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Study Design: The study examined and compared four artificial cervical disks using validated finite element models.

Purpose: To compare and contrast the biomechanical behavior of four artificial cervical disks by determining the external (range of
motion) and internal (facet force and intradiscal pressure) responses following cervical disc arthroplasty (CDA) and to elucidate any
device design effects on cervical biomechanics.

Overview of Literature: Despite CDA's increasing popularity most studies compare the CDA procedure with anterior cervical discec-
tomy and fusion. There is little comparative evaluation of different artificial disks and, therefore, little understanding of how varying
disk designs may influence spinal biomechanics.

Methods: A validated C2—T1 finite element model was subjected to flexion-extension. CDAs were simulated at the C5—C6 level with
the Secure-C, Mobi-C, Prestige LP, and Prodisc C prosthetic disks. We used a hybrid loading protocol to apply sagittal moments. Nor-
malized motions at the index and adjacent levels, and intradiscal pressures and facet column loads were also obtained.

Results: The ranges of motion at the index level increased after CDA. The Mobi-C prosthesis demonstrated the highest amount of
flexion, followed by the Secure-C, Prestige LP. and Prodisc C. The Secure-C demonstrated the highest amount of extension, followed
by the Mobi-C, Prodisc C, and Prestige LP. The motion decreased at the rostral and caudal adjacent levels. Facet forces increased at
the index level and decreased at the rostral and caudal adjacent levels following CDA. Intradiscal pressures decreased at the adja-
cent levels for the Mobi-C, Secure-C, and Prodisc C. Conversely, the use of the Prestige LP increased intradiscal pressure at both adja-
cent levels.

Conclusions: While all artificial disks were useful in restoring the index level motion, the Secure-C and Mobi-C translating abilities
allowed for lower intradiscal pressures at the adjacent segments and may be the driving mechanism for minimizing adjacent segment
degenerative arthritic changes. The facet joint integrity should also be considered in the clinical decision-making process for CDA
selection.
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Introduction

For many years, anterior cervical discectomy and fusion
(ACDF) has been a conventional surgical treatment for
symptomatic cervical spondylosis [1]. While the motion
at the index level is constrained due to fusion, fusion
surgery’s effect on the adjacent vertebral levels remains
unclear [2-4]. Cervical disk arthroplasty (CDA), a more
recent procedure approved by the Food and Drug Admin-
istration (FDA) is aimed at preserving motion at the index
level while minimizing the adjacent segment degeneration
(ASD). Over the past 13 years, the FDA has approved sev-
eral cervical prosthetic disk devices [5-7]. While the intent
is to preserve the motion and minimize ASD, the design
features and material properties vary among the arthro-
plasty implants. Clinical studies, such as those cited above,
have provided information on effectiveness, depending
on the outcomes, and their length of outcomes in differ-
ent populations. In general, all FDA approved devices are
acceptable alternatives to the ACDE. However, issues such
as heterotopic ossification, the extent of motion preserva-
tion, and adjacent segment biomechanics vary among the
devices. The present study’s objective was to determine
motions, intradiscal pressures, and facet forces represent-
ing the external intervertebral joint-specific kinematics,
and internal anterior and posterior column load-sharing
of four FDA approved CDAs using finite element models.
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Methods

1. Intact spinal column

We used a validated finite element model of the C2-T1
portion of the spinal column [8,9]. The model included
the following components: (1) cancellous core and corti-
cal shell of the vertebral bodies, their posterior elements,
i.e., laminae, pedicles and spinous processes, and the dens
of the axis; (2) intervertebral disk annular fibers, ground
substance, and nucleus pulposus; and (3) anterior and
posterior longitudinal ligaments, joint capsules of the
lateral mass, ligamentum flavum, and interspinous liga-
ments. The seven segments meshed with hexahedral ele-
ments, and material properties were obtained from the
literature [10-12]. The disk anterior and posterior regions
consisted of 16 and eight layers [13]. We used 11,452 ele-
ments in the model. The hyper-elastic foam ground sub-
stance was defined using the Hill strain energy function.
The fibers were defined using membrane elements with
tension-only directional fibers embedded in the ground
substance. The fibers in the anterior annulus were defined
in a crisscross manner, while the fibers in the posterior
region were defined in the vertical direction [14]. Fig. 1
shows the coronal view of the intact spinal column. Table
1 shows the material properties used in the intact and four
CDA spine models. Appendix 1 includes definitions of

some terminologies.

Fig. 1. Coronal views from left to right of intact, Prodisc C, Prestige LP, Mohi-C, and Secure-C and spine models. Dashed rectangle shows the level

of cervical disk arthroplasties, i.e., at the C5—C6 level.
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2. Artificial disks

The Secure-C CDA manufactured by Globus Medical Inc.
(Audubon, PA, USA), Mobi-C, manufactured by Zimmer
Biomet (Warsaw, IN, USA), Prodisc C manufactured by
Centinel Spine (West Chester, PA, USA), and Prestige LP
manufactured by Medtronic Sofamor Danek (Memphis,
TN, USA) were used in the study for single-level surgery
[15]. Ultra-high-molecular-weight polyethylene (UHM-
WPE) material is used in the first three devices; however,
in the Prestige LP, only metal components are used.

1) Prodisc C

This is a two-piece device with metal (cobalt chromium
alloy) on polyethylene; the FDA approved this device for
human use in 2007. It allows for flexion, extension, and
lateral bending, up to 20° of angulation in each mode,
with unlimited axial rotation. It has a fixed center of rota-
tion. The immediate endplate fixation at the end surfaces

of the device is via a midline keel. The coupled motion is
such that the translation is allowed only when combined
with rotation.

2) Prestige LP
This is also a two-piece device, but it is metal-on-metal
(titanium alloy). The FDA approved this device in 2014.
It allows for more than 10° of angulation, each in flexion,
extension, and lateral bending, with unlimited lateral
rotation. The allowable anterior/posterior translation is 2
mm. While there is no fixed center of rotation, it lies at the
center of the inverted dome affixed to the superior section
of the device. The immediate endplate fixation at the end
surfaces utilizes bone screws and a locking mechanism.
Geometry: The geometry of the Prodisc C and Prestige
LP was modeled using the actual devices, and their ma-
terial properties were obtained from the literature. The
implant size selection and placement in the vertebral seg-
ments were simulated according to the standard surgical

Table 1. Material Properties used in the model for the intact spine components and cervical disk arthroplasties

Component Element type Constitutive model
Cortical bone Quadrilateral shell Linear elastic

Trabecular bone Hexahedral solid Linear elastic

Endplate Quadrilateral shell Linear elastic

Facet cartilage Quadrilateral shell Linear elastic

Annulus ground substance  Hexahedral solid Hill foam

Annulus fibrosus

Nucleus pulposus Hexahedral solid Fluid

Ligaments Quadrilateral membrane  Non-linear curves
Prodisc C
Upper plate Hexahedral solid Linear elastic
Middle core Hexahedral solid Linear elastic
Lower plate Hexahedral solid Linear elastic
Prestige LP
Upper plate Hexahedral solid Linear elastic
Lower plate Hexahedral solid Linear elastic
Mobi-C
Upper plate Hexahedral solid Linear elastic
Middle core Hexahedral solid Linear elastic
Lower plate Hexahedral solid Linear elastic
Secure-C
Upper plate Hexahedral solid Linear elastic
Middle core Hexahedral solid Linear elastic
Lower plate Hexahedral solid Linear elastic

Quadrilateral membrane  Orthotropic nonlinear elastic

Parameters

E=16.8 GPa, p=0.3

E=0.4 GPa, p=0.3

E=5.6 GPa, p=0.3

E=0.01 GPa, p=0.3

n=2, C1=0.000115 GPa, C2=0.002101 GPa, C3=—0.000893 GPa, b1=—2, b2=—1, b3=—2
Fiber angle (45°—60°)

K=1.720 GPa

Stress-strain curves

E=210GPa, p=0.3
E=3 GPa, p=0.3
E=210 GPa, p=0.3

E=110 GPa, p=0.3
E=110 GPa, p=0.3

E=210GPa, p=0.3
E=3 GPa, p=0.3
E=210GPa, p=0.3

E=210GPa, p=0.3
E=3 GPa, =03
E=210 GPa, y=0.3
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techniques. The Prodisc C model consisted of two cobalt
chrome alloy endplates and a core made of UHMWPE
(Fig. 1). The Prestige LP consisted of two titanium carbide
endplates, and the inverted dome of the superior endplate
articulated with the groove of the inferior endplate [16].

3) Mobi-C

This three-piece device is comprised of metal on a poly-
ethylene mobile core. The metal portion is made of a
cobalt chromium alloy. The FDA approved this device for
human use in 2013. It allows for more than 10° of angula-
tion in each flexion, extension, and lateral bending, with
unlimited lateral rotation. The allowable anterior/poste-
rior translation is 1 mm. While there is no fixed center of
rotation, it moves in the lateral and anteroposterior direc-
tions, depending on the core position. The immediate
endplate fixation at the end surfaces is via inclined teeth
for purchase into the vertebral body.

4) Secure-C

This is a three-piece device with metal on polyethylene
(a sliding core with spherical superior and cylindrical in-
ferior cores). It was approved for human use by the FDA
in 2012. The metal portion consists of a cobalt chromium
alloy. It allows for 30° of angulation in both flexion and
extension, 20° in lateral bending and +1.25 mm transla-
tion in the sagittal plane. There is no fixed center of rota-
tion. The immediate endplate fixation at the end surfaces
is via multiple serrated keel for purchase into the vertebral
body.

Geometry: The geometry of the Secure-C and Mobi-C
was modeled as follows: A coordinate Measuring Ma-
chine (FaroArm, Irvine, CA, USA) was used to define the
geometric representation of objects using dense clouds
of three-dimensional points from the external surface
of the disk prosthesis. The generated three-dimensional
points were imported into a software (CATIA V6; Das-
sault Systems, Waltham, MA, USA) and processed with a
digitized shape editor to create the surface geometry from
the points and meshed in the ANSA software (BETA CAE
Systems, Farmington Hills, MI, USA).

3. Surgical simulations
Standard surgical procedures were used to simulate all

four devices at the C5-C6 motion segment. The anterior
longitudinal ligament was removed at the index level, and
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a cavity was created to place the disk prosthesis. Both the
superior and inferior components of the devices were at-
tached to the respective vertebral bodies using tied con-
tacts to simulate complete osteointegration of the implant
with the bone. This ensured no relative motion between
the device and the vertebral endplates. For the Prodisc C,
Secure-C, and Mobi-C devices, the contact between the
metal and polymer surfaces were modeled as a surface to
surface contact definition, with a coefficient of friction
of 0.3. For the Prestige LP, the surface to surface contact
definition was maintained between the two metal sur-
faces, and the coeflicient of friction was set at 0.1. Fig. 1
includes the coronal views of the spine implanted with the
all CDAs.

4. Load application

Flexion and extension bending moments were applied to
the spine to analyze the four CDAs. The procedure fol-
lowed the conventional methods, i.e., use a pure moment
loading to the intact spine, in both modalities. The pure
moment load levels were 2 Nm each in flexion and exten-
sion. We determined the overall range of motion (ROM)
of the spinal column. In other words, the C3-C7 motion
was obtained for the intact spine. Then, we determined
the bending moment in both modes to each CDA spine
that matches the ROM determined in the pure moment
condition for the intact spine. This was accomplished
by varying the applied moment until the overall column
ROM of the CDA-introduced spine reached the magni-
tude determined in the intact spine under pure moment
loading. The hybrid moment protocol was followed in this
present study. The overall and segmental ROMs, intradis-
cal pressures, and facet forces were obtained. Continu-
ously increasing combined loading may be a topic for
future study [17]. These data from the CDA spines were
used to compare the changes in the external and internal
biomechanical responses of the spine by normalizing with
respect to the intact spine using the following equation,
where parameter refers to ROM, intradiscal pressure, and
facet loads for each CDA.

(CDA magnitude-intact spine magnitude)

Normalized (parameter)=100x
(Intact spine magnitude)
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Results ]
107
1. Responses under pure moment
< 9]
In flexion, the C5-C6 and C6-C7 segments of the intact 8
spine responded with the greatest angulations, 10.7° and s 0
10.2°, while the C2-C3 and C7-T1 responded with the ‘.
lowest angulations, 8.0° and 8.7°. In extension, the C5-C6
segment responded with the greatest angulation of 6.0°, -101 02-3 03-4 CA_5 C5-6 C6-7
and the C2-C3 segment responded with the least angula- Segmental level
tion of 4.3°. The overall column motion, defined as the I Flexion: current study [ Flexion: Wheeldon et al. study

. » . o . I Extension: current study M Extension: Wheeldon et al. study
summation of each segment’s motion, was 56.6° in flexion

Fig. 2. Bar chart showing the segmental motions under flexion and extension

o : . .
and 30.0° in extension. Fig. 2 shows a bar chart of the for the intact spine along with standard deviations from experimental studies.

range of segmental motions at each level for both sagittal
bending moments.

2. Moments and range of motion responses under hy-
brid loading

Rostral

Sagittal bending moments required to achieve the overall

motion of the intact spine for the Secure-C, Mobi-C, Pro- Index

disc C, and Prestige LP in flexion were 1.8 Nm, 1.9 Nm,

1.8 Nm, and 2.3 Nm, and in extension they were 1.3 Nm,

1.4 Nm, 1.4 Nm, and 2.2 Nm, respectively. Fig. 3 illus- Caudal

Level-specific angular motion in flexion

trates changes in the motion responses of the four CDAs

concerning the intact spine in flexion at the rostral, index, -ZIO -1IU [Il 1|0 ZID 3|D 4IU

and caudal levels. The decreased normalized responses at Normalized change (%) with respect to intact spine

the caudal segment were 11.6% and 11.5% for the Mobi-C M Secure C M Mobi C M Prestige LP I Prodisc C

and Prestige LP, while they were 5.9% and 4.3% for the Fig.l3. qu chart showi.ng the normalized motions under flexion for different

cervical disk arthroplasties.

Prodisc C and Secure-C CDAs. At the rostral segment, de-

creases ranged from 5.4% for the Prestige LP to 7.2% for

the Mobi-C disk. At the index level, Mobi-C increased the

motion by 31.6%, Secure-C by 5.6%, and the Prestige LP

and Prodisc C increased by 15.5% and 14.5%, respectively.
Fig. 4 shows changes in the motion responses of the Rostral

CDAs concerning the intact spine in extension at the

three levels. At the rostral segment, motions decreased

by 18.8% and 17.2% for the Prodisc C and Mobi-C, while

they decreased by 15.7% and 12.5% for the Secure-C and

Prestige LP disks. At the caudal segment, decreases ranged

from 5.7% for the Prestige LP to 7.1% for the Prodisc C

device. At the index level, Secure-C increased the motion

by 48.1%, Mobi-C by 36.5%, and Prestige LP and Prodisc T T 1 T T T T 1
-20 -10 0 10 20 30 40 50
Normalized change (%) with respect to intact spine

M Secure C I Mobi C M Prestige LP Il Prodisc C

Fig. 4. Bar chart showing the normalized motions under extension for different
cervical disk arthroplasties.

Index

Caudal

Level-specific angular motion in extension

C increased by 26.5% and 35.5%, respectively.
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3. Intradiscal pressure responses under hybrid loading
protocol

Fig. 5 shows changes in the intradiscal pressure responses
of the four CDAs concerning the intact spine in the flex-
ion at adjacent levels. At the caudal segment, pressures
decreased by 13.6% for the Mobi-C, 4.5% for the Secure-C
and 3.3% for the Prodisc C, while it increased by 5.8% for
the Prestige LP device. At the rostral segment, decreases
ranged from 4.5% for the Mobi-C to 3.1% for the Secure-
C to 1.9% for the Prodisc C, while for the Prestige LP, disk
pressures increased by 5.7% compared to the intact spine.

Fig. 6 shows changes in the intradiscal pressure re-
sponses of the four CDAs with respect to the intact spine
in extension at the adjacent levels. At the rostral segment,
pressures decreased by 31.7% for the Mobi-C, 23.9% for
the Secure-C and 19.0% for the Prodisc C, while it in-
creased by 8.2% for the Prestige LP device. At the caudal
segment, the decreases ranged from 22.0% for the Mobi-
C to 17.5% for the Secure-C to 14.7% for the Prodisc C,
while for the Prestige LP, disk pressures actually increased
by 4.6% compared to the intact spinal column.

4. Facet force responses under hybrid loading

Fig. 7 shows changes in the facet forces responses of the
four CDAs concerning the intact spine in extension at all
levels. At the rostral segment, facet loads ranged from 76%
to 83% of the intact spine for all disks and at the caudal
segment, the outcome was similar (range, 78% to 87%).
At the index level, they increased by 2.04 to 3.20 times,
with the smallest increase in the Secure-C and the highest
increase in the Mobi-C device.

Discussion

1. Rationale for the modeling aspects of our study design

The objective of this research was to evaluate the respons-
es of FDA approved CDAs for single-level arthroplasty.
This study was initiated by a need to compare the biome-
chanical responses of four different types (constraint, de-
sign, and material) of CDAs directly, using a model with
full repeatability and not confounded by normal biological
variabilities that exist with in vivo human and human ca-
daver studies. While clinical studies provide information
on the outcomes, such as heterotopic ossifications and

Asian Spine ] 2021;15(3):283-293

Rostral
Caudal
T T T

Adjacent level disk pressure in flexion

I T T T
-15 -10 -5 0 5 10 15
Normalized change (%) with respect to intact spine
M Secure C M Mobi C M Prestige LP M Prodisc C
Fig. 5. Bar chart showing the normalized disk pressures under flexion for differ-
ent cervical disk arthroplasties.

Rostral

Adjacent level disk pressure in extension

Caudal

T T T T I T T
-40 -30 -20 -10 0 10 20
Normalized change (%) with respect to intact spine
M Secure C I Mobi C M Prestige LP Il Prodisc C

Fig. 6. Bar chart showing the normalized disk pressures under extension for dif-
ferent cervical disk arthroplasties.

Rostral

Caudal

Level-specific facet forces in extension

T T T T T T T
-0.50 0 0.50 1.0 1.5 2.0 25
Times with respect to the intact spine

M Secure C M Mobi C M Prestige LP Il Prodisc C

Fig. 7. Bar chart showing the increased facet loads with respect to the intact
spine for different cervical disk arthroplasties.
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ASD, segment/level-specific responses at the local compo-
nent level in the form of disk pressures and facet loads (bi-
column load-sharing biomechanics) cannot be extracted
from patient images or response questionnaires. Likewise,
human cadaver models also are relatively ineffective be-
cause it is necessary to introduce sensors (pressure gages
and load cells) to obtain bi-column data. Implanting load
cells compromise joint integrity, and also act as a second-
ary load path because load cells are more rigid than the
joint into which they are introduced. Furthermore, the
biological variability associated with cadavers makes it
difficult to compare the four CDAs without large sample
sizes and appropriately accounting for the inherent spine
morphologies. Finite element models can be exercised
repeatedly with full reproducibility and implantation of
various devices, and these considerations were used in the
current study of CDAs.

2. Background for selection of devices

The criteria for choosing the specific devices were as fol-
lows: (1) approval of the FDA for human implantation,
i.e., a device that is not currently undergoing clinical tri-
als; (2) approval for inserting the device to any segment of
the cervical spine; and (3) device types/features included
their constraining nature, implant material, and design.
The Prestige LP is an unconstrained device. The Prodisc C,
Mobi-C, and Secure-C are considered semi-constrained
devices. While the Mobi-C and Secure-C are triple-com-
ponent devices, the other two are double-component de-
vices. The Prestige LP is metal-on-metal, while the other
three are metal on polyethylene. Out of the four devices,
the Mobi-C and Prestige LP are approved by the FDA for
bi-level fusions. Because the other two are approved for
only single-level fusion, a single implant level was selected
to compare the results of each prosthesis properly. Also,
the study simulated surgery at C5-C6 because it is the
most commonly involved level. It would be, however, a
relatively straightforward exercise to simulate other types,
e.g., hybrid surgeries and bi-level CDA options, and this
will be considered for a future investigation topic.

3. Loading and output parameters
Flexion and extension bending moments were applied to

the cervical spine for the analysis of the four CDAs. The
procedure followed the conventional methods, i.e., apply a

pure moment loading to the intact spine, in both modali-
ties. The overall ROM of the spinal column was calculated.
Then, we determined the bending moment in both modes
to each CDA spine that matched the ROM determined in
the pure moment condition for the intact spine. In other
words, the hybrid moment protocol was followed in the
present study, a protocol also used in other studies [18-21].
While CDAs are used in the military, impact loads should
be studied because the population is subjected to activities
involving higher g-forces, routinely [22,23]. Current, re-
sults of angular motion and bi-column load-sharing at the
rostral and caudal segments, and motion and facet forces
at the index level, under clinically relevant loading modes,
form a comparison of the basic external and intrinsic
biomechanical responses of the spine with the four CDAs.
To our knowledge, this type of analytical comparison has
not been reported in the literature for these devices. As
expected, variations, and similarities in the biomechani-
cal parameters stem from individual characteristics of the
CDA itself. Acknowledging that any CDA’s ultimate goal
is to improve the patient’s quality of life and act as a su-
perior alternative to conventional ACDE in what follows,
these responses are interpreted in light of their design dif-
ferences [1,4,6,24,25].

The hybrid moments were highest for the Prestige
LP disk because of its metal to metal contact design, in
contrast to the other CDAs containing an intervening
polymer. This was true in both extension and flexion mo-
ments. Lower bending moments (<2 Nm) are required
to achieve the motion-controlled hybrid protocol magni-
tudes. Matching the overall column ROM for both pure
moment and hybrid protocols, for the Secure-C, Prodisc C,
and Mobi-C will reflect the relative softness of these three
CDAs as compared to the Prestige LP. The Prestige LP
device required a higher magnitude (2.3 Nm for flexion
and 2.2 Nm for extension). This is expected because of de-
sign differences, i.e., the metal to polymer versus metal to
metal interaction. These design differences, as discussed
below, contributed to the angular kinematics of the index,
rostral and caudal levels, and the bi-column load paths.

The present study was focused on motion in the sagit-
tal plane, as flexion-extension is common in day to day
activities, while the other modes also exist. Specifically,
concerning the cervical spine, motions are more coupled
between the axial rotation and lateral bending modalities
[26,27]. With flexion-extension, however, such coupling is
limited, and this was the primary reason for choosing this
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mode. While finite element analysis is useful to study the
response under axial rotation and lateral bending modes,
they are to be considered for future investigation.

4. Cervical disk arthroplasty-specific responses

1) Prestige LP

The most considerable change was the increased motion
at the index level under extension (26%), followed by flex-
ion (15%); however, the increase in the facet load-sharing
(3.1 times intact spine) at the index level was considerable.
These results suggest that the implant’s metal-on-metal
design is effective in increasing/preserving index level
mobility. However, it places an enhanced demand on the
posterior structures. The peak effect on the adjacent lev-
els was a 12% decrease in extension motion at the rostral
segment and a similar reduction at the caudal segment
in flexion. The 8% increase in disk pressure at the caudal
segment under extension is somewhat minimal (less than
10%), while the facet load-sharing decreased slightly in
both adjacent levels (approximately 15%). These findings
further suggest that this CDA also decreases the motion
and posterior column loads at adjacent levels, implying its
efficacy under sagittal moment loading conditions.

2) Prodisc C

The most considerable change was in the increased mo-
tion at the index level under extension (36%), followed
by flexion (15%); however, the increase in the facet load-
sharing (2.8 times intact spine) at the index level was con-
siderable. The peak effect on the adjacent level was a 19%
decrease in extension motion at the rostral segment and
minimal changes in the disk pressures and facet loads.
These results suggest that this CDA’s metal-polyethylene
design considerably increases index level mobility and
reduces rostral segment mobility, and changes in the bi-
column load-sharing are insignificant. Any potential im-
plications due to the sagittal moment loads may be biased
at the rostral segment.

3) Mobi-C

The changes in increased ROM at the index level of 37%
and 32% under extension and flexion, and facet load-
sharing (3.1 times intact spine) were considerable. The
peak effects on the adjacent level were 17% and 12% de-
creases in extension motion at the rostral and flexion mo-
tion at the caudal segments, and 22% and 14% decrease in
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disk pressures at the rostral segment under extension and
caudal segment under flexion. The changes in the facet
loads were, however, minimal. These results suggest that
the implant’s metal-polyethylene design changes all three
divisions of the spine with emphasis on the anterior col-
umn, i.e., disks.

4) Secure-C

The changes in increased ROM at the index level of 48%
and 24% under extension and flexion, and facet load-
sharing (twice intact spine) were considerable. The peak
effects on the adjacent level were 16% decreased motion
under extension at the rostral segment, and 24% and 17%
decrease in disk pressure at the caudal and rostral seg-
ments under extension with minimal changes in the facet
loads. These results suggest that the implant’s metal-poly-
ethylene design changes all three divisions of the spine,
with emphasis on the anterior column.

5. Evaluations of cervical disk arthroplasty responses

The most considerable change in the index level kinemat-
ics of all devices was in extension, although the changes
were symmetrical with the Mobi-C. The minimal changes
with the Prestige LP are due to the two-part and metal-
on-metal design that is in contrast to the metal on poly-
ethylene components of the other three CDAs. The most
considerable changes for the Mobi-C and Secure-C de-
vices are expected because they are of metal-polyethylene
designs that allow translation (1.0 and 1.25 mm, respec-
tively) and both allow more than 10° of sagittal motion.
The greater increase in Secure-C, of 48%, may be due
to the three moving components, i.e., sliding core with
spherical superior and cylindrical inferior cores, while the
relatively smaller increase in Mobi-C (37%) is attributed
to the partial surface area covered by the softer mobile
dome core.

Although the facet column load-sharing increased at
the index level in all CDAs (2 to 3 times more as com-
pared to the intact spine), the smallest increase occurred
in the Secure-C device. The sliding core may have acted
as a shield as compared to the other three devices that
had more substantial increases in posterior column load-
ing. Since increased load-sharing may suggest increased
demand over time, these results indicate the need to focus
on facet-related issues arising from flexion-extension
loading in the in vivo environment.
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At the adjacent levels, motion decreases for all devices
underscore the efficacy of CDA as compared to conven-
tional ADCF. The greater decreases in extension versus
flexion for the rostral segment in all devices suggest
increased stiffness under this mode. The Prestige LP re-
sponded with the least change due to its metal-on-metal
design, and this was true for both extension and flexion
modes. While the disk pressure changes were minimal in
flexion for all disks (less than 10%, except for the Mobi-C
caudal segment), under extension, the pressure decreased
further in the Mobi-C and Secure-C disks, while showing
minimal increases in the other two devices. The three-
piece design of these two devices may have contributed to
this phenomenon. The minimal changes in the facet loads
for all disks at both adjacent levels are suggestive of their
lesser role in influencing the adjacent posterior column
biomechanics.

6. Clinical relevance

Our study validates clinical observations and criteria ap-
plicable to CDA. Increased ROM and facet loading at the
index level in all four artificial disks support contraindica-
tions for arthroplasty: facet arthroplasty and instability.
Improper anchoring of the implants (mechanical keel
design or osteointegration) may lead to migration. Our
study validates one of the primary reasons for performing
arthroplasty, i.e., minimizing ASD while preserving mo-
tion at the index level. This is clinically important as ASD
can lead to future surgery. It is also essential for patient
education when obtaining consent for choosing CDA over
ACDE

Our study quantifies the reduction in ROM and facet
loading at the adjacent levels and provides objective data
as to how these disk prostheses differ in reducing ASD, via
quantification of intradiscal pressures. The reduction in
the pressure in the Bryan, Mobi-C, and Prodisc C devices,
as compared to the pressure increase found with the Pres-
tige LP, demonstrates the artificial disk design’s role on the
biomechanical responses of the cervical spine. The metal-
on-metal design of the Prestige LP resulted in this unique
finding as compared to the polymer-integrated designs.
This is clinically important because the adjacent disks may
be at a higher risk of degeneration with the metal-on-met-
al device, as compared to other artificial disks. In an era of
the increasing popularity of arthroplasty, spinal surgeons
need to understand the differing biomechanical responses

of various artificial disks. The direct clinical implications
should be discussed with the patient preoperatively.

7. Limitations

While differences in the responses were evident between
the four CDAs, the minimum percentage difference in
the outcome measures considered significant is more in-
volved. This is because the CDA’s performance depends
on the longitudinal and occupation-related exposures of
a specific patient, issues that were not considered herein.
Military patients are generally younger and healthier than
civilian patients, while at the same time; military patients
are exposed to more demanding loading situations. The
minimum percentage differences are, therefore, expected
to vary between the two populations, with a likely trend
toward a larger difference for the civilian application. Fu-
ture studies should include consideration of these factors.

Our study, focusing on the biomechanical response
evaluations of the four CDAs under physiological load-
ings, has significant clinical relevance. Mechanical load-
ing is a day to day event regardless of the status of the
spine, be it healthy, diseased, or CDA-implanted, as well
as patient occupation and demographics. As CDA is used
commonly in younger patients, an understanding of the
biomechanics is even more critical because loading effects
prevail for a longer life span. This is particularly true in
the military, as CDA procedures are performed to expe-
dite and facilitate an early return to duty. The soldiers’ op-
erational activities involve higher g-forces. For example,
wearing a helmet increases the axial load on the cervical
spine. It is critical to understand the responses of different
CDAs due to other types of mechanical loads. This study
focused on single-cycle loading, while the CDA's effects
on patient outcomes over time are longitudinal. Cyclic
loading requires consideration. Heterotopic ossification
is also an important issue because any osseous growth
around the implant compromises the original intent, in
that motion preservation will not be optimally achieved,
and ASD paralleling the ACDF procedure may be a result.
The authors are pursuing such topics with finite element
and experimental models to address these issues.

Conclusions

While all of the artificial cervical disks restored motion at
the index level, differences existed between CDAs regard-
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ing facet column load-sharing. Both intradiscal pressures
and facet column load-sharing depended on the type of
the CDA. Consideration of facet joint integrity should be
a factor in the clinical decision-making process for select-
ing the CDA. The metal-on-metal disk is different from
the metal on polymer designs, and factors such as the
allowance of anteroposterior translation are attributable
to these differences. The clinical relevance of these find-
ings is that they are helpful to the spinal surgeon in both
decision-making and patient education.
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