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NOMENCLATURE

PE-A

PE-B

PE-C

XLPE

XLPE-RT

Mc

KW

KS

conventional PE GUR-1020 (EtO-sterilized)

conventional PE GUR-102@4terilized)

conventional PE GUR-105@4terilized)

cross-linked PE GUR-1020 (EtO-steritixe
cross-linked-Thermo-Compression PE GUR-1(E®-sterilized)
Million cycles

Kruskal-Wallis non-parametric statistical tests

Kolmogorov-Smirnov non-parametriatistical tests
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1 ABSTRACT

New cross-linked polyethylene acetabular cups, inbth by thermo-compression process,
were compared with conventional and traditional owrcially available cross-linked
polyethylene in terms of wear behavior in a hipwudetor for 10 millions cycles using bovine

calf serum as lubricant.

Gravimetric measurements revealed significant diffees between the wear behaviors of the
five sets of acetabular cups. In particular, thresvrtype of thermo-compression crosslinked
wore more than the traditional cross-linked polykthe but exhibited a wear rate about four

times lower than conventional UHMWPE.

The FTIR analyses indicate that oxidation to vasiextents appears as a consequenge of

irradiation in presence of oxygen.

Keywords: PE GUR-1020; PE GUR-1050; Wear, Long-term weaabih; Conventional
UHMWPE; FTIR analysis; Oxidation.



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

2 INTRODUCTION

The research to improve the life of a patient tfat a hip implant remairssmajor concerrof
scientists in the world. It is well know that ulnggh-molecular-weight-polyethylene
(UHMWPE) is the most commonly used material in opiedics implants even if wear due
to this material represents a serious clinical f[@wb[1]. Excessive wear may lead to gross
mechanical failure such as fracture and disassoni$2] and the release of particulate wear
debris may induce biological responses that camgpdant loosening [3, 4]}. Medical grade
resins are described as GUR-1020 e GUR-1050 depgmti their molecular weights. The
requirements for medical grade UHMWPE powder aeei$igd in ASTM standard F648 and
ISO standard 5834-1. These standards charactedmelgps on molecular weight, trace
impurities of titanium, aluminium, and chlorine gr@uals from catalysts), and ash content.
No analysis is required on the final form that denachieved by different processes [5-7];
these may not produce uniform conditions in the ufactured shape and there is still no
consensus on which resin and conversion methoddaoelluniversally proposed as the best

choice for all the orthopaedic applications.

At the moment, the focus of research in total jarthroplasty has shifted to improve the
wear performance of conventional UHMWPE and inceees mechanical properties, such as
yield stress and Young's modulus. To this end,aasing the cross-linked density is well
established as a promising solution to improve wear resistance and durability of
polyethylene [3, 8]. The molecular chain structateghe articulating surface of polyethylene
is believed to undergo a reorganization processtastrain accumulation caused by surface
traction [9]. This altered polyethylene respondsttesses favourably if loaded along the fiber
axis but unfavourably if loaded off axis [10]. Sealedifferent manufacturing processes have
been developed to increase the wear characteoStonventional polyethylene in order to

achieve the so-called cross-link polyethylene (XLPEhe industrial process consists to treat



44

45

46

a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

the UHMWPE with high-energy radiation, peroxide, ilane treatments [3, 8, 11]. The
common factor of these aforementioned processeseidreatment withy-irradiation or e-

beam at dose between 40 to 100 kGy [1, 3, 8, 44l before the machining of PE bar into
the final form; this increase the crosslinking dgnsind improve wear resistance of the
conventional polyethylene. Radiation-induced cragsng of UHMWPE has been shown to
improve wear resistance by up to 5 fold if compai@aonventional polyethylene [15-17].
This decrease in wear has been observed in clisiadies [18, 19], in laboratory tests using

hip joint simulators [8, 20, 21], and under bothatland severe wear conditions [14, 22].

However, as the level of polyethylene cross-linkimgyeases, the mechanical properties, such
as the ductility, yield strength, and elongatiorfdidure decreases [1, 11, 23-25]. Moreover,
this result in a decrease in the toughness [1,aB@] acetabular cups fabricated from these
materials might present a risk for wear increase @atastrophic failure [24]. At this concern,
improvements in the forming process of XLPE ace@bweups were implemented. In
particular, a thermo-compression process, at adeayre above the melting point, follows
the irradiation phase completing the manufacturofgthe articulating surface of the
acetabular cup. As a consequence, mechanical miaghof the articulating surface is
avoided and higher material homogeneity and supakfifinish achieved. Absence of
machining marks on the surface of the polyethylmauld reduce the abrasion and this could

end in improved wear resistance of the XLPE cups.

With this in mind, in this work we asked whethemneross-linked PE acetabular cups,
obtained by thermo-compression process (XLPE-RDylavresult in less wear than XLPE
and conventional UHMWPE.

In particular, two outcomes were used as the Basisomparing wear behavior:



67

68

69

70

71

72

73

=  Wear rate (determined from sequential gravimetg@surements during the course of the
test) my be influenced by material compositionfé@#nt GUR) and sterilization;

= Degree of oxidation of the acetabular cups (deteechfrom FTIR measurements).

On the basis of an initial analysis [27] it was ided to continue testing up to 10 million
cycles (Mc) in order to evaluate the long-term wetects. This study provides additional
important information to that already described][2ce it clarifies the characteristics of the

long-term wear resistance of the materials.
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3 MATERIALSAND METHODS

3.1 Specimens tested

The wear behaviour of 20 different polyethylenetaloelar cups (28-mm inner x 44-mm
outer; 4 specimens for each batch) coupled withmd8-CoCrMo femoral heads were
investigated using a hip joint simulator. The cami@nal PE and the XLPE resins studied
were surgical grade consolidated by compressionldimgu according to the I1ISO 5834/2.

More details are shown in Table 1.

Following a standardized procedure [22, 28-30],tla@010 acetabular cups (two for each
type of material used) were stored (non-loadedpanine calf serum to compensate for
weight chances due to fluid absorption. All specimevere tested three months after their
sterilization. All polyethylene acetabular cups &@re-soaked for four weeks prior the wear

tests.

3.2 Experimental wear details

Wear tests were performed using a 12-station hig gmulator (Shore Western, USA). The
simulator set-up followed is described in detailsewhere [27, 31, 32]. Each articulating
station was subjected to a sinusoidal loading (rBakN) with a frequency of 1.1 Hz,

according to the rotation test frequency under roemmperature (23 £1 °C) conditions.

The weight loss of the cups was determined evesyME until five Mc and every one Mc
from 5 to 10 Mc. A SARTORIUS microbalance (AG, Gamy) with a precision of £0.1 mg
was used to measure the weight loss during theriexpets.

The effects of the different polyethylenes on weare evaluated usingW andKS statistical

tests. Statistical significance was set at P <.0.05
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3.3 Roughness measurements

The surface roughness of all the femoral heads messured using a contact profilometer
Hommel Tester T8000 (Hommel Werke, Germany). Scanmiperations were performed
identifying three planes according to previous gdgadized protocol [33]. Sampling lengths
were taken using a cut-off of 0.08 mm. Two paramse(®, and R), used to qualify the
surface roughness, were taken into consideratigmeagously reported [33]. In particularg R
is the arithmetic mean of the sum of roughnessilpreélues (DIN EN ISO 4287 - 1997) and
does not indicates if valleys or peaks cause thghoess. Rs the vertical distance from the
deepest valley to the highest peak of the roughpesie over the sampling length. The
measurements were acquired at 0, 5, and 10 Mc.

A statistical analysis (factorial ANOVA, analysi$ \@ariance, statistical significance was set
atp < 0.05)[34] was performed to find out whether the varigusface profile parameters{R
and R) of the femoral heads could predict the varianbseoved in the weight loss of the
acetabular cups measurements. A linear regressialysss was performed between each
roughness parameter and the weight loss measurgmiet linear regression intercept

coefficient and squared linear regression coefiici are reported.

3.4 FTIR spectroscopy

The most worn polyethylene acetabular cups (onee&oh batch) were cut perpendicular to
the articulating surface; from the cross secticer@es of ca. 18Aam thick slices was obtained
using a PolyCuts Microtome (Reichert-Jung) at 10/snim air at room temperature. A FTIR
Microscope (Spectrum Spotlight 300, Perkin-Elmédrel®n, Connecticut, USA) was used to
map the oxidation. For collecting the line-scancs@e the area of analysis was set at 100 x

100 pm? and the spectra were recorded every fifDalong the mapping direction, starting
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from the articulatingsurface towards the bulk. Each line scan was deliestarting from the
worn area of the bearing surface. All spectra werein the transmission mode with a 4tm
resolution and 16 scans per spectrum. All the spestre normalised at 2020 cm-1 at
absorption of 0.05, corresponding to a film thickm@f 100 um. The peak at 2020 tra
combination band associated with the twisting o, Gkbs used as an internal standard, since
it can be regarded as unaffected by minor changései polymer structure [35]. The degree
of oxidation of samples was determined by the keforabsorption at 1718 &m
Hydroperoxides were detectedter reaction with nitrogen monoxide (NO) for 1&uins in a
dark reaction vessel. Under these conditions, lpghaxides in polyethylene are converted

into more easily detectable nitrates at 1630 @w reported by Lacoste et al. [36, 37].
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4 RESULTS

All the acetabular cups and the femoral heads ceteglthe planned 10 Mc.
Compared to the different cup configurations, thd’K-RT combination wore more than the
XLPE but maintained a lower weight loss than tHeeotonventional PE during the whole

test (Fig. 1).

Significant statistical differences (p < 0.0001)rev@bserved between all the polyethylene
cups using the KS statistical test. The same sggm€e (KW, p < 0.05) was also observed
between the two cross-linked PE materials and letvilee three conventional PE acetabular
cups. Significant statistical differences (p < (.®fere also found considering the type of

resin (PE-A vs. PE-B) and between the groups vki¢hsiame sterilization (PE-B vs. PE-C).

The mean roughness measuremeatSta@ndard Deviation) of the parameters, (R) for the

femoral heads under investigation at zero Mc, 5 &hel 10 Mc are reported in Table 2.

The coefficient of correlation between the weigidd and the two roughness parametegs (R
and R) for the femoral heads coupled with the variodtedent polyethylenes are plotted in

Figs. 2 & 3.

The average roughness fr the heads coupled with the cross-linked PEnglibthe lower
coefficient of linear regression {R 0.45) in comparison with the conventional PE® R

0.81). The same correlation was observed with thERmeter (R= 0.27vs. R?= 0.84).

The FTIR line-scan spectra measured on the aforeéomex polyethylene acetabular cups are
shown in Fig. 4. All samples show diffusion of agoproducts from the bovine serum, as
indicated by the ester absorption at 1740"d¢ound in all spectra. However, this phenomenon
was found to be more superficial than in samplasereed after in vivo implantation [38, 39].

The FTIR spectrum of PE-A shows only a slight okimia evidenced by the hydroperoxides

10
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absorption at 1630 ch Samples B and C show the same oxidation prdfilethe oxidation
level of sample B is much higher. The presence xflation is also confirmed by the
absorption of ketones at 1718 ¢nThe oxidation found in these samples can bebateil to

a poor packaging storage, in agreement with otiuelyshat observed this phenomenon [40].

The two-crosslinked samples show different oxidatievel: a minimal absorption of both
ketones and hydroperoxides indicates quite a logabion for XLPE. On the contrary, a high
concentration of ketones and hydroperoxides indgcat high oxidation level of XLPE-RT,

comparable to that of PE-B.

Evidently, not all hydroperoxides were eliminatagedo a too short thermal treatment. In
addition, the higher oxidation level found in XLAE- can be explained with the lack of
mechanical machining after irradiation. Thus, brfr one hand the absence of machining
marks on the articulating surface could reduceathrasion, on the other end, eliminating the
mechanical machining also means failing in removimg superficial layer of polyethylene,

which have been oxidized during irradiation.

11
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5 DISCUSSION

Interest in an improved polyethylene that presesamresistance for orthopaedic implants is
an open challengeThe wear performance of five different polyethyleneoupled with
CoCrMo femoral heads was evaluated for 10 milligales. In particular, we asked whether
new XLPE-RT acetabular cups, after long-term westst would result in less wear than
long-term wear tests would result in less wear tiRRE and conventional UHMWPE after

UHMWPE and to determine the degree of oxidatiothese specimens.

We found a reduced wear rate for the XLPE configgona in comparison to the conventional PE. In
particular, the XLPE and XLPE-RT cups showed aificant 80% to 90% wear reduction compared
with the conventional PE (Fig. 1). XLPE-RT acetadups showed higher weight losses than XLPE

(50%). It was stressed that our initial hypotheslated to the lasence of machining marks on the
surface of the polyethylene should be reduce thiasan and this could ends in improved
wear resistance of the cups doesn’t verified bathlgh oxidation level observed on these

new XLPE-RT cups could altered the results observed

Significant differencesp( < 0.05) were observed between all the polyethylene clips.
particular, the results of this investigation clgahowed a reduced wear for the two types of

XLPE with respect to the conventional UHMWPE comguats.

Hip simulator studies have indicated that croskilig can reduce the type of wear (>95%)
that occurs in acetabular componentsinrvitro tests [11, 41-45]. These results are also
confirmed fromin-vivo follow-up studies: a significant decrease in tleméral head
penetration into the highly cross-linked polyetmgeacetabular liners compared with the
conventional UHMWPE liners was observed by Maréell D’Antonio [15, 46]. Regarding
the sterilisation treatments, we found that pinradiated PE-B specimens continued to wear

about four times faster than the EtO sterilisethefsame composition (Fig. 1). The oxidation

12
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level of PE-B, partially crosslinked by radiatioterslization, is much higher than that of the
EtO sterilized sample (PE-A). Thus, the oxidatimduced by irradiation in air led to a

decrease in the molecular mass.

A concern about the same sterilisation method btdrdnt material show the PE-B cups (

irradiated) wore about 3 times than the PE-C ctgslised under the same conditions. This
result can be explained by the different oxidaterels found in the two samples, according
to the mechanism proposed by Costa et al. [4].ahtiqular, a decrease of molecular weight

may involve abrasion.

Concerning the roughness measurementsn@ R were taken into account because, as better
explained in a previous work [33], the femoral headplanted in patients could be scratched
at various stages and variations of the roughnessglthe life of the prosthesis may not
change in a systematic manner [47]. Profiles ofed#ht surfaces could have the same
roughness average JRand wavelength but have different shapes. Ingbnse, Ris the other
parameter that can better correlate with the wata; when femoral heads with substantially
different surface conditioning are compared. Alglipncrease in Rmay be observed from 5
to 10 Mc for all the combinations (Table 2). Corsady, an appreciable increase ip IR
observed for all the configurations. It was strdstat the PE-B group presents highgiaRd
higher R with respect to the other polyethylenes. Probéidy isolated scratches on the PE-B
acetabular cups increased the wear rate significarmtre than generalized roughness of the
metallic counter-face and could also change therwsaformance ranking of various
polyethylene formulations. A correlation betweerawthat occurs at 10 Mc and weight loss
is observable only for high weight loss (convergilopolyethylenes with R> 0.8). Regarding
the cross-linked PE the model is not able to dbesaii correlation between the roughness and

the weight loss because the variations are sntaber measurements accuracy.
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6 CONCLUSIONS

All the acetabular cups (cross-linked and converatidPE) showed significant differences
between them in respect to the wear behavior. Weags was found to decrease for the
XLPE than the other configurations. However, thigly is limited in predicting clinical wear

rates. It is stressed that these wear tests warducted in a laboratory under controlled
conditions on a hip simulator. The FTIR analyseaficate that oxidation to various extents
appears as a consequenceg-ofadiation in presence of oxygen and therefoeeXhPE cups

in our study showed the most variability in weatesa whereas the conventional PE cups

showed much more uniform wear behavior.

Differences in the wear behaviour could be coreelab different oxidation levels. In fact,
while these levels increase for the cups, the roagé values keep constant as to indicate that
improvement in manufacturing process influences gbality of substrate rather then the
surface. Further studies are in progress to betteistigate the reasons of different oxidation

levels and to correlate the wear behaviour to gagial distribution of the oxidation.
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Table 1 — Description of the five groups of polyethylersted in this study.

Type of

. Manufacturing process
resim

Mechanical machining from
bar extrusion to obtain the final
FPE-A=* form.
Mechanical machining from
TE-B** bar extrusion to obtain the final
form
Mechanical machining from
bar extrusion to obtain the final
form

PE-C=*

Machining into the final form.
Washing and packaging under
conmolled environment
{standard procedure for
biomedical components).

KLpR

Thermo-compression according
to 1510 58342 into a cylindri cal
pre-fiorm, which allows
obtaining the comcavity of the
cup with no need of further

machining.

ITPE-RT**

Irradiation dose

v-irradiation dose in the
range &§7.5 = B2 S kGy
{nominal dose 100Gy}

Apnealing st 1507
under nitrogen for §
ours.

y-radiztion dose m the
range 820 + 075 kGy
(mominal do=e 100RGY)

Annegling at 130°0C
under nitrogen for §
Inours.

Final sterilization
EtD
1
3 =0.5Mrad
(Dvpse in vacuum packed)

T
3 =05 Mrad
(Dpee in vacuum packed)

EtD

EtD

4 Lfore detrils abou the -npo qr‘-.'o;h T prvem i1 the Nomenclature section.



Table 2 - Mean roughness (+ Standard Deviation) for R, and R, parameters at zero, 5, and 10 million cycles.

Cycles R, (um) R¢ (um)
(Mc) 0 Mc 5 Mc 10 Mc 0 Mc 5 Mc 10 Mc
PE-A 0.01 +0.01 0.02 +0.01 0.02 +0.01 0.05 +0.01 0.17 +0.09 0.16 +0.05
PE-B 0.01 +£0.01 0.02 +0.01 0.05 +0.03 0.07 +0.01 0.15+0.04 0.36+0.21
PE-C 0.01 £0.01 0.01 +£0.01 0.01 +£0.01 0.05 +0.01 0.11+0.03 0.10+0.01
XLPE 0.01+0.01 0.01 +£0.01 0.02 +0.01 0.05 +0.02 0.16 +0.07 0.21 +0.03
XLPE-RT 0.01+0.01 0.01 +£0.01 0.02 +0.01 0.05 +0.01 0.11+0.04 0.17 +0.05
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Figure 1 — The picture shows the weight loss (+ standard deviation) for five different polyethylenes. The cross-linked PE wore less than the other ones. Between 5 and 10 million cycles, wear
reduced with respect the initial trend. The PE-B continued to show the worst wear behavior.



Cross-limked PE

400 -
350
300
50
2o

150

Weight loss (mg)

100

0,00 001

50 - Py *;r"

= 5761 3x - 4f §53
R°= 0 4511

* &
*

Conventional PE

400
350 4
300
250
200 -
150
100
50 4

Weight loss (mmg)

00

ks

003

R, (microns)

y = 10083x - 47,155
R*= 08136

- 0
i 0,00

‘ ‘ T T L}
0,01 0,02 0,03 0,04

R, (microns)

Figure 2 — Weight loss of the different polyethylenes vs. R, from zero to 10 Mc. The solid line represents a simple linear regression fit, whereas the points represent each data value.
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| Figure 3 — Weight loss of the different polyethylenes vs. R, from zero to 10 Mc. The solid line represents a simple linear regression fit, whereas the points represent each data value.
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Figure 4 — FTIR spectra of the most worn polyethylene acetabular cups.





