wear
rates at the long-term [30-33]. However, there are currently no long-term in vivo results available

and to date only in vitro studies are able to demonstrate its capabilities at the long-term.

Besides the UHMWPE wear debris, metal ion and particle release as well as metal hypersensitivity
have become important research topics, as a relationship between cobalt and chromium blood levels
and failure of implants has been demonstrated [34—40]. With the purpose of preventing cobalt ion
release from the metallic implants, alternative materials such as ceramics, titanium or zirconium

alloys or cobalt chromium alloys with a mono- or multilayer coating like titanium or zirconium nitride



have been developed [36,41]. However, retrieval studies have shown that some of these coatings
might be susceptible to damage [42—44] and most of the available follow-up studies are restricted to
their first decade of clinical performance [45—-48]. As these implants are nowadays being used by
younger and more active patients, it is important to perform adequate pre-clinical tests that can

demonstrate their long-term performance accounting for such population.

1.3  Pre-clinical testing — Relevance of biotribology

Through the decades, research has been made with the purposes of increasing implant durability,
reducing complications and improving the capacity of an implant to reproduce the native articulation.
An ideal TJA implant should mimic normal physiology with respect to tribology, which means, the
bearing couples should have a low coefficient of friction, high surface hardness with scratch
resistance, generate a low volume of wear particles and the exposed surfaces should be non-
cytotoxic and biocompatible [49]. Currently, the clinical lifespan of the implants is limited due to wear
of the UHMWPE liners and subsequent loosening of the implants as well as to the adverse clinical
reactions triggered by metallic wear debris. As a consequence, many patients outlive their implants
and must undergo a costly and disruptive revision surgery. Considering that the number of TJA
procedures is increasing, understanding the in vivo tribological process responsible of the damage

caused to the implant components is highly important.

Implant biotribology is a function of the articulating surfaces, the surrounding environment and the
applied load and motion [50]. As level walking is the most frequent activity performed by a TJA patient
[51], one of the most important pre-clinical tests for total joint replacements is carried out using
mechanical wear simulators under generic walking conditions, like the ISO 14242 for hip implants
and ISO 14243 for knee implants. With these tests, the researcher is able to evaluate the wear and
geometrical changes of the UHMWPE liners, analyze the surface of all the components and examine

the test medium for wear products such as UHMWPE particles and metal ions.

However, a limitation of these tests is that they only simulate the short-term performance of an
implant, as the 5 million cycles stipulated by the standards are equivalent to approximately 3 years
of in vivo service [52]. Moreover, recent in vivo studies were able to measure the actual loads being
applied at the knee [53] and hip articulations [54] during different daily life activities and have
demonstrated that higher loads than those stated in the current standards are actually being applied
on such articulations. These findings need to be applied in future pre-clinical testing in order to
evaluate and ensure the performance at the long-term of total joint arthroplasty implants in younger

patients.

1.4 Research questions, objectives and short summary of results

The main purpose of the present doctoral thesis was to perform a series of long-term biotribological
pre-clinical tests in order to evaluate and understand the wear behavior of total hip and knee

arthroplasty implants. Two main research topics were defined, each one addressing a certain aspect



of the implants. The first research topic was focused on evaluating the backside wear generated on
acetabular liners at the short- and long-term performance, whereas the second topic was focused
on evaluating multilayer-coated TKA implants, intended for patients with metal ion hypersensitivity,

under pre-clinical tests accounting for young and dynamic patients.

In all the original research publications presented here, the author of this doctoral thesis contributed
to the conception and design of the studies and performed the majority of the described tests.
Moreover, she was fully responsible for the data collection, analysis and interpretation of results as

well as drafting the manuscript and its further submission and revision process.

1.4.1 Publications | and IlI: Articulation and backside wear in acetabular liners

As previously stated, aseptic loosening due to polyethylene wear particles is the main reason for
revision at the long-term in THA. Even though the origin of the wear particles occurs mainly at the
articulation surface, another important source of wear particles occurs at the interface between the
backside of the polyethylene liner in contact with the acetabular shell [55]. High backside wear has
been associated with micro-motion between the liner and its acetabular shell due to an unstable
locking mechanism and poor conformity between both components [56-58], and was implicated in
the high rates of retroacetabular osteolysis observed in acetabular components with certain types of

locking mechanisms [59-62].

For the first research publication of the present thesis, entitled “Backside wear analysis of retrieved
acetabular liners with a press-fit locking mechanism in comparison to wear simulation in vitro” and
published in BioMed Research International [63], the backside wear generated by a locking
mechanism based on a press-fit cone in combination with a rough titanium inner surface at the rim
of the metallic shell was investigated for the first time. By means of an optical analysis, in vitro tested
and retrieved liners from different polyethylene materials and designs were examined with the

following research objectives:

e to determine if there is micro-motion between the acetabular shell and polyethylene liner
with the locking mechanism previously described

e to analyze the backside wear of polyethylene liners and determine the type of wear that
occurs at this surface

e to compare the backside wear of polyethylene liners of different materials and designs

e todetermine if a comparable backside wear could be observed between retrieved liners and

in vitro tested liners of similar life in service

Plasmacup® and Plasmafit® polyethylene liners (Aesculap AG, Tuttlingen, Germany), both having
the same locking mechanism between the liner and the acetabular shell previously described, were
analyzed. Furthermore, three different polyethylene materials were analyzed for backside wear:
conventional standard polyethylene (STD) packed under nitrogen atmosphere and sterilized by

y-irradiation (30 kGy); highly cross-linked polyethylene (XPE) by y-irradiation (75 kGy) and sterilized

4



by ethylene oxide; and highly cross-linked and vitamin E (0.1%) blended polyethylene (VitE) which
was cross-linked by an electron beam (80 kGy) and sterilized by ethylene oxide. The polyethylene
liners were articulated in combination with acetabular shells made out of Ti6Al4V alloy and modular
heads made out of ceramic or cobalt-chromium. A schematic presentation of the components is
shown in Figure 2.

, Designs for acetabutar shells and liners
" - Plasmacup®
- Plasmafit®

Liner matenals
-STD
- XPE
- VItE

\.
Femoral head materials
- CoCrMo
- Caramic

Figure 2: Schematic presentation of the different materials and designs investigated.

The in vitro tested liners (see Table 1) were subjected to artificial aging for two weeks according to
ASTM 2003-02 and a hip wear simulation according to 1SO 14242-1:2012(E) for 5 million cycles,
which represents a mean life in service of 2.9 years [52]. On the other hand, the retrieved liners
(n=5) were all Plasmacup® models (STD =1; XPE =2; VitE = 2), were explanted during hip
arthroplasty revisions in various hospitals in Germany and were in situ for a mean time of 13.1
months (from 0.5 to 37 months).

Table 1: Summary of in vitro tested implants. Obtained from Puente Reyna et al. [63].

In vitro group Model Polyethylene Femoral Head Diameter  Shell Diameter
(n =3 each) Material Head (mm) (mm)
P-CupDsym vie* Plasmacup DC Symmetrical VitE CoCr 36 52
P-CupDsym vie Plasmacup DC Symmetrical VitE Ceramic 36 52
P-CupDsym xpe* Plasmacup DC Symmetrical XPE CoCr 36 52

P-Fit sym vie Plasmafit Poly Symmetrical VitE Ceramic 36 50

P-Fit sym sto* Plasmafit Poly Symmetrical STD CoCr 32 46

P-Fit sym stp Plasmafit Poly Symmetrical STD Ceramic 32 46

As there are currently neither studies nor standards to quantitatively measure backside wear, a semi-
quantitative optical analysis based on Hood et al. [64] was developed in order to analyze the
backside wear of the polyethylene acetabular liners. The backside wear analysis was performed
using a stereo light microscope up to a 25x magnification. Seven different zones in the polyethylene
liners were defined on basis of their in situ orientation (Figure 3) and in each zone, a score between
0 and 3 was given for the following wear modes: pitting, scratching, burnishing, abrasion, embedded
particles, deformation and delamination. A score of 0 meant no damage, 1 meant damage to less

than 10% of the surface area, 2 meant damage to 10 - 50% of the surface area and 3 meant that
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more than 50% of the area was damaged. This gave a total wear score of 21 per section and 147
for the entire liner. This analysis was performed twice on each liner by the author of this doctoral

thesis (A. L. Puente Reyna) and the scores were averaged.
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Figure 3: Sketch from a cross section of a P-Fit liner with its titanium alloy shell and backside sections
for wear analysis. Adapted from Puente Reyna et al. [63].

The most common wear mode observed were small scratches at the fixation zone directly below the
rough titanium inner surface of the shell, which were produced during the insertion and removal of
the liner, rather than during its time in situ (Figure 4). As these small scratches were clearly seen,
and the machining lines around them and at the pole of the liners were still clearly visible, it was
concluded that the locking mechanism did not generate micro-motion and thus, that it did not produce

significant wear at the backside of the polyethylene liners during its time in situ.

The total backside wear score for the in vitro tested liners ranged from 13.17 £ 0.75 to 21.83 + 2.23,
being 147 the maximum total backside wear score possible (Figure 5). The STD and XPE liners
showed statistically higher total backside wear scores compared to the VitE liners and the total

backside wear score was approximately the same for the in vitro and retrieved liners.



Figure 4: Photographs taken with a stereo light microscope from a P-CupSpw sto*retrieved liner after
37 months in situ; (a) Section 2: Machining lines clearly visible with no major wear marks; (b)
Section 3: Screw holes visible but not palpable, with machining lines clearly visible and the periphery
scratched and burnished with embedded patrticles; (c) Section 4: Pitting and machining marks still
visible; (d) Section 5: Area with embedded particles and covered with scratches, machining marks
partially visible; (e) Section 6: Small pitting visible; (f) Section 7: Area with abrasion marks. Adapted
from Puente Reyna et al. [63].
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P-CuplD Sym WItE
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Figure 5: Summary of the average total backside wear score for in vitro tested liners. The dashed
red line represents the average total backside wear score for the retrieved liners, while the red
shadow shows the 95% confidence interval. The groups with “+” were articulated against CoCr
femoral heads and the others against ceramic femoral heads. Maximum total backside wear score
possible = 147. Adapted from Puente Reyna et al. [63].

A limitation of this study was that the analyzed retrievals and the in vitro tested liners represented
only the short-term performance of the locking mechanism in question. Since retrieval studies have
demonstrated a correlation between backside damage and age in vivo for conventional and highly
crosslinked polyethylene [65,66], it was important to perform a study where the long-term
performance of the locking mechanism could be investigated. Moreover, as no long-term vitamin E

blended polyethylene retrievals are available, only an in vitro study could provide this information.

In the second publication of this doctoral thesis, entitled “Articulation and backside wear analysis
after long-term in vitro wear simulation of vitamin E stabilized polyethylene acetabular liners with a
press-fit locking mechanism” and published in Traumatology and Orthopedics of Russia [67], a long-

term in vitro hip wear simulation was performed with the following objectives:

e to determine what type of wear modes occur at the articulation and backside surfaces of
vitamin E blended polyethylene liners at the long-term
e to quantify the wear rate at the articulation surface of this material

e to analyze if the backside wear increases with time (high cycle testing)

For this study, two weeks artificially aged VitE Plasmafit® polyethylene liners were used for the in
vitro test. Hip wear simulation was performed according to ISO 14242-1:2014(E) for 20 million cycles,
which represent a service life of approximately 12 years. Two different testing groups were defined:
“Reference” liners, which correspond to the liners that were subjected only to axial load (n = 2), and
“Wear simulated” liners (n = 6), which where subjected to axial load and movement. The wear
simulation was stopped after 5, 10, 15 and 20 million cycles to perform an optical analysis of the

articulation, and thus determine what type of wear modes were present. Furthermore, in order to



obtain a wear rate, the total femoral head penetration due to creep and wear of the polyethylene
liners was assessed through a three-dimensional measuring machine at the end of the 20 million
cycles. Finally, the same optical method previously described for the backside wear analysis was
used with the purpose of analyzing this type of wear. For this study, two observers performed the

analysis for this study (A. L. Puente Reyna and M. Holderied) and their scores were averaged.

The wear mode predominantly seen at the articulation area of the “Wear simulated” liners was
burnishing of the surface with slight scratches. Besides, the wear area increased with time and the
total head penetration was 107.4 + 31.0 um after 20 million cycles (Figure 6). On the other hand, the
“Reference” liners showed no wear marks, as the machining lines were clearly seen through the
whole test, and its total head penetration generated only by creep was 33.4 £ 7.8 um (Figure 6).
Taking into account an average of 1.76 million gait cycles per year for hip and knee arthroplasty
patients [52], and that after approximately one year of implantation there is no considerable creep of

the liner, the steady state wear rate of the vitamin E liners was approximately 7 ym/year.

Bl - 500 um
Bl 389um- 500 um
Bl 278 um- 369 pm
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Figure 6: (a) Geometrical changes after 20 million cycles of a “Reference” liner subjected only to
axial load (creep) and (b) a “Wear simulated” liner subjected to axial load and movement (creep and
wear). Adapted from Puente Reyna et al. [67].

Regarding the backside wear analysis, the total average backside wear score of the “Wear
simulated” liners (axial load and movement) was 22.00 + 2.59 after 5 million cycles, increased to
31.92 + 5.57 after 10 million cycles, but showed no further statistically significant increment after 15
and 20 million cycles. The “Reference” liners (subjected only to axial load) had statistically smaller
scores than the “Wear simulated” liners after 5 and 20 million cycles. However, their wear modes
and overall appearance were very similar to those seen in the “Wear simulated” liners. Comparable
to the first publication, small scratches produced during insertion and removal were clearly seen at
the rim (fixation) area and no considerable abrasion due to movement was observed, as the

machining lines on the convex surface were always visible (Figure 7).

These results showed that there was little to no micro-motion between the liner and its acetabular
shell in a long-term hip wear simulation. Furthermore, it was demonstrated that the main wear

patterns at the backside of the liners were produced during their insertion and removal from the



acetabular shell rather than during their life in service, as a similar backside wear pattern was seen
in the “Wear simulated” and “Reference” liners. Finally, the wear rate at the articulation surface was
similar to that seen in vivo at a short- and mid-term on highly cross-linked polyethylene liners with
and without vitamin E content [68—73] and was considerably below the reported osteolysis threshold

wear rate of 100 ym/year [74].

Zones 4 and 6 Zones 5and 7

ISO
5 million cycles

ISO
20 million cycles

Reference
20 million cycles

Figure 7: Representative images of backside zones 4 to 7 of a “Wear simulated” liner after 5 and 20
million cycles (axial load and movement) and a “Reference” liner after 20 million cycles (only axial
load). Small scratches in the direction of insertion and removal were clearly seen. Even though the
images correspond to the same “Wear simulated” liner, the color difference was due to a different
white balance configuration of the microscope. Adapted from Puente Reyna et al. [67].
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1.4.2 Publication l1lI: Biotribological behavior and metal ion release barrier function of

zirconium nitride multilayer coated knee implants

Regarding TKA, as this treatment is nowadays also being performed in heavier, younger and more
active patients, it is important to perform pre-clinical tests that account for the activities performed
by such population. During the second decade of clinical performance, UHMWPE tibial liners
subjected to high contact stresses and oxidation suffer from a structural fatigue that will lead to
delamination and cracking. The current ISO 14243-1:2009(E) wear test only simulates level walking
and is not able to reproduce such long-term wear characteristics on the tibial liners. However, in vitro
studies accounting for high demanding activities have been able to reproduce them [33,75-77] and
should be used in future pre-clinical tests for evaluating new materials and implant designs in such

demanding conditions at the long-term.

On the other hand, metal hypersensitivity has become an important topic of research due to the
different adverse local tissue reactions and systemic complications seen in patients with elevated
cobalt values in blood. An alternative for such patients is the use of knee implants with a zirconium
nitride (ZrN) multilayer coating, which prevents the release of cobalt ions from the CoCrMo substrate
material and reduces the wear rate of the UHMWPE liner when compared with an uncoated implant.
The ZrN multilayer coating has a total thickness between 3.5 and 5.0 um, is applied to CoCrMo knee
implants and consists of a thin adhesive chromium layer, five alternating intermediate layers out of
chromium nitride and chromium carbonitride and a final zirconium nitride shielding layer [78]. Even
though ZrN multilayer coated knee implants have been in the market for almost a decade and pre-
clinical tests under normal walking conditions have been made [78-82], the research question
regarding if this material can withstand and fulfill its ion release barrier function and low wear rate
when subjected to the daily activities of heavier, younger and more dynamic patients during the

second or third decade of clinical performance remains open.

These additional aspects of the ZrN multilayer coating were addressed in the third research
publication entitled “Metal ion release barrier function and biotribological evaluation of a zirconium
nitride multilayer coated knee implant under high demanding activities wear simulation”, published
at Journal of Biomechanics [83]. By means of a highly demanding activities knee wear simulation
performed for the first time on ZrN multilayer coated knee implants, the objectives of this publication

were:

e to determine if the wear rate on the polyethylene liners is reduced when articulated against
ZrN multilayer coated components in comparison with uncoated ones

e to analyze the metal ion release of ZrN multilayer coated TKA implants in comparison with
the clinically established uncoated ones

e to confirm that the ZrN multilayer coating keeps its integrity even under high demanding

activities knee wear simulation
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The wear tests were performed using medium size AS Columbus® DD (Aesculap AG, Tuttlingen,
Germany) femoral and tibial components with a ZrN multilayer coating (ZrN group), in comparison
with the clinically established cobalt chromium version Columbus® DD (CoCr group). UHMWPE
liners (size T3, height 10 mm) machined from GUR 1020, packed under nitrogen atmosphere and
sterilized by electron beam irradiation (30 = 2 kGy) were used as gliding surfaces. A schematic
representation of the implant components is shown in Figure 8. Wear simulation was performed on
a load controlled knee wear simulator capable of reproducing the loads and movements of highly
demanding activities (HDA). The applied load and motion profiles were based on in vivo
measurements obtained from patients with instrumented implants [53] and normalized to represent
a patient weight of 100 kg [76]. These profiles were applied in a combination of 40% stairs up, 40 %

stairs down, 10% level walking, 8% chair raising and 2% deep squatting for 5 million cycles.

CoCr ZrN
3 b
- Femur component 4 ‘ (
- “'- \ /'."' g)
- UHMWPE liner . e

- Tibia component . W i

Figure 8: Schematic representation of the implant components of the CoCr and ZrN groups.

The simulation was run in new born calf serum with a protein concentration of 20 g/l. This test
medium was changed every 0.5 million cycles and all the components were cleaned and analyzed
according to ISO 14243-2:2009(E) and wear of the UHMWPE liners was determined gravimetrically.
The liners were inspected optically for abrasive-adhesive wear modes with a stereo microscope and
scanned before and after the test with a three-dimensional measuring machine in order to measure
their geometrical deformation due to creep and wear. Furthermore, the test medium was analyzed
for metal ion concentration of cobalt, chromium, molybdenum and zirconium after every 0.5 million
cycles using ICP-MS according to 1ISO 17294-2.

The results showed a significant wear rate reduction in the ZrN group (1.01 = 0.29 mg/million cycles)
in comparison with the uncoated CoCr group (2.89 + 1.04 mg/million cycles) (p = 0.04). Regarding
the ZrN multilayer coating, the articulation surface of the ZrN coated femurs remained polished after
the testing period, whereas the uncoated femurs showed characteristic wear scratches at the
articulation surface (Figure 9). Furthermore, the metal ion release from the ZrN coated implants was
reduced by up to three orders of magnitude in comparison with the CoCr implants (Figure 10) and
the cobalt ion concentration remained below 1 pg/l starting the 2 million HDA cycles. These results
demonstrated that the ZrN multilayer coating was able to keep its integrity even under a highly
demanding activities knee wear simulation, as neither scratches nor delamination of the coating were

seen.
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Figure 9: Wear characteristics of the femur components after 5 million HDA cycles. The ZrN femurs
remained polished after the wear simulation, demonstrated by the clear reflection of the camera and
lights, and neither scratches nor layer breakage were seen at the center of the articulation area.
However, oxidation marks at the edges and in the articulation area were seen after 5 million HDA
cycles (highlighted in red). On the other hand, slight scratches were seen at the articulation area of
the CoCr femurs (highlighted in blue), demonstrated by the blurred reflection of the camera and
lights. Obtained from Puente Reyna et al. [83].
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Figure 10: Metal ion concentration analysis of the ZrN and CoCr groups (subjected to axial load and
movement) and their references (Ref = subjected just to axial load) during 5 million HDA cycles. The
reference stations represent basic ion contamination of the environment and ion release by corrosion
of the implant, whereas the wear testing groups additionally include the articulation-induced metal
ion release. Obtained from Puente Reyna et al. [83].



15 Conclusions

Long-term in vitro tests that account for highly demanding activities, such as the ones here described,
need to be applied in future pre-clinical tests in order to evaluate and ensure the performance at the
long-term of total joint arthroplasty implants in younger and more active patients with higher life
expectancy. This doctoral thesis demonstrated that the analyzed implants were able to maintain their
good biotribological performance at the long-term, even under highly demanding conditions. In case
of the highly-crosslinked and vitamin E blended polyethylene acetabular liners, no significant
backside wear due to micro-motion with its acetabular shell was seen during the long-term in vitro
wear simulation. Moreover, the wear rate generated at the articulation surface was two orders of
magnitude below the osteolysis threshold. However, future long-term retrieval studies and registry
data are needed in order to confirm the results from these pre-clinical tests. On the other hand, the
results of the ZrN multilayer coated knee implants showed that they are able to significantly reduce
the polyethylene wear rate and the metal ion release from the substrate material, even under highly
demanding conditions. Besides, neither delamination nor disruption of the ZrN multilayer coating

was seen, resulting in a full functioning multilayer coating with long-term behavior.
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Backside wear due to micromotion and poor conformity between the liner and its titanium alloy shell may contribute to the high
rates of retroacetabular osteolysis and consequent aseptic loesening, The purpose of our study was to understand the wear process
on the backside of polyethylene liners from two acetabular cup systems, whose locking mechanism is based on a press-fit cone in
combination with a rough titanium conical inner surface on the fixation area. A direct comparison between in vitro wear simulator
tests (equivalent to 3 years of use) and retrieved liners (average 13.1 months in situ) was done in order to evaluate the backside wear
characteristics and behavior of these systems. Similar wear scores between in vitro tested and retrieved liners were observed. The
results showed that this locking mechanism did not significantly produce wear marks at the backside of the polyethylene liners due
to micromotion. In all the analyzed liners, the most common wear modes observed were small scratches at the cranial fixation zone
directly below the rough titanium inner surface of the shell. It was concluded that most of the wear marks were produced during

the insertion and removal of the liner, rather than during its time in situ.

1. Introduction

Aseptic loosening of the implant is the main reason for
revision in total hip arthroplasty (THA), with over 50% of the
cases [1-3]. The main stimulator of periprosthetic osteolysis
and subsequent aseptic loosening is the particulate debris
generated by the wear at the articulating surface between the
acetabular polyethylene liners and the femoral heads (2, 4-
6. However, there are also other sources of particulate debris
generation, such as wear due to impingement, the presence of
third-body particles, or micromotion between an insert and
its metallic acetabular shell, also known as backside wear [7].
Hence, different implant designs and materials used in hip

arthroplasty have been developed in order to decrease the
polyethylene wear particle generation.

Currently, the most widely used components in THA
are the modular metal-backed acetabular components. Since
their development in the 1970s 8], the modular components
showed some advantages such as intraoperative {lexibility,
multiple options for screw placement, and the opportunity
to exchange the polyethylene liner during revision surgeries
without removing the metallic shell. However, these types of
components also brought disadvantages, like an altered stress
transmission and micro- and macromotion between the liner
and its metallic shell, Creep and wear on the backside of the
polyethylene liner are thus generated, therefore an additional
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Figune I: (a) P-Cup and (b) P-Fit metallic shell with grit blasted rough titanium conical inner surface at the rim @ and milled-drilled smooth

surface on the concave area @),

source of particulate debris that increases the risk of osteolysis
and eventual aseptic loosening of the prostheses [9-11],

Particularly high backside wear has been associated with
micromotion between the liner and its shell due to an
unstable locking mechanism and a poor conformity between
both components [11-13}. This type of wear was implicated
in the high rates of retroacetabular osteolysis observed in
liners that were locked to their metallic shell by means of a
titanium locking ring or using a hexagonal thin polyethylene
rim at the base of the liner, which fitted to a complementary
groove in the metallic shell [9, 14-16]. Moreover, if there is a
dissociation of the liner from the shell, the debris generated
at the articulating surface can migrate between the liner and
the shell and the screw holes can act as conduits for a further
migration of the debris into the pelvic bone stock with the
risk of inducing osteolysis [17].

Different designs have been developed in order to reduce
backside wear and prevent the migration of wear debris
into the acetabular bone stock [18]. These designs include
improving the locking mechanism between the liner and the
shell, polishing the inner surface of the shell, or sealing the
screw holes with modular caps. The purpose of our study
was to understand more of the wear process on the backside
of polyethylene liners from two acetabular cup designs with
long- and short-term clinical history, whose locking mecha-
nism is based on a press-fit cone in combination with a rough
titanium inner surface at the rim of the metallic shell. A direct
comparison between in vitro tested and retrieved liners was
done in order to evaluate the backside wear characteristics
and behavior.

2. Materials and Methods

An optical analysis of polyethylene liners from two different
cup systems (Plasmacup® and Plasmafit®, Aesculap AG,
Tuttlingen, Germany) was performed (Figure 1). Both cup
designs present the same locking mechanism between the
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liner and the shell, which is based on a press-fit cone with
a large surface arca and through a contact with the base of
the shell, which will be achieved after the load in service. A
grit blasted rough titanium inner surface (Rz = 20-32 um)
along the rim of the shell intends to stabilize the liner to it.
Furthermore, the conical fixation surface of the liners intends
to form a seal against the migration of wear particles from
the articulation joint. The screw drill holes of the Plasmacup
([urther referred to as P-Cup) are located in the cranial region
of the shell. The Plasmalfit liners (further referred to as P-
Fit) analyzed did not have screw drill holes. The polyethylene
liners of the two different cup systems can have cither a
symmetrical (Sym) or a posterior wall (PW) design. In the
symmetrical design, the liners fit symmetrically in the shells,
whereas the posterior wall liners contain a polyethylene hood
that extends outside the shell in the luxation direction in
order to increase luxation stability.

Liners from three different polyethylene materials were
analyzed for backside wear. The conventional standard
polyethylene liners (STD) were packed under nitrogen atmo-
sphere and sterilized by gamma-irradiation (30 = 2kGy).
The highly cross-linked polyethylene liners (XPE) were cross-
linked by y-irradiation (75kGy) and sterilized by ethylene
oxide. The highly cross-linked and Vitamin E (0.1%) blended
polyethylene liners (VitE) were cross-linked by an electron
beam (80 kGy) and sterilized by ethylene oxide. The polyethy-
lene liners were tested in combination with acetabular shells
made out of Ti6AI4V alloy and modular heads made out of
ceramic or cobalt-chromium (Tables 1 and 2). Large femoral
head and shell diameters were chosen, as these produce a
high amount of wear at the articulation surface but with a
low risk of luxation. Furthermore, as there is no worst case
size reported for backside wear, we have chosen the most
common clinically used diameters (32 and 36 mm). All the
polyethylene liners for the in vitro wear tests were subjected
to artificial aging according to ASTM F2003-02 at 70°C in
pure oxygen at 5 bar for two weeks (Millipore Corp., 6700P05,
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Tanie I: Summary of in vitro tested implants,

Polyethylene

In vitro group (1 = 3 each) Model R Femoral head Head diameter (mm)  Shell diameter {mm)
P-CupDg, _ vy Plasmacup DC symmetrical VitE CoCr 36 52
P-CupDS,m Vi Plasmacup DC symmetrical VitE Ceramic 36 52
P-CupDg,. xpr” Plasmacup DC symmetrical XPE CoCr 36 52
P-Fitg, 1 yyp Plasmafit Poly symmetrical VitE Ceramic 36 50
P-Fitgy s’ Plasmafit Poly symmetrical STD CoCr 32 16
P-Fitg, srp Plasmafit Poly symmetrical STD Ceramic 32 46
Tasre 2: Summary of retrieved implants and demographic data of patients.
: Gender {age
Head Shell Time in A
Ten ; Polyethylene  Femoral : : ? in years at Weight  Reason for
Retrienl Model material head diameter  dismeter stu . revision (kg) revision
(mm) (mm)  (months) 7
surgery)
Plasmacup
P-CupDy,., vue DC VitE Ceramic 32 30 ] F(74) — Luxation
symmetrical
Plasmacup
P-CupDy,_ ypp ¢ DC XPE Ceramic 32 56 0.5 N/A(77) — Infection
symmetrical
Plasmacup Stem
P-CupDy ypes  DC XPE Ceramic 32 54 15 M (64) 92 | -
: . oosening
symmetrical
Plasmacup Sest
P-CupDpy vie  DC ;::)':It]cnor VitE Ceramic 32 52 2 M (69) 109 ey
Plasmacup
P-CupSpye s’ SC posterior STD CoCr 32 38 37 M (69) 110 Stem fracture
wall

Merck KgaA, Darmstadt, Germany). All liners were soaked
prior to wear simulation in serum-based test medium until
the incremental mass change over 24 h was less than 10% of
the previous cumulative mass change to allow for saturated
{luid absorption.

In vitro wear simulation was performed on a customized
6 + 2 (reference) stations servo hydraulic hip simulator
(EndoLab GmbH, Thansau, Germany) with kinematic and
load patterns according to 18O 14242-1:2012 (E). The liners
were tested through 5 million cycles with a frequency of 1 Hz
in a lubricant of newborn calf serum (Biochrom AG, Berlin,
Germany) diluted with deionized water to achieve a target
protein content of 30 g/L. The lubricant was incubated at
37°C, pH-stabilized with ethylene diamine tetraacetic acid,
and replaced at intervals of 0.5 million cycles. Patricin was
added to prevent fungal decay. Every 0.5 million cycles, the
polyethylene liners were removed from the acetabular shell in
order to perform gravimetric wear measurements and image
documentation [18]. It is estimated that the 5 million cycles
required in the [SO 14242-1:2012 (E) represent a mean in
vivo service life of 2.9 years [19], as several studies that have
estimated the gait cycles per year in patients before and after
total hip or knee arthroplasty measured an average of 1.76

million gait cycles per year (range of 0.9-3.2 million gail
cycles) [20-24].

Retrievals, all Plasmacup liners, were explanted during
hip arthroplasty revisions in various hospitals in Germany
for various reasons, P-CupD and P-Cup$ refer to Plasmacup
DC and SC acetabular shells, which have no significant design
difference. Three of the five explants that were harvested and
sent to Aesculap stem from a prospective randomized study
to investigate clinical and radiological differences in behavior
of two different polyethylene types [25]. Between removal and
optical analysis, these liners were cleaned through an ultra-
sonic bath in mild detergent, individually vacuum packed
under nitrogen atmosphere, and stored on a freezer at -20°C.
The two other liners were cleaned, individually packed under
air atmosphere, and stored at room temperature. The mean
survival time for all implants was 13.1 months (from 0.5 to 37
months). The liners were implanted between 2006 and 2014
and their reasons for removal were luxation (20%), infection
{20%), and stem related reasons like loosening, fracture, and
subsidence (60%).

‘The backside surface of the acetabular liners was inspect-
ed using a sterco light microscope (Leica MZ 16, Bensheim,
Germany) up to a 25x magnification. Additional images
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Figure 2; Images from each wear maode: (a) pitting, (b) scratching, (c) burnishing, {d) abrasion, {¢) embedded particles, and (f) deformation.
No image of delamination was taken, as this wear mode was not present in any of the inserts.

were obtained through Scanning Electron Microscope (SEM)
{Zeiss EVO 50, Oberkochen, Germany) equipped with ener-
gy dispersive spectrometer (EDX) (Oxford Instruments X-
Max, Wiesbaden, Germany) in order to analyze the com-
position of embedded particles. A semiquantitative method
developed by Hood et al. [26] and modified for hip implants
was used to assess the damage on the backside of the liners.
Seven different modes of damage were defined (Figure 2).
Deformation was used to describe the evidence of perma-
nent deformation from the original shape due to cold flow
and/or creep. Pitting described small circular indentations,
Embedded particles were defined as particles embedded in
the polyethylene and were recognized by the color and/or
texture difference within the polyethylene surface. Scratching
described straight lines that cut into the polyethylene. Bur-
nishing described areas that had become highly polished and
thus machining marks were worn off. Abrasion was defined
as an area with roughened texture due to repeated rubbing.
Finally, delamination described arcas where a large section
of polyethylene had been lost. Care was taken to differentiate
the wear marks that were thought to have occurred during
insertion and removal of the liner from the wear marks
generated due to the liner’s micromovement in service.

On basis of its in situ orientation, the backside section
was divided by a superior/finferior line and 7 different sections
were determined (Figure 3(a)). Sections 2 and 3 correspond
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to the convex surface below the milled-drilled area of the
shell, whereas Sections 4 to 7 correspond to the rim below
the rough titanium inner surface of the shell. Damage scores
for the backside surface of each liner were determined. For
each section, a score between 0 and 3 was given for each of
the seven damage modes, giving a maximum possible damage
score of 21 per section. Following Hood's method [26], a score
of 0 meant no damage; a score of 1 meant damage to less than
10% of the surface arca, 2 meant damage to 10-50% of the
surface area, and 3 meant that more than 50% of the area
had been damaged. The grading system also combined the
severity of the damage with its extent. For example, il several
large scratches cover less than 50% of the section, it would
be graded as 3, the same grade that would be given if small
scratches cover most of the area. Each component was given
a total damage score based on the sum of the scores from
all its seven sections. Thus, the maximum possible damage
score was 147. In case of the in vitro tested liners, a total of
three liners were analyzed per group and their scores were
averaged.

Moreover, the presence of creep on the backside of the
liner into the screw drill holes of the metallic acetabular shell
was evaluated for the P-Cup liners. Applying the grading sys-
tem used by Schroder et al, [27], the liners were divided into
two sections (Figure 3(b)) and each was graded according to
the presence of screw holes. A grade of 0 was given il no visual
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Figune 3: Sketch from a cross section of a P-Fit liner with its titanium alloy shell; (a) backside sections for wear analysis; (b) backside sections

for screw indentation analysis.

evidence of creep was observed, a grade of 1 when visual
evidence was observed but no palpable step could be felt, and
a grade of 2 when both visual evidence and a palpable step
were noted.

Two sets of observations were performed by one author
(ALPR) in a time distance of one month and the scores
were averaged. The intraobserver reliability of this method
was between “substantial” and “almost perfect,” with kappa
measures ranging between (.72 and 0.88 for retrieved liners
and between (.69 and 0.91 for in vitro tested liners.

To differentiate between the inserts’ manufacturing mate-
rials (STD versus VitE and XPE versus VitE), the metallic
shell model (P-Cup versus P-Fit), and the articulating femoral
heads (CoCr versus ceramic) of the in vitro tested groups,
an analysis of variance was carried out (p = 0.05) followed
by a post hoc test {Scheffe p = 0.05). Prior to the analysis,
the normal distribution (p-p plots) and the homogeneity of
variance (Levene test) were verified (Statistica 10, StatSoft
Europe Gmbl1, Hamburg, Germany). A p value less than 0.05
is considered as significant.

3. Results

3.1 General Results. The most common wear modes
observed on the backside of in vitro tested and retrieved
liners were scratching, abrasion, burnishing, and embedded
particles (lable 3). Scratching, with an average score of
1.62 (£1.62) for in vitro tested liners and 136 (+0.83) for
retrieved liners, had the highest score. No delamination and
practically no deformation nor pitting was found in any of
the in vitro tested and the retrieved liners. The highest score
difference on the wear modes between the in vitro tested and
the retrieved liners was found on the embedded particles, as
in the in vitro tested liners just a few particles were found in
comparison with the retrieved liners (score of 0.07 (+0.24)

Tasrre 3: Average score per wear mode of all backside sections from
in vitro and retrieved liners (maximum possible score per wear
maode = 3).

Wear mode In vitro Retrievals

Pitting 0.00 (+1.04) 0.03 (+0.7)
Scratching 1.62 (£1.62) 1.36 (£0.83)
Burnishing 0.23 (£047) 0.13{£0.41)
Abrasion 0,67 (£0.95) 0.32 (£0.65)
Embedded particles 0.07 (£0.24) 0,70 (£0.82)
Deformation 0.01 (£0.11) 0.03 {£0.17)
Delamination 0.00 (£0.00) 0.00 (+0.00)

and 0.70 (+0.82), resp.). Scanning electron microscopy and
EDX confirmed that the embedded particles were titanium
particles (Figure 4).

3.2. In Vitro Wear Simulated Liners. After the 5 million gait
cycles’ simulation, the average total backside wear score for
the in vitro tested liners ranged from 13.17 (4+0.75) to 21.83
(+2.23). 'The maximum total backside wear score possible
was 147 As it can be seen in Figure 5, regardless their
design, liners manufactured with STD or XPE showed a
statistically higher total backside wear score compared to
the liners manufactured with VitE. In case of the P-CupD
liners articulated against CoCr femoral heads, the XPE group
had a significantly higher average total backside wear score,
with 20.17 (£0.75), in comparison with the VitE group, which
had 15.83 (£1.33) (p = 0.0014). In case of the P-Fit liners
articulated against ceramic heads, the STD group had an
average total backside wear score of 21.83 (+2.23) compared
10 16.50 (11.52) of the VitE group (p = 0.0001).

In a direct comparison between the liners’ models, when
these were manufactured with VitE and articulated against
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Figure 5: Summary of the average total backside wear score for
in vitro tested liners, The dashed red line represents the average
total backside wear score for the retrieved liners, while the red
shadow shows the 95% confidence interval. The groups with "+”
were articulated against CoCr femoral heads and the others against
ceramic femoral heads, Maximum total backside wear score possible
=147,

ceramic femoral heads, the P-Cup group (13.17 + 0.75) showed
a significantly lower average total backside wear score than
the P-Fit group (16.50 = 1.52) (p = 0.0215), However, no
significant difference (p = 0.9755) was found il the liners
were manufactured with XPE or STD and articulated against
CoCr femoral heads (20.17 + 0.75 for P-Cup versus 21.00
1.15 for P-Fit). Finally, no statistically significant difference in
the average total backside wear score was found regarding the
material of the articulating femoral head. For the P-Cup liners
with VitE, the group articulated against CoCr had an average
total backside wear score of 15.83 (£1.33), while the group
articulated against ceramic had 13.17 (+£0.75) (p = 0.1049). In
case of the P-Fit liners with STD, the group articulated against
CoCr had an average total backside wear score of 21.00 £ 1.15,
while the group articulated against ceramic had 21.83 (£2.23)
(p = 0.9755).
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Figure 6: Backside wear score per backside section for in vitro
wear tested liners. The groups with “+” were articulated against
CoCr femaral heads and the others against ceramic femoral heads,
Maximum backside wear score per zone = 21.

The most damaged areas were Sections 4 through 7
(Figure 6), corresponding to the area against the roughened
titanium surface of the acetabular metallic shell, with back-
side wear scores between 1.00 (£0.00) and 6,00 (£0.71) from
a maximum score of 21. In these sections, the mode of wear
mostly observed was multiple small scratches produced by
the roughened inner surface during the repeated insertion
and removal of the polyethylene liner in the acetabular shell
(Figures 7(c), 7(¢), and 8(a)). Section 5, corresponding to
the limit between the roughened and milled-drilled section
of the metallic acetabular shell on the superior orientation,
showed the most wear marks overall, with a backside wear
score between 4.00 (£0.58) and 6.00 (£0.71). It was observed
that, in this section, the multiple scratches produced abrasion
of the liner and the machining marks were not more seen in
some areas of the section (Figures 7(d) and 8(b)). However,
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with no wear marks; (b} P-CupDs, ;i group, Section 3, screw holes indentations
vir |+ Section 5, scratching lines and slight abrasion; screw hale is visible; (e) P-
POy vie > Section 7, small scratching lines,

group, Section 4, small scratching lines; (d} P-CupD,
CupDi vz > Section 6, small scratching lines; (f) P-

it was also observed that even if a section in the superior
orientation was damaged, its corresponding inferior section
could be almost free of wear (Figures 7(a), 7(b), 7(e), and
7(1)). In the sections under the milled-drilled acetabular
inner surface, mainly in Section 3, only a few scratches
and a slight flattening/burnishing were observed, having low
backside wear scores between 10O (£0.00) and 2.75 (+1.56).
In all the P-Cup liners, creep due to the screw holes of the
metallic acetabular shell was visible but not palpable (score
of 1). Near the creep produced by the screw holes, several
indentations were observed due to the repeated removal
every 0.5 million cycles of the liners (Figures 7(b) and 8(c)).
In both the arca inside and outside the screw hole creep

()
FigurEe 7: Photographs with microscope from in vitro wear tested liners. (a) P-Cugzx,; wis Broup, Section 2, machining lines clearly visible

and machining lines still visible; (¢) P-CupDy,, vy

marks, the machining marks were still clearly visible over the
milled-drilled surface. In some cases, particularly on the STD
and XPE liners, the machining lines appeared to be slightly
flattened or burnished.

3.3 Retrieved Liners. The average total backside wear score
for the retrieved liners, whose implantation time varied from
0.5 to 37 months, ranged from 14.50 (+0.71) up to 29.00
{(+1.41) (Figure 9). The maximum total backside wear score
possible was 147, All the retrieved liners were P-Cup implants.
In general, P-CupD liners showed less total average backside
wear score, between 14,50 (£0.71) and 17.00 (+0.71), than the
P-CupS liner, which had a score of 29.00 (+1.41). The two
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retrieved liners manufactured with Vitamin E, one P-Cup DC
symmetrical and one P-Cup DC posterior wall, had a tolal
average wear score of 17.00 (+£0.71).

Figure 10 shows that the P-CupD liners had their highest
wear score in Section 5, with an average backside wear score
between 4.00 (+1.00) and 6.00 (£1.00). In case of the P-Cup$S
liner, the highest score was found in Section 3, a superior
located section, with a score of 9 (+£1.00). The high score
presented in this section was due to the presence of multiple
embedded particles as well as a considerable scratching,
abrasion, and moderate burnishing (Figure 11). Overall, the
wear modes mostly seen were small scratches produced
during the insertion and removal of the liner in the metallic
shell (Sections 4-7), generating some degree of abrasion on
Sections 5 and 7, and embedded particles (Figures 11(d) and
1(0).

In all the P-CupD liners, no creep due to the screw holes
could be seen in the section below the milled-drilled shell,
whereas, below the roughened section, the screw hole could
be seen but was not palpable. Regarding the P-CupS liner, the
screw holes were visible but not palpable in both sections.

4, Discussion

‘The purpose of our study was to understand more of the
wear process on the backside of polyethylene liners. This was
done via optical analysis of the backside of two acetabular
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cup designs with long- and short-term clinical history,
whose locking mechanism is based on a press-fit cone in
combination with a rough titanium inner surface at the rim
of the metallic shell. A direct comparison between in vitro
tested and retrieved liners was done in order to evaluate the
backside wear characteristics and behavior. To the best of our
knowledge, this is the first study to analyze backside wear on
acetabular liners with this particular locking mechanism.

Because of their nature, implant retrieval analysis studies
are in general limited and imperfect in study design, as
they usually deal with specimens that have been removed
due to a clinical failure [28]. Moreover, there is often a
broad heterogeneity among the analyzed specimens, such
as implant size, articulation material, implant positioning,
patient loads and activity level, and time in vivo. One of
the biggest limitations of the current study was the limited
number of retrievals available for analysis (n = 5).

On the other hand, the current study had the strength that
all the liners were machined from a single resin depending
on their group (GURI020 for conventional PE, GURI020X
for highly cross-linked PE, or GURIO20E for highly cross-
linked and Vitamin E blended PE). Furthermore, the in vitro
tested liners within each group had the same batch number
and all the liners underwent the same testing and handling
procedures. Besides, the in vitro tested liners were selected
from batches intended for commercial sale; thus, they had
the same manufacturing procedure as the retrieved liners.
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Moreover, the wear rates produced by the ISO hip simulator
during 5 million cycles are in the clinically observed range
for ceramic heads coupled with polyethylene liners [29] and
represent approximately 2.9 years of in vivo service life [19-
24}, in comparison to the average 1.09 years of the retrieved
liners (range from 2 weeks to 3 years).

Minimizing polyethylene wear is an important goal in the
design of total joint replacements, as a mechanical wear of

the polyethylene liner may lead to implant failure and the
need for revision surgery [11]. Several locking mechanisms
have been designed to prevent micromotion and backside
wear, obtaining different results [8, 15, 16, 30]. The present
study showed that the press-fit locking mechanism of the
Plasmacup, which has proven itsell successful in clinical
practice since 1997 [31], and Plasmalit did not significantly
influence the backside of the analyzed polyethylene liners, as
most of the small wear marks were limited to the fixation
area. In all the analyzed liners, the most common mode
of wear observed was small scratches at the zone directly
below the rough titanium inner surface of the shell. No
major difference regarding the wear modes and patterns was
observed among the different liner sizes. These scratches were
produced during the insertion of the liner into the shell.
In case of the in vitro tested liners, these were repeatedly
removed and inserted every hall million cycles through 5
million cycles due to the test protocol. For this reason, more
scratches and several screw indentations marks (Figure 8(c))
were observed.

It could be observed that the total average backside wear
score of the P-CupSyy, ¢ip~ retrieval was higher than the
P-CupD retrievals and in vitro tested liners. This higher
score was mainly influenced by the higher scores obtained in
Sections 1and 3, which had a high amount of embedded titan
particles and a higher score on scratching and burnishing,
‘The rest of the sections had a similar score to the other liners.
Wear is influenced by several factors other than a liner or
shell design, such as the experience of the surgeon, method
of implantation, femoral head size and cup orientation [32],
and the patient gait characteristics, activity level, weight,
and postoperative range of motion [33]. For these reasons,
different wear scores and wear patterns could be observed
even within the same liner designs. Moreover, a previous in
vitro wear simulation study from Grupp et al. [18] showed
that Plasmacup liners machined with conventional PE and
aged for two weeks had approximaltely seventeen times more
cumulative wear than aged liners machined with Vitamin E.
‘Thus, the reason {or the higher backside wear score from this
retrieval could be attributed to the manufacturing material,
longer in situ time, the patient’s weight and activity level, or
damage produced during the fracture of the stem.

Several facts helped to determine the micromotion
between the liner and the shell. First, the small scratches
produced during insertion were clearly seen and no big
abrasion due to movement was observed in most of the rim
area. Second, the machining marks on the convex surface
beneath the milled-drilled area of the metallic shell were still
clearly visible in most of the in vitro tested and retricved liners
(Figures 7(a), 8(c), 8(d), and 11(a)). Third, even though the
screw drill hole edges produced indentations, the machining
lines in the periphery just appeared to be flattened and
were not blurred (Figures 7(b) and 8(c)). Fourth, the P-
CupDyg,, xpey retrieved insert that was implanted just for
two weeks had a total backside wear score similar to the rest
of the retrieved P-CupD) liners that were longer in situ and
similar to the in vitro tested liners. This could demonstrate
that most of the backside wear produced on the liners
occurred during their insertion and not during the period
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FIGURE 11: Photographs with microscope from P-CupS,,, ¢y, " retrieved liner after 37 months in situ; (a) Section 2: machining lines clearly
visible with no major wear marks; (b) Section 3: screw holes visible but not palpable, with machining lines clearly visible and the periphery
scratched and burnished with embedded particles; (¢) Section 4: pitting and machining marks still visible; (d) Section 5: area with embedded
particles and covered with scratches, machining marks partially visible; (€) Section 6: small pitting visible; (f) Section 7: area with abrasion

marks.

in situ, Further studies should be done in order to quantify
the backside wear produced solely during the insertion and
removal of the liner. Finally, as mentioned before, the in
vilro wear simulation study from Grupp et al. [18] showed
a seventeen times difference in the cumulative wear between
conventional PE and Vitamin E liners. However, even though
our results also showed a higher backside wear score for
the liners manufactured with conventional PE in comparison
with those manufactured with VitE, this difference was not
as high as that found in the previous study. The fact that the
average total backside wear scores between the two materials

were not as significantly different as the cumulative wear
confirms that backside wear is produced during the insertion
and removal of the liner and does not have a substantial
contribution to overall wear.

‘The only zone where abrasion could be observed was at
the edge along a small zone between the rim and the convex
arca (Figures 7(d), 8(b), 8(d), and 9{d)). However, a closer
analysis with scanning clectron microscopy (Figure 8(b))
confirmed that the machining marks were still visible. Several
studies have proven through a heat-treatment of conventional
PE liners that not all deep scratches necessarily mean loss of
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material but small deformations or cold {low, as machining
lines reappear after the mentioned treatment [34-36]. Defor-
mation of the liner at the edge between the milled-drilled
and roughened sections can be expected due to the change
of surface characteristics in this zone.

Moreover, it was observed that the anatomically superior
located zones had the higher backside wear scores, and,
in some cases, its corresponding inferior zone had a con-
siderably lower backside wear score (Figure 11). Kawaji et
al. |9] performed a retrieval analysis of polyethylene liners
for backside wear and also found that the most changed
surface area was the superior-anterior quadrant followed by
the superior-posterior quadrant. The reason for a higher wear
score in these sections is the orientation of the axial joint load
transmitted to the liner. Kligman et al. [11], who performed
an optical analysis on retrieved hip liners, observed creep
al the superior-lateral quadrant on the convex surface of
the polyethylene liner and associated this creep and its
location due to the cyclical axial loading, which is transmitted
mostly to the superior-lateral part of the acetabulum. This
orientation was also confirmed by Bergmann et al. [37], who
measured the in vivo acting loads at the hip joint in four
patients and determined the contact force vector in the hip
joint,

Insuflicient locking mechanism, the amount of micromo-
tion, and the metal surface finish have been well accepted
factors for backside wear [14]. Several studies have shown
that suboptimal conformity between the shell and the liner
could be the major influence factor on liner instability causing
backside wear and subsequent osteolysis [3, 12, 14, 16]. The
reason for this is that synovial fluid with debris particles from
the articulation surface could occupy this empty backside
space and a piston pumping mechanism generated during
gait could push the debris solution into the iliac bone through
the screw holes and create osteolysis [10, 16].

Proven that the locking mechanism and the liner-shell
connection is stable, backside wear of polyethylene liners
does not substantially contribute to the overall wear rate of
polyethylene liners. Using three-dimensional finite element
models, Kurtz et al. [12] showed that backside lincar wear
rales were three orders of magnitude less than the wear rate
estimates at the articulating surface. Furthermore, the wear
rates between two hole and eight hole cups designs were not
substantially different. In another study with a different cup
design, Krieg et al. [13] showed that only 2.8% of the rate of
volumetric articular wear corresponded to the rate of back-
side volumetric change. As Krieg’s study included creep and
wear [or the volumelric change, this might be the reason for
their higher backside wear proportion found. Moreover, the
so-called “monoblock™ cups, whose polyethylene liners and
cups are factory-preassembled into a single solid construct,
theoretically eliminate backside wear of polyethylene liners.
Nevertheless, a systematic review performed by Halma et al.
[3] as well as a study by Gonzilez Della Valle et al. [38] showed
that there was no difference in the polyethylene wear rate
between monoblock and modular acetabular components at
intermediate-term follow-up.

Finally, midterm clinical studies have shown very good
results of the Plasmacup system, with a low revision rate due

26

11

to aseplic loosening at a minimum follow-up of cight years
[31, 39]. As the retrievals from the present study were at an
average of 13.1 months in situ, further long-term studies with
a sufficiently large number of retrievals should be performed
in the future in order to analyze the backside wear behavior
in the long-term as well as in vitro tests with longer testing
times.

5. Conclusion

In general, the total average backside wear score was approx-
imately the same for in vitro tested and retrieved liners. The
same wear modes of damage and their patterns were observed
in both types of liners. More importantly, our observations
confirmed the low backside wear of the liners and confirmed
that the wear marks were mainly initiated during their
insertion and removal rather than during their time in situ.
Even though retrieval analysis may show diflerent results
among the specimens and may not always ceincide with
in vitro tests, they still help tracking the performance of
implant materials and designs. Further tests with long-term
in vivo retrievals and corresponding in vitro test periods
could support the results observed, as the simulation and
mean retrieval times of the current study were in the short-
term range.
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Abstract

A previous retrieval study analyzed the backside wear of short-term implanted liners against in vitro tested liners
of similar life in service and showed comparable results among both groups, with no significant backside wear due
to micro-motion.

The purpose — to obtain a picture of the overall wear (articulation and backside surfaces) of 0.1% vitamin E
blended polyethylene liners, with a locking mechanism based on a press-fit cone in combination with a rough
titanium conical inner surface in the fixation area, under a 20 million cycles hip wear simulation.

Materials and Metheds. A semi-quantitative method was used in order to assess the damage on the backside
of the liners and a 3D measuring machine to assess the creep and wear at the articulation surface.

Resuits, The total average backside wear score was 22.00£2.59 from a maximum total score of 147 after 5 million
cycles (me), increased to 31.92£5.57 after 10 mc, but showed no further increment after 15 and 20 mc. The reference
liners (subjected only to axial load) showed similar wear scores and modes as the liners under wear simulation (axial
load and movement). Small scratches produced during insertion and removal were clearly seen at the rim (fixation)
area and no considerable abrasion was observed. The machining marks on the convex surface were always visible,
Regarding the articulation surface, a steady state wear rate of 7 pm/year was measured.

Conlusion. These results determined that most of the backside wear produced on the liners occurred during their
insertion and removal rather than during their life in service, Moreover, the wear at the articulation surface was
similar to that seen in vivo at short- and mid-term on highly cross-linked polyethylene liners with and without
vitamin E content.
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AHann3 M3HOCa apTUKYAUPYIOLLE M ThiIbHOW NOBEPXHOCTEN
nocsie 4ONrOCPOYHOTO in Vitro MOAGNMPOBAHUA U3HOCA
CTabUNU3NpoBaHHbIX BUTAMUHOM E NOAM3ITUNEHOBLIX BKNAAbILLEH
¢ npecc-put baokmpoBaHuem

A.L. Puente Reyna ' M. Holderied ', M. Jager3, C. Schilling', T.M. Grupp '*

! Aesculap AG, Research & Development, 78532, TyTriHren, lepmanus
? Yuusepcumem um. JTodeuza Makcuswana, 81377, Miovixen, lepmarius
* Muusepcumem JyiicOype-3ccen, 45147, Iccen, lepmanus

Pecpepar

[peapiayuwye uocaefoBanmst ObLIH MOCBRILEHB H3HOCY ThIILHOI NOBEPXHOCTH KPAaTKOBPEMEHHO HMIVIAHTHPO-
BAHHBIX BRIAABILEIT B CPABHEHHM CO BRIAABILAMM, TECTHPYCeMBIMI it Vilro, B TeUeHHe PaBHONO KOIMYeCTBA Bpe-
MeHM. B peayaprare GbUIM NPOAEMOHCTPUPOBAHLI CPABHMMBIE Pe3YALTATH B 00euX rpynmax, npu 3rom He Osuio
OTMEYeHO CYIIEeCTBEHHOTD H3IHOCA ThI/IbHOI NOBEPXHOCTH BCIEACTBHE MHKPONOABIKHOCT .

Leas uccaedosania — NOAYUHTb AaHHbIe 00 00UIeM H3HOCe (APTHEYIHPYIOLLeiT MOBePXHOCTI 1 ThUILHOI NoBepx-
HOCTH) NOAUITIVIEHOBBIX BRAAAMIIeT, craldiwmauposandsx 0,1% euramudom E, koropsie GA0KUpoBanu 3a cuer
npecc-hMT NOCAIKH B WEPOXOBATON THTAHOBOI BHYTPEHHE MOBEPXHOCTH YAWKM. YCIOBHMA MOAETMPOBAHMS M3~
Hoca coctasasn 200 MIWUTMOHOB LIMK/IOB ABICKeHIIt Ta300e1peHHOr0 cycTasa.

Mamepuan u smemoder. JIng OUEHKH CTENEHM TOBPEXICHMS TEUILHON NMOBEPXHOCTH BRAAAMLIEIT MCNOIL30BAIN
NOAIYKOAMYeCT BeHHbH MeTod, CTenetb M3HOCAa COUIeHSIOUMXCS MOBePXHOCTE ! Onpeiensin ¢ HCnoab3osaHmen 30D
KOOpPAMHATHO-H3MepPHTeIbHOIO Npibopa.

Peayavmame. OGuinit cpeiHnit nokazaresis H3HOCA TRUILHOM MOBePXHOCTH BRAaAbIell cocrasw 22,0042,59,
MaKCHMa/IbHBII 00U NoKa3aTesb cocTagia 147 nocie 5 MIH UMKJIOB, ABTOPH Ha0/IIORann yBeaHUeHue CpeiHe-
ro nokasarens a0 31,9245,57 yepes 10 MAH UMKIOB, NMPH 3TOM, JabHEHILET0 YBeIHYeHHS MokalaTeneit uepes 15
1 20 MAH UHKJIOM He oTvenaty. KOHTpoibHMe BRAAIBIIIN (NOBePKeHHBe TOILKO aKCHAILHOIT HArpY3Ke) npoje-
MOHCTPHPOBAIH CXOXKME MOKAZATENH M MOAEAM M3HOCA KAK BEIAABIUIMN, NMOABEIKEHHBIE MOALAHPOBAHMK H3HOCA
(akcHanbHag Harpyska u asikeHie), Hebonbiute apanuHbi, HAHECeHHbBIe BO BPeMS YCTAHOBKM M YAAICHHS BKIAabI-
wiedt, ObUIM YeTRO BIIHE B 00nacTH (PUKCALMI, NP 3TOM 3HAUMMOro abpazuBHOro HCTHPaHUS He OLI0 OTMeueHo.
Beeraa Obi1i BIWIHBL PHCKI HA BbIIYK/I0I MOBEPXHOCTH BKARABIEH, CKOPOCTE M3HOCA COUMIEHSIOUMXCS 1OBepX-
HOCTelt cocTasiia 7 MKM/Tod.

Bugodst. PeayabraTel MCCIEA0BAHHA MIPOASMOHCTPHUPOBAN, UTO OCHOBHOH 0TbeM H3HOCA THILHOIT CTOPOHN
BRAALILLEH MPOMCXOANT B MPOLECCe X YCTAHOBKM M VAANEHMS, HEXeAH B nepuo (PyHKUHOHHPOBAHKSA MpoTesa.
Bonee Toro, o0beM HIHOCA aPTUKYIHPYIOUICH MOBEPXHOCTH Obi WISHTIHYEeH 00beMy M3HOCA, KOTOPbI oTMedan
in vivo npit KPaTko- M CPeHeCPOUHOI HMIVIAHTALIMI BKAAALILCH U3 KPOCC-/IMHE MOAMITIVICHA ¢ BHICOKHMU 110-
NepeuHHMH CBI3sAMK O3 win ¢ fodasneHHem surammba E.

Knouesbie C/10Ba: TOTANbHOE IHAONPOTEIHPOBAHHE 78306921[)?""0['0 CYCTasa, MOAEIHMPOBAHME HIHOCAE, BUTA-

MHH E, H3HOC ThUIbHOI CTOPOHBI BEIAAbILA,

Introduction

Aseptic loosening as a consequence of wear gener-
ated particulate debris remains the principal reason
for revision in total hip arthroplasty at the long-term
[1]. The main source of particulate debris, and thus the
most studied, is at the articulation surface. However,
the wear produced at the interface between the lin-
er and the metallic acetabular component, known as
backside wear, gained importance after high revision
rates due to retroacetabular osteolysis were seen on
retrieved liners showing high backside wear [2-6].
When there is an unstable locking mechanism and a
poor conformity between the liner and the acetabular
shell, wear is produced at this non-articulating sur-
face as a result of micro-motions between both com-
ponents [7-9). Therefore, a secure locking mechanism

DOI: 10,21823/2311-2905-2018-24-2-29-40

should be able to decrease the backside wear to val-
ues that do not substantially contribute to the overall
wear rate of polyethylene liners (9, 10].

A previous retrieval study analyzed the backside
wear of acetabular liners with a locking mechanism
based on a press-fit cone with a large surlace area in
combination with a grit blasted rough titanium inner
surface along the rim of the acetabular shell [11]. In the
study, the backside wear of short-term retrievals made
out of conventional standard polyethylene (CPE), high-
ly cross-linked polyethylene (XLPE) and highly cross-
linked and vitamin E (0.1%) blended polyethylene
was analyzed and compared with their corresponding
in vitro tested liners of equivalent life in service, show-
ing similar results among both groups and no signifi-
cant backside wear due to micro-motion.
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A limitation of the study was that the analyzed re-
trieved liners were only for an average of 13.1 months
in situ and the in vitro test simulated approximately
2.9 years of in vivo service life. As retrieval studies from
other acetabular cup designs have demonstrated a sig-
nificant correlation between backside damage and age
in vivo for CPE and XLPE liners [12, 13], it is important
to investigate if the backside wear increases on vitamin
E blended polyethylene liners with the mentioned lock-
ing mechanism through time. To date, no long-term
retrievals of vitamin E blended polyethylene are avail-
able, therefore, only in vitro studies can provide infor-
mation regarding their performance at the long-term.

Objectives

The purpose of our study was to obtain a picture of
the overall wear (articulation and backside surfaces)
of 0.1% vitamin E blended polyethylene liners with
a press-fit locking mechanism under a 20 million cy-
cles hip wear simulation, equivalent to approximately
11.4 years in vivo service [14]. More specifically, our
purposes were to analyze the backside wear of the lin-
ers, which wear modes can be expected and if this type
of wear increases with time.

Materials and Methods
In vitro wear simulation

In vitro wear simulation was performed on a cus-
tomized 6 + 2 (reference) stations servohydraulic hip
simulator (EndoLab GmbH, Thansau, Germany) with
kinematic and load patterns according to 1SO 14242-
1:2014(E). Acetabular cups (Plasmafit® Poly Cup, size
50, Aesculap AG, Tuttlingen, Germany) made out of
Ti6Al4V alloy and without screw drill holes were used
in combination with highly cross-linked (electron
beam, 80 kGy), vitamin E (0.1%) blended and EO steri-
lized polyethylene liners (Plasmafit® Poly Insert, size
36 mm, Aesculap AG, Tuttlingen, Germany). Modular
heads of 36 mm (taper 12/14) made out of zirconia
toughened alumina ceramic (BIOLOX® delta, Aesculap
AG, Tuttlingen, Germany) were used for the articulation.

Prior wear simulation, all the polyethylene lin-
ers were subjected to artificial aging according to
ASTM F2003-02 in a heat-conditioning chamber
at 70°C in pure oxygen and at 5 bar for two weeks
(BM400, Memmert GmbH + Co. KG, Schwabach,
Germany). Afterwards, the polyethylene liners were
soaked in serum-based test medium until the incre-
mental mass change over 24 hours was less than 10%
of the previous cumulative mass change (34 days) in
order to allow for saturated fluid absorption according
to ISO 14242-2:2016(E).

Wear simulation was performed for 20 million cy-
cles at a frequency of 1 Hz in a test medium at 37°C
consisting of newborn calf serum (Biowest SAS,
Nuaille, France) diluted with deionized water in order

to achieve a protein concentration of 30 g/l. Ethylene
diamine tetraacetic acid and Amphotericin B were
added to the test medium in order to stabilize the
pH and prevent fungal decay, respectively. The test
medium was replaced at 0.5 million cycles intervals
and all the components were cleaned with deionized
water and mild soap without removing the polyethyl-
ene liners from the acetabular cup in order to reduce
potential backside wear produced by the constant re-
moving and insertion of the liner. Only every 5 mil-
lion cycles the polyethylene liners were removed from
the acetabular cups and cleaned according to ISO
14242-2:2016(E). After every 0.5 million cycles, the
component sets were rotated across stations to mini-
mize the effect of inter-station kinematic variability.
For the different analysis, two groups were defined:
“Reference” liners (n = 2) subjected only to axial load;
and “Wear simulated” liners (n = 6) subjected to axial
load and movement.

Wear at the articulation surface
and geometrical changes

Optical analysis of the articulation surface of
the polyethylene liners was performed after 5, 10,
15 and 20 million cycles using a digital microscope
(VHX-5000, Keyence Corporation, Osaka, Japan) with
a 30- and 50-fold magnification. Plastic deforma-
tion due to creep and wear was assessed by means of
a three-dimensional measuring machine (UMMS50,
Carl Zeiss AG, Oberkochen, Germany) in a tactile
measuring mode (1500 points per scan). The geomet-
rical changes were displayed vertically to the trans-
versal plane of the polyethylene liners with a pseudo-
color mode.

Optical backside wear analysis

Optical analysis of the backside surface of the
polyethylene liners was performed after 5, 10, 15
and 20 million cycles using the digital microscope
previously mentioned with a 50-fold magnification.
A semi-quantitative method developed by Hood
et al. [15] and modified for hip implants was used
to assess the damage on the backside of the liners.
The detailed description of the modified method is
given in the previously performed study [11] and will
be briefly summarized in the following. On basis of
its in situ orientation, the backside section was di-
vided by a superior / inferior line and 7 different sec-
tions were determined (Figure 1).

For each section, a score between 0 and 3 was given
for each of the seven different wear modes (deforma-
tion, pitting, embedded particles, scratching, burnish-
ing, abrasion and delamination), giving a maximum
possible damage score of 21 per section. A score of
0 meant no damage; a score of | meant damage to less
than 10% of the surface area, 2 meant damage to 10 —
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50% of the surface area and 3 meant that more than
50% of the area had been damaged. Each component
was given a total damage score based on the sum of
the scores from all its seven sections. The maximum
possible damage score was 147.

Superior

Fig. 1. Sketch
; from a cross-
section of a
Plasmafit® liner
with its titanium
alloy shell and
the corresponding
sections
for backside wear
analysis [11]
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The optical analysis was performed by two of the
authors (ALPR, MH) and their scores were averaged.
Both observers were blinded to previous results at the
time of new scoring and to the results of the other ob-
server, The inter-observer reliability of this method
was “substantial”, with kappa measures ranging be-
tween 0.62 and 0.72.

Statistics

To differentiate the average total backside wear
scores after 5, 10, 15 and 20 million cycles of the “Wear
simulated” and “Reference” liners, an analysis of vari-
ance was carried out (p = 0.05) followed by a post hoc
test (Scheffe p = 0.05). To differentiate between the
“Wear simulated” and “Reference” liners at 5, 10, 15
and 20 million cycles, an analysis of variance (p = 0.05)
was carried out followed by a post hoc test (HSD Test
for unequal N, p = 0.05). Prior to analysis, the normal
distribution (p-p plots) and the homogeneity of vari-
ance (Levene Test) were verified (Dell Statistica R13,
Dell Inc., Hamburg, Germany). A p value less than 0.05
was considered as significant.

Results

Wear at the articulation surface
and geometrical changes

Optical analysis of the wear patterns at the articu-
lation surface of the “Wear simulated” liners showed
an increment in the total wear area through the

20 million cycles (Figure 2). The wear modes seen at
the articulation area during the whole test were bur-
nishing and slight scratches. After the first 5 million
cycles, even though there was burnishing of the sur-
face, the machining marks at the pole of the articu-
lation surface could still be slightly seen. However,
these were erased through the rest of the wear simu-
lation and were not seen at the end of the test. The
superior side of the liner showed high burnishing
since the first 5 million cycles, whereas the inferior
side showed practically no wear marks after the first
5 million cycles, but showed burnishing of the sur-
face through time. Regarding the “Reference” liners
that underwent just to axial load, no burnishing nor
scratches were seen through the entire simulation,
as the machining marks were always clearly visible
(Figure 3).

The 3D analysis performed on the “Wear simu-
lated” liners after 20 million cycles showed a total
head penetration generated by creep and wear of
107.4231.0 ym, whereas the “Reference” liners had a
total head penetration only by creep of 33.4£7.8 um
(Figure 4). Hence, approximately one third of the to-
tal head penetration of the “Wear simulated” liners
was a result of plastic deformation.

Optical backside wear analysis

After 5 million cycles, the “Wear simulated”
liners had a total average backside wear score of
22.00£2.59 (from a maximum total score of 147),
which was statistically lower than the scores at
10 million cycles (31.92+5.57, p < 0.001), 15 mil-
lion cycles (27.50+2.58, p = 0.005), and 20 million
cycles (30.00£2.52, p < 0.001). Moreover, there was
a statistical decrease in the total average backside
wear score from 10 to 15 million cycles (p = 0.04),
but there was no statistical change from 15 to
20 million cycles (p = 0.41). The reason for the de-
crease in the total average backside wear score will
be discussed in the following section.

On the other hand, the “Reference” liners sub-
jected only to axial load had a total average back-
side wear score of 16.50£2.52 after 5 million cycles,
which was also statistically lower than the scores at
10 million cycles (26.75%2.63, p < 0.001), 15 million
cycles (27.25%1.26, p < 0.001), and 20 million cycles
(24.00=1.41, p =0.002). They did not have any signifi-
cant change from 10 to 15 million cycles (p = 0.99)
nor from 15 to 20 million cycles (p = 0.23). Finally,
there was a statistical difference between the total
backside wear score of the “Wear simulated” lin-
ers and the “Reference” at 5 and 20 million cycles
(p = 0.009 and p = 0.003, respectively), but not at 10
and 15 million cycles (p = 0.17 and p = 0.88, respec-
tively) (Figure 5).
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After 5 million cycles After 20 million cycles

Fig. 2. Wear patterns at the articulation surface of a “Wear simulated” liner (subjected to axial load and movement)
after 5 and 20 million cycles showing polishing and slight scratches. Black: overview of the wear areas; red: superior
side of the liner in anatomical position; blue: wear at the pole; green: wear at the inferior side
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After 5 million cycles

Fig. 3. Articulation surface of a "Reference” liner subjected just to axial load after 5 (left) and 20 (right)
million cycles with machining marks still visible

B > s00um
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B - 150.0 pm - -138.9 pm
B <-1500 pm

Fig. 4. Geometrical changes after 20 million cycles of a "Reference” liner subjected only to axial load (creep) (a)
and a "Wear simulated” liner subjected to axial load and movement (creep and wear) (b)
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The most common wear mode overall seen after 5,
10 and 15 million cycles was scratching, followed by
burnishing. However, after 20 million cycles, scratch-
ing, burnishing and abrasion had approximately
the same weight regarding their wear score. Moreover,
the number of embedded particles increased through
the wear simulation (Figure 6).

When analyzing the wear per sections, those in
contact with the milled-drilled smooth acetabular in-
ner surface (sections 1 to 3) had the lowest backside
wear score (between 2.00£0.00 and 4.00+0.71 from a
maximum score of 21) (Figure 7). In these sections,

the main wear mode seen was slight burnishing, as
the machining marks appeared flattened. After every
5 million cycles, the machining marks appeared to
be more flattened, but were still clearly visible after
20 million cycles. Same tendency was seen on the
“Reference” liners (Figure 8).

Regarding the rim of the liners, the highest wear
scores were seen insections 4 and 5, with values rang-
ing [rom 4.17#0.52 to 7.3320.68. In these sections,
the most observed wear mode were small scratches.
However, as the test went on, the number of scratch-
es increased and the surface showed abrasion marks.

3.00
2.50
2.00 ® Pitting
§ = Scratching
; 150 » Burnishing Fig. 6. Average score
& Abiasion per wear mode
1.00 ) of all backside sections
» Embedded particles  of the “Wear simulated”
0.50 » Deformation liners after 5, 10, 15
= Delamination and 20 million cycles,
Maximum possible score
f.00 per wear mode =3
5 10 15 20
million cycles
21 4
Superior
18 /
13
15 A ]
12 4

Reference

Wear simulated
Wear simulated
Wear simulated
Wear simulated

Backside section

Inferior

W 5 million cycles

® 10 million cycles
15 millien cycles
m 20 million cycles

Reference

Wear simulated
Wear simulated
Wear simulated

Fig. 7. Backside wear score per backside section for the "Wear simulated” (axial load and movement) and “Reference”

liners (only axial load) after 5, 10, 15 and 20 million cycles. Maximum backside wear score per zone = 21
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In sections 6 and 7, the surface also showed main-
Iy small scratches and their number also increased
through the test, but no abrasion in these zones was
seen. The same tendency was seen in the “Reference”
liners (Figure 9).

Zone 2 Zone 3

IS0
5 million cycles

1S0
20 million cycles

Fig. 8. Representative images of backside zones 2

and 3 of a "Wear simulated” liner after 5 and 20 million
cycles (axial load and movement) and a “Reference”
liner after 20 million cycles (only axial load),
Machining marks were always visible

Zones 4 and 6

IS0
5 million cycles

IS0
20 million cycles

Discussion

The purpose of our study was to obtain a picture of
the overall wear (articulation and backside surfaces)
of 0.1% vitamin E blended polyethylene liners with a
press-fit locking mechanism under a 20 million cycles
hip wear simulation, equivalent to approximately 11.4
years in vivo service [14]. More specifically, our pur-
poses were to analyze the backside wear of the liners,
which wear modes can be expected and if this type
of wear increases with time. To the authors knowl-
edge, this is the first study to analyze the backside
wear of vitamin E liners in a long-term in vitro wear
simulation.

As highly cross-linked polyethylene with vitamin E
content (either blended or diffused) is a relatively new
material, there are currently no long-term follow-up
studies available to compare the results obtained in
the current in vitro study. Nevertheless, short-term
follow-up studies have shown a similar performance
between XLPE liners with and without vitamin E con-
tent [16, 17]. Vitamin E does not provide additional
wear resistance to the polyethylene after highly cross-
linking, but prevents its oxidation, and thus it is ex-
pected to maintain its excellent wear characteristics
through time. For this reason, in vivo results of XLPE
liners can be used as a reference to compare the vita-
min E liner results of the present in vitro study.

During its in vivo service time, the most common
method to measure the wear of polyethylene liners is
through measurement of the femoral head penetra-
tion by means of x-ray images. The highest head pen-
etration occurs during the first year after surgery and
is mainly due to creep, which then decreases through
time. Follow-up studies have shown an average head
penetration between 30 and 50 pm on XLPE liners dur-
ing the first year after surgery [18, 19]. The reference
liners subjected just to axial load of the current in vitro
study showed a total head penetration similar to those
values. Taking into account an average of 1.76 mil-
lion gait cycles per year for hip and knee arthroplasty
patients [14], and that after approximately one year
of implantation there is no considerable creep of the
liner, the steady state wear rate of the vitamin E lin-
ers from our study was approximately 7 pm/year. This
wear rate is similar to that found in several mid- and
long-term follow-up (7 to 13 years) studies of XLPE

Fig. 9. Representative images of backside zones 4

to 7 of a "Wear simulated” liner after 5 and 20 million
cycles (axial load and movement) and a “Reference” liner
after 20 million cycles (only axial load),

Small scratches in the direction of insertion

and removal were clearly seen. Even though the images
correspond to the same “Wear simulated” liner,

the color difference was due to a different white

balance configuration of the microscope
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liners, where steady state wear rates between 1 and 10
pm/year have been found [19-22], and is considerably
below the osteolysis threshold wear rate of 100 pm/
year [23]. Short-term follow-up studies of XLPE liners
with vitamin E content also show similar wear rates
as those from XLPE previously mentioned (16, 17, 24,
25]. However, this excellent wear characteristics of the
XLPE at the long-term are in question, as studies have
demonstrated in vive oxidation of annealed XLPE by
means of cyclic fatigue loading and fluid absorption,
whereas remelting of XLPE leads to a reduction of its
mechanical properties [26-30]. Deterioration of the
wear properties of vitamin E blended highly cross-
linked polyethylene liners as a consequence of ma-
terial oxidation is not expected to occur in the long-
term, as previous in vitro studies have demonstrated
oxidation resistance of this material even after severe
artificial aging [31, 32].

Regarding the backside wear of our in vitro study, a
total average backside wear score of 22 from a maxi-
mum of 147 was seen after the first 5 million cycles.
After this time, small scratches were seen at the rim
of the liner, which were produced during its insertion
and removal from the acetabular shell. Nevertheless,
the machining lines of the liners were still clearly
visible in the rim areas without scratches as well as
below the milled-drill smooth surface of the acetabu-
lar shell. This demonstrated that there was no micro-
motion of the liner that could produce burnishing or
abrasion on it. The significant increment in the back-
side wear score seen after 10 million cycles was be-
cause of the second insertion and removal of the liner,
as this produced more scratches and embedded parti-
cles from the rough titanium shell. However, there was
no further significant increment in the total average
backside wear scores after 15 and 20 million cycles.
Furthermore, the machining lines in the rest of the
liner just appeared to be more flattened through the
test, but were still clearly visible.

Even though a structured method was applied,
the visual analysis is based on appreciation and thus,
changes in the type of microscope, light, magnifica-
tion, observer and time lapse between scoring can
influence the results. The facts that the observers
were blinded to the previous results and that the time
lapse between measuring points was approximately 3
months might be the reasons for the statistical drop
in total backside wear scores registered from the 10 to
15 million cycles measuring points. The observers did
not saw a clear change in the type and degree of wear
as from the 5 to 10 million cycles analysis, but they did
not had the previous results to influence their scoring.
Regardless of the scores, the same wear modes and
patterns were seen in the current in vitro study and
in our previous retrieval study [11]. A previous study
from Pang et al. [35] showed that visual backside dam-
age scoring may not completely correspond with true

volumetric wear, as no difference in damage scores
were seen between XLPE and CPE liners, but there was
three times more penetration in the CPE liners thanin
the XLPE liners.

Despite the limitations of the visual analysis be-
cause of its subjective nature, it was effective to describe
the extent of the backside wear and how it developed
through time. For example, it was seen that the su-
perior sections of the liner had higher backside wear
scores as their counterpart, which correlates to the
direction of the joint forces and might also be the rea-
son why the “Wear simulated” liners (subjected to ax-
ial load and movement in anatomical position) had a
statistical difference with the “Reference” liners (sub-
jected only to axial load), as in the later ones the force
was equally distributed. Besides, it was the only tool
available in order to measure the backside wear of the
liners in a semi-quantitative manner. For instance, it
was also pursued to measure the geometrical changes
at the backside of the inserts with the 3D measuring
machine used for the measurement at the articula-
tion surface, but the backside wear was so low, that
no quantitative results could be obtained with such
method.

Proven that there is a secure locking mechanism
and that there is no severe backside wear, it has been
shown that this type of wear does not induce acetabu-
lar osteolysis. A retrieval study from Yamaguchi et al.
[34] found no correlation between backside deforma-
tion and acetabular osteolysis, but a significant asso-
ciation between pelvic or femoral osteolysis and line-
ar wear at the articulation surface, On the other hand,
Akbari et al. [12] found no backside wear on CPE liners
retrieved due to osteolysis, only partial flattening of
the machining marks as in our current in vitro study.
Furthermore, all the osteolytic cysts found at surgery
were peripheral. Moreover, Bali et al. [13] suggested
that XLPE is more resistant to backside damage than
CPE, as a similar backside damage score was found on
XLPE liners with different locking mechanism, con-
trary to the CPE, which had different scorings depend-
ing on the locking mechanism.

Studies have already shown that backside wear is
considerable low compared with the wear at the ar-
ticulation surface. For instance, Kurtz et al. [9] dem-
onstrated that the backside linear and volumetric
wear rates were three orders of magnitude less than
wear estimates at the articulating surface, which was
attributed to the difference in maximum sliding dis-
tances at the articulating surface (measured in mm)
versus the back surface (measured in pm). Moreover,
Krieg et al. [35] showed that the rate of backside volu-
metric change (predominantly creep) was only 2.8% of
the rate of volumetric articular wear. Although some
data suggest that a functional locking mechanism at
the acetabular shell-liner interface is a major factor
to reduce backside wear, other aspects concerning the
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acetabular socket design have to be considered when
evaluating the properties of an implant for clinical ap-
plication [13]. It is evident that the clinical outcome is
not only dependent on the amount of backside wear
but also on the amount and type of wear particles
which migrate behind the acetabular shell through
the screw holes inducing aseptic loosening. Here, the
significance of micro-pumping mechanisms and the
application of screw holes promoting osteolysis in
cementless cups is controversially discussed in the
literature and needs to be investigated in the future
[36-38]. The acetabular socket design of the present
study lacks of screw hole drills, and thus reduces the
potential migration of backside wear particles behind
the acetabular shell through these screw holes.

In summary, two facts from the present study dem-
onstrated that wear occurred predominantly at the ar-
ticulation surface in the long-term in vitro wear simu-
lation. First, there was increased burnishing through
the test at the articulation area of the “Wear simu-
lated” liners (subjected to axial load and movement),
whereas the “Reference” liners (subjected just to axial
load) showed no wear at all. Second, the backside wear
of the “Wear simulated” liners, even though it was sta-
tistically different at 5 and 20 million cycles, was sim-
ilar to that of the “Reference” liners, demonstrating
that most of the backside wear was produced during
their insertion and removal from the acetabular shell.
As the wear rate found at the articulation surface of
the in vitro tested vitamin E liners is one to two or-
ders of magnitude lower than the osteolysis threshold,
no acetabular osteolysis as a consequence of backside
wear can be expected. Regarding its clinical perfor-
mance at the long-term, the Danish Hip Arthroplasty
Register from 2014 [39] reported a survival rate of
94.1% at 10 years for all reasons of cup revision and
99.3% at 10 years with aseptic loosening as endpoint
for the previous model of the acetabular system here
described, which has the same locking mechanism as
the one in the present study. Long-term retrievals or
follow-up studies will be needed in order to validate
the current in vitro results.

Conclusions

The present study showed that wear at the articu-
lation surface was far below the osteolysis threshold
on highly cross-linked and 0.1% vitamin E blended
polyethylene liners and confirmed that there was lit-
tle to no micro-motion at its interface between the
acetabular shell in a long-term hip wear simulation.
Furthermore, it was demonstrated that most of the
backside wear produced on the liners occurred during
their insertion and removal rather than during their
life in service and that there was no significant incre-
ment of this type of wear through time. Finally, long-
term retrieval analysis will be needed in order to vali-
date this in vitro results.
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ARTICLE INFO ABSTRACT
Article history: Total knee arthroplasty is a well established treatment for degenerative joint disease, which is also
Accepted 31 July 2018 performed as a treatment in younger and middle-aged patients who have a significant physical activity

and high life expectancy. However, complications may occur due to biological responses to wear
particles, as well as local and systemic hypersensitivity reactions triggered by metal ions and particles
Keywonds: such as cobalt, chromium and molybdenum. The purpose of the study was to perform a highly demand-
Toeal knee arthroplasty ing activities (HDA) knee wear simulation in order to compare the wear characteristics and metal ion
w’"h denanding activities release barrier function of a zirconium nitride (ZrN) coated knee implant, designed for patients with
ear simulation t s s $

Zirconium nitride suspected metal jon hypersensitivity, against an uncoated knee implant made out of CoCrMo. The load
wmetal lon relaase profiles were applied for 5 million HDA cycles, which represent 15-30 years of in vivo service depending
on the activity level of the patient, Results showed a significant wear rate reduction for the coated group
(1.01 £ 0.29 mg/million cycles) in comparison with the uncoated group (2.89 1 1.04 mg/million cycles).
The zirconium nitride coating showed no sign of scratches nor delamination during the wear simulation,
whereas the uncoated femurs showed characteristic wear scratches in the articulation areas.
Furthermore, the metal jon release from the coated implants was reduced up to three orders of magni-
twde in comparison with the uncoated implants. These results demonstrate the efficiency of zirconium
nitride coated knee implants to reduce wear as well as to substantially reduce metal ion release in the

knee joint.
13 2018 Elsevier Ltd. All rights reserved.

1. Introduction cutaneous reactions to metals such as nickel (Ni), cobalt (Co) or
chromium (Cr) (Schafer et al, 2001; Thyssen et al, 2007,
Total knee arthroplasty (TKA) is a well established treatment for Ihyssen and Menné, 2010; Uter et al, 2014; Warshaw et al,
degenerative joint disease with good clinical results, Currently, 2015), they have an enhanced risk of not tolerating knee implants
there is an increasing demand on the performance and longevity made out of these materials. Furthermore, studies have indicated
of these implants, as this treatment is also performed in heavier, potential patho-mechanisms for aseptic implant loosening
younger and middle-aged patients who have a significant physical secondary to metal hypersensitivity (Mitchelson et al, 2015;
activity and high life expectancy (Carr et al,, 2012; Dennis, 2006, Rakow et al,, 2016; Schiavone et al., 2011),
Kurtz et al,, 2009; Pradhan et al,, 2006), However, complications Metal ion and particle release as well as metal hypersensitivity
may occur due to a biological response to polyethylene wear have become important subjects in total joint replacement, as a
particles, which may lead to osteolysis and aseptic loosening. relation between the cobalt and chromium blood levels and failure
Moreover, as up to 13% of the general population show allergic of implants has been demonstrated (Hart et al, 2011; Luetzner
et al,, 2007, van der Stracten et al, 2013). In several studies,
- patients with a failed total hip replacement (THR) had significantly
¥ Corresponding author at: AESCULAP AG, Research & Development, Am  higher blood levels of both cobalt and chromium compared to

Aesculap-PMatz, D-78532 Tuttlingen, Cermany, : . K . : Hart et al. 2011: van
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der Stracten et al, 2013), while a total knee replacement (TKR)
study showed that patients with implants had higher metal ion
blood levels than patients without (Luetzner et al,, 2007). Further-
more, patients with poor-functioning implants (pain, recurrent
effusions, reduced range of motion, eczema, loosening, etc.)
showed higher metal sensitivity than those with well-functioning
implants, and the latter group showed higher metal sensitivity
than the general population (Hallab et al, 2001; Thomas et al.
2015}, In vitro and in vivo studies have shown that high metal
ion concentrations are toxic and known to interfere with biological
functions (Carelas et al, 2011; Friesenbichler et al,, 2014; Posada
et al., 2015; Tower, 2010), Some adverse local tissue reactions
(ALTR) against metal debris include delayed hypersensitivity, oste-
olysis, pseudotumor formation, metallosis and local soft tissue
reactions such as inflammation and necrosis (Friesenbichler
ot al,, 2014; Jacobs ot al,, 2014, Kwon et al., 2016: Kwon, 2016;
Mistry et al, 2016). When comparing the effects of Co and Cr ions
on macrophages, it has been demonstrated that both induce tumor
necrosis factor alpha {TNF-a«) release and macrophage mortality,
but Co is more toxic than Cr (Catelas et al, 2011) and it activates
the toll-like receptor 4 (TLR-4), inducing inflammation similar to
that observed during sepsis (Lawrence et al, 2014; Rachmawati
et al,, 2013).

Despite the good clinical history and biocompatibility of cobalt-
chromium alloys, they show electrochemical and bio-corrosion as
well as abrasive wear that produce ion and particle release in the
intra-articular joint space, Under physiological conditions, cobalt
corrodes faster than chromium and tends to remain mobile, allow-
ing the ions to reach and enter remote organs (Posada et al,, 2015;
Urban et al,, 2004} In order to avoid metallic ion release, several
alternative materials have been developed, including ceramics;
non-sensitizing metals such as titanium or zirconium alloys; or
CoCrMo alloys with a mono- or multi-layer coating such as
titanium or zirconium nitride (Bader et al,, 2008; Thomas et al,
2016). Several case reports have demonstrated good results after
management of metallic knee implant complications associated
with hypersensitivity with any of the previous alternatives
(Mitchelson et al., 2015). However, these implants must not only
achieve their ion release barrier function, but should also have
good tribological properties in order to withstand the high perfor-
mance and long-term expectance of young patients. Thus it is
important to perform adequate pre-clinical tests that account for
high demanding activities of such patients (Jaber et al, 2015;
Schwiesau et al., 2013a; Zietz et al,, 2015).

For the current study, a zirconium nitride {ZrN) multilayer
coated knee implant, designed for patients with suspected metal
ion hypersensitivity, was subjected to a highly demanding activi-
ties knee wear simulation developed by Schwiesau et al, (2014)
in order to evaluate its performance at the long-term on young
and dynamic patients. The objectives of our study were to analyze
the wear at the polyethylene gliding surface when articulating
against a 2rN coated implant and compare it with the clinically
stablished implant made out of CoCrMo, to evaluate the integrity
of the ZrN multilayer coating and its metal ion release barrier func-
tion through the whole wear simulation.

2. Materials and methods

Medium size AS Columbus” DD Knee System (Aesculap AG,
Tuttlingen, Germany) femoral (size F4L) and tibial (size T3 ) compo-
nents with a ZrN surface were used for wear simulation, in com-
parison with the clinically established cobalt chromium version
Columbus® DD. Four total knee assemblies AS Columbus® DD
(ZrN group) and eight Columbus® DD (CoCr group) were tested
(Table 1% The AS multilayer coating system, with a total thickness
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Table 1

Total knee assemblies from the ZrN coated group and the uncosted Colr group
subpected 10 HDA knee wear simulation for 5 million HDA cycles and their references
subjected just to axial load for seak controd,

Specimens under Reference
HDA knee wear specimens
simudation (loaded soak control)
ZIN coated implants ZIN_1 to3 ZeN_Ref_1
CoCr uncoated implants CoCr_1 06 Colr_Rel_1 to 2

between 3.5 and 5 pm, is applied to CoCr28Mo6 alloy components
{material composition according to 150 5832-12:2007) using the
physical vapor deposition (PVD) method and consists of a thin
adhesive chromium bond layer, five alternating intermediate
layers out of chromium nitride (CrN) and chromium carbonitride
{(CrCN), and a final zirconium nitride {ZrN) shielding layer
(Reich er al, 2010). Ultra-high-molecular-weight polyethylene
{UHMWPE) gliding surfaces (Columbus® DD, size T3, high
10 mm) machined from GUR 1020, packed under nitrogen atmo-
sphere and sterilized by electron beam irradiation (30 + 2 kGy)
were used for both knee systems. Prior to wear simulation, all
the polyethylene gliding surfaces were soaked in serum-based test
medium at 37 =C for at least 46 days to allow fluid absorption
saturation.

2.1. In vitro wear simulation

Wear simulation was performed on a load controlled 3 + 1 sta-
tion knee wear simulator (EndoLab GmbH, Thansau, Germany)
capable of reproducing loads and movements of highly demanding
activities (HDA). The applied load and motion profiles were based
on in vivo measurements obtained from 8 patients with instru-
mented implants {Bergmann et al,, 2014), These profiles were nor-
malized to represent a patient weight of 100 kg, converted to the
coordinate system described in 1SO 14243-1:200%E), and set up
for a left side implantation with a 60% (medial) and 40% (lateral)
load distribution (Schwiesau et al, 2014). The load profiles
(Fig. 1) were applied for 5 million HDA cycles (mc) in a combina-
tion of 40% stair ascending, 40% stair descending, 10% level walk-
ing, 8% chair raising and 2% deep squatting. For walking, stair
ascending and stair descending, the cycle time was set to 15
{1 Hz) and for chair raising and deep squatting the cycle time
was set to 2 s (0.5 Hz). A loop of 800 cycles chair rising, 1000 cycles
level walking, 200 cycles deep squatting, 4000 cycles stair ascend-
ing and 4000 stair descending was repeated 500 times. Taking into
account a mean of 172 stair ascending steps per day in an average
arthroplasty patient and 448 steps in the most active one {Marlock
et al, 2001), this profile distribution represents a realistic implant
in vivo service time between 15 and 30 years (172 steps per
day x 365 days » 30 years = 1,883,400 stair ascending cycles)
{Schwiesau et al,, 2013a).

The total knee assemblies were fixed with PMMA and mounted
in sets of three wear test stations (axial load and movement) and a
parallel reference station submitted only to axial load for soak con-
trol. This means, the ZrN and CoCr groups were tested one after
another and each group underwent a total of 5 million HDA cycles.
The component sets were rotated across stations after cach million
cycles to minimize the effect of inter-station kinematic variability.
The simulation was performed under a test medium consisting of
newbomn calf serum {Biochrom AG, Berlin, Germany) diluted with
deionized water to achieve a protein content of 20 g/l. Ethylene
diamine tetraacetic acid was added to stabilize pH and Ampho-
tericin B to prevent fungal decay. The test medium was changed
every 0.5 million HDA cycles and all the components were cleaned
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Fig. 1. Axial load, flexion angle, anterior-posterior load (AP load), and rotational torque applied during the simulation of the different high demanding activities (chair raising,
level walking, deep squatting stairs ascending, and stalrs descending) in comparison with the 150 14243-1:200%(F ) profile. Figure adapted from Schwiesau et al (2004

according to 1SO 14243-2:2009(E). At 0.5, 1, 2, 3, 4 and 5 million
HDA cycles, wear of the polyethylene inserts was determined
gravimetrically using an analytical balance (Sartorious CPA225D,
Gottingen, Germany) to a precision of 0,01 mg, taking air buoyancy
and serum absorption into account,

2.2. Optical and geometrical wear surface analysis

AL05,1,2, 3,4, and 5 million HDA cycles, all bearing surfaces
were inspected with a stereo microscope (Leica MZ 16, Bensheim,
Germany), In order to asses the geometrical deformation of the
UHMWEPE gliding surfaces due to creep and wear, the specimens
were scanned before and after the test by means of a 3D measuring
machine using a tactile mode and a resolution of less than 3.5 pm
(Zeiss UMMBS50, Oberkochen, Germany). The scans were superim-
posed, the geometrical changes were calculated {Zeiss Holos
2.4.12, Oberkochen, Germany), and the results were displayed in
pseudo-colors in a plane transversal view.

2.3. Metal ion concentration analysis

To measure the metal ion release in the test medium through
the entire wear simulation, serum samples from each simulator
station were taken after every 0.5 million HDA cycles. The metal
ion concentration values found in the reference stations represent
the environment contamination as well as implant corrosion,
whereas those from the wear testing stations include the
articulation-induced metal ion release, After pressure digestion
with microwave heating, the testing medium was analyzed by
inductively coupled plasma mass spectrometry (ICP-MS) according
to 1SO 17294-2 with a detection limit of 0.1 pg/l for the element
concentration of cobalt (Co), chromium (£Cr'™ + CrY'), molybde-
num (Mo) and zirconium (Zr).
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2.4, Statistics

To differentiate the cumulative wear, wear rate and penetration
depth between the ZrN and CoCr groups, an analysis of variance
was carried out (p < 0.05) followed by a post hoc test (HSD Test
for unequal N, p < 0.05). Prior to the analysis, the normal distribu-
tion (p-p plots) and the homogeneity of vanance (Levene test)
were verified (Dell Statistica R13, Dell Inc., Hamburg, Germany .

3. Results
3.1, In vitro wear simulation

A statistical decrease (3.1-fold) in the cumulative gravimetric
wear was found in the ZrN group (4.60 + 1.25 mg) in comparison
with the CoCr group {1427 £ 5.45 mg) (p = 0.04). Moreover, the
wear rate of the ZrN group was 1.01 £0.29 mg/mc and was also
statistically lower (2.8-fold) in comparison with the CoCr group,
which had a wear rate of 2.89 + 1.04 mg/mc (p = 0.04). The loaded
soak control specimens used as reference had approximately the
same weight gain, with 9.64 mg for the ZrN_Ref specimen and
11.16 + 0.70 mg for the CoCr_Ref specimens (Fig. 2).

3.2, Optical and geometrical wear surface analysis

After 5 million HDA cycles, the polyethylene gliding surfaces
from the ZrN group appeared to be mainly polished as a result of
adhesive-abrasive wear with slight scratches and striated patterns
(Fig. ), whereas those from the CoCr group showed polishing and
slight scratches, but with more striated patterns (Fig. 4). The 3D
analysis of the polyethylene gliding surfaces showed that the med-
ial compartment of the ZrN group had more penetration depth due
to creep and wear than the lateral compartment (2157 +11.2 ym
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Fig. 2. Wear behavior of the polyethylene gliding surfaces from the ZiN and CoCr
groups after 5 million HDA wear cycles.

and 86.1 £ 0 um respectively) (Fig, 5). The same pattern was seen
in CoCr group but with statistically higher penetration depths:
28364227 um in the medial compartment (p=0.004} and
173.6 £31.9 pm in the lateral compartment (p = 0.006). The refer-
ence specimens from both groups had approximately the same
penetration, being 50 pm in the lateral compartment and 60 pm
in the medial compartment.

After 3.0 million HDA cycles, the femur components of the ZrN
group started to show oxidation marks in their articulation surface,
particularly at the internal and external edges and directly on the
surface in contact with the polyethylene gliding surface.
At 5.0 million HDA cycles, the lateral and medial condyles of all
the ZrN femurs presented oxidation marks (Fig. 6) and the articu-
lation areas showed a light yellow color, whereas the rest of the
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femur presented a slightly darker yellow color. No scratches nor
layer breakage of the ZeN multilayer coating were visible, On the
other hand, the femurs from the CoCr group showed slight
scratches on the surface directly in contact with the polyethylene
gliding surface.

3.3. Metal fon concentration analysis

Metal ion concentration analysis showed a reduction of up to
three orders of magnitude on the release of cobalt, chromium
and molybdenum ions in the coated ZrN group in comparison
with the uncoated CoCr group. Moreover, their values were sim-
ilar to those found on the reference station (ZrN_Ref), corre-
sponding to basic contamination of the environment and
corrosion of the implant (Fig. 7). During the 5 million HDA cycles,
the cobalt, chromium and molybdenum values of the CoCr group
tend to decrease linearly, starting with 151502 311.8 ug/l,
634 £ 1504 ug/l, and 1553 + 37.2 pg/l respectively at the first 05
million HDA cycles and ending with 461.7 +307.4 pg/l, 1821 +1
15.7 pg/l and 41.1 = 25.5 pg/l respectively at 5 million HDA cycles.
On the other hand, the ZrN group started with a cobalt concentra-
tion of 21.0+17.8 g/l in the first 0.5 million HDA cycles and
ended with 0.4 £ 0.2 g/l at 5 million HDA cycles; chromium went
from 64.4 + 46 g/l to 6,5 + 2.3 pg/l, and molybdenum went from 9,
2+44ugfl to 0,7 02 pg/l, In case of the ZrN multilayer coating,
the zirconium ion concentration values decreased exponentially
starting with 1963.9 £ 615 pg/l and ending with 184 +45 pg/l at
5 million HDA cycles.

The Co/Cr ratio of the released ions from the CoCr group showed
a similar ratio to that found in the composition of the CoCr alloy
according to 150 5832-12:2007 (Fig. 8), whereas the Co/Cr ratio
of the ZrN group was 0.3 or lower during the whole test, indicating
a higher release of chromium than cobalt,

Fig. 3. Characteristic wear patterns of the polyethylene gliding surface of the ZrN group after 5 million HDA cycles, (3} Overview of the wear areas: (b) wear area in
articulation with the medial condyle showing polishing, scratches and striated patterns: (c) striated patterns seen in the internal position and polishing in the rest of the area;

() polishing and slight scratches seen at the center of the articulation area,
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Fig. 4. Characteristic wear patterns of the polyethylene gliding surface of the CoCr group after 5 million HDA cycles. [a) Overview of the wear areas; (b) wear area in
articulation with the medial condyle showing polishing, seratches and striated patterns; (¢) polishing in the most anterior ares and striated pattems in the rest of the area; (0}

striated patterns seen at the extemal side of the articulation areq,

4. Discussion

The objective of our study was to perform a highly demanding
activities knee wear simulation in order to compare the wear char-
acteristics and metal ion release barrier function of a ZrN coated
knee implant, designed for patients with suspected metal jon
hypersensitivity, against an uncoated knee implant made out of
CoCrMo. Previous studies performed solely under walking condi-
tion (Affatato et al, 2011; Grupp et al, 2013a, 2013b, 2014;
Reich et al,, 2010) have already demonstrated the good tribological
properties of the ZrN multilayer coating as well as its ion release
barrier function, however, to the authors knowledge, this is the
first study to analyze the metal ion release and wear performance
of a ZrN coated knee implant through an entire HDA wear
simulation,

As TKA patients are getting younger, heavier and more active
(Carr et al,, 2012; Pradhan et al,, 2006), it is important to perform
adequate pre-clinical testing which can simulate the range of activ-
ities performed by this group of patients, and thus, the long-term
wear characteristics seen on polyethylene tibial inserts during
the second decade of clinical performance, such as delamination
and cracking (Grupp et al,, 2017; Schwiesau et al, 2013b, 2014;
Zietz et al,, 2015). Studies have shown that it is possible to create
the structural matenal fatigue and subsurface delamination seen
in vivo by performing 5 million HDA cycles, as this test can simu-
late between 15 and 30 years of in vivo usage (depending on the
activity level of the patient), in comparison with the 3 years of
usage simulated by the 1SO 14243-1:2009(E) (Schwicsau ¢t al,
2013a),

Our results showed a significant polyethylene wear rate reduc-
tion and a smaller variation among the samples of the ZrN group in
comparison with the uncoated group, which is in accordance with
previous studies performed solely under level walking simulation
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(Grupp et al,, 2013a; Reich et al., 2010). The smaller variation seen
in the ZrN group might rely on its the lower sliding friction against
the polyethylene liner and the higher scratch resistance of the
coating, which generate a more uniform counterpart bearing than
the CoCrMo alloy. Only one study involving an oxidized zirconium
femoral component articulating  against a  non-cross-linked
UHMWPE under a wear simulation accounting for athletically
active patients was found and also showed a significant reduction
on the wear rate in comparison with its CoCrMo version (17 mg/mc
vs 12 mg/mc) (Ezzer et al, 2012). Studies performed under HDA
simulation using the same koee system design as in our study
(Columbus®) but with a different gliding surface (CR instead of
DD) have shown wear rates of approximately 5.5 mg/me for artifi-
cially aged vitamin E stabilized polyethylene inserts and 12 mg/mc
for artificially aged standard polyethylene inserts against CoCrMo
(Grupp et al., 2017; Schwiesau et al,, 2014), By modifying the load-
ing profile to account for obese patients or applying a stair
climbing profile, studies have shown wear rates ranging from
approximately 6 to 33 mg/mc on UHMWEE inserts and from 1 to
8 mg/mc on highly cross-linked polyethylene inserts from different
knee systems {Abdel-Jaber et al., 2015; Benson et al,, 2002; Essner
et al., 2005, 2011, Jaber et al,, 2015; Schaerer et al,, 2010; Tozzi
et al, 2014), The overall low wear rate seen in the current study
might have two reasons. First, the polyethylene inserts were not
artificially aged, as doing so might have produced delamination
before the end of the test and the resistance of the ZrN coating
could not have been assessed on the full 5 million HDA cycles test
duration. Secondly, the deep dish (DD} design of the gliding surface
generates lower wear rates than curved designs as a result of its
high form fit (Grupp et al, 2009).

According to retrieval studies, the estimated linear penetration
of UHMWPE inserts is between 10 and 100 ymjyear (Argenson and
O'Connor, 1992; Gill et al, 2006; Psychoyios et al, 1998), The
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Fig. 5. Ceometrical changes after 5 million HDA wear cycles of the polyethylene
gliding surfaces from the ZeN and CoCr groups, The geometrical changes of the
reference specimens were due to creep (only axial load was applied ), whereas the
changes in the testing specimens were due to creep and wear (axial load and
movement were applied). The green and blue areas from the ZrN_2 and CoCr 2
specimens represent the wear areas marked in Figy, 72 and 42 respectively, while
the yellow and orange areas represent plastic deformation,

results from both analyzed groups fit in this range and have a sim-
ilar penetration pattern as seen in other studies (Grupp et al, 2017,
Schwiesau et al, 2014). The CoCr group from the current study

ZrN after 5.0 mc
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showed significantly more penetration depth than the ZrN group,
while the reference specimens from both groups had approxi-
mately the same penetration depth just due to polyethylene creep.
This confirms that the uncoated group generated significantly
more wear than the ZrN group.

The optical analysis of the polyethylene gliding surfaces showed
that, after 5 million HDA cycles, those from the ZrN group had a
more polished surface than those from the CoCr, which showed
more striated patterns. A reason for this might be the presence of
slight scratches seen at the articulation areas of the CoCr femurs,
which were not present at the beginning of the test. These slight
scratches are typical for CoCrMo femur components articulating
with polyethylene gliding surfaces (Kretzer et al, 2014,
Lakdawala et al, 2005; Malikian et al, 2014; Muratoglu et al,
2004, Que et al, 2000), On the other hand, the ZrN femurs
remained polished and showed no scratches through the whole
test, The darker yellowish color of the ZrN femur outside the artic-
ulation area might be due to the overall oxidation of the femurs, as
it is known that zirconium has more affinity to oxygen than to
nitrogen and the color of zirconium alloys varies depending on
the amount of oxygen and nitrogen they contain (Brown et al,
1993; Cheng and Zheng, 2006, Ferreira et al, 2006; MiloSev
et al,, 1996, 1997; Niyomsoan et al.,, 2002; Reddy et al,, 2007 In
situ change of color from ZrN coated implants is known, but no
adverse effects have been reported nor found.

Attention to elevated metal ion concentrations started after
adverse clinical results appeared with metal on metal (MoM) bear-
ings in hip arthroplasty {Gross and Liu, 2013; Rakow et al., 2016;
Underwoad et al, 2011), As all cobalt-chromium implanted into
the body will suffer a degradation process based on tribo- and
bio-corrosion and will release metal ions and particles into the
joint intra-articular space (Bundy, 1994; Friesenbichler ot al.,
2014; Garrett et al, 2010; Gilbert et al,, 2015; Hallab et al,, 2001;
Mitchelson et al., 2015), this concern has also turned to TKA. It is
thought that the dissociated metal species have a greater influence
on the local and systemic adverse effects than particles, as the lat-
ter are mainly internalized by phagocytic cells, whereas the metal-
lic ions have a high mobility within the human body (Bader et al.,

CoCr after 5.0 mc

Fig. 6. Wear characteristics of the femur components after S HDA million cycles, The ZiN femurs remained polished after the wear simulation, demonstrated by the clear
reflection of the camera and lights, and no scratches noe lLayer breakage were seen at the center of the articulation area, However, oxidation marks at the edges and
articulation area after 5 milllon HDA cycles (highlighted in red) were seen. On the other hand, slight scratches were seen at the articulation area of the CoCr femurs

(highlighted in blue}, demonstrated by the blurred reflection of the camera and lights.
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Fig. 8, Co/Cr ratio of the metal ion concentrations found in the test serum through
the entire 1est in comparison with the range of CoCr ratio from the substrate
material according to 1SO 5852122007,

2008; Garrett et al., 2010; Jacobs et al., 1998; Rakow et al., 2016).
For this reason, it is important that a TKA coating fulfills its ion
release barrier function. The metal ion analysis from the current
study confirms that there was no damage in the ZrN coating, as
the values of the ZrN testing stations were very similar to their ref-
erence and were up to three orders of magnitude smaller than
those in the CoCr group. Moreover, the Co value, which is the most
clinically relevant ion {Catelas et al,, 201 1; Hannemann et al,, 2013;
Posada et al., 2015; Tower, 2010) and is only located in the sub-
strate material, remained under 1.0 pg/l after 2 million HDA cycles.
Alimitation of our study was the usage of stainless steel in the sim-
ulator fittings containing Cr, Ni and Mo, which may have con-
tributed to the ion release. The higher ion release found during
the first million cycles can be explained due to the running in
phase, a process where the bearing counterparts build up a charac-
teristic wear patch that increases conformity between them and a
surface polishing of the as-manufactured components occurs,
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leading afterwards to a steady state phase {Kretzer et al., 2014).
Furthermore, the ZrN multilayer coating is a porous structure
rather than a completely impermeable one, which would explain
the small Co and Cr ion release detected during the first million
cycles. During this initial time, the implant starts to corrode and
jons from the substrate material are released, showing similar
values to those from the reference station. A previous study per-
formed by Thomas et al. (2016) measured the metal ion release
from uncoated CoCrMo discs, TiN and ZrN coated discs in different
fluids such as cell culture, distilled water and artificial sweat and
also confirmed that the ZrN coating had the least liberation of Co
ions. The zirconium ion release should not be of concern, as a study
from Dalal et al, (2012) demonstrated that cobalt alloy particles
produced higher toxicity and inflammatory responses than zirco-
nium alloy particles.

Regarding its performance in vivo, studies have shown that the
complications produced due to metal ion hypersensitivity disap-
pear after patients have changed to ZrN coated prostheses
(Thomas et al, 2016; Thomsen et al,, 2011). Besides, patch tests
performed on patients with and without metal ion hypersensitivity
have shown no allergic reaction to ZrN {Thomas et al.,, 2016). More-
over, a retrospective study comparing ZrN coated and uncoated
knee implants after 5 years of implantation showed that the pro-
inflammatory interleukin IL-8 and anti-inflammatory IL-10 were
highly upregulated in patients with an uncoated knee, whereas
in patients with ZrN coated implants were not (Schinkel, 2015)
Finally, a randomized study comparing uncoated and ZrN coated
implants after midterm follow up showed an excellent survival
rate for both groups (100% for ZrN vs 98.1% for CoCrMo) and no
coating related adverse aspects with the ZrN multilayer coated
implants were reported after the 5-year follow up (Beyer et al,
2016). However, long term results are still necessary in order to
confirm the good performance of ZrN coated implants in the sec-
ond decade of usage,
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In conclusion, the results from the current study showed that
the ZrN coated implants significantly reduced wear at the poly-
ethylene gliding surfaces in comparison with the clinically
stablished uncoated CoCrMo implants, Moreover, the ZrN multi-
layer coating was able to keep its integrity even under a highly
demanding activities knee wear simulation, as no scratches nor
delamination of the coating were seen, Finally, the cobalt ion
release reduction of up to three orders of magnitude in comparison
with the uncoated implants confirmed that the ZrN multilayer
coating is a secure barrier against the diffusion of this clinically
relevant ion,
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