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Abstract:

Study Design. A finite element analysis on osteoporotic vertebrae.

Objective. This study aims to validate subject-specific finite element models (FEMs) derived from a low-dose
imaging system (EOS, Biospace Med, France) for the prediction of vertebral strength. The vertebrae are submitted
to an eccentric compression force leading to compression and anterior bending. Summary of Background Data.
Given the aging population, osteoporosis and vertebral fractures are a major public health issue. A low bone mineral
density (BMD) does not always explain incident fractures, and multifactorial analyses are required. In this context,
FEMs based on quantitative computed tomography (QCT) have been proposed to predict vertebral strength in vitro
or quantify effects of treatments. However, the clinical use of such a model for the in vivo follow-up of the whole
spine is limited by the high-radiation dose induced by QCT and the lying position, which does not allow postural
assessment with the same modality.

Methods. Fourteen vertebrae were modelled using a parametric meshing method. The mesh was subject-specific
using geometric parameters computed on the 3-dimensional (3D) reconstructions obtained from the EOS biplanar
radiographs. The contribution of cortical bone was taken into account by modeling a cortico cancellous shell whose
properties were derived from experimental data. The effect of subject-specific bone Young’s moduli derived from
EOS vertebral areal BMD was quantified. The 3D position of the point-of-load application and the 3D orientation of
the force was faithfully reproduced in the model to compare the predicted strength and experimental strength under
the same loading conditions.

Results. The relative error of prediction decreased from 43% to 16% (2.5 times) when subject-specific mechanical
properties, derived from EOS areal BMD, were implemented in the FEM compared with averaged material
properties. The resulting subject-specific FEMs predicted vertebral strength with a level of significance close to the
QCT-based models (r2adjusted = 0.79, root mean square error = 367 N).

Conclusion. This work underlines the potential of low-dose biplanar x-ray devices to make subject-specific FEMs
for prediction of vertebral strength.
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Introduction

Osteoporosis is “a skeletal disorder characterized by compromised bone strength predisposing to an increased risk
of fracture.” 1 Although bone mineral density (BMD) assessment is the gold standard method for osteoporosis
diagnosis, a low BMD only explains 18% to 78% of vertebral strength, 2-sand two-thirds of the vertebral fractures
escape clinical diagnosis. ¢ Hence, structural analyses with finite element models (FEM) were proposed to predict
in vitro vertebral strength under controlled compression. 7 -9 To date, these models are based on quantitative
computed tomography (QCT) measurements: the 3-dimensional (3D) geometry of the mesh and the local Young’s
moduli of each element are respectively deduced from the outlines and the densities assessed on the QCT slices.
These models predict ex vivo strength of vertebral bodies in axial compression (r2= 0.80-0.94), 710 but they are
much less effective in the case of anterior bending (r2 = 0.34-0.79). 11, 12 Eccentric compression is known to be
responsible for many vertebral fractures. 13 - 15 Moreover, the use of QCT for the in vivo follow-up of the whole
spine is limited by the susceptibility of the trunk to high-radiation doses, and by the lying position, which does not
enable postural assessment to define the in vivo loading conditions. For these reasons, non irradiant or low-dose
imaging is being actively researched. The EQOS system (EOS Imaging, Paris, France) simultaneously takes biplanar
head-to-feet radiographs, in standing position, with a dose more than 100 times lower than QCT for the 3D
reconstruction. 16 Fast and accurate 3D reconstructions of the spine are available from the EOS radiographs. 17, 1s
Furthermore, in vitro areal BMDs assessed with a dual-energy modality exhibited the same global error as the
clinical “gold standard” dual x-ray absorptiometry. 1o This areal BMD was correlated with vertebral cancellous



bone elasticity so that density—Young’s modulus relationships were proposed for subject-specific finite element
modelling. 20 Finally, descriptions of the 3D position of the gravity line relative to the centre of each thoracic or
lumbar vertebra were made for asymptomatic and pathologic populations with different ages with the EOS system.
15,21, 220N the basis of these works, in vivo first evaluation of the loading conditions applied on the thoracolumbar
spine may be possible. The aim of the study is to validate a subject-specific FEM, derived from the EOS biplanar
radiographs, for the prediction of in vitro vertebral strength. The contribution of the subject specific bone
mechanical properties is especially quantified. To induce anterior wedge fractures, the vertebrae are submitted to
an eccentric compression force leading to compression and anterior bending. 23

MATERIALS AND METHODS

Specimens

Fourteen fresh frozen vertebrae, from T11 to L2, were harvested from 5 cadavers (4 women, 1 man, 88 + 14 years
old). To have well-defined boundary conditions and to avoid disc modelling (which could not be subject-specific
in this study), the vertebral discs were removed. Posterior elements were kept intact. No clinical history was
available on the donors. Vertebrae with radiographic evidence of fracture were excluded.

EOS Scanning

The vertebrae were placed into the EOS cabin to have the caudocranial axis parallel to the vertical direction. A
dual-energy scanning was performed on each vertebra (low energy: 70-kV peak, 250 mA; high energy: 120-kV
peak, 250 mA, pixel size of 0.250 mm) to assess the anteroposterior areal BMD (aBMD in g/cm?). This
measurement was previously validated by comparing EOS accuracy and reproducibility with the dual x-ray
absorptiometry densitometers’ characteristics. 19 The low-energy biplanar radiographs were also used to generate
the 3D reconstruction of the vertebra. 17,18

Finite Element Modeling

Subject-Specifi ¢ Mesh

Hexahedral parametric meshes were created using common volumes, 24, 2s whose shape and dimensions were
controlled by 23 geometric parameters (see Appendix, Supplemental Digital Content 1). Two different parametric
models were designed to match the specific shape of either the thoracic or the lumbar vertebral body. Fourteen
independent geometric parameters (height, width, and depth of the vertebral body) were fully automatically
computed from the 3D reconstructions 17 (see Appendix Figure 1, Supplemental Digital Content 2; see Appendix
Figure 2, Supplemental Digital Content 3,; see Appendix Figure 3, Supplemental Digital Content 4). The 4
parameters that described the geometry and the location of the pedicles were deduced from the previous ones using
anatomical relationships. 17,26 The global dimensions of the posterior arch were also automatically computed from
the 3D reconstructions. 17 A generic mesh of this region, with these subject-specific global dimensions, was added
to the mesh of the vertebral body with pedicles ( Figure 1 ). Mesh density was controlled by 5 parameters (see
Appendix, Supplemental Digital Content 1), whose values were chosen to generate an accurate mesh with a limited
computing time (about 10 minutes) resulting in FEMs with 4300 elements. Failure load varied by less than 5%
when the number of elements was raised from 4300 to 34,000.

The geometry of the vertebral body mesh was compared with the 3D reconstruction of the vertebra by evaluating
the distances from the external nodes of the mesh to the vertebral external surface. 2s
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Figure 1. Subject-specific finite element modelling. The subject-specific vertebral body and the pedicles are generated
using 23 parameters deduced from 14 measures on the EOS 3-dimensional reconstruction. The posterior elements,
whose dimensions are adjusted, are then fixed to the pedicles.

Subject-Specific Mechanical Properties

Two homogeneous and isotropic materials with a linear elastic behavior were considered ( Figure 2 ). Up to now,
clinical imaging devices cannot provide in vivo accurate evaluation of the vertebral cortical thickness. Hence, a
thick layer of a homogeneous material representing a mixing of cancellous and cortical bone, called “cortico-
cancellous bone,” was designed around the central part of the vertebral body that represented the cancellous bone.
The mechanical properties of the cancellous bone were assigned using a previously established aBMD-modulus
relationship 20 (“‘subject-specifi c FEM”). To assess the contribution of these subject-specific mechanical properties
for strength prediction, a model with average Young’s modulus was also designed for each vertebra (“average
FEM” with E cancellousbone = 187 MPa 20). The Poisson ratio (v ) was set to 0.3. The cortico-cancellous bone attributes
were taken from previous experiments 2o : 22 samples made of cancellous and cortical bone were tested in
compression, and the homogenized. Young’s modulus of the material was computed by a finite element analysis
with an inverse method. 2o To be in the same conditions as in this previous study, the thickness of the external
cortico-cancellous layer of the vertebral model was equal to the thickness of the samples (3 mm, 29), and the
Young’s modulus of the cortico-cancellous bone was the average of the homogenized bone stiffness computed for
the 22 samples (374 MPa 29). v was set to 0.3.

Failure Load Estimate

Loading Scenario

Experimental data for validation. The experimental protocol was described elsewhere. 23 The vertebral end plates
were embedded in polymethacrylate cement layers. The vertebrae were compressed up to failure (displacement
rate: 1 mm/min). They were submitted to an eccentric compressive load to generate compression and anterior
bending. Rotation of the upper loading plate was allowed by means of a ball joint located in the

anterior part of the vertebral body. At each time, the 3D position of the point of load application and the 3D
orientation of the load were known relative to the vertebral local frame using an optoelectronic device (accuracy
0.6 °). Vertical loads and displacements were assessed to validate the FEM. The error of the load measurement
was 0.4% (8 N on average).

Boundary conditions of the finite element model. Cement layers were modeled (Young’s modulus E cement layer
= 2500 MPa, v = 0.3; Figure 3). All the degrees of freedom were constrained on the polymethacrylate inferior face.
The load was applied on a node whose location matched the specific 3D origin of the load during the experiment.
Its 3D coordinates relative to the vertebra were computed from the magnitude of vertical load and the matrix of
rotation that quantifies the 3D position of the vertebra relative to the testing machine. The load was transmitted to
the superior face of the cement layer through high stiff beams (Young’s modulus E tean = 120,000 MPa, v = 0.3;
Figure 3).



Figure 2. Sagittal cut of the vertebra. The vertebral body is composed of 2 homogeneous media: the cancellous bone
(gray) surrounded by a cortico-cancellous shell (black).

F

Xo
Figure 3. The boundary conditions match the experimental setup. PMMA layers (in dark gray) are modeled around the
upper and lower vertebral end plates. Nodes of the inferior face of PMMA are locked. The load is applied at node “F,”
whose coordinates correspond to the origin of the experimental load. The 3D coordinates of the load (vertical in the
global frame [X o, Y o, and Z o]) relative to the vertebra (local frame [X, Y, and Z]) are computed from the 3D orientation
of the vertebra during the experiment and the magnitude of the load. 3D indicates 3 dimensional; PMMA,
polymethacrylate.

Failure Load Estimate

Failure criterion. The virtual vertebra was set to fail when a signifi cant volume of cortico-cancellous bone
elements reached a maximum principal strain higher than their failure strain. The limit of the compressive elastic
strain | s max | was set to 1.5%, which corresponds to the maximum principal strain at failure for 22 cortico-
cancellous samples. 29 The threshold volume of failed elements was chosen equal to 1 cm s (median for the 14
vertebrae). The prediction of failure load depends on this volume. To quantify this effect, the failure load was
computed for different values of volume from 0.4 cmsto 1.6 cm s.



Statistical Analyses
Statistical analyses were performed using Matlab statistics toolbox (Matlab 7.5.0 [R2007b], The MathWorks Inc,
Natick, MA). The relative error of prediction was quantified:
Relative error = M Q)

exp
where F remis the computed failure load and F ex is the experimental one.
Moreover, correlations between aBMD and experimental failure loads and between computed failure loads and
experimental failure loads were quantified. Robust linear regressions using the bisquare weights robust method
were made: it minimizes a weighted sum of squares, where the weight given to each data point depends on how
far the point is from the fitted line. s0 The adjusted coeffi cient of determination (r2adjusted), the P value, and the
root mean square error of the estimate (RMSE) were expressed. P = 0.05 was the cut off for significance in all
statistical analyses.

RESULTS

Accuracy of the Subject-Specific Mesh

The distance between the nodes of the subject-specific mesh (vertebral body with pedicles) and the external surface
of the 3D reconstruction of the vertebra was, on average, equal to 1.0 £ 0.2 mm (95% of the point-to-surface
distances were, on average, lower than 2.6 mm).

Influence of the Failure Criterion on Strength Prediction

Variation of the computed failure load linearly changes with the volume defining the failure criterion (Figure 4 ).
Variations of the volume of failed elements up to 60% led to a variation of the computed failure load of 12% at
most (approximately 250 N). The computed load changed by only 0.23% (approximately 4.5 N) when the volume
varied 1.5% (variation of volume corresponding to 1 element). A volume of 1 cm s was kept for all the remaining
simulations.
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Figure 4. Influence of the volume of cortico-cancellous bone failed elements on the computed failure load. The variation
of the failure load is computed for different threshold volumes of failed elements in the cortico-cancellous bone layer.
The reference for the loads is the failure load computed with a volume of 1 cm®= 1000 mm?

Failure Load Estimate

The mean aBMD of the vertebrae was equal to 0.711 + 0.148 g/cm? (0.527-1.024 g/cm?). BMDs were not
significantly correlated with in vitro vertebral failure loads (r2adjusted = 0.46, P = 0.08, RMSE = 646 N). The
relative error of the failure load estimate (equation 1) decreased on average by 2.5-fold, when the subject-specific
mechanical properties were implemented in the FEMs (16% vs. 43%, Figure 5 and Table 1). However, for 1 of the
14 vertebrae, the relative error was higher with the subject-specific FEM than with the average FEM.

Failure loads computed by average FEMs were not significantly correlated with experimental failure loads (r2
adjusted = 0.01, P = 0.71). On the contrary, the correlation was significant with failure load computed by subject-
specific models (rzadjusted = 0.79, P =5.10 ~5, RMSE = 367 N; Figure 6 ). Two outliers (vertebra number 3 and
6) were identified by the robust fitting method. The model was able to separate vertebrae with either low or high



strength (failure load respectively lower or higher than 2500 N). Maximum compressive principal strains were
located near the vertical projection of the node where the load is applied and preferentially in the cortico-cancellous
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Figure 5. Influence of the subject-specific mechanical properties: relative error of prediction using “average FEMs” (with
subject-specific geometry but averaged Young’s moduli) and “subject-specific FEMs” (with subject-specific geometry and
Young’'s modulus of cancellous bone). FEM indicates finite element model.
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Table 1. Experimental Failure load (From Sapin et al.23) and computed failure loads for each vertebra.

Vertebra Failure load (N) Relative error of prediction (%)
No. Age Sex Level Experimental Average FEM Subject-Specific Average FEM Subject-Specific
FEM FEM

1 92 F L1 1848 1635 2003 12 8

2 92 I L2 1665 1945 1899 17 14

3 86 F T11 1927 2205 929 14 52

4 86 F L2 1593 2125 1316 33 17

5 65 M 1 1914 2100 1976 10 }

6 65 M 112 2484 1085 1428 56 43

7 65 M L1 3611 2395 3608 34 0

8 65 M L2 2997 2435 2762 19 8

9 92 f I 1642 3395 1876 107 14

10 92 F L1 3900 2690 3438 31 12

11 92 I L2 2031 1940 1932 5 5

12 103 F T11 1645 3550 1794 116 9

13 103 F T12 1000 2280 674 128 33

14 103 [ L1 1357 1090 1421 20 5

FEM indicates tinite element model.

DISCUSSION

This study aims to create and evaluate subject-specific FEMs on the basis of a low-dose imaging modality, to
predict the strength of thoracic and lumbar vertebrae. The vertebrae were submitted to an eccentric compression
force leading to compression and anterior bending. This loading was chosen because anterior bending (attributable
to pure moment or eccentric compression force) is responsible for wedge vertebral fractures.

Accuracy of the Subject-Specific Mesh

A smooth parametric mesh was preferred to a voxel-based approach, resulting in less numeric artefacts. s1-32 The
method used to obtain the mesh enables a fast modeling of a thoracic or lumbar vertebra. Its external surface
matched with the 3D reconstruction of the vertebra. The posterior arch was modelled by a generic mesh with
adjusted global dimensions. The geometry of the vertebral body and the pedicles was subject specific and close to
the actual one (the average point-to-surface distance was equal to 1 mm, and 95% of distances were smaller than
2.6 mm).

Failure Load Estimate

Areal BMD only explains 46% of the failure load, which is consistent with results in the literature. 2,3 However,
the correlation was not significant ( P = 0.08) in this study, contrary to previous works. This is probably because
of the small number of spines considered. The correlation between failure loads computed with average FEMs and
experimental failure loads was not significant. But, by implementing the subject-specific Young’s modulus of
cancellous bone in the model, the relative error between computed and experimental failure loads decreased 2.5-
fold, and the failure load estimate was significant. It underlines the validity of the relationships predicting the
Young’s modulus of the cancellous bone from EOS BMD measurements. 20 Nevertheless, the subject-specific
model was less predictive than the

average model for 1 vertebra (vertebra 3). This vertebra had several big osteophytes, which are known to bias the
BMD assessment. Consequently, the Young’s modulus of the cancellous bone, deduced from the BMD, could be
altered. Subject-specific FEMs predicted 79% of the vertebral failure load (significant correlation) with a 95%
confidence interval equal to + 734 N (35% of the average failure load).The power of this result is limited by the
small number of vertebrae with high strength, even if it is counterbalanced by the use of robust statistical analyses.
Robust regressions were chosen because least squares predictions are dragged toward the outliers and the variance
of the estimates is artificially inflated, which results in masking outliers and biased estimations. This method
identified 2 outliers, among which is the previously discussed vertebra number 3. Only a few spines with relatively
advanced ages were included in the study. Thus, direct comparison of the statistical results (determination
coefficient and P value) with those previously listed for QCT-based models is limited by the number of vertebrae.
However, the prediction of vertebral strength (r2 = 0.79) is close to the one with QCT-based FEM in axial



compression (r2 = 0.80-0.94). 710 Considering the eccentric loading in this study, the results could be compared
to the prediction of QCT-based models in anterior bending. 11,12 Dall’ Ara and colleagues’ 11 study predicted 79%
of the strength under eccentric compression, but they removed the vertebral end plates so that the loading
conditions could not be compared with the present experiments. Buckley et al 12 considered complete vertebral
bodies. Direct comparison of the determination coefficients is not suited in this case because the number of
vertebrae is different (13 vs. 30) as well as the loading mode (eccentric force vs. bending moment). Nevertheless,
it is interesting to observe that the present scatter is obviously overlaid with data sets from Buckley and colleagues’
12 study ( Figure 7). It shows that the level of prediction of the subject-specific FEMs on the basis of low-dose
imaging is in the same range as one of the QCT-based models validated in anterior bending. As expected, the
highest principal strains were concentrated at the anterior part of the vertebral body, at the maximum of curvature
and near the vertical projection of the origin of the load. High strains were preferentially located in the cortico
cancellous shell, which is stiffer. It suggests that the cortico cancellous shell significantly contributes to the
vertebral strength in anterior compression as was previously indicated in the literature. 10 Unfortunately, it was not
possible to compare the computed strain fields with radiographic data because there was no line of fracture on the
radiographs after the mechanical tests. Another limit of the study is that the level of prediction of the FEM is linked
to the failure criterion. The use of a strain-based criterion was preferred to a criteria based on stresses because
ultimate strain of human bone can be considered stable compared with ultimate stress for a given anatomical site,
35,36 and invariant to density. ss,s7 The limit of strain was directly deduced from experimental data. Furthermore,
the failure criterion was expressed in volume to be independent of the element size, but the volume of failed
elements depends on the vertebrae studied. However, this influence was moderate because a variation of 60% of
the volume induced a variation of 12% of the computed failure load. Finally, the vertebrae were made of isotropic
and homogeneous media because the 3D variability of the mechanical properties was not computed from the
biplanar EOS radiographs. The development of methods to assess tissue heterogeneity in the vertebral body from
the distribution of the intensities on the EOS radiographs should improve the prediction of the failure load. In
conclusion, subject-specific FEMs based on low-dose x-ray imaging are able to predict in vitro vertebral failure
load. The relative error between computed and experimental failure loads decreased 2.5-fold by implementing the
subject-specific Young’s modulus of cancellous bone in the model. Considering the potential of improvements
regarding the material properties (heterogeneity and anisotropy), the study yields promising results for further in
vivo predictions of spinal strength.

Key Points

[0 FEMs based on EOS low-dose imaging are able to predict strength of vertebrae submitted to an eccentric
compression leading to both compression and anterior bending (r-= 0.79, P = 5.10_s, RMSE =367 N).

[1 The prediction error is divided by 2.5 when subject specific mechanical properties, derived from a real BMD,
are implemented in the FEM.

[1 Once adapted and validated in vivo, the method could improve the prediction of vertebral fracture risk.
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