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Approximately 50% of women and 25% of men will have an
osteoporosis-related fracture after the age of 50, yet the microme-
chanical origin of these fractures remains unclear. Preventing
these fractures requires an understanding of compression fracture
formation in vertebral cancellous bone. The immediate research
goal was to create clinically relevant (midvertebral body and end-
plate) fractures in three-vertebrae motion segments subject to
physiologically realistic compressional loading conditions. Six
three-vertebrae motion segments (five cervine, one cadaver) were
potted to ensure physiologic alignment with the compressive load.
A 3D microcomputed tomography (microCT) image of each
motion segment was generated. The motion segments were then
preconditioned and monotonically compressed until failure, as
identified by a notable load drop (48–66% of peak load in this
study). A second microCT image was then generated. These three-
dimensional images of the cancellous bone structure were
inspected after loading to qualitatively identify fracture location
and type. The microCT images show that the trabeculae in the
cervine specimens are oriented similarly to those in the cadaver
specimen. In the cervine specimens, the peak load prior to failure
is highest for the L4–L6 motion segment, and decreases for each
cranially adjacent motion segment. Three motion segments
formed endplate fractures and three formed midvertebral body
fractures; these two fracture types correspond to clinically
observed fracture modes. Examination of normalized-load versus
normalized-displacement curves suggests that the size (e.g., cross-
sectional area) of a vertebra is not the only factor in the mechani-
cal response in healthy vertebral specimens. Furthermore, these
normalized-load versus normalized-displacement data appear to
be grouped by the fracture type. Taken together, these results
show that (1) the loading protocol creates fractures that appear
physiologically realistic in vertebrae, (2) cervine vertebrae

fracture similarly to the cadaver specimen under these loading
conditions, and (3) that the prefracture load response may predict
the impending fracture mode under the loading conditions used in
this study. [DOI: 10.1115/1.4027059]
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Introduction

Vertebral compression fractures are a common sequela of
osteoporosis and also occur with trauma in an otherwise healthy
patient. In both cases, the vertebrae are unable to withstand the
compressive load applied and the failure occurs in both the corti-
cal and cancellous bone. Without accurate predictive measures of
in whom and where these fractures will occur, there is little hope
for reducing patient morbidity. Approximately, 50% of women
and 25% of men will have an osteoporosis-related fracture after
the age of fifty [1]. With 750,000 people suffering from osteopor-
otic vertebral fractures annually [2] and an estimated underdiag-
nosis of 45% in North America [3], a priori clinical prediction of
vertebral fracture could identify vertebrae at the highest risk of
fracture and make preventative intervention possible. Toward this
long-term goal, this work studies fractures created in vertebrae.

To conduct a clinically relevant characterization of vertebral
fractures at the micro-architectural level, the fractures must be
created under physiologic loading conditions. Historically, cores
of cancellous bone [4–7] or vertebral bodies with the endplates
removed [8] were used to determine mechanical response; how-
ever, this does not necessarily replicate in vivo loading or bound-
ary conditions. Similarly, others have compressed individual
vertebrae with intact endplates but no surrounding intervertebral
disks [9,10], applying the compressive load directly to the end-
plates instead of via the center of the intervertebral disk as would
occur physiologically [11–13]. Two-vertebra motion segments
[14,15] have been used to quantify differences in mechanical
response, such as the relationship between tissue maturation and
the compressive/tensile stiffnesses in vertebrae. While these
works have provided useful insights into vertebral mechanical
response and failure (e.g., cancellous bone governs vertebral dam-
age behavior), these specimen configurations do not replicate
in vivo loading or boundary conditions as they do not include an
intervertebral disc on either side of the vertebra under investiga-
tion. To achieve this, a minimum of a three-vertebra motion seg-
ment is necessary [16,17], in which load is transferred via the
intervertebral disks to the middle vertebra.

For this study, cervine thoracic and lumbar vertebrae are used
as a model. Though not widely used, cervine vertebrae are primar-
ily loaded in axial compression [18]. Additionally, the lower tho-
racic (T10–T13) and upper lumbar (L1–L4) regions of cervine
spines have bone mineral densities (BMDs) with T-scores of �0.7
and 0, respectively, indicating nearly comparable BMDs to those
of human vertebrae in the same regions [19]. Thus, cervine verte-
brae were chosen for this developmental work.

The purpose of the present work was to develop a method to
apply physiologically realistic loading conditions to vertebrae and
create clinically relevant vertebral fractures. Fractures created in
cervine vertebrae were compared to those created in a cadaveric
vertebral motion segment. This work identifies and describes frac-
tures via microcomputed tomography (lCT) imaging. This is
noteworthy as micro-architectural inspection of fractures created
using three-vertebra motion segments has not been previously
reported.

Methods

Five three-vertebra motion segments were dissected from a
fresh-frozen male cervine spine of approximately 18 months of
age (Nolt’s Custom Meat Cutting, Lowville, NY). Each motion
segment included intact intervertebral disks cranial and caudal to
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the middle vertebra. The five motion segments were: T2-T4, T8-
T10, T11-T13, L1-L3, and L4-L6. One cadaver motion segment,
L3-L5, from a 58 yr old female donor (Medcure, Portland, OR)
was also prepared.

Alignment of Vertebrae With Loading Direction. Before
compressing the six vertebral motion segments, the cranial and
caudal (or superior and inferior) vertebrae were embedded in
Bondo

TM

(Auto Body Filler, 3 M, St. Paul, MN). A custom potting
alignment apparatus was used to (1) align the centers of the inter-
vertebral disks with the direction of the load to be applied during
compression and (2) produce the cranial and caudal (or superior
and inferior) end caps. The intervertebral disks were centered in
the endcaps. Vertical alignment of the motion segment was
ensured during this potting process by inserting a metal rod sur-
rounded by a garolite tube (Machinable Garolite (LE), McMaster
Carr, Cleveland, OH) into the spinal cord canal. The rod, but not
the tube, was removed prior to loading.

Imaging. The motion segments were imaged using a lCT scan-
ner (GE Phoenix Nanotom, General Electric, Wunstorf Germany)
both before and after compression testing. Each specimen was
scanned at 80–100 kV and 310–380 lA, that produced a resolution
of 21.7–29.6 lm. VGSTUDIO MAX 2.2 software (Volume Graphics
GmbH, Heidelberg, Germany) was used to inspect the postcom-
pression images to locate the fracture.

Loading. The end caps were placed in a custom fixture to inter-
face with the load frame (Instron 1331, load cell model 3116–135,
Norwood, MA) such that the compressive load was centered over
the center of the intervertebral disks (Fig. 1). Specimens were pre-
conditioned in load control from 100 N to 250 N for 10 cycles
[9,10]. Specimens were then compressed using displacement con-
trol at a rate of 0.5 mm/min [10] and load was monitored via a
real-time load–displacement curve. TESTWARESX software (MTS
Systems Corporation, Eden Prairie, MN) was used to control the
load frame for this quasi-static test procedure. The test was
stopped after the first notable load drop, which should correspond
to fracture formation. Terminating the test at this point prevented
extensive damage that could destroy evidence of the initial frac-
ture region. After compression, specimens were rescanned using
the procedure described above.

Analysis Procedure. The reconstructed volume from the lCT
scans was visually inspected to identify the fracture region. This

inspection permitted a qualitative description of each fracture and
its location. There were notable differences in vertebral body
dimensions for the six motion segments. For monolithic materials,
specimen geometry effects are removed by analyzing stress versus
strain. These measures are not strictly applicable to a motion seg-
ment; instead, a normalization method was used to approximate the
removal of geometry effects. The load and displacement for each
specimen were normalized by a selected crosshead displacement
and the corresponding load at that displacement. For this study, the
selected normalization displacement was 5.0 mm, the highest dis-
placement prior to the notable load drop for any specimen.

Results

Figure 2 shows lCT images of the cross-sections of intact cer-
vine and cadaver lumbar vertebrae. Note that the trabeculae in
both vertebrae are predominately parallel to the long-axis of the
spine. The orientation of these trabeculae confirms that the domi-
nant in vivo loading is axial compression, in both quadrupeds and
human bipeds, as reported by Smit [18].

Fractures were created in five three-vertebra motion segments
from one cervine spine and one motion segment from a cadaver
spine. Similar mechanical responses were observed in the cervine
and cadaver specimens. No disc herniation was observed. The
load–displacement curves for all specimens (Fig. 3) are nonmono-
tonic; that is, periodic load spikes occur. These are likely caused
by facet locking or other physical interference. During initial load-
ing, the curves exhibit a roughly linear trend up to approximately
half of the peak load. Subsequently, in most specimens, the slope
decreases leading up to the peak load. The most notable feature of
each curve is a large load drop, likely corresponding to fracture
formation.

Fig. 1 Load frame fixture with potted specimen

Fig. 2 MicroCT image of cross-section from (a) cervine L4 lum-
bar vertebra and (b) cadaver L4 lumbar vertebra
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As shown in Fig. 4, the T2-T4 segment fractured in the caudal
endplate region of the T2 vertebra. The T8-T10 segment formed a
conical fracture in the cranial end of the T9 vertebral body, resem-
bling a cup-and-cone fracture in ductile metals. The T11-T13 seg-
ment fractured in the T11 caudal endplate. The L1-L3 and L4-L6
segments each fractured in the middle vertebral body of the seg-
ment. The L1-L3 fracture resembles a wine glass with part of the
cup missing on the posterior side [20]. In L4-L6, there is a vertical
fracture in the upper portion of the L5 vertebral body and a horizon-
tal fracture (roughly along the frontal plane) in the lower portion of
the L5 vertebral body; the upper portion of the vertebra is offset lat-
erally to the right along the horizontal fracture. The cadaver motion
segment (L3-L5) fractured in the cranial endplate of the L4 verte-
bra. MicroCT images of the fractures are shown in Fig. 4 and fly-
through animations of the specimens are available on the "Supple-
mental Data" tab for this paper on the ASME Digital Collection.

Discussion

For the cervine specimens, the peak load value is highest for
the L4-L6 motion segment (Fig. 3), with peak loads systematically
decreasing for each cranially adjacent motion segment. This result
could be attributed to the relative increase in cross-sectional area
[19] of the caudal vertebral bodies compared to those cranially.

The load drops for the cervine specimens are relatively large,
ranging from 48–66% of the peak load. For the L3–L5 (cadaver)
motion segment, there are several smaller load drops suggesting
small fracture events. The cadaver motion segment was loaded to
approximately 4.9 kN, a load that has previously fractured
vertebrae without a large load drop [9].

Note that the first 4.0 mm of the load–displacement curves for
the L3-L5 cadaver motion segment and the T2-T4 cervine motion
segment are nearly coincident (Fig. 3). This result is similar to
that of Haddock et al. who reported strikingly similar material
stiffnesses for bovine and cadaver cancellous bone cores before
failure occurred [21]. After a displacement of 4.0 mm, the load for
the cervine T2-T4 specimen continues to increase up to approxi-
mately 7.0 mm, while the load for the cadaver L3-L5 motion seg-
ment has a local peak at around 5.0 mm. The differences in
mechanical response after the initial loading are likely due to dif-
ferences in specimen geometries and micro-architecture, which
will influence fracture initiation and propagation.

Two distinct fracture types emerged from this work: 1) an end-
plate fracture in the cranial portion of the motion segment
(Figs. 4(a), 4(c), and 4(f)), and 2) a midvertebral fracture in the
middle vertebra of the motion segment (Figs. 4(b), 4(d), and 4(e)).
The endplate fractures observed here are similar to those that occur
with trauma in healthy humans (such as ejection from military air-
crafts [22] or body blast loading scenarios experienced by pilots
[23]), or in those with osteogenesis imperfecta [24], despite the fact
that the fractures in the current work were created under slower
loading conditions than typically seen in vivo. The cadaver speci-
men experienced a traumatic endplate fracture; this result is per-
haps expected, since the cadaver donor was 58 yr of age with no
indications of osteoporosis or osteopenia per the provided data
sheet. The midvertebral body fractures in the three cervine seg-
ments are similar in appearance to osteoporotic vertebral fractures
that occur in humans [25] (note that the anterior–posterior fracture
is atypical, Figs. 4(d) and 4(e)). This is intriguing in that the cervine
population is assumed to be healthy (i.e., nonosteoporotic). While
the cervine specimens did not have osteoporosis, they were from a
skeletally immature donor (a juvenile deer of approximately 18
months of age), in the midst of pubertal development [26]. The
skeletal structure, including the cancellous bone, was still in devel-
opment; the bone tissue was not fully mineralized, resulting in
reduced tissue stiffness. Thus, trabeculae could be susceptible to
local bending and buckling, predisposing some specimens to mid-
vertebral body fractures. Future work is needed to investigate the
effects of cervine age on the vertebral mechanical response.

Fig. 3 Load–displacement curves for all three-vertebra motion
segments. Dashed lines indicate endplate fractures and solid
lines indicate midvertebral body fractures. The cadaver speci-
men curve is marked (H).

Fig. 4 Fracture type and location (indicated by arrows) for each
motion segment. (Supplemental material for 3D fly-through vid-
eos of each cervine specimen is available under the “Supple-
mental Data” tab for this paper on the ASME Digital Collection)

Fig. 5 Normalized-load versus normalized-displacement
curves for all vertebral motion segments. Dashed lines indicate
endplate fractures and solid lines indicate midvertebral body
fractures. The cadaver specimen curve is marked (H).
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Figure 5 shows that the normalized-load versus normalized-
displacement curves for the motion segments are generally simi-
lar, although not exactly coincident. This implies that the overall
failure process is similar for each motion segment (i.e., all motion
segments are forming some type of fracture). The dissimilarities
in the normalized curves of Fig. 5 suggest that differences in
motion segment geometry, and perhaps cancellous bone micro-
architecture (e.g., geometry and organization of trabeculae)
influence the failure process, resulting in different fracture types
(endplate versus midvertebral body) and variations within type.

For illustration purposes, in Fig. 5, the curves for specimens
with endplate fractures (T2-T4, T11-T13, and L3-L5) are dashed,
while the curves for specimens with midvertebral body
fractures (T8-T10, L1-L3, and L4-L6) are solid. Between 0.3 and
0.8 mm/mm the three curves for endplate fractures fall below the
three curves for midvertebral body fractures. This sample size is
not sufficient to conclude that this difference in mechanical
response is characteristic of fracture type; however, it is an inter-
esting result that will be investigated in future work.

This study has several limitations. The first is use of cervine
vertebrae as a proxy for cadaver vertebrae. The cervine vertebral
bodies are notably different in aspect ratio from human vertebrae,
yet their trabecular structures are similarly aligned (Fig. 1), and
other researchers have suggested that cervine vertebrae are suita-
ble proxies for cadaver vertebrae [19,27]. Furthermore, cervine
vertebrae are locally available in many regions, typically dis-
carded during the butchering process. Conversely, the vertebrae of
other species (e.g., porcine) are included in popular cuts of meat.
Future tests can confirm that additional cervine specimens behave
similarly to the motion segments used here, which all came from
a single cervine donor. This study used a straight spinal cord canal
in the potting process. While a healthy human spine has a charac-
teristic curvature, this angle of curvature between adjacent verte-
brae is small and the dominant loading is still parallel to the spinal
canal, transferred from the intervertebral disks to the vertebrae
[18]; therefore, use of an initially straight spinal cord canal is ac-
ceptable. Finally, lateral muscle forces applied to the spine in vivo
were not replicated in our test procedure. In this study, axial com-
pressive loads were applied; this is the direction of dominant load-
ing as evidenced by the trabecular orientation. Therefore, lateral
muscle forces are likely smaller in comparison and could be
included in future work.

This work is significant for several reasons. It is the first to
combine three-dimensional imaging of cervine vertebrae with me-
chanical compressional loading. The potting and compression
processes apply physiologically realistic loading conditions to the
motion segment, resulting in clinically relevant vertebral frac-
tures: endplate fractures and midvertebral body fractures. From
lCT images, trabeculae in both cervine and cadaver vertebrae are
preferentially aligned with the axial direction, corresponding to
the in vivo maximum compression loading direction for both deer
and humans. Similar mechanical responses (e.g., normalized-load
versus normalized-displacement curves prior to fracture) and sim-
ilar fracture types were observed in both cervine and cadaver
specimens. These results taken together suggest that cervine verte-
brae have the potential to be proxies for cadaver vertebrae under
axial compression conditions, and that the methods presented here
can be used in future biomechanical studies of vertebral fracture
under physiologically realistic loading conditions. Finally, prelim-
inary results suggest a possible relationship between the prefrac-
ture loading response and the resulting fracture type (endplate
versus midvertebral body); additional work will focus on under-
standing this relationship.

Future work may include different loading regimes, such as
cyclic loading, to simulate activities of daily living, and a detailed
comparison of the fracture patterns to those formed in humans. In
conclusion, vertebral fractures have been created in cervine
motion segments, that responded similarly to the cadaver vertebral
motion segment subjected to similar loading conditions. The frac-
tures are of the type expected in analogous clinical scenarios, and

thus this method for creating physiologically realistic fractures is
deemed appropriate for future use.
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