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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 Methods. 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.

Results. The total average backside wear score was 22.00+2.59 from a maximum total score of 147 after 5 million
cycles (mc), 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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Pecdepar

[penpIAyIIMe UCCIeqOBAHMS GbUTM TTOCBSIIEHbI M3HOCY ThUIBHOI TMTOBEPXHOCTY KPaTKOBPEMEHHO UMITIAHTUPO-
BaHHBIX BKJIAJbIIIE) B CpaBHEHUM CO BKJIAJbIIIAMM, TECTUPYEMbBIMU in Vitro, B TeueHNe paBHOTO KOJIMYECTBa Bpe-
MeHM. B pesynbrare 6bUTM MPOAEMOHCTPMPOBAHBI CPAaBHUMbIE PE3YJIbTAThl B 06€MX TPYIax, Mpu 3TOM He ObLIO
OTMEYEHO CYLeCTBEHHOTO M3HOCA ThUIbHO MOBEPXHOCTY BCIEICTBYE MUKDPOIIOABUKHOCTHA.

Llens uccnedosaxus — MOMYIUTh JaHHbBIE 06 06IIEM M3HOCE (APTUKYIUPYIOIIEN ITOBEPXHOCTM M ThUIBHOI ITOBEPX-
HOCTM) TIOJIMATUJIEHOBBIX BKIabIIIel, crabuansmpoBanHbix 0,1% BuTamMmmuHOM E, KOTOpbIle GIOKMPOBaIM 3a CUET
npecc-OUT MOCAAKM B IEPOXOBATON TUTAHOBOI BHYTPEHHE! MOBEPXHOCTY YAIIKY. YCIOBUSI MOJEIUPOBAHUS U3-
Hoca coctapisuii 200 MIITMOHOB IMKJIOB IBMKEHMIT Ta300€IpeHHOTO CyCTaBa.

Mamepuan u memodsi. [I71s1 OLIEHKY CTEIIeHY MMOBPEKAEHMS ThIbHOI MTOBEPXHOCTY BKJIA/IbIIIEN MCITONIb30BaN
TOTYKOIMYeCTBeHHbIN MeTo. CTerneHb M3HOCA COUIeHSIIOLMXCSI TIOBEPXHOCTEN ONpeesisiu C MCIIoAb30BaHueM 3D
KOOPAVHATHO-U3MEPUTEIBLHOTO Mpubopa.

Pesynvmamst. O61IMIE CpeqHMii TTOKa3aTeIb M3HOCA ThUIbHOM MOBEPXHOCTM BKIambliieii coctaBua 22,00£2,59,
MaKCMMaJIbHbBIN O6IINIT TOKa3aTelb cOCTaBMI 147 rocie 5 MIH LMKIOB. ABTOpPbI HAaO/IOAaIN YBeIMUeHe CpeqHe-
ro mokasareyst 10 31,92+5,57 uepes 10 MJIH LIMKJIOB, IIPM 9TOM, JajIbHEIIIEro yBeIuYeHus rmoKasarTesneii uepes 15
1 20 MJIH UMKJIOM He OTMeuain. KOHTpo/ibHbIE BKIAAbINIM (MIOABEP>)KEHHBIE TOBKO aKCUAIbHOM HarpysKe) mpoge-
MOHCTPUPOBAJIM CXOXKMe MoKa3aTenu U MOJeIu M3HOCa KaK BKIAAbIIIN, [TOABEeP)KeHHbIe MO eINPOBAHUI0 U3HOCA
(akcuanbHas HarpysKka u gBiuskeHue). Hebosblie 1japamnHbl, HAHECEHHbIE BO BPeMsl YCTAaHOBKY U Y AJIE€HMsT BKIAIbI-
11ei, 6bIIM YeTKO BUIHBI B 06/1aCTy (UKCALIM, TIPY STOM 3HAUMMOTO abpa3syMBHOIO UCTUPAHUSI He ObUIO OTMEUEHO.
Bcerma 6bUTM BMIOHBI PUCKM Ha BBIMTYKIION MTOBEPXHOCTM BKIIabIlieii. CKOPOCTh M3HOCA COWIEHSIIONIMXCS TOBEPX-
HOCTeJ cocTaBuia 7 MKM/TO/I.

Bb1800b1. Pe3ynbTaThl MCCIEOOBAHNUS IPOAEMOHCTPUPOBAIN, UTO OCHOBHOI 0O0BEM M3HOCA ThUIbHOW CTOPOHBI
BKJIQJIBINIEN TTPOVICXOIUT B TIPOIIECCE UX YCTAHOBKYU M YAANEHUs, HEXXeMy B mepuof GYHKIVOHUPOBAHMUS ITPOTE3a.
Bonee Toro, 06beM M3HOCA apTUKYIUPYIOLIEH MTOBEPXHOCTH ObUT UAEHTUYEH 00beMY M3HOCA, KOTOPbI OTMevain
in vivo TIpM KpaTKO- X CpeSHEeCPOYHOI MMIUIAHTAlMM BKJIaAbINIEN U3 KPOCC-IMHK MOJMITWIEHA C BBICOKMMMU TI0-
TepeyHbIMM CBSI3sIMM 6€3 Uiu ¢ JobaBaeHneM BuTaMmuHa E.

KiroueBble ¢10Ba: TOT/JIbHOE 3HAOIIPOTE3MPOBaHME Ta306e,£lp9HHOI‘O cyCTaBa, MOOe/IMpOBaHMe M3HOCA, BUTA-

MMH E, M3HOC ThUIbHOM CTOPOHBI BKJIaJbllIIaA.

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 surface 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 ISO 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 (UMMS850,
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 1 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]

Inferior

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
107.4%£31.0 pm, 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

1000pm

1000um

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 After 20 million cycles

o
100pm

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 > 500um
B 389um- 500 pum
B 278um- 389 pum
I 167um- 278 pm
56 pm - 16.7 pm
-5.6 pm - 5.6 pm
I -167 pym-  -56 pum
I -278 ym - -16.7 um
I 389 pm - -27.8 pym
I -500 pm - -389 pm
P -61.1 ym - -50.0 pym
B -722 pym - -61.1 pm
[ -833 ym- -72.2 pym
[ -944 pm- -833 pm
I -105.6 pm - -94.4 pm
B -116.7 um - -105.6 ym
B -127.8 pm - -116.7 um
B 1389 ym - -127.8 pm
B -150.0 ym - -138.9 pm
B <-150.0 ym

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)

147.00 =
%
%
126.00 =
E —
8
g 105.00 E3
g o = “Wear Fig. 5. Average total backside
2 5400 e simulated” wear score of the “Wear
'% liners simulated” liners (subjected
s to axial load and movement)
§ 6300 o l,REference and “Reference” liners (only
] Iners axial load) after 5, 10, 15
(] * * 17
S 47200 — — and 20 million cycles.
g Maximum total backside wear
< 2100 score possible = 147.
’ *Indicates statistical difference
(p <0.05)
0.00
5 10 15 20

million cycles
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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,

3.00

Wear score
=
(9]
o

1.00

0.50

0.00

million cycles

21 +

18 -

15 4

12 1

Backside wear score

Wear simulated
Reference
Wear simulated
Reference
Wear simulated
Reference
Wear simulated
Reference

1 2 3 4

Backside section

Lk

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 in sections 4 and 5, with values rang-
ing from 4.17+0.52 to 7.33+0.68. 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.

m Pitting
m Scratching

= Burnishing Fig. 6. Average score
per wear mode

of all backside sections
of the “Wear simulated”
liners after 5, 10, 15

and 20 million cycles.
Maximum possible score

per wear mode =3

m Abrasion
= Embedded particles
m Deformation

m Delamination

Superior
]1

Inferior

M 5 million cycles
W 10 million cycles
m 15 million cycles

| 20 million cycles

2 c =t c 2 c
= i = iz = 2
2 dJ 2 £ 2 &
§ [} g 1] g ]
©n o ©n o ©n o
. = —
o o ©
= = 2
5 6 7

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-
ly 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 3

Zone 2

1SO 1SO
20 million cycles 5 million cycles

Reference
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 Zones 5 and 7

1SO
5 million cycles

1SO
20 million cycles

Reference
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 um 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 um/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 ym/
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 vivo 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. [33] 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 than in
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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