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Abstract

Finite element (FE) models built from quantitative computed tomography (QCT) scans can 

provide patient-specific estimates of bone strength and fracture risk in the spine. While prior 

studies demonstrate accurate QCT-based FE predictions of vertebral stiffness and strength, the 

accuracy of the predicted failure patterns, i.e., the locations where failure occurs within the 

vertebra and the way in which the vertebra deforms as failure progresses, is less clear. This study 

used digital volume correlation (DVC) analyses of time-lapse micro-computed tomography (µCT) 

images acquired during mechanical testing (compression and anterior flexion) of thoracic spine 

segments (T7–T9, n = 28) to measure displacements occurring throughout the T8 vertebral body at 

the ultimate point. These displacements were compared to those simulated by QCT-based FE 

analyses of T8. We hypothesized that the FE predictions would be more accurate when the 

boundary conditions are based on measurements of pressure distributions within intervertebral 

discs of similar level of disc degeneration vs. boundary conditions representing rigid platens. The 

FE simulations captured some of the general, qualitative features of the failure patterns; however, 

displacement errors ranged 12–279%. Contrary to our hypothesis, no differences in displacement 

errors were found when using boundary conditions representing measurements of disc pressure vs. 

rigid platens. The smallest displacement errors were obtained using boundary conditions that were 

measured directly by DVC at the T8 endplates. These findings indicate that further work is needed 

to develop methods of identifying physiological loading conditions for the vertebral body, for the 

purpose of achieving robust, patient-specific FE analyses of failure mechanisms.
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 1. Introduction

Vertebral fractures are the most common type of osteoporotic fracture (Burge et al., 2007) 

and are associated with increased morbidity and excess mortality. Prevalent vertebral 

fracture increases the risk of subsequent vertebral and hip fracture two- to three-fold (Black 

et al., 1999; Cauley et al., 2007; Klotzbuecher et al., 2000), and there is a 20% increased risk 

of death five years following clinical vertebral fracture (Cooper et al., 1993). Current 

methods of estimating fracture risk in the spine are based on measurements of bone mineral 

density (BMD) by dual-energy x-ray absorptiometry (DXA). However, BMD explains only 

approximately 60% of the variation in vertebral strength (Cheng et al., 1997), and almost 

half of patients with vertebral fracture do not exhibit osteoporotic values of BMD (Kanis et 

al., 2002). Finite element analysis (FEA) of quantitative computed tomography (QCT) scans 

of the vertebra has long been proposed as an improved method (Faulkner et al., 1993; 

Keaveny, 2010; Zysset et al., 2013). Given the use of QCT-based FEA for evaluating 

osteoporosis therapies and other drug treatments (Gluer et al., 2013; Keaveny et al., 2007), 

sex-related differences in bone strength (Christiansen et al., 2011), and implant designs 

(Polikeit et al., 2003), the accuracy of this method must be fully established.

Prior studies have found that QCT-based FEA can provide good predictions of vertebral 

stiffness and strength, yet the evidence regarding predictions of failure patterns, i.e., the 

locations where failure occurs within the vertebra and the way in which the vertebra deforms 

as failure progresses, is less clear. Compressive stiffness and strength computed by QCT-

based FEA are highly correlated with values measured in laboratory tests (Bozic et al., 1994; 

Buckley et al., 2007b; Crawford et al., 2003; Dall'Ara et al., 2012; Imai et al., 2006; Wang et 

al., 2012). QCT-based FE estimates of vertebral strength under compressive loading are also 

associated with fracture even after adjusting for BMD (Kopperdahl et al., 2014; Wang et al., 

2012) and discriminate between fracture and non-fracture cohorts better than BMD (Imai et 

al., 2006). However, QCT-based FEA has not performed as well for anterior flexion 

(Buckley et al., 2007a; Dall'Ara et al., 2010). Studies also suggest that FEA predictions of 

vertebral failure patterns can be inaccurate because of the highly non-uniform loading 

applied across the vertebral endplates by the adjacent intervertebral discs (IVDs) (Adams 

and Roughley, 2006; Clouthier et al., 2015; Hussein et al., 2013b; Jones and Wilcox, 2008; 

Maquer et al., 2015; Maquer et al., 2014). Moreover, the impact of the choice of material 

properties for bone tissue, and in particular the yield criterion, on the accuracy of the FEA 

predictions of failure patterns has not been addressed.

The goal of this study was to assess the accuracy of QCT-based FEA in predicting vertebral 

failure patterns. QCT-based FEA calculations of displacements throughout the vertebral 

body were compared to those measured via digital volume correlation (DVC) analyses of 

micro-computed tomography (µCT) images acquired as the vertebrae were loaded to the 

ultimate point. The specific objectives were to evaluate the accuracy of the FEA-computed 

displacements: (1) for different boundary conditions, representing either rigid platens or 

IVDs; (2) in two different loading modes (axial compression, axial compression combined 

with anterior flexion); and (3) for different yield criteria. We hypothesized that boundary 

conditions based on specimen-specific data on IVD degeneration would improve the FEA 

predictions, for both loading modes and both yield criteria.
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 2. Materials and methods

 2.1. Specimen Preparation

Twenty-eight T7–T9 spine segments were dissected from fresh-frozen human spines (age: 

35–91 years; mean ± stdev: 71.2 ± 14.2 years; 16 male, 12 female) and were potted in 

polymethyl methacrylate (PMMA) (Fig. 1A). Specimens were kept hydrated at all times 

and, when not in use, wrapped in saline-soaked gauze, sealed in plastic bags, and stored at 

−20 °C.

 2.2. Mechanical testing and imaging

The spine segments were randomly assigned for testing under axial compression 

(“compression”, n = 14) or axial compression with anterior flexion (“flexion”, n = 14). Each 

segment was first imaged with QCT (GE Lightspeed VCT; GE Health-care, Milwaukee, WI; 

0.3125 × 0.3125 × 0.625 mm3/voxel) and then placed in a radiolucent device for mechanical 

testing. Testing involved stepwise loading (0.5 mm per step at 0.25 mm/s for compression; 

0.25 mm and 0.5° per step, at 0.25 mm/s and 0.5°/s, for flexion) applied via screws within 

the device (Jackman et al., 2015) (Fig. 1B; Supplemental material). A µCT scan (µCT 80; 

Scanco Medical, Brüttisellen, Switzerland; 37 µm/voxel; 70 kVp, 114 mA, 300 ms) was 

performed at each step. The device was temporarily removed from the µCT scanner 

following each scan, to avoid damaging the scanner when turning the loading screws. 

Stepwise loading continued to failure, identified by visible deformation in the T8 vertebral 

body in lateral scout views acquired prior to each µCT scan.

For flexion, the compressive force and flexion moment experienced by the spine segment 

were obtained using a calibration layer as a low-profile multiaxial load cell (Supplemental 

material) (Jackman et al., 2015). For compression, a load cell (LLB450, Futek Advanced 

Sensor Technology, Irvine, CA) measured the axial force.

 2.3. Experimental measurement of failure patterns using digital volume correlation (DVC)

The displacements occurring through the T8 vertebral body at the peak of loading (defined 

as the ultimate point on the moment-angle curve and force–displacement curve for flexion 

and compression loading, respectively (Fig. 1B)) were quantified using a previously 

established method of DVC applied to the time-lapsed µCT images (Hussein et al., 2012). 

Briefly, image registration (IPL; Scanco Medical) was used to align the series of images, and 

then the T8 vertebral body was virtually subdivided into hexahedral with ~1.9 mm side 

lengths (Fig. 1C). This hexahedral mesh was constructed by mapping a cubic mesh onto the 

irregular geometry of the vertebral body (IA-FEMesh; MIMX, The University of Iowa, Iowa 

City, IA). The displacement of each node in the hexahedral mesh was estimated using a 

custom optimization approach (Liu and Morgan, 2007; Richards, 2007). Any displacements 

in the pedicles and posterior elements were not analyzed, although these parts of the vertebra 

were present and intact during the mechanical testing.

 2.4. Measurement of pressure within IVDs

The pressure distributions within IVDs were measured for the purpose of estimating the 

loading that the IVD exerts across the vertebral endplates. These measurements were 
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performed in a separate cohort of spine segments (eight T9–T11 and 18 T10–T12 from 26 

donors aged 35–86 years; mean ± stdev: 68 ± 16 years; 16 male, 10 female) (DelMonaco et 

al., 2015). The segments were dissected and prepared for testing in the identical manner as 

used for the spine segments tested to failure. Following QCT imaging (0.3125 × 0.3125 × 

0.625 mm3 or 0.3906 × 0.3906 × 0.625 mm3), the specimens were affixed in a commercial 

test frame (Instron 8875, Canton, MA) and subjected to a compressive preload of 300 N for 

30 min (Adams et al., 2000; McNally and Adams, 1992) followed by a 500 N, axial 

compressive load in either an anteriorly flexed (5° flexion; n = 14) or an erect (0° flexion; n 
= 12) posture. A 1.3-mm-diameter, needle-tip pressure transducer (4F HP, Gaeltec Ltd., 

Dunvegan, Isle of Skye, UK) was inserted entirely through the disc and then retracted at 

approximately 1 mm/s while the gauge pressure and position within the IVD were recorded 

digitally. Measurements were performed along mid-sagittal and mid-coronal lines for both 

IVDs of the segment, producing a “pressure profile” along each midline (Adams et al., 

1996). Pressure was not measured in the superior IVD in one specimen because bridging 

osteophytes prevented insertion of the transducer. Specimens were kept hydrated throughout 

testing by a wrapping of PBS-soaked gauze.

 2.5. Non-invasive assessment of IVD degeneration

Using the QCT image of a mid-transverse cross-section of each IVD in both cohorts, a 

trained observer assigned each IVD an “apparent loss of disc integrity” (ALDI) score 

(Hussein et al., 2013a). Clear demarcation between the presumptive nucleus pulposus and 

annulus fibrosus indicates a healthy IVD, while a loss of discernibility of the nucleus 

pulposus indicates degenerative changes.

 2.6. QCT-Based FEA

Voxel-based FE models of T8, including the entire vertebral body and posterior elements, 

were generated from QCT images by converting each voxel into a hexahedral element of 

0.625 mm side length. The mesh for each FE model consisted of approximately 90,000 

elements and the run-time ranged 5–10 h (2.6 GHz, Intel Xeon E5-2670 processor with 128 

GB shared RAM).

Linear elastic material properties and uniaxial yield strength (σy, MPa) were assigned based 

on local bone mineral density (ρQCT, mg/cc), averaged for each finite element. The elastic 

modulus along the axial direction (Ezz, MPa) and σy were computed as (Kopperdahl et al., 

2002):

(1)

(2)

Any negative moduli obtained from Eq. (1) for elements with low ρQCT caused, for example 

by air bubbles were assigned an elastic modulus of 0.1 kPa. Both Ezz and σy were scaled by 

a factor of 1.28 to account for side-artifact errors (Bevill et al., 2007).
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Two yield criteria were used: a crushable foam (CF) plasticity model and the von Mises 

(VM) criterion (Abaqus FEA 6.12, Dassault Systèmes, Vèlizy-Villacoublay, France). In the 

former, the yield surface is a function of the hydrostatic pressure (p) and von Mises stress 

(q). This function describes an ellipse in the p–q plane and is completely defined by σy and 

the ratios

(3)

(4)

where pc,y and pt,y are the vertices of the ellipse along the p-axis and, in this study, were 

assigned values of 1.181 and 0.540, respectively (Kinzl et al., 2013) (Supplemental 

material). Use of the CF criterion required isotropic elastic properties (Dassault Systèmes, 

2012). The elastic modulus was assigned according to Eq. (1), and the Poisson's ratio was 

set to 0.381. For the VM yield criterion, transversely isotropic elastic properties were 

assigned (Unnikrishnan et al., 2013). For both CF and VM criteria, the post-yield behavior 

was perfectly plastic.

For each T8 FE model, four different boundary conditions, representing different types of 

endplate loading, were applied (Fig. 2). The first, “Experimentally Matched”, were the 

displacements measured by DVC at the superior and inferior endplates for that vertebra. 

This type of boundary condition would not be available clinically, but it provides a best-case 

scenario for the accuracy of the FEA predictions. The second type, “Idealized”, represents 

loading between rigid platens: for flexion, a uniform compressive displacement combined 

with a uniform angular displacement was applied to the superior endplate; for compression, 

a uniform compressive displacement was applied. To allow comparisons between the 

Idealized and Experimentally Matched simulations, the magnitudes of the uniform 

displacements used in the Idealized loading were set as equal to the respective specimen-

specific averages of the Experimentally Matched displacements across the endplate.

The third and fourth types of boundary conditions, “IVD-Generic” and “IVD-Specific”, 

were created using the IVD pressures measured in the separate cohort of specimens. The 

pressure profiles were resampled at fixed percentages of the width of the IVD, and then were 

normalized by a scaling factor such that the area underneath the profile was the same for 

every IVD of each loading mode. These normalized profiles were averaged for ALDI scores 

of 0–1, for scores of 2, and across all IVDs to obtain average pressure profiles for each 

loading mode (i.e., flexion and compression) for moderately healthy, degenerated, and all 

IVDs, respectively. The last of these averaged profiles was used for the IVD-Generic 

boundary condition, and one of the first two profiles was used for the IVD-Specific 

condition, depending on the ALDI score of the IVD adjacent to the endplate in the vertebra 

being modeled. Mid-coronal profiles were modeled as an isosceles trapezoid based on 

pressure profiles observed experimentally and in FE simulations (Jacobs et al., 2014). The 
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mid-coronal and mid-sagittal profiles were interpolated in the transverse plane of the IVD to 

produce an applied distributed load on the superior endplate. The distributed load was scaled 

uniformly such that the total applied force matched the force developed across the endplate 

when Experimentally Matched boundary conditions were applied.

For 24 specimens, only small displacements (<0.2 mm) were observed at the inferior T8 

endplate, thus this endplate was fixed in the Idealized, IVD-Generic, and IVD-Specific 

boundary conditions. The remaining four specimens (all compression) experienced failure in 

the inferior endplate, and only small displacements (<0.2 mm) were observed in the superior 

endplate. For the FE models of these four, the superior endplate was fixed and the loading 

was applied to the inferior endplate.

The element size (0.625 mm) was half that used in a prior study that used similar material 

properties when simulating vertebral failure (Kinzl et al., 2013). Ancillary analyses 

demonstrated that decreasing the element size by two-fold did not change the results of the 

comparisons of DVC-measured vs. FE-computed displacements.

 2.7. Statistical analyses

Pearson correlation analyses were used to assess correlations between the experimentally 

measured displacements throughout the interior of T8 and the corresponding FE-computed 

displacements (Matlab R2014a, Mathworks, Natick, MA). One correlation analysis was run 

separately for each specimen, boundary condition, and yield criterion (Fig. 3). For these 

correlations, the nodal FE displacements were averaged over 2 mm regions to match the 

spatial resolution of the DVC measurements. Points with measured displacements lower 

than the DVC detection limit (three times the standard deviation of the DVC displacement 

error (0.0556 mm)) were excluded (Ghosh et al., 2012), as were the displacements along the 

endplates because these were used as input when constructing the Experimentally Matched 

boundary conditions. The correlation coefficients were compared among boundary 

conditions and yield criteria in a pairwise fashion (Steiger, 1980) with Bonferroni correction 

to account for the multiple comparisons. As a measure of accuracy, the median percent error 

between measured and FE-computed values of displacements was computed for each 

specimen. This error was analyzed using a repeated-measures ANOVA with boundary 

condition and yield criterion as the within-subjects factors and loading mode as the between-

subjects factor (JMP 11, SAS Institute, Cary, NC). Paired t-tests with Bonferroni correction 

were used as post-hoc tests. The significance level for all statistical analyses was 0.05.

 3. Results

For flexion loading, the FE simulations captured some of the general, qualitative features of 

the deformation experienced by the T8 vertebra; however, the Idealized, IVD-Specific, and 

IVD-Generic models did not predict the localized deformation occurring superiorly (Fig. 4). 

Poor qualitative match was also observed for these three boundary conditions in 

compression loading (Fig. 5). For ten of the flexion specimens and 11 of the compression 

specimens, the correlation coefficients for FE-computed vs. measured displacements were 

higher (p < 0.001) for the Experimentally Matched boundary conditions as compared to the 

other three boundary conditions, for each yield criterion (Fig. 6). Among the remaining four 
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specimens, no consistent differences in correlation coefficients were found between the 

Experimentally Matched boundary condition and any one of the other boundary conditions. 

Similarly, among all 28 specimens, no consistent differences in correlation coefficients were 

found among IVD-Specific, IVD-Generic, and Idealized boundary conditions, or between 

yield criteria. For one flexion specimen, displacements measured throughout the vertebral 

body remained small (≤ 0.3 mm) for the duration of loading, and poor agreement between 

measured and FE-computed displacements was observed for all boundary conditions and 

yield criteria (r < 0.17, Fig. 6).

The accuracy of the FE-computed displacement fields was higher in flexion compared to 

compression (p = 0.009) and differed among boundary conditions (p < 0.001) in a manner 

that depended on loading mode (interaction effect: p = 0.009) (Fig. 7). For both loading 

modes, the median displacement errors were lower for Experimentally Matched vs. all other 

boundary conditions; however, in flexion loading, the errors were lower for also lower for 

IVD Generic vs. Idealized boundary conditions. Over all simulations, the median 

displacement error ranged 12–279%. The displacement errors did not depend on yield 

criterion (p = 0.416) or the interaction between yield criterion and any of the other factors (p 
> 0.073).

 4. Discussion

The goal of this study was to assess the accuracy of QCT-based FEA in predicting vertebral 

failure patterns. Four different types of boundary conditions were investigated, to test the 

hypothesis that boundary conditions that incorporate specimen-specific data on disc 

degeneration would provide more accurate predictions. The results did not support our 

hypothesis. Simulations using boundary conditions based on pressure profiles from IVDs of 

comparable health were no more accurate than those using boundary conditions derived 

from generic pressure profiles. Moreover, neither IVD-based boundary condition produced 

smaller displacement errors than the platen boundary condition. The accuracy of the 

predicted failure patterns was better when using boundary conditions based on 

displacements measured at the vertebral endplates. These results emphasize that assumptions 

regarding boundary conditions can negatively impact the fidelity of the FE results. Further 

work is needed to develop methods of identifying physiological loading conditions for the 

vertebral body, for the purpose of achieving robust, patient-specific FEA of failure 

mechanisms.

The primary strength of this study is the quantitative measurement of vertebral failure 

patterns and IVD pressure profiles. These measurements enabled direct evaluation of the 

accuracy of the failure patterns predicted by a clinically feasible, QCT-based method for 

constructing a patient-specific FE model of the vertebra, complete with patient-specific 

estimates of boundary conditions. The comparison among boundary conditions that ranged 

from highly idealized to experimentally matched revealed the magnitude of the impact of 

each level of simplification.

This study also has limitations. First, the FE and DVC meshes differed from each other in 

spatial resolution and node locations. These differences arose from constraints imposed by 
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the minimum region size required for sufficient accuracy in the DVC calculations, 

convergence requirements for the FEA, and the desire to use voxel-based meshes (as 

opposed to meshes that conform to the surfaces of the vertebral body) because of their 

frequent use in QCT-based FEA. Despite region-averaging of the FE displacements, the 

differences in meshes likely introduced some imprecision in comparing DVC and FE 

displacements, particularly in regions of large displacement gradients. Second, the IVD-

based boundary conditions were constructed from pressures measured at different spinal 

levels and, due to the upper limit of the pressure transducer, at a lower applied force (500 N) 

than those occurring at the loading step modeled in the FEA (760–3880 N in compression). 

Although linearity between applied load and IVD pressure has been demonstrated 

(Pollintine et al., 2004), the shape of the pressure profile may change at the brink of 

vertebral failure. It is also possible that the ALDI scoring is not sufficiently sensitive for 

assignment of IVD-based boundary conditions. This may explain why the IVD-Specific 

simulations were no more accurate that the IVD-Generic ones. Another category of 

limitations pertains to some non-physiologic aspects of the experiments. The partial filling 

of T7 and T9 with PMMA may have affected the load distribution transmitted to T8. Also, 

each loading step involved a hold period because the duration of each µCT scan was 3–4 h. 

The exudation of fluid from IVDs during the sustained loading could dampen differences in 

vertebral loading between healthy vs. degenerated IVDs (McMillan et al., 1996). However, 

creep loading is widely believed to contribute to vertebral fractures in the elderly, and hence 

the long duration of loading may be very relevant to fractures in this population. Finally, 

although the axial force and anterior flexion moment that developed during mechanical 

testing were measured, these quantities are the loads applied to the entire segment, not 

specifically to the T8 vertebral body (Supplemental data). Hence, we could not perform a 

direct assessment of the accuracy of the FE-computed values of vertebral strength.

Progress in IVD imaging may provide a path towards defining patient-specific vertebral 

loading. For example, endplate boundary conditions obtained from magnetic resonance 

imaging (MRI)-based FE modeling of IVDs have aided predictions of failure patterns made 

with high-resolution peripheral QCT (HR-pQCT)-based FE models (Maquer et al., 2015). 

MRI protocols that resolve the condition of the IVD and, separately, the cartilaginous 

endplate (Bae et al., 2013; Fields et al., 2015), may be particularly advantageous for 

estimating load transfer between IVD and vertebra.

Yet our results also indicate that boundary conditions are not the only salient source of error 

in the FE predictions. Even for the Experimentally Matched simulations, the median 

displacement error was greater than 50% for many specimens. Some of this error may be 

due to errors in the DVC measurements, though excluding points below the DVC error 

threshold reduced this possibility. Large errors in FE predictions were found for both sets of 

material properties, which differed in elastic anisotropy and yield criterion but not post-yield 

constitutive behavior. Recent studies have shown good qualitative correspondence between 

patterns of frank vertebral collapse observed at very large applied displacements vs. patterns 

predicted by FE analyses using a damage-plastic constitutive model (Clouthier et al., 2015; 

Hosseini et al., 2014). In contrast, further refinements to the modeling of elastic anisotropy 

have only a minor effect on FE predictions of vertebral deformation (Unnikrishnan et al., 

2013). Thus, while the present study focused on the ultimate point as opposed to the ensuing 
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frank collapse, improved modeling of the yield and post-yield behavior of bone tissue may 

increase the fidelity of the FE results.

In summary, the findings presented here indicate that QCT-based FEA does not perform well 

in predicting vertebral failure patterns. Despite ample evidence that this FEA approach can 

accurately predict the compressive stiffness and strength of the vertebra, our findings 

emphasize that prediction of stiffness and strength is not the same as prediction of whole 

bone structural behavior. Further development of QCT-based FEA is required to allow broad 

applicability of this approach in modeling failure mechanisms in the spine.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) Preparation of the T7–T9 spine segments (grey = PMMA; cross-hatch = IVD; white = 

bone); (B) Mechanical testing involved stepwise loading with a µCT scan performed at each 

loading step; the asterisk denotes the peak of loading, which was the loading step used for 

comparison of the measured and FE-computed displacements; (C) Experimental procedure 

for image processing in preparation for digital volume correlation; The output of the digital 

volume correlation are the displacements occurring throughout the T8 vertebral body, 

though only the axial displacements on the surface of T8 are depicted in the figure.
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Fig. 2. 
(Left) Measured mid-sagittal pressure profiles averaged for moderately healthy (ALDI = 0–

1), degenerated (ALDI = 2), and all (ALDI = 0–2) IVDs loaded under (A) flexion and (F) 

compression; (Right) Color maps of the distributed load across the superior endplate for (B) 

Experimentally Matched, (C) Idealized, (D) IVD-Generic, and (E) IVD-Specific boundary 

conditions for flexion and (G) Experimentally Matched, (H) Idealized, (I) IVD-Generic, and 

(J) IVD-Specific boundary conditions for compression.
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Fig. 3. 
Scatter plot of FE-computed and measured displacements for each of the four boundary 

conditions and the CF yield criterion, for three representative specimens loaded in flexion: 

prior to computing the Pearson correlation coefficient, the measured and FE-computed 

displacements were transformed to fit a log-normal and a Johnson SU distribution, 

respectively, to achieve approximately Gaussian distributions of the data.
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Fig. 4. 
For flexion: (A) three-quarter section view of a representative T8 vertebral body before 

loading (gray) and at the load increment following peak of loading (blue); (B–J) three-

quarter section views of measured and FE-computed axial displacements (positive values are 

downward displacements) at the load increment following peak of loading, for CF (C–F) and 

VM (G–J) yield criteria. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.)
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Fig. 5. 
For compression: (A) three-quarter section view of a representative T8 vertebral body before 

loading (gray) and at the load increment following peak of loading (blue); (B–J) three-

quarter section views of measured and FE-computed axial displacements (positive values are 

downward displacements) at the load increment following peak of loading, for CF (C–F) and 

VM (G–J) yield criteria. (For interpretation of the references to color in this figure legend, 

the reader is referred to the web version of this article.)
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Fig. 6. 
Pearson correlation coefficients for the correlations between FE-computed and measured 

displacements for all four boundary conditions using CF and VM yield criteria, for both 

flexion and compression loading; in all four plots, the line color corresponds to the ALDI 

score of the T7/8 IVD (blue = 0, black = 1, red = 2), and for a given ALDI score each 

specimen is indicated with a different symbol. The three specimens used for the scatterplots 

in Fig. 3 are denoted with a horizontal black arrow. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. 
Median percent error for FE-computed axial displacements compared to the measured 

displacements, for the CF and VM yield criteria and both loading modes. For both loading 

modes and both yield criteria, the median percent errors were lower for the Experimental 

Matched vs. all other boundary conditions (* p < 0.001). For flexion loading and both yield 

criteria, the errors were lower for the IVD-Generic vs. Idealized boundary condition (# p = 

0.004).
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