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Abstract: An ideal implantation of artificial cervical disc replacement (ACDR) prosthesis should preserve the cervical
biomechanics and maintain normal cervical biomechanics. In this study, we designed a novel prosthesis based on
the physiological curvature of the cervical endplate, and conducted an in vitro test with cadaveric cervical speci-
mens to study its effect on cervical range of motion (ROM) and facet contact force. Eighteen cadaveric cervical
specimens (C2-C7) were evaluated with a 50 N follower load and a moment of £ 2.0 N-m. Testing conditions were as
follows: control (group 1), C5-C6 ACDR with a novel prosthesis (group 2), C5-C6 ACDR with the Prestige LP prosthesis
(group 3) and C5-C6 cervical discectomy and fusion (ACDF) with cage internal fixation (group 4). The range of motion
(ROM) of all segments and facet joint contact force were measured and analyzed. The results showed that there was
no significant difference among the group 1, 2 and 3 in terms of ROM (P>0.05). The ROM of C5-C6 in the group 4
showed a significant decrease compared with the group 1, 2, and 3 (P<0.05). The group 2 had a similar facet joint
force with the group 1, and there is no statistical difference among the group 1, 2 and 3 (P>0.05). The facet joint
force of C5-C6 in the group 4 reduced significantly compared with the other groups (P<0.05). In conclusion, both
novel cervical prosthesis and Prestige LP could better preserve the normal cervical ROM and maintain facet joint

force than ACDF.
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Introduction

Artificial cervical disc replacement (ACDR) has
been extensively used for treating cervical
spondylosis in the recent years. Compared with
anterior cervical discectomy and fusion (ACDF),
it has advantages like maintaining cervical bio-
mechanics like range of motion (ROM), intradis-
cal pressure and facet joint contact pressure
[1-4] while achieving spinal cord decompres-
sion. However, there are also some studies sug-
gesting that ACDR could cause complications
like subsidence, dislocation, heterotopic ossifi-
cation, etc. [5-8]. Ideally, the implantation of
the ACDR prosthesis should preserve the cervi-
cal biomechanics to reduce these complica-
tions, and to maintain normal cervical biome-
chanics are the objective of prosthesis design.

Most of the current available cervical disc pros-
theses present a flat surface. For example, the

Prestige LP prostheses (Medtronic Sofamor
Danek Inc, MN, USA) have a ball-in-trough artic-
ulation, which allows unconstrained motion
similar to the normal physiologic motion at the
treated level and adjacent levels, they have
achieved good clinical outcomes and have been
applied around the world [9, 10]. As the mor-
phology of endplates of the cervical spine is
convex [11], the prostheses with flat surface
could cause mismatch and consequent uneven
load distribution on their interface, which could
be an important cause of complications [12].
Due to this reason, careful preparation of the
endplate of cervical vertebra during operation
is required to match the prosthesis with flat sur-
face. In this case, a design of prostheses with
convex surface could better match the physio-
logical curvature of the endplate. And hence we
designed a novel artificial disc prosthesis based
on the physiological convex of cervical end-
plate, with the advantage of maintaining the
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Figure 1. The novel prosthesis (A) and Prestige LP prosthesis (B). The novel
prosthesis has convex shaped porous Ti6AI4V structure endplate.

integrity of the vertebral endplate and increas-
ing the contact area between the prosthesis
and endplate.

To date, many studies have defined the effects
of ACDR on the mechanics at the cervical ROM
and intradiscal pressure [9, 13-15], and few
have investigated the effects of ACDR on the
facet joints [16-18]. As facet joints are impor-
tant for the mechanical transmission and
three-dimensional motion of the spine, facet
contact force is an important index for biome-
chanical study. In the current study, we tested a
novel cervical disc prosthesis in vitro with
cadaveric cervical specimens and mainly fo-
cused on its effect on the cervical ROM and
facet contact force.

Materials and methods
Device design

The novel prosthesis has the ball in socket joint
design similar to the Prestige LP prosthesis.
The superior and inferior plates are convex
shaped with a porous Ti6AI4V structure, which
can better match the vertebral endplate anato-
my and enlarge the contact area. There are
three dentate crests on each plate to improve
the initial stability of the prosthesis and avoid
implant migration. Porous structure could allow
bone ingrowth to the plates (Figure 1).

Specimen preparation

Eighteen fresh-frozen human cadaveric cervi-
cal spines (C2-T1) were used in the biomechani-
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cal test. Radiographs were
taken first to exclude flaws
like cervical trauma, deformi-
ty, obvious degeneration, and
osteoporosis, etc. The speci-
mens were kept at -20°C in
double-sealed bags, and they
were thawed to room temper-
ature 10-16 hours before
preparation. Muscular and
fascia tissues were removed,
and vertebra, intervertebral
disc, ligament and facet cap-
sules were entirely preserved.
The proximal (C2) and distal
(T1) ends of the specimen
were embedded in polymeth-
ylmethacrylate for stabiliza-
tion.

Firstly, 6 of the 18 specimens were randomly
chosen as group 1 to test the ROM and facet
contact force in the intact condition, the the 18
specimens were divided into group 2, 3 and 4
with 6 specimens per group. The specimens in
the group 2 were implanted with the novel pros-
thesis, the specimens in the group 3 were
implanted with the Prestige LP prosthesis, and
the specimens in the group 4 were treated with
cage internal fixation (Figure 2). The prosthesis
(novel prosthesis, Prestige LP prosthesis and
cage) height chosen was based on the anatomy
of each specimen, and 5-mm, 6-mm, and
7-mm-height prostheses were used in different
specimens. The complete disc discectomy of
C5-C6 was performed as described by Lou et
al. [15], and this segment is where prosthesis
implantation most frequently performed [18].
Final position of implantation in the C5-C6 disc
space was checked using lateral fluoroscopy
(Figure 3).

Three-dimensional motion testing

Three-dimensional motion testing was conduct-
ed with an optical tracking system (Motion
Analysis Co., USA). Kirschner wires with a diam-
eter of 2 mm were inserted into the vertebral
body, bilateral transverse process and spinous
process of each vertebral body of the speci-
men, with a non-collinear optical marker con-
necting to the end, and it could be detected by
the optical tracking system. Three-dimensional
motion testing was performed by applying an
axial preload of 50 N to the C2 vertebra to sim-
ulate head weight, and a pure moment of + 2.0
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Figure 2. The specimens in the different conditions, wires with tracking marker can be seen within the vertebral
bodies. (A) intact, (B) C5-C6 ACDR with novel prosthesis, (C) C5-C6 ACDR with Prestige LP prosthesis, (D) C5-C6
ACDF with cage and fixation.

Ll

Figure 3. Radiographs of different implanted specimens. (A) C5-C6 ACDR with novel prosthesis, (B) C5-C6 ACDR with
Prestige LP prosthesis, (C) C5-C6 ACDF with cage and flxatlon

N-m was applied to simulate flexion-extension
(FE), lateral bending (LB) and axial rotation (AR),
the data of the third cycle were used for analy-
sis [9, 19, 20]. During the biomechanical tests,
all specimens were moistened with normal
saline to prevent desiccation.

Facet contact force

Facet contact force was tested with the pres-
sure measuring sensors (Tekscan, Inc., USA).
After resecting the left joint capsule of C4-C5,
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C5-C6 and C6-C7 in all specimens, the sensors
were placed into the facet joint (Figure 4). Facet
joint maximum contact forces were recorded
on the third cycle under 2.0 N-m load for each
of the three primary bending directions (AR, LB,
extension) [21]. During each test phase, a con-
stant compression preload of 50 N was applied.
Flexion was excluded from force analysis since
it can unload cervical facet joints within physi-
ological ROM [22]. The pressure data were con-
stantly recorded on the computer.
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Figure 4. Pressure sensing transducers can be seen
within the facet joints at the C3-C7 levels.

Statistical analysis

SPSS 19.0 software (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. Mean
values and standard deviations were deter-
mined for each parameter. One-way ANOVA was
used to determine the statistical differences in
groups. A value of P<0.05 was considered sta-
tistically significant.

Results
ROM

The ROMs in three motion directions were
always recorded at the maximal loading of + 2
Nm. Total ROM of flexion-extension was 42.83°
+ 2.78° in the group 1, 42.96° + 2.12° in the
group 2, 43.34° + 2.25° in the group 3 and
33.59° £ 2.11° in the group 4; for lateral bend-
ing, the ROM was 38.16° + 2.89° in the group
1, 39.64° + 2.28° in the group 2, 40.57° *
2.15° in the group 3 and 33.3° + 2.08° in the
group 4; for axial rotation, the ROM was 36.76°
+ 2.14° in the group 1, 38.15° + 2.22° in the
group 2, 39.73° + 2.43° in the group 3 and
32.69° £ 2.35° in the group 4. There was no
statistical difference in terms of the ROM
among different directions within the group 1, 2
and 3 (P>0.05), but there was a significant
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decrease in the group 4 (P<0.05). The ROMs of
each segment in the 4 groups were listed in
Table 1. The ROMs of each segment among the
group 1, 2 and 3 showed no statistical differ-
ence (P>0.05). And the ROMs of C5-C6 in the
group 4 were significantly lower than those in
the group 1, 2 and 3 (P<0.05).

Facet joint contact force

During flexion, right bending and left rotation,
the facet joints dissociate and the pressure is
taken as ON, while the maximal facet joint force
during extension, left bending and right rotation
in the four groups were recorded (Figure 5). The
group 2 showed a similar facet joint force with
the group 1, and there was no statistical differ-
ence among the group 1, 2 and 3. In the group
4, the maximal facet joint force at C5-C6 seg-
ment in extension, left bending and right rota-
tion was 6.9 N, 13.4 N and 5.9 N, respectively,
significantly lower than the other groups
(P<0.05). And the group 2 had a similar facet
joint force with the group 1.

Discussion

ACDR has become a successful surgery meth-
od for cervical spondylosis, as it can better pre-
serve the cervical biomechanics. So far, there
are a number of artificial cervical disc prosthe-
ses for clinical use. Due to the different designs
and structures of the prostheses, complica-
tions like adjacent segment degeneration and
prosthesis subsidence have been reported
[5-8, 23], suggesting that ACDR also had the
problem of biomechanical mismatch. In this
situation, we designed a novel artificial cervical
disc prosthesis. After being implanted into the
human spinal specimens, we tested the ROM
and facet joint contact force on adjacent seg-
ments to assess the biomechanical function of
this novel prosthesis.

To preserve the normal ROM of the surgical
segment is the key to maintaining cervical bio-
mechanics for ACDR. There are still controver-
sies using displacement controlled versus load-
controlled protocol during the cervical ROM
test in vitro [24]. The load-control testing mode
may appear more physiologically representa-
tive as the weight of the head and muscle forc-
es inthe neck presumably do not change before
and after surgery [9, 15]. Hence, in the current
study, we used load-controlled protocol for bio-
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Table 1. The segment ROM in flexion, extension, lateral bending and axial rotation

Group Segment Flexion Extension Left IaFeral Right Iqteral Left qxial Right gxial
bending bending rotation rotation

Group 1 C4-C5 6.59 4.7 4.7 5.43 6.1 6.32
C5-C6 5.44 4.66 4.68 4.13 5.64 7.16
C6-C7 6.01 5.53 5.43 4.46 5.32 6.22

Group 2 C4-C5 6.65 451 5.16 5.53 6.58 8.01
C5-C6 5.8 5.22 5.25 5.09 5.83 7.01
Ce-C7 5.91 5.07 5.16 4.33 5.38 6.06

Group 3 C4-C5 6.66 4.52 5.18 5.53 6.59 8.01
C5-C6 6.02 5.44 5.46 5.32 6.04 7.26
C6-C7 6.12 5.28 5.36 4.47 5.59 6.27

Group 4 C4-C5 6.31 4.9 5.54 5.76 1.7 8.52
C5-C6 1.52* 1.21% 1.72* 0.99* 1.29%* 1.76*
C6-C7 6.06 4.49 5.51 4.67 6.25 717

Compare with other groups, *P<0.05.
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Figure 5. The facet joint contact force at C4-C5, C5-C6, C6-C7 segments in different groups.

mechanical tests. We adopted a 50 N follower
load to increase clinical practicability, and
applied a moment loading of 2 N-m to simulate
the physiological ROM [21, 25].

The Prestige LP prosthesis could well preserve
the ROM of the surgical segment and adjacent
segments [10]. Similarly, our in vitro study
found no statistical difference in flexion-exten-
sion, lateral bending and axial rotation among
C4-Ch, C5-C6 and C6-C7 segments between
the two ACDR prostheses, which could be
explained by the similar joint structure of the
two prostheses. Compared with the group 1,
the two ACDR groups (group 2 and 3) slightly
increased in C5-C6 segment, while the ROMs
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of the adjacent segments of C4-C5 and C6-C7
did not change significantly, which indirectly
indicated that the incidence of adjacent seg-
ment disease might be reduced after ACDR. In
group 4, the ROM in each direction showed sig-
nificant decrease while that in the adjacent
segments showed slight increase with no sta-
tistical difference. After ACDF, there would be a
compensatory increase in the ROM of the adja-
cent segments, which could be one of the
causes of accelerating degeneration of the
adjacent segments. While Rao et al. found no
significant increase in the ROM of the adjacent
segments after ACDF, and they suggested that
degeneration of the adjacent segment would
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be a natural course of cervical spondylosis
[26].

Cervical facet joint constitutes the spinal canal
and the posterior wall of intervertebral foram-
ina. The spinal cord and nerves could be com-
pressed due to facet joint degeneration and
cause neurologic symptoms. In addition to par-
ticipating in cervical motor function, facet joints
also bear nearly 30% of the load of cervical ver-
tebra [27]. The facet joint maintains cervical
stability by resisting compression and axial
shear. Abnormal changes in facet joint pres-
sure can lead to facet joint degeneration, pain
and neurological symptoms. Destruction of the
facet joint could also increase the stress in
annulus fibrosus and cervical ROM [28]. In the
current study, we directly measured the facet
joint force by placing the Tekscan pressure sen-
sor into the facet joint and the computer could
record the stress distribution, which is more
direct and accurate than other methods to
measure the facet joint force. We only placed
the pressure sensor unilaterally, which could
avoid the problem of disturbed stability due to
bilateral facet capsule incision. We found that
after C5-C6 ACDR, the ROM of the surgical seg-
ment was preserved, and the facet joint force
change in every direction showed no statistical
difference among the novel prosthesis group,
the Prestige LP group and the control group.
But a marked decrease in the facet joint force
change in flexion, left bending and right rota-
tion could be observed in the cage internal
fixation group compared with the other three
groups (P<0.05). Some studies suggest that
abnormal decrease in the facet joint force could
also accelerate the facet joint degeneration, as
it could cause enlargement of the facet capsule
and hence the facet joint and the surrounding
tissue could be more vulnerable [28]. Compared
with ACDF, our novel prosthesis and the
Prestige LP could better maintain the fact joint
force and delay the facet joint degeneration,
and the novel prosthesis showed more similar
stress with the intact group. Consistently, in
vitro studies on the biomechanics of ACDR also
suggested that ACDR could maintain the nor-
mal force of the facet joint [17, 29].

There are some limitations in the current study.
As the measurement of the facet joint force
requires incision of the facet joint capsule, it
could destroy the integrity of the cervical spine
and cause changes in the cervical ROM and
facet joint force. And the intradiscal pressure
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needs to be tested in the future. As the human
spinal specimens are difficult to obtain, we only
applied a limited number of samples, and stud-
ies with larger sample sizes and clinical studies
would be necessary.

In conclusion, this in vitro study suggested that
both novel cervical prosthesis and Prestige LP
could preserve the normal cervical ROM and
facet joint force than ACDF.
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