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SUMMARY 
The presented study compares stiffness as well as strength of 
enhanced continuum-level and standard micro finite element 
models, respectively, to experimental results of thirty-five 
vertebral bodies. The homogenized continuum-level models 
are based on patient-specific orthotropic material properties 
for the cortex and trabecular core which is unique so far. It 
was found that both models are able to predict the 
experimental stiffness quantitatively. Furthermore, this 
simulated stiffness is a good predictor for strength as well.  
 
 
INTRODUCTION 
The finite element method (FEM) is a better predictor of 
vertebral body compressive stiffness and strength than 
estimators derived from QCT or DXA [1]. It has been 
successfully applied to investigate the mechanical properties 
of human vertebrae [2]. Proposed vertebral FE model types 
can be split into µFE models and homogenized continuum-
level models (hFE). However, any numerical model needs to 
be validated. Recently we showed that enhanced hFE models 
were numerically comparable to µFE models when predicting 
vertebral stiffness [3]. The purpose of this study was to 
compare “back-calculated” µFE models (taken as gold 
standard) and well calibrated enhanced continuum-level hFE 
models with respect to quantitative predictions of 
experimental vertebral body compressive stiffness and 
strength in-vitro. 
 
 
METHODS 
Thirty-five vertebral body sections were prepared by removing 
endplates and posterior elements, scanned with HR-pQCT and 
tested in compression up to failure with a novel testing setup 
[4] (Fig. 1, top).  
In parallel, hFE and µFE models were prepared from both 
segmented as well as gray-level CT images (Fig. 1, bottom) 
similar to [3] and computed within the linear range. The 
novelty of the hFE model was the consideration of an 
orthotropic density dependent trabecular core and cortex (Fig. 
2, left and right). 
For hFE, the material model parameters, BV/TV and fabric 
were calibrated with registered HR-pQCT and µCT image 
pairs, whereas the tissue modulus used for the µFE models 
was back-calculated to fit the experimental results.  
 

 

 

 
 

Fig. 1: Test setup (top), µFE (bottom, left), and hFE model 
(bottom, right) of a human vertebral body slice. 

 
 

 
Fig 2: BV/TV and maximum  fabric direction of the trabecular 
centrum (left, cortex is in gray) and the same for the cortical 
shell (right). 
 
 
 
RESULTS AND DISCUSSION 
A comparison of apparent stiffness values between 
simulations and experiments (Fig. 3) showed similar 
correlations for μFE (left) and hFE models (right). Models 
based on segmented images lead to higher correlations 
(r2=0.842-0.863) than the ones based on gray-level images 
(r2=0.748-0.754). Excellent quantitative predictions were 
obtained in the segmented cases (cc=0.911-0.927).  
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Fig. 3: Regression equations, correlations (r2), and 
concordance correlation (cc) of apparent stiffness values for 
segmented (SEG) as well as gray-level based (BMD) µFE 
models (left) and hFE models (right). Data are obtained from 
compression tests (N=35) and extracted from the linear range 
of force-displacement curves. 

 

μFE and hFE models were highly correlated (Fig. 4). The 
correlation coefficient was slightly higher for gray-level based 
(BMD) models (r2=0.973). The 1:1 agreements were also high 
(cc=0.909-0.956). 
 

 
 
Fig 4: Regression equations, correlations (r²), and 
concordance correlations (cc) of apparent stiffness values 
based on μFE and hFE models (N=35). 
 
 
High correlations between experimental apparent stiffness and 
strength (r2=0.898, Fig. 5, left) indicated that vertebral section 
stiffness had a strong predictive ability for strength. Even 
higher predictive ability for strength was found by the 
apparent stiffness of the models (r2=0.920-0.924, Fig. 5, right). 
A key factor for the success of the hFE models was a proper 
calibration of morphological and material model parameters. 

Another important factor was the use of BV/TV- and fabric-
dependent orthotropic material properties for both trabecular 
core and cortex.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Limitations of the study were the consideration of linear FE 
analyses and vertebral sections without endplates. This does 
not necessarily reflect the in vivo loading situation. However, 
the goal of the study was the validation of the models with 
experiments, which was done over a wide range of vertebral 
morphologies. 
 
 
CONCLUSIONS 
This study showed that μFE and hFE models based on HR-
pQCT images provided quantitative predictions of 
experimental vertebral body apparent stiffness under 
compression. Therefore, the linear FE models were validated. 
In contrast to μFE, no fitting and much less computational 
effort was necessary for hFE. Furthermore, simulated apparent 
stiffness values of linear FE analyses were highly correlated 
with experimental compressive strength and confirmed that 
the presented stiffness results were good predictors for bone 
strength without the need of non-linear analyses. These results 
provide strong support of the usage of the enhanced 
continuum-level hFE model for the prediction of human bone 
stiffness and extension to strength. 
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Fig 5: Regression equations and correlations of apparent 
stiffness against vertebral strength from experiments (left) and 
simulations (right). Experimental data were obtained from 
compression tests (N=35).


