J Shoulder Elbow Surg (2019) 28, 1771-1778
JOURNAL OF

SHoOULDER AND

ELBOW

SURGERY

.

www.elsevier.com/locate/ymse

ELSEVI
BASIC SCIENCE

The effect of vitamin E-enhanced cross-linked L)
polyethylene on wear in shoulder
arthroplasty—a wear simulator study

Justin J. Alexander, MBBS, FRACS?, Simon N. Bell, MBBS, FRACS, PhD*" %,
Jennifer Coghlan, PhD®, Reto Lerf, DSc‘, Frank Dallmann, Dipl-Ing*

“Melbourne Shoulder and Elbow Centre, Brighton, VIC, Australia

bDepartment of Surgery, School of Clinical Sciences Monash Health, Monash University, Clayton, VIC, Australia
“Department of Research and Development, Mathys Ltd Bettlach, Bettlach, Switzerland

“Department of Research and Development, Mathys Orthopiadie GmbH, Morsdorf, Germany

Background: Wear of the polyethylene glenoid component and subsequent particle-induced osteolysis
remains one of the most important modes of failure of total shoulder arthroplasty. Vitamin E is added
to polyethylene to act as an antioxidant to stabilize free radicals that exist as a byproduct of irradiation
used to induce cross-linking. This study was performed to assess the in vitro performance of vitamin
E—enhanced polyethylene compared with conventional polyethylene in a shoulder simulator model.
Methods: Vitamin E-enhanced, highly cross-linked glenoid components were compared with conven-
tional ultrahigh-molecular-weight polyethylene glenoids, both articulating with a ceramic humeral
head component using a shoulder joint simulator over 500,000 cycles. Unaged and artificially aged com-
parisons were performed. Volumetric wear was assessed by gravimetric measurement, and wear particle
analysis was also subsequently performed.

Results: Vitamin E-enhanced polyethylene glenoid components were found to have significantly
reduced wear rates compared with conventional polyethylene in both unaged (36% reduction) and arti-
ficially aged (49% reduction) comparisons. There were no differences detected in wear particle analysis
between the 2 groups.

Conclusion: Vitamin E—enhanced polyethylene demonstrates improved wear compared with conventional
polyethylene in both unaged and artificially aged comparisons and may have clinically relevant benefits.
Level of evidence: Basic Science Study; Tribology
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various modes of glenoid component failure still prob-
lematic.” Wear of the polyethylene glenoid component and
subsequent particle-induced osteolysis is one of these
modes of failure similar to what has been observed in hip
and knee arthroplasty.”’*" Implant factors (component
design, materials, and processing), surgeon factors (implant
alignment, glenohumeral stability, and the presence of third
body particles), and patient factors (rotator cuff function
and activity levels) can all contribute to wear of the poly-
ethylene glenoid component.z’]4"]5’26’27’33’43’45‘49‘50

The role of vitamin E in polyethylene

The technique of cross-linking polyethylene arthroplasty
components has been introduced in an attempt to reduce
wear.”® Tonizing radiation is used to induce molecular
cross-linking but does lead to the creation of free radicals.
These free radicals are the root of oxidative degradation,
resulting in a reduction of mechanical qualities of the
polyethylene, leading to a more brittle material prone to
delamination and cracking.

Modern components are both sterilized and irradiated in
oxygen-free environments, after which, postirradiation
processes such as remelting or annealing are employed to
reduce free radical concentration and improve oxidative
stability. Concerns over the reduced mechanical properties
seen in highly cross-linked polyethylene (XPE) after
remelting or heat annealing, however, have led to the
development of alternative methods to stabilize free radi-
cals.'® Vitamin E (alpha-tocopherol) has been added to
polyethylene to act as an antioxidant to stabilize free rad-
icals that exist as a byproduct of irradiation, avoiding the
reduction in toughness and fatigue strength caused by first-
generation postirradiation techniques and also protecting
against future in vivo oxidation. In vitro studies have
demonstrated that significant oxidative resistance can be
achieved by the addition of vitamin E.””*"** Biomechan-
ical studies have shown improved wear compared with
polyethylene without vitamin E, especially after acceler-
ated aging.'”*%?

Shoulder arthroplasty factors

Although the introduction of XPE (with or without vitamin
E supplementation) in hip and knee arthroplasty has been
well documented, there is little comparable literature in the
shoulder.'” Tt is important to study the shoulder indepen-
dently rather than simply extrapolate results as it has been
shown previously that shoulder arthroplasty behaves very
differently to the hip in terms of wear patterns and particle
generation.”'>?

The kinematics of a shoulder arthroplasty are more
similar to a knee than a hip in that the articulation is
noncongruent with resultant relative point-loading. There is

a combination of rolling and sliding motions, again similar
to what is seen in knee arthroplasty, and it has been
demonstrated that the subsequent wear particles are larger
and more fibrillary compared with those generated in a hip
arthroplasty.”®?'->

Edge loading is a specific consideration that must be
addressed when considering shoulder arthroplasty. The
significant translation that occurs between the humeral
head and the glenoid components results in rim contact
and edge loading, with potentially detrimental effects on
polyethylene glenoid components.'*** Retrieval studies
have shown that glenoid implants are rarely worn cen-
trally, rather demonstrating delamination or peripheral
damage.” Although cross-linking is considered the main
factor improving polyethylene wear in hip and knee
arthroplasty, vitamin E enhancement may be of particular
relevance in shoulder arthroplasty to maintain the elas-
ticity of polyethylene over time in an edge loading
scenario. 92930

Aim

This study was performed to assess the in vitro performance
of vitamin E—enhanced, highly cross-linked polyethylene
(VE-XPE) compared with conventional ultrahigh-molecu-
lar-weight polyethylene (UHMWPE) in a shoulder simu-
lation model. Both unaged and artificially aged components
were tested to investigate the effect of vitamin E on
oxidative degradation.

Materials and methods

Testing was carried out at an independent laboratory (IMA Ma-
terial Research and Application Technology GmbH, Dresden,
Germany).

Test specimens

The 4 test series are summarized in Table 1. All components are
commercially available shoulder prostheses manufactured by
Mathys Ltd. Bettlach (Switzerland). The control groups (TSI
and TS2) used UHMWPE size 4 glenoid components. The test
groups (TS3 and TS4) used Vitamys polyethylene (VE-XPE)
size 4 glenoid components. Vitamys is manufactured from GUR
1020 UHMWPE, contains 0.1% (by weight) blended vitamin E
(alpha-tocopherol), and undergoes cross-linking by an irradiation
dose of 70 kGy. All test cohorts used size 51/19 Affinis ceramic
(Al,03) humeral head components. The resultant radial
mismatch between the humeral head and glenoid components
was 4 mm. Each series comprised 3 specimens tested and 1
specimen as soak control.

The glenoid components of series TS2 and TS4 were artifi-
cially aged before the wear test. The accelerated aging was done
according to ASTM F 2003.° This treatment simulates shelf life or
in vivo conditions equivalent to 10 years.”®
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Table I Summary of the 4 test series
Test series Component Material
TS1 Glenoid UHMWPE
Humeral head Ceramic (AL;03)
TS2 Glenoid UHMWPE (aged)
Humeral head Ceramic (AL,03)
TS3 Glenoid VE-XPE
Humeral head Ceramic (AL,03)
TS4 Glenoid VE-XPE (aged)

Humeral head Ceramic (AL;03)

UHMWPE, ultrahigh-molecular-weight polyethylene; VE-XPE, vitamin
E-enhanced highly cross-linked polyethylene.

Wear test method

The wear tests were performed by using the shoulder joint
simulator ““Shoulder III”” according to IMA-PV C/33.3 and ISO
14 243-1.*> This wear simulation protocol was developed based
on ISO standards and previously reported wear studies on shoulder
prostheses with particular attention paid to translational move-
ments and edge loading of the glenoid prosthesis.”*>*

For the test, the components were fastened in the adaptors and
in the test rig. The glenoid component was positioned such that its
vertical axis was at 45° to the x- and y-axes. The glenoid adaptor
was mounted on a swing that allowed translational movement in
both x- and y-directions. The load was applied vertically along the
z-axis. The prostheses were submerged in a lubricant fluid (bovine
serum solution) maintained at temperature 37°C £ 2°C by an
external heating source.

The simulation completed 500,000 cycles of simulated arm
motion incorporating angular movement around both the x- and
y-axes. The movement around the x-axis and the y-axis is
simulating adduction-abduction and arm forward flexion-
extension. Additional translational movement along the y-axis
was initiated (with guided edge loading + 1.5 mm initiated by
a horizontal actuator) to simulate rolling, sliding, and cross-
shear mechanisms. The test parameters are described in detail
in Table II, and the kinematic profile is demonstrated in
Figure 1.

Analysis

Photo-optical documentation was completed on all specimens
before and at the conclusion of testing.

Gravimetric measurements according to ISO 14242-2 and ISO
1206-2 were used to determine the amount of wear and the wear
rate.”"** To minimize the effect of fluid absorption in the case of
polyethylene implants, components were presoaked according to
ISO 14242-2 without axial load.?' During the test, the components
were removed and weighed at defined intervals (0, 100,000, and
500,000 cycles). The mass of the tested components and the
control specimen was measured. The accuracy of the calculated
mass change is +0.2 mg.

For the analysis of wear particles, separation of wear particles was
performed using a polycarbonate filter of 0.1 pm pore size in
accordance with ATSM F 561 and ISO 17853.”** The filters were

Table IT  Detailed test parameters for the shoulder wear test
according to IMA-PV C/33.3
Parameter Preconditioning period Aging period
Packaging Original packaging Without
packaging
Duration (d) 28 14
Environment Ambient conditions Pure oxygen
Temperature (°C) 23 £ 2 70 £ 2
Pressure Normal room conditions 503 kPa

coated with gold and investigated under the scanning electron mi-
croscope. On each filter, 10 separate (no overlap) fields were
appraised. The magnification of the micrographs was x 10,000 for
the determination of relevant parameters. Particles >10 pm were
appraised with a magnification of x 1000 to x5000. The parameters
used for the characterization of size and morphology of wear parti-
cles include equivalent circle diameter, area, elongation, aspect ratio,
form factor, and roundness in accordance with ATSM F 1877.°

Results
Optical appearance

Before the test, the articulating surfaces were free from
embedded particles, scratches, and score marks other than
those arising from the finishing process. After the test, the
glenoids showed a typical wear pattern. On the articulating
surfaces the transition between loaded and unloaded regions
was clearly visible. Evidence of wear around the rim of the
prosthesis confirmed that edge loading had occurred during
the simulation (Fig. 2). No backside wear was observed.

Gravimetric investigations

Mean wear rates for the 4 test series are summarized in
Figure 3. The wear rate of unaged VE-XPE (TS3) was 9.97
4+ 0.95 mg/10° cycles compared with a wear rate of 15.54
4 2.08 mg/10° cycles for unaged UHMWPE (TS1). This is
a 36% reduction in wear in the VE-XPE group and is sta-
tistically significant (P = .003).

Examining the 2 artificially aged cohorts, the wear rate
of aged UHMWPE (TS2) was 26.44 4+ 3.01 mg/10° cycles
compared with a wear rate of 13.61 + 1.37 mg/10° cycles
in the aged VE-XPE (TS4). Compared with matched
unaged cohorts, both aged cohorts demonstrated increased
wear rates after artificial aging; however, the advantage of
VE-XPE over UHMWPE is more pronounced with a 49%
reduction in wear in the VE-XPE group (P = .0002).

Wear particle analysis

There were 2 typical types of wear particles observed.
Figure 4 shows examples of both types of particles captured
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Figure 1  Kinematic profile for “Shoulder III” simulation demonstrating curves for load, angular movement, and displacement during a

single cycle. The orientation of the glenoid component relative to the x- and y-axis is also demonstrated.

Figure 2
tion of testing demonstrating evidence of edge loading.

Photograph of the glenoid component after comple-

in the same micrograph. Type 1 wear particles are in the
range up to 5 um. Because these particles are important in
terms of biological activity, they were analyzed in detail.
Type 2 particles are larger, with sizes from 10 pm up to 100
pm. These particles have not been included in the analysis
of detailed morphology parameters.

Table III summarizes the results of the analysis of par-
ticle size and shape. The size and morphologic parameters
of the particles are not significantly different between the 4
investigated test series. Further analysis of the distribution
of particle sizes and morphology within each test series also
did not reveal any significant differences.

Discussion

In this study, VE-XPE glenoid components demonstrated
less wear than conventional polyethylene (UHMWPE)
components in both unaged and artificially aged compari-
sons. Wear rates of all polyethylene components increased
with artificial aging; however, the effect of aging was
significantly less in the vitamin E—stabilized specimens.
These findings suggest that, relative to conventional poly-
ethylene, vitamin E-enhanced polyethylene has superior
wear characteristics both at the time of implantation, and
also long term as this advantage may persist or even be
exaggerated because of resistance to in vivo oxidative
degradation.

Analysis of wear particles demonstrated that particle
size distribution and morphology was comparable between
all test groups. It can be concluded that the specific biologic
activity of these wear particles would therefore be
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Figure 4 Photomicrograph demonstrating examples of type 1
(smaller) and type 2 (larger) wear particles.

comparable.'? Any difference in functional biological ac-
tivity (calculated as the product of specific biological ac-
tivity and volume of wear debris) between the groups
would be purely due to differences in wear volume.
Vitamin E polyethylene demonstrated reduced wear vol-
ume in both aged and unaged comparisons, and therefore
reduced levels of wear particle-induced osteolysis can be
expected with the use of these glenoid components.
Ceramic humeral heads have been used for fracture
shoulder prostheses since 2000 and more recently for
elective shoulder prostheses since 2009. The shift from a
metal to ceramic humeral head component has been

13.61+1.37

9.97 £0.95

vitamys® (TS3)

vitamys®, aged (TS4)

Gravimetric wear results for the 4 test series. UHMWPE, ultrahigh-molecular-weight polyethylene.

supported predominantly by results from total hip arthro-
plasty (both in vitro and in vivo).*'"*" A recent publication
demonstrated a 27% reduction in wear rate using a ceramic
head compared with a metallic head in a shoulder simulator
model.™

The introduction of a second innovation (ceramic head)
in addition to the studied variable (VE-XPE) may be
considered a limitation of this study. It is important to
consider, however, that the ceramic humeral head compo-
nent was consistent across all test cohorts and therefore will
not affect comparisons between the groups. The use of
ceramic heads is supported by the findings of Mueller
et al™ as well as the increasing use of ceramic humeral
heads observed in the Australian National Joint Replace-
ment Registry.”®

In 2009, Wirth et al® published a paper comparing
in vitro wear between conventional and highly cross-linked
polyethylene in a shoulder simulator model. That study
used a similar simulator protocol with consideration given
to a combination of sliding, rolling, translation, and edge
loading and demonstrated an 85% reduction in wear rate in
the XPE group compared with conventional polyethylene.
The wear rates between the XPE cohort in that study (7.0
mg/10° cycles) and the vitamin E XPE cohort in our study
(9.97 mg/10° cycles) are comparable, especially when
taking into account subtle differences in simulator pro-
tocols. Particle analysis was also undertaken as part of that
paper and, as with our study, demonstrated no significant
differences in particle size or morphology between the 2
polyethylene types.
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Table III  Size and morphologic measurements of analyzed wear particles

Parameter Value Comment
Maximum Minimum

Normal force, F, (N) —1000 —250 z-direction

Movement around the y-axis, «, (deg) +10 —10 x-direction

Movement around the x-axis, «, (deg) +17.5 —17.5 y-direction

Movement in the y-direction, s, (mm) 13 —1.5 y-direction

Test frequency, f (Hz) 1

Test medium Bovine serum solution

Protein content, (g/L) 30

Test temperature, (°C) 37 £2

Total number of cycles, Niotal 5 x 10°

Time point of inspections 0 3 X routine inspections
1 x 10°
5 x 10°

Other papers specifically examining the wear properties
of vitamin E-stabilized polyethylene in arthroplasty have
all been performed using hip and knee simulator protocols.
These were summarized in a review paper by Gigante
et al.'"” When compared with UHMWPE, VE-XPE dem-
onstrates anywhere between 54% and 92% reduction in
wear, |118:19:34.37.46.48

Only 2 studies have compared XPE with and without
vitamin E, both in hip simulator models, and the results are
somewhat conflicting. In a paper by Affatato et al,’ VE-
XPE was found to have reduced wear characteristics due
to reduced cross-linking density. It has also been shown,
however, that when medium-low concentrations of vitamin
E (0.1% wt.) are blended with polyethylene, the same
cross-link density can be obtained by simply increasing the
radiation dose. A subsequent paper by Grupp et al'®
demonstrated comparable wear rates between XPE and
VE-XPE when a higher irradiation dose was used. This
paper also examined the effect of artificial aging and
demonstrated a 95% reduction in wear after prolonged
aging of VE-XPE compared with XPE.

Similar to the paper by Wirth et al,”” the wear particles
isolated from our study were similar in size, distribution,
and morphology to those described in retrieval studies
examining debris isolated from interface membranes at the
time of revision shoulder arthroplasty, supporting the val-
idity of our shoulder simulator model.”'**>* Although the
size and morphology characteristics of wear particles
generated from VE-XPE are not different to those from
UHMWPE, the biological effect of vitamin E must also be
considered.

Even though vitamin E is a naturally occurring antioxidant
fundamental to human metabolism, the biocompatibility of
vitamin E polyethylene has been well studied. Multiple
in vitro and animal studies have shown no adverse biological
responses to vitamin E-stabilized polyethylene.”>">’
Furthermore, 2 animal studies have shown that the osteolytic

response to wear particles from VE-XPE is equivalent or
reduced compared with UHMWPE or XPE.'**’

Being an in vitro study, discretion must be exercised in
directly extrapolating the results to a clinical scenario. That
said, a number of factors have been carefully considered in
the design of this study (such as an emphasis on edge
loading) to maximize its clinical relevance to shoulder
arthroplasty.

The simulation protocol was run for 500,000 cycles,
which is somewhat less than comparable studies, which
have been performed out to 5 million cycles.”””* There are
no specific definitions in the shoulder standard regarding
loading, cycles, and amount of wear for shoulder arthro-
plasty.” The study group assessed 500,000 cycles as suffi-
cient for wear evaluation, because the characteristic curve
is straight after a short run-in within 100,000 cycles and
stays straight lined over several million cycles. This was
tested in prestudies and no additional information was seen
up to 5 million cycles.

The comparison group in our study was UHMWPE
rather than XPE. Although it might be argued that XPE has
been shown to be the current gold standard in terms of
wear, it was considered more important to keep the number
of variables between our test cohorts to a minimum and the
only available glenoid components of comparable geometry
are made from UHMWPE.

Conclusion

This study suggests that the use of VE-XPE glenoid
components in shoulder arthroplasty will reduce the rate
of polyethylene wear. The benefits over UHMWPE are
seen from the time of implantation due to superior me-
chanical wear characteristics, and those advantages are
exaggerated in the long term because of enhanced
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resistance to in vivo oxidative degradation. Given the
reduced volume of wear particles, reduced osteolysis
can be expected resulting in improved implant longevity.
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