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Purpose: There are various cervical disc prostheses on the market today. They can be
subdivided into implants with a ball-and-socket design and implants with a flexible core,
which is captured between the implant endplates and sealed using various sheaths. Implants
with an articulating surface are mostly metal-on-metal or metal-on-UHMWPE designs and,
thus, do not allow for axial damping. The aim of this study is to provide mechanical safety
and performance data of the MOVE-C cervical disc prosthesis which combines both an
articulating surface and a flexible core.

Materials and Methods: MOVE-C consists of a cranial and caudal metal plate made of
TiAl6V4. The cranial plate is TiNbN coated on its articulating surface. The caudal plate has a
fixed polycarbonate-urethane (PCU) core. The TiNbN coating is meant to optimize the wear
behavior of the titanium endplate, whereas the PCU core is meant to allow for a reversible
axial deformation, a pre-defined neutral zone and a progressive load-deformation curve in all
planes.

Results: Various standard testing procedures (for example, ISO 18192—1 and ASTM F2364)
and non-standard mechanical tests were carried out to prove the implant’s mechanical safety.
Due to the new implant design, wear and creep testing was deemed most important. The
wear rate for the PCU was in maximum 1.54 mg per million cycles. This value was within
the range of the UHMWPE wear rates reported for other cervical disc prostheses (0.53 to
2.59 mg/million cycles). Also in the creep-relaxation test, a qualitatively physiological
behavior was shown with a certain amount of remaining deformation but no failure.
Conclusion: The mechanical safety of the MOVE-C cervical disc prosthesis was shown to
be comparable to other cervical disc prostheses. Since PCU wear particles were elsewhere
shown to be less bioactive than cross-linked UHMWPE particles, wear-related failure in vivo
may be less frequent compared to other prostheses. This, however, will have to be shown in
further studies.

Keywords: disc arthroplasty, degenerative disc disease, cervical spine, polycarbonate-

urethane, creep, wear

Introduction

There are two state-of-the-art treatments of the cervical degenerative disc disease
(DDD): anterior cervical discectomy and fusion (ACDF) or cervical disc arthro-
plasty (CDA). Both treatment options have extensively been investigated in clinical
trials and compared to each other in numerous publications. The results were
sometimes contradictory due to methodological differences, sample sizes and
evaluation procedures. Several meta-analyses were carried out on theses primary
clinical trials to condense all findings to an overall result (Table 1).
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Table | Meta-Analyses Comparing Anterior Cervical Discectomy and Fusion (ACDF) with Cervical Disc Arthroplasty (CDA)

No. of Results Favoring CDA Results Favoring ACDF or Results with
Enrolled No Difference Between CDA and
Trials ACDF
Dong 29 -Rate of adjacent segment disease (ASD) in CDA significantly lower than | —
et al in ACDF with increasing follow-up time
2017 -Rate of adjacent segment reoperation in the CDA group significantly
lower
Latka 20 -Significantly lower probability of ASD reoperations for CDA after 60- —
et al month or longer
2019°
Wang I -CDA superior in achieving long-term clinical outcomes (overall success, | -no clear benefit in regard to NDI score and
et al NDI success, neurological success, VAS neck and arm pain, SF-36 PCS total reported adverse event (AE)
2020° and MCS, symptomatic ASD, total secondary surgery, secondary surgery
at the index level and at the adjacent level).
Kan 19 -CDA superior to ACDF in overall NDI, neurological success, NDI neck | -no significant differences between CDA and
et al and arm pain, SF-36 PCS and MCS, patient satisfaction, ROM at the ACDEF in the rate of AE
2016* operative level, secondary surgical procedures
Xie 37 -CDA was superior to ACDF regarding fewer severe advents, fewer -operative time and NDI scores were in favor
et al ASDs, fewer reoperations, better neurological success, greater ROM and | to the ACDF group
2016° greater neck and arm pain functional recovery

According to these meta-analyses, CDA seems to be
superior to ACDF in regard with most clinical parameters.

In view of these clinical results, it is not surprising that
there are various CDA prostheses on the market today.
They can be subdivided into two general design groups:

1. Cervical intervertebral disc prostheses with articu-
lating surfaces (ball-and-socket design): The prostheses in
this group are composed of at least two parts with articu-
lating surfaces. These may both be made of metal. The
Prestige LP® Cervical Disc (Medtronic, Minneapolis,
Minnesota, USA) is an example for this metal-on-metal
design group.® Or one side is made of metal and the other
is made of UHMWPE. An example of an implant with a
fixed UHMWPE core is the Prodisc-C (Centinel Spine®,
West Chester, Pennsylvania, USA).7 Other metal-on-
UHMWPE implants have mobile cores, which allow
some movement of the UHMWPE component against
both endplates Mobi-C®  (Zimmer-BioMet,
Warsaw, Indiana, USA).8 These prostheses, however, do

such as

not allow for axial damping, and, thus, they are missing
the natural degree of freedom in the axial direction. This
may be a disadvantage since non-physiologic implant
kinematics may be the consequence and high contact
stresses can arise at the bone-end plate interface if they

are improperly placed or undersized.”'°

2. Cervical intervertebral disc prostheses with a flexible
core without articulating surfaces (so-called “next-genera-
tion” design): These prostheses have a flexible polymeric
core, which is captured between the upper and lower end-
plates. Different sheaths protect this core and keep wear
particles inside the implant. Examples for this group are
the BRYAN™ Cervical Disc (Medtronic, Minneapolis,
Minnesota, USA) and the M6®-C cervical disc prosthesis
(Spinal Kinetics, Sunnyvale, CA, USA).'"'? In single
cases, failure of the sheaths was reported partially with a
dislocation of the polyurethane core.'>™'¢

The aim of the study is to provide design, material, and
safety and performance data of the MOVE-C cervical disc
prosthesis which combines characteristics of both design
groups while avoiding UHMWPE and additional sheaths
in order to minimize the risk of failure.

Materials and Methods
Implant Design

The cervical intervertebral disc prosthesis MOVE-C con-
sists of a cranial and caudal metal plate made of TiAl6V4.
The cranial plate is TiNbN coated on its inferior surface.
The caudal plate has an injection-molded core made of
polycarbonate-urethane (PCU) (Figure 1). This core is
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The MOVE-C prosthesis is
composed of two parts. The
cranial and caudal surface of

the implant has a 3D
structure for osseo-
integration and teeth to
improve primary stability.

Figure | Design of the MOVE-C cervical intervertebral disc prosthesis.

articulating with the TiNbN-coated surface of the cranial
plate. Thus, from a purely geometrical point of view, the
MOVE-C belongs to the ball-and-socket prosthesis design
group. However, the PCU gliding surface makes it similar
to the next generation cervical disc arthroplasty group,
where flexible cores are used.

The plates themselves are additively manufactured and
have a 3D structure towards the adjacent vertebral bodies
to improve osseointegration. In order to ensure sufficient
primary stability, the endplates are additionally equipped
with teeth on the side facing the bone.

The design of the PCU core and the adjacent TiNbN-
coated gliding surface is intended to allow a natural range
of motion with a neutral zone and a progressive increase of
resistance in all six degrees of freedom. In addition, the
PCU core should absorb compressive loads in the axial
direction. The force absorption is progressive due to the
material characteristics of the PCU which is intended to
result in a defined movement limitation but no hard stop.

Implant Materials

TiNbN-Coating

A strategy used to reduce wear of hard-on-soft joint repla-
cement implants is to coat the metallic part with a hard
layer such as TiN or TiNbN. The advantages claimed for
TiNbN coatings are:

Reduction of lon Release with Reduced Allergy Potential
In vitro, the concentration of the metal ions released from

Cranial plate (TiAI6V4) with Caudal plate (TiAI6V4) with
the inferior surface pointing
upwards. This surface is
TiNbN-coated and is
articulating with the PCU  TiNbN-coated surface of the
core on the lower plate.

the superior surface
pointing upwards. The PCU-
core is articulating with the

cranial plate.

TiNbN-coated femoral components was shown to be
reduced compared to uncoated CoCrMo alloy substrates.'”

High Wettability with Synovial Fluid, Low Friction and
Good Wear Resistance

Wettability, friction and wear resistance were investigated
mostly on large joint replacement implants. For the knee
joint, a clear loss of coating was shown in a wear simulator
study, which was rising concerns related to the abrasion resis-
tance of TINDN coatings for this type of joint replacement.'®'
In hip and knee wear simulator studies the UHMWPE wear
rate was shown to be similar if metallic TINbN coated implant
components were used as compared to ceramic and CoCr
components.'” " It was concluded that TiNbN coatings may
be of special benefit to patients who are metal sensitive
whereas the wear behavior of the TiNbN coating does not
offer any additional benefit over standard materials such as
ceramics and CoCr.

Biocompatibility

TiNbN was shown to be not cytotoxic.?? The attachment and
biofilm formation of various bacteria was not significantly
different between TiAl6V4 alloy coated with TiNbN and stan-
dard TiAl6V4 alloy materials or cobalt-chrome.***

In case of the MOVE-C implant, TiNbN was used to
improve the wear behavior of the TiAl6V4 substrate. The
aim was to combine the favorable osseointegration of
titanium with a wear behavior which is comparable to
that of CoCr or ceramics.

Medical Devices: Evidence and Research 2020:13
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Polycarbonate Urethane (PCU) Core
PCU is used in a wide range of medical applications. The
advantages claimed for this material are:

Low Friction

CoCr alloy, an AL203 ceramic, and polycarbonate
urethane (PCU) were mechanically tested against human
osteoarthritic cartilage. As a result, the friction coefficient
tended to be smaller with PCU than with ceramic and both
were smaller than CoCr.*>

High Wear Resistance

Acetabular hip joint components manufactured from
gamma-sterilized UHMWPE, gamma cross-linked
UHMWPE, and PCU polymers were evaluated in a hip
joint simulator, using cobalt alloy femoral head compo-
nents. The material loss for the PCU samples was at least
24% lower than for the cross-linked UHMWPE.?® The
flexible and hydrophilic properties of PCU allow for a
thick fluid film to develop, leading to a separation of the
bearing surfaces with theoretical reduction in wear and
lower friction. Tribological studies validated polyurethane
cups to be low friction when compared to UHMWPE. The
wear rates were reported to be below the described values
for polyethylene cups.?’

Low Bioactivity of Wear Particles

A comparison of the macrophage response to PCU and
cross-linked UHMWPE in the presence or absence of
endotoxin showed that cross-linked UHMWPE particles
are potentially more proinflammatory to periprosthetic tis-
sue than PCU.*® It was anticipated that the combination of
larger wear particles, less reactivity and lower particle
generation rate would make PCU of lower osteolytic risk

compared to hard bearings in total hip replacement.?’

Flexibility and Viscoelasticity

The viscoelastic mechanical properties of medical grade
polycarbonate urethane were assessed by Beckmann et al
2018.%° Unfortunately, there is no comparative data
reported between PCU and the human disc, meaning that
PCU behaves viscoelastically but the degree to which this
behavior resembles the natural viscoelasticity of human
tissue remains open.

Biostability and Biocompatibility
PCU was shown to be a strong candidate for biostable medical
devices.®' In an animal study the PCU Corethane 80A was

used as the bearing layer in a prototype compliant layer acet-
abular cup, in an ovine total hip arthroplasty model. The
authors showed that there was no significant evidence of
biodegradation or wear damage after 3 years in vivo.>
However, because the oxidative stability of PUs is strongly
dependent on the molecular structures and chemical formula-
tions, findings may not be extrapolated to PCUs other than
Bionate 80A.*

For the MOVE-C implant, PCU was chosen due to its
viscoelasticity, allowing for a more natural degree of free-
dom in the axial direction and more natural three-dimen-
sional, progressive load-deformation curves. Also, the
wear behavior was something very important as the PCU
core articulates with its TiNbN-coated counterpart.

Mechanical Performance

Creep Testing

Axial damping, creep and relaxation are physiological
characteristics of the human intervertebral disc.>* In vivo,
creep and relaxation are well balanced to enable nutrition
of the intervertebral disc and to guarantee mechanical
stability of the spinal column.

Since MOVE-C was meant to mimic this behavior,
creep-relaxation tests were carried out. Six implants were
placed in between two rigid metal test blocks and
immersed in physiological saline solution at 37°C. A
pushrod was used to apply an axial load to the implant.

The loading protocol was defined based on the current
biomechanical literature to simulate the real in vivo creep
and relaxation phases of the cervical spine (Table 2).%>3¢
During all loading phases, the axial load was applied
sinusoidally at various frequencies to account for the cyc-
lic axial load acting on the cervical spine in vivo.

Testing showed a typical creep and relaxation behavior
of the implants resulting in a mean permanent deformation

of approximately 0.49 mm at the end of testing (Figure 2).

Wear Testing

Wear testing was carried out in an MTS Spine Wear
Simulator (Bionix ® Spine Wear Simulator, MTS Systems
Corporation, Minnesota, USA) on n=6+1 samples according
to ISO 18192-1:2011.%" According to this standard a sinu-
soidal axial load ranging between 50 and 150 N is applied
simultaneously with sinusoidal rotations in all three planes.
The amplitudes are +7.5° for flexion-extension, £6° for lat-
eral bending, and +4° for axial rotation. Testing was carried
out until 15 million load cycles were reached.®’
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Table 2 Load Levels Defined for Creep Testing

Phase Loading Type Simulated in-vivo Situation Frax in N Fnin in N fin Hz Duration

inh

| Relaxation Sleeping —20 -70 0.1 6

2 Creep Light everyday loading —45 —100 1.0 6

3 Relaxation Sleeping -20 -70 0.1 6

4 Creep Medium everyday loading —100 —250 1.0 4

5 Relaxation Sleeping —20 =70 0.1 6

6 Creep Extreme everyday loading —-150 —600 1.0 2

7 Relaxation Sleeping —20 -70 0.1 6

Sector Field Inductively Coupled Plasma Mass Spectroscopy
(ICP-SMS)

A gravimetric wear assessment was not possible since the
implant could not reproducibly be cleaned. Therefore,
sector field inductively coupled plasma mass spectrometry
(ICP-SMS) was carried out on the fluid test medium of
two samples to calculate the amount of titanium (coating
and substrate), niobium (coating only), and vanadium

(substrate only) wear in the test medium.*®

ICP-SMS
Vanadium in the medium after 10 million load cycles was

showed that the cumulative amount of

very small (less than 5 pg) and there was almost no difference
between the loaded soak control station and the wear stations
detectable.

The cumulative amount of titanium was much higher
with values of 507 pg and 561 pg for the two samples,
while the cumulative amount of Niobium was somewhere

in between (160 pg and 163 pg) (Figure 3). In case of
titanium and Niobium, which are both part of the coating,
there was a significant difference between the loaded soak
control station (Station 0) and the wear stations.

In summary, the results of the ICP-SMS showed that the
total amount of metallic wear of Ti, Nb and V was below 1 mg
after 10 million load cycles and seemed to derive from the
coating (Titanium and Niobium) but almost not from the
substrate (almost no Vanadium).

Additionally, the detailed analyses for the implants no. 5 and
6 showed that the initial wear rates per million cycles were higher
than those towards the end of testing where an almost linear
relationship between wear and number of cycles was shown.

3D Surface Scan
The upper surface of the PCU components of the loaded soak
control and of two representative test samples was scanned

Phase #1 Phase #3 Phase #5 Phase #7 00
(sleeping) (sleeping) (sleeping) (sleeping) ’
-100 — :.----.----.-.:: E ____________ i i ------------ -0.2
-200 i - 04 g
Phase #2 ] £
light loading) ] £
z (
< -300 -0.6 §
T £
3 T}
9 -400 -0.8 §
Phase #4 &
-500 (medium loading) 1.0 B
600 ----Axial load 12
— Axial displacement Phase #6
(extreme loading)
-700 -1.4
0 6 12 18 24 30 36
Timeinh

Figure 2 Mean displacement curves of all tested samples (red, solid line) with maximum load in N (blue dashed lines) during creep testing.
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Figure 3 Cumulative mass of titanium, niobium and vanadium in the medium of implant no. 5 and 6 during standard wear testing. The results were derived from ICP-SMS.

after 15 million load cycles using fringe projection (measure-
ment uncertainty 15 pm).** The volume of PCU material,
which was worn off, was calculated for the two test samples
by subtracting the surface of the loaded soak control specimen
(Figure 4). Finally, the loss of volume was transformed into the
PCU mass loss using the specific PCU density. The results
revealed a total PCU mass loss of 23.04 mg for sample no. 5
and 20.64 mg for sample no. 6. This equals a mean wear rate
of 1.54 and 1.38 mg/million load cycles.

The measurement uncertainty of this method is estimated
to be approximately £3.6 mg taking into account the possible
sources of errors of the whole measurement chain.

#5 versus reference

Static and Dynamic Fatigue Testing

In addition to creep and wear testing, static and dynamic
compression, static and dynamic compression-shear, static
torsion, static expulsion and static subsidence tests were
carried out.

Unfortunately, there are no comparative data available
from other PCU cervical disc prostheses such as the M6-C or
BRYAN®™ prostheses. Since the general mechanical safety
requirements are the same of all types of cervical disc pros-
theses, a comparison with data from metal-on-UHMWPE
implants was therefore carried out. For the Mobi-C and the
Prodisc-C implants data was available from the FDA

#6 versus reference

Figure 4 Surface analysis of the PCU component of implant no. 5 and implant no. 6 compared to that of station 0 (reference) after |5 million cycles of standard wear testing.

These 3D scans were used to calculate the total PCU mass loss.
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Table 3 Results of the Mechanical Testing of the Mobi-C and the Prodisc-C According to the FDA Summary of Safety and

Effectiveness Data (SSED) Compared to Results of the MOVE-C

MOVE-C

Mobi-C*°

Prodisc-C*!

Static expulsion test

Ultimate load:
202.3 + 843 N
(100 N preload)

Expulsion load:
142N £ I8 N
(100 N preload)

Ultimate load:
3039N+29.6 N
(45 N preload)

(shear angle 27°)

(shear angle 45°)

Static compression test Yield load: Yield load: —
>20 kN 1935+ 109 N
Dynamic compression test Run-out: Endurance limit: —
1000 N 1125 N
Static compression-shear test Yield load: Yield load: Yield load:
2983 + 438.2 4544 + [146 N 1589 N £ 62.7 N

(shear angle 18°)

Dynamic compression-shear test

Run-out:
1000 N
(shear angle 27°)

Run-out:
450 N
(shear angle 45°)

Run-out:
1300 N
(shear angle 18°)

Static subsidence test

Yield load:

Offset load:

1287 + 17.1 N

1039 N £25 N

Table 4 Wear Rates for Various Intervertebral Disc Prostheses Under Standard Loading Conditions According to ISO 18192—

|37

Implant Materials

Wear Rate in mg/million Cycles

MOVE-C (present study)

TiNbN coated Tl against PCU

Prodisc-C*' CoCrMo-alloy against UHMWPE 2.59 + 0.36
Active-C** CoCrMo-alloy against UHMWPE 1.0 £ 0.1

Mobi-C* CoCrMo-alloy against UHMWPE 1.55 + 0.08
Pretic-1¥ Ti6Al4V-alloy against UHMWPE 0.53 £0.13

1.54 (max. value)

Summary of Safety and Effectiveness Data (SSED) files
(Table 3).404!

The methodologies according to which the Mobi-C and
the Prodisc-C implants were tested are only very briefly
described in those SSEDs. Comparability between the
results of non-standardized tests such as expulsion or
luxation testing is therefore limited. However, the standard
compression and compression shear tests as well as the
subsidence test indicate that the results of the MOVE-C
implant are mostly at least as good as the comparative
values from Mobi-C and/or Prodisc-C.

Discussion

The present paper describes the design, materials and mechan-
ical performance characteristics of the MOVE-C cervical inter-
vertebral disc prosthesis. This prosthesis has a ball-and-socket
design. However, in contrast to existing ball-and-socket disc

prostheses, the MOVE-C incorporates a gliding surface made
of PCU. This approach is new since, so far, PCU has only been
used as an encapsulated core inside the implant such as for
example the cores of the M6-C and BRYAN disc prostheses.
Wear data therefore was of special interest.

Unfortunately, for cervical intervertebral disc prostheses
with a PCU core, there has almost no mechanical test data
been published so far. Only one study was available for com-
parison. According to that study, after 10 million cycles of wear
testing, the BRYAN Total Cervical Disc prosthesis showed a
relative mass loss of 1.76% compared to the implant’s mass
before testing. Testing was carried out under flexion-extension
and axial rotation only and under smaller loading amplitudes
than those prescribed by the ISO 18192-1 standard.*? For
comparison wear testing of the MOVE-C implant resulted in
an overall loss of <0.5% of the initial implant mass after 10

million cycles of standard three-dimensional wear testing.
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More data for cervical disc prostheses with PCU compo-
nents were not found. Therefore, the results were additionally
compared with those from metal-on-UHMWPE disc pros-
theses (Table 4). In this comparison, the absolute mass loss
was smallest for a UHMWPE inlay articulating against
Ti6Al4V with wear rate of 0.53 mg per million cycles after
10 million cycles of standard wear testing.** The highest value
was found for the Prodisc-C with 2.59 mg per million cycles.*!
For comparison, the PCU wear rate for the MOVE-C was 1.54
respectively 1.38 mg per million cycles for the two implants
were 3D surface scans were made.

In addition to the wear behavior, the behavior of the
implant under axial load was of special interest since the
PCU was claimed to simulate the real intervertebral disc in
terms of its creep and axial damping characteristics. This was
tested in a specially designed creep test, which was based on
the real loading of the cervical spine. None of the MOVE-C
implants failed during creep testing. The creep and relaxation
curves showed the physiological J-shaped characteristic of the
human disc.* This proves the capability of the implant to
recover after creep. The remaining loss of height after testing
can mainly be attributed to the extreme loading of 600 N,
which was applied in this test. In vivo, a loading magnitude
of 600 N is expected to occur only sporadically. During testing,
however, 600 N was applied for 7200 consecutive loading
cycles, which simulates an extreme worst-case. Also, the
relaxation phases were possibly not long enough to allow the
implant to fully recover. Such an effect has also been described
for the human intervertebral disc, where recovery was 3—4
times slower than loading.‘“’"47

Also, very similar to the results of MOVE-C, a perma-
nent deformation of 0.47 mm was reported for the Prodisc-

C implant.*!

However, the loading protocol was a bit
different with an incorporated shear angle of 18° to the
horizontal, other load levels and phasings. But still, this
protocol was also developed to simulate the situation in
vivo. For the Prodisc-C it was concluded that failure due
to creep is unlikely. Other comparative data was not found
since most studies are carried out on animal discs and the

loading protocols are very different.

Conclusion

In conclusion, the mechanical safety and performance of the
MOVE-C cervical intervertebral disc prosthesis was shown
to be comparable to other cervical disc prostheses. In contrast
to conventional metal-on-UHMWPE implants, the flexible
PCU-core was shown to allow for axial displacement, and,
thus, for a more realistic motion pattern as compared to

metal-on-UHMWPE implants. The clinical impact of these
mechanical findings as well as of other advantages claimed
for the new metal-on-PCU design of the MOVE-C implant
such as the more physiological neutral zone and the progres-
sive load deformation curves in all anatomical planes will
have to be investigated in further studies.
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