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Kinematics of Cervical Total Disc Replacement
Adjacent to a Two-Level, Straight Versus

| ordotic Fusion

Shelden Martin, MD,* Alexander J. Ghanayem, MD,*t Michael N. Tzermiadianos, MD, *+
Leonard I. Voronov, MD, PhD,*t Robert M. Havey, BS,*t Susan M. Renner, PhD,t
Gerard Carandang, MS,t Celeste Abjornson, PhD,# and Avinash G. Patwardhan, PhD,*+

Study Design. /n vitro biomechanical study.

Objective. To characterize cervical total disc replacement (TDR)
kinematics above two-level fusion, and to determine the effect of
fusion alignment on TDR response.

Summary of Background Data. Cervical TDR may be a
promising alternative for a symptomatic adjacent level after prior
multilevel cervical fusion. However, little is known about the TDR
kinematics in this setting.

Methods. Eight human cadaveric cervical spines (C2-T1, age: 59
+ 8.6 years) were tested intact, after simulated two-level fusion (C4—
C6) in lordotic alignmentand then in straight alignment, and after C3—
C4 TDR above the C4—C6 fusion in lordotic and straight alignments.
Fusion was simulated using an external fixator apparatus, allowing
easy adjustment of C4—C6 fusion alignment, and restoration to intact
state upon disassembly. Specimens were tested in flexion-extension
using hybrid testing protocols.

Results. The external fixator device significantly reduced range of
motion (ROM) at C4-C6 to 2.0 = 0.6°, a reduction of 89 = 3.0%
(P < 0.05). Removal of the fusion construct restored the motion
response of the spinal segments to their intact state. The C3-C4 TDR
resulted in less motion as compared to the intact segment when the
disc prosthesis was implanted either as a stand-alone procedure or
above a two-level fusion. The decrease in motion of C3—-C4 TDR
was significant for both lordotic and straight fusions across C4-C6
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(P < 0.05). Flexion and extension moments needed to bring the
cervical spine to similar C2 motion endpoints significantly increased
for the TDR above a two-level fusion compared to TDR alone (P <
0.05). Lordotic fusion required significantly greater flexion moment,
whereas straight fusion required significantly greater extension
moment (P < 0.05).

Conclusion. TDR placed adjacentto a two-level fusion is subjected
to a more challenging biomechanical environment as compared to
a stand-alone TDR. An artificial disc used in such a clinical scenario
should be able to accommodate the increased moment loads
without causing impingement of its endplates or undue wear during
the expected life of the prosthesis.

Key words: cervical spine, fusion, total disc replacement, spine
biomechanics. Spine 2011;36:1359-1366

nterior cervical discectomy and fusion has been the

gold standard for treatment of cervical disc disease

and has been associated with high fusion rates and ex-
cellent clinical outcomes.'” Evidence, however, suggests that
altered mechanics occur at levels adjacent to long cervical fu-
sions resulting in higher stress, hypermobility, and increased
intradiscal pressures.®!! This has been associated with the
finding that levels adjacent to cervical fusions undergo accel-
erated degenerative changes.'>'3 Cervical total disc replace-
ment (TDR) has been proposed as an alternative to fusion to
prevent adjacent segment degeneration.

The theoretical rationale for TDR as an alternative to ar-
throdesis is the avoidance of junctional degeneration by pres-
ervation of motion and by maintenance of normal sagittal
alignment and balance at the instrumented segment. In sup-
port of this rationale, clinical and biomechanical studies have
demonstrated that TDR preserves motion.'*

There is a concern that performing a cervical disc arthro-
plasty adjacent to multilevel cervical fusion may affect the me-
chanics of the disc prosthesis and this altered biomechanical
environment could lead to accelerated wear of the prosthesis.
Hypermobility of a cervical TDR has been shown clinically
with subluxation of the prosthesis next to a two-level fusion.?
Although cervical disc arthroplasty is being performed clini-
cally in this setting, to our knowledge the question of whether
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this is a favorable environment for an artificial cervical disc

replacement has not been studied. Thus, the purpose of this
study was to investigate the kinematics of a TDR next to a
two-level cervical fusion by asking three primary questions.
(1) Does a stand-alone TDR at C3-C4 restore physiologic mo-
tion as compared to an intact C3-C4 level? (2) Does a TDR
alone at C3-C4 behave differently versus a TDR above a two-
level fusion? (3) Does the alignment (straight vs. lordotic) of a
two-level fusion alter the kinematics of an adjacent level TDR?

MATERIALS AND METHODS

Specimens and Experimental Setup

Eight fresh frozen human cadaveric cervical spine specimens
(C2-T1; six male, two female; age: 59.0 = 8.6 years) were
used for this study. Radiographic screening was performed to
exclude specimens with fractures, metastatic disease, bridging
osteophytes, or other conditions that could significantly affect
the biomechanics of the spine. The specimens were thawed
and stripped of the paraspinal musculature while preserving
the discs, facet joints, and osteoligamentous structures.

The C2 and T1 vertebrae were mounted in cups using me-
tallic pins and then potted with bone cement in neutral upright
alignment. The concept of follower load was used to apply a
compressive load to the specimens during flexion-extension?!
(Figure 1A and B). The compressive preload is applied along
a path that follows the lordotic curve of the cervical spine.
By applying a compressive load along the follower load path,
the segmental moments and shear forces due to the preload
application are minimized. This allows the spine to support
physiologic compressive preloads without damage or insta-
bility.?! The follower load cable guides were attached with
4.0 mm cancellous screws (Synthes, Paoli, PA) placed into
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Figure 1. Experimental set-up. (A)
Schematic presentation showing
a TDR implanted above a simu-
lated two-level fusion from C4-
C6. (B) Cervical spine specimen
(C2-T1), showing optoelectronic
sensors for motion measurement,
follower load cable, and guides
for the application of compres-
sive preload.

the lateral masses of C3—C7 bilaterally. To apply a follower
preload, loading cables were attached bilaterally to the top
cup. The cables passed freely through the adjustable guides
and were connected to loading hangers under the specimen.
The cable guides allowed anteroposterior adjustment of the
follower preload path to ensure the cables pass through the
sagittal plane center of rotation of each motion segment.

The motion of each vertebra relative to the potted T1
vertebra was measured using an optoelectronic motion mea-
surement system (Model 3020, Optotrak, Northern Digital,
Waterloo, Ontario, Canada). Biaxial angle sensors (Model
902-45, Applied Geomechanics, Santa Cruz, CA) were
mounted on each vertebra to allow real-time feedback for the
optimization of the follower preload. A six-component load
cell (Model MC3A-6-250, AMTI Inc, Newton, MA) was
placed under the specimen to measure the applied load.

A novel external fixator fusion construct (Figures 1A
and 2) was then applied by inserting fully threaded 3.5 mm
Steinmann pins bilaterally from posterior to anterior through
the lamina and vertebral bodies at the C4-Cé6 levels. Six cus-
tom made adjustable connectors were placed bilaterally, both
anteriorly and posteriorly, over the Steinmann pins. Through
vertical holes in the connectors, four smooth 2-mm steel rods
were placed vertically bilaterally, both anteriorly and pos-
teriorly. Set screws in the connectors allowed tightening of
the connectors to the Steinmann pins and the smooth steel
rods, thereby locking the entire construct. Assembly of this
construct allowed easy adjustment of C4-Cé6 lordosis, while
disassembly allowed restoration of the intact state of the spec-
imen. Furthermore, this construct allowed testing of TDR
alone, fusion alone, and TDR above fusion of different align-
ments using a combination of load-control (*1.5 Nm) and
displacement-control (DC) test protocols.
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Figure 2. TDR at C3-C4 above a two-level simulated fusion.

Experimental Protocol
Specimens were tested using a combination of load-control
and DC test modes depending on the protocol step (Table 1).
The load-control test mode simulated a clinical scenario in
which the patient’s spine would be subjected to the same loads
(moment and preload) before and after a surgical procedure.
The DC test mode simulated a postoperative clinical scenario
in which the patient would attempt to reproduce the preop-
erative flexion and extension endpoints of the cervical spine.

Two DC test conditions were used in the various steps of
the experimental protocol: (1) The flexion and extension end-
points of the intact spine (DC-intact) and (2) The flexion and
extension endpoints of a cervical spine specimen with a two-
level lordotic fusion across C4-C6 (DC-fusion).

Specimens were tested in the following sequence:

(1) The intact specimen was tested to =1.5 Nm in flexion
and extension under 150 N follower preload. The
flexion and extension endpoints of the C2 vertebra
were determined using the angle sensors mounted on
the upper cup (holding the C2 vertebra). These served
as the motion endpoints for one of the two DC condi-
tions (DC-intact).

(2) A simulated two-level lordotic fusion across C4-Cé6
was then performed using the external fixator fu-
sion construct described earlier and was tested in a
load-control protocol. The lordotic fusion alignment
was set by locking the external fixator in a position
that held the C4-Cé6 fusion at 3.5° lordosis from the
neutral resting posture of that particular specimen.

Test Protocol

Test Mode
Protocol Load-Control | Displacement-
Step Surgical Procedure (LC) (Nm) Control (DC) Outcome Measures
1 Intact spine +1.5 Segmental motions; C2 flexion-extension endpoints
(DC-intact)
2 C4-C6 lordotic fusion +1.5 Segmental motions; C2 flexion-extension endpoints
(DC-lordotic fusion)
3 Removal of fusion DC-lordotic fusion | Segmental motions; flexion and extension moments
4 C4-C6 straight fusion DC-lordotic fusion | Segmental motions; flexion and extension moments
5 TDR at C3-C4 above DC-lordotic fusion | Segmental motions; flexion and extension moments
straight fusion
6 TDR at C3-C4 above DC-lordotic fusion | Segmental motions; flexion and extension moments
lordotic fusion
7 Removal of fusion, TDR +1.5 Segmental motions
at C3-C4 alone
8 TDR at C3-C4 alone DC-intact Segmental motions; flexion and extension moments
9 TDR at C3-C4 alone DC-lordotic fusion | Segmental motions; flexion and extension moments
LC indicates load-control; DC, displacement-control.
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The degree of lordosis was adjusted using real-time
data from the angle sensors. The flexion and extension
endpoints of the C2 vertebra were determined under
flexion-extension moments of =1.5 Nm. These served
as the endpoints for the second DC condition (DC-
lordotic fusion).

(3) The fusion construct was removed and the spine
allowed to return to its natural resting posture and
tested in DC mode to reach the same flexion and
extension endpoints as the specimen with a two-level
lordotic fusion (DC-lordotic fusion).

(4) A straight fusion (3.5° kyphosis from neutral posture
of the spine but not overall kyphotic) was then ap-
plied and tested in DC using the flexion and extension
endpoints of the specimen with a two-level lordotic
fusion (DC-lordotic fusion).

(5) A TDR was then performed using the ProDisc-C artifi-
cial disc replacement (Synthes, Paoli, PA) according to
manufacturer specifications at the C3-C4 level, above
the simulated two-level straight fusion (Figure 2). This
construct was tested in DC mode using the flexion and
extension endpoints of the specimen with a two-level
lordotic fusion (DC-lordotic fusion).

(6) Next, the TDR at C3—C4 was tested above a two-level
lordotic fusion in DC mode (DC-lordotic fusion).

(7) The fusion was then removed and the stand-alone
TDR was tested in load-control mode to £1.5 Nm in
flexion-extension.

(8) The stand-alone TDR was then tested in DC mode
using the flexion and extension endpoints of the intact
spine (DC-intact).

(9) Finally, the stand-alone TDR was tested in DC using
the flexion and extension endpoints of the spine with a
two-level lordotic fusion (DC-lordotic fusion).

DATA ANALYSIS

The data were analyzed to obtain the angular range of mo-
tion (ROM) in flexion-extension at each cervical segment in
each tested condition. In addition, flexion and extension mo-
ments were measured for the DC test conditions. The statisti-
cal analysis was performed using repeated-measures analysis
of variance (ANOVA, Systat Software Inc, Richmond, CA).
Post hoc tests were done where indicated by ANOVA results
using Bonferroni correction for multiple comparisons. The

level of significance was set as Bonferroni-adjusted two-tailed
a = 0.0S.

Validating the Two-Level Fusion Construct

The following ROM comparisons were made to assess the
adequacy of the method utilized in this study to simulate a
two-level fusion with the use of the external fixator fusion
construct:

(1) C4-C6 in the intact spine (step 1) versus C4-Cé6
lordotic fusion (step 2); both conditions were tested in

load-control to £1.5 Nm moment endpoints and
1362  www.spinejournal.com

(2) C4-Cé6 in the intact spine (step 3) versus C4-C6 straight
fusion (Step 4); both conditions were tested in DC to
the same flexion and extension motion endpoints.

To assess whether the removal of the stabilization appara-
tus restored the spine’s motion response to its intact state, we
compared the following:

(3) C4-C6 in the intact spine (step #1) versus C4-Cé6 after
removal of the fusion construct (step #7). Both condi-
tions were tested in load-control where all segments
experienced the same *1.5 Nm moment. The mo-
tion response of a segment under load-control should
remain unaffected in the absence of any alteration
to the disc, facet joints, and ligamentous structures
of the segment.?? Therefore, since no such alteration
were made at C4-Cé6, the ROM of these segments in
the load-control experiment should not be affected by
the presence of a TDR at C3-C4 as was the case for
protocol step 7.

As the statistical analyses of C4-C6 ROM motion involved
three comparisons, Bonferroni correction for three compari-
sons was applied when evaluating statistical significance.

We also assessed the effect of the two-level fusion proce-
dure on the motion of the remaining mobile segments. This
required a comparison of motions at C2-C3, C3-C4, C6-C7,
and C7-T1) when the specimens with and without the two-
level fusion were tested to the same flexion and extension mo-
tion endpoints (protocol steps 2 vs. 3).

Assessment of C3—-C4 TDR Performed Alone Versus
Above a Two-Level Fusion
The following comparisons were made:

(1) ROM of C3-C4 in the intact spine (step 1) versus
C3-C4 TDR after the removal of the fusion construct
(step 7); both conditions were tested in load-control to
+1.5 Nm moment endpoints.

(2) ROM of intact C3—C4 above a lordotic fusion (step 2)
versus C3—-C4 TDR above a lordotic fusion (step 6);
both conditions were tested in DC to the same flexion
and extension motion endpoints.

(3) ROM of intact C3—C4 above a straight fusion (step 4)
versus C3—C4 TDR above a straight fusion (step 5);
both conditions were tested in DC to the same flexion
and extension motion endpoints.

As the statistical analyses of C3-C4 ROM motion involved
three comparisons; Bonferroni correction for three compari-
sons was applied when evaluating statistical significance.

We also compared the moment loads required to reach the
same flexion and extension endpoints in the DC tests for the
following conditions:

(1) C3-C4 TDR alone (step 8) versus intact (step 1).

(2) C3-C4 TDR above a lordotic fusion (Step 6) versus
C3-C4 TDR alone (step 9).

(3) C3-C4 TDR above a straight fusion (step 5) versus

C3-C4 TDR alone (step 9).
August 2011
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Figure 3. Effect of two-level fusion on the motion of cervical segents.
(A) Load-control test where the specimens with and without the two-
level fusion were tested to the same flexion and extension moments
of 1.5 Nm. (B) Displacement-control test where the specimens were
tested to the same flexion and extension motion endpoints. The fu-
sion construct allowed adequate reduction of segmental motion across
C4-C5 and C5-C6, with compensatory increase in motion at other
segments, apparent in the displacement-control test. *Indicates statisti-
cally significant difference from intact value (P < 0.05).

As the statistical analyses of moment data involved three
comparisons, Bonferroni correction for three comparisons
was applied when evaluating statistical significance.

RESULTS

Effect of Simulated Fusion on Motion

Restriction at C4-C6

The fusion construct allowed adequate reduction of segmen-
tal motion across C4-C6 under the loads used in the study. In
the two-level lordotic fusion simulation, the C4-C6 ROM in
flexion-extension was reduced from 18.7 = 6.7°t0 2.0 = 0.6°
(P < 0.05), a reduction of 89 = 3.0% when the specimens
were tested in load-control to 1.5 Nm (Figure 3A). A similar
significant reduction in C4-Cé6 motion of 84 = 2.8% (P <
0.05) was also seen when the specimens were tested in DC to

Spine

C3-C4 Load-Displacement Curves for Specimen #4
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4 b: TDR
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Figure 4. Load versus displacement response of the C3—C4 segment—
intact and after TDR. Load versus displacement curves for a stand-alone
TDR versus intact C3—C4 are shown in the top panel, whereas the mid-
dle and lower panels show the response of the intact C3—-C4 and TDR
above a two-level (C4-C6) lordotic and straight fusion, respectively.

the same flexion and extension endpoints of the C2 vertebra
(Figure 3B).

Effect on Adjacent Mobile Segments

All mobile segments (C2-C3, C3-C4, C6-C7, and C7-T1)
experienced compensatory increases in motion (P < 0.05)
when the specimens with and without the two-level fusion
were tested to the same flexion and extension motion end-
points (Figure 3B). The mobile segments also experienced
a small increase in motion under the load-control protocol
where the specimens with and without the two-level fusion
were tested to the same flexion and extension moments of
1.5 Nm (Figure 3A). However, the increase in motion at each
mobile segment was significantly greater when the specimens
were tested to the same flexion and extension motion end-
points (DC test) (P < 0.05).

Effect of Removal of Fusion Construct

Removal of the fusion construct restored the motion response
of the spinal segments to their intact state, validating the “re-
versibility” achieved with this technique from the stabilized
condition to the intact condition. This was verified by com-
paring the total flexion-extension ROM at C4-C6 in the in-
tact state (18.7 +6.7°) to that measured after removing the
fusion construct (19.6 = 6.1°). The C4-C6 ROM increased
by 0.9 = 0.9°% however, the small increase was well within the
specimen variability in the samples used in this study and was
not statistically significant (P > 0.05).
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Figure 5. Motion of C3-C4 TDR above the two-level (C4-C6) fusion-—
intact and after TDR. Mean values and one standard deviation bars are
shown. *Indicates statistically significant difference from intact value
(P <0.05).

Motion of C3-C4 Arthroplasty: Stand-Alone and
Above a Two-Level Fusion
Flexion-extension ROM at the C3-C4 level was 10.8 =
2.5° in the intact spine under load-control (+1.5 Nm) with a
compressive preload of 150 N. The motion of a stand-alone
TDR at C3-C4 (in the absence of fusion at subjacent levels) was
8.8 = 3.0° (P = 0.12, compared to intact) (Figure 4, top panel).
In the DC test where the specimens reached the same flex-
ion and extension motion endpoints, C3—C4 TDR above the
C4-Cé6 fusion yielded less motion when compared to intact
C3-C4 above the two-level fusion (Figure 4, middle and low-
er panels). The decrease in motion of C3-C4 TDR was sig-
nificant for both lordotic and straight fusions across C4-Cé
(P < 0.05) (Figure 5), and was associated with a compensa-
tory increase in motion at the adjacent C2-C3 segment for
both lordotic and straight fusions (P < 0.05).

Spine Loads after C3—C4 Arthroplasty: Stand-Alone
and Above a Two-Level Fusion

Flexion and extension moments needed to bring the cervical
spine to similar C2 motion endpoints significantly increased
for the TDR above a two-level fusion compared to TDR
alone (P < 0.05). The average flexion moment for the TDR
above a straight fusion was significantly lower than the flex-
ion moment for the TDR above a lordotic fusion (1.14 =
0.28 Nm vs. 1.53 * 0.37, P < 0.05). Conversely, the average
extension moment for the TDR above a straight fusion was
significantly greater than the extension moment for the TDR
above a lordotic fusion (2.18 *= 0.53 Nm vs. 1.44 = 0.44,
P < 0.05) (Figure 6).

DISCUSSION

Although cervical disc replacements have been approved for
use in the US in primary, single-level cases, they have been
used clinically adjacent to multilevel fusions for the treatment
of symptomatic adjacent level disc herniations or cervical
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Figure 6. Peak flexion and extension moments required to bring the
cervical spine to similar C2 motion endpoints-—TDR above a two-level
fusion compared to TDR alone. *Indicates a statistically significant dif-
ference (P < 0.05).

spondylosis. Several studies in both clinical and i vitro set-
tings have shown that total disc arthroplasty in the cervical
spine can reproduce near physiologic angular ROM at the
operative segment.'*' However, to our knowledge, this is
the only study that has analyzed the kinematics of a cervical
TDR adjacent to a multilevel fusion.

There are several limitations of the current study. First, this
was a biomechanical study performed using human cadaveric
lumbar spine specimens. Muscles play an important role as
dynamic stabilizers of the osteoligamentous spine and affect
the in vivo spine kinetics. Unfortunately, this active response
of muscles is absent in cadaveric specimens. The passive stiff-
ness of the muscle tissue is also variable as these tissues are
stripped to a variable degree when the specimens are harvest-
ed. Therefore, the extraneous muscle tissues were stripped,
leaving the ligamentous and bony tissues intact. We did, how-
ever, apply a physiologic preload of 150 N on the cervical
spine during the flexion-extension experiment. This preload
represents the compressive preload that results from the dy-
namic stabilizing action of muscles in balancing the weight of
the head over the cervical spine.?

Second, the two simulated fusion alignments differed by only
7° and may be less than what is clinically seen. Nevertheless,
even with a 7° difference we found significant increases in exten-
sion moment loading on the TDR adjacent to a lordotic versus
straight fusion. In this study, a limited difference in the angular
alignment of the two fusion constructs was necessary as a greater
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degree of difference could have increased the risk of ligamentous
injury to the specimen during the application of loads, which
would have precluded any further testing of the specimen.

Third, the study was performed using only one type of
artificial disc prosthesis (ProDisc-C). The design of the disc
prosthesis may influence the results to some extent, and one
should exercise caution in generalizing the results of this study
to all disc designs.

We used a novel stabilization device to investigate the ef-
fects of two-level fusion on the adjacent TDR. The goals of the
stabilization device were three-fold: (1) simulate the loss of mo-
tion as a result of fusion across C4-Cé, (2) allow easy adjust-
ment of the alignment (lordotic vs. straight) across the fused
segments, and (3) allow reversibility to intact response upon
disassembly of the apparatus. All three goals were accom-
plished in this study. Furthermore, we observed compensatory
increases in motion of remaining mobile segments when the
specimens with and without the two-level fusion were tested to
the same flexion and extension motion endpoints. These results
are consistent with previous observations of this compensatory
phenomenon after fusion of one or more segments. 1142425

The C3-C4 TDR resulted in less motion as compared to the
intact segment when the disc prosthesis was implanted either
as a stand-alone procedure or above a two-level fusion. The
decrease in C3—-C4 motion after disc replacement was associ-
ated with a compensatory increase in the motion at other seg-
ments, reaching significance at the adjacent C2-C3 segment in
all cases. Similar observations were made in previous studies
of stand-alone TDR using the ProDisc-C prosthesis.'*!* These
previous studies found decreased motion at the implanted lev-
el in extension compared to the intact spine, and this decrease
in motion was compensated by increased motion at adjacent
levels. On the basis of our experience in biomechanical testing
of artificial cervical disc prostheses, the ROM of the implanted
segment depends on multiple factors that include prosthesis
design features as well as variability in surgical technique. In
this study, the ROM of the implanted segment was reduced
by on average 2° to 3° compared to intact. This may be sec-
ondary to the selected height of the prosthesis relative to the
native disc height and a narrow window made in the anterior
annulus for the insertion of the prosthesis. A narrow annular
window (as opposed to complete wide discectomy) resulted in
the maintenance of the anterolateral annular fibers to serve as
a tension band in providing stability in extension after TDR.
However, this may have contributed to a decrease in motion.

TDR above a two-level fusion, whether lordotic or straight,
was subjected to larger flexion and extension moments as
compared to TDR alone at C3—-C4. This is a direct result of
the loss of global cervical spine motion after a two-level fu-
sion. Thus, if a patient attempted to maintain the physiologic
ROM of the cervical spine after a two-level fusion, the disc
prosthesis adjacent to the fusion would experience larger mo-
ments than it would when used as a stand-alone procedure.

The alignment of the two-level fusion did not significantly
affect the total flexion-extension motion of the TDR (9.1 =
2.7° vs. 8.9 * 2.6°% P > 0.05). However, the fusion alignment
significantly affected the moments needed to achieve the same
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endpoints of the cervical spine motion. The flexion moment
was significantly greater for a TDR above a lordotic fusion,
whereas the extension moment was significantly greater for a
TDR above a straight fusion. This suggests that more effort is
required to bring the spine with a TDR into extension when
the spine is fused in a straight alignment and conversely more
effort is required to bring the spine into flexion when fused in a
lordotic alignment. The increased loading may adversely affect
the wear of the TDR by inducing impingement of the prosthesis
components at the limits of motion, particularly in extension.

The results show that when a TDR is placed adjacent to
a two-level fusion, it is subjected to a more challenging bio-
mechanical environment as compared to a stand-alone TDR.
An artificial disc used in such a clinical scenario must be able
to accommodate the increased moment loads without caus-
ing impingement of its endplates, particularly in extension.
Furthermore, the mechanical design of the components of the
disc prosthesis should take into account the increased loads
to prevent mechanical failures or undue wear during the ex-
pected life of the prosthesis.

> Key Points

U C3-C4 TDR resulted in less motion than the intact
segment when the disc prosthesis was implanted ei-
ther as a stand-alone procedure or above a two-level
lordotic or straight fusion.

U The alignment of the two-level fusion did not signifi-
cantly affect the total flexion-extension motion of the
TDR.

U Flexion and extension moments needed to bring the
cervical spine to similar C2 motion endpoints signifi-
cantly increased for the TDR above a two-level fusion
compared to TDR alone.

U Lordotic fusion required significantly greater flexion
moment, while straight fusion required significantly
greater extension moment.

U TDR placed adjacent to a two-level fusion is subject-
ed to a more challenging biomechanical environment
as compared to a stand-alone TDR.

References

1. Abraham D], Herkowitz HN. Indications and trends in use in cervi-
cal spinal fusions. Orthop Clin North Am 29:731-44.

2. Emery SE, Bohlman HH, Bolesta MJ, et al. Anterior cervical de-
compression and arthrodesis for the treatment of cervical spondy-
lotic myelopathy. Two to seventeen-year follow-up. | Bone Joint
Surg Am 1998;80:941-51.

3. Gore DR, Sepic DB. Anterior discectomy and fusion for painful cer-
vical disc disease. A report of 50 patients with an average follow-up
of 21 years. Spine (Phila Pa 1976) 1998;23:2047-51.

4. Kaiser MG, Haid RW Jr. Anterior cervical plating enhances
arthrodesis after discectomy and fusion with cortical allograft.
Neurosurgery 2002;50:229-36.

5. Yue WM, Brodner W. Long-term results after anterior cervical
discectomy and fusion with allograft and plating: a 5- to 11-year
radiologic and clinical follow-up study. Spine (Phila Pa 1976)
2005;30:2138-44.

1365

www.spinejournal.com

Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


https://www.researchgate.net/publication/298891459_Anterior_cervical_decompression_and_arthrodesis_for_the_treatment_of_cervical_spondylotic_myelopathy_-_Two_to_seventeen-year_follow-up?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/298891459_Anterior_cervical_decompression_and_arthrodesis_for_the_treatment_of_cervical_spondylotic_myelopathy_-_Two_to_seventeen-year_follow-up?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/298891459_Anterior_cervical_decompression_and_arthrodesis_for_the_treatment_of_cervical_spondylotic_myelopathy_-_Two_to_seventeen-year_follow-up?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/298891459_Anterior_cervical_decompression_and_arthrodesis_for_the_treatment_of_cervical_spondylotic_myelopathy_-_Two_to_seventeen-year_follow-up?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/291292595_Indications_and_trends_in_use_in_cervical_spine_fusions?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/291292595_Indications_and_trends_in_use_in_cervical_spine_fusions?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/13492470_Anterior_discectomy_and_fusion_for_painful_cervical_disc_disease_A_report_of_50_patients_with_an_average_follow-up_of_21_years?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/13492470_Anterior_discectomy_and_fusion_for_painful_cervical_disc_disease_A_report_of_50_patients_with_an_average_follow-up_of_21_years?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/13492470_Anterior_discectomy_and_fusion_for_painful_cervical_disc_disease_A_report_of_50_patients_with_an_average_follow-up_of_21_years?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4

6.

10.

11.

12.

13.

14.

15.

1366

SO RSN BIOMECHANICS

Cervical Total Disc Replacement Adjacent to Fusion ® Martin et al

Eck JC, Humphreys SC, Lim TH, et al. Biomechanical study on
the effect of cervical spine fusion on adjacent—level intradiscal
pressure and segmental motion. Spine (Phila Pa 1976) 2002;27:
2431-4.

. Eck JC, Humphreys SC. Adjacent-segment degeneration after lum-

bar fusion: a review of clinical, biomechanical, and radiologic stud-
ies. Am | Orthop 1999;28:336—40.

. Fuller DA, Kirkpatrick JS. A kinematic study of the cervical spine

before and after segmental arthrodesis. Spine (Phila Pa 1976)
1998;23:1649-56.

. Ishihara H, Kanamori M, Kawaguchi Y, et al. Adjacent segment

disease after cervical interbody fusion. Spine | 2004;4:624-8.
Matsunaga S, Kabayama S, Yamamoto T, et al. Strain on intervet-
erbral discs after anterior cervical decompression and fusion. Spine
(Phila Pa 1976) 1999;24:670-5.

Wigfield C, Gill S. Influence of an artificial cervical joint com-
pared with fusion on adjacent-level motion in the treatment of
degenerative cervical disc disease. | Neurosurg (Spine 1) 2002;96:
17-21.

Goffin ], Geusens E. Long-term follow-up after interbody fusion of
the cervical spine. | Spinal Disord Tech 2004;17:79-85.

Hilibrand AS, Carlson GD, Palumbo MA, et al. Radiculopathy and
myelopathy at segments adjacent to the site of a previous anterior
cervical arthrodesis. | Bone Jt Surg 1999;81:519-28.

DiAngelo DJ, Roberston JT. Biomechanical testing of an artificial
cervical joint and an anterior cervical plate. | Spinal Disorder Tech
2003;16:314-23.

DiAngelo DJ, Foley KT, Morrow BR, et al. I vitro biomechanics
of cervical disc arthroplasty with the ProDisc-C total disc implant.
Neurosurg Focus 2004;17:44-54.

www.spinejournal.com

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Pickett GE, Rouleau JP. Kinematic analysis of the cervical spine fol-
lowing implantation of an artificial cervical disc. Spine (Phila Pa
1976) 20053 30:1949-54.

Puttlitz CM, Rousseau MA. Intervertebral disc replacement
maintains cervical spine kinematics. Spine (Phila Pa 1976)
2004:29;2809-14.

Bertagnoli R, Yue JJ, Pfeiffer E et al. Early results after ProDisc-C
cervical disc replacement. | Neurosurg (Spine 2) 2005;2:403-10.
Robertson JT, Papadopoulos SM, Traynelis VC. Assessment of
adjacent-segment disease in patients treated with cervical fusion
or arthroplasty: a prospective 2-year study. | Neurosurg (Spine)
2005;3:417-23.

Sekhon LH, Sears W, Duggal N. Cervical arthroplasty after previ-
ous surgery: results of treating 24 discs in 15 patients. | Neurosurg
Spine 2005;3:335-41.

Patwardhan AG, Havey RM, Ghanayem A], et al. Load-carrying
capacity of the human cervical spine in compression is increased
under a follower load. Spine (Phila Pa 1976) 2000;25:1548-54.
Panjabi MM. Hybrid multidirectional test method to evaluate spi-
nal adjacent-level effects. Clin Biomech 2007;22(3):257-65.
Moroney SP, Schultz AB, Miller JA. Analysis and measurement of
neck loads. ] Orthop Res 1988;6:713-20.

Dmitriev AE, Cunningham BW, Hu N, et al. Adjacent level
intradiscal pressure and segmental kinematics following a cervical
total disc arthroplasty: an iz vitro human cadaveric model. Spine
(Phila Pa 1976) 2005;30:1165-72.

Chang UK, Kim DH, Lee MC, et al. Range of motion change af-
ter cervical arthroplasty with ProDisc-C and prestige artificial discs
compared with anterior cervical discectomy and fusion. ] Neurosurg

Spine 2007;7:40-6.

August 2011

Copyright © 2011 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.


https://www.researchgate.net/publication/215912626_Analysis_and_Measurement_of_Neck_Loads?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/215912626_Analysis_and_Measurement_of_Neck_Loads?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/12897225_Adjacent-segment_degeneration_after_lumbar_fusion_a_review_of_clinical_biomechanical_and_radiologic_studies?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/12897225_Adjacent-segment_degeneration_after_lumbar_fusion_a_review_of_clinical_biomechanical_and_radiologic_studies?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/12897225_Adjacent-segment_degeneration_after_lumbar_fusion_a_review_of_clinical_biomechanical_and_radiologic_studies?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/11562528_Influence_of_an_artificial_cervical_joint_compared_with_fusion_on_adjacent-level_motion_in_the_treatment_of_degenerative_cervical_disc_disease?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/11562528_Influence_of_an_artificial_cervical_joint_compared_with_fusion_on_adjacent-level_motion_in_the_treatment_of_degenerative_cervical_disc_disease?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/11562528_Influence_of_an_artificial_cervical_joint_compared_with_fusion_on_adjacent-level_motion_in_the_treatment_of_degenerative_cervical_disc_disease?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/11562528_Influence_of_an_artificial_cervical_joint_compared_with_fusion_on_adjacent-level_motion_in_the_treatment_of_degenerative_cervical_disc_disease?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/8184678_Adjacent_segment_disease_after_anterior_cervical_interbody_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/8184678_Adjacent_segment_disease_after_anterior_cervical_interbody_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7465433_Cervical_arthroplasty_after_previous_surgery_results_of_treating_24_discs_in_15_patients?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7465433_Cervical_arthroplasty_after_previous_surgery_results_of_treating_24_discs_in_15_patients?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7465433_Cervical_arthroplasty_after_previous_surgery_results_of_treating_24_discs_in_15_patients?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7390596_Assessment_of_adjacent-segment_disease_in_patients_treated_with_cervical_fusion_or_arthroplasty_A_prospective_2-year_study?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7390596_Assessment_of_adjacent-segment_disease_in_patients_treated_with_cervical_fusion_or_arthroplasty_A_prospective_2-year_study?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7390596_Assessment_of_adjacent-segment_disease_in_patients_treated_with_cervical_fusion_or_arthroplasty_A_prospective_2-year_study?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/7390596_Assessment_of_adjacent-segment_disease_in_patients_treated_with_cervical_fusion_or_arthroplasty_A_prospective_2-year_study?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6603535_Hybrid_multidirectional_test_method_to_evaluate_spinal_adjacent-level_effects?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6603535_Hybrid_multidirectional_test_method_to_evaluate_spinal_adjacent-level_effects?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6205892_Range_of_motion_change_after_cervical_arthroplasty_with_ProDisc-C_and_Prestige_artificial_discs_compared_with_anterior_cervical_discectomy_and_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6205892_Range_of_motion_change_after_cervical_arthroplasty_with_ProDisc-C_and_Prestige_artificial_discs_compared_with_anterior_cervical_discectomy_and_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6205892_Range_of_motion_change_after_cervical_arthroplasty_with_ProDisc-C_and_Prestige_artificial_discs_compared_with_anterior_cervical_discectomy_and_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/6205892_Range_of_motion_change_after_cervical_arthroplasty_with_ProDisc-C_and_Prestige_artificial_discs_compared_with_anterior_cervical_discectomy_and_fusion?el=1_x_8&enrichId=rgreq-8db811601091560e200f15b66eb37f82-XXX&enrichSource=Y292ZXJQYWdlOzUxMTgwOTgxO0FTOjExOTI0NjI4NTcwOTMxMkAxNDA1NDQxOTM4MTA4
https://www.researchgate.net/publication/51180981

