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Abstract
Background: Anterior cervical discectomy with fusion is an effective treatment for patients having cervical radiculopathy and
myelopathy. To reduce morbidity associated with autograft taken from the iliac crest without sacrificing high fusion rates, a novel
technique that harvests bone from the vertebral body adjacent to the operative disc space has been proposed. The effects of
square and round bone graft harvest techniques on the mechanical stability of the osteopenic donor vertebrae are unknown. We
analyzed the biomechanical implications of the technique by subjecting osteopenic models to uniaxial compression to compare
yield strengths of surgically altered and unaltered specimens. Methods: Biomechanical grade polyurethane foam was cut into
60 different 12 mm! 17 mm! 20 mm blocks. The foam had a density of 10 pounds per cubic foot, simulating osteoporotic bone.
Rectangular prism (4 mm! 4 mm! 6 mm) and cylindrical cores (r¼ 2 mm, h¼ 8 mm) were removed from 20 blocks per group.
Twenty samples were left intact as a control group. Anterior plate screws were applied to the models and a Polyether ether
ketone (PEEK) interbody spacer was placed on top. Samples underwent uniaxial compression at 0.1 mm/s until mechanical failure.
Points of structural failure were determined using a 0.1% offset on a force–displacement curve and compared to determine the
reductions in compressive strength. Results: The mean force eliciting structural failure for intact samples was 450.6 N. Average
failure forces for rectangular prisms and cylindrical cores removed were 383.2 and 395.4 N, respectively. Removal of a rectangular
prismatic core of the necessary volume resulted in a 15.0% reduction in compressive strength, while removal of a cylindrical core
of comparable volume facilitated a reduction of 12.2%. Conclusion: Local autograft harvested from adjacent vertebrae reduces
morbidity associated with a second surgical site while minimally reducing the compressive strength of the donor vertebra in an
osteopenic model, lending credence to the efficacy of this technique in elderly patient populations.

Keywords
biomechanics, osteoporosis, spine surgery, autograft, ACDF

Submitted August 7, 2016. Revised April 19, 2017. Accepted May 17, 2017.

Introduction

Anterior cervical discectomy with fusion (ACDF) is a common
surgical intervention for patients having radiculopathy, myelo-
pathy, or myeloradiculopathy when more conservative meth-
ods have proven ineffective.1 Shifts in demography toward an
aging population have steadily increased the prevalence
of ACDF in a geriatric population, with a median age of
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53.2 years at the time of surgery.2 The increase in average age of
ACDF patients results in greater prevalence of osteoporosis in
potential surgical candidates. Since the procedure’s introduction
by Robinson and Smith, numerous interbody materials have been
investigated to promote vertebral fusion across the disc space.
The current gold standard of treatment is to utilize autograft taken
from the patient’s iliac crest. The procedure yields impressive
fusion rates of 83% to 99%.1 Despite effective induction of ver-
tebral fusion, this operation is associated with high levels of donor
site morbidity and a decrease in quality of life secondary to donor
site pain that may persist beyond normal periods of postoperative
patient monitoring.3-6 In order to mitigate iliac crest morbidity,
other materials have been studied to replace autologous grafting,
including hydroxyapatite and cadaveric allograft. Like autograft,
hydroxyapatite yields strong fusion rates (89%) but has been
associated with multiple problems at the graft site, including graft
collapse and the loss of sagittal alignment, though not to the
degree of clinical significance.7

Cadaveric allograft has been used in hopes that its ana-
tomical properties make it an efficacious substitute for auto-
graft. Although some research has found allograft to be
comparable to autograft with up to 91% fusion, meta-
analyses have revealed a notable drop in fusion rates to as low
as 74%.1,8 Allograft also presents cost concerns, as it requires
harvesting, sterilization, storage, and transportation of graft
prior to insertion. In order to reduce the morbidity associated
with iliac harvesting while preserving the favorable properties
of autograft in promoting vertebral fusion, novel harvest
sites have been proposed including the manubrium and the
clavicle.9,10 Unfortunately, although these investigations tended
to find reduced donor site morbidity, the proposed procedures
have failed to directly address the increased risk of infection
and complication associated with a second surgical site.

Our group has recently proposed a novel ACDF technique
that reduces donor site morbidity and eliminates a second surgi-
cal site by harvesting bone from the vertebral body adjacent to
the operative disc space, which is then pulverized and inserted
into the lumen of a polyether ether ketone (PEEK) interbody
spacer to promote vertebral fusion.11 Osteotomes are used to
harvest a small rectangular prism of bone from the lateral infer-
ior portion of the inferior vertebral body. The technique as
described by our group harvests the bone from the left side of
the vertebra per surgeon preference; however, the right side is
also acceptable. While much work has been done on the com-
pressive resistance of vertebral bodies,12-17 the novelty of our
technique renders the observation of mechanical properties of
cervical vertebrae surgically altered in this unique way. A pre-
vious study examining a similar technique of harvesting bone
from cervical vertebrae elected to forego the use of screws used
to anchor anterior plates and carried out bone harvest along the
midline of both the superior and inferior vertebral bodies.18 Our
investigation examined the mechanical implications of the new
technique by subjecting vertebral models with anchored anterior
plate screws to uniaxial compression in order to compare points
of structural failure of surgically altered specimens with unal-
tered specimens.

Methods

Specimen Preparation

Three groups of 20 blocks were manufactured from biomecha-
nical grade rigid polyurethane foam (Sawbones; Pacific
Research Laboratories Inc, Vashon Island, Washington). Indi-
vidual blocks were cut to 12 mm! 17 mm! 20 mm in order to
mimic the average dimensions of the C3–C7 vertebral bodies
as determined from computed tomography measurements of 60
consecutive cervical spines. Closed form foam was chosen for
its standardized properties representative of human cancellous
bone. Specifically, 10 pounds per cubic foot (pcf) foam was
chosen for its mechanical properties similar to that of osteo-
porotic bone in order to mimic an elderly patient population
having varying degrees of bone density loss.19,20 The closed
cell structure of rigid 10 pcf foam provided a carefully con-
trolled model that avoided the variability associated with
human cadaveric biomechanical testing. Cancellous foam was
deemed an appropriate model, as repeated studies by Fields
et al have demonstrated the dominance of vertical trabeculae
inside the cancellous bone in providing biomechanical stabi-
lity, both with and without a cortical shell.14,15

Each sample had 4 mm cancellous screws, 16 mm in length
affixed 3.7 mm and 11.8 mm, respectively, from the right lat-
eral border of the anterior face to mimic screws anchoring an
anterior plate placed slightly off the midline, as described in the
novel technique description,11 to maximize room for the bone
harvest site without sacrificing screw purchase (Figure 1).

The volume of bone material required for harvest was deter-
mined by calculating one half of the volume of the lumen of a
7-mm lordotic PEEK vertebral spacer (Depuy-Synthes, Paoli,
Pennsylvania) such that a continuous column of bone may be
placed in contact with both end plates adjacent to the resected
disc space, with the remaining volume filled with deminera-
lized bone matrix per the novel technique. This volume was
found to be 96.2 mm3.

Two different donor bone core shapes were examined to
determine whether the geometry of the harvest site signifi-
cantly altered the biomechanical response to uniaxial com-
pression. In the first group, 2 and 4 mm osteotomes were
used to resect a 96 mm3 rectangular prism of bone material
(4 mm wide, 4 mm tall, and 6 mm deep) into the lower left

Figure 1. Cancellous screw placement slightly off midline allows for
bone harvest site without sacrificing screw purchase.
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quadrant of the anterior face of the vertebral models
(Figure 2A). The lateral edge of the harvest site was located
2 mm medial to the left lateral border of the model, and the
inferior edge of the harvest site was 2 mm superior to the
inferior end plate. In the second group, a drill equipped with
a 5/32-in (3.97 mm) bit was used to remove a 99 mm3 cylinder
of bone material (D ¼ 3.97, H ¼ 8; Figure 2B). The core was
centered 4 mm from the left lateral and inferior borders of the
anterior face of the model. For the sake of consistency, all
harvest sites were on the left side of the model; in the clinical
setting, the technique can be applied to either side according
to surgeon’s preference. The final group was left unaltered as
a control group.

Mechanical Testing

Prior to testing, a 7-mm PEEK lordotic vertebral interbody
device was placed on the superior surface of the samples such
that the anterior face of the device aligned with the anterior
face of the corresponding sample (Figure 3). Each sample was
subjected to continuous uniaxial craniocaudal compression
using an Instron 4468 test frame at a rate of 5 mm/s with a
1 kN load cell. During compressions, the load cell was sus-
pended from a hinge, allowing motion in the anteroposterior
plane to accommodate the lordotic curvature of the spacer and
ensure uniform compression, avoiding the introduction of
stress risers in the anterior plane. Because the models were
machine cut with high precision and the hinge accommodated
stress risers associated with the geometry of the spacer, it was
not deemed necessary to pot the samples in plaster as is often
performed in studies examining cadaveric vertebrae.12,21

Instead, samples were allowed to rest freely on the inferior
platen (Figure 4).

During each compression, force and gauge displacement
were monitored via MTS Testworks 4 acquisition software,
allowing for the calculation of final points of structural failure,
that is, compression fracture. Points of structural failure were
determined for each sample using a 0.1% offset applied to the
compression–displacement curve and compared to determine
the reduction in compressive strength associated with each
bone core type removed.

Statistical Analysis

A 1-way analysis of variance (ANOVA) was used to deter-
mine whether there was a statistically significant difference
in force displacement among the intact, circular, and square
groups. Before beginning the ANOVA, the distributions of
the structural failure data in each group were examined for
normality and were assumed to be normally distributed due
to nonsignificant Shapiro-Wilk tests for all 3 groups. How-
ever, the Levene F test revealed that the assumption of
homogeneity of variance was not met (P ¼ .0093). There-
fore, the Welch F test was used. An a level of .05 was used
for all analyses.

Results

Both the rectangular and cylindrical harvested bone cores rep-
resented less than 3% of the total vertebral body volume. The
anterior cross-sections of the harvest sites occupied less than
5.5% for cylindrical cores and less than 7.2% for the rect-
angular prism of the total anterior surface area available,
leaving adequate room for anterior instrumentation once the
graft had been harvested.

Compared to intact controls, both the rectangular and
cylindrical cores presented a decrease in point of structural
failure. Intact samples exhibited an average failure at
450.6 N. Samples with a rectangular prism removed failed with
an average compressive force of 383.2 N, and those with a
cylindrical core removed failed on average with 395.4 N of
force (Figure 5). Taking into account the measured area of the
spacer in contact with the superior end plate during compres-
sions, the yield points were 3.6, 3.1, and 3.2 MPa for intact,
rectangular core, and cylindrical core samples, respectively.
Thus, removal of a rectangular prismatic core of the necessary
volume facilitated a 15.0% reduction in compressive strength,
while removal of a cylindrical core of comparable volume
facilitated a reduction of 12.2%.

The 1-way ANOVA of the average structural failure force in
newtons found a statistically significant main effect, Welch
F2,31.59¼ 28.76, P < .0001, indicating that the 3 groups differed
in average force displacement. Post hoc comparisons using the
Tukey honest significant difference (HSD) test revealed that
the mean of the intact group (M ¼ 450.49, standard deviation
[SD] ¼ 32.77) was significantly greater than the means of both
circular (M ¼ 395.41, SD ¼ 11.61) and square (M ¼ 383.17,
SD ¼ 26.28) groups. The means of the circular and square
groups were not significantly different from each other.

Discussion

Anterior cervical discectomy with fusion is a standard surgi-
cal procedure for patients presenting with radiculopathy and
myelopathy. The current gold standard of treatment is iliac
crest autograft, favored for its osteogenerative and osteoin-
ductive properties.1,22 Despite the advantages offered by the
current gold standard autograft, significant setbacks arise in

Figure 2. A, Rectangular core dimensions had a total volume 96 mm3.
B, Cylindrical core dimensions with total volume 99 mm3.
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determining an effective location from which the autograft is
harvested. Patients commonly experience hip pain concurrent
with and sometimes long after the subsidence of their neck
symptoms associated with their pathology, discectomy, and
fusion.23 Additionally, the opening of a second surgical site
necessitates a longer operation, increases the time under
anesthesia, and the time for additional complications to arise.

Iliac crest harvest requires a second surgical incision with an
infection rate of up to 5.6%.24

In order to reduce morbidity associated with autograft taken
from the iliac crest without sacrificing high fusion rates, our
group has described a novel ACDF technique in which bone is
harvested from the vertebral body adjacent to the operative disc
space.11 The ability to safely use autograft from a local source
makes the novel technique useful in patients in whom it has
been historically more difficult to achieve fusion via allograft
alone, such as smokers and diabetics, as it provides a means for
supplying a continuous column of autologous cancellous bone
inside a spacer that will promote rapid bone fusion via its
osteoinductive and osteoconductive properties. Previous
authors have described a technique in which anterior and pos-
terior osteophyte shavings are utilized as a grafting material to
promote fusion.25 Although this method avoids the opening of
a second surgical site, preliminary comparison of the properties
of the osteophyte dust with iliac crest chips has demonstrated a
reduced osteogenic potential and increased resorption, a feature
that has been hypothesized to be due to increased osteoclast
load.26 Our proposed technique provides an alternative auto-
logous graft source that preserves the use of a single surgical
site while using the oseogenic properties of both cortical and
cancellous bones from the vertebral body.

The present study provides preliminary data supporting the
biomechanical efficacy of this technique, demonstrating a
15.0% and 12.2% reduction in compressive point of failure in
vertebral models with square and cylindrical bone cores

Figure 4. Square core sample prior to and after compression. At failure, the fracture propagates through the harvest site.

Figure 3. Experimental apparatus with anterior plate anchoring screws and interbody spacer placed on the superior end plate.

Figure 5. Distribution of forces at 0.1% strain. Removal of a cylind-
rical core (circle) demonstrated a 12.2% reduction in structural failure
point when compared to intact samples. Removal of a rectangular
prism (square) of bone facilitated a 15.0% reduction in structural
failure point.
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resected, respectively. While the decrease in the force of struc-
tural failure is statistically significant, a small decrease is to be
expected from any reduction in vertical trabeculae.14,15 We feel
that the decrease in structural failure force associated with the
procedure does not pose a clinically significant risk or subject
the patients to increased risk of catastrophic mechanical failure
of the donor vertebra. Compressive axial forces necessary to
induce fracture of the donor vertebra prior to healing are suffi-
ciently high to cause significant trauma elsewhere in the cervi-
cal spine, notably the resected disc space and C1 and C2, which
have been demonstrated to be more susceptible to fracture from
axial forces than other cervical segments.21,27 Of note, in order
to isolate effects on the vertebral body, the model design cho-
sen for this study eliminated compressive strength afforded by
the facets. Facet strength has been shown to play an important
role in high force axial compression and so would provide extra
stabilization in an in vivo setting.28,29 Interestingly, while there
was a statistically significant difference in structural failure
force between unaltered and surgically altered specimens, no
such significant difference was found between the different
geometrical shapes of the harvest site. We expected that the
corners of the rectangular cores would cause sharp conver-
gence of vertical stress lines, resulting in local stress concen-
trations at the point of convergence surges and increasing the
likelihood of structural failure at angles of the concentrator.
However, the similar structural failure forces between the 2
core models suggested that whatever concentrations did occur
did not yield a clinically substantial effect.

In the clinical setting, it is essential that surgeons not resect
more bone than is necessary to create a continuous column of
corticocancellous autograft between the 2 end plates adjacent
to the resected disc space. The scope of this study was limited
to cylindrical and rectangular prism of the dimensions noted in
Table 1. With this in mind, we would not recommend resecting
cores larger than have been discussed, as this may increase the
likelihood for fracture. Furthermore, we used fixed screws in
all of our tests. Future studies may shed light on differing
dimensions for the harvest site and the use of variable versus
fixed screws, potentially widening the array of harvest and
screw options available.

Our investigation focused on axial loading of the donor
vertebral body. The application of an anterior plate anchors the
2 vertebral bodies adjacent to the resected disc space, effec-
tively fixing the donor vertebral body to its more superior
neighbor. As such, any flexion, extension, or lateral bending
occurring across this space as a result of bending moments in
the neck is negligible. It is standard practice at our facility to
discharge patients with an Aspen collar to be worn for 6 weeks
postoperatively, protecting the harvest and graft sites during
the most vulnerable period of healing. Numerous studies inves-
tigating the kinematics of cervical collars have been published
exhibiting the efficacy of these devices in limiting gross cervi-
cal flexion, extension, and lateral bending.30-34 Biomechanical
studies by Nightingale et al examining the strength of cervical
spines have demonstrated that cervical spine structural failure
resulting from bending moments occurs at the extremes of

cervical range of motion and most commonly occurs due to
failure of ligamentous structures.35,36 Since such extremes in
range of motion are not achievable while a collar is being worn,
and the anterior plate eliminates range of motion across the
resected disc space, we elected to forego the testing of bending
moments in this preliminary investigation.

The use of osteoporotic polyurethane foam allowed for a
consistency in the biomechanical properties between samples.
Although we feel that the use of 10 pcf foam more closely
modeled osteoporotic patients, a result of such a low-density
model was a decrease in structural failure force relative to
similar studies on cadaveric models.18 This decrease in failure
force was likely accentuated by the reduced surface area for
compression introduced by the superior placement of the inter-
body spacer as has been noted to occur in previous compressive
studies.37 Though the superior end plate plays a relatively
minor role in providing overall compressive strength relative
to cancellous trabeculae,14,15 use of cadaveric models and bio-
mechanical foam models equipped with plates modeling the
cortical shell will provide additional anatomically accurate data
in future studies.

Conclusion

Using bone autograft from an adjacent vertebral body reduces
the morbidity and infection risk associated with a second sur-
gical site while minimally reducing the craniocaudal compres-
sive strength of the donor vertebra. In addition, use of local
autograft should result in healing rates similar to other auto-
graft sources. The present study helps validate the biomecha-
nical efficacy of the proposed ACDF technique, making it an
important alternative to iliac crest autograft in an osteopenic
patient population.
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Table 1. Vertebral Body and Harvested Bone Dimensions.a

Vertebra C3 C4 C5 C6 C7

Body anterior area (mm2)
Total 224.2 228.9 243.0 258.1 306.3

Body volume (cm3)
Total 3.7 3.8 3.9 4.4 5.2

Percentage anterior face area
Cylindrical core 5.4% 5.2% 4.9% 4.6% 3.9%
Square core 7.1% 7.0% 6.6% 6.2% 5.2%

Percent volume
Cylindrical core

(#0.1 cm3)
2.7% 2.6% 2.5% 2.3% 1.9%

Square core (0.1 cm3) 2.6% 2.6% 2.5% 2.2% 1.8%

aHarvested cylindrical and prismatic (square) cores represented less
than 3% of total vertebral body volume. Cylindrical cores occupied less
than 5.5% of the anterior face, while the square profile of the prism
cores occupied less than 7.2% of the anterior face of the average
cervical vertebra.
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