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Abstract Total disc replacements (TDRs) have been
employed with increasing frequency in recent years with the
intention of restoring natural motion to the spine and
reducing adjacent level trauma. Previous assessments of the
TDRs have subjectively measured patient satisfaction,
evaluated sagittal range of motion via static imaging, or
examined biomechanical loading in vitro. This study
examined the kinematics and biomechanical loading of the
lumbar spine with an intact spine compared to a TDR
inserted at L5/S1 in the same spine. A validated biologically
driven personalized dynamic biomechanical model was
used to assess range of motion (ROM) and lumbar spine
tissue forces while a subject performed a series of bending
and lifting exertions representative of normal life activities.
This analysis concluded that with the insertion of a TDR,
forces are of much greater magnitude in all three directions
of loading and are concentrated at both the endplates and
the posterior element structures compared to an intact spine.
A significant difference is seen between the intact spine and
the TDR spine at levels above the TDR insertion level as a
function of supporting an external load (lifting). While
ROM within the TDR joint was larger than in the intact
spine (yet within the normal ranges under the unloaded
bending conditions), the differences between spines were
far greater in all three planes of motion under loaded lifting
conditions. At levels above the TDR insertion, larger ROM
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was present during the lifting conditions. Sagittal motions
were often greater at the higher lumbar levels, but there
appeared to be less lateral and twisting motion. Collec-
tively, this analysis indicates that the insertion of a TDR
significantly alters the function of the spine.
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Kinetics - Lumbar spine

Introduction

Total disc replacements (TDRs) are rapidly becoming an
alternative to fusion surgery. When a diseased disc is
removed, these so-called “motion sparing” devices are
inserted into the disc space with the intention of replicating
the movements of a normal disc and restoring normal
function to the spine [1]. This procedure is intended to
overcome some of the potential shortcomings of fusion
surgeries such as adjacent level disc degeneration [2-5].
Total lumbar spine motion is dictated by the tasks that one
is attempting to accomplish regardless of low back health
status [6]. If a functional spinal unit is fused, the resultant
total spine motion is achieved through the use of adjacent
non-fused spine segments attempting to compensate for the
spine’s total kinematic demand. This increased adjacent
level demand can lead to increased disc degeneration in
these neighboring discs [4, 7]. TDR is an attempt to restore
normal range of motion and normal loading to these
adjacent discs.

The reported success rates for TDRs are varied. Short-
term studies have reported decreases in back and leg pain
as well as improved function for mechanical low back pain
[8, 9]. Long-term follow-ups have reported varied success
rates with some reporting serious complications with
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nearly half of the TDRs requiring removal [10]. Others
report degeneration of the discs and facets [11]. By com-
parison, a 10-year follow-up reported that 90% of patients
rated their outcomes to be good or excellent [12]. Unlike
fusion, facet degeneration risk appears to be greater at the
TDR insertion site level [13]. The number of levels
replaced also appears to influence success rates [14, 15].
One (level 1) randomized controlled study concluded that
the TDR was superior to fusion [16].

Quantitative biomechanical assessments of TDRs have
evaluated segmental range of motion (ROM) or segmental
kinetics (tissue loading). Imaging studies investigating
ROM of the functional spinal unit report different findings
for single level versus multiple level TDRs. Single level
TDRs result in relatively normal kinematics, whereas
TDRs in adjacent levels results in abnormal kinematic
activities [17]. Increased ROM at the artificial disc level
increases degeneration [2, 18]. A closer examination of the
“normal” motions reported in some of these studies sug-
gests subtle but important differences in segmental motion.
The lack of physical constraints in TDRs may lead to
excessive facet joint or capsuloligament loads in extreme
flexion and extension [19] resulting in more axial rotation
[20]. Altered kinematics can result in greater flexion angles
when exposed to much lower moments [21] suggesting
some profound biomechanical trade-offs associated with
“normal” TDR kinematics.

In vitro studies have been employed to explore the
biomechanical implications of TDRs. While normal ROM
has been observed under physiologic loading, it resulted in
different segmental motion compared to an intact spine
[22]. Facet contact forces at the TDR level are altered [23],
whereas decreased facet loads at adjacent levels are
reported [24]. Coupling among the facets appears to be
eliminated with artificial discs [23, 25], and excessive facet
forces have been reported using traditional finite element
modeling of cadaveric specimens [26]. The design of the
TDR also appears to influence the loading that occurs at the
facets [23]. Finally, placement and the height of the TDR
appear to be important considerations for biomechanical
function [27-29].

Collectively these studies indicate that the facet loads at
the level of the TDR as well as the forces on discs and facets
at adjacent levels are the keys to understand the cost-benefit
of artificial discs. However, the biomechanical studies
regarding tissue loads are based on cadaver studies. While
these studies are useful in estimating loads based upon static
moment loading, none have attempted to interpret the bio-
mechanical consequences of spinal loading during in vivo
dynamic activities. The current study attempted to over-
come this shortcoming by comparing spine load distribution
in an intact spine relative to spine loads resulting from a
TDR during real life-task performance.
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Methods
Subject testing

One male subject was modeled with and without a Pro-
Disc™ virtually inserted at L5/SI. The subject was
24 years of age, 179 cm tall, and 74.8 kg in weight. The
subject was generally of good health and free of any
obvious pathology.

Tasks

Twenty-one tasks of various intensities were performed in
order to assess the biomechanical behavior of the lumbar
spine. All tasks involved primarily sagittal plane bending.
Thirteen of these tasks consisted of bending from an
upright standing position to a flexed position. No weight
(other than bodyweight) was supported during these 13
exertions. Four exertions involved the lifting of a 9.5-kg
mass from flexed positions to upright standing positions.
Another four exertions consisted of lifting 19 kg. In all
these exertions, the subject was asked to move at a normal
pace.

Dependent measures

The various experimental conditions compared spine force
distribution within the intact spine versus a TDR inserted at
L5/S1 based upon several functional biomechanical and
kinematic measures. These measures can be seen in
Table 1.

Procedures

After providing informed consent, subject anthropometry
was collected, and the subject was prepared for testing
through the application of surface electrodes to the torso
muscles to document trunk muscle activities and through
the application of a lumbar motion monitor to measure
three-dimensional torso motion. Detailed descriptions of
subject preparation for such testing have been given pre-
viously [30]. After calibration, the subject was asked to
perform the experimental tasks previously described.

Biomechanical modeling of the lumbar spine
Model development

The model used to assess spine tissue loading is unique in
that it is person-specific in terms of anthropometry (muscle
location and size), subject motion (trunk as well as limb
motion), and muscle activities. Over the past 25 years this
model has been validated across a wide range of different
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Table 1 Biomechanical model outputs

Disc tissue loads Ligament forces

Facet loads Intervertebral range of motion

Superior endplate compression
Superior endplate anterior/posterior (A/P) shear
Superior endplate lateral shear
Inferior endplate compression
Inferior endplate anterior/posterior (A/P) shear

Inferior endplate lateral shear

Anterior longitudinal ligament (ALL)
Interspinous ligament (ISF)

Ligamentum flavum (LF)

Right facet load  Sagittal
Left facet load Lateral
Transverse

Posterior longitudinal ligament (PLL)
Right intertransverse ligament (R TL)
Left intertransverse ligament (L TL)

Supraspinous ligament (SSL)

Right capsular ligament (R CL)

Left capsular ligament (L CL)

exertions and test conditions [31-40]. Recently, the model
was updated to be sensitive to a wider range of dynamic
exertions and has also been embedded into the ADAMS
(MSC Software) multi-body dynamic software environ-
ment [41].

While this model provided a clear picture of the spine
system’s response to various biomechanical loads, more
tissue detail was necessary to evaluate the impact of sur-
gical procedures on the spine. Traditionally, these types of
analyses were performed with finite element modeling
(FEM). Unfortunately, the great computational demands
inherent in FEM usually restrict models to only small
portions of the spine and either static or short duration
quasi-dynamic analyses. These models also usually sim-
plify the representation of the lumbar musculature. The
lack of realistic muscle representation and dynamic loading
limits FEM’s utility in accurately representing the entire
system of the lumbar spine and its response to surgical
interventions, particularly interventions that are dynamic in
nature.

With the intention of overcoming the limitations of the
existing dynamic biomechanical model and traditional
FEM, the existing biomechanical model has been further
developed to include much greater anatomic detail and to
take advantage of flexible multi-body dynamics [42].
Flexible multi-body dynamics in ADAMS uses component
mode synthesis methodology [43], which greatly reduces
an FEM’s computational complexity with a minimum loss
of accuracy [44] while allowing large overall motion and
complex interaction with other elements. Ultimately, this
allows complex structures, such as the intervertebral disc,
which normally could only be modeled with FEM, to be
accurately represented as a flexible body in a dynamic
model.

In order to generate the subject-specific model, multiple
sources of imaging data were obtained. First, the subject
underwent a series of computed tomography (CT) scans
that were then segmented into a detailed three-dimensional
model of the full lumbar spine from T12 to the sacrum. In

order to correct the subject’s spine posture from the
recumbent CT scan, the subject was also imaged in an
Upright Multi-Position MRI (Fonar Corporation™) while
standing erect. The three-dimensional spine model was
then realigned to match the standing posture. Each of the
vertebral bodies and sacrum were then imported into the
ADAMS software environment as rigid bodies. MRI and
CT scan data were also used to reconstruct the interverte-
bral discs. In order to create the flexible bodies, a finite
element model of the disc was first created in PATRAN
(MSC Software). In the disc model, the annulus fibrosus
was modeled as a composite material with fibers embedded
in a ground substance. The fibers were arranged in a series
of alternating layers oriented 30° to the transverse plane.
The nucleus pulposus was modeled as essentially an
incompressible fluid. The vertebral endplates were mod-
eled with shell elements. The material properties of each
portion came from values in the literature [45-47]. A
normal modes analysis with an included preload was
conducted on the disc model in Nastran (MSC Software) to
create a flexible body for ADAMS. The preload was cal-
culated from the subject’s upper torso mass and the muscle
force calculated from EMG data of the subject while
standing erect in a neutral posture. Each flexible body disc
was rigidly attached to the vertebral bodies adjacent to it.
The ligaments were modeled as nonlinear spring forces
with material properties and insertion points from literature
[48]. The facet joints were modeled with nonlinear three-
dimensional contact forces available in ADAMS with
parameters from previous studies [49]. The lumbar mus-
culature is represented with a series of active force vectors
driven with EMG. The algorithms are retained from the
previous validated EMG-assisted model [41]. The cross-
sectional areas of the muscles and the locations of their
origin and insertions are from a large database of MRI
scans supplemented with the subject’s own upright scans.
A diagram of the model is shown in Fig. 1.

In the TDR spine model, the L5/S1 disc was completely
removed and a 6° Synthes ProDisc prosthesis with a height
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of 10 mm installed in its place. CAD models of the intact
spine and the artificial disc were created so that an expe-
rienced neurosurgeon (EM) could perform a “virtual sur-
gery” to ensure proper placement consistent with the
manufacturer’s guidelines [51]. Consistent with the ante-
rior approach for the implantation, the anterior longitudinal
ligament was removed in the TDR model. The artificial
disc was modeled as a series of rigid bodies fixed to the
adjacent vertebrae with a three-dimensional nonlinear
contact force between the contacting surfaces. A coefficient
of friction of 0.05 was used at the surface interface [50].
The model is shown graphically in Fig. 2.

Model validation

In order to confirm the validity of the model for this par-
ticular subject, two methods of in vivo validation were
employed. First, the resultant dynamic moment resulting
from muscle activations was compared (via R* and average
absolute error) to the external moment to which the body
was exposed. The model performed well with an average
R? value of 0.93 across all trials, while the average absolute
error was about 1% of the external moment. The second
validation compared the model-predicted vertebral kine-
matics to those measured directly from imaging data of the
subject placed at various trunk flexion angles in the upright
MRI. The overall average absolute error value between the
model-predicted and imaging intervertebral angles, for all
the trials, was only 0.886°. Given the ability to match
measured and predicted external loads and intervertebral
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Fig. 2 Model representations of the TDR spine

kinematics, this model was considered a valid predictor of
spine tissue forces.

Results

Given the massive amounts of data generated in analyzing
these various task conditions, the results can be best be
reported through descriptive statistics (mean and standard
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deviations) that directly compare the intact spine with the
same spine where the TDR was inserted at L5/S1. The
following sections make this comparison as a function of
the various spine loading conditions.

Trunk bending (unloaded spine)
Tissue load distribution along the lumbar spine

Figures 3, 4, and 5 show the average of the peak com-
pressive, A/P shear, and lateral shear forces, respectively,
acting on the superior and inferior portions of the lumbar
discs as a function of the intact spine versus the lumbar
spine with the TDR inserted at L5/S1. Figure 3 indicates
that during unloaded bending (non-lifting) the L5/S1
junction endplates are subjected to approximately 28%
more compressive load in the TDR spine, whereas the rest
of the lumbar spine experiences approximately equivalent
loadings with or without the TDR insertion. Figure 4
indicates a similar trend in terms of A/P shear. The L5/S1
junction experiences 27-34% greater shear during unloa-
ded bending at the inferior and superior endplate surfaces,
respectively, with the TDR inserted at L5/S1. The lumbar
disc forces above these levels are generally more compa-
rable with the TDR conditions experiencing slightly greater
forces. An exception to this was L3/L4 where the disc
experienced much greater forces although of low magni-
tude. The lateral shear forces imposed upon the spine were
most different between the intact spine and the TDR spine
and shown in Fig. 5. Of interest is the excessive relative

Fig. 3 Average of the peak
compression loads on the

. 4500.00 7
lumbar spine endplates as a
function of intact spine versus 4000.00
TDR spine and external loading
condition (bending while 3500.00 -
unloaded 0 kg, lifting 9.5 kg,
£ 2500.00 | !
E |
S 200000 1 i
1500.00 i & T ‘
]
1000.00 A ‘
500.00 A ‘
0.00 -

loading at the inferior L5/S1 level where the TDR spine
experienced on average over three times the loading
compared to the intact disc. In contrast, the intact lumbar
spine above this level experienced increased lateral shear
compared to the TDR spine with the magnitude of the
average difference approaching 40-50% greater loading in
the upper lumbar spine levels.

Facet loads are displayed in Fig. 6. For this subject,
there appears to be an asymmetry present with the L5/S1
structures being loaded to a greater extent on the right side
compared to the left. This asymmetry is due, in part, to the
unique geometry of the facet joint for this particular sub-
ject. This further illustrates the value of a detailed subject-
specific model since it is able to account for each subject’s
unique anthropometry and loading characteristics. Here,
again the presence of the TDR appears to have the greatest
influence at the level of the insertion with lower contact
forces occurring in the TDR spine on the right side at L5/
S1 and greater occurring on the left-side structures at L5/
S1. The differences are much less dramatic at the levels
above L5/S1.

Spinal ligament loads are shown in Fig. 7 for these
simple bending activities. Notably large ligament loads are
evident for the TDR spine compared to the intact spine for
nearly all the ligaments at the L5/S1 level. The RCL lig-
ament loads were particularly great for the TDR spine
during the unloaded bending conditions. Most of the dif-
ferences in ligament forces between the two spines occur at
L5/S1, whereas the differences are much less at the levels
above the TDR level.

Compressive Loads

M 0 kg Intact

9.5 kg Intact
M 9.5 kg TDR
M 19 kg Intact

l
‘ M0 kg TDR
19 kg TDR
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Intervertebral ROM

Figure 8 shows the ROM at each lumbar level in the sag-
ittal plane occurring during the exertions for the intact
spine compared to the TDR spine. The ROM of L5/S1 was
nearly 49% greater in the TDR spine compared to the intact
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W 19 kg Intact

M 19 kg TDR

spine during the unloaded bending activities. Changes in
the vertebral angles above the L5/S1 lumbar levels were
generally moderate in magnitude with the intact spine
producing slightly more ROM than the TDR spine up to the
L2/L3 level. ROM occurring at L1/L2 and at L1/T12
during the unloaded bending trials was comparable to that
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of the intact spine level at L5/S1 regardless of spine
condition.

The lateral ROM occurring during the tasks is shown in
Fig. 9. This figure indicates that there are large lateral
angle changes occurring in the TDR spine relative to the
intact spine at L5/S1, whereas at the intervertebral levels
above L5/S1 there is slightly more lateral plane motion in
the intact spine or no difference between the spines.

The twisting plane ROM is shown in Fig. 10. Under
unloaded bending conditions, twisting ROM was slightly

Ligaments

greater at L5/S1 and L4/L5 in the TDR spine compared to
the intact spine with the reverse trend occurring above the
L4/L5 level.

Trunk bending while lifting (loaded spine)

Tissue load distribution along the lumbar spine

Figures 3, 4, 5, 6, 7, and 8 also indicate how the spine
functions when lifting the 9.5 and 19 kg loads in the intact
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spine compared to the TDR spine. As expected compres-
sion loads increased by a greater amount in the TDR spine
compared to the intact spine as weight lifted increased
(Fig. 3). This increase was most prominent at L.5/S1. When
lifting either the 9.5 or 19 kg loads, the spine compression
at L5/S1 increased by around 28% in the TDR spine
compared to the intact spine. Differences between the two
spines at levels above L5/S1 were much more modest and
generally within 7% or less of each other. A/P shear forces
increased greatly when lifting weights compared to the
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unloaded spine bending condition (Fig. 4). Substantial
shear forces were noted in the superior and inferior sur-
faces of L5/S1. These shear forces were not as clearly
associated with the TDR spine as was noted with com-
pression. Shear forces at spine levels above the superior
LA4/L5 level were generally more moderate in magnitude.
Lateral shear forces were markedly greater at the L5/S1
inferior endplate level for the TDR spine compared to the
intact spine regardless of the weight handled (Fig. 5).
These loads were generally doubled in the TDR spine.
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Fig. 10 Mean twisting
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There appeared to be a large redistribution of lateral shear
loading in the levels above L5/S1 in the intact spine rela-
tive to the TDR spine with the intact spine supporting more
of the lateral shear loads at these levels, whereas the load
was supported more at L5/S1 in the TDR spine. Lateral
shear loads were actually greater at these levels when
lifting the 9.5 kg load than when lifting the 19 kg loads for
this subject. This most likely indicates the truly unique
nature of spine loading for a given individual. In-depth
analysis indicated that the subject was more asymmetric
when performing these tasks (see Figs. 9, 10).

Facet loads were greatest at the lower lumbar levels and
particularly at the site of the TDR junction (Fig. 6). There
appeared to be a left-right trade-off in load occurring in the
facets that varied as a function of load at these lower levels.
The L5/S1 right facet experienced greater contact forces
with the intact spine for the unloaded and 9.5 kg condi-
tions. However, the reverse was true for the 19 kg lifting
conditions. Left-side facet contact forces were always lar-
ger for the TDR spine at L5/S1. This was generally the case
at L4/L5 right facet contact force except for the 19 kg
lifting conditions. All other facet contact forces were fairly
low in magnitude and generally consistent in pattern
regardless of the condition.

Most ligament forces were notably greater at the L5/S1
level for the TDR spine compared to the intact spine, and
the magnitude of these ligament forces was often greatest
for the 19 kg lifting condition (Fig. 7). The ligament ten-
sions at the levels above L5/S1 were generally much lower
than at the TDR insertion level.

m 9.5 kg TDR

® 19 kg Intact

19 kg TDR

L3/L4 L2/L3
Level

L1/L2 T12/L1

Intervertebral ROM

Figure 8 indicates the change in intervertebral ROM as a
function of the spine condition and lifting condition. Large
sagittal plane ROM differences occurred between the intact
spine and the TDR spine at the L5/S1 intervertebral level
during lifting conditions with the ROM generally doubling
under the TDR spine condition compared to the intact
conditions. For the levels above L5/S1, there was little
difference between the intact and TDR spines. There were,
however, significant increases in ROMs at L4/L5, L3/L4,
L1/L2, and T12/L1 with lifting compared to the pure
bending (unloaded) conditions. Figure 9 indicates very
large increases in L5/S1 lateral ROM in the TDR spine
compared to the intact spine under both lifting conditions
with greater angle changes occurring at the 9.5 kg lifting
condition compared to the 19 kg lifting condition. There
appears to be a trade-off in ROM for the intervertebral
discs above this level with the intact spine showing slightly
greater motion than the TDR spine. However, the magni-
tudes of these angle changes are generally significantly
lower compared to those at the L5/S1 level.

Figure 10 indicates twisting plane ROM changes as a
function of the lifting conditions. The L5/S1 vertebrae
indicated a pattern similar to that seen in the lateral plane
during lifting. L5/S1 twisting ROM was far greater in the
TDR spine compared to the intact spine. A similar pattern,
but of much lesser magnitude, was also noted at L4/L5.
Above this level, twisting motion was generally greater for
the intact spine compared to the TDR spine. However,
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these were generally of much lesser magnitude compared
to the L5/S1 level TDR spine.

Discussion

The objective of this analysis was to assess how a TDR
inserted at L5/S1 would compare to an intact spine when a
person was performing tasks associated with normal living
activities including normal unloaded bending as well as
lifting objects of moderate load magnitude. Where most
previous studies have compared the TDR to fusion, we
were able to compare the TDR to an intact spine, which
should provide some guidance for how TDR technology
needs to improve in the future. We believe this will provide
insight into how future designs of TDRs should be directed
to mimic the function of the intact spine.

This assessment was unique because we were able to
perform a detailed dynamic in vivo biomechanical analysis
(both kinetically and kinematically) of lumbar spine loads
and kinematic function comparing between the two spines
using a validated “personalized” biologically assisted
hybrid biomechanical model. The benefit of this person-
alized model is that we were able to assess the unique
influence of the degenerative features of the specific sub-
ject. In addition, with a personalized model, we were able
to assess the influence of only the TDR since everything
else in the assessment remained the same. In this analysis,
we assessed 100 load variables and 18 kinematic variables
under each condition. Thus, we were able to assess the
biomechanics at a level of granularity that has rarely been
reported previously.

Using this analysis technique we were able to come to
several conclusions. First, with the insertion of a TDR,
forces are of much greater magnitude in all three directions
of loading and are concentrated at both the end plates and
the posterior element structures compared to an intact
spine. Increased compression loads within the TDR spine
compared to the intact spine are of the order of around 30%
greater regardless of whether the spine is supporting an
external load or not. However, a significant difference is
seen between the intact spine and the TDR spine at levels
above the TDR insertion level as a function of supporting
an external load (lifting). Without external loading, the
differences between the intact spine and the TDR spine are
minor at levels above L5/S1; however, with loading at the
upper lumbar spine, the TDR spine experiences greater
compressive loading (5-7%) compared to the intact spine.
These differences were much smaller (around 2%) with the
unloaded condition. Significant increases in lateral shear
force in the TDR spine compared to the intact spine were
seen particularly at the inferior endplate of the insertion
level. These forces often were twice as great in the TDR
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spine compared to the intact spine. Some of the greatest
lateral shear magnitudes at lumbar levels above the TDR
insertion level were seen in the intact spine when lifting the
9.5 kg external load. Similar patterns occurred in response
to the other external loading conditions. We suspect this
was due to the unique way that this subject employed his
torso muscles during these exertions. This emphasizes the
systems behavior of the lumbar spine. There also appeared
to be a trade-off of lateral shear at the insertion level with
the facet forces at this same level. It was interesting to note
that the introduction of the TDR seemed to balance out the
facet loads removing much of the asymmetry due to the
subject’s specific vertebral geometry. This analysis also
indicates that the capsular ligaments are exposed to sig-
nificant loads in the TDR spine. In addition, there is an
asymmetry to the loading in these ligaments on the right
versus left sides that are also associated with the facet
loading pattern. Collectively, this analysis indicates that the
insertion of a TDR significantly alters the function of the
spine.

This analysis also sheds light on the kinematic behavior
of the vertebrae in three-dimensional space when a TDR is
inserted at a disc level compared to an intact spine. No
previous studies have explored vertebral function when the
spine was exposed to external loading. These analyses
indicated that while ROM within the TDR joint was larger
than those in the intact spine (yet within the normal ranges
under the unloaded bending conditions), the differences
between spines were far greater in all three planes of
motion under loaded lifting conditions. At levels above the
TDR insertion, larger changes were present during the
lifting conditions. While sagittal motions were often
greater at these higher lumbar levels, there appeared to be
less lateral and twisting motion.

Our findings are generally in agreement with idea that
there is greater potential for load and cumulative loading
on the facet joints at the level of TDR insertion as has been
reported previously [11]. Our findings also confirm the
reports that most problems with the TDR occur at the
insertion level and not at the adjacent level [12]. In fact,
our analysis suggests that there is often less loading at the
adjacent level to the insertion level, especially when lateral
shear is considered. Thus, these findings disagree with
those of Zindrick et al. [5].

Some previous studies have used radiographs and
reported normal ROM for the TDR [19], whereas others
have reported more motion [20]. Our findings are more in
agreement with those of Huang et al. in that we see more
motion, especially when lifting loads.

Overall, our study suggests that there appear to be large
trade-offs in biomechanical loading with the TDR. While
the adjacent levels are generally spared in terms of motion,
there are indeed trade-offs between the planes of motion,
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and loading of these adjacent tissues can be greater, par-
ticularly several levels away from the insertion level. These
findings suggest that there are real differences in the lum-
bar spine systems behavior when this particular TDR was
inserted. This information can provide insight into the
goals for future design of such devices.

As with any study, several limitations of this work
should be discussed. First, our analysis only assessed the
role of the TDR at one level. Others have suggested that
multilevel insertions might change the biomechanics sig-
nificantly [14, 15]. Our findings cannot be extrapolated to
multilevel insertions of TDRs. Second, we used one TDR
device (ProDiscTM), and our results are unique to the
design of this device. Thus, one should use care in
extrapolating these results to other devices. Next, this study
involved one subject. While the analysis of this subject was
in-depth, these findings are unique to this individual with
his degenerative profile and particular muscle recruitment
and movement pattern. While these features could change
from subject to subject, we expect that the healthy subject
examined in this study was largely representative of
asymptomatic subjects. Given the difficulties with building
a model and the collection of subject CT information
necessary to build the model of an individual, it would
have been impractical to include multiple subjects in this
study at this point in time. Thus, while we believe these
results are indicative of the TDR versus intact function, we
were unable to perform statistical comparisons because of
the single subject. However, with these limitations in mind,
we do believe that this study offers some unique insights
into the functional and systematic implications of a TDR
insertion into the lumbar spine.

Conflict of interest None.
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