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Abstract

Background Context—Current spine arthroplasty devices, require disruption of the annulus
fibrosus for implantation. Preliminary studies of a unique annulus sparing intervertebral prosthetic
disc (IPD), found that preservation of the annulus resulted in load sharing of the annulus with the
prosthesis.

Purpose—Determine flexibility of the IPD versus fusion constructs in normal and degenerated
human spines.

Study design/Setting—Biomechanical comparison of motion segments in the intact, fusion and
mechanical nucleus replacement states for normal and degenerated states.

Patient setting—Thirty lumbar motion segments.

Outcomes Measures—Intervertebral height; motion segment range-of-motion (ROM), neutral
zone (NZ), stiffness.

Methods—Motion segments had multi-directional flexibility testing to 7.5 Nm for intact discs, discs
reconstructed using the IPD (n=12), or after anterior/posterior fusions (n=18). Interbody height and
axial compression stiffness changes were determined for the reconstructed discs by applying axial
compression to 1500 N. Analysis included stratifying results to normal mobile vs. rigid degenerated
intact motion segments.

Results—The mean interbody height increase was 1.5 mm for IPD reconstructed discs. vs 3.0 mm
for fused segments. Axial compression stiffness was 3.0 £ 0.9 kN/mm for intact compared to 1.2 +
0.4 KN/mm for IPD reconstructed segments. Reconstructed disc ROM was 9.0° + 3.7° in flexion-
extension, 10.6° + 3.4° in lateral bending and 2.8° + 1.4° in axial torsion which was similar to intact
values and significantly greater than respective fusion values (p<0.001). Mobile intact segments
exhibited significantly greater rotation after fusion vs. their more rigid counterparts (p<0.05),
however, intact motion was not related to motion after IPD reconstruction. The NZ and rotational
stiffness followed similar trends. Differences in NZ between mobile and rigid intact specimens tended
to decrease in the IPD reconstructed state.

Conclusion—The annulus sparing IPD generally reproduced the intact segment biomechanics in
terms of ROM, NZ, and stiffness. Furthermore, the IPD reconstructed discs imparted stability by

*Corresponding author. Telephone: (651) 430-3800; fax: (651) 430-3827. E-mail address: butte011@umn.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Buttermann and Beaubien Page 2

maintaining a small neutral zone. The IPD reconstructed discs were significantly less rigid than the
fusion constructs and may be an attractive alternative for the treatment of DDD.
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Introduction

Spinal fusion is the current treatment for severe lumbar degenerative disc disease (DDD)
causing incapacitating low back pain. However, spinal fusion may result in decreased
flexibility of the spine and may aggravate degeneration of the adjacent remaining discs which
may in turn become painful [1-3]. Spine arthroplasty, which maintains motion segment
mobility, may be an alternative treatment option in place of fusion with the goal of avoiding
these problems.

Two categories of spine arthroplasty currently exist. One is nucleus replacement, which usually
requires an annulotomy for nucleus removal and prosthesis implantation. Most nucleus
prosthesis currently in development are manufactured from elastic materials such asa polyvinyl
alcohol or polyurethane [4-8]. With these devices, spinal motion occurs either by deformation
of the implant (similar to motion through a normal disc) or by rocking of the vertebra over the
implant, in which motion is constrained by the remaining annulus, spinal longitudinal
ligaments, and facet joints or capsules. Another category of spine arthroplasty is “total” disc
replacement in which the anterior and usually the posterior longitudinal ligaments are released,
most of the annulus removed and the disc space filled with a device. Most of these devices are
mechanical and are positioned into the interbody space. Typically these devices have metallic
endplates with porous ingrowth surfaces for fixation to the bony vertebral endplates. Spinal
motion occurs by an articulating joint with the motion constrained by the facet joints and
remaining lateral annulus [9;10]. Common to both nucleus and total disc prostheses is the need
to alter (i.e., excise or transect) the annulus fibrosus. Consequently, the biomechanical function
of the annulus, which requires intact circumferential annular fibers, cannot be restored.

Another concept in spinal arthroplasty is the annulus-sparing nucleus replacement, which
completely maintains the integrity of the existing annulus. Such a device would have its maotion
dictated by the normal soft tissue constraints of the intact disc, and would be load-sharing with
the surrounding annulus. This theory was supported in one pilot study, which found
approximately 40% of the axial load applied to a reconstructed motion segment was borne by
an annulus-sparing device [11]. Such load-sharing could result in reduced stresses to the device
and its bone interface in vivo, which would give it greater longevity and reduced subsidence
risk.

To our knowledge, two annulus sparing nucleus replacement devices exist, neither of which
is FDA approved: one is an in situ curing silicone nucleus device that is implanted via the trans-
sacral approach (TranS1 Inc., Wilmington, NC), and the other is a previously described
modular intervertebral prosthetic disc (IPD; Dynamic Spine Inc., San Diego, CA); the latter is
the focus of this study [12]. The IPD device is implanted via one or two cavities made in the
vertebra(e) adjacent to the indicated disc through which the central vertebral endplate and
nucleus are excised. The IPD has no articulating parts, instead it comprises an elastic spring
component, which is placed in the excised nuclear space, and one or two vertebral body fixation
components (Figure 1). The elastic component occupies the nuclear space with the implant
area representing approximately 25% of the total disc area. In a prior study using lumbar calf
spines comparing a fourfold range of elastic component stiffness; it was found that the
implanted device affected the overall biomechanical properties of the reconstructed segment
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Methods

[12]. In the current study we used the stiffer IPD (L60KN/m), which best reproduced bovine
intact values to reconstruct human lumbar discs.

One of the first steps in determining the potential clinical applicability of an annulus sparing
device was to assess whether the implanted device could approximate the biomechanical
properties of intact human lumbar motion segments. Specifically, the purpose of this study was
to determine if the elastic component of the implanted IPD in response to applied external loads
could reproduce the disc height, axial stiffness and rotational flexibility of the intact human
lumbar motion segment. A secondary goal was to stratify the results to normal mobile discs
versus the clinically applicable degenerative and more rigid disc cases. An additional objective
of was to compare the flexibility of the IPD reconstructed motion segments to fusion constructs
which is currently the primary surgical treatment for advanced DDD.

Thirty human lumbar motion segments were obtained for from donors with characteristics
shown in the Table. All specimens were cleaned of unnecessary soft tissue while retaining the
discs, facet capsules, and spinal ligaments; radiographs and bone density measurements were
obtained (DEXA). Motion segment degeneration was classified radiographically [13-16]. The
spines were dissected to obtain L23 and L45 motion segments (IPD group n=6 L23 and 6 L45;
fusion group: n=9 L23 and 9 L45). A larger number of specimens were assigned to the fusion
group as this was required for a subsequent study of supplemental anterior lumbar plates. The
outer endplates were fixed with supplemental screws, potted in urethane epoxy and stored at
—20°C until testing. Once thawed, specimens were kept moist between tests with 0.09% saline
spray and a plastic film wrap.

Axial compression testing was performed on the IPD group using a sinusoidal waveform to
1,500 Newtons (N) at mean rates of 8, 80, and 800 N/sec over three cycles and with a 10-sec
dwell time between cycles. The segments were constrained in all other translations and
rotations during compressive loading so that height changes could be accurately measured.

Flexibility testing was performed with unconstrained moments in all anatomic planes as
previously described [17]. Sagittal bending (flexion/extension), lateral bending and axial
torsion were applied sinusoidally to +7.5 Newton-meters (Nm) at 0.04 Hz, with an additional
100-N axial compressive load coincident with the long axis of the distal vertebrae. This
compressive load level was chosen to ensure the device was always under some compression,
but was small relative to body weight in order to minimize the artifact that occurs with preload
application [18].

Reflective spheres mounted on the proximal and distal vertebral bodies were tracked with an
infrared video motion measurement system (Vicon, Oxford Metrics, Oxford, UK) and their
motions were reduced to rigid body rotations using Euler angle formulations. All tests were
repeated three times with a 10-sec dwell time between loading cycles; only the third cycle was
used for data analysis. The sequence of load state testing (flexion/extension, lateral bending,
and axial rotation) was varied among the specimens.

All load-testing states were repeated with the IPD reconstructed disc both with and without
simulated fibrous tissue, which has been shown to grow between the spring coils of the IPD
in a pilot in vivo animal study [19]. In the current study, fibrous tissue was simulated with a
household silicone with an elastic modulus of approximately 0.9 MPa (Silicone 11, General
Electric, Waterford, NY), which is greater than but within an order of magnitude of that
reported for other predominantly Type | collagen fibrous soft tissues [20]. Ingrowth was
simulated by applying the silicone between the spring coils of the elastic component, which is
made of four springs. Implantation of the IPD first required making a cavity in the vertebral
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body adjacent to the disc to be reconstructed. Clinically, the approach may be made directly
anteriorly, anterolaterally, or direct laterally (as recently demonstrated in large animal studies
[19]). For the present study an anterolateral approach was used as this most familiar to surgeons
for performing anterior interbody fusion. A cutting guide was temporarily attached to the
anterolateral vertebral body adjacent to the disc to be reconstructed, a cortical window was cut
afterwhich a depth-controlled reamer removes cancellous bone to make a cavity. The width of
the window was 25 mm corresponding to the diameter of the IPDs, which were sized for the
motion segments tested (mean coronal endplate diameter of 57 mm, mean sagittal endplate
diameter of 40 mm). Specialized instruments, which included a right angle hole-saw, were
used under fluoroscopic guidance to make reproducible and accurate bony endplate cuts and
core out and remove the central endplate and nucleus, thereby leaving the annulus intact. The
degree of degeneration of the excised nucleus was qualitatively graded (grades 1 = normal to
5 =advanced degeneration) [21]. The IPD was implanted by first placing the elastic component
through the cavity in either vertebral body into the excised nucleus space, and then securing
the fixation components to the elastic component. The expandable fixation components were
elongated using a calibrated, load-indicating tensioner until a 100- to 125-N preload was
applied. The preload force on the elastic component results in distraction between the two
vertebral bodies and restoration of the disc height, and gives immediate stability to the fixation
components within the vertebral body cavities. The elongated fixation components were then
secured in the elongated position; a lateral flange on the fixation component gives the device
cortical support. Clinically, and as shown by an animal study, the bone removed during creation
of the vertebral cavities is replaced, and this bone is expected to heal rigidly back to the vertebral
body bone and to the porous ingrowth surface of the fixation components thereby providing
long-term stability [19].

The fusion group also had flexibility testing repeated after a combined anterior/posterior
instrumented fusion construct. These specimens had a subtotal anterior discectomy and
cartilaginous endplate removal performed, and a prosthetic interbody cage (spacer) placed that
was a minimum of 2 mm oversized in height to distract the disc space for a tight fit. Posterior
instrumentation was with 6.5 mm diameter pedicle screws and 5.5mm diameter titanium rods
(Abbott Spine, Austin, TX, USA).

Range of motion, neutral zone, initial stiffness and elastic zone stiffness were calculated from
the moment-rotation data. From the moment-rotation curves, the range of motion was defined
as the total amount of motion, and neutral zone was defined as the difference in rotation after
unloading in the positive vs. negative rotation directions. Stiffness was defined as the slope of
the tangent of the load-displacement curve, and was calculated in the initial (i.e., in the low-
moment semi-linear region) and the elastic zone (i.e,. in the high-moment semi-linear region)
regions. The stiffness in axial compression was determined at the 0- to 400 N level to represent
the initial stiffness, and at the greater than 400 N level to reflect the loads experienced in many
activities of daily living [22;23].

Statistical analysis was performed for all load states to compare intact discs and IPD
reconstructed discs with and without silicone and fusion constructs. Differences in disc height,
range of motion, neutral zone and stiffness were analyzed. Statistical comparisons were made
using a repeated measures analysis of variance with the Tukey adjustment for multiple
comparisons. Probability values of less than 0.05 were considered statistically significant. Error
bars on the graphs represent plus or minus one standard deviation.

Analysis was also performed to evaluate the effect of the intact segment mobility on
postoperative mobility. Two subgroups were analyzed based on the intact flexion-extension
range of motion. One group consisted of the upper 50t percentile and the other of the lower
50t percentile of the flexion-extension range of motion of the combined IPD and fusion groups.
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Results

The median value of 9 degrees ROM represented the division point, which also has clinical
relevance when considered in the context of clinical vertebral mobility, and when compared
to a prior study which evaluated the relationship of ROM vs. degeneration [24]. Differences
in range of motion, neutral zone and demographic data were compared between reconstructed
disc values (fusion or IPD) and the respective intact values were calculated. These differences
were compared using a two-way ANOVA with mobility (rigid or mobile) and treatment (IPD
or fusion) as factors. Pairwise comparisons were made using the Tukey method.

In the fusion group mobile segments tended to come from donors that were younger and heavier
with greater disc heights and greater disc height/sagittal diameter ratios. The intact segments
from the IPD group exhibited similar trends (see Table). The motion segments were from larger
donors for the IPD group but when normalized by the disc height/sagittal diameter ratio, they
were similar to the fusion group. There were no clear trends in terms of DEXA score or
radiographic degeneration levels. Statistical comparisons on the combined fusion/IPD intact
segment data revealed statistical differences only for the visual disc degeneration grade
(p=0.046), which was lower (less degenerated) for the mobile segments, and disc height/
diameter ratio (p=0.003), which was greater for the mobile segments. Non-significant
comparisons had a low power (< 0.3) for this sample size.

For the IPD group, device implantation increased unloaded disc height by 1.5 £ 1.1 mm (mean
+ standard deviation) compared to the respective intact state. The disc height increase for the
circumferential fusion group was 3.0 + 1.8.

For all states the axial compression load-displacement curves at testing rates of 8, 80, and 800
N/sec revealed a nonlinear response that was similar at 80 vs. 800 N/sec loading rates, but
greater in displacement at 8 N/s (Figure 2). A load rate of 80 N/s was used in the following
comparisons. Axial compressive stiffness of intact motion segments was 1.46 + 1.07 kN/mm
and 3.01 + 0.86 kN/mm at applied loads less than and greater than 400 N, respectively. Axial
compressive stiffness of the IPD reconstructed discs was 0.38 + 0.22 kN/mm and 1.02 + 0.32
kN/mm at low and high loads, respectively. IPD reconstructed discs with simulated fibrous
tissue axial stiffness was 0.56 = 0.27 KN/mm and 1.15 + 0.38 KN/mm respectively. The
difference in stiffness between the intact and reconstructed discs was statistically significant
in both the high and low load regions (p<0.001). The fusion constructs, with the connecting
rods removed so as to compare the interbody device alone (with deficient annulus due to the
annulotomy) to the IPD with intact annulus, had an axial compressive stiffhess of 0.81 + 0.28
kN/mm which was linear (r? = 0.994 to 0.999) at < 400 N. Axial compression stiffness
determination for the fusion constructs in the 400N to 1500N range was not valid since a
number of the fusion cages subsided.

Intact and IPD reconstructed motion segments produced flexibility (i.e., moment-rotation)
curves with the characteristic sigmoidal shape as illustrated in Figures 3-5. The IPD group
range of motion (ROM) in combined flexion-extension was 8.7° + 4.5° for intact segments and
9.0° £ 3.7° for IPD with simulated fibrous tissue range-of-motion; neither IPD with or without
silicone differed significantly from intact (p>0.05). In bilateral lateral bending the ROM was
8.9° £ 2.5° for intact segments and 10.6° £ 3.4° for the IPD with simulated fibrous tissue; both
IPD and IPD with simulated fibrous tissue had significantly increased values relative to intact
(p = 0.003 and 0.009, respectively). In axial torsion, the ROM was 1.8° £ 1.1° for intact
segments and 2.8° £ 1.4° for IPD with simulated fibrous tissue; in rotation the ROM was greater
for the IPD vs. intact segments (p=0.03). The NZ followed similar trends, but did not differ
for intact vs. reconstructed segments (p>0.2). Within the IPD group, rigid intact segments did
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not result in reconstructed motion segments having decreased range of motion or neutral zone
vs. those reconstructed from more mobile intact segments (p>0.2, Figures 6-8).

No intact vs. IPD differences in initial stiffness were statistically significant. For the elastic
zone stiffness, global differences were marginally significant in lateral bending (p=0.054), but
differences in axial torsion were statistically significant for intact vs. the IPD (p = 0.008) and
IPD vs. IPD with simulated fibrous tissue (p=0.028), but not for intact vs. IPD with simulated
fibrous tissue (Figure 9).

The reference, fusion group was more rigid vs. the intact disc in terms of ROM, and stiffness
in all directions (p<0.001), except in torsion neutral zone. Fusion constructs provided a greater
reduction in ROM and neutral zone vs. the intact segment than did the IPD in all directions
(p<0.001) except torsion neutral zone, where global significance was not achieved. Segments
with the fusion constructs revealed that segments that were more rigid in the intact state resulted
in a lower ROM in all directions (p 0.043), and in terms of flexion-extension neutral zone
(p=0.002, Figures 6-8).

Discussion

This study is the first to evaluate a mechanical annulus-sparing nucleus prosthesis (IPD) in a
human lumbar spine model. Anterior disc height of intact lumbar discs were similar to that
previously reported [25-27]. The fusion constructs all had oversized interbody cages to
“overstuff” the disc space to maximize rigidity and thus routinely had an increase in disc height.
To varying degrees, all discs had an increase in disc height vs. the intact disc after implantation
with the IPD. Increased disc height and nuclear space volume would likely produce an outward
bulge of the ingrown fibrous tissue under axial loading of the IPD. Radially bulging fibrous
tissue will likely apply a radial force on the inner surface of the spared annulus, which in turn
will place the intact annulus under circumferential stresses (in the general direction of its
collagen fiber bundles), as does the normal annulus. This may contribute to additional load
sharing and enhance the health of the annulus [28-31].

Axial compression testing of the intact human lumbar motion segments tested in this study
found axial deformation (i.e., a decrease in disc height) to be in the range previously reported
for human lumbar discs, which is approximately 0.2 to 1.8 mm at 500N to 1200N applied load
[32-36]. IPD reconstruction of the discs maintained original disc height and often slightly
increased it in the unloaded state. Axial compressive stiffness of the human IPD reconstructed
segments was less than that of the intact segments of this study, but within the range of prior
reports, which range from 0.3 to 4.0 KN/mm [33;36-41]. Testing at low vs. high applied loads
in prior studies has also found stiffness to be nonlinear, and it should also be noted that the
upper range reported for human data often reflects testing of some older specimens, which are
characterized by disc height collapse and osteophytes. In the present study, none of the discs
had advanced disc degeneration.

One reason that the low load axial stiffness was less in the reconstructed discs of the present
study may be that the device is inserted in the absence of applied loading. As the device is
implanted and expanded the disc height increases and the annulus is tensioned vertically.
Loading applied to the reconstructed segment may have then resulted in an initial compression
of the device and height loss of the disc, which would allow the annulus to be first relaxed and
then engaged as it is compressed and stiffened. With the annulus engaged in the high load
region (i.e., above 400N, or approximately body weight) the stiffness was within the range
previously reported (above) for intact human motion segments. Published axial compression
data for disc replacements are few. One previous report of a hydrogel type nucleus prosthesis
tested in human cadavers and implanted via an experimental annulus sparing technique had
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similar axial stiffness to that in the present study [42]. Another prosthetic (total) disc which is
non-articulating and made of fiber reinforced polymers also had an axial compressive stiffness
that was similar to the device described in the current study [39].

The range of motion of the intact human lumbar motion segment has also been studied, and
approximate values are reported to be 5-13° in flexion, 2-5° in extension, 3-6° in right or left
lateral bending, and 1.3-2.2° in clockwise or counterclockwise axial torsion [40;43-51].
Decreased range of mation of our intact specimens correlated with gross morphologic disc
degeneration but not with plain radiographic disc degeneration which has been previously
noted [52,53]. For the IPD reconstructed specimens tested in the present study, statistically
significant differences existed in terms of lateral bending ROM and axial torsion elastic zone
stiffness relative to the intact state. However, the ROM values (total arc of motion) for all states
were within the above ranges found in intact motion segments of the above prior studies.
Neutral zones of intact and reconstructed discs were similar and were within ranges given in
the above previous reports. Stratification between maobile (representing normal) and rigid
(representing degenerated) intact motion segments found that after IPD reconstruction that the
more mobile segments maintained the intact neutral zone. This suggests that the IPD imparts
a degree of stabilization [54]. Reproducing a near normal neutral zone is important as it reflects
motion segment stability and may be clinically relevant [55,56]. Conversely the more rigid
intact specimens tended to have a small increase in neutral zone and flexion-extension ROM
which tended to bring all segments to a similar degree of flexibility. As expected, the fusion
specimens were significantly more rigid than the intact and IPD reconstructed specimens.

Rotational stiffness for human lumbar motion segments ranges from less than 0.5 to over 8
Nm/degree in bending and, owing to the facet joints, axial torsion stiffness has been reported
to be as high as 18.8 Nm/degree [40,45,46,48]. Interpreting stiffness of a spinal unit depends
on the load-displacement region that is being studied, because stiffness for both axial and
rotational loading typically increases at greater applied loads. In this study we reported the
initial (low-load region) stiffness and the elastic zone stiffness (high-load region). The IPD
reconstructed discs were similar to intact discs in this study, as well as that previously reported
for intact discs, in both initial and elastic zone stiffness except for axial torsion which was
slightly less in this study. Some of the variability in stiffness of the IPD reconstructed disc
motion segments may reflect a loss of preload of the implant during the duration of the testing.
This has been noted previously using interbody fusion devices [57].

Limitations of this study include those inherent to in vitro testing and others specific to our
methodology. The in vitro tests were performed to simulate the immediate post-operative state
and thus did not represent bone ingrowth at the device-endplate junction; such in vivo ingrowth
would likely enhance stability of the IPD and possibly reduce flexibility of the reconstructed
segment. Another limitation is that the silicone used to simulate fibrous tissue was fully
enclosed within the diameter of the device, and did not imbibe water. Fibrous tissue formed
in vivo would likely grow within the implant but may also extend to and exert outward pressure
upon the inner annulus, thereby stiffening the segment, and a high water content would likely
make the motion segment response more rate-dependent. The compressive testing was
performed in this study in an otherwise fully-constrained fashion. Less constrained conditions
would likely have followed similar trends, but may have allowed re-alignment under loading
and may have produced somewhat different segmental stiffness values. Few inter-group
differences were found due to the similarity of the average specimen response, but also due to
the varying response of the specimens to treatment and the resulting low statistical power. The
response to IPD reconstruction may have differed due to surgical or implantation variables or
the varying specimen stiffness with respect to the IPD device stiffness. Finally, with regard to
the present study, the fact that the intact specimen was always tested first may have introduced
time or order-related effects [58] There are potential clinical concerns, one is the potential
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anatomical mismatch of the device to the high lordotic angulation of some L5S1 discs and the
location of vascular structures such as when the iliac bifurcation is low. Another clinical
concern is the size of the bone window required to implant the device and the size of the fixation
components which may weaken the vertebral body or make revision difficult. The present study
investigated primarily the implanted elastic component. The concern regarding the fixation
component apparently is being addressed by the manufacturer by using only a single fixation
element and alternative materials. Pilot large animal studies focusing on the fixation component
have found reliable bone healing of the bone window and implant stability despite in vivo loads
of over 2.5 MPa [19]. This in vivo pilot data suggests that the fixation component acts as a
vertebral body replacement to reinforce the instrumented vertebra and that the axial
compressibility of the flexible component load shares with the annulus and facet joints as
suggested in prior in vitro testing [11]. Pilot destructive axial compression testing results
suggest the IPD has greater construct stability than stand-alone fusion devices of which many
were found to subside at loads between 400 N to 1500 N. Aside from the fixation component
concerns, the testing results of the device used in this study should still be relevant since the
elastic component is what allows motion and compressibility.

A comparison may be made with the in vitro flexibility results of the IPD reconstructed discs
in this study to other devices currently under investigation. Prior in vitro studies have found
variation in total disc kinematics. One total articulating type of disc replacement tested at the
L5-S1 level to 10 Nm found flexion/extension, lateral bending, axial torsion range of motion
of 2.5°, 6.8°, and 1.8° respectively [59]. This is less than the values of the current study, as
well as that reported by others which found 10° to 13° flexion/extension at 6 to 8 Nm applied
moments for total disc prostheses [60-62]. The variable results of these other studies may be
due to the condition of the human tissue that was used, the amount of distraction to fit oversized
implants into narrow disc spaces, and the amount of annulus and longitudinal ligament
resection [63]. The device evaluated in this study represented an annulus- and ligament-sparing
design. Preservation of these soft tissues may be important for motion segment stability,
particularly when used in multi-level disc arthroplasty [64].

This paper focused on the basic biomechanical properties of IPD reconstructed compared to
intact and fused motion segments. The mechanical IPD tested in the present study spares the
annulus, is elastic but was also designed for rigid fixation to the adjacent vertebrae in contrast
to other devices which are enclosed in the nuclear space. The rotational load-displacement
relationship of human lumbar motion segments with discs reconstructed with an IPD was
generally similar to that of the intact state in terms of flexibility parameters and overall stiffness.
Additionally, discs reconstructed with an IPD seemed to find a middle ground for ROM and
neutral zone for motion segments that were originally mobile vs rigid. This justifies further
investigation, including additional comparative studies that quantify the helical axis of rotation
(quality of motion), load sharing of the IPD with the annulus and facet joints, and destructive
failure testing in compression, rotation and shear modes which would be relevant to whole-
disc mechanics, subsidence risk and device longevity.
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Figure 1.

Radiographs of an annulus-sparing prosthesis (Dynamic Spine Inc., CA USA) in (a) flexion
and (b) extension load states. This prosthesis has an expandable component inserted in the
adjacent vertebral bodies which gives a preload of the compressible spring component in the
nuclear space. This when combined with the intact annulus aims to restore compressive and
bending properties of the disc. Fibrous tissue ingrowth is expected within the coil springs, and
was represented in this study using household silicone sealant. The long screws are not part of
the device, they were used to hold the vertebrae to the epoxy potting material.
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Figure 2.

Mean axial compression load-displacement characteristics of IPD reconstructed discs at load
rates of 8, 80, and 800 N/sec. Differences between the curves was minimal at loading rates
greater than 80 N/s.
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Figure 3.

Mean flexion-extension flexibility curves for intact, IPD reconstructed, and IPD reconstructed
discs with simulated fibrous tissue (FT). Error bars representing one standard deviation are
shown only for the IPD state. The amount of variation was similar for all groups.
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Figure 4.

Mean combined right and left lateral bending flexibility curves for intact, IPD reconstructed,
and IPD reconstructed discs with simulated fibrous tissue (FT). Error bars representing one
standard deviation are shown only for the IPD state. The amount of variation was similar for
all groups.
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Figure 5.

Mean axial torsion load-displacement flexibility curves for intact, IPD reconstructed, and IPD
reconstructed discs with simulated fibrous tissue (FT). Error bars representing one standard
deviation are shown only for the IPD state. The amount of variation was similar for all groups.
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Figure 6.

Flexion-Extension range-of-motion and neutral zone (mean + standard deviation) for intact
and reconstructed discs in the IPD (with simulated fibrous tissue) and fusion groups stratified
to mobile (intact flexion-extension ROM > 9°) and rigid (intact flexion-extension ROM < 9°)
groups.
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Figure 7.

Bilateral lateral bending range-of-motion and neutral zone (mean + standard deviation) for
intact and reconstructed discs in the IPD (with simulated fibrous tissue) and fusion groups
stratified to mobile (intact flexion-extension ROM > 9°) and rigid (intact flexion-extension
ROM < 9°) groups.
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Figure 8.

Bilateral axial torsion range-of-motion and neutral zone (mean + standard deviation) for intact
and reconstructed discs in the IPD (with simulated fibrous tissue) and fusion groups stratified
to mobile (intact flexion-extension ROM > 9°) and rigid (intact flexion-extension ROM < 9°)
groups.
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Figure 9.

Initial and elastic zone stiffness (mean + standard deviation) for intact, IPD reconstructed, and
IPD reconstructed disc with simulated fibrous tissue (FT). Neutral zone stiffness was the same
for flexion vs. extension and is plotted in front of the elastic zone stiffness for both test
directions. IPD reconstructed tended to slightly increase extension elastic zone stiffness and
to decrease torsion neutral zone stiffness. These trends were not statistically significant.
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