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Biomechanical Changes of the Lumbar Segment

after Total Disc Replacement : Charite®, Prodisc® and
Maverick® Using Finite Element Model Study
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Objective : The purpose of this study was to analyze the biomechanical effects of three different constrained types of an artificial disc on the
implanted and adjacent segments in the lumbar spine using a finite element model (FEM).

Methods : The created intact model was validated by comparing the flexion-extension response without pre-load with the corresponding results
obtained from the published experimental studies. The validated intact lumbar model was tested after implantation of three artificial discs at L4-
5. Each implanted model was subjected to a combination of 400 N follower load and 5 Nm of flexion/extension moments. ABAQUS™ version 6.5
(ABAQUS Inc., Providence, RI, USA) and FEMAP version 8.20 (Electronic Data Systems Corp., Plano, TX, USA) were used for meshing and analysis
of geometry of the intact and implanted models.

Results : Under the flexion load, the intersegmental rotation angles of all the implanted models were similar to that of the intact model, but
under the extension load, the values were greater than that of the intact model. The facet contact loads of three implanted models were greater
than the loads observed with the intact model.

Conclusion : Under the flexion load, three types of the implanted model at the L4-5 level showed the intersegmental rotation angle similar to
the one measured with the intact model. Under the extension load, all of the artificial disc implanted models demonstrated an increased
extension rotational angle at the operated level (L4-5), resulting in an increase under the facet contact load when compared with the adjacent

segments. The increased facet load may lead to facet degeneration.

KEY WORDS : Artificial disc - Lumbar spine - Finite element model - Rotation angle - Facet contact load - von-Mises stress.

INTRODUCTION

Low back pain is the most common cause of the patients
visiting spinal outpatient clinics. When the chronic low
back pain caused by the intervertebral disc is not treated by
conservative management, the most generally used opera-
tive technique is spinal fusion. However, long term follow
up of spinal fusion has shown adjacent segment probl-
ems™”. Recently, total disc replacement that preserves spin-
al motions has been gradually accepted due to its tendency
to overcome the disadvantage of spinal fusion. As long term
follow-up studies of total disc replacement became availa-
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ble, clinical problems have also risen, questioning the effi-
3229 Tn addition, the necessity of
biomechanical evaluation for total disc replacement has been

cacy of the procedure

suggested. Vitro experiments using animal or human cada-
vers as well as computer simulation experiments by finite
element interpretation are usually used to perform a biome-
chanical evaluation. As the experiments using animal and
human cadavers show varying results depending on the
deposit state and only provide information on the lumbar
segmental angle, internal information such as intradiscal
pressure or ligament loads are unpredictable. In this regard,
the use of the computer simulation technique has increased
rapidly recently”'**"*?

Accordingly, we performed a biomechanical analysis of
artificial discs-Prodisc L® (Synthes Spine, West Chester, NYY,
USA), Maverick® (Medtronic Sofamor Danek, Inc., Mem-
phis, TN, USA), and SB Charite I1I® (DePuy spine, Rayn-
ham, MA, USA)-using a finite element interpretation model,
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which would provide more accurate and diverse information
on biomechanics of artificial discs in the human body.

The purpose of this study was to analyze the biomecha-
nical effects of three types of the artificial disc (Prodisc L?,
Maverick®, SB Charite III®) on the implanted and adjacent
segments in the lumbar spine using a finite element model
(FEM).

MATERIALS AND METHODS

Development of intact lumbar finite element model

For development of a FEM, we obtained computed tomo-
graphy (CT) images at 1 mm intervals on the intact lumbar
spine (L1-S1) of a 21-year-old male with a height of 175
cm in height. The model was developed symmetrically
based on the sagittal plane, and the vertebral body consisted
of the cortical and cancellous bone. A 0.5 mm-thick end
plate was inserted above and below the intervertebral disc,
and the cartilage was inserted into the facet joint where
superior and inferior articular processes contacted. The
joint space was assumed at 0.5 mm with three-dimensional
(3D) nonlinear contact.

A modeled intervertebral disc was inserted between verte-
bral bodies. The intervertebral disc was modeled with the
annulus surrounding the nucleus pulposus at the center.
The annulus consisted of 5 layers of the annulus ground
substance and 6 layers of the annulus fibrosus that sur-
rounded the substance in and out. The annulus fibrosus
was positioned a mean of 30 degrees to the horizontal
plane. The cross sectional area of the annulus was built to
account for 19% of the annulus vol-
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literature for material properties used to build the spinal
model (Table 1)#7:29,

Development of artificial disc finite element model
For comparison of different constrained types of an artifi-
cial disc, we selected Prodisc L® (a semi-constrained type
artificial disc), Maverick® (a semi-constrained type that
allows translation), and SB Charite III® (an unconstrained
type). A 3D computer aided design (CAD) model for each
artificial disc was developed based on respective drawings of
Prodisc L®, Maverick®, and SB Charite III®. Prodisc L® and
SB Charite I1I® consisted of an alloy of CoCrMo and CoCr-
based upper and lower plates and a UHMWPE (Ultra

Fig. 1. Three-dimensional finite element model of lumbar spine L1-S1.

Table 1. Material properties assigned to spinal components in the finite element model

ume with the 3D linear elements ap-

. A Element  Youny'smodulus  Poisson’s  Cross section

plying only to the tensile load. - MPQ) o ared (Mimd)

As a ligament connecting the verte- Verlebra
bral body, 7 kinds of ligaments-ante- Cortical C3D8 12,000 03
rior longitudinal ligament, posterior Cuncellous C3D8 100 02
longitudinal ligament, transverse liga- Post Bone C3D6 3,500 03
ment, interspinous ligament, supras- Curtiluge C3D6 10 04
pinous ligament, capsular ligament, Endplute C3b8 1,000 04
and ligament flavum-were inserted. Disk
Likewise, the ligament was modeled Nucleus C3p8 02 0.4999

. . . Annulus yround substunce C3D8 42 045 -
with the 3D linear elements applying

. . Annulus fibrosus 13D2 175 03 0.15

only to the tensile load. Fach location ,

fthe i blished Liguments
ot the lgarﬁemfwas established ac- Anterior longitudinal T3D2 78 03 63.7
cording to the reference and anatomy Posterior longitudinci T3D2 10 03 200
data. By this method, the intact spinal Capslar 1302 75 03 300
finite element model of L1-S1 consi- Favd 7302 15 03 200
sting of the vertebral body, interver- Transverse 302 10 03 18
tebral disc and ligaments was devel- Interspinous T3D2 10 0.3 400
oped (Fig. 1). We referred to previous Supruspinous 13D2 8 03 300
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Fig. 2. Three-dimensional finite element model of L4-5 segment with artificial disc. A : Prodisc L® (Synthes Spine, West Chester, NY, USA). B : Maverick®
(Medtronic Sofamor Danek, Inc., Memphis, TN, USA). C : SB Charite llI® (DePuy spine, Raynham, MA, USA).

High Molecular Weight Polyethylene) core while Maverick
was composed of only CoCrMo. The material properties
used in the development of the FEM were the ones report-
ed by previous studies*'”*. The polyethylene core and
lower end plate of Prodisc L® were completely fixed, and
3D nonlinear contact conditions were added between the
polyethylene core and the upper end plate. Maverick® con-
sisted of upper and lower end plates without a core, and
3D nonlinear contact surface conditions were added bet-
ween them. SB Charite III® was modeled to provide addi-
tion of 3D nonlinear contact surface conditions between
the upper end plate and the polyethylene core and between
the lower end plate and the polyethylene core. As reported
by previous studies, fricdon coefficients of 0.07 and 0.02
were applied respectively to Prodisc L® and SB Charite I1I°.
In case of Maverick®, 0.05, which was known as a friction
coeflicient for CoCrMo-based inserts, was applied since no
previous data were available for Maverick.

The lordotic angle of the L4-5 intervertebral disc was
9.48 degrees, and the thickness was about 10 mm in the
finite lumbar element model developed by this study. Accord-
ingly, 11 degrees in the lordotic angle and 10 mm in height
were used for Prodisc L% 9 degrees in the lordotic angle
and 10 mm in height, for Maverick® and 10 degrees in the
lordotic angle and 7.5 mm in the core height, for SB Char-
ite ITI®. The most suitable form created with part of the bone
end plate was inserted, with the height of the artificial disc
main-tained at the height of the L4-5 intervertebral disc of
the intact FEM. The artificial disc was implanted between
L4-5, and each upper and lower surface of the artificial disc
was completely fixed to vertebral end plates. The nucleus
pulposus and anterior longitudinal ligament of the 14-5
intervertebral disc in which the artificial disc was implanted
were completely removed, and partial annulus was also
removed (Fig. 2). The artificial disc was implanted to be
located at the center of the vertebral body.

Loading and boundary conditions
To verify the L1-S1 FEM, a flexion-extension pure mo-
ment of 5 Nm was added to the fixed sacrum. For compari-

son with previous experiments*'”* and analytic researches,

Flexion : 5 Nm Extension : 5 Nm

3 A Followerloud : 400N

Fig. 3. Boundary and loading conditions.

we divided the flexion-extension moments applied in this
study by the rotation angle of flexion-extension and defined
it as “stiffness”. The stiffness measured was compared with
the results of previous experiments and analytic researches
to validate the intact lumbar spinal model developed by
this study.

A compressive force of 400 N was added to the validated
intact lumbar spinal model in the follower load path direc-
tion as suggested by Patwardhan et al.*” Then, spinal seg-
ment motions were compared between a flexion-extension
moment of 5 Nm and a same force of flexion-extension
moment but without a compressive load. The validity of
the follower load path used in this study was assessed by
comparing the result with that of previous experimental

studies™!7??

. The sacrum was completely fixed as it had
been in the intact model (Fig. 3).

Each spinal segment motion, facet contact loads, and stress
on the artificial intervertebral disc (von-Mises stress) were
measured for each model under a compressive load of 400 N
added in the follower load path and a flexion-extension
moment of 5 Nm. The sacrum was completely fixed as it
had been in previous experiments and analytic researches.
For finite element interpretation and sequence conduction
programs, ABAQUS™ (version 6.5, ABAQUS Inc., Pro-
vidence, RI, USA) and FEMAP (version 8.20, Electronic
Data Systems Corp., Plano, TX, USA) were used, respec-
tively.
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RESULTS

Verification of intact lumbar model and follower
load condition

For verification, experimental results of the intact lumbar
model were compared with the results of the Yamamoto™
experiment and the Goto analytic research'”. The stiffness
of the L1-2 segment was about 20% lower, and that of L2-
3, 13-4, L4-5, and L5-S1 segments were 26%, 17%, 42%,
and 25% greater, respectively, than the experiments. Altho-
ugh the stiffness of the L1-2 segment was found lower than
the Yamamoto experiment, the values for each segment
from L2 to S1 tended to decrease as the level went down
(Fig. 4).

To verify the validity of the compressive force in the follo-
wer load path direction, we compared spinal segment mo-
tions under compressive loads in the follower load path
direction with flexion and extension moments added with
the motions under pure flexion and extension moments.
Then, the results were compared against the experimental
research performed by Rohlmann et al.”” Their experimen-
tal conditions were somewhat different from ours, using
L1-5, a compressive load in the follower load path direction
of 280 N, and a flexion-extension moment of 7.5 Nm.
According to their experiment, the rotation angle was meas-
ured 9% higher during flexion and 25% lower during
extension when a compressive load and a flexion-extension
moment were added than when only a flexion-extension
moment was added. In this study, the rotation angle was
observed 25% higher during flexion and 24% lower during
extension when both a compressive load and a flexion-
extension moment were provided.

In addition, spinal segment motions of the intact spinal
model were compared between a compressive load in the
follower load path and a compressive load in the vertical
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direction. As a result, a load of 400 N in the follower load
path direction demonstrated 2.45 degrees in flexion but a
load of 380 N in the vertical direction showed a severe an-
terior flexion deformity at about 30 degrees (Fig. 5). At a
20 N lower load, the simple vertical direction indicated
spinal rotation as great as 12 times.

Spinal segment motions of intact and artificial
disc implanted models

There were no significant differences in spinal segments
between artificial disc implanted models and the intact lum-
bar model when a compressive load of 400 N and a flexion
moment of 5 Nm were added. However, the intact model
rotated about 9.1 degrees while the models implanted with
Prodisc L®, Maverick®, and SB Charite III® artificial discs
rotated 2.3, 2.9, and 2.4 degrees more, respectively, under a
compressive load of 400 N and an extension moment of 5

Nm (Fig. 6).

The rotation angle change under the extension load was
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Fig. 5. The different motion of lumbar spine. A : Compressive vertical load
path. B : Compressive follower load path.
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Fig. 4. The validation of intact lumbar model via comparison of flexion/exten-
sion stiffness with published data.

449

Fig. 6. Rotation angle during flexion/extension moments with follower pre-
load. Fix.: Flexion, Ext : Extension.
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examined at each spinal segment. The change of the artifi-
cial disc implanted segment (L4-5) was 23.3% in the intact
model. However, the change was increased by 13.2%,
15.5%, and 15.8%, respectively, with Prodisc L, Maverick®,
and SB Charite I1I® implanted models when compared
with the intact model. Moreover, the maximum standard
deviation of the rotation angle at each segment to the total
rotation angle was 9.4% in the intact model, but it increas-
ed to 24.0%, 26.2%, and 27.4%, respectively; in the models
implanted with Prodisc L®, Maverick®, and SB Charite I11°
artificial discs (Fig. 7).

The facet contact load

The facet contact load in the extension load condition was
analyzed at each spinal segment. The facet contact load at
the segment without artificial disc implantation did not
show a significant difference. The 14-5 segment implanted
with Prodisc L®, Maverick®, and SB Charite III® artificial
discs demonstrated the contact load 2.2, 2.8, and 2.2 times
greater than the segment in the intact model (Fig. 8).
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Fig. 7. Intersegmental rotation angle changes during extension load.
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Fig. 8. Facet contact loads at lumbar motion segments during extension
load.

Stress on artificial disc polyethylene insert
(von-Mises stress)

Under the flexion and extension load condition, stress on
Prodisc L® and SB Charite III® polyethylene cores was an-
alyzed. Of the three research materials, Prodisc L®, Maver-
ick®, and SB Charite I11®, Maverick® had a metal-on-metal
method that did not allow implantation of a polyethylene
core. Therefore, stress on the polyethylene core insert of the
artificial disc could only be compared between Prodisc L®
and SB Charite I1I°. No significant differences were found
under the extension condition, with the stress on the polye-
thylene core insert measured at 25.3 MPa for Prodisc L®
and 26.5 MPa for SB Charite III®. However, under the
flexion condition, the maximum stress was 20.1 MPa for
SB Charite ITII® and 52.3 MPa for Prodisc L, twice as great
(Fig. 9).

DISCUSSION

For the treatment of chronic discogenic low back pain,
total disc replacement that preserves segment motions bet-
ter than spinal fusion has gained increasing interests, and
studies based on clinical experiments and finite element
interpretation have been published'”'*'>>***) However,
the efficacy of total disc replacement remains controver-
sial***?. Although individual researches on Prodisc L®, Ma-
verick®, and SB Charite III® artificial discs have been made,
a biomechanical analysis of the artificial discs under the same
condition has not yet been reported. Based on the finite
element interpretation technique, the present study perfor-
med a biomechanical analysis of spinal models implanted
with the three most commonly used types of an artificial disc
under the same load and restraint conditions and compared

20 MPu 20 MPu

Max : 52.3 MPu 0 @ Max : 20.1 MPu 0
20 MPu 20 MPu
| |
i I
0 0
Max : 25.3 MPu © Max : 26. 5 MPu @

Fig. 9. von-Mises stress distribution on Ultra High Molecular Weight Polye-
thylene core in flexion/extension load : Prodisc L® (A and C), SB Charite I1I®
(Band D).
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the result with that of the intact spinal model. The FEM
has been widely used for a biomechanical analysis of the
spine as it compares results between different specimens wit-
hout a deviation and analyzes results quantitatively'®'**”.
However, it has a disadvantage that the experience of an
experimenter can influence results because only the condi-
tions provided are used.

In a biomechanical research based on finite element inter-
pretation, the model to be experimented should be verified
before the experiment starts. Accordingly, the intact finite
element model, which had been developed for the research
purpose, was verified against previous research results. Spinal
segment motions under pure flexion and extension moments
with the sacrum in a fixed state were compared with the
Yamamoto et al.”” experimentet and Goto et al.'” interpre-
tation research. As a result, the stiffness of the L1-2 segment
in our study was measured lower, but overall, a similar
spinal motion tendency was recognized. In addition, spinal
motions under a compressive load in the follower load path
corresponded to the research result of Rohlmann et al.”?.
Previous studies have reported that buckling occurs in the
spine under a load of 80-100 N". We observed a severe
deformity of the model under a vertical load of 280 N, but
the model remained relatively stable under a compressive
load in the follower load path. Through this process, the
spinal model and description of the follower path load
developed in this study were considered valid for research.

Recent literature has described total disc replacement
using a Charite III artificial disc as a safe and effective treat-
ment method in the short term for lower lumbar lesions
caused by degenerative disc diseases at L4-5 or L5-S1 seg-
ments”. Total disc replacement with a Charite® artificial
disc has shown well-maintained flexion and extension mo-
tions at 24 months after operation'”. Biomechanical resea-
rch papers on functional properties of Prodisc®, Maver-
ick®, and Charite® also found all 3 types effective in reco-
very of flexion and extension motions. Kim et al.”” report-
ed that the rotation angle decreased 13% under the flexion
load and increased 90% under the extension load. The
total flexion and extension rotation angle in the spinal mo-
del increased 33% when compared with the intact model.
Hitchon et al."” showed that a spinal model implanted with
a Maverick® artificial disc had a 50% larger rotation angle
during flexion, and a 30% larger angle during extension.
Cunningham et al.” also stated that the flexion-extension
rotation angle of the spine implanted with a Charite® artifi-
cial disc increased 3% from the angle of the intact spine. In
the present study, the Prodisc® implanted model showed a
6% decrease in flexion and a 57% increase in extension.
Overall, the rotation angle increased 11%, coinciding with
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the result of research by Kim et al."”. The Maverick® impl-
anted model showed movements similar to those of the
intact model in flexion, but the movements increased 30%
in extension, as reported by Hitchon et al." While Hitchon
et al." removed the posterior longitudinal ligament that
affected flexion rotation, we preserved it in this research.
This may have contributed to the different result in the
spinal rotation angle of the artificial disc implanted model
during flexion motions. The Charite® implanted model
indicated a 10% increase in the flexion-extension rotation
angle when compared with the intact model.

Previous research data have also supported that the rota-
tion angle of the segments implanted with an artificial disc
increases significantly under the extension load, which may
affect the facet joint. Thus, we evaluated biomechanical
changes of the facet by measuring the facet contact load. As
a result, the facet contact load was found higher in the
segments implanted with artificial discs than in the segments
of the intact model.

A large facet contact load under the extension load can
induce back pain during extension motions, as frequently
reported3,10,l7,24
as a reason for recurred or persistent pain in the patients who
had undergone total disc replacement for lower limb lesions,
van Ooij et al* insisted that hyperextension increased a
compressive load on the facet, leading to facet arthritis. There

). Citing hyperextension of the operative site

may be various factors that cause hyperextension of operative
segments, but removal of the longitudinal ligament for arti-
ficial disc implantation, incorrect location of an artificial disc,
and improper design or fixation of an artificial implant are
cited as representative factors among others.

It is inevitable that the anterior longitudinal ligament be
removed at the implantation of an artificial disc through
the anterior approach. This causes loss of the anterior bind-
ing force during extension motions, inducing hyperexten-
sion. Rohlmann et al.” suggested combination of anterior
longitudinal ligament reconstruction to overcome this prob-
lem. For another reason, David® also claimed in his res-
earch on the Charite® artificial disc revision replacement
that the anterior longitudinal ligament and the circum-
ferential ligament should be sutured after artificial disc
implantation as it would reduce the formation of scar tissue
in the operative area and prevent dislocation of the injured
implant from the intervertebral disc space upon injury oc-
curred during long-term postoperative follow-up, which
would minimize the risk of complications in re-operation.
Therefore, suturing the anterior longitudinal ligament after
total disc replacement is recommended, if possible.

In total disc replacement, selection of the location for
artificial disc implantation is very important because of its
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proximity to the normal flexion-extension rotation center.
White and Panjabi*” indicated that the intact lumbar rota-
tion center was located posterior to the intervertebral disc
in flexion-extension motions. van Ooij et al.*” insisted that
if the rotation center of the artificial disc was not located
posterior, the facet would come under excessive pressure
during segmental motions, causing degenerative changes in
the facet. In studies using a Maverick artificial disc, Le Huec
et al.” and Dooris et al."” reported that the artificial disc
implanted in the anterior direction would increase the facet
contact load 2.5 dmes during extension motions. Thus, they
stressed that the posterior margin of the artificial disc should
be located within 7 mm from the posterior margin of the
spinal end plate to reduce the facet contact load and prevent
postoperative facet arthrosis. McAffe et al.'® observed clini-
cal improvement and increased flexion-extension range of
motions in the group that had a Charite artificial disc im-
planted at the ideal location.

With regard to the design of artificial discs, van Ooij et
al* described that the rotation center during flexion-exten-
sion motions was placed somewhat posterior to the center
of the intervertebral disc from the lateral view in intact seg-
ments while the rotation center in the Charite® or Prodisc®
artificial disc was located at the center or somewhat anterior
to the disc. They have noted that the design of these artifi-
cial discs did not reproduce intact spinal segment motions.
Our study, however, did not observe significant differences
in lumbar flexion and extension motions between the three
design types, Prodisc®, Maverick®, and Charite®. Thus,
when it comes to these artificial discs that are clinically
being used, the location of implantation rather than the
design seems to have a great impact on clinical improve-
ment and recovery of spinal motions. Additional research
and improvement may be required later for the design of
an artificial disc. However, this result does not coincide
with the result of Chung et al.” who reported clear biome-
chanical differences between Prodisc® and Charite®. Such
differences may have been resulted from the fact that Chung
et al.9 considered more factors in their study for comparison,
built 2 FEM only with 14-5 and used a simple moment
load. On the other hand, we developed a FEM consisting
of the whole spine for better physiologic conditions and
used a follower load. In addition, the present study showed
higher facet stress in the Charite® artificial disc, another dif-
ferent observation with Chungs study®. We believe the dif-
ference is the result of different experimental conditions as
previous studies have also found differences according to
experimenters. To validate differences between various FEM
results, further studies are considered necessary.

The maximum load on the polyethylene core implanted

with Prodisc L® under flexion was 52.3 MPa. Previous resear-
ches have reported yield stress on UHMWPE, material of
the polyethylene core, to be about 20 MPa”. Although the
absolute value of each maximum load is not significant due
to the nature of interpretation methods, a yield stress of 20
MPa on the polyethylene core is considered high. In this
regard, in case of Prodisc L?, yield stress on the polyethylene
core in a moment under the flexion load may expose the disc
to injury. Both Prodisc L* and SB Charite ITI® showed stress
higher than yield stress, though only slightly higher, not only
in flexion but also in extension motions. Such load condi-
tions may affect the injury of artificial discs in the long term.

The limitation of this study is that we mainly focused on
the stress on the polyethylene core and the facet in FEM
during flexion-extension motions and did not analyze out-
comes from other planes. Further studies that overcome this
limitation are considered necessary.

Total disc replacement has the advantage of preventing
the adjacent segmental intervertebral disc injury that occurs
in long-term spinal fixation”. However, little has been re-
ported on multiple total disc replacement involving more
than 2 segments and conjoinment of spinal fusion, and total
disc replacement has many problems to overcome. There-
fore, additional research on the improvement of surgical
techniques should be conducted for multiple-segment total
disc replacement and its conjoinment with spinal fusion.

CONCLUSION

The biomechanical analysis of Prodisc L®, Maverick®, and
SB Charite III® under flexion and extension loads did not
show significant differences between the three artificial disc
types. All the models implanted with artificial discs demon-
strated spinal motions similar to those of the intact model
during flexion. However, during extension, the rotation angle
at the operated site (L4-5) was measured larger in the artifi-
cial disc implanted models than in the intact model, which
led to an increase in the facet contact load. The increased
facet load may result in facet degeneration. In addition, Pro-
disc L® had stress greater than yield stress under the flexion
load, which may expose the disc to injury. To overcome the
re-maining problems with artificial intervertebral discs, new
surgical techniques and new designs for artificial discs are
considered necessary.
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