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Abstract

Background: Pathologic vertebral fractures are associated with intractable pain, loss of function
and high morbidity in patients with metastatic spine disease. However, the failure mechanisms

of vertebrae with lytic defects and the failed vertebrae’s ability to retain load carrying capacity
remain unclear.

Methods: Eighteen human thoracic and lumbar vertebrae with simulated uncontained bone
defects were tested under compression-bending loads to failure. Failure was defined as 50%
reduction in vertebral body height. The vertebrae were allowed to recover under load and re-tested
to failure using the initial criteria. Repeated measure ANOVA was used to test for changes in
strength and stiffness parameters.

Findings: Vertebral failure occurred via buckling and fracture of the cortex around the defect,
followed by collapse of the defect region. Compared to the intact vertebrae, the failed vertebrae
exhibited a significant loss in compressive strength (59%, p = 0.001), stiffness (53%, p = 0.05) and
flexion (70%, p = 0.01) strength. Significant reduction in anterior-posterior shear (strength (63%, p
= 0.01) and stiffness (67%, p = 0.01)) and lateral bending strength (134%, p = 0.05) were similarly
recorded. In the intact vertebrae, apart from flexion strength (r2 = 0.63), both compressive and
anterior-posterior shear strengths were weakly correlated with their stiffness parameters (r2 = 0.24
and r2 = 0.31). By contrast, in the failed vertebrae, these parameters were strongly correlated, (r2
=0.91,r2=0.86, and r2 = 0.92, p = 0.001 respectively).

Interpretation: Failure of the vertebral cortex at the defect site dominated the initiation and
progression of vertebral failure with the vertebrae failing via a consolidation process of the
vertebral bone. Once failed, the vertebrae showed remarkable loss of load carrying capacity.
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Introduction

Annually, up to 1.5 million new cases of cancer are reported in the U.S (American-Cancer-
Society, 2012) with thirty to sixty percent of this patient population presenting bony
metastasis in the spine (Ratliff and Cooper, 2004; Toma et al., 2007; White, 2006). The
migration of cancer cells to the highly vascular vertebrae often results in the destruction of
the osseous tissues (Taneichi et al., 1997; Tschirhart et al., 2004; Whealan et al., 2000;
Whyne et al., 2003). This pathological process exposes the patients to a high risk of
catastrophic failure of the affected vertebra (Lad et al., 2007; Weber et al., 2011), with

the resulting fractures often associated with intractable pain, loss of function and increased
morbidity (Falicov et al., 2006; Walls et al., 1995; Weber et al., 2011), and in up to 30%
of these patients, neurologic compromise from spinal cord compression (Roth et al., 2004;
Taneichi et al., 1997). Pathologic vertebral fracture thus represents an important cause of
disability with significant clinical and economic implications for the US healthcare system
(Coleman, 2001; Lad et al., 2007; Weber et al., 2011).

The deleterious effect of lytic lesions on the risk of vertebral failure was recently
demonstrated in an animal model for vertebral lytic metastasis (Hardisty et al., 2012; Hojjat
et al., 2010). The occurrence of the lesion resulted in the doubling of compressive strains
compared to the control vertebrae with the development of stress concentration at the dorsal
aspects of the vertebrae indicating increased structural instability. Retrospective clinical
studies have identified defect geometry, destruction of the pedicles, pain, age, anatomic
site, lesion type, activity levels and, for thoracic vertebrae, costovertebral joint destruction,
as significant risk factors for impending vertebral collapse (Bunting, 1985; Coleman and
Stanley, 1994; Fidler, 1981; Taneichi et al., 1997; Weber et al., 2011). Experimental
(Whealan et al., 2000; Windhagen et al., 1997, 2000) and computational (Tschirhart et

al., 2004, 2006; Whyne et al., 2001, 2003) studies have further established measures of
defect size and geometry, defect location within the vertebral body and bone density, to be
predictors of vertebral risk of fracture. However, although most often used as a predictor of
vertebral fracture risk (Carlson et al., 1995), relative lesion size has been shown to account
for only 50% of the variation in vertebral body strength (Taneichi et al., 1997; Tokuhashi

et al., 2005). At present, despite this extensive body of work and clinical reports, no clear
guidelines have been established to allow prediction of fracture risk (Roth et al., 2004).
Critically, the structural mechanisms underlying the initiation and progression of the failure
process for vertebrae with uncontained lytic defects remain unclear.

The objectives of this study were twofold: The first was to investigate the effect of an
uncontained defect within the body of thoracic and lumbar human vertebrae, on the failure
process of the vertebrae in response to compression-flexion loading. Our hypothesis is

that Failure of vertebral cortex in human vertebrae with signfficant, uncontained, osetoltic
defects determines the initiation of vertebral failure. The second was to establish the degree
to which the failed vertebrae, having been allowed to recover under load simulating bed rest,
retained residual load carrying capacity.
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Methods

2.1 Specimen preparation

Five thoraco-lumbar spines were obtained from donors aged 65-78 years. Each spine was
radiographed (Faxitron, HP, McMinnville, OR) to exclude existing pathology or fractures,
the spine submerged in a saline bath to simulate soft tissues and Bone Mineral Density
(BMD) measured in the anterior-posterior (A-P) and lateral (LAT) anatomical axis of the
vetebra using a DXA scanner (QDR 2000 +, Hologic Inc., Waltham, MA). Once dissected
clean of all musculature, 18 individual vertebral levels were obtained by sectioning through
the disc. The vertebrae were coded, wrapped in saline soaked gauze and stored at — 20 °C
in double plastic bags until the day of testing. Anterior (HA) and posterior (HP) vertebral
body heights were measured from the sagittal radiographs and the measurement verified
along the vertebral sagittal midline using a mechanical caliper (Mitutoyo, Japan, accuracy
0.01 mm). The location of the measurement was prescribed on the vertebra to be used

for subsequent measurements (failed and recovered). For each stage (intact, failed and
recovered) a vertebral deformity index (VDI) was computed from the following formula,
((HP - HA)/HP)*100.

2.2 Metastatic defect creation

On the day of testing, the vertebra was thawed for four hours at room temperature, followed
by a one-hour submersion in a 37 °C heated saline bath. Registration markers, identifying
the vertebral body sagittal and coronal anatomical axes, were created on the vertebral

cortex and the vertebra registered to an imaging device secured to a fluoroscopy unit (Mini
6600, GE medical). Sagittal and coronal radiographs were obtained with care to keep
magnification errors to a minimum, the images transferred to transparencies and the outlines
of a defect, corresponding to 40 % of the vertebral body, drawn on the transferred images
(Fig. 1). The drawings were super-imposed on the screens of the fluoroscopy unit and a high
speed drill (MultiPro, Dremel, WI) with an attached 3 mm ball-end burring bit used to create
an entry hole in the vertebral cortical shell with a diameter ranging from 6-9 mm, a mean

of 7.2 mm (standard deviation = 1.4 mm). Under continuous fluoroscopy control, the drill
was used to create a cavity in the vertebral body to match the one planned in the sagittal and
coronal planes (Fig. 1). Defects were created equally along the medial and lateral aspect of
the vertebrae to avoid bias.

2.3 Mechanical testing

The testing methodology, previously detailed (Alkalay et al., 2008), is hereby described in
brief.

2.4 Testing system

The vertebra was mounted and registered to a mechanical testing device (Fig. 1), secured
to a servo-hydraulic test system (Instron 1331, Instron Co., Canton, MA). The location of
the vertebra was adjusted such that the Instron’s long axis was located 10 mm posterior to
the anterior-most boundary of the vertebra and a loading platen positioned on top of the
vertebra. A ball indenter, articulating with a hemi-spherical socket on the loading platen,
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completed the test load pathway (Fig. 1) with a 6DOF load cell (MC-5000, AMTI, MA)
used to measure the resulting forces and moments.

Intact vertebra

Under displacement control, the vertebra was subjected to a monotonically increasing
compressive displacement at a rate of 5.0 mm/min until any of the following conditions
occurred: a 50% reduction in the anterior height of the vertebral body, the load cell capacity
(5000 N) was exceeded, or a vertebral failure, defined as a reduction of 10% in maximum
load, occurred (Alkalay et al., 2008). With the test completed, the anterior and posterior
heights of the vertebral body were re-measured and the vertebra re-radiographed.

2.6 Failed vertebra

The vertebrae were allowed to recover under a load of 200 N for a period of 30 min.
Vertebral heights were re-measured and the required displacement for actuator re-computed
by subtracting the failed vertebral heights from that of the intact vertebra, Eq. 2 (Fig.

1). The vertebra was co-registered to the test system, re-tested to failure and the change

in its geometry post-failure re-measured once the test was completed. For both tests, the
applied displacement and resulting forces and moments were recorded at a rate of 10Hz

(V. 9.0, LabView, National Instruments, Austin, TX) with overestimation of the measured
moments due to the difference between the coordinate systems of the load cell and the
vertebrae corrected in software. Yield and ultimate failure values and displacement at yield
were measured for each force and moment response curve. Linear models, fitted to the
linear portion spanning between 20-80% of the curve, were used to compute corresponding
stiffness values.

2.6 Statistical analysis

Repeated measure ANOVA (JMP 8.0, SAS, NC) was used to test for statistically significant
changes in the anterior and posterior vertebral body heights between the intact, recovered
and failed test stages. Tukey’s HSD (honestly significant difference) test was to evaluate

the effects of individual test conditions. Paired #test was used to test for difference in the
structural parameter, i.e. ultimate strength and stiffness values computed from the force and
moment curves of the intact vs. the failed vertebrae. Analysis of covariance (ANCOVA) was
used to test for the effect of failure on the association between the strength and stiffness
parameters underlying the force and moment structural response of the vertebrae. ANCOVA
was similarly used to test for the effect of estimated BMD, obtained by averaging the values
of the adjacent intact vertebrae, and that of vertebral level, on the ultimate strength of the
vertebrae. Significance level was set at 5%.

3 Results

Though many of the vertebrae exhibited osteophyts on the radiographs, none exhibited
pre-test fractures. Vertebral BMD showed a mean (standard deviation) of 0.54 (0.06)g.cm-2
with the values distributed normally (Table 1). Mean change in VDI index between the intact
(D), failed (_F) and recovered (_R) test conditions are presented in Fig. 2. Independent of
vertebral level, vertebral failure yielded a significant reduction in the anterior 19.2(6.8)%
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and posterior 7.2(36.2)% vertebral heights (p b 0.001 respectively), resulting in a significant
increase in computed VDI_F (460%, p < 0.001). Comparisons for individual levels, showed
these differences to be significant for the L2 (p < 0.01), L4 (p < 0.05) and L5 (p <

0.05) levels. With recovery, both the anterior and posterior vertebral heights increased

(6.5 (4.9)% and 2.4 (4.8)%), the difference being significant for the anterior height (p <
0.001). These changes yielded a significant restoration of vertebral geometry (VDI_R, p <
0.01), independent of level (p N 0.05). However, VDI_R values were significantly lower
than VDI_I, (p < 0.001), independent of level (Fig. 2). A-P BMD values were negatively
associated with the degree of restoration of the vertebral geometry (p < 0.01, r2 =0.75, F <
0.05). No such association was found for the lateral BMD.

Mechanical tests

All of the vertebrae tested exhibited an anterior-flexion compressive failure. Fig. 3 illustrates
the force [A] and moment [B] response curves for the intact and, once failed, L2

vertebra. Under increasing deformation, the intact vertebra exhibited several failure events
experimentally observed to correspond to the buckling (Fig. 1 Suppl.) and fracture of the
cortex around the defect (Region I). This fracture progressed by continual collapse of the
defect until complete closure of the defect portal (Region I1) followed by the deformation of
the complete vertebra (Region I11). The post-failure response of the vertebra, Regions (IV -
V) is typical to that observed for osteoporotic vertebrae (Alkalay et al., 2008).

Table 2 summarizes the change in the ultimate strength and stiffness values of the intact

and failed vertebrae. Compared to the intact vertebrae, the failed vertebrae exhibited
significantly lower ultimate compressive strength [((1409.1(693.2) vs. 2246.3(897.0)) N,

p < 0.001] and stiffness [((250.1(130.3) vs. 382.1(194.2)) Nm/mm, p < 0.05], Table 2.
Similarly, the anterior-posterior shear strength [(308.6(195.8) vs. 502.3(278.4)) N, p < 0.01]
and stiffness [(62.7(41.9) vs. 105.6(39.7)) N/mm, p < 0.01] and the ultimate strength in
flexion [(62.7(26.3) vs. 36.9(21.4)) Nm, p < 0.01] and in lateral bending [(5.6 (5.3) vs. 13.1
(17.2))Nm, p < 0.05] were significantly reduced. Though lateral bending stiffness [(0.4 (1.7)
vs. 0.9 (2.7))Nm/mm] and medial-lateral shear strength [0.2 (41.6) vs. 18.9 (33.8)]N were
markedly lower, these differences were not statistically significant, (p > 0.05).

Fig. 4 presents linear regression models employed to assess the effect of failure on the
relationship between the yield strength and stiffness values, computed from the force and
moment response curves of the intact and failed vertebrae. In the intact vertebrae, the
increase in flexion strength was moderately correlated with the increase in stiffness (r2 =
0.63, p < 0.01). By contrast, yield strength values for axial compression, A-P shear and
lateral bending were weakly correlated to their respective stiffness values, r2 = 0.24 and r2 =
0.31, (p > 0.05 respectively). Post-failure, strong correlations were found between the yield
vs. stiffness values for axial compression (r2 = 0.91), flexion (r2 = 0.92) and the A-P shear
(r2 = 0.86) responses (p < 0.001 for all three models). In contrast to the intact vertebrae,

the failed vertebrae demonstrated negative association between the A-P shear and stiffness
(Fig. 4). ANCOVA analysis of the model’s regression coefficients between the intact and the
failed vertebrae, found the difference to be statistically significant (p = 0.028). Although the
correlation between strength and stiffness for lateral bending was not statistically significant
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(r2=0.21, p > 0.05), similar to the A-P shear response, the association became negative
with failure (Fig. 4.D). In the intact vertebrae, the increase in estimated BMD values was
weakly correlated with either the increase in strength or in stiffness values associated with
the compressive or flexion response (Fig. 2 Suppl.). By contrast, the estimated BMD values
were strongly correlated with the failed vertebrae flexion and compressive strength (r2=0.71
and 0.77) and moderately to strongly correlated with the respective stiffness values (r2 =
0.54 and 0.70).

4. Discussion

4.1.

Retrospective (Taneichi et al., 1997) as well as experimental (Silva et al., 1993; Whealan

et al., 2000) studies have found the involvement of the vertebral cortex to have a highly
deleterious effect on the fracture risk of pathologic thoracolumbar vertebrae. In patients with
existing PVF, selection of optimum treatment often requires an assessment of the “stability”
of the involved vertebral level, i.e., the degree to which the failed vertebra will retain its
geometrical and structural integrity under functional loads. The first part of this experimental
study investigated the hypothesis that failure of the vertebral cortex in human vertebrae

with a large, uncontained, osteolytic defect determines the initiation of vertebral failure. The
second part investigated the post-failure structural response of the vertebrae and compared
this response with their intact state. In particular, we explored the effects of failure on the
interrelationships between the strength and stiffness parameters measured from the force and
moment response of the vertebrae.

Effect of the uncontained lytic defect on the structural response of the vertebrae.

In response to applied compressive and flexion loading, the vertebrae exhibited a rapid
onset of structural yield, observed via the sharp decrease in the flexion moments and, to

a lesser extent, in the compressive force response (Fig. 3). The present study findings of
the weak association between ultimate strength and stiffness parameters in compression
and anterior-posterior shear, is in contrast to that reported for either single vertebra (Silva
et al., 1993) and three level spines. In these studies, the trans-cortical defect explained

44 to 79% of the variance in the reduction of the vertebral axial compressive stiffness.
However, the significant correlation between the ultimate flexion strength and stiffness

is in close agreement to that reported for three-level spinal units with simulated lateral
defects (r2 = 0.58) under combined compression and forward bending (Whealan et al.,
2000). The differences in correlation between the axial and bending parameters could be
explained from a mechanics of solids approach. In osteoporotic vertebrae, compressive
strength was reported to explain 52 to 69% of the change in the compressive stiffness of
the vertebrae (Buckley et al., 2009; Crawford and Keaveny, 2004; Crawford et al., 2003;
Hou et al., 1998). However, marked destruction of the vertebral bone by the Iytic lesion

is likely to result in the transfer of the loading to the remaining bone within the vertebra
and the surrounding vertebral cortex. Consequently, the vertebra’s axial rigidity undergoes
a significant reduction, effectively degrading its ability to resist the applied compression.
The higher correlation observed between bending strength and stiffness parameters, as well
as the strong association between the compressive and flexion strength parameters, may
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reflect the role of the peripheral bone and the cortex in resisting the stresses conferred on the
vertebral structure by the applied bending loads.

Failure of the cortex dominates the initiation and progression of vertebral failure.

The role of the vertebral cortex in effecting the structural response and failure of the
vertebrae remain controversial (Chevalier et al., 2009; Christiansen et al., 2011; Crawford
and Keaveny, 2004). The results of this study show the failure of the cortex to be the
determining event in the initiation and progression of the failure process of the vertebrae
(Fig. 3.B). The sharp decline in the ratio of applied displacement and the change in the
sign, observed for both flexion and bending moment response (Fig. 3.B), is typical of a
load—displacement response associated with the buckling of a shell structure under axial
loading (Godoy, 2000). Once the cortex has undergone buckling, experimentally observed
to initiate at the region of the breach within the cortex, a series of “localized” failure events
ensued consisting of outward bulging plastic deformation of the cortex (regions 11 and Ill,
Fig. 3) and the collapse of the vertebrae toward the defect site as demonstrated by the sharp
increase in the lateral bending response (Fig. 3). Tschirhart et al., (Tschirhart et al., 2007)
demonstrated the addition of a transcortical defect at either the anterior or lateral aspects of
a vertebral body with an existing 20% lytic defect, to result in a 21% and 433% increase

in the bulging of the vertebra respectively. Moreover, breaching the integrity of the cortex
was reported to supersede the effect of either the location or the size (Tschirhart et al., 2004;
Whyne et al., 2001) of the defect on the fracture risk of the vertebrae (Tschirhart et al.,
2007). Once the vertebra has “consolidated”, observed as a marked deformation and loss of
height of the vertebral body (Region I11-1V, Fig. 3) the structural response of the vertebra
was typical of a post-failure response of an osteoporotic vertebra (Kopperdahl et al., 2000;
Lindahl, 1976; Mosekilde, 1993).

4.3. Effect of the lytic defect on the residual load carrying capacity of the vertebrae.

Demonstrated by the highly significant reduction in ultimate compressive strength and
stiffness (59% and 53%, p < 0.001, Table 2) and statistically significant lower shear strength
in flexion and anterior-posterior shear (70%, p < 0.01 and 75%, p < 0.05, Table 2), the failed
vertebrae exhibited a sharp degradation in load carrying capacity (Table 2). In contrast to the
intact vertebrae, the failed vertebrae’s ultimate compressive and flexion strengths, as well

as the ultimate strength in A-P shear, were highly correlated with their respective stiffness
parameters (r2 =0.91 and r2 = 0.92, p < 0.001, and r2 = 0.86, p < 0.01, respectively,

Fig. 4). The significant increase (ANCOVA, p = 0.028) in the correlation between strength
and stiffness, an association typical to that reported for cancellous bone (Keaveny et al.,
1994; Kopperdahl et al., 2000; Lindahl, 1976), suggests that the post-failure structural
response of the vertebrae was determined exclusively by the response of the cancellous
bone. Experimental (Andresen et al., 1998; Haidekker et al., 1999; McBroom et al., 1985)
and computational (Crawford and Keaveny, 2004; Crawford et al., 2003; Roux et al., 2010)
studies underlined the role of the vertebral cortex in affecting vertebral strength, energy
absorption capacity and the onset of failure (Kopperdahl et al., 2000). These results, as

well as the results of the current study, highlight the need to further elucidate the role of

the cortex in supporting the structural response of the vertebrae both prior- and post-failure
under single and more complex loading scenarios.
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In assessing the finding of this study, several limitations must be considered. The vertebrae
obtained for this study were from cadaveric donors with no evidence of metastatic spine
disease. Measurements of bone density (BMD) for the L1 — L4 levels, combined (mean and
standard deviation) value of 0.42 (0.13)g/cm?, indicated that these spines were osteoporotic
(Lewiecki, 2005; Melton et al., 2005). These values are within the range reported for human
vertebrae with lytic metastasis (Oakland et al., 2008). They reflect the low BMD values
common in postmenopausal women with hormone receptor-positive breast cancer patients
who have undergone treatment using aromatase inhibitors (Bruning et al., 1990;Maxwell
and Viale, 2005). These are risk factors known to hasten fractures by approximately 10
years (Bruning et al., 1990; Coleman et al., 2010). At present, little is known about how
metastases from different neoplasms affect the material and structural integrity of the bone
and subsequent biomechanics of the vertebrae. Furthermore, the demarcated bone defect
boundary created in this model cannot simulate the pattern of bone degradation that occurs
due to neoplastic infiltration (Hipp et al., 1991, 1992; Walls et al., 1995; Whyne et al.,
2000). In vertebrae with lytic metastases the defect contains tumor tissue, rather than being
empty, as in our model. We elected not to attempt to simulate this soft tissue component
(Whealan et al., 2000; Whyne et al., 2000), as it would likely have had little effect on

the mechanical properties we measured. This model thus represents a condition in which
the tumor has been fully ablated by radiation, mechanical or thermotherapy procedures
(Masala et al., 2004) and thus the material properties of the lesion do not provide significant
contribution to vertebral strength (Whyne et al., 2000).

The fracture model chosen for this study, an anterior wedge model with 50% collapse,
results in significant structural damage to the vertebrae (Alkalay et al., 2008) and raises a
risk of retropulsion of bone with spinal cord or cauda equina compression, thus reflecting a
common clinical finding (Bostrom and Lane, 1997). Although the vertebral fracture patterns
observed in this study are similar to that reported clinically (Ferguson and Allen, 1984;
McAfee et al., 1983), the use of isolated vertebrae can only partially simulate the load
transfer expected when the vertebra functions as part of complete functional spinal units.
Furthermore, the loading conditions to which human vertebrae are exposed in vivo, and
their effect on the resulting clinical pattern of fracture, are not well understood. Both static
and instantaneous loads are likely to vary among patients in vivo and to contribute to
vertebral failure. For this study, we have chosen an axial compression loading protocol,
representing the simplest load pattern likely to be experienced by the spine during daily
activities (Panjabi and A. A. W., 1990). This choice was largely driven by the effort to

gain understanding of the vertebrae’s highly non-linear structural response prior to failure as
well as once failed. The number of vertebrae included represents a relatively small sample
size. The high standard deviation observed were the result of the highly non-linear structural
response of the vertebrae, composed of a high degree of buckling and the occurrence of
plastic deformation zones. This resulted in the vertebrae demonstrating multiple failure
events during the failure process. To compensate for the relatively small sample size, we
employed a repeated measure study design with the intact vertebrae acting as controls.

This experimental design is able to partition the variability caused by individual differences
yielding increased F-value due to a smaller sum of squares error term (JMP, SAS, NC).
Power calculation (JMP) demonstrated the model to have p = 0.82 for the geometrical
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measurements and B = 0.84 for the mechanical tests. Hence, with the relatively small
number of specimens and test conditions incomplete, i.e. single vertebra and limited applied
load case, the regression models presented are not aimed at establishing causation but are
solely aimed at highlighting the effect of failure on the change in structural response of the
vertebrae.

Metastases vary in size, anatomy, and effects on vertebral strength. In vitro testing allows
standardization of the lesion, control of the loading conditions and also permits consistent
experimental conditions. Any model must simplify these factors. The study strengths is its
experimental approach to investigate the effects of lytic destruction of the vertebral body
and cortex on the load carrying capacity of an intact and then failed human vertebrae. In
particular, the study quantified the effects of the defect on the relationship between the
strength and stiffness parameters underlying the change in the structural response of the
affected vertebra. Previous studies on the role of osteolytic defect were largely theoretical
(Tschirhart et al., 2004, 2006, 2007; Whyne et al., 2001, 2003), whilst the study by Whealan
et al., (Whealan et al., 2000) reported only the effects of the defect on the ultimate failure
load of the vertebrae. To the best of our knowledge, this is the first study, either experimental
or theoretical, to investigate the effects of osteolytic defect on the structural response of
failed human vertebrae. It is also the first study to quantify the effect of failure on the
degradation in residual load carrying capacity of vertebrae with simulated lytic defects.
These insights into the effect of lytic defects on the structural response and failure patterns
of human vertebrae represent substantial advances over current knowledge.

5. Conclusion

Inclusion of a large, solitary, uncontained lytic defect resulted in rapid failure of the
vertebrae. The vertebrae exhibit a complex failure pattern that is initiated by the buckling
of the vertebral cortex followed by increased involvement of the vertebral bone. Once
failed, the vertebrae showed a highly significant degradation of their load carrying capacity
with little or no recovery of vertebral geometry. The observed changes in the relationships
between the strength to stiffness parameters further suggested the failure of vertebrae with
osteolytic defects to significantly degrade their structural capacity.
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Refer to Web version on PubMed Central for supplementary material.
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Test work flow

A schematic diagram of the testing device used to apply combined compression and flexion
loads onto the vertebral specimens. 3 mm rubber sheets located on either side of the vertebra
allowed a more uniform transfer of load between the test device and the vertebra. Coarse-grit
sandpaper, bonded on the outer side of the rubber sheets (Fig. 1) provided containment

of the vertebra to the testing assembly whilst keeping the strengthening effect of cement
embedding of the vertebra on the resulting vertebral deformations to a minimum. Required
test displacement at the actuator, D, of the material testing system was computed from the
equation (Alkalay et al., 2008) with (H(A)): anterior height of the vertebra (intact, failed), @

sagittal: the sagittal diameter of the upper endplate measured from the X-rays.
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Fig. 2.
The change the geometry of the vertebral body, summarized using the computed vertebral

deformity index (VDI), with failure and subsequent recovery as a function of vertebral
levels. (Error bars indicate the standard deviation of the mean).
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under increasing magnitude of combined axial compression and anterior flexion moment.
The intact response is presented in subfigures (A and B), and the corresponding failed

response in subfigures (C and D).
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The effect of failure on the correlation between strength and stiffens parameters underlying
the structural response of the vertebrae. The significant changes in the flexion yield strength
of the failed vs. intact vertebrae, demonstrates the loss in the contribution of the cortex to the
structural competence of the vertebrae.
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Table 1

Specimen identification, vertebral bone properties, and the change in the vertebral anterior and posterior

heights as a function of test condition.

Page 17

Donor Level Age H/W BMD  Vertebral body heights (mm)

(sex)  (cm/kg) (gem?) HA_l HPI VDIl HAF HPF VDI_F HALR HPR VDI_R
22408 T12 62 (F) 158/56 0.37 225 254 114 20.8 244 14.8 21.9 24.8 11.7
121101 L1 78 (F)  147/52 0.21 29 27.8 -43 23 23 0.0 24 24.5 2.0
1503 71(F)  156/56 0.41 245 26.2 6.5 20 24.3 17.7 21.2 24.6 13.8
22408 0.35 27.8 30 7.3 22 28.6 231 215 25 14.0
121101 L2 0.17 24 26.6 9.8 18.6 22.5 17.3 20 24 16.7
1503 0.44 27 28 3.6 23 26.7 13.9 25 26.8 6.7
22408 0.35 28.3 28.8 1.7 22 25 12.0 244 27 9.6
1503 L3 0.44 28.3 26 8.8 21 24 12,5 235 24.9 5.6
22408 0.33 30 27 -11.1 23 25 8.0 235 253 7.1
51106 65(F)  152/57 0.51 30.86 32.88 6.1 27.78 29.9 7.1 28 30.5 8.2
1503 0.46 29 255 -13.7 26 26.5 1.9 27.3 27.3 0.0
2003 66 (F)  163/59 0.34 28.7 29.6 3.0 22.3 28.8 22.6 253 29 12.8
22408 0.35 33 30.8 -71 28.5 30 5.0
51106 0.49 31.2 32.8 4.9 24.7 29.4 16.0 27.6 30.3 8.9
1503 L5 0.64 29.6 247 -198 21 22.3 5.8 25.2 22.6 -115
2003 0.51 26.6 27.3 2.6 18.3 22.7 19.4 19.6 23 14.8
22408 0.50 32 31 -32 28.8 29.3 1.7 28.8 30.3 5.0
51106 0.67 311 24 -29.6 -242 253 4.3 26 275 55

HA_I, HP_I; HA_R, HP_R: Anterior and Posterior heights of the vertebral body in its Intact (pre-test) and post-Recovery; BMD: Bone Mineral
Density. VDI: Vertebral Deformity Index (%).
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Comparison of the mechanical parameters associated with the load—-displacement response of the intact and

failed vertebrae.

Table 2

Characteristic | Parameter Intact Failed p(I-F)

Compression oU(N) 2246.3 (897.0) | 1409.1(693.2) | <0.001

S(N/mm) | 382.1(194.2) | 250.1(130.3) | <0.05

Flexion oU(Nm) 62.7 (26.3) 36.9 (21.4) <0.01
S(Nm/mm) 11.4 (5.3) 9.2 (10.9) NS

A-P shear aU(N) 502.3 (278.4) | 308.6(195.8) | <0.01

S(N/mm) 105.6 (39.7) 62.7 (41.9) <0.01

Lateral Bend oU(Nm) 13.1(17.2) 5.6 (5.3) <0.05
S(Nm/mm) 0.9 (2.7) 0.4 (1.7) NS
M-L shear aU(N) 18.9 (33.8) 0.2 (41.60 NS
S(N/mm) 0.9 (3.4) 2.0 (5.6) NS

A-P: along the Anterior-Posterior vertebral plane, M-L: along the transverse vertebral plane.

oy: Yield strength, oU: Ultimate strength. S: Stiffness. (I-F): Intact vs. Failed. Values presented in mean (SD). NS: p > 0.05.
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