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Abstract BACKGROUND CONTEXT: Vertebral end plate support is necessary for successful lumbar total
disc replacement (TDR) surgery. Failure to achieve anterior column support as a result of lumbar
TDR device undersizing could lead to implant subsidence and fracture.

PURPOSE: The purpose of the study was to examine the compressive biomechanical behavior of
the vertebral end plate with varying sizes of disc replacement implants.

STUDY DESIGN: The study design comprises a biomechanical investigation using a human
cadaveric lumbar spine model.

METHODS: Fifty-six vertebrae with intact posterior elements were prepared from 13 fresh frozen
lumbar spines. Peripheral quantitative computed tomography was performed to assess regional bone
density. Vertebrae were potted and subjected to nondestructive compression testing with a small,
medium, and large custom-made implants with the footplate geometry of the ProDisc-L TDR (Syn-
thes Spine, West Chester, PA, USA) system and having no keel. Failure testing was performed using
the ProDisc-L implant with an intact keel. Pressure sensor film was used to assess contact pressure
and distribution.

RESULTS: There was a linear correlation between percent coverage of the end plate and implant-end
plate stiffness (p=.0001) and an inverse correlation with displacement (p=.01). The difference in
implant-end plate stiffness between small-medium, medium-large, and small-large implants was
10.5% (p=.03), 10.2% (p=.02), and 19.6% (p<<.0001), respectively. Failure analysis revealed
similar trends for implant sizing, but only bone density was found to significantly correlate with failure
properties (r=0.76, p<.0001). There was a significant reduction in implant-end plate stiffness of 18%
when the keel was intact compared to without the keel (range 6-27%, p=.0008). Pressure film analysis
revealed that the implant was loaded peripherally and did not have central contact during nondestruc-
tive loading. There was a trend toward greater contact pressure with the small implant when compared
with the medium implant (p=.06) and the large implant (p=.06).

CONCLUSIONS: Although larger implants reduce end plate displacement, increase apparent
implant-end plate stiffness, increase the implant-end plate contact area, and decrease the peak
contact pressures, low bone density reduces failure properties. The keel introduces a reduction in
stiffness to the implant-end plate interface, the clinical significance of which is currently
unknown. © 2010 Elsevier Inc. All rights reserved.
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Introduction

The clinical efficacy of lumbar total disc replacement
(TDR) compared with spinal fusion for the treatment of
degenerative disc disease has been shown in several recent
clinical trials [1-5]. Although the outcome of lumbar TDR
is likely dependent on multiple patient- and surgeon-related
factors, there is evidence to suggest that implant sizing is
a critical component for success, and that failure to do so
could predispose to significant morbidity [2,6—11]. Failure
to achieve adequate anterior column support as a result of
lumbar TDR device undersizing could lead to implant
subsidence and fracture [6,8,9,12,13]. Although long-term
follow-up will be needed to fully appreciate the spectrum
of complications that may result from subsidence with
TDR, recent studies from both TDR and fusion cage liter-
ature have shown that kyphotic deformity, neural element
compromise, great vessel compression, small bowel
obstruction, pain, wear debris leading to osteolysis, and
the need for revision surgery are some of the sequelae that
may develop [6,8,9,11,12,14,15]. Subsidence depends, in
part, on the stiffness and strength of the implant-end plate
interface, and factors that influence this interface include
bone mineral density, amount of cartilaginous end plate re-
moval during surgery, anteroposterior position of the im-
plant on the vertebral end plate (ie, variable regional bone
strength), implant shape, and implant size [15-18].

The effect of fusion cage implant size has been evalu-
ated as a factor in implant-end plate mechanics. In a cadav-
eric model, Tan et al. [18] demonstrated significantly higher
failure loads and strength with larger fusion cage indenters.
Similarly, Lowe et al. [17] reported that larger diameter
cages facilitated a more efficient transfer of force toward
the stronger posterolateral region of the end plate and,
therefore, provided the greatest resistance to subsidence.
There are, however, several technical aspects of the TDR
procedure that affect the implant-end plate interface differ-
ently than that seen with fusion: 1) retention of the bony
end plate, removing only the cartilaginous end plate [6];
2) no attempt at arthrodesis between the end plate and
the implant; and 3) a keeled implant is common, which
may effect the mechanical integrity of the end plate leading
to vertebral fracture [7,19]. Considering these factors, it is
clear that end plate preparation, sizing goals, implant size
and geometry, and interface mechanics may be different
in lumbar TDR compared with fusion. Consequently, the
conclusions drawn from studies of fusion cage devices
may not be the same in evaluating the implant-end plate in-
terface in lumbar TDR [5].

The objective of the present study was to examine the
compressive biomechanical behavior of the vertebral end
plate with varying sizes of TDR implants. We hypothesized
the following: there will be a relationship between the
proportion of end plate that is covered by the implant
(percent coverage) with the compressive biomechanical
properties of displacement, stiffness, contact pressure, and

failure load; bone density will correlate with implant-end
plate mechanics; and the keel of the TDR implant will sig-
nificantly alter the compressive biomechanics.

Methods
Study design

The study was performed with two arms: nondestructive
and failure mechanical testing using an implant with the in-
ferior footprint geometry of the ProDisc-L TDR (Synthes
Spine, West Chester, PA, USA). First, nondestructive test-
ing was performed using repeated tests of three implant
sizes. Because repeated testing was performed, low loads
were applied, and repeatability was confirmed. In the
nondestructive testing, each specimen was tested with the
implant keels removed (Fig. 1, left). Removal of the keel
was performed to evaluate the mechanics of the implant-
end plate interface without the effects of the keel and poten-
tial damage from inserting and removing the keel during
repeated testing. Second, failure testing was performed us-
ing the ProDisc-L implant with the keel intact (Fig. 1,
right). An intact TDR implant was used to more closely
represent the physiological loading for determination of
failure loads and displacements and to determine the effect
of the keel by comparing the low load behavior with non-
destructive behavior.

Imaging and specimen preparation

Thirteen fresh frozen lumbar spines (ages 27-77 years,
average 61.6 years), which had a total of n=62 lumbar
levels L1 through L5, were acquired under an approved
institutional review board protocol. Intact spines were first
assessed for structural deformities with anteroposterior and
lateral radiographs. Levels with fractures, end plate irregu-
larities (i.e., Schmorl’s node), or tumors were removed
(n=6), leaving a total of 56 intact specimens included in

Fig. 1. Image of ProDisc-L total disc replacement implant geometry with
(Left) customized with keel removed for nondestructive testing and (Right)
keel intact for failure testing.
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the study. Peripheral quantitative computed tomography
(XCT2000; Stratec Medizintechnik, Pforzheim, Germany)
was performed on each vertebral level while the entire lum-
bar spine was still intact. Three evenly spaced axial slices
through the vertebral body were acquired and for each slice
trabecular bone density within a 10-mm circular region of
interest was quantified using customized digital software
program (Fig. 2). Bone density for the each vertebral body
was defined as the average from each of the three axial
slices.

After imaging, lumbar specimens between L1 and L5
were dissected to remove all surrounding soft tissues.
Posterior elements, which contribute toward vertebral com-
pression mechanics, were kept intact and had no evidence
of pars fractures, pedicle fractures, prior laminectomies,
or spina bifida occulta. The superior end plate (the end plate
in contact with the TDR implant) was prepared by sharp
dissection of the disc with a scalpel, followed by removal
of the remaining disc until the cartilaginous end plate was
exposed. A curette was then used to remove the remaining
cartilaginous end plate while taking care to remove only the
cartilaginous end plate, leaving the bony end plate intact.
This end plate preparation was performed according to
the method prescribed by a spine surgeon with extensive
experience in lumbar disc replacement surgery. The inferior
end plate preparation consisted of removal of disc and car-
tilaginous end plate using a scalpel and curette.

The specimen was then potted by placing the inferior
body centrally within a plastic cylinder and filling the cyl-
inder with polymethylmethacrylate to cover the inferior 2

Fig. 2. Representative peripheral quantitative computed tomography scan
of vertebral specimen. A 10-mm diameter circular region of interest of
trabecular bone was evaluated for each specimen to determine bone
density.

to 3 mm of the vertebral body (Fig. 3). Care was taken to
ensure that the pedicles did not come into contact with
the cylinder. A level was used to ensure a flat, even surface
at the superior end plate. Anteroposterior dimensions taken
at the vertebral body sagittal midline and mediolateral end
plate dimensions taken in the coronal plane vertebral body
midline were measured three times using a digital caliper
by a single observer, and the average value was used.

The percent coverage for each specimen and each
implant size was calculated as the end plate area divided
by the implant area (for implants, the areas were
small=567, medium=738, and large=924 mmz). The end
plate surface area (A) was approximated by the area of
an ellipse, A= (anteroposterior radius) (mediolateral
radius) as previously described [20-22]. In some cases,
the implant was larger than the diameter of the body and
“overhanging’’ the cortical rim. In these cases, the percent
coverage was designated at a maximum of 100%. After
dimensional measurement, the specimen was stored in
a —20°C freezer until mechanical testing.

Mechanical testing

Before mechanical testing, specimens were removed
from the freezer and thawed at room temperature. Each
specimen first underwent nondestructive compression test-
ing with small, medium, and large custom-made implants
with the footprint geometry of the ProDisc-L (Synthes
Spine, West Chester, PA, USA), but without the inferior
keel (medium and large size ProDisc-L implants are com-
mercially available; the small size implant is not currently
available for clinical use). The order of nondestructive test-
ing was randomized. Each specimen was placed under the
indenter of the Instron 8874 (Instron Corporation, Canton,
MA, USA) with the superior end plate oriented parallel
to the horizontal plane, and the indenter placed centrally
over the middle of the cancellous bone. A 0.48 to 2.41
MPa range pressure sensitive film (Fujifilm PressureX;
Sensor Products, Inc., Madison, NJ, USA) was interposed
between the implant and the end plate.

An initial preload of 50 N was applied at a rate of 0.2
mm/s and held for 60 seconds. After preload, a slow ramp
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Fig. 3. Vertebral bodies were dissected and potted in polymethylmetha-
crylate using a level to keep the end plate surface flat.
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was applied at the same rate until 400 N was reached. This
low load was selected to prevent damage to the specimen
and was based on previous studies of fusion implants
[16,18]. After each test, the sample was unloaded and refro-
zen until repeated testing was performed. Twenty-four
hours before the next testing session, the specimen was
removed from the freezer and placed into a refrigerator
for thawing. A subset of samples (n=15) that had been ran-
domized to test with the small-sized implant first, followed
by large and then medium implant, were retested with the
small implant to confirm that repeated testing did not dam-
age or alter the implant-end plate compression properties.

After completing the nondestructive testing, failure
testing was performed once on each specimen using one
implant size that was randomly assigned. The testing proto-
col was identical to that described above for nondestructive
testing, except a ProDisc-L implant with an intact keel
(Fig. 1, right) was used and the specimen was tested to fail-
ure rather than limited to 400 N load. The test was stopped
when fracture had occurred or the load-displacement curve
dropped.

Data analysis

The load-displacement response of each compression
mechanical test was analyzed as follows. Stiffness was cal-
culated using a linear regression of the load-displacement
data between 200 and 400 N compression. Displacement
at 400 N was recorded because the displacement of the im-
plant into the end plate is a clinically significant indication
of subsidence. For the failure testing, failure was defined as
the maximum load in the load-displacement response. In
those instances where the load-displacement response ex-
hibited an early drop or a break in the curve, these were
not recorded as max loads as long as the load continued
to rise over the subsequent 0.5 mm displacement [23].
Additionally, the load at 2 mm displacement was recorded
to represent subsidence.

A subset of pressure sensitive films (n=4) that had
completed testing for all three implant sizes were scanned,
digitized using custom software (Sensor Products, Inc.,
Madison, NJ, USA), and analyzed to assess contact pres-
sures and distribution differences among the implant sizes.

Statistical analysis

The effect of the percent coverage, bone density, and
other factors, such as level and age on the mechanical test
parameters was evaluated. The mechanical test parameters
considered were stiffness and displacement at 400 N load
for all nondestructive and failure tests. Additionally, load
at 2 mm displacement and maximum load were considered
only for failure tests. The data were analyzed in two ways:
groups were compared according to implant size (S, M, L)
and individual specimens were analyzed according to

continuous variable parameters (bone density and percent
coverage).

To determine which factors, such as percent coverage,
density, age, and level were linearly associated with
mechanical parameters, the PROC MIXED procedure in
SAS (SAS Institute, Inc., Cary, NC, USA) was used to
account for the repeated measurement nature of the data.
Because repeated measurements within patients may be
correlated, this procedure allows one to model this “corre-
lation structure,” commonly referred to as a covariance pat-
tern. This will allow for improved estimates of the standard
errors of measurement, and therefore more powerful tests.
There are a number of various covariance structures to
choose from and here “compound symmetry” for correla-
tions that are constant for any two points in time was
chosen.

To quantify the effects of the keel on end plate compres-
sion mechanics, for each specimen, the stiffness calculated
without the keel (nondestructive test) was compared with
the stiffness calculated with the keel (destructive test) for
the same implant size. Correlations were estimated by the
Hamlett method, also incorporating PROC MIXED for
repeated measures.

Results

The average percent coverage of the small, medium, and
large implants was 38%, 50%, and 62%, respectively. The
percent coverage was dependent on level and decreased at
the lower levels, where the vertebral body area is larger.

Nondestructive results

After correcting for age, level, bone density, and gender,
there was a linear correlation between percent coverage
and stiffness (r=0.18, p=.0001). There was also an inverse
correlation between percent coverage and displacement at
400 N (r=-0.10, p=.01). Therefore, stiffness significantly
increased as implant size progressed from smaller to larger
(Fig. 4, left). Likewise, displacement significantly decreased
as implant size progresses from smaller to larger (Fig. 4,
right). The difference in stiffness between small-medium,
medium-large, and small-large implants was 10.5%
(p=.03), 10.2% (p=.02), and 19.6% (p<<.0001), respec-
tively. The difference in displacement between small-
medium, medium-large, and small-large implants was
15.0% (p=.0066), 2.6% (p=.69), and 17.2% (p=.0026).
Bone density also significantly correlated with end plate stiff-
ness (r=—0.25, p=.0003); however, bone density was not
significantly correlated with displacement at 400 N (p=.26).

Repeatability testing confirmed that damage did not
occur because of repeated implant mechanical testing.
The median stiffness for the small implant during the first
test was 723 N/mm and in the final test was 725 N/mm,
with a median difference between testing sessions of 8%.
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Fig. 4. (Left) Stiffness at the implant-end plate interface increased significantly with increasing implant size. (Right) Displacement at 400-N compression

decreased with increasing implant size.

This was not statistically different based on a paired ¢ test,
p=.49 using the Wilcoxon signed-rank test.

Fuji film analysis revealed that the implants were loaded
peripherally and did not have central contact under nonde-
structive loads (Fig. 5, left). Larger implants also had in-
creased end plate contact area with corresponding
decreased contact pressures (Fig. 5, right). Although lim-
ited by small number of samples (n=4), there was a trend
toward greater contact pressure with the small implant
when compared with the medium implant (p=.06) and
the large implant (p=.06), although there was no difference
between the medium and the large implants (p=.7).

Failure results

In contrast to the nondestructive results, after correcting
for age, level, bone density, and gender, there was no cor-
relation between percent coverage and failure load (p=.3)
or load at 2 mm displacement (p=.4). However, bone den-
sity was significantly correlated with failure properties.
Linear regression analysis revealed that lower bone density
significantly correlated with load at failure (r=0.76,
p<.0001) and load required to produce 2 mm displacement
(r=0.75, p<.0001). The failure load was 1961%937,
2624+1423, and 3087+1454 N for the small, medium,
and large implants, respectively. The load at 2 mm dis-
placement was 1499=x775, 1900+1278, and 1959£813 N
for the small, medium, and large implants, respectively.
Although these followed the same trends as the nondestruc-
tive testing (Fig. 4), they were not significantly significant
between implant sizes.

Effect of the keel

The stiffness calculated between 200 and 400 N from the
nondestructive testing (no keel) and the failure testing (with
keel) were compared to determine the effect of the keel on
implant-end plate mechanics. After controlling for other
variables, including percent coverage, bone density, age,

level, and gender, linear regression analysis revealed that
on average the keel imparts a significant reduction in end
plate stiffness of 18% (range: 6-27%, p=.0008). For the
small implant, the keel decreased the stiffness by 6%
(p=.41). In the medium and large implant groups, however,
end plate stiffness decreased with the keel by 19%
(p=.0043) and 26% (p=.0015), respectively.

Discussion

Lumbar TDR has shown equivocal or superior clinical
results to spinal fusion in the treatment of degenerative disc
disease [1-5,24]. The main impetus for TDR and other
motion-preserving alternatives to fusion is the biomechanical
advantage afforded by TDR, which theoretically protects the
adjacent level from excessive stresses and adjacent segment
degeneration requiring further surgery [25-35]. Although the
clinical utility of lumbar TDR will continue to be debated
[36,37], there is universal agreement that proper implantation
technique and sizing are of critical importance to
optimize device performance and clinical outcome
[2,6-9,11,12,19,38]. Undersized arthroplasty devices may
subject the central portion of the vertebral body to higher
stresses and increase the risk for implant subsidence. Several
studies have cited implant undersizing as the reason for
subsidence and migration [6,8,9,12,13]. Although the true
incidence of clinically relevant TDR device subsidence and
failure is not known, it is likely that the proportion of current
TDR patients who will ultimately develop subsidence or end
plate fractures will increase, however, as this predominantly
younger TDR population ages and experiences progressive
bone loss and osteoporosis.

Biomechanical studies that have evaluated the mechani-
cal effects of interbody fusion device shape, positioning,
and size have shown that achieving peripheral rim fit on
the stronger end plate regions are critical in minimizing
the risk for subsidence [17,18,39,40]. Interbody fusion
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devices often have roughened edges and unique shapes to
maximize contact area and are designed to facilitate bony
remodeling and fusion, which if achieved, will strengthen
the bone-implant interface over time. The biomechanical
environment in TDR, however, contains several unique as-
pects that make it different from that of a fusion. In TDR,
only the cartilaginous end plate is removed (keeping the un-
derlying bony end plate intact) to provide a bony buttress
for the device footplate to rest on [1,6,40]. Although there
is some expected bony ingrowth as a result of the plasma
pore titanium coating with ProDisc-L, there is minimal bo-
ny remodeling and no intended fusion at the bone-implant
interface. For these reasons, therefore, the initial bony sup-
port from the end plate and apophyseal rim in TDR is even
more critical in the prevention of device subsidence. Most
importantly, many TDR devices contain a keel, which
penetrates the upper and lower end plates of the vertebrae,
the path for which is generated by a chisel. Such a construct
has the potential for serious end plate mechanical alter-
ations, which to date have not been quantified.

Nondestructive analysis

The results of our study highlight that proper implant
sizing may prevent subsidence by improving the initial
implant-bone interface. By placing a larger implant, the im-
plant rim rests on a stiffer, more peripheral region of the
vertebral end plate, which can provide more mechanical
support when compared with more central trabecular bone.
With increasing implant size, the end plate stiffness signif-
icantly increased. Similarly, implant displacement was in-
versely correlated with implant size. Bone density had
a significant correlation with end plate stiffness (statisti-
cally significant). Under relatively low loads (400 N), there-
fore, implant sizing has biomechanical effects on end plate
mechanics. Significant differences were found under loads,
which correspond to lying in the supine position. It could
be expected that under loads corresponding to normal daily
activities, which could be as much as fivefold higher, even
more dramatic differences would be detected.

Pressure distribution analysis revealed that the implant is
edge-loaded under compressive loads and that the central
portion of the vertebral body may not be subjected to any

relevant loads. Total disc replacement implants with a flat
footplate, therefore, likely do not subject the weaker central
bone under simulated physiologic compressive loads. It is
unclear if the TDR implant undergoes some initial
“settling” early on (<2 mm displacement), as described
by Siepe et al. [41], which may actually represent bony re-
modeling around the flat edges of the implant and which
does not appear to progress or cause symptoms. Because
our study was a cadaveric model, it was not possible to sim-
ulate physiologic settling. It is possible, therefore, that end
plate remodeling or minor settling may place the central
portion of the vertebral body in contact with the footplate,
which may help redistribute forces or, alternatively, load
the weaker central bone. Although using a flat device foot-
plate and avoiding loading the central vertebral body bone
may reduce the risk for central depression or fracture, the
majority of the contact area and pressure distribution are
accounted for by the rim-loading edges of the implant. With
the larger implant, there is a greater distribution of contact
area and a trend toward reduced peak contract pressures
(Fig. 5, left).

Failure analysis

Similar to the nondestructive testing, our results reveal
that larger devices tended to have greater loads to failure
and required greater loads to produce 2 mm of vertical dis-
placement. Because of the variability of the data, however,
these differences were not significant. This was not unex-
pected given the broad spectrum of ages, values for bone
density, and vertebral levels tested. Bone density was the
only factor that showed significant correlation with failure
testing properties (max load at failure and load required
to produce 2-mm vertical displacement). Other studies have
shown that bone density is the critical component to deter-
mine the compressive strength of the vertebral body.
Kayanja et al. [42] recently showed that when comparing
nonaugmented versus augmented vertebral bodies with pol-
ymethylmethacrylate, the only factor that predicted failure
loads was bone density. Although the percent end plate cov-
erage by the implant is a predictor of end plate stiffness and
risk for subsidence during nondestructive testing (400 N),
perhaps these subfailure loads do not subject the underlying
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trabecular bone to significant stresses. With increasing
compressive loads, however, the underlying trabecular bone
is called on to support the device footplate.

It is currently not known if nondestructive (subfailure)
stiffness and displacement data are more meaningful as
a study endpoint (presumably measuring subsidence at
the level of the end plate) compared with load to failure
(presumably measuring the strength of the underlying
trabecular bone). Future studies will need to more closely
evaluate the sequence of inciting events of implant subsi-
dence, device migration, and end plate fracture with TDR
to determine whether subsidence is a preceding event along
the spectrum of injury, or if the forces needed to induce an
end plate fracture are so great that the weakest link (ie, tra-
becular bone) fails first leaving the end plate intact [43]. A
better understanding of the mechanism of failure will lead
to clues as to how best to prevent these injuries (ie, implant
size, patient selection, vertebral augmentation) [23].

Effects of the keel

One of the main advantages of using a keel-based TDR
system is that the keel theoretically provides better fixation
to the end plate than the spikes used in nonkeeled TDR
devices. A more solid fixation to the surrounding bone
may reduce the risk of device migration and anterior
displacement that has been described [6,8,19,44,45]. It
may also provide the surgeon with a visible landmark in
the center of the device, which will allow for more precise
midline, centered orientation. With the requisite introduc-
tion of the chisel path before TDR insertion (each of which
measures 9 mm in height), followed by TDR keel place-
ment (each of which measures 6 mm in height), there is
a violation of both the superior and inferior end plates that
may cause mechanical changes at the end plate [7]. This
may be of particular concern for two-level TDR, where
the middle vertebral body will have keel and chisel penetra-
tion of both the superior and inferior end plates [19].

Our results show that the TDR keel imparts a statistically
significant reduction in end plate stiffness. For small-sized
implants, the stiffness at the end plates was not significantly
different when using the keeled implant (within 6%), but
both the medium- and large-sized implants experienced sig-
nificant decreases in end plate stiffness of 19% and 26%,
respectively. However, the relevance of this mechanical
alteration is not known, as in the short- to midterm
follow-up there are only sparse reports of keel-related frac-
tures and an extremely low rate of implant subsidence with
the ProDisc-L [4,5,7,19,24,46]. Despite biomechanical
evidence for reduced implant-explant stiffness, only long-
term clinical follow-up will be able to determine whether
the keel places patients at a higher risk for late complica-
tions, including end plate subsidence and fracture.

There are several study limitations inherent in a cadaveric
biomechanical study. We purposely selected a broad
spectrum of specimen age, bone density, and lumbar level.

Although the aged specimens would be too old for TDR sur-
gery, eventually patients will mature to these ages and expe-
rience lower bone density. Thus, this was considered as an
important factor to incorporate into the study. However, these
factors increased the data variability and may have resulted in
some trends that were nonsignificant. It is also possible that
the mechanical properties were altered as a result of repeated
testing and multiple freeze-thaw cycles; however, analysis of
a subset of samples with repeated testing of the first implant
size demonstrated repeatability of stiffness to within 8% and
was not significantly different. Finally, although ideal disc re-
placement location is posterior to the center of the vertebral
body, corresponding with the lumbar instantaneous axis of
rotation, for this study, to avoid variable eccentric placement
as a confounding variable, the specimen and indenter were
aligned centrally within the middle of the vertebral body
and the boundaries of the cortical rim.

In conclusion, our results support the use of the largest
footplate possible to avoid large end plate displacements
and reduce the potential for device subsidence and end plate
failure. Likewise, device undersizing may significantly com-
promise the integrity of the end plate. Larger devices reduce
contact forces, place the edge-loading rim on the more
peripheral and stiffer vertebral body and apophyseal rim, re-
duce the likelihood of implant displacement, and increase the
loads required to induce 2-mm displacement and fracture of
the vertebral body. Bone density is highly correlated with end
plate stiffness at the implant-end plate interface and is the
most important factor in predicting failure loads in compres-
sion. We recommend caution in routinely using the largest
TDR implant in all cases however because TDR oversizing
has been described as a cause of anterior device displacement
and TDR revision surgery [6,12]. Further clinical studies are
needed to determine the criteria for proper TDR sizing.
Finally, we have shown that the central keel of the ProDisc-
L TDR implant significantly reduces the end plate stiffness
by approximately 18%. These findings have clinical implica-
tions not only for proper implant sizing and insertion tech-
nique of current TDR prostheses but also for the design of
future TDR systems.
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