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The Effect of Cervical Interbody
Cage Morphology, Material
Composition, and Substrate
Density on Cage Subsidence

Abstract

Background: Interbody cages used in spinal fusion surgery can
subside into the adjacent vertebral bodies after implantation, leading
to loss of spinal height, malalignment, and possible radicular
symptoms. Several factors may contribute to cage subsidence.
Methods: This in vitro investigation examined the possible
contribution of substrate density, cage contact area (ie, cage
footprint), cage filling, cage end plate surface texture, and cage
material composition on the magnitude of subsidence. Commercially
available cervical interbody cages of two sizes (16 · 12 mm and 17 ·
14 mm) were implanted between foam blocks of two different
densities and were cyclically loaded. Cages were made of titanium
alloy (Ti4Al6V), silicon nitride ceramic (Si3N4), or polyether ether
ketone (n = 8 cages of each material type). Additional testing was
performed on Si3N4 cages of the smaller size with nontextured
surfaces and with filled cores.
Results: Subsidencemeasurements showed that lower foamdensity
had the greatest influence on subsidence, followed by smaller cage
footprint. Cagematerial had no effect on subsidence. In the additional
testing of small-footprint Si3N4 cages, the cages in which the core
was filled with a load-bearing porous material had less subsidence in
lower-density foam than the cages with an empty core had, whereas
cage end plate surface texture had no effect on subsidence.
Conclusion: Ranking of the relative impact of these factors indicated
that substrate density had the greatest contribution to the measured
subsidence (approximately 1.7 times and approximately 67 times
greater than the contributions of cage footprint area and material,
respectively). The contribution of cage footprint area to subsidence
was found to be 40 times greater than the contribution of cagematerial
to subsidence.

In cervical spine fusion surgery,
vertebral interbody spacers pre-

serve disk height and sagittal align-
ment, thereby avoiding neural
compression and kyphotic collapse.1

Subsidence refers to an undesirable
penetration of the interbody cage into

adjacent vertebral bone, which, when
severe enough, can lead to radicular
pain and loss of sagittal plane align-
ment.2 A clinical study demonstrated
.2 mm loss of disk space height in
77% of patients with paired rectan-
gular lumbar fusion cages.3
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Although several factors have been
shown to contribute to subsidence,
the interactions between these factors
is unclear. In an experimental model
using polyurethane foam blocks and
an expandable cage design, increases
in the angular mismatch between the
cage and end plate surfaces led to
progressively greater subsidence.4 In
a study of lateral lumbar interbody
fusion, more subsidence occurred
when narrower rather than wider
cages were used, although clinical
outcomes were similar between the
study groups.5 A biomechanical
study of cadaver cervical spines
showed that end plate destruction
resulting from surgical preparation
reduces the ability of the spine to
withstand compressive loads,
thereby contributing to the risk of
subsidence.6 Cage geometries that
have a larger surface contact area
with bone have also been shown to
result in less subsidence.7 Although
each of these studies identified one or
two factors that influenced cage
subsidence, the relative contribution
of multiple combined factors to
subsidence remains unknown.
Vertebral interbody cages are often

made of polyether ether ketone
(PEEK) because this material is inex-
pensive, is radiolucent, and has a
modulus of elasticity that approxi-
mates that of cortical bone.8 In con-
trast to roughened titanium alloy
surfaces that promote osteogenesis
when implanted in living bone,
PEEK surfaces result in the devel-
opment of fibrous tissue.9 Therefore,
cages made of PEEK are usually
packed with bone graft to achieve

spinal fusion. Alternatively, cages
may be made of porous materials
that support bony healing into the
cage itself, such as metal alloys and/
or ceramic materials.10-14

The purpose of this study was to
investigate the contribution of cage
material composition, substrate den-
sity, cage footprint size, cage surface
texture, and cage filling to the degree
of subsidence. The relative effect of
these factorswas ranked toprovide the
surgeon with a strategy to minimize
subsidence.

Methods

Testing Substrate
Closed-cell, rigid polyurethane foam
(Sawbones; Pacific Research Labora-
tory) was chosen in two densities to
model two discrete scenarios of bone
quality. The lower-density foamhad a
density of 160.19 kg/m3 and a com-
pressive modulus of 58MPa, whereas
the higher-density foam had a density
of 320.37 kg/m3 and a compressive
modulus of 210 MPa. The higher-
density foam was intended to model
removal of the cartilaginous end plate
with complete preservation of the
cortical end plate. The lower-density
foam was intended to model total
removal of the cortical end plate with
only cancellous bone remaining.
Partial removal of the cortical end
plate was not investigated in this
study. Test substrates of each density
(40.5-mm thickness · 50.8-mm
diameter) were prepared from the
same manufacturing lot (to reduce

variability) with the use of a 2-inch
diameter circular saw.

Interbody Cages
Commercially available cervical in-
terbody cages of open-core design
(Valeo C; Amedica) were tested using
three material compositions: Si3N4,
Ti4Al6V, and PEEK, with eight cages
of each material type (Figure 1).
These materials have elastic moduli
of 296 GPa, 110 GPa, and 4 GPa,
respectively.11 Each cage material
was tested in two sizes: 16 · 12 mm,
with a footprint area of 103.2 mm2,
and 17 · 14 mm, with a footprint
area of 125.5 mm2. The footprint
area does not include the cross-
sectional area of the graft window.
All cages were 10-mm thick and had
a 0� lordosis angle. In this portion of
the study, the central cavity, de-
signed to hold bone graft, was left
unfilled during testing. All of these
cages had the same gross morphology
of the end plate, with a spiked surface
designed to improve mechanical fit.
The end plates of the Si3N4 cages also
included laser texturing (with a tex-
ture depth of approximately 50 to
150 mm) (Figure 1).
To evaluate the effect of cage end

plate texture and the filling of the
central cavity with a porous material
(analogous to bone graft), two addi-
tional cage types were investigated.
Specifically, two small-footprint
Si3N4 cage types with smooth, non-
textured end plates were tested. In
one group (n = 8), the central
cavity was left empty. The cages
in the other group (n = 8) were
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manufactured with a composite
design in which the central cavity was
filled with porous Si3N4 (Figure 1).

Cyclic Loading
The experimental constructs, each
consisting of a cage between foam
blocks, were axially loaded in
a servohydraulic material-testing
machine (MTS Systems) with
custom-made fixtures to measure
subsidence (Figure 2). The experi-
mental apparatus conforms to
ASTM standard F2267-04, which is
used to assess subsidence risk.15 To
ensure proper alignment of each cage
within the testing fixture, a template
was used to mark the center of the
testing substrates, and the graft
window of each cage was centered
on the substrates. An alignment jig
was used to ensure that the top and
bottom fixtures were coaxial before
testing (thereby eliminating off-
center loading). Cyclic compression
between 50 and 250 N (in a sinu-
soidal wave form) was applied at a
rate of 1 Hz under force control
feedback. Compression of 50 N
corresponds to the load of the aver-
age human head on the cervical
spine.16 Because the intent was to
examine implant subsidence under
cyclic loading, a maximum limit of
250 N was selected to allow a factor
of safety with respect to the pub-
lished failure loads of vertebral body
end plates (published failure loads of
the implant–end plate interface range
from 754 to 2,238 N).16

Two trackingmarkerswere fixed to
each cage with cyanoacrylate, and
one trackingmarker was rigidly fixed
to each of the adjacent foam blocks.
Subsidence was detected with a high-
resolution digital camera (Grasshop-
per 3; Point Grey Research) and an
attached macro lens (50 mm/F1.8,
No. 86574; Edmund Optics), pro-
ducing an effective pixel resolution
of 5 mm. Digital image correlation
(DIC) was used to quantify

Figure 1

Illustration depicting the cage types used in the study. The small cages
measured 16 · 12 mm; the large cages measured 17 · 14 mm. PEEK =
polyether ether ketone

Figure 2

Photographs depicting the custom-made testing fixture and the servohydraulic
material-testing machine used for cyclic and quasi-static subsidence testing.
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subsidence of the cage into the foam
blocks after 1 cycle, 500 cycles,
1,000 cycles, 2,000 cycles, and 3,600
cycles. The DIC system demon-
strated accuracy to within two pixels
with a standard deviation on
repeated measurement of ,3%.
Load and displacement data (ie, DIC
images of subsidence) were recorded
throughout each cycle of interest at
100 Hz. The maximum number of
test cycles was limited to 3,600
because pilot data previously
showed that the percentage increase
in subsidence beyond 3,600 cycles
was negligible (ie, ,10% increase in
subsidence up to 10,000 cycles). In
findings consistent with our obser-
vations, other investigators reported
that most subsidence occurred dur-
ing the first 500 cycles of loading.16

The DIC data were analyzed with
the use of custom software code
(MATLAB release R2014a; Math-
Works). The geometric centers of the
tracking markers were calculated in
two-dimensional space, and sub-
sidence was expressed as the mean
cage displacement, in micrometers,
into the adjacent foam at the highest
load for each cycle of interest. Spe-
cifically, the distance between the
tracking markers on the cage and
those on the top and bottom sub-
strates were calculated and averaged.
The baseline subsidence value was
calculated at the lowest load (ie,
50 N) during the first cycle.

Ramp-to-Failure Testing
Ramp-to-failure testing was per-
formed to assess the stiffness and
yield point of the foam-cage-foam
constructs, in accordance with the
ASTM F2267-04 standard for cervi-
cal devices. This testing was per-
formed to understand how the
factors contribute to catastrophic
failure. Compressive loads were
applied quasi-statically at a rate of
0.1 mm/s to the foam-cage-foam
constructs. The load and displace-

ment data were recorded at 100 Hz;
output parameters of the ramp-to-
failure testing included yield load and
construct stiffness (in newtons per
millimeter). Yield loadwas defined as
the applied force required to cause a
permanent deformation equal to the
offset displacement (ie, 1-mm offset,
according to the ASTM F2267-04
standard for cervical devices). The
quasi-static system stiffness was the
slope of the initial linear portion of
the load-displacement curve. Stiff-
ness was calculated between 200 and
250 N of compressive loading for all
foam-cage-foam constructs.

Statistical Analyses
Power calculations using pilot data
and R statistical software17 demon-
strated that a minimum of eight
samples per test group was required
to achieve statistical significance
(inputs and outputs were as follows:
power = 0.8, delta = 0.21, standard
deviation [SD] = 0.11, P = 0.01,
type = “two-sample,” alternative =
“two-sided,” n = 8.0).
To examine the effects and interac-

tions of foam density (high versus
low), cage footprint area (small versus
large), and cage material (Si3N4,
Ti4Al6V, or PEEK) on subsidence
(measured at selected cycles), a gen-
eral linear model was used to analyze
the multiple effects. Similarly, the
effects and interactions of cage design
(ie, presence or absence of a textured
contact surface, open or filled central
cavity) and foam density were also
assessed using a general linear model.
To determine the relative contribu-
tion of each effect (foam density, cage
footprint area, and material) on
subsidence after 3,600 cycles, a
model comparison approach was
used.18 All comparisons were deter-
mined using Tukey post hoc adjusted
least squares means to control type I
error rate. Statistical tests were per-
formed with Minitab 15 statistical
software (Minitab) with a = 0.05.

Results

All biomechanical tests were run to
completion with no cage damage or
experimental complications. Statisti-
cal analyses were performed after
3,600 cycles. All data passed nor-
mality and equal variance tests.

Effects of Foam Density,
Cage Footprint, and Cage
Material on Subsidence
Subsidence increased as the number
of cycles increased across all test
groups (Figure 3). Foam density and
cage footprint area had significant
effects on subsidence after 3,600
cycles (both P, 0.01), whereas cage
material composition did not have a
significant effect (P = 0.20). Lower-
density foam was associated with
significantly greater subsidence
compared with higher-density foam
(P , 0.01) (Figures 3 and 4). In
lower-density foam, the small-
footprint cages had significantly
greater subsidence (approximately
5.3 times greater) than the large-
footprint cages had (P , 0.01)
(Figures 3 and 4). Subsidence mag-
nitudes were notably reduced when
higher-density foam was used, which
substantially diminished the effects
of the footprint area on subsidence
(P = 0.49) (Table 1). Interestingly,
subsidence was significantly greater
for Ti4Al6V and PEEK cages com-
pared with Si3N4 cages when tested
with lower-density foam (both P ,
0.05, small-footprint cages: Si3N4,
406 6 91 mm; Ti4Al6V, 449 6
61 mm; PEEK, 468 6 36 mm; large-
footprint cages: Si3N4, 189 6
22 mm; Ti4Al6V, 233 6 38 mm;
PEEK, 214 6 37 mm) (Figure 4).
Testing with higher-density foam
revealed no significant differences
between the cage materials (all P $

0.57; small-footprint cages: Si3N4,
99 6 15 mm; Ti4Al6V, 72 6 18 mm;
PEEK, 77 6 15 mm; large-footprint
cages: Si3N4, 71 6 12 mm; Ti4Al6V,
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53 6 6 mm; PEEK, 75 6 15 mm)
(Table 1 and Figure 4).

Effects of End Plate Surface
Texture and Core Filling on
Subsidence
To test the effects of end plate surface
texture and filling of the central cav-
ity with a load-bearing porous mate-

rial, two additional variations of the
small-footprint Si3N4 cage were
tested for subsidence. One variation
had a nontextured end plate surface
with an empty cavity. The other
variation was identical to the origi-
nal small-footprint Si3N4 cage except
that the central cavity was filled with
porous Si3N4. Data were compared
with those obtained previously for

the small-footprint Si3N4 cages
(Table 2).
At 3,600 cycles, cageswith textured

end plates had less subsidence than
nontextured cages had in testing with
lower-density foam, but the differ-
ence was not statistically significant
(406 6 91 mm versus 513 6 2 mm;
P = 0.06). End plate texture also did
not significantly affect subsidence in

Figure 3

Graphs depicting the mean subsidence per number of loading cycles for each cage size and cage material for lower-density
foam (A) and higher-density foam (B). The lower-density foam (A) and smaller cage size were associated with more
subsidence. With the higher-density foam (B), differences in subsidence between the two implant sizes were reduced.
PEEK = polyether ether ketone

Table 1

Subsidence After Cyclic Loading According to Cage Size, Cage Material, and Substrate

No. of Cycles Cage Size (mm)

Subsidence (mm)a

Lower-Density Foam Substrate Higher-Density Foam Substrate

Si3N4 Cage Ti4Al6V Cage PEEK Cage Si3N4 Cage Ti4Al6V Cage PEEK Cage

1 16 · 12 120 6 18 1186 9 123 6 7 686 10 516 11 556 4
17 · 14 103 6 7 1226 28 111 6 8 506 7 436 4 526 4

500 16 · 12 291 6 61 2866 34 315 6 20 866 12 616 13 656 12
17 · 14 160 6 13 1926 33 178 6 24 636 11 496 5 616 7

1,000 16 · 12 325 6 65 3426 36 358 6 25 906 13 656 14 706 12
17 · 14 169 6 16 2046 34 188 6 30 666 12 516 5 656 8

2,000 16 · 12 368 6 78 3916 52 412 6 28 956 14 696 16 736 13
17 · 14 180 6 19 2196 36 204 6 33 696 11 526 5 686 9

3,600 16 · 12 406 6 91 4496 61 468 6 36 996 15 726 18 776 15
17 · 14 189 6 22 2336 38 214 6 37 716 12 536 6 756 15

PEEK = polyether ether ketone
a Subsidence is given as mean 6 standard deviation.
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testing with higher-density foam (P =
0.99; 99 6 15 mm with texture
versus 78 6 0 mm without texture).
A notable reduction in subsidence
was observed in cages in which the
core was filled with load-bearing
porous Si3N4 compared with cages

with an empty core (with or without
textured end plates) in lower-density
foam (P, 0.01; filled, 2126 31 mm;
nonfilled textured, 406 6 91 mm;
nonfilled nontextured, 5136 2 mm).
In higher-density foam, the differ-
ence between cages with filled cores

and those with nonfilled cores was
not significant (P = 0.99; filled, 93 6
8mm; nonfilled textured, 996 15mm;
nonfilled nontextured, 78 6 0 mm).

Relative Contribution of
Foam Density, Footprint
Area, and Material to
Subsidence
Using the model comparison
approach, the proportional reduc-
tion in error was found to be 0.78 for
foam density, 0.46 for cage footprint
area, and 0.01 for cage material.
Thus, foam density had the greatest
contribution to the measured sub-
sidence (approximately 1.7 times and
approximately 67 times greater than
the contributions of footprint area
and material, respectively). The rela-
tive contribution of cage contact area
to subsidence was found to be 40
times greater than the contributions
of variations in material.

Construct Stiffness and
Offset Yield Load
No significant differences in the
foam-cage-foam construct stiffness
were found between cage materials
(P = 0.946; PEEK, 642.16 343.3 N/
mm; Si3N4, 647.0 6 375.0 N/mm;
Ti4Al6V, 660.0 6 390.0 N/mm).
Although the larger footprint area
had greater stiffness, the footprint
area was not found to have a sig-
nificant effect on construct stiffness
(P = 0.122; large footprint, 685.9 6
344.1 N/mm; small footprint,
613.3 6 380.3 N/mm). Foam den-
sity had the greatest effect on con-
struct stiffness; specifically, the
higher-density foam constructs had,
on average, three times more stiff-
ness than the lower-density foam
constructs had (P , 0.001; 980.8 6
174.1 N/mm and 318.5 6 57.6
N/mm, respectively). The offset yield
was significantly greater in higher-
density foam than in lower-density
foam when data were averaged

Table 2

Subsidence of Small-footprint Si3N4 Cages After Cyclic Loading According
to Cage End Plate Surface Texture and Cage Filling

No. of
Cycles

Subsidence (mm)a

Lower-Density Foam
Substrate

Higher-Density Foam
Substrate

Regular
Cageb

Nontextured
Cage

Filled
Cage

Regular
Cageb

Nontextured
Cage

Filled
Cage

1 120 6 18 1336 2 1376 8 686 10 526 18 616 1

500 291 6 61 3656 3 1856 24 866 12 746 0 836 5

1,000 325 6 63 4166 8 1946 26 906 11 756 1 876 7

2,000 368 6 78 4706 9 2036 29 956 14 776 1 896 9

3,600 406 6 91 5136 2 2126 31 996 15 786 0 936 8

a Subsidence is given as mean 6 standard deviation.
b Regular indicates the standard Si3N4 cage type (textured end plate surface and no central
cavity filling).

Figure 4

Bar graph depicting subsidence at 3,600 cycles of loading with 50 to 250 N of
compression. Data are means; error bars indicate standard deviation. Paired
letters A, B, and C indicate statistically significant differences (P , 0.01).
Statistically significant differences in subsidence were also observed between all
lower-density foam samples and their corresponding higher-density foam
samples for both cage sizes and all cage materials (P# 0.01). PEEK = polyether
ether ketone
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across all other variables (P , 0.01;
21,636 6 193 N versus 2395 6 34
N). In addition, the offset yield was
greater for the large-footprint area
than for the small-footprint area
(P , 0.01; 21,123 6 718 N versus
2909 6 561 N). Ramp-to-failure
testing highlighted that the denser
substrate provided a stiffer construct
and higher yield point (Table 3).
Other factors, including cage mate-
rial and cage size, did not show sig-
nificant differences in construct
stiffness and yield point.

Discussion

This biomechanical investigationwas
designed to simulate cyclic, axial
loading in the cervical spine after
single-level fusion with a spacer
device. The loads applied were simi-
lar to physiologic conditions in the
human cervical spine. Our methods
allowed the detectionof subsidence at
the 5-mm level; thus, the experi-
mental setup allowed increased fi-
delity compared with that of a digital
radiograph.19 This consistent and
reproducible model, coupled with
the high measurement sensitivity,
yielded data that allowed determi-
nation of the relative impact of dif-
ferent factors on cage subsidence.
The results demonstrated that lower
substrate density was associated

with higher subsidence. To a lesser
degree, a smaller cage footprint re-
sulted in more subsidence. Also,
filling the cage with structural
material reduced subsidence in test-
ing with a lower substrate density.
Cage material and surface texture
had no statistically significant effect
on subsidence.
Our findings corroborate those of

previous investigations. In a study of
cadaver specimens, for example,
surgical burring of the cortical end
plate led to increased subsidence, as
did risk factors for osteoporosis, such
as female sex and increasing patient
age.6 Finite element analyses have
shown that preservation of the
structural integrity of the vertebral
end plate protects against sub-
sidence, particularly in the cortical
periphery, as does packing of the
cage cavity with graft material.20

Other investigators have found that
the material properties of the end
plate, modeled as different foam
densities in our study, are more
important determinants of sub-
sidence than the cage material itself
is.21

In our study, the large-footprint
cages had less subsidence than the
small-footprint cages had, suggesting
that the area of contact between cage
and bone is relevant. Other authors
have reported that cages that match
the vertebral end plate morphology

result in less subsidence-related neck
pain after single-level cervical fusion
than other cages do.22 Biomechanical
investigations have also shown that
larger-diameter spinal cages can
withstand greater loads, with a lower
risk to failure, compared with
smaller, comparable constructs.23 In
100 consecutive patients who
underwent cervical diskectomy and
interbody fusion, when subsidence
was defined as .2 mm reduction in
segmental height, investigators re-
ported that the ratio of the spacer
surface area to the end plate surface
area was substantially smaller in
implants with subsidence than in
implants without subsidence.24

Other authors have suggested that
filling the cage cavity with densely
packed bone graft increases the sur-
face area and provides structural
support against the vertebral end
plate, thereby decreasing the risk of
subsidence.20 When identical inter-
body cages were tested in a bio-
mechanical model similar to the one
used in our study, the cages filled
with corticocancellous bone graft
had substantially less subsidence
than empty cages had at 20,000
cycles of load testing. When sub-
sidence was compared among cervi-
cal fusions in which a fibular
allograft, a titanium mesh cage
packed with cancellous bone chips,
or a trabecular metal cage was used

Table 3

Ramp-to-Failure Dataa

Cage Material Cage Size (mm)

Lower-Density Foam Substrate Higher-Density Foam Substrate

Stiffness (N/mm) Offset Yield (N) Stiffness (N/mm) Offset Yield (N)

Si3N4 16 · 12 259.86 26.8 2368.7 6 9.5 995.9 6 261.6 21,469.8 6 5.9
17 · 14 366.56 7.4 2432.8 6 7.8 964.9 6 159.6 21,880.1 6 17.2

Ti4Al6V 16 · 12 259.86 25.4 2368.2 6 7.7 913.5 6 194.8 21,472.9 6 19.9
17 · 14 371.166 4.5 2426.6 6 18.8 1,095.7 6 230.1 21,785.6 6 25.9

PEEK 16 · 12 274.56 14.0 2355.6 6 11.5 976.5 6 146.8 21,416.9 6 27.0
17 · 14 379.36 13.0 2417.7 6 19.6 938.1 6 146.1 21,795.3 6 14.2

PEEK = polyether ether ketone
a All data are given as mean 6 standard deviation.
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as the interpositional structure, the
latter two constructs subsided less,
which the authors of the study
attributed to a larger cage surface
contact area.16

Our results show that foam density
had the most influence on subsidence
risk, suggesting that the bone quality
of the vertebral end plate and/or the
vertebral body is important in pre-
dicting subsidence. Destructive com-
pression testing and finite element
analyses have shown that load
to failure is associated with
bonemineral density but notwith end
plate thickness.25 Load to failure
decreases with progressive removal
of the end plate, such that specimens
with an intact end plate failed at
substantially higher loads than those
with no end plate did.25 Three-
dimensional experimental models
of the cervical spine have suggested a
high correlation between decreasing
bone mineral density and increasing
amounts of subsidence.26

Interbody cages made of PEEK are
well accepted by clinicians because,
at least in theory, PEEKmay produce
lower contact stresses, resulting in
less subsidence.26 The Young mod-
ulus of PEEK (4 GPa) is closer to that
of cancellous bone (100 MPa) com-
pared with the other materials
examined and is much lower than
that of Ti4Al6V.26 Although these
numbers suggest that a stiffer mate-
rial should subside more, several
studies have shown instead that the
bone quality (ie, degree of vertebral
body osteoporosis) and end plate
integrity are the dispositive factors
affecting subsidence risk.27 Our data
show that cage material composition
did not affect subsidence, even
though the materials tested had a
100-fold difference in the modulus of
elasticity.
The present study has limitations.

The foam used to mimic vertebral
segments is homogenous and iso-
tropic and cannot completely model
the mechanical behavior of living

bone, which is anisotropic, with a
cortical end plate and cancellous
core. Also, only axial loads were
applied in our study, while in vivo
cervical loads reflect complex shear
and rotational vectors in addition to
axial forces. We modeled loading in
both routine physiologic cyclic loads
as well as loads resulting in cata-
strophic failure. Our model was
purely biomechanical and did not
consider biologic responses to cages,
which may also contribute to sub-
sidence. The model was limited to
only two densities of foam and two
implant sizes; therefore, caution
should be used when interpreting
these results across the clinically rel-
evant spectrum of bone qualities and
implant sizes.
Additional limitations of our study

relate to the fact that the cages were
left empty during mechanical testing
instead of being filled manually with
bone graft or related material, as is
done clinically. We chose to test the
cages in their manufactured state,
that is,with empty cores, tomaximize
the effect of the material modulus on
cage subsidence and to avoid the
potential variation in cage density
that manual packing of bone graft
might induce. Also, the Si3N4 cages
that were manufactured with a
porous Si3N4 core offered a clean
comparison to the identically de-
signed cages made of the same size
and material but with an empty core.
These composite Si3N4 cages, which
require no bone graft, are used
clinically in Europe but are not
available in the United States.

Conclusion

Prior studies of cage subsidence have
investigated one or two factors lead-
ing to subsidence. Our study investi-
gated five factors in a cohesive and
systematic fashion to determine the
relative contribution of each factor to
cage subsidence. The ranking of these

factors can help surgeons develop a
more precise strategy to avoid cage
subsidence.
With the limitations of the study

in mind, our results allow the fol-
lowingmeaningful conclusions. First,
although end plate preparation for
interbody fusion must include
removal of the cartilaginous endplate
to facilitate fusion, our data suggest
that the surgeon should preserve the
cortical end plate and avoid perfo-
rating the cancellous bone to reduce
the risk of subsidence. The peripheral
rim of the end plate has thicker cor-
tical bone and may need to be burred
to flatten the end plate surface to
match the cage surface. Second, in the
present study, the larger cage size re-
sulted in less subsidence in the less
dense substrate. Therefore, the use of
larger cages in vivo may result in
much less subsidence because they
are positioned on stronger bone in the
periphery of the end plate, indepen-
dent of cage size. We observed that
filling the cage with robust structural
material reduced subsidence in the
less dense substrate. Furthermore,
although cage footprint geometry
and texture may contribute to initial
cage stability, these variables do not
appear to influence cage subsidence.
Finally, the intrinsic stiffness of the
cage material (PEEK, Ti4Al6V, or
Si3N4) had no effect on subsidence in
our study.
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