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Abstract

Traditionally, in vitro intervertebral joint failure identifi-
cation has been limited to observation of gross decreases in motion
segment height, changes in force-deformation response, and post-
test dissection. The purpose of this study was to determine whether
changes in vibration transfer through the intervertebral joint could
be used to accurately identify the loading cycle in which the ver-
tebral endplate fractured. Fifteen functional spinal units were
loaded in a pattern mimicking repetitive lifting with intermittent
heel strikes, until fracture was believed to have occurred. Speci-
men axial deformation and vibration were measured. Following
testing, specimens were dissected and vertebral endplate fractures
were classified, and grouped as either detected fracture or non-
detected fracture based upon whether or not maximum vibration
exceeded 1.5x baseline vibration. For the fracture group, peak
vibration increased 1222% (p<0.0001) from 4.65 m/s* (+4.26) at
baseline to a maximum of 61.51 m/s? (+34.86). Non-detected frac-
ture specimens showed minimal increases in vibration response,
with peak vibration increasing 26% (p<0.10). Vibration analysis
using structural health monitoring techniques may be useful to de-
termine the occurrence of vertebral endplate fractures in vitro, and
may lead to insights into fracture development and propagation.

Introduction

One pathway for intervertebral disc degeneration is
an injury cascade beginning with damage to the vertebral end-
plates resulting in changes to the loading and nutrient flow
of the intervertebral disc [1,2,9.29]. Vertebral endplate dam-
age is likely common, given the prevalence of micro-fractures
and healing trabeculae found in most cadaveric vertebral bod-
ies [32]. Vertebral endplate damage, observed as endplate frac-
tures, has been shown to increase with both cumulative load-
ing and the magnitude of applied load [4, 26], and exposure to
whole body vibration [24,28.33]. Individuals who experience
increased loading doses through regular engagement in manual
materials handling tasks [14,19], whole body vibration, or indi-
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viduals with diminished bone density or quality [8,10,13,20,21],
may be at elevated risk for vertebral endplate fractures.

In vitro biomechanical testing has been used to study
intervertebral joint strength, durability, and injury mechanisms
leading to vertebral endplate damage. However in vitro testing
is limited by the inability to identify the specific cycle of injury
occurrence within a cumulative (cyclic) loading protocol, and
injury classification can typically only be done at the conclusion
of the biomechanical test protocol. The traditional approach to
identifying vertebral fractures in vitro relies upon reductions in
motion segment height, changes in force-deformation response
and post-test dissection [2,25]. Only recent studies have started
to include energy transfer through the structure of the interverte-
bral joint as a response to loading during in vitro biomechanical
testing [11,16,17]. Structural health monitoring techniques study
the vibration response of the intervertebral joint to applied loads,
which provides information on material properties and joint integ-
rity [7,12]. It may be that changes in vibration may identify injury
to the intervertebral joint during in vitro biomechanical testing,
and potentially link loading cycle to endplate fracture occurrence.

Already, structural health monitoring techniques have
been demonstrated to be highly reliable in the detection of changes
insome intervertebral joint properties in vitro [ 11,16,17]. Ithas been
reported that low back injury reduces the shock absorption capacity
ofthe intervertebral joint by as much as 30% [32], therefore, chang-
es in vibration after injury may be large. In this manner analysis of
the time history of vibration response of biological structures may
be an effective tool to identify the initiation of damage events to the
intervertebral joint during prolonged in vitro biomechanical testing.

Implementing structural health monitoring techniques for
the in vitro study of the most basic intervertebral joint unit under
loading conditions may provide insights into fracture develop-
ment and propagation. Current methods lack the ability to identify
the cycle of fracture occurrence or changes in force transmission
through the intervertebral joint leading up to fracture occurrence.
Additionally, including these simple structural health monitoring
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techniques may provide clarity to the reporting of gross biome-
chanical changes during testing. The purpose of this study was to
determine whether structural health monitoring techniques, specif-
ically changes in vibration during loading, could identify vertebral
endplate fractures in vitro, as well to classify such fractures, and
to potentially identify initiation of micro-fracture development.

Materials & Methods

Nine porcine cervical spines from animals that were ap-
proximately six months old with a mean weight of 80 kg, were
harvested immediately postmortem. Spines were immediately fro-
zen at -20 °C, and stored until use. Prior to testing, spines were
thawed at room temperature for 12-15 hours, and dissected into
functional spinal units (FSUs) consisting of eight C3-4 and seven
C5-6 units (n=15). All muscle tissue was removed, leaving the os-
teoligamentous structure intact. After dissection, vertebrae were
potted in aluminum cups using non-exothermic dental stone (Den-
stone®; Miles Inc., South Bend, IN). Instrumented specimens
were mounted to a servo-hydraulic materials test system (Instron
8872, Instron, Norwood, MA), oriented with the axis of compres-
sion (Figure 1). Specimens were instrumented with four tri-axial
accelerometers (Series 2 Accelerometers, NexGen Ergonomics,
Quebec, Canada), with one accelerometer placed on the posterior
surface of the cephalad vertebral body, one on the anterior surface
of the cephalad vertebral body, and another two on the caudad ver-
tebral body (Figure 2). Accelerometers provided continuous mea-
surement of vibration, recorded at 1024 Hz. The high sampling
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Figure 1: Biomechanical test setup for cyclic compression.

rate is set by the instrumentation for the purpose of vibration anal-
ysis, and is common for structural health monitoring techniques.

Cyclic compressive loads were applied with an initial
peak magnitude of 4 kN, at a rate of 2 Hz. After every 100 cycles,
a 1.5 kN impulse load was applied which are standard levels that
correspond to typical lifting conditions in the workplace. After
200 impulses, cyclic load magnitude was increased by 1 kN. This
loading pattern was repeated until fracture was believed to have
occurred due to audible fracture or significant height loss as mea-
sured by the Instron system (Figure 3). Loading was designed to
mimic lifting, with intermittent impulse load magnitudes similar
to heel strikes [3,26]. Specimen axial deformation and compres-
sive force were measured from the materials test system crosshead
displacement and load cell, respectively, each recorded at 100 Hz.

A custom MATLAB (MATLAB R2011b, The Math-
Works, Inc., Natick, MA) program was used to process load, dis-
placement, and vibration magnitude. A 23" order polynomial was
fit to displacement, which was the lowest order, well-conditioned
polynomial to fit the displacement results. For each specimen,
baseline and maximum vibration were recorded. Baseline vibra-
tion was defined as the maximum vibration magnitude of the first
twenty cycles, prior to the first impulse, from the peak acceler-
ometer. Maximum vibration was defined as the maximum mag-
nitude vibration recorded during the entire test across all accel-
erometers. Each specimen served as its own control, comparing
maximum vibration response to baseline response. Specimens
were classified as either detected fracture or non-detected frac-

Figure 2: Functional spinal unit mounted in aluminum cups and con-
nected to materials test system. Specimen is instrumented with tri-axial
accelerometers, prepared for cyclic compression.
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ture, based upon whether or not maximum vibration exceeded
1.5x baseline vibration, respectively. It was felt by the authors
that the 1.5x threshold value was significantly large enough
for this pilot study to remove signal artifacts, while still small
enough to provide sensitivity to changes in system connectivity.

Following biomechanical testing, specimens were dis-
sected with an incision through the disc, and the vertebral bodies
were separated. After drying for 24-48 hours, visual inspection of
the vertebral endplates was performed to identify vertebral end-
plate fractures. Vertebral endplate fractures were classified as stel-
late, lateral, anterior-posterior, ring, or soft/spongy endplate [4,16].

Mean percent change in vibration magnitude, grouped
by fracture classification, was calculated as change from base-
line vibration normalized to baseline vibration. Differences
between baseline and maximum vibration were determined
by one-tailed paired t-tests (a=0.05) for detected and non-
detected fracture groups (Excel, Microsoft, Redmond, CA),
with each specimen serving as its own control. Differences be-
tween fracture classifications of maximum vibration for the
fracture group were determined by one-way ANOVA (0=0.05).
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Figure 3: Loading profile applied to specimen (top), with resulting speci-
men compression (bottom). Selected specimen, Spine 1 C3-C4, was clas-
sified as fractured by the threshold criteria.
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Figure 4: Photographs of vertebral endplate fractures after dissection and drying. Top Left: AP Fracture located mid-body. Top Right:
Ring fracture on right lateral aspect. Bottom Left: Lateral fracture located on the posterior aspect. Bottom Right: Soft-spongy endplate

fracture located in the center of the specimen.
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Results

Eleven of fifteen specimens met the fracture threshold
criteria of a 1.5x increase in vibration magnitude. All specimens
classified as fractured by the threshold criteria possessed vertebral
fractures upon dissection (Table 1 and Figure 4). In the fracture
group, there were two anterior-posterior fractures, four ring frac-
tures, five lateral fractures, and one soft/spongy endplate fracture.
One specimen in the fracture group had both an anterior-posterior
fracture and a lateral fracture, on adjacent vertebrae. All other
specimens in the fracture group only had one fracture type. Four
specimens did not meet the threshold criteria, and were classified
as non-detected fracture. Following dissection, in the non-detect-
ed fracture group there was one anterior-posterior fracture, one
ring fracture and two soft/spongy endplate fractures. In the non-
detected fracture group, specimens classified as possessing soft/
spongy endplate fractures, had no obvious fracture lines, and were
classified based on the ‘whiteness’ of the vertebral endplate sug-
gesting that underlying trabecular was damaged. One specimen,
Specimen 6 C3-C4, grouped in the non-detected fracture group
had only minor fracturing of the vertebral endplate. Only one
specimen, Specimen 7 C3-C4, possessed a significant vertebral AP

endplate fracture mid-body, but did not meet the threshold criteria.

Specimens classified as fractured all demonstrated a
change from low level baseline vibration, to an increased broad-
band response following hypothesized fracture occurrence (Fig-
ure 5). For specimens classified as fractured, maximum vibration
was 1222% higher than baseline vibration, increasing by 12 times
(p<0.0001) from 4.65 m/s? (£4.26) to 61.51 m/s? (+34.86) (Figure
6). Non-detected fracture specimens showed minimal increases in
vibration, increasing 26% (p<0.10) from 7.71 m/s? (+7.37) at base-
line to a maximum of 9.68 m/s? (£6.19). There was no difference
(p<0.96) in maximum vibration between fracture types (Figure 7).

Qualitative changes in deformation were determined for
specimens meeting the threshold criteria. Specimens meeting the
fracture threshold criteria all demonstrated a sharp increase in
displacement during testing (Figure 8). For the fracture group,
sharp increases in displacement occurred at similar time points
as the occurrence of vibration response magnitude first exceeding
the threshold criteria. Non-detected fracture specimens showed
a slow increase in displacement over the duration of the test.

Primary Fracture Classification

Secondary Fractures

Detected Fracture

Specimen# 1, C3-C4

AP fracture mid-body on C3

Soft/spongy endplate on mid-to-left lateral aspect of C4

Speciment# 2, C3-C4

Ring fracture on right lateral aspect of C3

None

Specimen# 2, C5-C6

Ring fracture on anterior aspect of C5

Ring fracture on anterior aspect of C6

Specimen# 3, C3-C4

Ring fracture on right-posterior aspect of C3

None

Specimen# 4, C3-C4

Lateral fracture on posterior aspect of C3

Soft/spongy endplate on posterior aspect of C4

Specimen# 4, C5-C6

Soft spongy endplate on C5

None

Specimen# 7, C5-C6

AP fracture mid-body, with crushing on C5

Lateral fracture on posterior aspect, followed by significant crushing on C6

Speciment# 8, C3-C4

Ring fracture on posterior, left lateral aspect on C3

None

Specimen# 8, C5-C6

Lateral fracture mid-body on C5

Lateral fracture mid-body on C6

Specimen# 9, C3-C4

Lateral fracture on posterior aspect on C3

Lateral fracture mid-body on C4

Specimen# 9, C5-C6

Lateral fracture mid-body on C5

None

Non-Detected Specimen# 3, C5-C6 | Soft spongy endplate on C5 Soft spongy endplate on mid-to-left lateral aspect of C6
Fracture
Specimen# 5, C5-C6 Soft spongy endplate on C5 Soft spongy endplate on C6
Specimen# 6, C3-C4 | Ring fracture on left posterior aspect on C3 Ring fracture on left posterior aspect on C4
Specimen# 7, C3-C4 | AP fracture mid-body on C3 None
Table 1: Vertebral endplate fracture classifications for Detected Fracture group and Non-
Detected Fracture group
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Figure 5: Vibration response of representative specimen(Spine 1 C3-C4,
same as Figure 3) during cyclic loading.

Intact Fracture

Figure 6: Mean baseline and maximum vibration response for intact
and fracture groups.
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group, categorized by fracture type.
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Figure 8: Specimen displacement and velocity for intact (dotted) and
fractured (solid) specimens. Fractured specimen same as Figures 3 and 5.

Discussion

Clear differences were determined in vibration and dis-
placement responses between specimens classified as detected
and non-detected fracture. Specimens meeting the threshold cri-
teria experienced a large increase in vibration magnitude and
specimen displacement following endplate fracture, with average
maximum vibration more than twelve times baseline. Specimens
with no detected fracture showed smaller, insignificant increases
in baseline vibration and displacement for the duration of test-
ing. Endplate fractures were found in all specimens, with primar-
ily ring and lateral fractures in specimens classified as fractured,
and primarily soft/spongy endplate fractures in specimens classi-
fied as non-detected fracture. There was no difference in maxi-
mum vibration between fracture classifications in the fracture
group, limited by large variation within individual fracture types.

The main limitation with this study is the small sample
size, which limited the scope of the comparisons able to be made
by this preliminary study. However, the small sample size does not
directly affect the results or conclusions of this study. With more
specimens it may be possible to explore the sensitivity of vibra-
tion response to the type and severity of endplate fractures. Our

study protocol did not include radiographic analysis before and
after biomechanical testing, and it is possible that some changes
in vibration are due to non-detected changes in specimen inter-
nal structure. However specimens were taken from young, healthy
porcine tissue in order to minimize pre-existing specimen defects
prior to testing. Due to the long duration of each test, considerable
changes in viscoelastic response of the intervertebral joint are ex-
pected. Disc hydration over several hours under large compressive
loads would be expected to result in drying of the intervertebral
disc, altering vibration response. However, this method is focused
on changes in vibration magnitude, rather than specific changes in
vibration through the joint. In addition, every attempt was made to
preserve normal disc hydration during testing, and the magnitude
of change in the detected fracture group cannot be fully explained
by marginal intervertebral disc dehydration. Minimization of de-
hydration was accomplished by having specimens remain in en-
closed bag until testing, and minimizing the time between freezer
and testing. As we did not record the time at which audible fracture
occurred during testing, we were unable to relate the time at which
the fracture threshold criteria was first met to the loading cycle
associated with specimen failure. In addition, the fracture thresh-
old criteria used in this study was not based upon any physiologic
parameter and has not been previously studied. It is unknown how
sensitive increases in vibration are to changes to the structure of the
intervertebral joint; however, results from this study suggest that
vibration magnitude is sensitive to small changes in the integrity of
the intervertebral joint, closely matching changes in load-deforma-
tion response. Additional work is required to properly define the
fracture threshold criterion corresponding to exact cycle of injury.

It was considered that accelerometer placement into the
vertebral bodies may alter baseline structural health of specimens,
however in no specimen was the fracture observed to propagate
through the endplate into the defect created from accelerometer in-
stallation. Rigid potting was also employed which can significant-
ly alter the natural boundary conditions of the specimen. The use
of porcine cervical spines, and the subsequent differences between
human and porcine joint anatomy and material properties, is ex-
pected to be secondary to changes in vibration before and after ver-
tebral endplate fracture. Domestic swine have been used as models
for the adolescent and adult human spine, due to similar vertebral
body size, geometry, regional mechanical properties and cancellous
microarchitecture [5,18,30,31,36]. Despite differences in gait and
anatomic orientation during daily activity, similarities in compres-
sive properties between quadrupedal and bipedal spines in vivo have
been reported [6,22,23,27.35]. One key limitation in using porcine
vertebrae in this study is porcine vertebral bone density is about
double that of humans [31], which may impact rate of vibration
transmission. However, animal models are beneficial for normal-
izing joint health prior to testing in comparison to cadaveric tissue.

To date, it has not been possible to determine why some
specimens did not meet the vibration threshold criteria, despite
having significant endplate fractures. Correct classification by
this method in vitro may be further limited by the ability to pre-
cisely stop the test close to fracture occurrence. In many speci-
mens, in addition to the primary fracture, other minor endplate
and specimen defects were evident. It is possible that following
initial fracture, additional load cycles resulted in secondary frac-
tures and damage to the underlying trabeculae. Prior to specimens
meeting the threshold criteria, small increases in vibration were
observed, hypothesized to occur as the result of micro-fracture
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development and propagation before ultimate endplate failure.

In conclusion, changes in vibration response of func-
tional spinal units to moderate compressive and impulse loading
appeared related to the presence of vertebral endplate fractures in
vitro. Following additional evaluation of this methodology, vibra-
tion response changes may be an additional tool for the in vitro
quantification of changes to functional spinal units. The conclu-
sions of this study however are preliminary, and more work is
needed to develop a controlled test protocol to quantify the rela-
tionship between changes in vibration to changes in intervertebral
joint health in the periods before, leading up to and after fracture.
The current work is only the first step in understanding how the
mechanical properties of the vertebral endplate change in response
to loading and the occurrence to failure. A large study that inves-
tigates the vibration response to different types of fractures may
identify unique signatures (e.g. changes in different directions).
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