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Introduction

Interbody Spacer Material
Properties and Design
Conformity for Reducing
Subsidence During Lumbar
Interbody Fusion

There is a need to better understand the effects of intervertebral spacer material and
design on the stress distribution in vertebral bodies and endplates to help reduce compli-
cations such as subsidence and improve outcomes following lumbar interbody fusion.
The main objective of this study was to investigate the effects of spacer material on the
stress and strain in the lumbar spine after interbody fusion with posterior instrumenta-
tion. A standard spacer was also compared with a custom-fit spacer, which conformed to
the vertebral endplates, to determine if a custom fit would reduce stress on the endplates.
A finite element (FE) model of the L4—L5 motion segment was developed from computed
tomography (CT) images of a cadaveric lumbar spine. An interbody spacer, pedicle
screws, and posterior rods were incorporated into the image-based model. The model
was loaded in axial compression, and strain and stress were determined in the vertebra,
spacer, and rods. Polyetheretherketone (PEEK), titanium, poly(para-phenylene) (PPP),
and porous PPP (70% by volume) were used as the spacer material to quantify the effects
on stress and strain in the system. Experimental testing of a cadaveric specimen was used
to validate the model’s results. There were no large differences in stress levels (<3%) at
the bone—spacer interfaces and the rods when PEEK was used instead of titanium. Use of
the porous PPP spacer produced an 8—15% decrease of stress at the bone—spacer interfa-
ces and posterior rods. The custom-shaped spacer significantly decreased (>37%) the
stress at the bone—spacer interfaces for all materials tested. A 28% decrease in stress
was found in the posterior rods with the custom spacer. Of all the spacer materials tested
with the custom spacer design, 70% porous PPP resulted in the lowest stress at the
bone—spacer interfaces. The results show the potential for more compliant materials to
reduce stress on the vertebral endplates postsurgery. The custom spacer provided a
greater contact area between the spacer and bone, which distributed the stress more
evenly, highlighting a possible strategy to decrease the risk of subsidence.

[DOI: 10.1115/1.4036312]

instrumentation, such as titanium screws and rods, may be used to
fixate the spinal unit during the healing process to restore interver-

Low back pain is problematic worldwide, causing daily discom-
fort and restriction of activities. It is estimated that as much as
80% of the population will experience back pain during their life-
time [1]. Back pain is one of the most common reasons for missed
work, and it is the second most common reason for visits to the
doctor’s office [2]. Arthritis, poor posture, obesity, and psycholog-
ical stress are all factors in increasing the risk of back pain [2].
Degenerative disk disease (DDD) is a common reason for low
back pain, and it occurs when the disk begins to degenerate
and collapse, causing pain. Though this can be caused by injury
or trauma, such as a car accident, it is commonly an age-related,
progressive degenerative process [3].

Lumbar spinal fusion is a surgical solution for patients with
extreme pain or instability refractory to conservative care. The
aim of the surgery is to fuse two adjacent vertebrae into a single
unit by stimulating bone growth. An interbody spacer, or spinal
cage, is used to provide a fixed space between the vertebrae and
bone graft is used in the process to stimulate bone growth between
the two vertebrae, eliminating motion in that segment. Posterior
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tebral height and provide stability.

Subsidence occurs when the spacer penetrates the vertebral
endplate and intrudes into the vertebral body following surgery,
leading to misalignment and reduced intervertebral height. In one
previous study, five incidences (15.6%) of subsidence out of 32
procedures of anterior lumbar interbody fusion (ALIF) using a
polyetheretherketone (PEEK) spacer were found [4]. In another
study of 122 PEEK spacers used in transforaminal lumbar inter-
body fusion, 18 (14.8%) subsided more than 2 mm into the adja-
cent vertebral body [5]. Another study that monitored disk space
heights before, immediately after, and months after ALIF with
bone graft spacers found that 100% of the 31 patients developed
disk space height decreases during the postoperative period, with
46% having narrower levels than the preoperative height [6,7].
McClellen et al. [8] reported 16% of lumbar levels had evidence
of graft subsidence [9].

Spacers with increased stiffness values could lead to higher
stresses on the bone, possibly leading to subsidence and the need
for reoperation. The stiffness of PEEK and titanium, two of the
most common implant materials, can be orders of magnitude
stiffer than the overall structure of the underlying vertebral end-
plates. Material stiffness can be described using Young’s modulus
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(E), which dictates the amount a material will deform under a
given stress. Titanium alloys typically have an £ of 110,000 MPa,
PEEK has an E of ranging approximately between 2000 and
4000 MPa depending on its crystallinity [10,11], and the trabecu-
lar bone supporting the thin cortical shell of the endplates has an
E ranging from 20 to 1080 MPa [12]. Vadapalli et al. [13] studied
the effects of spacer stiffness in a L3-L5 segment with L4-L5
fusion with posterior instrumentation. Peak von Mises stress (dis-
tortional stress) in the endplates increased by 2.4-fold or greater
with a titanium spacer versus PEEK. This study suggested that the
chance of subsidence would be less with PEEK spacers and that
the lower stiffness of PEEK did not affect stability. The concept
of an interbody cage with soft layers (F=19MPa) on the
bone—implant interface was tested in a finite element study of an
L4-L5 segment [14]. The study showed that the peak contact
pressure was significantly reduced with this cage, which could be
a strategy for decreasing the risk of cage subsidence [14].

This study addresses the effects of the spacer material and
design on the stress and strain in the bone and posterior instru-
mentation. Using a finite element model of the L4-L5 motion
segment, we compared titanium, PEEK, poly(para-phenylene)
(PPP), and PPP with 70% porosity as the spacer material. Addi-
tionally, a spacer designed to conform to the vertebral endplates
could potentially evenly distribute and reduce the overall stress at
the endplates. Such spacers could be manufactured by computer
numerically controlled (CNC) milling or 3D printing.

The purpose of this study was to use an L4-L5 model of lumbar
spine fusion with posterior instrumentation to quantify differences
in stress in the lumbar spine using different spacer materials.
The resulting data may provide a quantitative rationale for the use
of specific implant materials and instrumentation on a patient-
specific basis. Based on preliminary work [15,16], it was hypothe-
sized that a spacer with a modulus closer to that of the bony
endplate would shift the load from the spacer and bone to the pos-
terior rods. Furthermore, we hypothesized that a less stiff spacer
would reduce stress at the bone—spacer interfaces and that a spacer
that conformed to the contours of the vertebral endplates would
distribute the stresses more evenly, decreasing the stress at the
bone—spacer interfaces.

Materials and Methods

Model Preparation. A 3D linear finite element (FE) model of
the L4 and LS5 vertebrae was developed from computed tomogra-
phy (CT) data of a cadaveric lumbar spine. The donor was a
70-yr-old male who died from respiratory failure and sepsis.

Imaging was performed on a Gemini TF 64 CT system (Philips,
Amsterdam, The Netherlands) with settings of 120 kVp,
290 mAs, and voxel size =0.7 x 0.7 x 0.9 mm. The images were
imported into scanip (Simpleware, Ltd., Exeter, UK) for model
development. The L4-L5 motion unit was segmented from the
images using a threshold-driven region growing algorithm with
manual correction where needed. An ALIF interbody spacer and
posterior instrumentation (pedicle screws and 5.5-mm diameter
rods) were created using SoOLIDWORKS (Dassault Systemes,
Waltham, MA) and then integrated into the model using SIMPLE-
WARE’S + caD module. The spacer was positioned between the
inferior surface of L4 and superior surface of L5.

Polyurethane blocks were incorporated into the model to depict
the mechanical testing setup used for model validation (see
“Experimental Methods” section). In addition to recreating the
experimental setup, the polyurethane blocks help to distribute the
applied loads evenly across the superior and inferior bone surfaces
in the model. Facet joints, including thin cartilage layers, were
included in the model and assigned as a contact pair. A contact
pair was also assigned between L4 and the spacer and L5 and
the spacer. The entire assembly was then meshed with linear,
four-node tetrahedral elements using the adaptive meshing algo-
rithm in SIMPLEWARE’S + FE module (Fig. 1). An outer layer of shell
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Fig. 1 Meshed model with CAD-developed spacer, posterior
instrumentation (pedicle screws and rods), and urethane load-
ing blocks

Standard Spacer

Custom Spacer

Fig. 2 Comparison of standard spacer and custom fit spacer
in the model

elements was added to each vertebra in aBaQus (Dassault Sys-
temes, Waltham, MA) to simulate the thin vertebral cortex. The
assembled model represents the condition immediately following
surgery. A model with a custom fit ALIF spacer was also created
in SIMPLEWARE. The spacer was developed to conform to the curva-
ture of the endplates to help evenly distribute the stress along the
bone—spacer interface (Fig. 2).

Material Properties. Homogeneous material properties were
used for the trabecular core and the cortical shell of the vertebrae.
The cortical bone was assigned an elastic modulus (£) of 12 GPa
and Poisson’s ratio (v) of 0.3 [17]. Due to the relatively low reso-
lution provided by the clinical CT protocol used to obtain the
images, the cortical shell could not be directly defined based on
image data. Instead, the cortical shell thickness to be used in the
model was determined by fitting a linear relationship between age
and cortical thickness. Mosekilde [18] reported a range of cortical
thickness values in the vertebral body for age ranges 20-40 and
70-80yr. Using the linear fit equation to this data, a cortical thick-
ness of 0.27 mm was computed for the 70-yr-old male donor, and
this thickness was assigned to shell elements used to simulate the
cortex in the final model. Based on a study of volumetric bone
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Table 1 Material properties applied to the spacer [17,22,23]

Spacer material Porosity Elastic modulus (MPa) Poisson’s ratio
Titanium None 110,000 0.3
PEEK None 4000 0.36
PPP None 5000 0.3

70% 450

mineral density (vBMD) of the lumbar spine in 323 men [19] and
linear relationship between trabecular vBMD and E [20], an E of
400 MPa and Poisson’s ratio (v) of 0.3) were assigned to the tra-
becular bone filling the interior of the vertebral bodies in the
model.

The rods and screws were treated as titanium with an E of
110GPa and v of 0.3 [17]. The blocks were assigned an E of
6832MPa and a v of 0.3 (manufacturer’s data). Cartilage-lined
facet joints were included in the model, and cartilage regions were
assigned an E of 6 MPa and a v of 0.49 [21]. Multiple material
properties were used to determine the effects of spacer stiffness
on stress distribution (Table 1). Titanium and PEEK are current
materials used for interbody spacers in lumbar spine fusion. PPP
is a polymer with similar mechanical properties to PEEK, but PPP
can be manufactured with a prescribed porosity and has potential
for use in orthopedic applications [24]. Porous PPP can be manu-
factured via hot press sintering of PPP powder with the desired
amount of salt (NaCl) crystals needed to produce the desired level
of porosity. After sintering, the salt is leached out, leaving an
open-cell foam structure with a pore size dictated by the size of
the NaCl crystals [25]. For the models in this study, PPP was
simulated with 70% porosity by calculating the apparent elastic
modulus of the porous PPP (Eq. (1)) using

E. = E(1 - ) )

where E is the modulus of the solid material, E. is the elastic
modulus of the porous material, and f is the porosity [25-27].
Based on this relationship, PPP with 70% porosity was assigned
an elastic modulus of 450 MPa, which falls within the range meas-
ured experimentally [24].

Finite Element Analysis. Finite element analysis was per-
formed using aBaQus. All elements in the model were C3D4 (lin-
ear four-node tetrahedral) elements. The pedicle screws were
bonded to the vertebral bone (i.e., all nodes at the interface
between the screws and bones were shared between the two differ-
ent sections). Contact pairs were defined between the spacer and
vertebral endplates. This allowed nodes in the two different mate-
rials, originally at shared locations, to slip parallel to one another
under a friction coefficient of 0.1. This provided a simulation of
the mechanical situation directly after surgery was performed,
prior to the onset of bony fusion. All three degrees-of-freedom for
each node on the inferior surface of the urethane block attached to
L5 were fixed, and a static, compressive force of 730N was
applied evenly across surface of the superior urethane block. The
force was applied as a pressure with a magnitude equal to 730 N
divided by the area of the block’s superior surface. The load of
730N was chosen based on the peak in vivo force in the lumbar
spine of a patient rising from a chair, available in the ORTHOLOAD
database' [28,29]. Groups of elements were selected at the L4 and
L5 anterior regions, anterior spacer region, posterior rods region,
and in the bone tissue at the bone—implant interface of L4 and L5
for analysis of stress. The von Mises (distortional) stress was
recorded for elements in each of these locations to evaluate the
load distribution in the model, and strains were recorded for com-
parison with experimental measurements. A mesh convergence
study was conducted to determine the appropriate mesh density
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Fig. 3 [Experimental setup. Compressive loads were applied to
the L4-L5 unit via compression platens with the proximal and
distal ends potted in urethane blocks. Strains were measured
during loading using a strain recorder and stored on a PC for
analysis.

for the finite element model. Starting with a mesh size containing
26,593 nodes, the mesh was refined until convergence was
obtained. Mesh convergence was determined by measuring the
overall stiffness of the model (applied force/displacement of
the top surface of the urethane block) at each mesh size until the
change in stiffness was less than 2%.

Experimental Methods. Mechanical testing of the cadaver
specimen was conducted, and the experimental data were com-
pared with the results obtained from the FE models. After imaging
the cadaveric spine, the L4-L5 motion segment was excised. A
spine surgeon (VVP) inserted a spacer, screws, and rods into the
cadaver specimen. The L4 superior endplate and the LS inferior
endplate were then potted in urethane (Dyna-cast, Kindt-Collins
Company, Cleveland, OH). The L4-L5 segment with interbody
spacer and posterior instrumentation was placed in compression in
an MTS Insight 30 (MTS, Eden Prairie, MN) with a 30kN load
cell (Fig. 3). Strain rosettes (L2A-06-062WW-350, Vishay Micro-
Measurements, Raleigh, NC) and uniaxial strain gages (L2A-06-
125LW-120, Vishay Micro-Measurements, Raleigh, NC) were
used to record strains during loading. Strain rosettes were placed
on the anterior surface of the spacer and anterior surface of the L4
vertebra, and uniaxial strain gages were placed on the posterior
sides of the rods (Fig. 4). The motion segment was tested in com-
pression at room temperature with three different peak loads (400,
730, and 1000 N). Specimens were kept hydrated with saline solu-
tion throughout testing. During each trial (three per peak load
level), the applied load was increased under displacement control
until the predetermined peak load was reached. When the peak
load was reached, the compression platens were held in place for
two minutes. The peak principal strains that occurred on the ante-
rior surfaces of the spacer and L4 vertebral body were calculated
from rosettes, and the peak strains on the posterior surfaces of the
rods were measured from the uniaxial gages.

Results

Mesh Convergence. The overall stiffness of the model
converged to less than a 2% difference from 93,790 nodes to
252,357 nodes (Fig. 5). There was also less than a 2% difference
in stiffness between models with 93,790 nodes and 377,542 nodes.
Based on these results, the mesh containing 93,790 nodes was
used in the remainder of the study.

Comparison With Experiments. The measured experimental
strain and the FE model strain at each location were normalized to

MAY 2017, Vol. 139 / 051005-3


www.orthoload.com

L4
Rosette
Location

Uniaxial
Gage
Locations

Fig. 4 Locations of strain gages used in experimental tests. Anterior view of L4-L5 unit with
locations of strain rosettes at the spacer and L4 vertebral body (left). Posterior view of L4-L5
unit with location of uniaxial strain gages at the rods (right).
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Fig. 5 Mesh convergence results for L4-L5 model stiffness.
Differences in overall model stiffness converged to less than
2% at a mesh density of 93,790 nodes.

the corresponding peak load, and linear regression was performed
between the FE-predicted strains and the experimental strains
[30]. The resulting regression equation was y = 1.02x + 0.18 ue/N
(r2:0.56, p <0.001), where x is the normalized FE-predicted
strain, and y is the normalized experimental strain. Thus, the

model had the ability to explain 56% of the variance in measured
strain. While the coefficient of determination was rather modest
due to the relatively small number of analyzed locations, the rela-
tionship was highly significant (p < 0.001), and the slope was very
close to 1, suggesting that the model provided a reasonable depic-
tion of strain distribution and variation.

Effects of Spacer Material on Stress Magnitude and
Distribution. The stresses within the components of the fusion
construct for the standard spacer using the four materials of this
study are shown in the box-and-whisker plots in Fig. 6. On aver-
age, the model experienced 6—12% less distortional stress in the
bone—spacer interface locations and at the anterior surface of the
spacer when using 70% porous PPP compared to the other spacer
materials. Conversely, using the porous spacer lead to an increase
in stress at the anterior surfaces of the vertebral bodies and on the
posterior surfaces of the rods. Stress at the bone—spacer interfaces
was highest when using a titanium spacer. However, PEEK and
solid PPP only decreased the stress in these locations by 3% or
less. Stress increased at the anterior surface of L4 as the stiffness
of the spacer decreased. The model demonstrated more than 12
times greater stress at the L4 anterior location than the L5 anterior
location. This result is likely due to the different geometries of the
two vertebral bodies: the anterior surface of the LS vertebra in the
model had a higher degree of curvature than the same surface of
the L4 vertebra (see Fig. 1). The bone—spacer interfaces
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Fig. 6 Box-and whisker plots of stress distribution in each region of the model under a compressive load of 730N using the
standard spacer. Horizontal lines represent the median stress in each region; boxes extend from the lower quartile to the upper
quartile of all stress values in the region; whiskers indicate the maximum and minimum stress in the region. The stresses for
bone-spacer interfaces include the entire region of contact between the endplates and spacer surfaces. Other regions corre-
spond to the measurement locations used in mechanical tests (see Fig. 3), with the addition of an L5 anterior location analo-
gous to that used for L4. The stress in the posterior rods (to the right of the dashed line) is plotted on a separate scale due to

the higher stress magnitudes.
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Fig. 7 Box-and-whisker plots of endplate stress distributions
at the bone—spacer interfaces with the standard and custom

spacer

experienced an average stress less than 1 MPa for all spacer mate-
rials, while the stress in the rods was in the range of 40 MPa.

The effects of the custom fit spacer compared to the standard
spacer were also investigated at the bone—spacer interfaces and
rods. The bone—spacer interfaces experienced higher stress with
the standard spacer compared to the custom spacer with all
materials (Fig. 7). The custom spacer provided a 37-41% decrease
in mean stress at the L4 bone—spacer interface compared to the
original spacer for each material and a range of 51-54% at the L5
bone—spacer interface. The L4 and L5 bone—spacer interfaces
experienced a 9% and 1% decrease in mean stress, respectively,
with the 70% porous PPP custom spacer compared to the solid
PPP custom spacer (L4: 0.473MPa versus 0.431 MPa; L5:
0.386 MPa versus 0.382 MPa) (Fig. 7). Similar comparisons were
seen between 70% porous PPP and both PEEK and titanium. A
visual representation of the stress distribution on the L5 endplate
for the standard and custom spacers is provided in Fig. 8. A larger
footprint of relatively high stress areas (>1MPa) can be seen in
the posterior half of the endplate when using the standard spacer.
This footprint is greatly reduced using the custom spacer. This
comparison was representative for all materials tested, as the data
shown in Fig. 6 demonstrate. The stresses in the posterior rods
were also investigated when comparing the standard and custom
spacers (Fig. 9). The mean von Mises stress in the rods decreased
by 28-29% when using the custom spacer for all materials.

von Mises Stress
(MPa)

1.00+
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0.50
0.25
0.00
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40 |

301 =

20 -

Von Mises Stress (MPa)

& [ Standard Spacer ]

Custom Spacer

Left Rod Right Rod
COPEEK [OPPP [J70% Porous PPP [ Titanium

Fig. 9 Box-and-whisker plots of the stress distribution in pos-
terior rods with the standard spacer and custom spacer

Discussion

The purpose of this study was to compare the influence of
spacer materials with a wide range of elastic moduli and spacer
shape on the stress distribution within a L4-L5 fusion. The results
of this study demonstrate that distortional stresses on the vertebral
endplates can be decreased by using a more compliant spacer
material and by using a spacer that conforms to a greater area of
the endplate surface. Of the materials tested in the study, the mate-
rial with the lowest stiffness, 70% porous PPP (E =450MPa),
resulted in the lowest stress at the endplates after simulated lum-
bar interbody fusion with posterior instrumentation (6-9% less
than the PEEK and 8-12% less than the titanium). Minimal differ-
ences occurred with other materials tested, despite the large differ-
ences in stiffness between titanium (£ = 110,000 MPa), solid
PEEK (E =4000 MPa), and solid PPP (£ =5000 MPa). Overall,
the greatest stress experienced in the L4-L5 model was in the
rods. The stress experienced in the rods was more than 40 times
greater than the stress experienced at the bone—spacer interfaces.
As hypothesized, the stress in the rods was greatest with a spacer
made of 70% porous PPP, demonstrating a shift in load due to the
more compliant spacer material being compressed between the
vertebral bodies. Similarly, stress on the anterior surfaces of
the vertebral bodies was highest when using the 70% porous PPP,
due to the higher amount of spacer deformation shifting the load
distribution. The custom spacer, which had a larger cross-
sectional area and conformed to a relatively large area of the

Custom Spacer

Fig. 8 Stress distribution at the L5 bone-spacer interfaces with the 70% porous PPP stand-
ard spacer (left) and 70% porous PPP custom spacer (right)
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endplates, reduced both endplate stresses and stresses in the poste-
rior instrumentation.

Of particular note is that reductions in stress magnitudes when
using PEEK or solid PPP instead of titanium were quite small (3%
or less at the bone—spacer interfaces), despite the fact that the two
polymers had Young’s moduli less than 5% that of titanium.
When using 70% porous PPP (approximately 1/10 the stiffness of
solid PEEK and PPP), stresses at the bone—spacer interfaces
decreased more dramatically (6—12%). Therefore, it appears that
solid high-performance polymers, such as PEEK, may be too stiff
to effectively decrease the risk of subsidence, whereas using a
more compliant, porous spacer may reduce endplate stress more
effectively. Porous titanium, another option for future use in inter-
body spacers, can be manufactured with a Young’s modulus as
low as 0.6 GPa, depending on strut size and porosity [31]. Overall,
our results suggest that a porous spacer with a Young’s modulus
less than 1 GPa should effectively reduce endplate stresses. Thus,
both porous titanium and porous PPP may have the potential to
decrease the risk of subsidence.

The drawback to using PPP with a relatively high porosity is
that the material’s fatigue life is decreased significantly compared
to solid PPP. Our laboratory recently showed that 75% porous
PPP had an endurance limit (defined as the stress for which failure
did not occur after 1 million cycles) of 1.6 MPa when loaded in
compression [24]. In our model, using 70% porous PPP (which
would be expected to have a slightly higher endurance limit than
75% porous PPP) resulted in stresses of 0.11 MPa and 0.76 MPa at
the anterior and inferior surfaces of the spacer, respectively. These
stress levels are below the endurance limit for 70% porous PPP
under compressive loading, providing a factor of safety of about 2
for a cyclic, compressive load of 730N applied for 1 million
cycles. All of this suggests that, in a successful fusion, it is likely
that bone bridging between the two vertebral bodies would relieve
stress in the standard spacer well before the spacer undergoes
fatigue failure. It should be noted that an ongoing investigation in
another laboratory is researching PEEK implants with surface
porosity, which might serve to reduce stresses at the interface
while maintaining mechanical properties [32].

The custom spacer, designed to conform to the contours of
the vertebral endplates, dramatically decreased stress at the
bone—spacer interfaces compared to the standard spacer, no
matter which material was used (Fig. 7). Additionally, the stress
in the rods decreased with the custom spacer for all materials
(Fig. 9). These effects are due to the greater surface area of the
custom spacer. More of the total load shifts from the rods to the
spacer, and this happens without causing greater stress at
the bone—spacer interfaces. Also, since the spacer supports
more of the anterior endplate, there is less bending of the rods
in the sagittal plane. The outcome of the custom spacer analysis
showed that a greater contact area between the spacer and bone
would distribute the stress more evenly at the bone, reducing
stress concentrations due to small contact area and sharp cor-
ners on original spacer. A spacer that can distribute the stress
more evenly at the bone—spacer interfaces would likely
decrease the risk of subsidence. However, the custom design
used in this study did not include any holes for including bone
graft or allowing bony ingrowth. If manufactured with appropri-
ate pore size, it is possible that a porous PPP spacer would be
conducive to bone ingrowth and load sharing while allowing
for more evenly distributed stress. This theoretical design suc-
cessfully demonstrated the value of an increased contact surface
area and conforming geometry, but additional design refine-
ments would be needed to create a feasible device for use in
the clinic. In particular, inserting such a large-sized spacer dur-
ing the ALIF procedure would pose challenges, especially con-
sidering the need to avoid disturbing vascular structures
anterior the vertebral bodies. Thus, while the custom spacer
offers theoretical improvements in mechanics after fusion, the
proper surgical approach and other practical aspects of implant-
ing such a device must be addressed.

051005-6 / Vol. 139, MAY 2017

A previous FE study of an interbody cage with soft (low elastic
modulus, £ =19 MPa) layers at the bone—implant interface and a
stiff inner core (£ =2000 MPa) demonstrated the potential effec-
tiveness of eliminating the sharp corners typically found in inter-
body spacers and cages while maintaining the stability provided
by a stiffer material [14]. The study also evaluated a homogeneous
soft cage and found that, for moduli less than 100 MPa, there was
ineffective stability. The ranges of motion (ROM) in three ana-
tomical directions were measured to quantify stabilization, and
the results showed that there were no differences in ROM with
stiffer cages (>1 GPa), which supports the idea that a material as
stiff as titanium is not necessary. Overall, the authors’ findings
showed that the nonhomogeneous cage with soft layers could be
effective for reducing subsidence. However, for ease of manufac-
turing and avoiding the potential for failure at the interfaces
between different materials, it may be more desirable to have a
spacer that is created from a single material. Our study did not
analyze stability directly, but our 70% porous PPP had a modulus
of 450 MPa, over four times higher than the identified stability
limit of 100 MPa.

Vadapalli et al. investigated the effect of spacer material, spe-
cifically PEEK and titanium, on endplate stress and reported a
much more noticeable change between materials [13]. The
stresses at the endplates increased by 2.4-fold when titanium was
used instead of PEEK, and the maximum stress seen was 48 MPa.
However, this result occurred for a bending loading condition,
while our model focused on axial loading only. Their nonlinear
model also contained a 0.5 mm thick cortical shell compared to
our 0.27 mm thick shell, used an E of 100 MPa for trabecular bone
compared to our 400 MPa, and used a different spacer geometry
with bone graft inserted in the middle. Since our model and that
of Vadapalli et al. have so many differences, it is difficult to
conclude specifically why our model predicted a smaller relative
difference between PEEK and titanium spacers. Our study demon-
strated a monotonic decrease in endplate stress with decreasing
spacer stiffness. Therefore, both our model and the Vadapalli
model support the conclusion that more compliant spacer materi-
als will decrease stress in the vertebral endplates.

Interbody cages must be able to withstand strict mechanical
testing requirements to gain regulatory clearance (ASTM F2077).
As a result, many cages are designed using solid titanium and
PEEK components. While these materials are generally good can-
didates to provide mechanical strength against device failure, they
may be overdesigned and might not consider their impact on end-
plate failure (i.e., subsidence). Our results support the notion that
increasing the device—bone interface area will lower average
stresses on the endplate and lead to a better distribution of
stresses; however, increasing the overall contact area of the device
will lower the area and volume for fusion to occur. To address
this issue, researchers are proposing the use of porous implants
such that bone can grow through the device body. Current work in
our laboratory is aimed at determining the extent to which osteo-
blasts in cell culture and in vivo animal studies can create new
bone tissue within the pore space of PPP implants. Preliminary
results have been encouraging, suggesting that bony ingrowth
from the endplates into the porous structure would serve to stabi-
lize the implant and promote bony fusion.

While the custom spacer in this study was only theoretical, new
additive manufacturing and/or computer numerically controlled
(CNC) milling techniques could enable the creation of patient-
specific cages with a porous architecture. Additive manufacturing,
or 3D printing, techniques are currently being developed for fabri-
cating porous polymers [33] and titanium alloys [34] for use in
orthopedic applications. A review of patient-specific 3D printing
techniques specifically for applications in the spine was recently
published by Provaggi et al. [35]. As an alternative to 3D printing,
CNC milling can also be used to fabricate custom-fit implants.
The use of CNC milling based on 3D images is now commonly
used in the creation of patient-specific dental implants and dental
crowns [36,37]. Similar techniques could be used to fabricate
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custom implants using the porous PPP manufactured in our labo-
ratory using hot press sintering and salt leaching.

Our L4-L5 computational modeling results were compared to
experimental data. The relationship was statistically significant
(p <0.001), and the model predicted 56% of the variance in the
corresponding experimental measurements. Overall, the results of
the validation experiment suggest that the model produced a real-
istic depiction of strain distribution and magnitude in the lumbar
spine after interbody fusion with posterior instrumentation. The
bone material properties and cortical thickness were applied to the
model based on published data, which could contribute to differ-
ences from experimental data. Quantitative CT, which provides a
3D map of bone mineral concentration, would likely be useful for
producing more accurate, patient-specific models. While the reso-
lution of clinical CT systems prevents direct depiction of much of
the thin vertebral cortex, future increases in imaging quality and
image processing may provide a more direct means of modeling
the cortex.

While our modeling technique provided a means for direct
comparisons between different spacer designs and materials, the
study had some limitations. For example, ligaments connecting
the two vertebrae were not included in the model. However, the
stiffness of the posterior rods is so much higher than ligamentous
tissue that including the effects of the ligaments would be mini-
mal. Also, the porous PPP model used a continuum approach
rather than directly modeling the porous microstructure. Given
our focus on macroscale stress distributions, the continuum model
was appropriate. Ongoing studies in our laboratory aim to explic-
itly model the porous structure to investigate the effects of bone
ingrowth into the pores of a porous PPP spacer. Only one cadaver
specimen was used in this study, but the same image processing
and modeling techniques can be used in future studies to evaluate
patient-specific differences. The use of a single cadaver specimen
also offered an advantage, because multiple cages and materials
were tested in the exact same patient. Our results suggested that
the model with homogeneous trabecular and cortical material
properties sufficiently represented experimental tests. However, a
study with multiple cadaver specimens incorporating inhomoge-
neous, QCT-based bone material properties would provide more
patient-specific details in future models. The model also included
a perfectly smooth interface between the spacer and vertebral
endplates. In reality, the cartilage and mineralized tissues at the
endplates are disrupted during surgery, producing a more irregular
geometry at this interface. Therefore, the model may not fully
capture the heterogeneous stress distribution at locations of
bone—spacer contact. Furthermore, the model presented in this
study offers only a single snapshot in time, reflecting the distribu-
tion of stress directly after implantation of the spacer and posterior
instrumentation. Bone is known to remodel over time due to alter-
ations in mechanical loading. Therefore, it is likely that the stress
distributions for the different spacer materials and designs
observed in this study would diverge over time due to the different
alterations of implant stresses. Future simulations that implement
time-dependent changes in bone density and geometry may offer
insight into the long-term consequences of the implant-specific
differences uncovered in this study. Finally, axial compressive
loading was the only type of load included in this study, but bend-
ing and torsion loads could be added in future studies to more
fully characterize the range of stresses expected in different activ-
ities. It should be noted that two of the authors of this paper have
financial ties to medical device companies: LSC is employed by
Mighty Oak Medical, and CMY owns shares of Medshape, Inc.
Neither company is currently developing technologies based upon
the porous PPP material or custom spacer design investigated in
this study, and neither entity contributed funding for the study.
Funding for the study was supplied by a grant from NIAMS.

Image-based modeling of the lumbar spine is a valuable tool
for evaluating differences in vertebral stress due to implant mate-
rials and design, providing a promising noninvasive tool for selec-
tion of device materials on a patient-specific basis. The custom fit
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spacer that was developed in the model to conform to the curva-
ture of the vertebral endplates demonstrated the potential value of
patient-specific implant design. With recent advances in and
increased availability of additive manufacturing (3D printing),
producing patient-specific implants for a reasonable cost may
soon become a reality. In conjunction with custom implant design,
patient specific, image-based modeling may also provide a means
of virtually testing interbody spacers prior to surgery.

Conclusions

The results of this study suggest that materials more compliant
than those currently used in the manufacture of interbody spacers
may help to reduce the incidence of subsidence. Specifically, 70%
porous PPP provide a reduction of stresses in vertebral endplates
while maintaining implant stresses below the endurance limit for
axial compressive loading. The results also suggest that patient-
specific spacer geometry could decrease stresses on posterior
instrumentation and reduce stress concentrations in the endplates
after lumbar interbody fusion.
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