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ABSTRACT

Image-based personalised Finite Element Models (pFEM) could detect alterations in physiological
deformation of human vertebral bodies, but their accuracy has been seldom reported. Meaningful
validation experiments should allow vertebral endplate deformability and ensure well-controlled
boundary conditions. This study aimed to (i) validate a new loading system to apply a homogeneous
pressure on the vertebral endplate during vertebral body compression regardless of endplate
deformation; (ii) perform a pilot study on human vertebral bodies measuring surface displacements
and strains with Digital Image Correlation (DIC); (iii) determine the accuracy of pFEM of the
vertebral bodies.

Homogeneous pressure application was achieved by pressurizing a fluid silicone encased in a
rubber silicone film acting on the cranial endplate. The loading system was validated by comparing
DIC-measured longitudinal strains and lower-end contact pressures, measured on three
homogeneous pseudovertebrae of constant transversal section at 2.0 kN, against theoretically
calculated values. Longitudinal strains and contact pressures were rather homogeneous, and their
mean values close to theoretical calculations (5% underestimation).

DIC measurements of surface longitudinal and circumferential displacements and strains were
obtained on three human vertebral bodies at 2.0 kN. Complete displacement and strain maps were
achieved for anterolateral aspects with random errors <0.2 pm and <30 pstrain, respectively.
Venous plexus and double curvatures limited the completeness and accuracy of DIC data in
posterior aspects.

pFEM of vertebral bodies, including cortical bone mapping, were built from computed tomography
images. In anterolateral aspects, pFEM accuracy of the three vertebrae was: (i) comparable to
literature in terms of longitudinal displacements (R2>0.8); (ii) extended to circumferential
displacements (pooled data: R2>0.9) and longitudinal strains (zero median error, 95% error: <27%).
Circumferential strains were overestimated (median error: 39%).

The new methods presented may permit to study how physiological and pathologic conditions
influence the ability of vertebral endplates/bodies to sustain loads.

Keywords:
Spine; Human Vertebrae; Mechanical Testing; Boundary Conditions; Digital Image Correlation,
Computed Tomography; Finite Element Models; Validation Experiment
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1. INTRODUCTION

Vertebral integrity can be threatened by degenerative or pathological processes. The non-
invasive assessment of vertebral biomechanics is usually performed through personalized Finite
Element Models (pFEM) built from diagnostic data, in most cases from Computed Tomography
(CT). Most pFEM so far focused on the prediction of vertebral strength. Several research groups
achieved rather high determination coefficients for pFEM-predicted vs. experimentally measured
vertebral strength (R? range [0.79 — 0.96]) (Buckley et al., 2007; Choisne et al., 2015; Crawford et
al., 2003; Dall’Ara et al., 2010; Imai et al., 2006; Mirzaei et al., 2009; Zeinali et al., 2010). Besides
vertebral strength, it would also be important to quantify vertebral strains under physiological loads
(for which measurements in different motor activities (Rohlmann et al., 2014, 2013) and validated
estimates exist (Bruno et al., 2015)), and understand how these can be modified, or even become
alarming, by altered loads (e.g., in reduced gravity conditions) or structural defects (e.g. lytic
lesions). Strain validation of vertebral pFEM has been seldom attempted. Apart from some works
that using generic vertebral models could not achieve accurate prediction of strains (Ayturk and
Puttlitz, 2011; Whyne et al., 2003), a single study reported a detailed validation of a pFEM against
strain gauge measurements, reaching a moderate level of accuracy (R? = 0.70) (Imai et al., 2006).

The experimental setup of Imai et al. applied a vertical load onto vertebrae whose endplates
were embedded in endcaps, i.e., acrylic molds including an endplate on the vertebral body on one
side and attached to a rigid plate onto which load was applied on the other. This concept of the
loading setup is shared by several other validation studies (e.g., Buckley et al., 2007; Chevalier et
al., 2008; Choisne et al., 2015; Crawford et al., 2003). Another loading setup consists in removing
both vertebral endplates to obtain two parallel flat surfaces so that the load can be applied by rigid
plates directly on the vertebral body (Dall’Ara et al., 2010). These two setups are the most common
for the mechanical testing of single vertebral bodies, and share two limitations:
(i) by applying a uniform displacement of the whole superior endplate, they neglect that vertebral
bodies are complex structures with endplates showing some degree of curvature (Banse et al., 2001;
Langrana et al., 2006), which could undergo complex deformation even when axially compressed
(Gustafson et al., 2017b; Palanca et al., 2021). In other words, they do not permit the deformation of
vertebral endplates, which has been determined as a defining feature of vertebral damage/failure
(Jackman et al., 2014). In the case of bone defects or lesions, local effects involving endplate
deformation could be critical in defining the vertebral response even to physiological loading
regimes, given that already in intact conditions different vertebrae may exhibit different strain

patterns when loaded (Hussein et al., 2018);
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(ii) the accurate replication in the pFEM of the actual boundary conditions on the vertebra object of
measurement is limited by experimental artefacts. In fact, measured loads or displacements are
applied to the rigid plate of the loading machine and as such transposed to the pFEM, but a perfect
contact at the endplate/acrylic mold or at the vertebral body section/metal plate is almost impossible
to achieve. Indeed, end artefacts, due to endplate removal, or narrow gap, due to resin shrinkage,
could allow subtle interface micromotions: even an interface gap of few microns alters the strain
distribution of the vertebral body and its response to external load (Maquer et al., 2014). A very
accurate definition of boundary conditions would instead be required to validate strains, as
vertebrae are short and irregular in shape, with shortenings of few microns under load (Hussein et
al., 2018).

The limitation about endplate deformability has been overcome experimentally by a third
validation setup that performs tests on whole functional spinal units (FSU) (Groenen et al., 2018;
Jackman et al., 2016) by leaving in place intervertebral disks. However, when displacements of
adjacent intervertebral discs were not measured during the experiment and applied to the pFEM,
like in Groenen et al. (2018), it resulted in moderate stiffness and weak failure predictions likely
due to uncertainties in the definition of the actual boundary conditions at the vertebral endplates.
Another factor limiting the accuracy of Groenen et al. (2018) may have been the lack of comparison
with full field measurements, which in another work (on single vertebral bodies) improved stiffness
predictions ((Gustafson et al., 2017a), using Digital Image Correlation (DIC)). Both intervertebral
disc displacement and full field measurements could be provided by Digital Volume Correlation
(DVC) techniques, but DVC cannot be used for clinically viable pFEM vyet, as it currently implies
stepwise microCT scanning (Hussein et al., 2018).

A possible solution to achieve vertebral endplate deformation under a well-controlled loading
condition would be to develop an experimental model where the pressure applied by a testing
machine in load-control on the vertebral endplate (i.e. the boundary conditions) can be controlled,
and the deformation of the vertebral body (i.e. the benchmark for model prediction) is measured
using a separate DIC system. The aim of this study was thus: (i) to validate an experimental
procedure to apply a homogeneous pressure field on the vertebral endplate during vertebral body
compression testing; (ii) to assess the feasibility of the proposed procedure by performing a pilot
study on vertebral bodies; and (iii) to determine the prediction accuracy, in term of surface

displacement and strain, of numerical models of the vertebral body compression testing.
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2. MATERIALS AND METHODS

2.1. Specimens, imaging, and preliminary specimen preparation

Three human lumbar vertebrae (L3-L5) from the spine of a single donor (male, 60 y) from an
international donation program (Science Care Inc., Phoenix, AZ) were used to conduct this study.
The vertebral bodies were kept frozen at -20°C between each step of the experiment.

The specimens were first CT imaged (GSI Revolution, GE, US) with clinical settings (120kV, 1.25
mm slice thickness) together with a densitometric phantom (European Spine Phantom, QRM, DE).
Vertebrae were then isolated, and an anatomical reference system was identified on each vertebra
according to Panjabi et al. (1992). Vertebral posterior processes were cut. To obtain a flat caudal
surface, the caudal endplate was resected parallel to the bisector plane of the two endplates.
Aluminum spheres, 1 mm in diameter, were glued on each specimen (Six per vertebra, one pair for
each monitored aspect), and CT imaging was repeated, to permit the registration of the experimental
and pFEM reference systems.

The external contour of the cranial endplate of each vertebra, obtained from the segmentation of the
CT images (Section 2.3.2.), was projected onto the horizontal plane of the vertebra, and served as
input to machine L3-L5 pseudovertebrae (hereinafter PL3-PL5) from a bulk of ultra-high molecular
weight polyethylene (UHMWPE). Thus, pseudovertebrae had the cranial endplate replicating the
3D shape of the cranial vertebral endplate, but vertically straight lateral walls, i.e., constant cross
section. The UHMWPE had a compressive elastic modulus E=1.84+0.03 GPa as experimentally
determined through compression testing, performed at 20 °C, of three cylindrical specimens (height
50 mm, heigh/diameter ratio of 3:1) extracted from the same 50 mm thick UHMWPE sheet used to
machine the pseudovertebrae.

The three pseudovertebrae, being homogeneous and elastic, were used to validate the experimental
setup, assuming a Poisson’s ratio v=0.46 (Sherazi, 2014), and then modelled to ensure that the
experimentally applied boundary conditions were accurately replicated in the FE models. The three
human vertebrae were then used to obtain pilot experimental data and validate the FE modelling
procedure in terms of displacements and strain prediction.

2.2. Experiments

2.2.1. Loading System

To achieve a homogeneous pressure on the vertebral cranial endplate, we designed a loading device
that (i) had the negative shape of the endplate, to ensure contact over the entire endplate surface and
(i1) was flexible enough to follow endplate deformation without altering the pressure distribution

over the endplate. We realized this concept by applying load through a fluid silicone encased in a
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thin film of rubber silicone directly molded onto the vertebral endplate. To avoid bulging, the film
was fully constrained except for the areas in contact with the vertebral endplate and the actuator
end. A scheme of the proposed loading system is reported in Figure 1. Details are reported in

Appendix A.

Load cell

Figure 1. Schematic of the loading system. The compressive load is applied to the cranial endplate through a fluid

silicone encased in a thin silicone rubber film. Details are reported in Appendix A.

2.1.2. Experimental tests

Specimen Preparation

Stochastic pattern was created on the walls of each pseudovertebra or vertebra (hereinafter
specimen, unless it is necessary to specify them) by covering the surface with water based white
paint and then airbrushing acrylic black paint (details in Acciaioli et al. (2020)) to achieve speckle
dimensions in the recommended range of 3-5 pixels (Lionello and Cristofolini, 2014; Schreier et al.,
2009; Zhou, 2001). Surface finish of the lower flat surface was obtained by gentle manual sanding,
first with a 100 grit, then with a 400 grit sandpaper.

Loading Protocol

Each specimen was placed on a polished ceramic plate fixed to the load cell (5kN Instron 2518-103,
Instron, Norwood, MA) of a material testing machine (Instron 8502, Instron, Norwood, MA). To
map the pressure distribution, a pressure sensor array (5076-350, squared 83.8 mm array, Tekscan,
Norwood, MA) with sensor size of 1.9 mm in both directions was placed between the lower flat
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surface of the pseudovertebra and the ceramic plate. The loading system was lowered vertically to
fit the inner contoured aluminum sheet onto the upper specimen endplate (Figure 1), adjusted
vertically to apply a preload of about -0.1 kN and locked. The actuator, equipped with 46mm metal
hemisphere, was manually lowered to increase the preload to -0.2 kN.

The specimen underwent monotonic compressive test in load control to -2.0 kN, at a rate of 0.1
kN/s, holding the -0.2 kN and -2.0 kN load level for one second. The maximum load was chosen to
approximately match the maximum compressive load estimated for demanding daily motor tasks
(Bruno et al., 2017).

Data Acquisition

Pressure maps were recorded at 15 Hz during the test. Simultaneously, the two cameras of a DIC
system (Aramis 5M, GOM Metrology GmbH, Braunschweig, Germany) monitored one aspect of
the specimen to measure the surface displacement at 15 Hz.

The DIC system was calibrated using a 15x12 mm panel. The nominal visible area was 27.0x22.6
mm, determining an isotropic pixel of about 11 pm. However, due to height and circumferential
curvature limitations of the specimens, the area of interest for displacement and strain
measurements was limited to 1332x1332 pixels (about 15x15 mm). This area was centered
horizontally in the stereoscopic image focus and started longitudinally from the caudal specimen
end. The longitudinal dimension could be further limited by the height of the lateral surface
appearing sharp and well illuminated.

Each specimen underwent three test series, to monitor with DIC the right anterolateral, left
anterolateral and posterior aspects. Between each series: (i) the loading system and the specimen
were rotated by 90° and 135° respectively; (ii) the DIC system was repositioned horizontally to
achieve sharp focus. Each series consisted of five test repetitions. To include any bias due to manual
specimen sanding, between each test repetition pseudovertebrae were removed from the ceramic
plate, gently sanded in a random pattern with 400 grit sandpaper, and repositioned. Each manual
sanding was performed by a different operator to capture the variability in pseudovertebra sanding.
The vertebra underwent the same procedure except for manual sanding between test repetition to

avoid pattern damage close to the caudal end.

2.1.3. Experimental Data Processing

Pressure Maps

Data processing was aimed at comparing the maps of pressure distribution between series. A single
mean pressure map for each series was computed by: (i) averaging for each repetition the 15 maps

acquired while maintaining for 1 s the load level at -2.0 kN; (ii) averaging again over the five
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repetitions. A contour-match algorithm (MATLAB 2020a, The MathWorks, Inc., Natick, MA)
allowed in-plane registration of the three mean pressure maps. Relative distances among specific
features (if any) of the pressure distribution were calculated to check the test repeatability. To
validate pressure measurements, pressure maps achieved testing the pseudovertebrae were
compared with the theoretically calculated pressure value (i.e. the ratio between the applied load
and the known area of the lower end surface).

DIC Maps

Data processing was aimed at obtaining for each series a mean map, with associated data scattering,
for measured displacements and strains.

Captured images were processed using a subset size of 36x36 pixels (about 0.40x0.40 mm), step of
36 pixels (i.e. no subset overlap), and an 11x11 strain window (about 4.36x4.36 mm). These values
were experimentally determined for a single image captured on all vertebral aspects, following the
three-factor approach described in Acciaioli et al. (2018). For each repetition of each series, a mean
differential displacement map was computed from the 15 maps recorded at -0.2 kN (reference level)
and -2.0 kN (maximum load). Table 1 reports measurements precision in terms of mean (systematic
error) and standard deviation (random error) of displacement and strain values (Palanca et al., 2015)
measured at the reference load value of -0.2 kN in load control for two seconds (note: the first
second was necessary to acquire 15 maps defining the reference map, the subsequent second was
necessary to acquire 15 maps used to calculate errors).
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of measured displacement and strain values. Strain values are rounded up to the nearest tenth.

LONGITUDINAL DISPLACEMENT

Right Anterolateral aspect

Left Anterolateral aspect

Posterior aspect

Vertebra Mean SD Mean SD Mean SD
(systematic error) | (random error) | (systematic error) | (random error) | (systematic error) | (random error)
[um] [um] [um] [um] [um] [um]
L3 <-0.1 <0.1 <-0.1 <0.1 -0.1 0.1
L4 <-0.1 <0.1 <-0.1 <0.1 -0.1 0.1
L5 <-0.1 <0.1 <-0.1 <0.1 <-0.1 0.1
CIRCUMFERENTIAL DISPLACEMENT
Right Anterolateral aspect Left Anterolateral aspect Posterior aspect
Vertebra Meaim SD Mee.m SD Mez?\n SD
(systematic error) | (random error) | (Systematic error) | (random error) | (Systematicerror) | (random error)
[Hm] [um] [um] [um] [Hm] [um]
L3 <10 0.2 <01 0.2 0.1 0.4
L4 <10 0.2 <01 0.1 0.1 0.4
L5 <01 0.1 0.1 0.2 0.1 0.3
LONGITUDINAL STRAIN
Right anterolateral aspect Left anterolateral aspect Posterior aspect
Vertebra Meaim SD Mee-m SD Mezf\n SD
(systematic error) | (random error) | (systematic error) | (random error) | (Systematic error) | (random error)
[ustrain] [ustrain] [ustrain] [Wstrain] [ustrain] [ustrain]
L3 <-10 10 <-10 10 <-10 50
L4 <-10 10 <-10 10 <-10 40
L5 <-10 10 <-10 10 <-10 40
CIRCUMFERENTIAL STRAIN
Right anterolateral aspect Left anterolateral aspect Posterior aspect
Vertebra Mezfm SD Mer?m SD Mezfm SD
(systematic error) | (random error) | (systematic error) | (random error) | (Systematic error) | (random error)
[ustrain] [ustrain] [ustrain] [pstrain] [ustrain] [ustrain]
L3 <10 20 <10 30 10 80
L4 <10 30 <10 20 10 60
L5 <10 20 <10 20 10 60

The five displacement/strain maps per series were spatially registered using a reference system

placed in a clearly identifiable point on the pattern, located at the caudal end of each specimen and

horizontally centered in the stereoscopic image. Mean and standard deviation of displacement and
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strain were calculated for the five test repetitions to obtain a single map of measurement/scatter for
each aspect. Locations for which values from less than three repetitions were available were
discarded.

The mean longitudinal strain measured on the three aspects of the pseudovertebrae was compared
with the theoretically calculated longitudinal strain, i.e. the ratio between the differential applied
load (-1.8 kN) and the cross-sectional area of the pseudovertebra divided by UHMWPE elastic
modulus. The mean circumferential strain, measured on the three aspects of the pseudovertebrae,
was compared with the theoretically calculated circumferential strain value, i.e. the theoretically
calculated longitudinal strain value multiplied by UHMWPE Poisson’s ratio. All analyses were
carried out neglecting the first 5 mm surface measured starting from the flat end of the
pseudovertebra/vertebra to limit the effect of possible artefacts due to non-ideal contact with the

ceramic plate.

2.3. Personalized Finite Element Modelling

2.3.1. Pseudovertebrae

Virtual models of pseudovertebrae (obtained by extruding caudally the surface of the upper
endplate) were meshed with 10-node tetrahedral elements (average edge length of 1 mm) and

assigned isotropic and homogeneous material properties (E=1.84 GPa, v=0.46, Section 2.1).

2.3.2. Human Vertebrae

From CT images to pFEM including a specimen-specific cortical bone layer

Considering (i) the unavoidable blur that affects the CT representation of cortical walls and
endplates, (ii) the significant contribution of cortical bone compartment to overall vertebral
mechanics (Eswaran et al., 2006), and (iii) the prospective use of pFEM to study vertebrae affected
by lytic lesions, where the cortex may act as a boundary, we chose to include a specimen-specific
estimate of the cortical bone layer in the models. Local cortical density and thickness were
estimated from CT images by way of a deconvolution algorithm (Cortical Bone Mapping, CBM-v2)
(Treece and Gee, 2015).

The procedure to include CBM algorithm in the FE models was adapted from the one developed for
the femur (Schileo et al., 2020). Briefly, CT images of each vertebra were segmented through
simple grey level thresholding followed by manual adjustment to close contours and exclude
posterior elements or osteophytes, obtaining a first estimate of the external contour. On this contour,

CBM was run to estimate cortical density, then cortical thickness, and finally reconstruct
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triangulated periosteal and endosteal cortical surfaces using medium smoothing level in the CBM
free software (Stradview version 6.1, University of Cambridge, UK).

A B-spline representation of the cortical surfaces was obtained (v.7, Raindrop Geomagic, Inc.,
USA), and clipped caudally to replicate the planar surface obtained on the experimental specimens
(Figure 2).

A 10-node tetrahedral mesh was generated both for cortical (average element edge length 0.75 mm,
compatible with the average cortical thickness) and trabecular compartments (element edge length
0.75 mm at cortical interface and extending to 2 mm inwards) (Hypermesh v.17.0, Altair
Engineering Inc., USA).

Material properties mapping

CT data were density-calibrated with the ESP phantom. The radiological density was converted to
pash, and pash was related to apparent density with the ratio pasn/papp=0.6 (Schileo et al., 2008). Bone
material properties were assigned to each mesh element based on the density-elasticity relationship
derived from vertebral specimens by Ouyang et al. (1997) (Table 2); the same relationship was used
both for cortical and trabecular bone, as in Gustafson et al. (2017a).

In the trabecular compartment, inhomogeneous material properties were assigned using the

Bonemat algorithm (freeware at www.bonemat.org), that performs on each finite element a

numerical integration of voxel-wise properties extracted from the CT images. An upper threshold
was applied to the resulting elemental density (and thus Young’s modulus), to avoid the possible
double-counting of cortical-like density due to the residual blur affecting the data close to the
cortical layer. This threshold was set to the maximum value of trabecular bone density tested in the
study of Ouyang et al. (1997) from which the density-elasticity relationship was taken (max
papp=0.7 g/cm?3, corresponding to E=1.22 GPa).

In the cortical layer, inhomogeneous material properties were assigned using a specialized Bonemat

version (described in Schileo et al. (2020), freeware at www.bonemat.org), which uses as input the

local density estimates obtained by Stradwin at surface nodes to perform the numerical integration
over each finite element. The resulting density (and Young’s moduli) of cortical elements were
filtered to exclude possible outliers generated by the non-linear optimization of the CBM-v2
algorithm; we set a lower threshold equal to the upper threshold for the trabecular compartment and
an upper threshold determined for each specimen from the maximum HU value found in regions of
thick bone cortex that should not be affected by partial volume effects.

Similarly to Crawford et al. (2003), Zeinali et al. (2010), and further motivated by the aim to
validate displacements and strains also along the circumferential (x) direction, we modelled both

trabecular and cortical bone as transversely isotropic (Table 2). In accordance with the experimental
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report from which we adopted the density-elasticity relationship, the Young’s moduli obtained from
the HU values were considered to be the longitudinal (y) elastic moduli values (Eiong). In lack of
microstructural data, the other engineering constants for trabecular bone, were extracted from
literature (Ulrich et al., 1999), as in other research works (Crawford et al., 2003; Zeinali et al.,
2010). For cortical bone, in absence of tests performed on vertebral cortex bone, the constants were
calculated using anisotropy ratios obtained from experimental tests carried out on femoral cortical
bone (Dong and Guo, 2006; Dong and Guo, 2004).

Table 2: Details of transversely isotropic material properties relationships. The longitudinal direction (y) is taken as the
principal material direction. Transversal properties are then derived assuming the ratios from literature: (1) Ouyang et
al. (1997), (2) Ulrich et al. (1999), (3) Dong and Guo (2004) and (4) Dong and Guo, (2006). Elastic moduli are

expressed in GPa.

TRABECULAR BONE

CORTICAL BONE

Elong=2.383 pappl'88 (l)

Elong= 2.383 papp1'88 (1)

Ecirc = Erag = 0.333 Elong (2)

Ecirc = Erad = 0.588 Elong (3)

Giong = 0.121 Ejong (2)

Giong = 0.200 Eiong (3)

Geirc = Grad = 0.157 Eiong (2)

Geirc = Grad = 0.286 Elong (3)

Viong = 0.38 (2)

Viong = 0.30 (4)

Veire= Vrad = 0.10 (2)

Veire = Vrad = 0.40 (4)

Boundary conditions

The applied boundary conditions were common to pseudovertebrae and vertebrae. All the nodes of
the caudal plane were constrained in the longitudinal direction. A ring of six nodes, selected around
the center of gravity of the same surface, was constrained also in the other two horizontal directions
to permit the model expansion by Poisson effect, but at the same time avoid model lability in the
implicit FE formulation. A compressive force of 1.8 kN was uniformly distributed to the superior
endplate to replicate the idealized experimental loading condition. Spatial registration of the FE
model to the experimental reference system is depicted in Figure 2. The models were solved in
ANSYS APDL (Ansys Inc., v. 15, USA).
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Pre-registration: alignment of metallic
spheres in DIC and FE surfaces.
Final registration: ICP algorithm.
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with the metallic spheres. whole vertebra.
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Figure 2: A1) Undeformed DIC coordinates to point-clouds (MATLAB); A2) Conversion of point-clouds into
triangulated surfaces (Ball Pivot Algorithm in MeshLab) (Cignoni et al., 2008) and positioning of the metallic spheres;
B1) Extraction of iso-surface from CT of the caudal clipping plane; B2) Alignment of the cut vertebra with the clipping

plane on the whole vertebra; C) Match of the metallic sphere coordinates in DIC and FE surfaces using Alba
(https://github.com/IOR-BIC/ALBA). Run of an iterative closest point (ICP) algorithm to fine tune the registration of

the DIC surfaces on each clipped vertebral model (average registration error was 0.17 mm).

2.4. Validation and Statistical Analysis

To obtain a point-wise match between pFEM and DIC data, we developed a code (MATLAB) that
for each DIC point averaged the pFEM results over a spherical volume of interest (VOI), with a
radius of 0.8 mm, coherently to Grassi et al. (2013). This match was established both for
displacement, and strain results.

In pseudovertebrae, DIC to pFEM comparisons were limited to displacements in the longitudinal
direction, to ensure (using a homogeneous medium with known elastic modulus) that the boundary
conditions of the pFEM could correctly replicate those of the experiment. In vertebral specimens,
we validated pFEM predictions of displacement and strain in the longitudinal and circumferential
direction.

DIC and pFEM displacements were compared through linear regression analysis, reporting results
in term of coefficient of determination (R?) and slope of the regression line. DIC and pFEM strains
were compared through error metrics, reporting point-wise differences as plots of the frequency and

spatial distribution of errors.


https://github.com/IOR-BIC/ALBA
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3. RESULTS

3.1. Validation of the experimental model

3.1.1. Pressure maps

Three representative pressure maps were obtained for each pseudovertebra. The pressure
distribution was quite homogeneous over the whole pseudovertebra/ceramic plate interface
regardless of pseudovertebra orientation or cross-sectional dimension (Supplementary Material,
Appendix B). The mean pressure value (pmean), measured over the real lower end area of each
pseudovertebra was close to the theoretically calculated mean pressure value, with a systematic
underestimation of 3-6% (Table 3).

Table 3: Comparison between theoretically calculated and experimentally measured mean pressure values (Pmean).

Percentage errors were calculated with respect to the theoretically calculated value.

Right anterolateral aspect Left anterolateral aspect Posterior aspect
Specimen Calcull\jltsd Pmean Measured Percentage Measured Percentage Measured Percentage
[MP2] Prmean error Pmean error Prmean error
[MPa] [%] [MPa] [%] [MPa] [%]
PL3 1.39 1.34 -4 1.33 -4 131 -6
PL4 1.36 1.29 -5 1.28 -6 1.29 -5
PL5 1.34 1.28 -4 1.30 -3 1.29 -4

3.1.2. Displacements

Map vertical dimension was limited to about 14 mm for PL4 and 12 mm for PL5. All maps of
longitudinal and circumferential displacements showed quite regular horizontal and vertical bands,
respectively (Figure 3). The longitudinal displacement each surface point travelled was roughly
proportional to the distance from the lower surface of the pseudovertebra, up to about 10 pum
measured on PL3. The circumferential displacements increased quite symmetrically from midline to
lateral borders, up to about 3 pm.
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Figure 3: Maps of DIC measured longitudinal (left) and circumferential (right) displacements in pseudovertebrae.
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3.1.3. Strain

Longitudinal and circumferential strain level fell within the range [-500, -700] pstrain and [200,
400] pstrain respectively (Figure 4). The mean values of longitudinal strains, calculated for each of
the three pseudovertebral aspects, were always comparable (maximum difference of 30 pstrain
between right anterolateral and posterior aspect of PL3). The mean values of the longitudinal strains
were close to, but systematically smaller than the theoretically calculated values (mean: -5%; range
[-8%, -3%]). The mean values of the circumferential strain were, on average, overestimated by 9%,
with a larger error range [-13%, + 23%] (Table 4). The range of percentage errors was wider when
considering the single test repetitions: [-17%, 6%] for longitudinal strains, [-20%, 29%] for

circumferential strains.
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Table 4: Comparison between theoretically calculated and experimentally measured longitudinal mean strain value g

and circumferential mean strain value €. (overall mean value, with minimum and maximum mean values achieved in

the five test repetitions in brackets). All strain values were rounded to the nearest ten.

Right Anterolateral aspect

Left Anterolateral aspect

Posterior aspect

Speci Calculated | Measured ¢ | Percentage error | Measured gy | Percentage error | Measured g | Percentage error
pecimen
gl Mean [range] Mean [range] Mean [range] Mean [range] | Mean [range] | Mean [range]
[pstrain] [ustrain] [%] [pstrain] [%] [pstrain] [%]
-630 -7 -640 -6 -660 -3
\PL3 -680
[-600, -670] [-12, -1] [-610, -660] [-10, -3] [-620, -710] [-9, 4]
-610 -8 -620 -6 -620 -6
PL4 -660
[-570, -660] [-14, 0] [-570, -680] [-14, 3] [-590, -660] [-11, 0]
-620 -5% -630 -3% -630 -3%
PL5 -650
[-540, -690] [-17, 6] [-600, -670] [-8, 3] [-550, -690] [-15, 6]
Calculated | Measured g | Percentage error | Measured ec | Percentage error | Measured g¢ | Percentage error
g Mean [range] | Mean [range] | Mean [range] | Mean[range] | Mean [range] | Mean [range]
[pstrain] [ustrain] [%] [pstrain] [%] [pstrain] [%]
350 13 380 23 360 16
PL3 310
[330, 360] [6, 16] [360, 400] [16, 29] [350, 370] [13,19]
340 13 340 13 260 -13
PL4 300
[330, 360] [10, 20] [320, 360] [7, 20] [240, 280] [-20, 7]
360 20 300 0 270 -10
PL5 300
[330, 370] [10, 23] [280, 320] [-7,7] [250, 290] [-17, -3]
Longitudinal Strain ; Circumferential Strain
[ustrain]
-500 __ 400
PL3
-550 350
-GOOH 300
-650 250
-700 =200

Figure 4. Maps of DIC computed longitudinal (left) and circumferential (right) strains in pseudovertebrae
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3.2. Pilot trial on human vertebral bodies

3.2.1. Pressure maps

Three representative pressure maps were obtained for each vertebra. The pressure distribution was
not homogeneous, with pressure values increasing from the anterior towards the posterolateral area,
the pressure gradient depending on cortical wall thickness. However, pressure peaks, which caused
local sensor saturation, were always located posteriorly under the two stumps of the pedicles
(Supplementary Material, Appendix B). Test repeatability was confirmed by corresponding pressure
peaks, measured in the three series performed on each vertebra, being at most one sensor array row
or column apart.

3.2.2. Displacements

The vertical dimension of the maps was limited to about 14 mm for L4 and 12 mm for L5.
However, the size of the DIC correlated area was smaller than the monitored surface due to local

high three-dimensional curvature, surface discontinuities or gaps (Table 5).

Table 5: Coverage of the DIC correlated area expressed as a percentage of the monitored surface. Values are reported
for the subsets used to measure displacements, and are valid also for strain window correlation, except for the posterior
aspects, where strain window correlations were further reduced to the values shown in brackets due to the discontinuity
of displacement maps.

CORRELATED AREA
Vertebra
Right Anterolateral aspect [%] | Left Anterolateral aspect [%] Posterior aspect [%)]
L3 90.4 95.8 26.3 (13.0)
L4 85.2 87.8 51.7 (27.6)
L5 87.8 97.9 71.8 (60.1)

Although roughly horizontal bands for longitudinal displacements could be observed on anterior
vertebral aspects, the inter-aspect longitudinal displacements were less homogeneous than those
measured in pseudovertebrae.

The largest longitudinal displacements were measured on the posterior aspect of L3 (about -29 pum
just above the posterior structural discontinuity) and on the right anterolateral aspect of L4 (about -
22 pm), where the maximum gradient in longitudinal displacement (about 7 um) of surface points
lying on the same horizontal level was found. L5 showed the most homogeneous longitudinal
displacement distribution: the three longitudinal displacement maps were the most comparable with
longitudinal displacement values falling in the range [-4, -15] um (Figure 5).

Most circumferential displacements fell within the range [-4, 4] um. However, a roughly

symmetrical displacement map (i.e. showing vertical bands) was measured only on L3 anterior
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aspects. A similar trend was found on the posterior aspect of L5, although less than 10 percent of
the circumferential displacements were outside the range [-2, 2] um, while discontinuities in the
posterior aspects of L3 and L4 did not allow any assessment.

Longitudinal Displacement Circumferential Displacement

248 4

Figure 5: Maps of DIC measured longitudinal (left) and circumferential (right) displacements in human vertebrae. A

few outliers exceeding minimum longitudinal displacement in L3 posterior aspect are shown in black.

Strains

Longitudinal and circumferential strain levels fell within the range [-300, -2300] pstrain and [O,
800] pstrain, respectively. The mean longitudinal strain values for L3, L4 and L5 were -1260
pstrain, -1190 pstrain and -1050 pstrain, respectively. The inter-aspect differences were larger than
those found testing pseudovetrebrae. The maximum differences in mean strain values among
aspects were 210 pstrain, 230 pstrain and 170 pstrain for L3, L4 and L5 respectively. The mean
circumferential strain values for L3, L4 and L5 were 380 pstrain, 320 pstrain and 260 pstrain,

respectively.
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Table 6: Mean longitudinal strains measured on three aspects of each vertebra. Fifth and ninety-fifth percentile of the

strain distribution are also reported in brackets.

LONGITUDINAL STRAIN

Vertebra

Right Anterolateral aspect

Left Anterolateral aspect

Posterior aspect

Mean [5%, 95 %]

[ustrain]

Mean [5%, 95 %)]

[ustrain]

Mean [5%, 95 %]

[ustrain]

L3

-1130 [-1330, -760]

-1320 [-1610, -960]

-1300 [-2060, -1050]

L4

-1220 [-1850, -770]

-1280 [-1780, -1030]

-1040 [-1540, -660]

L5

-1100 [-1220, -950]

-1100 [-1390, -790]

-1020 [-1510, -400]

CIRCUMFERENTIAL STRAIN

Vertebra

Right Anterolateral aspect

Left Anterolateral aspect

Posterior aspect

Mean [5%, 95 %]

[ustrain]

Mean [5%, 95 %]

[ustrain]

Mean [5%, 95 %]

[ustrain]

L3

320 [230, 450]

510 [390, 610]

290 [190, 560]

L4

290 [150, 390]

420 [320, 590]

230 [130, 330]

L5

290 [220, 410]

210 [60, 310]

250 [140, 460]

Longitudinal Strain

Circumferential Strain

30650

-875 525

-1250 8 350

. [-1630 175

-2300 8 0

Figure 6: Maps of DIC computed longitudinal (left) and circumferential (right) strains in human vertebrae.
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3.3. Accuracy of pFEM estimates against DIC measurements

3.3.1. Pseudovertebrae

Vertical Displacement Validation

The regression analysis on displacement data from all specimens (PL3-PL5) returned a high
determination coefficient R? (0.94) and a slope of the regression line of 1.01. Values close to ideal
matching of experimental and numerical data were obtained also pooling results by specimen, with
R? ranging [0.92, 0.95] and slope [0.97, 1.02]. Data from single aspects showed slightly higher
scatter for slope [0.90, 1.11] but not for R? [0.96, 1.00], except for PL3 posterior aspect (0.92)
(Table 7).

Table 7: Validation of pFEM longitudinal displacements against DIC measurements in pseudovertebrae.

LONGITUDINAL DISPLACEMENT VALIDATION (PSEUDOVERTEBRAE)

Right Anterolateral | Left Anterolateral . Pooled by
Posterior aspect . Total
Pseudovertebra aspect aspect Specimen
Slope R? Slope R? Slope R? Slope R? Slope R?
PL3 1.06 0.99 1.11 1.00 0.89 0.92 1.00 0.92
PL4 1.10 0.97 1.06 0.99 0.94 0.96 1.02 0.95 1.01 0.94
PL5 1.03 0.98 1.01 0.96 0.90 0.99 0.97 0.92

3.3.2. Vertebrae

Validation results in human vertebrae are here reported only for DIC measurements in the two
anterior aspects. In these aspects, (i) consistent and continuous DIC field data were available both
for displacements and strains, and (ii) the pFEM could robustly reconstruct the bone shape and
appearance. Conversely, in the posterior aspect: (i) the presence of high three-dimensional
curvature, surface discontinuities or gaps impaired the consistency of DIC acquisitions, so that
fewer data were available, down to 26% of the area for displacements and 13% for strains in L3
(Table 5); (ii) the identification of bone boundaries (and thus the distribution and gradients of
material properties) in pFEM was uncertain due to the presence of the venous plexus resulting in a
sort of irregular cavity. As a result, consistent correlations between pFEM estimates and
experimental measurements could be established only for little portions of the DIC acquisition
windows and were not considered robust enough to be reported. All comparisons between DIC and
pFEM data in posterior aspects are anyway available for completeness (Supplementary Material,
Appendices C and D).

Displacement validation

The comprehensive regression of pFEM vs experimental displacements (pooling vertical and
circumferential data, supported by non-significant Wilcoxon signed rank test values on residuals, p
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> 0.29) returned a determination coefficient of 0.96 and a slope of 1.15 (Figure 7). When separating
data into vertical and circumferential displacements, R? was still rather high (vertical: 0.84;
circumferential: 0.83), and slopes not dissimilar from the overall regression (vertical: 1.18;

circumferential: 1.30).

10

E
=
= 10T
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20 1
FEM=1.15(DIC)+0.05
251 R?=0.96
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Figure 7: Comprehensive regression plot of experimental (DIC- x axis) and numerical (pFEM -y axis) data from all

vertebrae (L3-L5). Vertical displacements in blue, circumferential in green.

When looking at each vertebral aspect separately, some clearer differences emerged, mostly
between the vertical and circumferential directions (Table 8). In vertical direction, the R2 was
always over 0.91, except in L5 right anterior aspect, and the slope values ranged from 0.85 to 1.28.
Regression of circumferential data showed a slightly higher scatter, with a R2 range [0.76, 0.96]
(mean R2 = 0.84). Regression slopes were in the range [1.15, 1.42] apart from an outlier (1.78) in
the right anterior aspect of L4. Notably, this was the same aspect where the lowest slope value for

longitudinal displacements had been observed.
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LONGITUDINAL DISPLACEMENT VALIDATION (VERTEBRAE)

Right Anterolateral Left Anterolateral .
Pooled by specimen Total
Vertebra aspect aspect
slope R? slope R? slope R? slope R?
L3 111 0.97 1.26 0.94 1.24 0.90
L4 0.85 0.91 1.08 0.93 0.89 0.84 1.18 0.84
L5 1.06 0.71 1.28 0.91 1.16 0.79
CIRCUMFERENTIAL DISPLACEMENT VALIDATION (VERTEBRAE)
Right anterolateral Left anterolateral )
Pooled by specimen Total
Vertebra aspect aspect
slope R? slope R? slope R? slope R?
L3 1.23 0.78 1.42 0.88 1.37 0.85
L4 1.78 0.83 1.15 0.83 131 0.79 1.30 0.82
L5 1.16 0.76 1.15 0.96 1.16 0.84

Strain validation

Longitudinal strains could be accurately predicted by pFEM. The frequency distribution of point-
wise errors (shown as percentage of the DIC measured value in Figure 8) for longitudinal strains
was centered in zero (median 0.6%, Wilcoxon signed rank test p=0.36), with a rather narrow
expansion. Half of the predicted displacements were within 12.5% accuracy (interquartile range

IQR = 25%), and the 95% percentile was within 27% accuracy.

Circumferential strain errors were instead biased towards pFEM overestimation, with median error
of 39%, IQR of 59%, and around 10% of data over 100% error.
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Figure 8: Frequency distribution plots of point-wise pFEM prediction errors in longitudinal (left) and circumferential
(right) direction. Errors are shown in percentage of the DIC measured value ((DIC — pFEM)/100)/DIC, so that negative

values indicate pFEM overestimation

Maps of point-wise relative strain errors trends revealed some spatial trends in pFEM accuracy
(Figure 9). In general, the central region of each aspect (i.e. where the DIC image is focused)
showed very low errors (close to zero even in most circumferential strain error maps). Higher errors
were confined at image corners for longitudinal strains, while they extended also inwards for

circumferential strains, highlighting pFEM overestimation.
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Figure 9: Accuracy maps of vertical (left) and circumferential (right) strain predictions, reporting percentage relative

errors with respect to the experimental measurements.
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4. DISCUSSION

In this study we presented and validated a new loading system designed to apply a homogeneous
pressure field over the cranial vertebral endplate.

Effectiveness of the loading system

The effectiveness of the loading system was assessed by testing three pseudovertebrae and
comparing the experimental measurements with theoretically calculated values, based on the
assumption that a homogeneous specimen, irregular in shape but with vertical walls, undergoes
homogeneous internal stress distribution, and therefore homogeneous longitudinal deformation
distribution, when homogeneously loaded. The contact pressure distribution, measured at the caudal
end/ceramic plate interface, and the longitudinal strain distribution, measured on three aspects of
each pseudovertebra, proved the effectiveness of the loading system. Although closer to the
theoretically calculated values, both mean contact pressure and mean longitudinal strain were
underestimated (about -5% for both physical quantities). Different reasons explain these systematic
biases. Mean pressure underestimation seems to be ascribed to unavoidable inaccuracies occurring
during calibration of the pressure sensor array. The sensor was preliminary calibrated by applying a
known load (-2.0 kN) through a UHMWPE cylinder. The total area of the activated squared sensors
(1.9x1.9 mm) exceeded the cross-sectional area of the cylinder, therefore determining an
underestimation of the reference pressure value. Edge effects, i.e. the activation of pressure sensors
of the array closer to the cylinder edge that did not undergo any compressive load, further concurred
to pressure underestimation. Strain underestimation, was, at least partly, due to measuring errors of
DIC technique. Indeed, a systematic underestimation in longitudinal strain has been reported
comparing strain gauge and DIC technique in measuring small-magnitude (<0.1%) homogeneous
strain fields in ideal conditions, i.e. flat continuous specimen surface (Acciaioli et al., 2018). Our
findings are consistent with that study also in terms of overestimation of the transversal strain. The
out-of-plane displacements, which DIC systems measure with a lower accuracy (Schreier et al.,
2009; Sutton et al., 2008), might have further noised the circumferential strain values. This
additional bias seems to depend on whether the surface was convex (positive bias) or concave
(negative bias) (Bornert et al., 2009; Del Rey Castillo et al., 2019). Therefore, the smaller the out-
of-plane displacement (as it occurs in the central area of the monitored surface), the more accurate
the DIC measurements (Murienne and Nguyen, 2016). An additional source of error is related to the
flat preparation (by sanding) of the caudal end of the pseudovertebra. A slight sub-optimal contact
at the caudal end/ceramic plate interface alters the strain distribution starting from the caudal end.
Since the pseudovertebrae are short (they are machined to replicate the height of the vertebral

body), any localized contact or sub-optimal contact at the caudal end/ceramic plate interface
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respectively increase or decrease the longitudinal strain: the farther the contact conditions from the
ideal contact, the greater the bias in the longitudinal strain (Jerabek et al., 2010). The applied
procedure, designed to capture the variability in smoothing the lower end of the pseudovertebra,
showed that the experimental percentage error, calculated for the single test repetition, fell in the
range -17% + 6% and -20% + 29% for longitudinal and circumferential strains, respectively. These
non-negligible deviations demonstrate the importance of caudal end/ceramic plate contact on the
longitudinal strain levels, notwithstanding the exclusion of a 5 mm caudal strip from the monitored
surfaces. Despite all these sources of experimental errors, the measured maximum differences
among the three pseudovertebral aspects (30 pstrain) and the homogeneous pressure distribution
(about 95% of the theoretically calculated value) measured at the caudal end/ceramic plate interface
constitute experimental evidence of the effectiveness of the proposed loading system in loading
homogeneously the cranial endplate.

Pilot study on human vertebrae

All the above reported observation about the experimental errors can be reasonably extended to the
pilot study on human vertebral bodies. However, further inaccuracies in DIC measurements were
there related to local irregularities and double curvatures of the vertebral walls, which determine
non-ideal conditions for strain measurements (Acciaioli et al., 2020; Hassan, 2019). Indeed, the
worst precision (random) errors were always measured on the posterior aspect of the vertebra,
although always smaller than 0.4 pum and 80 pstrain for circumferential displacement and strain,
respectively. These values were achieved using subsets of 36x36 pixels (i.e. about 0.40x0.40 mm),
step of 36 pixels (i.e. no subset overlap) and 11x11 strain windows (i.e. about 4.36x4.36 mm), i.e.
the best compromise between measurement accuracy and resolution, according to the approach
proposed in previous reports for optimizing DIC measurements (Palanca et al., 2015; Pan et al.,
2008; Wigger et al., 2018; Yaofeng and Pang, 2007). We could directly compare our experimental
results only with Zeinali et al. (2010) where a rubber disk was used as interface to achieve “pure
compressive loading condition without creating any momentum during the test”, but surface
displacements/strains were not measured. Comparisons with other loading systems are harder to
attempt, although a common finding is that the human vertebral body under axial compression
testing undergoes non-homogeneous deformation, irrespective of the loading system: through
homogeneous pressure (as in our case), through acrylic molds embedding the endplates (Cristofolini
et al., 2013; Gustafson et al., 2017a), or through intervertebral disks (Frei et al., 2002; Timothy M
Jackman et al., 2016; Lu et al., 2013; Palanca et al., 2018; Shah et al., 1978). However, the main
aim of this study was to experimentally achieve a homogeneous pressure distribution over the

cranial endplate, which can be replicated in a clinically-feasible numerical model. This consistency
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between the experimental and numerical boundary conditions cannot be fully achieved if the
pressure distribution is not known (i.e. when the load is applied through the intervertebral disk or a
rubber disk) or the full constraint of the endplate cannot be ensured (i.e. when the load is applied
through acrylic molds embedding the endplates) due to resin shrinkage. A DVC approach can
overcome this limitation (Costa et al., 2017) by providing accurate endplate displacements under
load that can be used as boundary conditions in the model. However, such an approach (i) requires
microCT imaging, and (ii) neglects the constitutive relationship. As the boundary conditions and the
target validation parameter are the same physical quantity, i.e. displacements (or strains derived
from displacements), the load necessary to determine the observed displacements remains uncertain
(Costa et al., 2017). Here, a homogeneous pressure was applied to the cranial endplate (no
assumption on endplate displacements) and surface displacements/strains were measured.

pFEM accuracy vs. DIC measurements

This study reports, for the first time to our knowledge, full-field pFEM validation results on human
vertebral bodies for both displacements and strains in both longitudinal and circumferential
directions. To our knowledge, no other studies than (Gustafson et al., 2017a) addressed DIC
displacement validation on vertebral bodies. Recently, DIC was used to positively validate impact
stiffness of the cervical vertebrae (Agostinho Hernandez et al., 2020) or FSU kinematics (Garavelli
et al., 2022) but without including the prediction of strains in the vertebral body. We confirmed, for
displacements in longitudinal direction, the good results reported by Gustafson et al., (2017a), by
replicating their model in terms of density-elasticity relationship, although using different loading
conditions. These results were achieved accurately aligning the DIC and pFEM reference systems,
as recommended by Gustafson et al., (2017a).

In our study the validation was extended to longitudinal strains, which showed a null systematic
error and a narrow scatter (Figure 8), mostly confined at the boundaries of the monitored surfaces
(Figure 9). This extension was not possible for posterior vertebral aspects, which were not
considered in Gustafson et al. (2017a). In longitudinal displacements, despite relatively good R?
values, slopes differed substantially between specimens (Supplementary Material, Appendix C). In
circumferential displacements, missing experimental data (structural discontinuities and curvature
effects limit the application of DIC technique (Table 5) combined with weaknesses of pFEM
(boundary identification) yielding lower correlation, apart from L5 where the DIC area coverage
was higher. Due to elusive boundaries and inter-specimen variabilities of the venous plexus,
microstructural insight would be likely needed to robustly approach vertebral posterior aspects.

In anterolateral aspect, however, a good accuracy was achieved also in circumferential

displacements, despite the very small entity of the absolute values measured. When all
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displacements were pooled together, they returned a very compact appearance of pFEM vs. DIC
displacement data (Figure 7). The only apparent deviation in that plot came from the right
anterolateral aspect of L4, where the maximum (unexpected) gradient in longitudinal displacements
was measured. Overall, pFEM displacements were slightly overestimated, more steadily in
circumferential than in longitudinal direction (Table 8). In addition to the already mentioned
reduced accuracy in experimental data, this effect was possibly due to the pFEM approximation of
the experimental caudal constraint.

pFEM overestimation of circumferential displacements was amplified in circumferential strain
accuracy, with a consistent systematic overestimation (mean 39%), and a larger scatter in errors
with respect to longitudinal strains (Figure 8). Circumferential strain overestimation may be partly
attributed to the choice of the constitutive equation, which is not free from uncertainties: (i)
Poisson’s ratios are known to be difficult to measure in trabecular bone and were taken from
microstructural simulations (Ulrich et al., 1999); (ii) there is a complete lack of mechanical data on
vertebral cortical bone, which may exhibit peculiar behavior due to its thinness (vertebral walls) or
microstructure (endplates, (McKay et al., 2020)) reflecting also in its cortical-specific density-
elasticity relationships. The larger scatter in circumferential strain errors could also be related to
lower DIC accuracy in measuring strains at the corners of the monitored surface. Indeed, almost all
maps (Figure 9) showed good strain agreement in the central area of the monitored surface, where
the surface morphology came closest to the ideal conditions.

Limitations

The sample size was small. The three vertebral bodies were excised from a single donor, neglecting
the concept of functional spinal unit (FSU) as well as posterior vertebral elements. However, the
main objective of this work was to assess the effectiveness of a new loading system to apply a
homogeneous pressure over the endplate. The collected data constitute experimental evidence of the
effectiveness of the proposed experimental model.

Deviations from purely compressive loads, which are indeed present in motor activities (Rohlmann
et al., 2014), were not considered. In our view, the accuracy of pFEM predictions should first be
assessed for the simplest loading condition, then extended to more physiological ones, eventually
including posterior elements to capture the actual sharing of load between spinal structures (Azari et
al., 2018). However, this would mean performing multiaxial testing on multi-tissue specimens, and
adding kinematic components, non-linear materials and multiple contact interfaces to the pFEM,
which was out of the compass of this study.

The structural integrity of vertebral bodies was caudally interrupted, potentially weakening them.

Also, any prevalent wedge angle or deformity, which may by itself be a risk factor (Lunt et al.,
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2003; Zhao et al., 2022) was neglected. However, this study did not measure the compressive
strength of vertebral body. This was an unavoidable limitation to complete the validation of the
experimental loading system by measuring the pressure distribution at the lower flat end.

In terms of prospective applicability, the pFEM is not validated to reproduce fully physiological
loading conditions. However, it can account for endplate compliance. Additionally, it is clinically
feasible because it does not require knowledge of endplate displacements (currently possible only
by DVC, i.e. not in vivo). Thus, it may be appropriate to capture changes in strain fields under load,
as made evident by (Hussein et al., 2018), although we still neglect microstructure as it cannot be
recovered from clinical images yet.

In summary, (i) we proposed a new vertebral loading system that applies well controlled boundary
conditions, loading the cranial endplate with a uniform pressure as proven by measurements on
homogeneous pseudovertebrae; (ii) we reported for the first time full field DIC measurements of
longitudinal and circumferential displacements and strain in human vertebrae, with very high
precision; (iii) we confirmed that control of experimental boundary conditions is key to a good FE
validation, as (iv) we obtained a good accuracy in the pFEM validation of displacements and
longitudinal strains, although circumferential strains were overestimated, and in posterior aspects
DIC-FE comparisons were hindered by anatomical features (curvature, venous plexus) influencing
both DIC and pFEM robustness. These new methods may be applied to study how physiological
and pathologic conditions influence the ability of vertebral endplates to sustain loads.
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