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Clinical background
Vertebral Fractures
Metastasis

occur when the vertebral body is stressed with a
force exceeding its resistance

Every year in Italy there are
about 35 thousand new cases
of bone metastases
(Associazione italiana di
oncologia medica)

"Bone’s failure take
place when its
deformation
overcomes 0.73% in
tension or 1.04% in
compression."
(Bayraktar, 2004)

LITIC

MIXED

BLASTIC

G.A. La Maida, 2012
M. A. Stadelmann, 2020

Among the causes:
•

Osteoporosis

Trauma

•

Pathology

•

Combination of both factors

It is estimated that
osteoporosis affects about 5
million people in Italy
(Health Ministry)
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The main problem
Subject-specific finite element models based on CT
images are considered a promising tool to predict
vertebral strength in vivo and provide to the clinicians
an objective support in the choice of the treatment plan.

Before being used as a reliable tool, the
outcomes of FE models must be validated
against experimental measurements.

OK,
wonderful,
but…
Model
I proposed

Osteoporotic
Patient

Clinical
Knowledge

Gold
standard

Patient-specific
FE Models

How can I
trust the
predictions of
the FE
models?

Does the patient
need surgery?
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Aim of the study
Define a procedure to develop and validate subject-specific FE
models of cadaveric spine segment comparing the surface
displacements predicted by the model against the experimentally
measured displacements

Axial Displacements

FE Model
Predictions
Output Comparison
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Experimental Data
measured with
Digital Image Correlation
(DIC)

4

Experimental setup
Cadaveric lumbar spine segment (L1-L4) was
obtained by an ethically-approved donation
program (Anatomic Gifts Registry, USA).

Actuator

Metastatic
Superior Pot

Specimen
Intervertebral disc
Inferior Pot

Load Cell
Control

After the preparation, the specimen was scanned using
a quantitative computed tomography (AquilonOne,
Toshiba, Japan) with a high resolution.
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The full-field displacement maps on L2 and L3 surfaces, and
the pots containing L1 and L4 were measured using a DIC
approach.
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Experimental test
t0

• Three repeated measures for each test

0

F

• Pseudo-physiological loading was applied using a
uniaxial testing machine

F (N)

-10

• Specimen loaded in flexion
• Load applied through the two pots
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• Monotonic ramp with displacement control
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tf

-1.5

-1

-0.5

0

U (mm)

The maximum load reached at t = tf corresponds to an average
compressive strain in the physiological range between -2500 and -3500 με
(evaluated with the DIC on the anterior surface of the control vertebra) [1].
M. Palanca et al., 2021

[1] L.E. Lanyon, 1987.
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2. Registration

generation

1. FE Model

Computational workflow
3. Comparing

A homogenized, linear, and
isotropic subject- specific FE
model was first developed to
replicate the experimental test
starting from CT images data.

FE vs DIC data
An algorithm for the comparison of
FE model prediction with
experimental data was then
developed.

In order to compare the FE
model predictions and the DIC
measurements, a rigid
registration was perfomed to
align the DIC point cloud data
and the model geometry.
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1. FE model generation
SpaceClaim

Mechanical APDL

ICEM CFD

SP
L2

L3

Material Properties
Assignment
(Disc)

CT scan
of the specimen

Spatial resolution
0.24 x 0.24 x 1 mm

Geometry
specimen components
were segmented
individually from
CT-images using
Mimics.

Ansys SpaceClaim
was used to
reconstruct solid
parts and create
body attachments
through Boolean
operations.

Mesh
10-node quadratic
tetrahedrals, max
element edge
length 2 mm,
generated with
Ansys ICEM.

Material properties
Bone: mapped on Bonemat [2]
using Morgan equation for
modulus-density relationship
[3] and Schileo correction [4].
Disc: homogeneous isotropic
material [5].
Edisc = 1.8 MPa
Evertebra = 10494 * ρash1.56

[2] F. Taddei et al., 2007

[3] E. Morgan et al., 2003

[4] E. Schileo et al., 2008

[5] A. S.-A. Argoubi et al., 1996
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IP

Rigid body motion of
inferior and superior
pots was transferred
to upper and lower
vertebral bodies
through pilot nodes SP
and IP.
Simulations
performed using
Ansys MAPDL.
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2. Registration
Before Registration

After Registration

DIC
Correlated Points

Transformation
Matrix
Mt
0.9794
−0.0848
0.1834
0

0.1781
−0.0666
−0.9818
0

0.0954 15.4747
0.9942 76.9841
−0.0501 1277.4986
0
1

Applied to:

Open STL Surface

Vertebral Surfaces
Superior Pot (SP)
Inferior Pot (IP)
MATLAB script was used to
transform the coordinates of
DIC correlated points of the
two free vertebral surfaces
at the initial (unloaded)
configuration into an open
STL surface.

SP
Reposition and STL Registration tools in Mimics were used for registration.
The software requires an open STL surface as mover body and a
segmentation as target body. The registered surface was then exported to
MATLAB, where a single value decomposition algorithm was used to
obtain a transformation matrix Mt, which was applied to the displacements’
vectors of all the correlated DIC points.
© 2021

L2
L3

Boundary Conditons
for the FE model
IP
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3. Comparing FE vs DIC data

R

DIC measurements were averaged over a
spherical volume of interest with radius R equal to
the RMSE of the registration to match the DIC
points and FE nodes.
This distance ensured the majority of DIC points
had at least a corresponding FEM node to be
compared with.
Prediction accuracy was evaluated by comparing
displacements predicted by the FE analysis at
each node with the average of the displacement
recorded by DIC inside the volume of interest
centred on that node.
The determination coefficient (R2) and RMSE of
the FE predictions were used to report the
average predictive error.

Spatial resolution of the DIC measurement ≃ 2mm
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Results 1/2
R2 = 0.977
RMSE = 0.111 mm

R2 = 0.984
RMSE = 0.065 mm

The highest errors were found on the
mediolateral direction for the upper vertebra
(8.38 %) and on the axial direction for the
lower vertebra (16.85 %).

L2 - Metastatic

R2 = 0.979
RMSE = 0.052 mm

The percentage errors of the displacements’
module were 3.97 % and 10.53 % (related to
L2 and L3 vertebral surface respectively).

L2

L3
R2 = 0.971
RMSE = 0.026 mm

R2 = 0.935
RMSE = 0.074 mm

R2 = 0.980
RMSE = 0.109 mm

L3 - Control

RMSE = [0.026 - 0.111] mm
%RMSE = [2.8 - 9.4] %
R2 = [0.93 - 0.98]
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Results 2/2
Spatial distribution of the magnitude of the errors

Dependence of errors on the experimental measure

L2
Metastatic

L3
Control

(mm)
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Main limitations of the study
• The presented work has been developed using only
one specimen.

• The material properties of the disc have been
idealized as homogeneous isotropic linear elastic.
• More work is needed to correctly define the boundary conditions that
simulate the experimental test.
• Since fracture risk criterions are usually based on strain evaluation [6], future
work will focus on the strain error assessment based on the estimated
displacement accuracy.
[6] Bayraktar et al., 2004
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The Take-Home Message
Axial Displacements

A FE model of pathological lumbar spine was developed,
and a new pipeline was presented to validate the model
against experimental data acquired through DIC technique.
Good accuracy (%RMSE<10%, R2>0.9) was achieved in
the prediction of displacements.
When properly validated, FE models would introduce
clinical benefits, for example:
• Diagnostic use for single patients in predicting
vertebral fracture risk;
• Creation of virtual cohorts where to execute in silico
trials of new treatments and/or procedures.
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