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Abstract:

The ability to rapidly detect localised fractures of cortical and/or trabecular bone sustained
by the vertebral body would enhance the analysis of vertebral fracture initiation and
propagation during dynamic loading. In this study, high rate axial compression tests were
performed on twenty sets of three-vertebra lumbar spine specimens. Acoustic Emission (AE)
sensor measurements of sound wave pressure were used to classify isolated trabecular
fractures and severe compressive fractures of vertebral body cortical and trabecular bone.
Fracture detection using standard AE parameters was compared to that of traditional
mechanical parameters obtained from load cell and displacement readings. Results indicated
that the AE parameters achieved slightly enhanced classification of isolated trabecular
fractures, whereas the mechanical parameters better identified combined fractures of
cortical and trabecular bone. These findings demonstrate that AE may be used to promptly
and accurately identify localised fractures of trabecular bone, whereas more extensive
fractures of the vertebral body are best identified by load cell readings due to the
considerable loss in compressive resistance. The discrimination thresholds corresponding to
the AE parameters were based on calibrated measurements of AE wave pressure and may
ultimately be used to examine the onset and progression of vertebral fracture in other
loading scenarios.

Key terms: Acoustic emission, dynamic compression, lumbar spine vertebrae, vertebral

fracture



1 Introduction

Vertebral fractures are a frequent and debilitating injury primarily associated with
osteoporosis in the elderly,* traumatic events such as falls and vehicular accidents,?® or
underbelly blast attacks on military vehicles.3” Post-injury outcomes remain poor, as
evidenced by high rates of morbidity associated with neurological deficit, chronic back pain
and functional impairment.'3!¢ Prevention of vertebral fracture remains challenging, since
the mechanisms governing the initiation and propagation of fracture are not well
understood.” For compression-induced fractures sustained by the vertebral body, such as
crush, burst, or biconcave fractures, cadaveric models have shown that localised damage to
the vertebral endplate and underlying trabecular bone comprise the principal feature of
vertebral fracture initiation.'®2° However, detection of isolated trabecular bone injuries,
including micro-damage or micro-fracture, remains challenging since localised bone
behaviour is difficult to quantify in real time. As a result, studies of injury due to high-rate
loading have largely been limited to post-test medical imaging.33%3¢ A reliable technique
that allows the rapid identification and differentiation between different vertebral fracture
types is not yet available.

Measurement of change in stiffness of a spine specimen under compressive loading
has been used to identify bone fracture during testing®33; however, isolated fractures of
trabecular bone may not considerably alter the total vertebral stiffness and therefore, may
go undetected.” High-resolution medical imaging such as micro-computed tomography (uCT)
can be used to identify micro-fractures after loading, but the vast amount of image data can
be time consuming to analyse. While uCT has been used to visualise bone fracture using
incremental quasi-static loading,®?* three-dimensional imaging sequences are not yet

capable of acquiring the temporal characteristics of a bone fracture, as fracture initiation
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and propagation has been observed to occur in less than 0.50 ms.*°

An alternative approach to detecting a fracture event is with Acoustic Emission (AE)
sensors, which detect the transient elastic waves generated by the localised releases of
strain energy. This approach has been used to identify severe compression fractures of the
vertebral body under dynamic axial compression!!3¢ and has demonstrated thresholds in AE
amplitude, timing and frequency content that corresponded to the fracture event. However,
these studies reported axial strains in excess of 25% of the vertebral body height and did not
distinguish between cortical and trabecular bone failure. In a further study of two vertebrae
specimens, AE count was observed to be different between normal and osteopenic bone.*
AE signal characteristics have also been evaluated during fracture of femora,? as well as for
isolated samples of trabecular3® and cortical bone,* involving a range of different loading
conditions. To our knowledge, no previous studies have used AE signals for the identification
of fractures localised to the trabecular bone during compression of vertebrae.

The aims of this study were twofold: firstly, to obtain AE signals corresponding to
isolated trabecular bone fractures and compression fractures involving both trabecular and
cortical bone of lumbar vertebrae tested in dynamic axial compression, and secondly, to
compute the classification characteristics for these different fracture types based on AE
signal parameters and presence of yielding, maximum load, and decrease in fracture load.
The AE voltage was calibrated to provide measurements of acoustic wave pressure,? which
has not been previously used for AE analysis of bone fracture. Since thresholds related to
different AE parameters have been previously identified for severe bone fractures,®3¢ and for
discriminating between failure modes in composite materials,?® it was hypothesised that AE
thresholds may be used to identify and differentiate between fractures of trabecular and

cortical bone.



2 Materials and Methods

2.1 Specimen preparation

Spinal segments extending from T12 to S1 were sourced from fifteen male cadavers (age:
61.5 + 9.8 years, weight: 80.0 £ 26.0 kg, height: 176.5 + 10.0 cm) that had no history of
spinal surgery and were free of macroscopic abnormalities, including bridging osteophytes,
or wedge deformities. The spinal segments were separated into twenty three-vertebra
specimens comprising three adjacent vertebrae taken at any of the five positions between
T12 and S1 (Table 1), two intervertebral discs, and the major spinal ligaments (anterior
longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, intertransverse
ligament, interspinous ligament and supraspinous ligament, facet capsulary ligaments). The
facet joints and associated capsulary ligaments were left intact, and all other soft tissue
removed. Specimens were kept hydrated by regular irrigation with 0.9% saline at all times
during this study. Ethics approval for this study was obtained from the University of

Melbourne Human Ethics Committee (ID: 1647558).

2.2 Imaging and processing

Each three-vertebra specimen was imaged prior to mechanical testing using a small animal
computed-tomography (CT) scanner (Inveon; Siemens, Munich, Germany), where the axial
slice thickness and in-plane resolution were each 0.1 mm. To identify bone fractures, this
scan was repeated for the centre vertebrae after mechanical testing. A water-filled bone
mineral density (BMD) phantom with densities of 0, 250, 500, 750 and 1000 g/cm?3
(Computerized Imaging Reference Systems, Norfolk, VA) was included in each scan. A linear
regression was fitted to the greyscale values of these five known densities, which allowed

the CT voxels to be converted to apparent bone mineral density (papp). The papp Was then



converted to Young’s modulus, E, based on the power law for vertebral trabecular bone?®

(Eq. 1).
E = 4730p,,,"*° (1)
where E is in MPa and papp is in g/cm3.

The specimen height was quantified by the anterior height of the centre vertebral
body and lower intervertebral disc (hve+vp) and the mid-body height of the centre vertebral
body and intervertebral discs (hmig) (Fig. 1a). The voxels in the axial mid-plane of the centre
vertebral body (Fig. 1b) were used to derive the axial rigidity (EA) and cross-sectional area
(avs) (Egs. 2 and 3, respectively). The presence of Schmorls nodes or disc herniation into the
endplate were identified using the CT images, and the more severely degraded disc for each
specimen was graded according to clinical radiographic criteria.?! The volumetric BMD
(vBMD) of trabecular bone was determined for the centre vertebral body using previously
published methods.*?

EA =Y,E;q; (2)
ayp = X Q; (3)

where the subscript i denotes the voxel number.

2.3 Instrumentation and mechanical testing

Two miniature Acoustic Emission (AE) sensors (S9225; Physical Acoustics Corp., Mistras
Group, Princeton Junction, USA) with a peak sensitivity of -85 dB, ref 1V/uPaand a stable
operating frequency of approximately 100-1000 kHz were attached to the body of the centre
vertebra by a process of smoothing the bony surface with a scalpel and sandpaper,
degreasing with ethanol, filling the pores and waterproofing the surface with polyurethane,

and bonding the sensor with cyanoacrylate glue.3> One AE sensor was placed on each of the



left and right lateral surfaces of the centre vertebra of each cadaveric specimen (Fig. 2). Each
sensor used a pre-amplifier with a bandpass filter of 10 kHz to 1200 kHz to remove noise
outside of the range expected for bone fracture.!! The AE signals were recorded using a data
acquisition system with a sampling rate of 2 MHz (USB-6366; National Instruments Corp.,
Austin, USA). The AE signal voltage was converted to AE wave pressure using the
manufacturer-supplied sensitivity curve for each sensor, a method which decouples the
resonant response of the sensor from the signal (Fig. 3)."’

To enhance the potting fixation of the spine specimens, metal screws were drilled
into the outer vertebral bodies and steel wire was tightly wound between each screw head.
Using a customised positioning apparatus, each specimen was oriented with the inferior and
superior vertebral rims of the centre vertebra horizontal, whilst the upper and lower
vertebrae remained in their unloaded position (Fig. 2). The upper and lower vertebrae were
then potted below the intervertebral discs in an aluminium fixture using dental plaster. Care
was taken to ensure the facet joints and spinous process of the centre vertebra were not
impeded by plaster.

Each potted spine was secured to a calibrated material testing machine (model 8874;
Instron, Norwood, USA), with the upper aluminium fixtures attached to the hydraulically-
driven piston and the lower aluminium fixtures attached to a six degree-of-freedom load cell
(MC5; AMTI, Watertown, USA) mounted on the base of the machine (Fig. 2). The vertical
component of the force and piston displacement represented the axial spine compressive
force (F;) and displacement (d.), respectively. Using adjustable plates, the potted spine was
translated in the axial plane so that a 500 N compressive load produced near-uniform axial
compression, defined by flexion-extension and lateral bending moments of less than 1 Nm.

From an unloaded position, each spinal specimen was tested in a loading sequence that



comprised:
(1) Preloading: 5 cycles at 1 Hz from 0 to 0.1 mm of compression.
(2) Dynamic loading: Compression at maximum acceleration of the testing machine to a
specified displacement. Depending on the amount of displacement (1 to 12 mm),
these accelerations resulted in peak velocities between 0.1 and 0.9 m/s.
(3) Unloading: Returning the spine to its unloaded position in 1 s.
(4) Recovery: Resting the specimen in an unloaded position for approximately 30

minutes.

The entire loading sequence was repeated in increments of 4% increase in the displacement
relative to hys«vo until a fracture was detected by a visible crack on the left or right surface
of the centre vertebral body, or a negative slope in the force-displacement curve.3® After
testing, each specimen was removed from the testing machine and visually examined for
damage to ligaments, discs and cortical bone. The centre vertebra was extracted and imaged
by CT to analyse and classify bone fracture. To evaluate if the AE signal was potentially
affected by noise from the surrounding potting and testing apparatus, the compression test
was repeated with the spinal specimen replaced by a 50 mm diameter aluminium rod with
two attached AE sensors (see Supplementary Fig. 1). For five compressions up to 10 kN, the
AE wave pressure was less than 130 Pa (see Supplementary Fig. 2), a magnitude which
would be reduced by signal attenuation across the spinal specimen and, hence, sufficiently

small to suggest noise had a relatively minor effect on the AE measurements.

2.4 Acoustic emission parameters
For the sensor with the largest AE signal magnitude of each test, standard AE parameters

were calculated from the AE sound pressure (Fig. 4). The absolute maximum of the AE signal



(AEamplitude) Was identified, and using an AE limit of 10 Pa to eliminate background noise,
AEcounts Was computed as the total number of crossings above this limit. AE bursts
representing discrete periods of AE activity were identified as the total interval where
consecutive AE signal peaks exceeded the AE limit. AE rise time and duration (AErisetime and
AEquration, respectively) were calculated from the burst containing the largest AEampiitude. The
total acoustic emission energy (AEenergy) Was calculated from the raw AE signal using Eq. (4).
To provide a measure of AE energy that was independent of the sensor, the AE sound
exposure (AEexposure) Was calculated (Eg. 5), which was proportional to AEenergy and utilised
the calibrated AE wave pressure readings. AE parameters were calculated over the first 50

ms from the start of the compression, which captured the dynamic loading interval.

t
AE anergy = 1V (0)%dt (4)

_ 2
AEexposure - ft() p(t) dt (5)
where AEenergy = acoustic emission energy, V=acoustic emission voltage, t=time, to=initial
time, ti=final time, AEexposure = acoustic emission sound exposure, p=acoustic emission wave

pressure.

2.5 Mechanical parameters

The engineering stress (o;) and strain (g;) in each cadaveric specimen were calculated (Egs. 6
and 7), where ayg was assumed to remain constant. Yielding was then identified according to
the 0.2% offset rule® (Fig. 5). The presence or absence of yielding was quantified by the
binary variable Yield State, as 1 and 0, respectively, and the yield stress and corresponding
force (o.y, F.v, respectively) were extracted at the yield point. The maximum stress and
corresponding force (ozmax, Fzmax, respectively) were also obtained for each test. Since &,

represented deformation of both the vertebral body and the inferior disc, the maximum



strain of the vertebral body (g;,max), Was recalculated (Eq. 8). The change in force and stress

following the peak stress (AF;and Ac;) were also quantified as a measure of bone fracture

damage (Fig. 5).

2.6 Fracture classification
All mechanical tests were classified as one of the following injury categories:

e (Category 1: No injury. The first compression test of each specimen (i.e. 4% total strain of

three-vertebra specimen) was assumed to be a sufficiently small amount of compression

Fz
g, = —
ayB
dz
&, =
htotal
_ Fz,max
gz,max = T Ea

such that no bone fracture was sustained.

e (Category 2: Isolated trabecular fracture. The final compression test on a specimen that
resulted in a fracture encompassing only trabecular bone.

e (Category 3: Combined cortical and trabecular fracture. The final compression test on a
specimen that resulted in a fracture that extended through both the cortical shell and

trabecular bone.

(6)

(7)

(8)

e (Category 4: All remaining tests, where it was unknown if the test had resulted in bone injury.

Tests in this category were not considered for further analysis.

Fractures were identified by CT image analysis. The bony geometry of each pre- and post-

test centre vertebra were registered using a mutual information metric? in Slicer 3D (Slicer

4.6.2; Massachusetts Institute of Technology, Cambridge, USA) and segmented with identical

intensity thresholds. Once registered, obvious fractures encompassing both the cortical and

trabecular bone were visually identified. Specimens that did not appear to exhibit a
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significant fracture were considered for further image analysis using a method similar to that
used for bone remodelling analysis®, where their pre- and post-test image datasets (Fig. 6a
and b respectively) were imported into Matlab (version R2016b; Mathworks, Natick, MA),
and their difference in intensities calculated (Fig. 6c¢). Potential fracture sites were taken as
regions where the intensity differed by greater than 30% (Fig. 6f), a cut-off which was
chosen to provide a reasonable number of sites for further analysis (approximately 20 per
specimen). At each site, a 1 mm cube was segmented from the pre- and post-test
geometries, from which volumetric meshes were generated to identify regions of fractured

bone (Figs. 6d and 6e).

2.7 Statistical analysis

Significant differences in the AE and mechanical parameters between the different
categories of fracture status were assessed by a two-sample Kolmogorov-Smirnov test
(p<0.05) which makes no assumption about the distribution of the data. The ability of
explanatory variables to classify the fracture types was assessed using a receiver operating
curve (ROC) analysis. The ROC describes the performance of a classification variable to
correctly predict a particular outcome as its discrimination threshold is varied. The area
under the receiver operating curve (AUC) was evaluated, which describes the overall
probability that a variable will correctly classify an outcome. At each point of the ROC, the
sensitivity (proportion of cases correctly identified with the outcome), the specificity
(proportion of cases correctly identified without the outcome) and accuracy (proportion of
all positive and negative outcomes correctly identified) was calculated (Egs. 9, 10 and 11
respectively). Optimal values for the sensitivity, specificity, accuracy and the discrimination

threshold were selected based on the maximum Youden’s J statistic, which represents the
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maximum correct classification rate. The significance of each AUC was calculated compared

to an AUC of 0.5 (i.e., random classification) using the Mann-Whitney (Wilcoxon) test.

TP

Sensitivity = TPiEN 9)
Specificity = ——— (10)
Accuracy = % (12)

where TP is the true positive rate, TN is the true negative rate, FN is the false negative rate
and FP is the false positive rate.

The ROC curve was derived using independent analyses with predictors that included
the acoustic emission parameters (AEenergy, AEexposure, AEamplitude, AErisetime, AEduration, AEcounts)
and the mechanical parameters (Yieldstate, Fzmax, Ozmax, €z,max, AFz, Ao;). The yield force and
stress were not considered as predictors because most tests classified as Category 1 had not
experienced yielding. The ability of each predictor to distinguish between the different types

of fracture status was assessed for the following cases:

(i) Category 1: No fractures from Category 2: Isolated trabecular fractures, and
(ii) Category 1: No fractures from Category 3: Combined cortical and trabecular
fractures.

To evaluate how the sensor location influenced the fracture identification, the ROC was
calculated for each AE parameter of the AE sensor with the lower AEampiitude. The
classification accuracy (Eq. 11) was then determined at the ROC position corresponding to
the previously identified discrimination threshold of the first AE sensor. All statistical

analyses were performed using SPSS (version 24; SPSS Inc., Chicago, IL, USA).
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3 Results

All fractures identified in the current study were confined to the vertebral body, and no
specimen sustained ligament rupture or damage to the intervertebral disc upon inspection
and dissection of the discs after testing. Of the twenty lumbar spine specimens tested in
axial compression, the final tests for thirteen specimens were identified to be a combined
cortical and trabecular fracture (Category 3). The most prevalent injury types for these
specimens were cranial endplate fractures, or split coronal fractures extending caudally from
the cranial end plate (Fig. 7a and 7b, respectively). Five specimens sustained an isolated
trabecular fracture (Category 2), with fracture locations distributed randomly within the
vertebral body, as shown in Fig. 6. For the initial compression tests of 14 specimens, the
peak compressive force (F;max) (2.1£0.6 kN) was low compared to reported fracture loads for
lumbar vertebrae, 23440 and a visual examination found no indication of a sustained
fracture; hence, these tests were classified as Category 1. For four specimens, the initial
compression tests were excluded from subsequent analyses due to data acquisition
problems. The remaining two specimens did not sustain a fracture and their complete
sequence of compression tests were classified as Category 1. In terms of disc degradation,
seven specimens were graded as 0 (normal), seven as 1 (mild) and six as 2 (moderate), and 0
with as 3 (severe), however, there was no significant differences in the disc grading between
Category 1, 2 and 3 (Table 2), and no specimens were identified to have herniation of the
disc into the endplate. Notably, two specimens from Category 2 and six specimens from
Category 3 were found to have pre-existing Schmorls nodes, indicating that the condition of

the nucleus has some influence on the nature of the sustained fracture.

The only descriptive characteristic to vary significantly between the injury categories
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was hyg+ivo, Which was smaller for Category 2 than either Category 1 or Category 3 (each
p<0.05; Table 2), suggesting that shorter specimens were more likely to sustain isolated
trabecular fractures. Whilst not significant, it was notable that on average the variables F,y
and o,y of Category 2 were greater than those of Category 3. All AE parameters were
significantly different for Category 1 vs Category 2 (each p<0.05), and for Category 1 vs
Category 3 (each p<0.001). This was also the case for all the mechanical parameters, apart
from the yield strength variables (F,y and o,y). Since there were many tests where yielding
was not observed, F,y and o,y comprised of only four tests for Category 1 and due to this
lower statistical power it did not vary significantly between any of the injury categories.
Notably, the mechanical parameters AF;max and Ao, max were the only variables that were
significantly different between the tests for Category 2 and 3 (p<0.05).

For classification between Category 1 and 2, the mean AUC with the greatest
magnitude was observed for the acoustic emission parameter AEguration (AUC: 0.98, 95% ClI:
0.94-1.00, p<0.001) (Table 3). Youden’s J statistic was greatest for this variable, which
indicated the optimal combination of sensitivity and specificity (100% and 95.5%,
respectively), with a corresponding threshold of 0.63 ms. The parameters AEenergy, AEexposure,
AEamplitude and AkErisetime, also had very good classification characteristics, with mean AUCs
between 0.95 and 0.97. The thresholds for AEexposure and AErisetime (5713.9 Pa2:s and 0.31 ms,
respectively) also separated Category 1 from 2 with an ideal sensitivity (each 100%), and a
high specificity (86.4% and 90.9%, respectively). The greatest AUC of the mechanical
parameters was obtained for &;max (AUC: 0.95, 95% Cl: 0.86-1.00, p<0.001), whilst the
parameters Yieldstate, Fzmax, Oz,max also achieved good classification performance with mean
AUCs between 0.90 and 0.93. The thresholds for these parameters separated Category 1 and

2 with a sensitivity of 100%, and specificities that ranged from 77.3% to 81.8%.
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When differentiating between Category 1 and 3, the mechanical parameters AF;max
and Ao;max each demonstrated ideal classification (AUC: 1.00, 95% Cl: 1.00-1.00, p<0.001)
(Table 4). The thresholds for AF;max and Ao;max were 711.4 N and 0.5 MPa, respectively,
each had a sensitivity and specificity of 100%, meaning a drop in force or stress greater than
these amounts differentiated all tests with a combined cortical and trabecular fracture from
tests without injury. In relation to the AE parameters, the mean AUC was greatest for the
variables AEenergy (AUC: 0.98, 95% Cl: 0.94-1.00, p<0.001), AEexposure (AUC: 0.98, 95% Cl: 0.95-
1.00, p<0.001), AEamplitude (AUC: 0.98, 95% Cl: 0.93-1.00, p<0.001) and AEguration (AUC: 0.98,
95% Cl: 0.95-1.00, p<0.001). The thresholds for AEenergy, AEexposure, AEamplitude and AEduration
(2.77e-3 V%5, 3945.1 Pa%s, 642.7 Pa and 0.66 ms, respectively) had a sensitivity that ranged
between 92.3% and 100%, with a corresponding specificity between 84.6% and 95.5%.

The classification accuracy of the AE parameters for the AE sensor with the greater
AEampiitude Varied from 85.2% to 96.3% for classification between Category 1 and 2 (Table 3)
and 90.3% to 94.3% for classification between Category 2 and 3 (Table 4). Based on the
discrimination thresholds obtained from this sensor, the classification accuracy derived for
the second AE sensor attached to each specimen was similar when classifying Category 1
and 2 (87.3 to 96.3%; Table 3), however, reduced when classifying Category 1 and 3 (79.7%
to 89.3%; Table 4).

The distinctive differences in the AE wave pressure, displacement and force traces
were apparent when comparing repeated tests on specimen that were ultimately classified
as Category 2 and 3 (Fig. 8). For the third test on the specimen designated as Category 2 (Fig.
8c), the peak in the AE wave pressure exceeded the AEampiitude threshold corresponding to an
isolated trabecular fracture (461.9 Pa; Table 3). The third test of the specimen designated as

Category 3 (Fig. 8f) exceeded the AEamplitude threshold corresponding to a combined cortical
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and trabecular (642.7 Pa; Table 4), as well as the threshold for the isolated trabecular
fracture. For this more severely fractured specimen, the AE wave pressure exceeded each of

these thresholds prior to the identified yield point.

4 Discussion

To address the technical challenge in detection of bony fracture during high-rate mechanical
loading, the present study reports an experimental method employing AE signal parameters
for the identification of both isolated trabecular fractures in addition to more severe
fractures encompassing both cortical and trabecular bone of the vertebral body. The
classification performance of the AE parameters was compared to that using standard
mechanical parameters derived from compressive force and displacement measurements.
Due to the sensitivity of AE sensors in detecting transient vibrations from localised bony
fractures, it was found that these sensors would allow a more accurate and rapid
identification of different fracture types from biomechanical testing of cadaveric bone
specimens, such as lumbar spine vertebrae. To obtain sensor-independent measurements,
all AE parameters other than the AE energy were calculated based on the AE wave pressure.

When differentiating between mechanical loadings that resulted in isolated
trabecular fractures and tests that did not result in any fracture, the acoustic emission
exposure (AEguration) provided the best classification (AUC: 0.98, 95% Cl: 0.94-1.00, p<0.001)
(Table 3). The classification performance of the AE parameters, AEenergy, AEexposure, AEamplitude
and AErisetime Was also high, each with a mean AUC between 0.95 and 0.97 (each p<0.001)
(Table 3). Hence, the corresponding thresholds for AEenergy, AEexposure, AEamplitude, AErisetime and
AEduration (0.05e-3 V2's, 5713.9 Pa?s, 461.9 Pa, 0.31 ms and 0.63 ms respectively) may be

used for classification of isolated trabecular fractures with ideal sensitivity (detection rate of
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tests with fracture) of 100%, and a specificity (detection rate of tests without fracture)
ranging between 81.8 and 95.5%. Encouragingly, the classification accuracy based on these
thresholds was similar for both AE sensors attached to each vertebral body (85.2% to 96.3%;
Table 3). This would suggest that classification of this fracture type based on the AE signal
was relatively insensitive to location, provided the AE sensor was directly attached to the
vertebral body that incurred the fracture. The ability of the mechanical properties to classify
isolated trabecular fractures was slightly reduced compared to the AE properties, with the
Yield state, F;max, Ozmax and €2,max having a mean AUC ranging between 0.90 to 0.95 (p<0.001)
and their corresponding thresholds had a sensitivity of 100%, together with a specificity
between 77.3 and 81.8%.

When classifying fractures that encompassed both cortical and trabecular bone from
tests without fracture, the mechanical parameters describing the drop in compressive force
and stress after the peak force (AF;,maxand Aozmax) €ach provided ideal classification (AUC:
1.00, 95% Cl: 1.00-1.00, p<0.001) (Table 4). The optimal threshold for AF;maxand Aoz max of
711.4 N and 0.5 MPaq, respectively, each had a sensitivity and specificity of 100% meaning
these magnitudes differentiated all tests with a cortical and trabecular fracture from tests
without an observed fracture. The classification performance of the AE properties AEenergy,
AEexposure, AEamplitude and AEduration Was marginally lower than the mechanical properties with
a mean AUC of 0.98 each (p<0.001). The optimal thresholds for these variables were able to
classify the cortical and trabecular fractures with sensitivities between 84.6% and 100% and
specificities of 84.6% to 100.0%. However, the classification accuracy for this fracture type
varied between the two AE sensors attached to each vertebra (Table 4), suggesting that
classification of these fractures based on the AE signal was sensitive to the sensor location.

The vBMD of the 20 lumbar specimens (162.1+53.7 mg/cm3; Table 1), had a relatively
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wide range compared to previous studies,*>** which indicates the findings in the current
study may be generalisable to a wide range of different lumbar vertebrae. The results
indicate that when distinguishing between tests with and without injuries to the vertebral
body, AE parameters provide improved classification of isolated trabecular fractures, whilst
the mechanical parameters better distinguish the more severe fractures of both cortical and
trabecular bone. Despite the methodological differences in these two techniques, the
classification performance using either the AE or mechanical parameters was relatively
similar, suggesting that either set of parameters may be effective for classification of isolated
trabecular or combined cortical and trabecular fracture. However, an advantage of using the
AE parameters is that the thresholds identified in the current study may be used to identify
the timing of different types of bone fracture. This was demonstrated for two representative
specimens, where the AE wave pressure exceeded the threshold for an isolated trabecular
fracture (Fig. 8c) and combined cortical and trabecular fracture (Fig. 8f), the latter of which
indicated fracture before any apparent yielding of the specimen, a behaviour consistent with
previous work.** This application still requires further validation of vertebral compression
using CT, where the loading is carefully controlled to cause the AE parameters to exceed
their respective thresholds, whilst no yielding or fracturing is observed according to the
mechanical parameters.

Although it was reasonable to expect an association between the drop in
compressive load and vertebral fracture, this study provides measurements of the amount
of load drop that would accompany the injury. The drop in compressive load observed for
vertebral fracture was consistent with Jackman et al.,’® who reported a force reduction of
280 + 220 N at the onset of vertebral fracture for three-vertebrae thoracic specimens tested

in axial compression. The magnitude of the force reduction reported by Jackman et al. was
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lower than that of the current study, which may be attributed to differences in the
specimens (i.e. thoracic vertebral bodies versus intact lumbar vertebrae) and testing method
(quasi-static compared to dynamic compression). Nonetheless, these results of the present
study suggest that the drop in compressive resistance may be used to identify severe
fractures sustained by the vertebral body for dynamic loading.

A hallmark of all fracture types observed in the current study was combined cortical
and trabecular fractures encompassed the cranial endplate. This behaviour was likely due to
the higher porosity and lower thickness observed for this region than those of the caudal
endplate and cortical shell, which may render it more prone to damage.'®** Furthermore,
the isolated trabecular fractures sustained by the five specimens may be considered a severe
form of trabecular micro-fracture experienced by the vertebral body in vivo without inducing
an extensive failure of the cortical shell.>® Nonetheless, one may expect that some degree of
trabecular fracturing would precede a cortical fracture and, indeed, the AE signals
qualitatively indicated such behaviour may take place, where a small burst in AE signal
activity was regularly noted before the large peak likely indicative of cortical fracture (Fig. 8).
Although an analysis of the timing of different fracture types and temporal AE energy
characteristics was too extensive to incorporate into the current study, the identified AE
signal thresholds may be extended in future research by exploring this relationship.

There was an unexpected trend observed in the mechanical parameters for
Categories 2 and 3, where the maximum compressive force and stress were on average
higher for the isolated trabecular fractures compared to the more severe combined cortical
and trabecular fractures (Table 2). Although this difference was not significant, it would likely
be explained by differences in the stiffness and size of specimens comprising the different

fracture categories, as evidenced by EA, which was on average greater for Category 2 than
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Category 3, and the significantly shorter specimen height (hvs«vp) for Category 2 than
Category 3 (p < 0.05; Table 2). The lower height of specimens comprising Category 2 may
suggest that shorter specimens are more resistant to sustaining cortical fractures, possibly
because they are less susceptible to bending or buckling of the cortical shell; however, this
hypothesis requires further examination with a larger sample size.

This is the first study in which the classification performance of AE parameters
related to bone fracture has been determined. However, the AE signal characteristics for
fracture and non-fracture tests of a small group of vertebral bodies under axial compression
was analysed in a previous study, where the AEamplitude Was greater for injurious tests
compared to those without injury,3® in agreement with the findings of the present study. The
uncalibrated sensor voltages from the AE signal for combined cortical and trabecular
fractures (1.60+1.43V) were of a similar magnitude to those observed for fractured
vertebrae and femora using identical AE sensors,'**! which supports the validity of our AE
data acquisition system. The AE signal duration for combined cortical and trabecular
fractures (AEguration) Was found to be 6.0+4.1 ms, which tended towards the upper limit of AE
burst durations reported for vertebral fractures (0.15-10 ms).!! The longer AE signal
durations in the current study was most likely due to the greater loading rates considered by
Goodwin et al.'! of 2.9 m/s, since acoustic emission signals for vertebral fractures are
thought to be sensitive to the rate of load application.3

In previous research, a relationship between the frequency content of an AE signal
and vertebral fracture has been reported®%31; however, in the current study there were no
consistent trends observed when analysing the AE frequency characteristics for different
fracture types (data not shown). Although these previous studies used the same AE sensor

model as the current study, all AE sensors exhibit unique features in their frequency
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response, and when not decoupled through sensor calibration, it is unknown how much the
sensor-specific resonant response may affect the frequency characteristics of the AE signal.
Whilst the absence of frequency-dependent characteristics in the current study may be
linked to unidentified instrumentation issues, it is also likely to be related to the
inhomogeneous nature of bony tissue, which would cause the AE signal to attenuate
differently across the vertebral body, especially for higher frequencies within the trabecular
bone.?23% To address this issue in future work, the use of more AE sensors to reduce the
distance and, hence, AE signal attenuation between the fracture source and detector is
recommended.

The maximum compressive forces corresponding to fracture presented in the current
study compare favourably with those reported in previous experimental studies involving
axial compression of three-vertebra lumbar specimens. For example, our measurements of
maximum force corresponding to combined cortical and trabecular fractures (7.1 + 1.9 kN;
Table 2), was similar to the fracture load reported for burst fractures of T12 - L1-L2 (6.7 £ 2.0
kN),?8 and the compressive failure loads reported for various three-vertebra specimens (6-10
kN).%® Previous measurements of yield force for axial compression of three-vertebra
specimens (3.3 + 1.2 kN and 4.2 + 1.7 kN for rates of 10 mm/s and 2500 mm/s,
respectively),?’” were observed to be lower than the equivalent measures in the current
study (6.6 + 1.5 kN). However, the specimens tested by Ochia et al.?” were of low BMD (0.7 +
0.1 g/cm?), which may indicate that the bone was osteoporotic and have a lower fracture
resistance. Whilst there are a number of previous studies where yield and ultimate strength
characteristics for lumbar vertebrae have been reported,*3* this did not involve testing on
three-vertebra lumbar spine specimens, a configuration which advantageously maintains the

native boundary conditions of the centre vertebra.
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There are a number of limitations of the present work. Twenty cadaveric spine
specimens were used in the experimentation, which led to a small number of samples for
each fracture type (n = 13 combined cortical and trabecular fractures and n = 5 isolated
trabecular fractures). The total number of specimens tested was similar to that used in
contemporary studies related to AE parameters of the human vertebrae.'**® Even with a
greater number of specimens, it would be anticipated that an uneven distribution of fracture
types would remain due to the practical challenge of producing isolated trabecular fractures
under dynamic compression without causing further damage to the vertebral bone. Hence,
it is recommended that the thresholds found in the current study for the AE and mechanical
parameters be implemented in future work to enhance the rate of producing isolated
trabecular fractures.

Another limitation of this study was that specimens were not imaged between each
load increment. Consequently, the injury-free condition assumed for the initial 4%
compressions of 14 specimens was not validated using imaging. However, the low
compressive force of 2.1 + 0.6 kN for these specimens was much lower than the range of
yield and ultimate loads reported for lumbar vertebrae tested both as an isolated bone (9.0
+ 2.4)3, as two-vertebra specimens with a lordotic posture (8.4+2.7 kN), or within three-
vertebra specimens (6.7 + 2.0 kN).?8 A visual examination of each specimen indicated that
there were no signs of bone fracture, and there was no change noted to measurements of
the specimen stiffness. Based on these comparisons and observations, it was considered
unlikely that the specimens had sustained any form of bone fracture for such low magnitude
compression.

A final limitation was that only one AE sensor type was used in the mechanical

testing. This restriction makes it difficult to establish whether the calibration of the AE
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parameters improved the classification analysis, since both the calibrated and uncalibrated
parameters may exhibit similar relative differences between tests. Such behaviour would
likely explain the similar AUC observed between the uncalibrated AEenergy and most of the
calibrated AE parameters (Tables 3 and 4). To clearly evaluate whether the calibration
improved the fracture identification would require the application of the identified AE
parameter thresholds on mechanical test using a different AE sensor, an application which is

recommended in future work.

5 Conclusion

This study has demonstrated that AE parameters may be used to differentiate
between vertebral body fractures of varying severity, with a classification performance that
is comparable to mechanical parameters obtained from displacement and load cell readings.
In particular, the AE parameters produced a slightly enhanced identification of isolated
trabecular fractures which suggests that these sensors may better detect localised fracture
that are less noticeable when considering the gross mechanical behaviour of a bone. The
thresholds established for both the AE and mechanical parameters may be used to identify
different fracture types with sensitivities over 100% and specificities of 80%, and it was
demonstrated how these data may be extended to the analysis of the initiation of these
fracture types. This study presents novel measurements of an AE signal that have been
calibrated to provide measurements of AE wave pressure. This approach decouples the
resonant response of the sensor from the AE signal, and allows the corresponding pressure
measurements to be generalised to other calibrated AE sensors when examining vertebral

fracture.
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8 Tables

Table 1: Descriptive characteristics for the subjects corresponding to the three-vertebra
specimens used in the mechanical testing

Number of  Age (yrs) Body height Body BMI vBMD
Combination  specimens (cm) weight (kg)  (kg/m?) (mg/cm3)
T12-L1-L2 2 62.5+2.1 183.0+0.0 91.0+9.9 27.2£3.0 136.3%43.2
L1-L2-L3 4 61.0+£12.5 180.0+17.9 84.8+25.6 25.5£3.1 154.5+24.2
L2-L3-14 5 65.6110.7 171.4134 83.3t24.0 27.9+13.7 166.3172.8
L3-L4-L5 5 57.41t7.8 177.616.4 80.9t37.4 23.5¢6.0 171.6+56.1
L4-L5-S1 4 60.3£12.1 186.3+10.4 74.4120.1 26.3t2.2 165.5£71.5

Total 20 61.3+9.7 178.8+10.4 83.3x24.0 25.9+7.2 162.1+53.7

BMI, Body mass index; vBMD, volumetric bone mineral density of vertebral body trabecular
bone

28



Table 2: Descriptive characteristics, AE and mechanical parameters observed for each injury category. Significant differences in variables
between the different categories is indicated by the p-value®

Injury category p-value
Category 1: No Category 2: Isolated Category 3: Combined
t 2
fracture trabecular fracture trabecular and cortical fracture \(I:jtegory 1 \(I::tegory 1 \(/:: egory
Variable n=22 n=> n=13 Category 2 Category3 Category 3
No. of tests per 1.040.0 3.8+1.5 3.2+1.6 N/A N/A 0.598
specimen

.§ hve+ivo (mm) 38.8+1.7 35.24+3.7 39.2+1.7 0.022 0.978 0.012

A7)

*g hmid (mm) 51.5+3.8 45.2+6.0 51.54+3.2 0.085 0.092 0.054

(0]

©

S avs (Mm?) 1459.0+156.8 1436.9+172.4 1413.6+114.2 0.892 0.225 0.758

)]

=

o EA(kN) 4862.5+1952.2 5116.2+1953.9 3608.3+858.5 0.913 0.095 0.122

O

(%)

& VvBMD (mg/cm?) 213.1499.0 230.4+134.0 153.7+£36.3 0.070 0.275 0.707
Intervertebral disc 1.040.7 1.0+1.0 0.9+0.9 1.000 1.000 1.000
grading
AEenergy (1073 V2s) 0.1+0.4 23.5+45.7 367.2+438.8 0.002 <0.001 0.076

EJ AEexposure (103 Pa?-s) 8.4+23.1 3108.4+6337.7 40165.7+55081.0 0.002 <0.001 0.246

g AEampiitude (Pa) 213.6+331.1 4051.0+6448.4 17858.5+16812.2 0.002 <0.001 0.246

g AEcounts (n) 9.9+13.4 277.41348.4 265.3+272.2 0.029 <0.001 0.988

.; AErisetime (MS) 0.1+0.1 1.3+1.0 4.1+7.2 <0.001 <0.001 0.956
AEguration (mMSs) 0.210.2 4.8+4.3 6.0+4.1 0.003 <0.001 0.445
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Specimens with Yield
State = 1.0 (n)

4

5

13

g F.v(N) 7005.6+2011.8 7495.9£2848.7 6626.8+1536.8 0.847 0.178 0.494
% o2y (MPa) 4.3%+1.2 5.2+1.7 4.8+1.2 0.367 0.178 0.956
g. Fzmax (N) 3412.1+2709.0 8301.1+3104.3 7083.7+1850.0 0.006 <0.001 0.494
g Oz,max (MPa) 2.3%1.6 5.7+1.9 5.1+1.6 0.003 <0.001 0.854
% €2,max (%) 0.06+0.04 0.17+0.05 0.20+0.06 0.003 <0.001 0.598
2 AF,max(N) 39.4+148.4 590.61441.5 2603.0+£1892.2 0.008 <0.001 0.012

AG;,max (MPa) 0.0+0.1 0.41+0.3 1.9+1.4 0.008 <0.001 0.012

hvs+vp, anterior height of the centre vertebral body and lower intervertebral disc; hmig, mid-body height of the centre vertebral body and
intervertebral discs; avs, cross-sectional area at the axial mid-plane of centre vertebral body; EA, axial rigidity; vBMD, volumetric bone mineral
density of vertebral body trabecular bone; AEenergy, AEexposure, AEamplitude, AEcounts, AErisetime aNd AEduration, aCOUStic emission energy, exposure, amplitude,
counts, rise time and duration, respectively; F,y and o,y, yield force and stress, respectively; F;max, Ozmax and €,max, maximum force, stress and strain,
respectively; AF, max and Ao, max, drop in compressive force and stress, respectively, following the peak force.

2All data pertaining to AE parameters was obtained for the AE sensor with the greater AEamplitude.
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Table 3: Sensitivity, specificity, accuracy and area under curve (AUC) of receiver operative characteristic curve for classification between
Category 1 (no fracture) and Category 2 (Isolated trabecular fracture) and corresponding discrimination threshold®®

Sensitivity Specificity = Accuracy Accuracy, second
Variable (%) (%) (%) AE sensor (%) AUC (95% Cl) Threshold
AEenergy 100.0 81.8 85.2 91.6 0.95 (0.87-1.00)***  0.05e-3 V?'s
o AEexposure 100.0 86.4 88.9 94.0 0.97 (0.91-1.00)***  5713.9 PaZs
2 (71.5 dB re 400 uPa?-s)
€  AEamplitude 100.0 86.4 88.9 87.3 0.95 (0.88-1.00)***  461.9 Pa
% (173.3 dBre 1 pPa)
ﬁ AEcounts 80.0 86.4 85.2 92.1 0.85 (0.60-1.00)** 21
< AE(isetime 100.0 90.9 92.6 94.7 0.97 (0.92-1.00)***  0.31ms
AEguration 100.0 95.5 96.3 96.3 0.98 (0.94-1.00)***  0.63 ms
Yield State 100.0 81.8 85.2 N/A 0.91 (0.83-0.99)*** 1.0
Fz,max 100.0 77.3 81.5 N/A 0.90(0.78-1.00)*** 38109 N
g E’, Oz,max 100.0 81.8 85.2 N/A 0.93 (0.81-1.00)*** 3.3 MPa
]
% g €z,max 100.0 81.8 85.2 N/A 0.95 (0.86-1.00)***  0.09%
=3 AFZmax 80.0 95.5 92.6 N/A 0.87 (0.66-1.00)***  282.1N
A0z, max 80.0 95.5 92.6 N/A 0.87 (0.66-1.00)***  0.18 MPa

AEecnergy, AEexposure, AEamplitude, AEcounts, AErisetime and AEquration, acOustic emission energy, exposure, amplitude, counts, rise time and duration, respectively;
F.v and o,y, vyield force and stress, respectively; Fimax, Ozmax @nd €,max, maximum force, stress and strain, respectively; AF;max and Ao;max, drop in

compressive force and stress, respectively, following the peak force.

aSignificance of AUC tested with respect to null hypothesis (i.e., classification based on chance).
bUnless specified, all data pertaining to AE parameters was obtained for the AE sensor with the greater AEampiitude.
** p<0.01; *** p<0.001
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Table 4: Sensitivity, specificity, accuracy and area under curve (AUC) of receiver operative characteristic curve for classification between
Category 1: No fracture and Category 3: Combined cortical and trabecular fracture and corresponding discrimination threshold®?

Sensitivity Specificity Accuracy Accuracy, second

Variable (%) (%) (%) AE sensor (%) AUC (95% Cl) Threshold
AEenergy 100.0 84.6 90.3 88.4 0.98 (0.94-1.00)***  2.77e-3 V?s
o AEexposure 100.0 86.4 91.5 89.2 0.98 (0.95-1.00)***  3945.1 Pa%s
% (69.9 dB re 400 pPa2-s)
€  AEamplitude 92.3 95.5 94.3 89.3 0.98 (0.93-1.00)***  642.7 Pa
% (176.2 dBre 1 pPa)
3‘ AEcounts 76.9 100.0 914 79.7 0.92 (0.82-1.00)*** 81.5
< AE(isetime 84.6 100.0 94.3 81.0 0.97 (0.93-1.00)*** 0.65 ms
AEguration 92.3 95.5 94.3 87.9 0.98 (0.95-1.00)***  0.66 ms
Yield State 100.0 81.8 88.6 N/A 0.91 (0.82-1.00)*** 1.0
Fz,max 100.0 77.3 85.7 N/A 0.87 (0.75-1.00)***  4080.0 N
2 oy 92.3 86.4 88.6 N/A 0.90 (0.80-1.00)*** 3.6 MPa
% g €z,max 100.0 90.9 94.3 N/A 0.99 (0.96-1.00)*** 0.12%
2 S AR ma 100.0 100.0 1000  N/A 1.00 (1.00-1.00)***  711.4 N
MGz, max 100.0 100.0 100.0 N/A 1.00 (1.00-1.00)*** 0.5 MPa

AEecnergy, AEexposure, AEamplitude, AEcounts, AErisetime and AEquration, acOustic emission energy, exposure, amplitude, counts, rise time and duration, respectively;

F,v and oy,

compressive force and stress, respectively, following the peak force.

3Significance of AUC tested with respect to null hypothesis (i.e., classification based on chance).

yield force and stress, respectively; F;max, Ozmax and €,max, Mmaximum force, stress and strain, respectively; AF,max and Ao, max, drop in

b Unless specified, all data pertaining to AE parameters was obtained for the AE sensor with the greater AEampiitude.

*¥% n<0.001

32



9 Figure captions

Fig. 1. Specimen-specific measurements obtained from CT images. (a) Sagittal view depicting
the mid-plane of the centre vertebral body (dashed white line). hyg+vp, was the distance in
the z-direction between the anterior aspect of the cranial endplates of the centre and
inferior vertebrae, and hmiq was the z-direction distance from the centroid of the cranial
endplate of the upper disc to the centroid of the caudal endplate of the lower disc. The x-
and z-axes point to the anterior and inferior directions, respectively, with the z-axis defined
to be perpendicular to the vertebral body mid-plane. (b) Axial view of mid-plane of the
centre vertebral body. The yellow and black circle represents the modulus-weighted centroid
of the vertebral body and the grid shows the CT image voxels (enlarged for visualisation
here). The x- and y-axes point to the right and anterior directions, respectively. E;, and a; are,

respectively, the Young’s modulus and area of voxel i.

Fig. 2: Schematic of the instrumentation and mechanical test configuration. (a) Sagittal view
of the three-vertebra specimen. The position of the potting material and the left AE sensor
are indicated. (b) Frontal view of the centre vertebra depicting the position of the left and

right AE sensors.

Fig. 3: Calculation of the AE wave pressure. (a) Manufacturer-supplied sensitivity curve for
an AE sensor used in the current study. (b) Measured AE voltage. (c) Fast-Fourier transform
(FFT) amplitude of the AE voltage. (d) AE wave pressure calculated by dividing the AE voltage
FFT by the sensitivity curve, then converting the signal back to the time domain via its

inverse Fast-Fourier transform.

Fig. 4: Schematic of the AE parameters used in this study. AE bursts representing discrete
periods of AE activity (shaded rectangles) and the threshold to eliminate background noise
(10 Pa; dashed line) are indicated. Parameters were as follows: AEampiitude, absolute
maximum of the AE signal; AEcounts, Nnumber of times the AE signal crosses the threshold for
background noise; AErisetime, time from start to the signal peak of the AE burst containing
AEamplitude; AEduration, interval of AE burst containing AEampiitude. NoOte the sign of the AE signal

was adjusted to ensure AEampiitude COrresponded to a positive pressure.
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Fig. 5: Schematic of the mechanical parameters used in this study. Parameters were as
follows: o.y, yield stress; o;max, mMaximum stress; Aoz, drop in stress following peak stress.
The yield point was identified by offsetting the slope of the linear portion of the curve by a
+0.2% strain. For this representative compression test, the presence of yielding was

designated with a Yield State of 1.0.

Fig. 6: Identification of an isolated trabecular fracture for a representative specimen. (a) Pre-
test image showing the boundary of the 1 mm cube. (b) Post-test image indicating the
boundary of the 1 mm cube. (c) Boolean subtraction of a pre- and post-test DICOM image
with an identified region with possible fractured bone. (d) 3D geometry of segmented pre-
test bone. (e) 3D geometry of segmented post-test bone. The region of bone from the pre-
test image that was dislodged during testing is shown in red. (f) Close-up view of the
identified region. The high pixel intensity indicates a large difference between the pre- and

post-test images.

Fig. 7: Dominant fracture types observed for Category 3: Combined cortical and trabecular
fracture. (a) Pre- and post-test surface geometry of a representative vertebra that sustained
a cranial endplate fracture (arrow). (b) Pre- and post-test surface geometry of a

representative vertebra that sustained a split coronal fracture, as indicated by arrows.

Fig. 8: Representative measurements of displacement, force and AE signal for repeated tests
on a representative specimen of each fracture type. The yield point and AEampiitude thresholds
that distinguish the different fracture statuses are indicated. (a) — (c) Displacement, force
and AE signal for Category 2: Isolated trabecular fracture. (d) — (e) Displacement, force and
AE signal for Category 3: Combined cortical and trabecular fracture. Note: The AE signal

corresponds to the sensor with the largest AE amplitude.
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Fig. 2
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Fig. 3
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Fig. 4
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Fig. 5
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Fig. 8
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