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ABSTRACT

Introduction: Previous studies demonstrated increases in
single screw pullout strength with increases in material density.
Recent anterior cervical interbody fusion plate pullout studies
utilizing a polyurethane foam block model have shown that
alterations in screw insertion angle from straight-in are not
associated with an increase in pullout strength. The purpose of
this study is to characterize the pullout strength of an anterior
lumber interbody fusion (ALIF) plate when installed at various
screw angles in different simulated bone densities.

Materials and methods: Ninety ALIF plate pullout tests were
performed using three common screw insertion angles in
polyurethane (PU) foam blocks of three densities: 0.08 g/cm3,
0.16 g/cm3 and 0.24 g/cm3, simulating severely, mildly and
nonosteoporotic cancellous bone, respectively. Plates were
pulled out axially at 1 mm/min and pullout strength and stiffness
compared.

Results: Doubling foam density yielded 2.6-fold and 3.0-fold
increases (p < 0.05) in mean pullout strength and stiffness,
respectively. Tripling foam density yielded 4.5-fold and 5.3-fold
increases (p < 0.05) in mean pullout strength and stiffness,
respectively. Screw angle placement contributed relatively less
to pullout strength and stiffness compared to PU foam density.

Conclusion: In our model, ALIF plate pullout strength and
stiffness appear to be more associated with increased foam
block density than screw trajectory. Vertebral bone density
should be a strong consideration in preoperative planning for
ALIF with plating. Screw trajectory should be based on vascular
anatomy and screw placement safety, rather than the classic
lateral-to-medial trajectory.
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INTRODUCTION

Anterior lumbar interbody fusion (ALIF) has evolved over
the last few decades to become a commonly used surgical
treatment for instability, discogenic pain and spondylo-
listhesis.1-3 Reducing movement within spinal motion
segments facilitates bony fusion and can be achieved with
transpedicular and/or anterior plate fixation.4

Although pedicle screw fixation has been shown to
provide greater biomechanical stability in lateral bending,
anterior plates have been shown to provide sufficient

immobilization for fusion while obviating intraoperative
repositioning of the patient and a second approach.5-7

Anterior plate fixation in ALIF procedures has become
increasingly popular over the last 7 years.8 While the
stability of lateral plates and posterior fixation has been
previously studied, research regarding the stability of
straight anterior plates remains relatively scarce.7,9

Based on biomechanical studies, screw length, screw
diameter, screw thread pitch and bone density have been
shown to influence construct stability.10-14 Pullout tests,
making use of cadaveric bone or foam block models, have
been studied.10,12-14 A polyurethane (PU) foam block model
is advantageous because these blocks can be reproducibly
manufactured to specified uniform densities.

Chapman et al15 compared screw pullout strength using
PU foam materials and cadaveric bone specimens and found
that the coefficient of variance (CV) of foam (CV = 0.055)
was smaller than that of bone (CV = 0.412). A PU foam
model for screw pullout provides accurate and reproducible
results. Furthermore, its material composition can be reliably
altered to study various ‘bone densities’. It has been shown
that increasing foam density increases screw pullout
strength.11

It is thought that placement of screws at an angle (i.e.
inward or outward) versus straight in confers increased
stability to the anterior plate construct. Despite the large
body of research completed on screw pullout in a foam block
model,10,15-19 our understanding of the pullout strength of
plates with multiple screws placed with varying trajectories
is limited. Several studies have investigated the effect of
screw orientation on plate pullout strength,16,17 but the
interaction between screw orientation and bone density has
not been clearly defined.

In this study, we compared ALIF plate pullout strength
using three different foam density models representing
severely, mildly and nonosteoporotic bone. In addition, we
used three common screw trajectories, including straight
in, the classic ‘12° up and 6° in’, and 6° up and 4° in (i.e.
the trajectory of the fixed angle screws in this construct).

We hypothesized that plate pullout strength would
increase with increasing density in the PU foam model and
that this relationship would be maintained among the three
different screw trajectories. We were interested in
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quantifying differences in pullout strength between groups
and comparing those differences to variations in foam
density.

MATERIALS AND METHODS

Closed-cell PU foam blocks of low density (0.08 g/cm3),
medium density (0.16 g/cm3) and high density (0.24 g/cm3)
(Sawbones, Inc, Vashon, WA) were used to model severely
osteoporotic, mildly osteoporotic and normal cancellous
bone respectively.18 The PU foam was purchased in blocks
with original dimensions of 180 × 130 × 40 mm. For each
density, three smaller, identical blocks measuring 60 × 130
× 40 mm were used and pull-out tests were performed on
each long face of a block. Self-tapping, titanium alloy screws
(20 × 6.0 mm) were used to affix the ALIF plate (LANX,
Inc., Broomfield, CO) onto the foam block.

Custom insertion guides were used to ensure proper
screw placement. Pilot holes were drilled at the desired
trajectories including, 0° in both the sagittal and coronal
directions, 12° diverging in the sagittal direction and 6°
converging in the coronal direction, and 6° diverging in the
sagittal direction and 4° converging in the coronal direction.
The screws were then inserted into the predrilled holes by a
single investigator and tightened to a predetermined torque
for each respective foam density. One group at each of the
three screw trajectories was tested in each of the three
different density PU foam models.

After the ALIF plate was affixed, two clamps were used
to secure the foam block in place. The plate was then
attached to the actuator of a servo-hydraulic materials testing
machine (Model 8521, Instron, Norwood, MA) (Fig. 1). A
rod that threaded into the center plate hole was used to

ensure uniform delivery of an axial load throughout testing.
A preload of 50 N was applied to the plate that was

subsequently pulled out at a rate of 1 mm/min.16,17 Load
and displacement data were obtained during each test.
Maximum pullout force was defined as the maximum load
recorded prior to screw failure. Stiffness was calculated
using the slope of the linear region of the load-displacement
curve before yield. Ten samples were tested in each group.
Two-factor ANOVA and one-way ANOVA with Tukey
multiple comparison tests were performed to compare
groups (SPSS, version 18).

RESULTS

Load-displacement curves were plotted for each of the three
different foam density models (Fig. 2). The maximum
pullout load was significantly higher (p < 0.05) for each
increase in foam density (Fig. 3, Table 1). The average
pullout strength was 289 ± 10 N for the low density foam,
873 ± 88 N for the medium density foam and 1518 ± 127 N
for the high density foam. This corresponds to a 3.0-fold
increase in pullout strength for a two-fold increase in foam
density and a 5.3-fold increase in pullout strength for a three-
fold increase in foam density (Fig. 3).

This relationship between pullout strength and foam
density was maintained within each screw trajectory group
(Table 1). Although significant differences were found
between the 0° × 0° and 6° × –4° groups in the low density
foam (p < 0.05), and the 6° × –4° and 12° × –6° groups in
the medium density foam (p < 0.05), these were only on the
order of 4 and 12% respectively.

Stiffness also increased with increased foam density
(p < 0.05) (Fig. 4 and Table 2). The mean stiffness was 452
± 34 N/mm for the low density foam, 1180 ± 150 N/mm for

Fig. 1: Pull-out test setup. PU foam block with ALIF plate affixed by
screws and secured by clamps. Threaded rod was inserted into
center hole of ALIF plate to ensure uniform axial load

Fig. 2: Representative load-displacement curves for the straight in
configuration in each of the three different foam density models.
With higher densities, the area under the curve increases signifying
increasing stiffness
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the medium density foam and 2027 ± 279 N/mm for the
high density foam. Similar to the trend with pullout strength,
this corresponds to a 2.6-fold increase in stiffness between
the low and medium density foam, and a 4.5-fold increase
in stiffness between the low and high density foam.

DISCUSSION

This study was performed to better define the influence of
matrix density on ALIF plate pullout strength and stiffness
with varying screw trajectories using a PU foam model.
Our results confirmed our hypothesis that plate pullout
strength and stiffness increases with foam density. In
addition, the trend in pullout strength and stiffness with
increases in matrix density was maintained among the three
different screw trajectories. In some cases, a significant
increase in pullout strength was obtained by varying the
screw trajectory. However, these increases were relatively
small and inconsistent across the varying matrix densities.

DiPaola et al17 observed the pullout force of an anterior
cervical plate from 0.16 g/cm3 PU foam to be about 100 N
(p < 0.005) higher when variable angle screws were placed
straight into the foam as opposed to when the screws were
placed 12°up and 12°in. The difference in pullout between
different screw trajectories that DiPaola et al observed in
their study, however, was similar to the difference in pullout
seen in different screw trajectories in the present study, in
that they were much smaller than the difference in pullout
observed between densities. Other variables shown to
change pullout strength include screw length, screw major
diameter and screw thread pitch.10-12,14,19 Increasing plate
pullout strength and stiffness through manipulation of these
factors is limited, as these variables are largely controlled
by the manufacturer or vertebral anatomy of the patient.

Table 2: Stiffness (N/mm) (mean ± SD)

Screw position

Foam density 0° sagittal, 12° diverging sagittal, 6° diverging sagittal,
0° coronal 6° converging coronal 4° converging coronal
(N = 10 in each density) (N = 10 in each density) (N = 10 in each density)

0.08 g/cm3 435 ± 42 467 ± 28 454 ± 25
0.16 g/cm3 1130 ± 200 1191 ± 130 1220 ± 102
0.24 g/cm3 1968 ± 258 2127 ± 152 1985 ± 380

Table 1: Pull-out loads (N) (mean ± SD)

Screw position

Foam density 0° sagittal, 12° diverging sagittal, 6° diverging sagittal,
0° coronal 6° converging coronal 4° converging coronal
(N = 10 in each density) (N = 10 in each density) (N = 10 in each density)

0.08 g/cm3 296 ± 9 286 ± 10 284 ± 8
0.16 g/cm3 868 ± 86 936 ± 72 816 ± 66
0.24 g/cm3 1571 ± 133 1468 ± 147 1515 ± 76

Fig. 3: Mean maximum pullout loads at failure (N) for each screw
position and foam density (* = p < 0.05). SS = straight in, DSCC-1
= 12° diverging sagittal and 6° converging coronal, DSCC-2 = 6°
diverging sagittal and 4° converging coronal. Low = 0.08 g/cm3,
Medium = 0.16 g/cm3, and High = 0.24 g/cm3

Fig. 4: Stiffness (N/mm) for each screw position and foam density
(* = p < 0.05). SS = straight in, DSCC-1 = 12° diverging sagittal and
6° converging coronal, DSCC-2 = 6° diverging sagittal and
4° converging coronal. Low = 0.08 g/cm3, Medium = 0.16 g/cm3,
and High = 0.24 g/cm3
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In the preoperative ALIF planning stage for an
osteoporotic patient, it is important to consider all means
by which plate stability can be increased. As demonstrated
in this study, increased matrix density contributes to
improved ALIF plate pullout strength and stiffness. These
data support the use of cement augmentation in some cases
to increase matrix density.20,21

Additionally, consideration should be given to bone
density variation within an individual vertebral body and
the effect of trabecular disruption with age, that begins in
the vertebral body center.22 Strategic screw placement near
or engaging with the vertebral body endplate may provide
another surgeon-controlled means to enhance ALIF
construct stability. Lowe et al23 showed that a juxta-endplate
screw with a staple had greater toggle resistance than a
centrally placed vertebral body screw with a staple.

Horton et al24 also demonstrated that screw position
within the vertebral body influences fixation strength.
Previous pullout studies of cervical plates in PU foam
models, however, do not indicate that altering the screw
position from ‘straight in’ increases construct stability.16,17

This apparent discrepancy may be a result of the relative
density homogeneity within each PU foam block specimen
compared to the heterogeneous composition of cadaveric
vertebral specimens.

A limitation of this study is the use of PU foam
specimens rather than human vertebral specimens for
biomechanical testing. Although PU foam does allow for
increased homogeneity between specimens, the internal
composition of each foam block may not adequately
represent that of a human vertebral body. Another limitation
of the current study is our use of only one type of plate.
Indeed, other anterior lumbar plates may behave differently.
Finally, while pullout testing in our PU foam model allows
for a straight forward comparison of relative construct
stabilities, it differs from in vivo construct failure, which
more commonly involves cyclic loading mechanisms.

CONCLUSION

Our results suggest that matrix density (i.e. PU foam) has a
greater impact on overall ALIF plate stability than screw
position. This emphasizes the importance of preoperatively
assessing whether or not a patient has adequate bone density
to undergo an ALIF procedure. Screw position should be
based on vascular anatomy and safety rather than on the
traditional lateral-to-medial trajectory.
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