Eur Spine J (2012) 21 (Suppl 5):S717-S726
DOI 10.1007/500586-012-2252-9

ORIGINAL ARTICLE

The use of self-mating PEEK as an alternative bearing material
for cervical disc arthroplasty: a comparison of different simulator

inputs and tribological environments

Tim Brown - Qi-Bin Bao

Received: 12 August 2011/Revised: 17 January 2012/ Accepted: 26 February 2012 /Published online: 14 March 2012

© Springer-Verlag 2012

Abstract

Purpose The hypothesis for this study was that the sim-
ulated wear behavior of a hydroxyapatite coated, self-
mating PEEK cervical disc arthroplasty device would be
dependent on the simulated testing environment.

Methods Five groups of devices were evaluated under
suggested ASTM and ISO load and motion profiles. The
groups utilized different testing frequencies and protein
content of simulator fluid, in addition to assessing the
potential for third body wear. The average wear rates were
determined using linear regression analysis with a general-
ized estimating equation. Significant differences between
groups were determined using the Wald’s test.

Results The simulated wear behavior was shown to be
highly dependent on the testing environment, where protein
content more than decreasing the cyclic loading frequency
resulted in increased wear, but was not dependent on the
suggested load and motion profiles. It was demonstrated
that a self-mating PEEK cervical disc arthroplasty device
has wear rates that are similar to existing material combi-
nations for cervical disc arthroplasty.

Conclusions This study showed that at a time when data
from retrieval analyses is deficient, it is important to test
the wear resistance of cervical disc arthroplasty devices
under various conditions. Long-term clinical results and
ongoing implant retrievals are required for validation
between clinical performance and simulator inputs.
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Introduction

Cervical total disc replacement (TDR) is a well-established
alternative treatment option for anterior cervical decom-
pression and fusion (ACDF). The goal of TDR is to relieve
the symptoms associated with degenerative disc disease
(radiculopathy and/or myelopathy) and preserve motion at
the index level, while simultaneously providing biome-
chanical stability and overall global neck mobility and
alignment. The benefits of TDR are the maintenance of
motion at the index level leading to potential reduction of
adjacent level degenerative changes brought upon by the
ACDF process, while still leaving the fusion option avail-
able. The history of TDR goes back more than 40 years
starting with the use of stainless steel (SS) balls [1, 2] to
more recent implants that consist of a diverse selection of
material combinations, such as polyethylene on metal,
metal on metal and elastomeric constructs. Subsequently,
the clinical outcome of many of these modern implants
have shown promise in providing equivalent or superior
clinical performance to ACDF in randomized, controlled
studies [3-6]. However, currently ACDF still remains the
gold standard of care.

A central element in the design of TDR devices is an
articulating or elastomeric core component as the premise
for their motion-preserving characteristics. Therefore, as
compared to ACDF, TDR devices face additional issues,
such as wear and biodurability. Given that these devices
are indicated for skeletally mature patients (>18 years of
age) [3-5], the durability of the device should be evaluated
as part of the preclinical evaluation, since these prostheses
are expected to last for the lifetime of the recipient. To
assess the durability of motion-preserving devices, in vitro
wear simulations are performed as a component of pre-
clinical safety and effectiveness evaluations to satisfy
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medical device directives (MDD) and investigational
device exemption (IDE) submissions. The American
Society for Testing and Materials (ASTM) and the Inter-
national Organization for Standardization (ISO) have
developed a guide [7] and standard [8], respectively,
detailing the testing methodology for evaluating the wear
properties of cervical disc replacements. However, knowl-
edge about the clinical wear behavior of these devices
remains limited. Unlike total joint replacements, to date
there is no substantial clinical retrieval history, and
although the loading profiles and kinematics for these
devices may have been established, they have not been
clinically validated. The limited explant analyses that have
been performed to date are from patients with a short
clinical follow-up and have undergone revision due to
recurring symptoms that likely precluded them from uti-
lizing normal ranges of motion (ROM) [9-13]. In addition,
the environment that a cervical arthroplasty device resides
in is not truly known postoperatively, as the cervical
intervertebral disc is not a synovial joint, but rather a car-
tilaginous joint, and similar to lumbar disc arthroplasty,
much of what is speculated comes from the history of total
joint arthroplasty. It has also been well established that the
wear behavior of arthroplasty devices can be critically
influenced by the load and kinematic parameters, test fre-
quency, lubricant, material selection and device design. To
this end, without long-term clinical retrievals and the sub-
sequent analyses, the assessment of the various potential
influences on a respective devices’ wear properties rather
than relying on one set of parameters is essential, especially
in evaluating candidate materials for cervical arthroplasty.
Therefore, how deviation from a single set of testing
parameters translates to differences in the amount of wear is
clinically important.

The objective of the current study was to assess the in
vitro wear properties of PEEK-OPTIMA LT1 (PEEK)
under various testing parameters to determine the depen-
dence of wear on simulated conditions for cervical
arthroplasty applications. NuNec (Pioneer Surgical, Mar-
quette, MI, USA) is a machined, self-mating PEEK TDR
with a ball- and socket-type articulation (Fig. 1). The
device has tantalum (Ta) markers for visualization within
the disc space, titanium (Ti) cam blades for primary fixa-
tion and a hydroxyapatite (HA) coating on its outer end-
plates for supplemental fixation. CE mark was obtained in
2008 and it has since undergone wide clinical use. The
hypothesis for this study was that the simulated wear
behavior of this self-mating PEEK TDR device would be
highly dependent on the simulator testing environment,
such as loading and kinematic conditions, test frequency,
protein content of simulated body fluid and third body
wear.
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Fig. 1 The NuNec cervical arthroplasty device

Methods

All implants used in this study were applicable to a clinical
setting. The device has the same bearing surface area and
thus the same contact area for all footprints and heights.
The smallest height and footprint was tested, with standard
sterilization of 3.0 MRad of gamma radiation. Five sepa-
rate groups of six implants each were utilized in this wear
study. Table 1 summarizes the test methodology. Groups
la-3 consisted of implants that had not gone through the
HA coating process, while Groups 4 and 5 were HA coated
devices. All implants were pre-soaked in test fluid for at
least 6 weeks. All groups were then tested on a six-station
spine wear simulator (MTS, Eden Prairie, MN, USA) with
a soak control as reference. Cleaning, drying and weighing
of all implants were performed similar to ASTM F2025-6
[14].

For Groups 1a, b, the testing fluid consisted of newborn
calf serum diluted with phosphate buffered saline (PBS) to
a final protein content of 20 g/L. Ethylene-diamine tetra-
acetic acid (EDTA) was added to the serum at a concen-
tration of 20 mM to bind the Ca™™ present in the serum.
EDTA is a known preservative, and together with the low
protein content and PBS, the addition of sodium azide or
other anti-bacterial agent was not used. The pH of the
lubricant was monitored. Group 1a was tested under ASTM
F2423-05 [7] recommended load and motion profiles
(Fig. 2) for 10 million cycles (Mc). After 10 Mc, these
same implants were then tested under ISO 18192-1 [8]
recommended load and motion profiles for another 10 Mc
(Group 1b) (Fig. 2). The test was stopped at 0.5, 1.0 Mc
and every Mc interval thereafter to clean and gravimetri-
cally weigh the samples. The ASTM method was chosen
first as it was thought that the recommendation of a static
compressive load would deprive the articulating surfaces of
lubrication, possibly resulting in adhesion of these surfaces
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Table 1 Summary of all groups

: Gi
tested and corresponding roup

Load and Test

Test medium Test duration

methodology g;(;té;)en fr[_c;;])uency (million cycles)

la—Uncoated ASTM 2 20 g/L serum @37 °C 0-10
1b—Uncoated ISO 2 20 g/L serum @37 °C 10-20
2a—Uncoated ASTM 1 20 g/L serum @37 °C 04
2b—Uncoated ISO 1 20 g/L serum @37 °C 4-7
3—Uncoated ISO 1 5 g/L serum @23 °C 0-3

4—HA Coating removed ISO 2 Saline @37 °C 0-10

5—HA Coated ISO 2 Saline @37 °C 0-10
Feasibility ISO 2 20 g/L serum @37 °C 0.5

without EDTA

and a potential worst-case scenario for wear. Group 2a was
tested using the ASTM load and motion profiles until
steady state wear occurred (4 Mc) followed by the ISO
load and motion profiles until steady state wear occurred
(3 Mc) (Group 2b), both at a test frequency of 1 Hz. The
test fluid was maintained at 37 & 3 °C. For this group of
devices, the test was stopped at every 0.5 Mc to minimize
protein degradation. Group 3 was tested using the ISO load
and motion profiles, with a 5 g/L protein content lubricant.
For this group of devices, the temperature of the lubricant
was maintained at 23 + 3 °C and the test stopped at every
0.5 Mc to even further minimize protein degradation, with
the test terminated when steady state wear occurred
(3 Mo).

For Groups 4 and 5, wear testing was performed to
assess third body wear potential due to the HA coating.
Group 4 had the coating removed by submerging in 10 %
phosphoric acid at 100 °C for 30 min, placed in a sodium
bicarbonate solution to neutralize the acid and double
rinsed with DI water. This group served as a control. Group
5 was tested with the HA coating intact. The ISO load and
motion profiles were used (Fig. 2). However, the test fluid
for these groups consisted of PBS to minimize premature
dissolution of the HA coating. A test frequency of 2 Hz
was utilized for these groups, with the test fluid tempera-
ture kept at 37 &= 3 °C. Since the test fluid consisted of
PBS, this allowed for the cycle intervals to be decreased to
minimize handling of the coated devices (Table 1).

Prior to testing with saline as a lubricant, a feasibility
wear test without the addition of EDTA to the test fluid was
explored as another testing parameter. EDTA is utilized in
wear testing fluid in order to bind Ca®™ present within the
testing serum, and being a known food preservative, to help
prevent protein denaturization. However, as a Ca™™" che-
lator, prior experience with EDTA has shown that this will
result in premature removal and dissolution of the coating
from the device. Therefore, two non-coated devices were

tested under the same testing parameters as Group 1b
(Table 1) to determine the effect of not using EDTA.

The average wear rates were determined using linear
regression analysis with a generalized estimating equation
(GEE). A parametric statistical analysis using the Wald’s
test was used to determine if significant differences
(p < 0.05) in the wear rates within or between groups was
present. Wear volume was calculated using the density of
PEEK, 1.30 g/mL>. Light microscopy was used to char-
acterize the articulating wear surfaces using a Nikon
Multizoom AZ100.

Results

All implants for each group maintained full functionality
throughout each test duration. The exception to this was
the samples in the feasibility test. Significant protein pre-
cipitates were noted to form along with severe delamina-
tion of the articulating surfaces (Fig. 3), so the test was
terminated at 0.5 Mc. Given the significant formation of
the protein precipitates and severity of the delaminations, a
mass loss assessment was not performed. The mass loss
and wear rates for all other groups are presented in Figs. 4,
5. For Group 1 (1a, b), the results showed only a slight, but
significant variation in the wear rates over the course
of 20 Mc. The wear rate for the first 10 Mc was approxi-
mately 0.26 £ 0.01 mm*/Mc. For the interval Group 1b
(1020 Mc), the wear rate increased slightly, 0.32 +
0.02 mm’/Mc. For Groups 2a and 2b, the wear rate again
showed only a slight variation (non-significant) at the
measured time points. From 0.0 to 4.0 Mc, the wear
rate was 0.58 & 0.07 mm*/Mc and from 4.0 to 7.0 Mc was
0.57 4+ 0.03 mm>Mc. For Group 3, the wear rate
increased to 0.67 %+ 0.10 mm*/Mc. For Groups 4 and 5, the
wear rates were 0.89 £+ 0.08 and 1.23 £ 0.07 mm3/Mc,
respectively.
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Fig. 2 Load and motion
profiles utilized. Compressive
load is static, 100 N for ASTM

ISO Load and Motion Profiles
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Visual and light microscopy revealed no evidence of
gross deformation, delamination or fatigue cracks in the
implants after testing. Closer examination under light
microscopy revealed an abrasive wear mechanism occur-
ring, with scratches and highly polished surfaces for all
groups (Fig. 6). The articulating surfaces for Group 3
appeared to be more polished than that of any other group
(Fig. 7). For Groups 4 and 5, there were microscopic del-
aminations noted in addition to burnishing and what
appeared to be micro-fatigue cracks. There were no notable
differences in the images that third body wear was present
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(Fig. 8), which implied that no third
occurring with this material couple.

body wear was

Discussion

The results of this study support our hypothesis that the
simulated wear behavior of a self-mating PEEK TDR is
highly dependent on the simulator testing environment,
where decreasing the cyclic loading frequency resulted in
approximately a doubling of the amount of wear when
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Fig. 3 Representative specimen from the feasibility test without the
addition of EDTA to the test lubricant. Significant delaminations
occurred at 0.5 million cycles leading to accelerated wear

slowed from 2 to 1 Hz. While a fourfold decrease in the
amount of protein in the simulator fluid increased the wear
by approximately 15 % (Groups 2b vs. 3), the elimination
of protein from the simulator fluid resulted in nearly a
threefold increase in the wear rate (Groups lb vs. 4),
demonstrating the protective effect of protein in the sim-
ulator fluids. Past investigations of other materials have
shown that the wear behavior of arthroplasty devices can
be critically influenced by various testing parameters, along
with material selection and device design. For example, an
increase in the sliding distance a bearing surface travels can
result in increased wear [15, 16]. Decreasing the quantity
of protein in the lubricant can increase the wear rate of

UHMWPE on CoCr and decrease the wear rate of PTFE on
CoCr, but testing both in a zero protein fluid yields
unrealistically low wear rates for both as compared to
clinical retrieval analyses [17, 18]. In addition, multidi-
rectional or “cross-shear” motion can increase the wear
rate by an order of magnitude [19-22] or not have an
effect at all [23]. Moreover, a test frequency of 1 versus
2 Hz has been shown to yield a lower wear rate for hip
arthroplasty devices [24], whereas the opposite effect has
been seen in total disc replacements [25, 26]. Therefore,
the selection of the proper input parameters and the
potential effect of the testing environment should be an
important part in the assessment of the wear behavior of a
TDR device.

The influence of various testing parameters in this study
is consistent with the knowledge gained from previous
wear testing, where kinematic and loading conditions,
protein content, test frequency and lubricant were shown to
influence the results. There was a statistical, although
slight, difference (0.06 mm3/Mc), in the wear rate when
utilizing either the selected ASTM or ISO load and motion
parameters (Groups la, 1b), which suggests that either a
dynamic (ISO) or static (ASTM) compressive load may
potentially be used to evaluate wear performance. How-
ever, testing at a frequency of 1 versus 2 Hz approximately
doubled the wear rate for the Group 2 implants. This may
be the result of thermal heating at the articulating surfaces
when testing at 2 Hz. PEEK is considered a thermal insu-
lator (thermal conductivity of 0.25 W/mK) as compared to
the more common material of CoCr (thermal conductivity
of 18 W/mK), and this may have resulted in denaturization
of the proteinaceous lubricant, potentially forming a pro-
tective triobolayer [27-29]. This is supported by the results
for Group 3, where a reduced protein content of 5 g/L and
a decrease in the lubricant temperature to 23 °C was per-
formed to reduce any thermal artifact and further minimize
protein denaturization. This resulted in a similar wear rate
to that of the Group 2b implants tested at 1 Hz. The Group
4 implants, without any tribo-protective protein, resulted in
a nearly a threefold increase in wear. Physiologically
extreme testing using only saline as a lubricant (Groups 4, 5)
was required to minimize dissolution of the HA coating and
thus minimize any mass loss assessment artifact. EDTA is
utilized in wear testing fluid to bind Ca* ™, and being a known
food preservative, to help prevent protein denaturization. As
aCa™' chelator, EDTA will result in premature removal and
dissolution of the HA coating from the device. Therefore,
wear testing without the addition of EDTA to the test fluid
was explored. A feasibility wear test was performed con-
sistent with the test methodology of Group 1b. However,
unacceptable wear of the device occurred atonly 0.5 Mc. Itis
speculated that Ca™/protein precipitates rapidly formed
and became entrapped within the articulating surfaces
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Fig. 4 Average mass loss
(£SD) for all groups tested
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leading to severe adhesion (Fig. 3). Subsequently, Groups 4
and 5 were tested in saline, primarily to give a percent
increase or decrease in the wear rate, and along with visual
and microscopic inspection, to assess the potential and
subsequent results of third body wear. The use of saline
resulted in the highest wear rate of 0.89 4+ 0.08 and
1.23 + 0.07 mm*/Mc (Groups 4 and 5, respectively). The
higher wear rate for Group 4 was expected, given that saline
lacks any lubricating proteins [30], and yielded the opposite
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Groups 1a-5

result of polymer on metal articulations [17, 18]. Given the
lack of evidence for third body wear from the imaging
assessment for Group 5 as compared to Group 4, itis believed
that slow dissolution of the coating and/or physical removal
of the HA coating during specimen handling during testing is
responsible for the difference in mass loss; the cycle intervals
were decreased to minimize handling of the coated devices.
However, this is just speculation. A control device to account
for the dissolution of the coating would have been ideal.
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Fig. 6 Representative top component and bottom component for
Group la (a, b) at 10 million cycles. Highly polished surfaces are
noted with mild abrasions. Representative top component and bottom

A limitation to this study was that unused samples
would have been the best method for testing Groups 1b and
2a, b. In addition, all groups were not tested to 10 Mc, as
recommended by ASTM and ISO. However, the main goal
of this study was to assess the effect of various parameters
on the wear rate and not the overall longevity of the
articulation, therefore we measured the effects of the test-
ing parameters up to the point that steady state wear
occurred. Steady state wear was noted to occur within
3—4 Mc in all tests. The decision to reuse samples or pro-
ceed with testing passed this point was based upon the
results and resources available at the time. This was the
reasoning for testing to 10 Mc in saline, as this was con-
sidered the physiological extreme and resulted in the
highest wear rate of all groups tested.

The use of self-mating PEEK was evaluated previously
as an alternative bearing material in comparison to con-
ventional UHMWPE on metal and other self-mating

component for Group 1b (¢, d) at 20 million cycles. The abrasions
have given way to a more polished surfaced with folds (“hand mark”
on d)

polymer combinations in the form of the Active C device
[31]. The testing methodology utilized the load and motion
profiles of the ISO standard at a test frequency of 1 Hz in a
lubricant of 30 g/L. bovine serum with the addition of
20 mM of EDTA and amphotericin to retard bacterial
degradation. The overall wear rate of PEEK-on-PEEK was
similar to the UHMWPE/CoCr bearing couple, 1.08 versus
1.07 mm>/Mc, respectively. In addition, the overall volume
loss was similar; 11.3 versus 10.3 mm3, respectively.
Interestingly, these wear rates were comparable despite
significant pitting and delamination, which occurred
between 2.0 and 5.0 Mc on the Active C device manu-
factured from PEEK. The authors therefore questioned the
use of self-mating PEEK as an alternative bearing material,
but gave no reason for the source of this phenomenon. It is
not clear why there is a discrepancy with these results and
our results, but it may lie in the testing methodology or
device design. However, it is worthy to note that the same
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Fig. 7 Representative top component and bottom component for
Group 3 at 4 million cycles. Highly polished surfaces are noted with
mild abrasions

severe delaminations seem to have occurred during our
feasibility testing without the addition of EDTA (Fig. 3),
that this phenomenon was not observed when utilizing self-
mating PEEK under multidirectional pin-on-plate testing
[32], and in the current test, only microscopic delamina-
tions at 10 Mc were seen while testing in physiologically
extreme saline at 2 Hz. It may be possible that the use of a
higher protein content (30 g/L) leading to significant pro-
tein precipitation could be the cause, as seen in our feasi-
bility test.

The experimental wear rates found in this investigation
are consistent with the other tribological investigations of
TDR devices that are used clinically. The wear rate of the
Prodisc C, an UHWMPE/CoCr device with a ball and
socket articulation, has been reported to range between
2.11 & 0.16 [33] and 2.74 + 0.38 mm*/Mc [15] using the
ISO method. The Discover, another ball and socket implant
design, clinically utilizes cross-linked UHMWPE/Ti and
reportedly has an experimental wear rate of 2.3 mm’/Mc
using the ISO method, but when paired with CoCr and a
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custom motion waveform, can also have an experimental
wear rate of up to 4.5 mm’/Mc [34]. The Bryan cervical
disc device comprises two Ti alloy clam shell shaped
endplates with an articulating polycarbonate polyurethane
(Bionate-S) core enclosed within a polyether-polyurethane
sheath bathed in saline. Testing was based on the neutral
zone ROM of the cervical spine without a lateral bending
component (+4.9° flexion/extension and £3.8° axial rota-
tion), a constant 130 N compressive load and a test fre-
quency of 4 Hz. This yielded a wear rate of 0.97 mm*/Mc
[9]. The Prestige ST, a self-mating SS ball and trough
device, was tested to 10 Mc of flexion/extension (£9.7°,
148 N load, 2 Hz) followed with an additional 5 Mc
of coupled lateral bending (£4.7°, 49 N load, 2 Hz) and
axial rotation (£3.8°, 49 N load, 2 Hz) [35]. The reported
wear rates were 0.01 £ 0.01 and 0.73 £+ 0.25 mm3/Mc,
respectively. The device was also tested with the motion
order reversed, with reported wear rates of 0.53 + 0.21 and
0.07 £ 0.02 mmS/Mc, respectively. The Kineflex C, a self-
mating CoCr device, was reportedly tested under the
ASTM guidelines [36]. The wear rate for this device was
0.38 mm>/Mc. The M6, an elastomeric TDR was also
testing under the ASTM guidelines and was reported to
have a wear rate of 0.44 mm*/Mc [37]. In perspective, the
range of wear rates that were determined for the self-
mating PEEK device in the current study was 0.26 + 0.01
to 0.89 % 0.10 mm*/Mc.

In summary, the simulated wear behavior of a self-
mating PEEK TDR demonstrated it was dependant on the
simulated testing environment, where protein content more
than decreasing the cyclic loading frequency resulted in
increased wear. The results of the testing performed in the
current investigation compared with the previously pub-
lished data on the wear behavior of other devices demon-
strates that a single set of parameters cannot fully predict
the performance of a TDR device. This highlights the
importance of understanding the various potential factors
within a broad spectrum of testing conditions that can
influence the wear rate, especially when the ability to
properly match simulator results with retrieval analysis is
not available at this time. In this regard, a more realistic
worst-case testing scenario could be possible than testing in
saline solution. For instance, the addition of third body
wear particulate to the testing serum would undoubtedly
result in a higher wear rate than those found in the current
study, or impingement testing would be another parameter
to investigate. To this end, the importance of clinical ret-
rievals cannot be emphasized enough in this regard.
Despite the differences in test parameter-dependent wear
rates, it is not known what the clinical consequence would
be, if any, for the increased wear rates observed in the best-
and worst-case rates observed in the current study. In
comparison to previous experimentally established rates of
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Fig. 8 Representative fop component and bottom component for
Group 4 (a, b) and Group 5 (¢, d) at 10 million cycles. Highly
polished surfaces are noted with mild abrasions. Unlike Groups 1a-3,

wear for other TDR devices, the results of this study
indicates comparable or better wear performance of self-
mating PEEK in cervical arthroplasty. However, long-term
clinical results and ongoing implant retrievals are required
for further validation between clinical performance and
inputs, and will eventually validate which, if any, of these
testing conditions is more clinically relevant than others.

Conflict of interest Tim Brown is a Employee Pioneer Surgical.
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