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Abstract

Ancillary evaluation of spinal Dual-energy X-ray Absorptiometry (DXA) via variogram-based 

texture evaluation (e.g., Trabecular Bone Score) is used for improving the fracture risk assessment, 

despite no proven relationship with vertebral strength. The purpose of this study was thus to 

determine whether classical variogram-based parameters (sill variance and correlation length) 

evaluated from simulated DXA scans could help predicting the in vitro vertebral strength.

Experimental data of thirteen human full vertebrae (i.e., with posterior elements) and twelve 

vertebral bodies were obtained from two existing studies. Areal bone mineral density (aBMD) was 

calculated from 2D projection images of the 3D HR-pQCT scan of the specimens mimicking 

clinical DXA scans. Stochastic predictors, sill variance and correlation length, were calculated 

from their experimental variogram. Vertebral strength was measured as the maximum failure load 

of human vertebrae and vertebral bodies from mechanical tests.

Vertebral strength correlated significantly with sill variance (r=0.727) and correlation length 

(r=0.727) for the vertebral bodies, and with correlation length (r=0.593) for full vertebrae. 
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However, the stochastic predictors improved the strength prediction made by aBMD alone by only 

11 percent for the vertebral bodies while no improvement was observed for the full vertebrae.

Despite a correlation, classical variogram parameters such as sill variance and correlation length 

do not enhance the prediction of in vitro vertebral strength beyond aBMD. It remains unclear why 

some variogram-based evaluations of DXA improve fracture prediction without a proven 

relationship with vertebral strength.
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1. Introduction

Areal bone mineral density (aBMD) measured from lumbar dual-energy X-ray 

absorptiometry (DXA) is the gold standard for assessing the risk of vertebral fractures 

(WHO, 2003). However, aBMD measures cannot account for other factors associated with 

fracture risks, such as architecture, turnover, damage accumulation and mineralization (NIH, 

2000). Consequently, overlaps among BMD have been observed for subjects with and 

without osteoporotic fractures (Hui et al., 1988; Schuit et al., 2004). Therefore, it is 

necessary to develop techniques that are complementary to aBMD to predict bone fragility.

Texture parameters from DXA images may help distinguishing subjects with and without 

osteoporotic fractures. Indeed, several clinical studies demonstrated the effectiveness of the 

trabecular bone score (TBS), one of these textural indices, in improving the prediction of 

bone fractures (Martineau and Leslie, 2017). However, the foundation of TBS in assessing 

bone strength has not been well established as only a few ex vivo and in vivo studies are 

available in the literature (Pothuaud et al., 2008; Pothuaud et al., 2009; Roux et al., 2013; 

Winzenrieth et al., 2013). Inconsistent results have been reported for the relationship 

between the TBS and microarchitecture of trabecular bone (Bousson et al., 2012; Bousson et 

al., 2015). In particular, trabecular thickness is not associated with the TBS. Additionally, no 

significant correlation was observed between the lumbar TBS and vertebral strength 

measured from mechanical testing although the significant correlation between TBS and 

vertebral stiffness was observed (Roux et al., 2013). On the other hand, a recent study has 

presented significant correlation (r=0.63, p<0.001) between TBS and vertebral strength on 

35 human vertebrae from 13 human subjects (Tran et al., 2017). Furthermore, the “initial 

slope of the variogram”, foundation of TBS, is not associated with vertebral strength 

(Maquer et al., 2016).

Stochastic predictors such as sill variance (c) and correlation length (L) are also texture 

parameters derived from the experimental variogram of DXA scans (Dong et al., 2010; 

Dong et al., 2013; Dong et al., 2015; Dong et al., 2015). In a previous study, sill variance 

and correlation length were used to assess the inhomogeneity of BMD from lumbar DXA 

scans (Dong et al., 2015) and were shown to correlate significantly with trabecular 

microarchitecture parameters determined from 3D Micro-CT scans of human vertebrae. 
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Consequently, the objective of this study was: 1) to examine the relationship between 

stochastic predictors from simulated DXA scans and vertebral strength measured from 

mechanical testing; 2) to investigate whether a combination of aBMD and stochastic 

predictors would enhance the prediction of vertebral strength than using aBMD alone.

2. Materials and Methods

2.1 Specimen preparation, imaging, and mechanical testing

Experimental data of human whole vertebrae with intact posterior elements (i.e., human 

vertebrae) and vertebral bodies without posterior elements were obtained from two existing 

studies (Chevalier et al., 2008; Lu et al., 2014).

The first data set consisted of thirteen human vertebrae (T12) from thirteen female donors 

(age: 80.1± 7.6 years old, range: 65-95 years) (Lu et al., 2014). Human vertebrae (Fig.1a) 

were scanned with an HR-pQCT system (XtremeCT, Scanco Medical, Zurich, Switzerland) 

with a voxel size of 82 μm. The specimens were stripped from all soft tissues but the 

intervertebral discs and fixed to a servo-hydraulic testing machine (Bionix 858.2, MTS 

Systems, Eden Prairie, MN, USA). After preconditioning, a quasi-static uniaxial 

compression (6 mm/min) was applied on each spinal segment with a 4° angle until anterior 

failure of the human vertebrae (Fig.1b). The vertebral strength of human vertebrae was 

calculated as the maximum force (Fmax) sustained by human vertebrae before failure (Lu et 

al., 2014).

The second data set included twelve cadaveric lumbar vertebral bodies acquired from four 

male donors (age: 66.5±14.9 years old; range: 47-83 years old) (Chevalier et al., 2008). 

After intervertebral discs and soft tissues were removed, the vertebral bodies were embedded 

with 10-mm-thick polymethylmethacrylate (PMMA) with 4 mm thickness above their 

superior and inferior endplates (Chevalier et al., 2008). Then, the vertebral bodies were 

scanned at 82 μm resolution with the HR-pQCT system (Fig.1e). Compressive tests were 

conducted on the vertebral bodies with a servo-hydraulic testing system (5560 Table Model, 

Instron, Norwood, MA, USA) under a constant displacement rate of 5 mm/min (Fig.1f). The 

vertebral strength was defined as the maximum force (Fmax) sustained by vertebral bodies 

before failure (Chevalier et al., 2008).

2.2 Simulated DXA scans and stochastic predictors

The three-dimensional HR-pQCT images were used to create two-dimensional projection 

images of human vertebrae (Fig.1c) and vertebral bodies (Fig.1g), mimicking clinical DXA 

scans in the posterior-anterior direction with a resolution of 0.901 mm × 1.008 mm 

(Burghardt et al., 2009; Dall’Ara et al., 2012; Maquer et al., 2016). Areal bone mineral 

density (aBMD) was obtained for each specimen by averaging the projected BMD values of 

simulated DXAs (Burghardt et al., 2009; Maquer et al., 2016).

Furthermore, the spatial heterogeneity of simulated DXA scans was described by 

experimental variograms from human vertebrae (Fig.1d) and vertebral bodies (Fig.1h), 

which indicated how the variation of intensity between pixels located at various separation 

distances varied. Stochastic predictors (sill variance and correlation length) were calculated 
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by fitting an exponential model to the experimental variograms (Fig.1d and Fig.1h). Details 

regarding the stochastic predictors of 2D projection images (e.g., DXA scans) are available 

from previous publications (Dong et al., 2010; Dong et al., 2013; Dong et al., 2015; Dong et 

al., 2015). Briefly, the sill variance (c) is the a priori variance of the random field, towards 

which the variogram is converging. The correlation length (L) describes the local changes of 

spatial variation. The larger the correlation length, the smoother the local variations.

2.3 Statistical analysis

Pearson correlation analyses were performed to examine the relationship among aBMD, the 

stochastic predictors from simulated DXA scans and the vertebral strength (Fmax) from 

mechanical testing. Then, simple linear regression analyses were conducted to determine the 

association between Fmax and aBMD alone. Furthermore, multiple linear regression analyses 

were used to examine the dependency of Fmax on aBMD, c and L. Finally, partial correlation 

analyses were performed to examine the relationship between stochastic predictors and 

vertebral strength after adjusting by aBMD. Statistical analyses were performed with SPSS 

(Version 24, IBM, Armonk, NY) with a significance level at p < 0.05.

3. Results

The descriptive statistics of the vertebral strength, aBMD measurements and stochastic 

predictors from simulated DXA scans were summarized for both human vertebrae and 

vertebral bodies (Table 1). Shapiro-Wilk tests revealed that normal distributions were 

observed for these variables.

For human full vertebrae, Pearson correlation analysis (Table 2) indicated that vertebral 

strength was significantly correlated with aBMD (r=0.711, p=0.006) and correlation length 

(r=0.593, p=0.031, Fig.2a). A statistically non-significant positive correlation was observed 

between vertebral strength and sill variance (r=0.513, p=0.073, Fig.2b). aBMD was also 

significantly correlated with correlation length (r=0.558, p=0.048) and sill variance 

(r=0.736, p=0.004) for human vertebrae (Table 2). Correlation length also had a significantly 

positive correlation (r=0.900, p=0.001) with sill variance (Table 2).

In addition, simple linear regression indicated a significantly linear relationship between 

vertebral strength and aBMD for human vertebrae (R2=0.505, adjusted R2=0.460, p=0.001). 

Multiple linear regression analysis (Table 3) also indicated a significant relationship 

(R2=0.577, adjusted R2=0.436, p=0.001) between vertebral strength and a combination of 

aBMD and stochastic predictors. Collinearity was observed among independent variables, 

showing that the VIFs (Variance Inflation Factors) for aBMD, correlation length and sill 

were 2.256, 1.709 and 2.570, respectively. Partial correlation analysis indicated that the 

correlation between vertebral strength and correlation length was 0.344 (p=0.274) after 

adjusting for aBMD. Similarly, the correlation between vertebral strength and sill variance 

was −0.020 (p=0.950) after adjusting for aBMD.

For vertebral bodies, Pearson correlation analysis indicated that the vertebral strength was 

significantly correlated with aBMD (r=0.887, p=0.001), correlation length (r=0.727, 

p=0.007, Fig.3a) and sill variance (r=0.727, p=0.007, Fig.3b). Significantly positive 
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correlations were also found among aBMD, correlation and sill variance for vertebral bodies 

(Table 4).

Additionally, simple linear regression showed a significantly linear relationship between 

aBMD and vertebral strength for vertebral bodies (R2=0.787, adjusted R2=0.766, p=0.001). 

Multiple regression analysis from vertebral bodies indicated that a combination of aBMD 

and stochastic predictors from simulated DXA scans incrementally (R2=0.890, adjusted 

R2=0.849, p=0.001, Table 5) improved the prediction of vertebral strength compared to 

aBMD alone. Collinearity was examined and VIFs for aBMD, correlation length and sill 

variance were 3.045, 5.707 and 9.251, respectively. Partial correlation analysis indicated that 

the correlation between vertebral strength and correlation length was 0.428 (p=0.189) after 

adjusting for aBMD. Similarly, the correlation between vertebral strength and sill variance 

was 0.055 (p=0.873) after adjusting for aBMD.

4. Discussion

This study demonstrates that the stochastic predictors from simulated DXA scans of human 

vertebrae and vertebral bodies are positively correlated with the vertebral strength. However, 

a combination of stochastic predictors and aBMD does not substantially enhance the 

prediction of vertebral strength than using aBMD alone.

Vertebral strength featured significantly positive correlations with the sill variance and 

correlation length of simulated DXA scans for vertebral bodies, and correlation length for 

human vertebrae. A previous study (Dong et al., 2013) also showed that the sill variance of 

2D projection images from the trabecular bone specimens of proximal human tibia was 

positively associated with its strength and elastic modulus. In another study (Dong et al., 

2015), it was observed that the sill variance of DXA scans of human vertebrae was 

correlated with the microarchitecture of trabecular bone within human vertebrae. In 

particular, sill variance was positively correlated with trabecular thickness, trabecular 

number, connectivity density and bone volume fraction. It is not a surprise that the vertebral 

strength, being partially determined from its microarchitecture, is also positively correlated 

with the stochastic predictors.

Areal bone mineral density (aBMD) of both human vertebrae and vertebral bodies also 

demonstrated significantly positive correlations with vertebral strength. The correlation 

between aBMD and vertebral strength was higher with the vertebral bodies (r=0.887) than 

with the full vertebrae (r=0.711) in this study. Such observation is consistent with the 

literature (Ebbesen et al., 1999; Perilli et al., 2012) and the consequence of the moderate 

contribution of the posterior elements to the load bearing capability of the vertebra despite 

increasing drastically the aBMD value in frontal DXA.

No substantial improvement of vertebral strength prediction could be demonstrated when the 

stochastic predictors are combined to aBMD. For the vertebral bodies, the improvement due 

to sill variance and correlation length was only of about 11 percent changes of adjusted R-

squared values. Multiple regression analysis (Table 5) indeed indicated an adjusted R-

squared value of 0.766 for a simple linear regression with aBMD alone and 0.849 for a 
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combination of stochastic predictors and aBMD. For the full vertebrae, the addition of the 

stochastic predictors to aBMD did not increase the power in predicting vertebral strength. A 

decrease of about 5 percent in adjusted R-squared values was even observed from simple 

linear regression (R2=0.460) to multiple linear regression (R2=0.436).

The lack of improvement by the stochastic predictors in predicting vertebral strength over 

aBMD may be a result of the collinearity. Strong correlations between aBMD, sill variance 

and correlation length were indeed observed for both full vertebrae (Table 2) and vertebral 

bodies (Table 4). Partial correlation analyses demonstrated that the correlations between 

vertebral strength and stochastic predictors of simulated DXA scans were not statistically 

significant after adjusting for aBMD. The vanishing of statistical significance could be due 

to strong correlations between aBMD and stochastic predictors.

This study relies on DXA scans simulated from 3D images of HR-pQCT, but aBMD values 

obtained from simulated and genuine DXAs are almost equivalent (Maquer et al., 2016). 

Despite this limitation, sill variance and correlation length appear to have positive 

correlations with vertebrae strength with and without intact posterior elements, but that they 

do not improve vertebral strength predictions compared to aBMD alone. Together, sill 

variance, correlation length, and “initial slope of the variogram” (Maquer et al., 2016) are 

enough to describe the entire variogram (i.e., the heterogeneity of the DXA). The 

effectiveness of variogram-based evaluation of spinal DXAs in improving the prediction of 

fractures made by aBMD remain therefore surprising.
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Figure 1. 
3D images of human vertebrae (a) and vertebral bodies (e) were acquired from HR-pQCT; 

Mechanical testing of human vertebrae (b) and vertebral bodies (f); Simulated DXA scans 

were generated by projecting the HR-pQCT images along the posterior-anterior axis of 

human vertebrae (c) and vertebral bodies (g); Stochastic predictors, correlation length and 

sill variance, were obtained by fitting an exponential model to the experimental variograms 

of the simulated DXA scans from human vertebrae (d) and vertebral bodies (h).
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Figure 2. 
Relationships between vertebral strength and the stochastic predictors, correlation length (a) 

and sill variance (b), from the simulated DXA images of human vertebrae.
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Figure 3. 
Relationships between vertebral strength and the stochastic predictors, correlation length (a) 

and sill variance (b), from the simulated DXA images of vertebral bodies.
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Table 1

Mean and standard deviation of vertebral strength (Fmax), aBMD, correlation length (L) and sill variance (c) of 

human vertebrae with intact posterir elements (i.e., human verterbae) and without posterir elements (vertebral 

bodies).

Fmax (kN) aBMD (mg/cm2) L (mm) c (gray value2)

Human verterbrae 2.1±0.5 1141.8±161.1 5.3±1.3 26.2±0.1

Vertebral bodies 5.5±2.1 395.9±72.4 5.955±1.564 3.1±1.6
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Table 2

Pearson correlations coefficients (r) among aBMD, correlation length (L) and sill variance (c) and vertebral 

stength (Fmax) for human verterbrae.

aBMD (mg/cm2) Fmax (kN) L (mm)

Fmax (kN) r=0.711
p=0.006

L (mm) r=0.558
p=0.048

r=0.593
p=0.031

c (gray value2) r=0.736
p=0.004

r=0.513
p=0.073

r=0.629
p=0.021
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Table 3

Multiple regression analysis between vertebral strength (Fmax) and aBMD, correlation length (L) and sill 

variance (c) for human verterbae. The regresssion model is Fmax = β0+β1*aBMD + β2*L+β3*c. The R-

squared value and the adjusted R-squared value for the regression was 0.577 and 0.436, respectively. The p-

value from the F-test in the ANOVA table of the regression analysis was 0.043.

Predictors Coef. Std.error t p-value

(constant) −0.553 0.839 −0.659 0.527

aBMD (mg/cm2) 0.002 0.001 2.007 0.076

L (mm) 0.129 0.104 1.238 0.247

c (gray value2) −0.010 0.018 −0.541 0.601
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Table 4

Pearson correlations coefficients (r) among aBMD, correlation length (L) and sill variance (c) and vertebral 

stength (Fmax) for vertebral bodies

aBMD (mg/cm2) Fmax (kN) L (mm)

Fmax (kN) r=0.887
p=0.001

L (mm) r=0.651
p=0.022

r=0.727
p=0.007

c (gray value2) r=0.803
p=0.007

r=0.727
p=0.007

r=0.900
p=0.001
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Table 5

Multiple regression analysis between vertebral strength and aBMD, correlation length (L) and sill variance (c) 

for verterbal bodies. The regresssion model is Fmax = β0+β1*aBMD + β2*L+β3*c. The R-squared value and 

the adjusted R-squared value for the regression was 0.890 and 0.849, respectively. The p-value from the F-test 

in the ANOVA table of the regression analysis was 0.001.

Predictors Coef. Std.error t p-value

(constant) −9.032 2.364 −3.921 0.005

aBMD (mg/cm2) 0.029 0.006 4.923 0.001

L (mm) 1.036 0.380 2.728 0.026

c (gray value2) −1.049 0.486 −2.157 0.063
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