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Summary

Vertebral fragility fractures are difficult to predisince, by definition, they do not occur due to
accidents In fact, these fracturetypically arise during daily activities, following conditions like
osteoporosis or cancer metastasis that increase the vulnerability of the vertebrae. Assessing the
residual bone competence in these pathological patients remains a complex task. Although the
Vertebral Fracture Assessment (VFA) tool is currently used, it primarily evaluates the severity of
fractures once they have already occurred rather than estimating the risk of occurrence. Areal bone
mineral density (aBMD), a reliable predictor for proximal femur fractures, does not yield a similar
accuracy for the spinddditionally, Spinal Instability in Neoplastic Disease (SINS) is clinically used

for metastatigatients put it presents some difficulties in discrimiimat between the central levets
classification

Patientspecific computational tools based on clinical images may address this challenge and provide
valuable support for clinical decisianaking. However, before these methodologies can be used in
clinical practice, it is necessaty demastrate that they provide reliable and accurate predictions
achieve this, the model 6s predictions require
experiments. Vertebral fracture experiments can be conducted on cadaverSiineiseir use for

model sé validation is challenging: a single isol
valid SaintVenant 6s principle, whil e on the other han
issues with the interaction between bones and intervertebral discs.

This PhD thesis aims to defintbe accuracy of subjespecific finite element models of multi
vertebrae segmentélomogenised finite element (hFE) models of the spine were generated from
clinical compuéd tomography (CT) or micreomputedtomography (UCT) datan vitro full-field
measurements were used in the validation experiments to compare numerical outcomes with the

corresponding experimental ones.

The first part of the work focused on assessing whether the construction efendbrae FE models
uniquely based on CT was feasible. To achieve this aim, cadaveric spinal segments were tested
experimentally, and Digital Image Correlation (DIC), an opticaHield technique, was used to track

the displacements and strains on the vertebrae surface. The spinal segments werescdsmel

and FE models were built and subjected to boundary conditions replicating the experimental tests.
Numerical outcomes on the vertebrae surface were then compared to the available experimental ones.
Because CT does not provide any information about the intervertebral disc material properties, the
hypothesis of a linear elastic and isotropic material was done.

More in detail, the analysis was divided into two distinct parts. Firstly, experimental and numerical

di spl acements were compared in the case the int
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fitting the numerical forcelisplacement curve to the experimental one. Secondly, superficial principal
strains on the vertebrae were compared explorin
to the intervertebral discs in the literature.

Al t hough the kinematics could be correctly rep
numerical and experimental strains showed considerable differences. OBy MBa Yo un g o s

modulus values yielded comparable order of magnitudes be##eemd DIGderived strains

Hence, in the second part of this thesis the focus was stiftessessing whether, whewrking on
individual vertebrae, the thremensional displacements and strains obtained from FE models
matched the experimental ones. If this hypothessewonfirmed, then the analysis of a multi
vertebrae FE models would require more accurate modelling of the discs. Specifically, uCT scans of
multi-vertebral segments were acquired before and after pure compressive tests. These images were
used as input to a Digital Volume Correlation (DVC) algorithm that alloweeésttracton of the full

3D deformation field within the bone structure. Then, both mikEq ¢ Fdhd hFE models were
generated from the unloaded PCT scans and were subjected to experimentally matched boundary
conditions. hFE models results in texof displacements were compared pointwise against DVC data
and ¢ F Eesults. Using the sameuCT scans as input for botn silico model andin vitro
measurement allosvto avoid registration errors. However, considering tl@T scans cannot be
acquiredin vivo, the outcomes of theCT-basedhFE model were compared to tlomesof a clinical
CT-based hFE model (using the CT scans acquired during the first part of the Aditjonally, a
gualitative comparison betweéme hFEmodeland DVC strains was performed, to assess the ntdels
ability to highlight the regions showing higher deformatioB8/C and hFE displacement fields
showed good agreement, both for health§%m®.69+0.83 RMSE%= 3+22%andmax errors < 45

¢ M and metastatic (R= 0.64+0.93 RMSE% =5+18% andma x e r r o 1) gertebraefGI & m
based and cliniceCT based outcomes presented strong correlatiohs (RO RMSE% < 1.3%
andma x er r Q as well as®FE anph F Bodels (R= 0.95+0.97 RMSE%= 3+29%and

95th percentile= 2 & 6 1). ABayhFE models were able to qualitatively identify the regions which

experimentally showed the highest strain concentration.

The main conclusion of this work is that when the boundary conditions are accurately modelled,
subjectspecific hFE vertebral models built from clinical CT data can predict displacements and
strains with accuracies comparable to that of the experimental method (DVC) used for the validation;

¢ F Eodels show accuracies comparable to hFE models. But in-snaltg me n t model s, t he
predictions are highly sensitive to the biomechanical properties of intervertebral discs; thus, we

believe accurate models can be built only if the disc's properties are personalised.
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Chapter 1

Introduction

The first chapter aims to provide a priori knowledge relevant to understand the decisions taken for the
workflow implementation in the following chapters. Firstly, a brief description of the vertebral bone
anatomy and physiology is reported. This is followed by the description of the clinical problem which
motivates this thesis, namely the vertebral fragility fracture, analysing the more frequent pathologies
that increase its occurrence. The methods currently used to identify patients with high vertebral
fracture risk and their limitations are also reported. Then, the state of the art for the generation and the
validation of vertebral subjespecific finite element models is presented, with a focus on the models

of the pathological vertebra. Subsequently, the experimental methodologies which allow to obtain
full-field information on displacements and deformations useful for models validation are briefly
described. The first chapter will conclude reporting the motivation behind this thesis and its specific

objectives.



1.1. Anatomy

The spinal column is a complex anatomical structure that provides fundamental support to the human
body, imparting both stability and flexibility, allowing human movement and, at the same time,

protecting the spinal corGray, 1859.

Vertebrae are primarily composed of cancellous bone, a network of trabeculae, which are bundles of
lamellae in which the collagen fibrils are oriented with strong paralléi&znikov et al., 2015)The
interstitial space between the trabeculae is filled with the medulla, contributing to the bone's stiffness.
The cancellous bone can absorb shocks and is light and inexpensive in metabolic terms; however, it
does not guarantee sufficient mechanical strength. Consequently, the structural optimisation is
manifested in the vertebrae with a thin layer of superficial cortical bone, mechanically resistant but
also heavy and expensive in metabolic terms, inside which is the cancellousirbdhis way,
vertebrae provide maximum resistance at minimum cost, avoiding waste of materigbtdwilae

in the cancellous bone are oriented mainly in a vertical direction, this being the main direction of load
acting on thentCristofolini, 2015)

The functional unit of the spine is composed of two adjacent vertebrae, the interposed disc, and the
capsuleligamentous structures (Fify.1). In this perspective, the vertebra is classified as a type | lever

or "interlocking", in which the inteapophyseal joints are the point of support, the disc makes a direct
and passive cushioning, and the muscles an indirect and active cushioning. The front pillar has a
support function, while the rear has a dynamic one. The-apephyseal joints have little resistance

to compressive or tensile forces while responding with good resistance to torsional stress and
slippage.n the healthy spine the vertebral body withstand about 80% of the compressive loads while
the posterior column about the 20% of the lo@dsbbs et al., 2013Most of the stresses are then

transmitted from one vertebra to the adjacent one through the interposed disc.

The intervertebral disc has three main functions, namely, to withstand the loads, to dampen and

reduce stress transmission, and to allow relative movements between consecutive vertebrae. From a
structural point of view, it is composed of two different elemé@esssidy et al.1989. In the centre

there is the nucleus pulposus, a gel rich in proteoglycans that loses part of its water content under
pressure. It is surrounded by thenulus fibrosus, a structure of fibrotic tissue with high content of

collagen(Disney et al., 2018)
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Fig. 1.1: Anatomy of the spine. On the left, lateral and anterior views of the spine with the different
portions highlighted. On the right, the functional spine unit, composed by two vertebrae and the
interposed discs (bottom), and its section in correspondence to the intervertebral disc. It is possible to
distinguish the annulus and the nucleus (top). Imaged created with BioRender.com.



1.2. Vertebral fragility fracture

A vertebral fracture is the disruption in the structural integrity of the vertebral body. It results from
excessive mechanical forces, often related to trauma such as accidents or falls. Still, when considering
fragility vertebral fractures, the emphasis lies on fractures occurring with minimal eenlexgy

trauma in individuals with compromised bone quality and reduced bone mineral density. These
fractures predominantly affect the thoracic and lumbar regions of the spine, especially at the

thoracolumbar junction.

The failure mechanism of the vertebra has been studied, both for healthy and pathological vertebrae,
using the application of quasiatic load on multvertebralspecimens in order to account for the
action of the intervertebral dis¢Palanca et al., 2023For both groups it has been shown that the
failure frequently originates at the endplate level. In case of metastatic specimens (composed by
metastatic vertebra and adjacematiologically healthy one used as control), typically fractures
occurred in the lytic or mixed metastatic vertebra, whit the exception of the specimens presenting

blastic metastases where the failure is mainly reported in the control vertebrae.

The most used classification wértebralfractures is the one presented®gnant et al., 1993vhich
considers the decrease in the height of the vertebral body (m28%0 moderate 280% or severe
>40%) and the location of collapse (wedge anterior, biconcave central or crush posterior).

The mechanism of failure seems to be strongly influenced by the way in which the load is applied.
Jackman et al(2016 analysed initiation and progression of the fracture when the spinal segment is
subjected to axial compression versus prdles@on (performed using a combined loading). During

the former tests the failure seems to start in the central part of the endplates, generating a biconcave
fracture. Vice versa, in the latter test the deflection of the endplate was concentrated in its anterior
part, i.e., shifted in the direction of the flexion, producing an external bulge in the anterior cortex. This
typically results intowedgeshaped deformity on clinical imagingith a reduction of the vertebral

height and the forward curvature of the spine (kyphosis), affecting the overall spinal alignment and
biomechanicsAnother crucial aspect emerging from the study was that not only tedayihe risk

itself of the fracture is dependent to the type of loading. In fact, they showed that vertebrae, even after
their ability to support anterior flexion is already compromised, can support significant compressive
force. Aware of this and considering that fragility fractures derivate from daily actjvitiés
interesting to report that many studies have tried to assess the range of loads acting in the vertebra
during the most frequent tasks of the daily rouflRehimann et al., 2014The activities that transmit

higher loads among a thousand analysed exercises are the flexion of the upper body, the staircase

walking and the lifting of a weight from the ground.



More than half of the vertebral fractures are asymptomatic and often they are never difigadsed
etal.,1999) Nevertheless, they can have strong i mpli
spinal compression and consequently g&iimnyssiotis, 2010as well as increasing the risk of new
fracturegKlotzbuecher et al., 2000)

1.2.1. Pathologies

In the following paragraphsthe main pathologies which affect the vertebral bone mechanical
competence increasing the risk of fracture will be presented

1.2.1.1. Osteoporotic Disease

Osteoporosisis a skeletal disordercharacterisedby reduced bone densitand progressive
deterioration of bone microarchitectufi@orita et al., 1994)Reduced bone density predisposes to
bone fractureslue to low energyrauma, whichwould not lead to fracturén physiologicalbone
densityconditions(Johnell & Kanis, 2006)The cause of this pathology is the loss of balance in the
action of osteoblasts and osteoclasts within the bone remodplowgss (Figl.2 A). The first
category of cells contributes to bone formatiamhile the secondmanagesbone resorption
consequentlyjf the action of osteoclasts is considerably greater than that of osteoblasts, the bone
starts todeteriorate. Duringhe menopaus@eriod, osteoclasts' increased productiocaissed by the

loss of oestrogenwhich leads to a possible increase in cytokines related to the production of
osteoclasts. In addition, advancing age decreases the activity of ostedilestsfactsexplain the
spread of this pathology in women over @@elton, 1997 Old & Calvert, 2004) However, it can
afflict individuals of any age and gender, making it a significant public health cof@odmmell, 1997)
When the pathology is achieved by related conditions, Higgerparathyroidismor assumption of
osteotoxic drugsthe osteoporosis is defined secondd@ihe phenomenon iypically asymptomatic

and manifested bylecreasedtalcium tone in bone mass (osteopenia). $keletal districtsmost
easily affected by the decrease in calcic tone arthtiracolumbawrertebrae, the femur, and the wrist
(Cooper &Melton, 1992.

Diagnosis and risk assessment are paramount to managing osteoporosis effectively. Traditionally,
areal bone mineral density (aBMD) measured using ®natgy Xray Absorptiometry (DXA) has
been the gold standard for diagnosing the conditimwadays, the following thresh@a@re used to
evince the gravity of thdisease (WHO, 1994Fig. 1.2 B):
1 Normal: BMD within 1 standard deviations below the young adult average
1 Osteopenia BMD between 1 and 2.5 standard deviations below the young adult average

1 Osteoporosis BMD higher than 2.5 standard deviations below the young adult average



1 Severe osteoporosis BMD higher than 2.5 standard deviations below the young adult
average and presence of at least one fragility fracture

However, experts acknowledge that relying solely on aBMD may not capture the complete picture, as
it fails to account for bone quality and microstructural chartGesseca et al., 2014onsequently,
clinicians nowemphasisehe integration of clinical risk factors alongside DXA measurements to
refine fracture risk assessméKanis et al., 2017)
Treatment of osteoporosis primarily revolves around two major goals: reducing fracture risk and
preserving bone mass. Lifestyle modifications, such as regular Watghing exercises and ensuring
adequate calcium and vitamin D intakee pivotalin maintaining bone healtilbrecht et al., 2022)
Various pharmacological interventions have also been instrumental in managing the disease and
preventing fractures, including bisphosphonates, selective oestrogen receptor modulators, and
monoclonal antibodies targeting specific boagulating pathwayglu et al.,2018.
Despite these advances, challenges remaioptimising osteoporosis management. Some patients
may experience side effects from medication, while others may struggle with treatment adherence.
Moreover, identifying individuals at high risk for osteoporotic fractures remains a complex task,
demanding a comprehensive approach encompassing clinical assessment, advanced imaging

techniques, and emerging biomarkers.

osteoblasts osteoclasts

healthy

osteopenic

bone formation

bone resorption osteoporotic

Fig. 1.2: Osteoporosis is caused by a lack of balance in the bone remodelling cycl&éAyriginal
elements used in the figure are from Servkdical Art (http://smart.servier.com/)mage created
with BioRender.com. This imbalance leads to a progressive degradation of the trabecular tissue (B).

Image adapted from https://www.medimapsgroup.com/.



1.2.1.2. Bone Metastatic Disease

Bone metastatic disease, a consequence of advanced cancer, inflicts devastating effects on patients'
guality of life. This occurs when malignant cells from primary tumdwade blood capillaries, move

to a different region el sewhere in tandcoloosdy, cr
the bone tissugColeman et al.,, 2019jFig. 1.3A). Among patients with metastatic cancer,
approximately 70% will experience bone metastases, with common primary sites beingahdeast
prostate cancergHuang et al., 2020)In ltaly, for example, the Italian Association of medical

oncology (AIOM) reports 35.000 new cases of bone metastases every year.

Vertebralmetastases bring forth many complications, ranging from debilitating pain and fractures to
hypercalcemia, spinal cord compression, and impaired mobility. The interplay between cancer cells
and the bone microenvironment is complex, leading to bone destruction and tumour Guowdhr

cells areattracted to the bone's rich blood supply &mthe release of borgerived growth factors.
Vertebral bones are consequently one of the most common locations of metastasis in light of their

high vascularization.
It is possible to highlight three different types of metastéSesse et al., 2006Fig. 1.3B):

1 Lytic: adisintegration of the trabecular lattidae to an imbalance of regulatory factaas @
result ofthe presence of primary cancénpt translates intan increase in the resorption of
old bone tissue by osteoclasts and a reduction in the deposition of new material by
osteobl ast s. Ités the most common damage i n
kidney, or colon.

1 Blastic: an anomalous densification of the bone strucfline interstitial space is reduced and
sometimes disappears. The deformed bone is weaker since the normal architectural
arrangement of the lamellae is no longer present. Furthermore, the morphological alteration of
the vertebral body can lead to the compression of the nerve roots and spinal cord, resulting in
neurological complications. This type of metastasis is most often diagnosed following
prostate, bladder, or stomach tumours.

1 Mixed: the simultaneous presence of both Iytic and blastic metastases inside the same bone.

The diagnosis of bone metastatic disease requires the integration of various imaging modalities,
including computed tomography (CT) scans, positron emission tomography (PET), and magnetic
resonance imaging (MRI). Early detection is crucial, as timely intervention can alleviate suffering and

improve outcomes. Corticosteroids, which are commonly used in therapies to treat tumours, have
been shown to cause bone tissue degradateégenerating intsecondarysteoporosi¢Adachi et al.,

2000. Bisphosphonates and denosumab are frequently prescribed to inhibit bone resorption, mitigate

skeletal complications, and improve bone strength.
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Fig. 1.3: On the left (A), a schematic representation of the metastatic diffusion. Image created with
BioRender.com. On the right (B), section of a healthy vertebral scanned ingi@d anachine,

followed by sections of vertebrae presenting the signs of bone metastasis, specifically lytic (middle)

and blastic (bottom)mage adapted fror@avazzoni et al., 202@Reproduced under the terms of the
CCBY4.0licenseE 2023 Cavazzoni, Cris)ytofolini, Dal | 6 Ar a

1.2.2. Limitations in the current fracture risk predictors

Nowadays, different indexes are clinically used to assess bone fractuire sigijects potentially at

risk because of their clinical conditianStill, their ability to discriminate between subjects at risk of
fracture and those who have a deteriorated buicniinal condition is limited. Iscore derived from a

DXA exam is commonly usefChoplin et al., 2014)Still, its lack of specificity and sensitivity in
predicting hip and vertebral fractures connected to osteoporosis has been r@pantedll et al.,

2014) T-score measures how much the BMD value of the examined subject deviates from the
reference bone mineral density value, which is the healthy population30 g6ars and the same

sex. Moreover, more than 50% of the fractures do not occur in subjects classified as osteoporotic
(Cranney et al., 2007; Pasco et al., 20@8jnting out that -Bcore alone is not sufficient in providing

a complete fracture risk assessm@mnseca et al., 2014)

In addition to this, the Fracture Risk Assessment Tool (FRAX) has been developedUmyvigrsity

of Sheffieldto assess the 3@ear probability of a major osteoporotic fracture (hip, clinical spine,

9



humerus, or wrist fracture) and the-y{i@ar probability of a hip fracture specifically in individuals
(McCloskey et al., 2012)The FRAX index takes into account various clinical risk factors, including
age, sex, body mass index, history of previous fractures, parental history of hip fractures, smoking
status, glucocorticoid use, alcohol consumption, and the presence of certain medical conditions such
as rheumatoid arthriti$=RAX may only be used in untreated patiemRAX Implementation Guide,

NOF, 2009); in fact, tested on different cohorts of cancer patients treated with androgen deprivation
therapy has shown a limited fracture prediction ability. Moreover, the BMD input is limited to the

femoral neck based on available population dagBoff et al., 2022)

The Vertebral Fracture Assessment (VFA) is also udédCloskey et al., 2008)It considers a
vertebra fractured if its original height is reduced for more than the 20%. Sitill, its focus is more on
detecting an occurred fracture or at least estimating the risk of a secondary fracture after the
occurrence of the first one.

Lastly, the clinical index specifically developed for patients presenting metastatic disease is the Spinal
Instability in Neoplastic Disease (SINS), which is widely used to predict the degree of spinal
instability. It aims at predicting theossibleoccurrence of vertebral fracture based on pathological

vertebra level, extension of the lesion, pain perceived by the patient, the quality of the bone, the
radiographic alignment, the vertebral body collapse, and the involvement of posterior process
(Fourney et al., 2011However, it fails in discriminating between levels 7 to 12 for whom it would be

more interesting to have quantitative support in the clinical decision, leaving the decision very
dependent on the doctords experience. Further mor
(specificity equal to 79.5%{Fisher et al., 2014)leading to the overtreatment of patients already

weakened due to chemotherapies they must face because of the primary cancer.

Considering the limitation of the aforementioned indexes, an accurate prediction of the risk of
vertebral fracture would be crucial, especially for pathological subjects. Papiecific models
developed from clinical images could might improve the current vertebral fracture risk assessment, as
they already demonstrated to be successful in providing accurate estimates of bone strength at the hip
(Aldieri, Bhattacharya, et al., 2022; Johannesdottir et al., 2018)

10



1.3.Homogenized finite element
modelling of the spine

During the last years, interest in-silico strategies applied to medial field increased exponentially
(Combes & Shah, 2016; Gaweda et al., 2022; Qasim et al., 2016; Viceconti et al., R28dBing on

the bone fracture risk assessment, the most used computational strategy is the finite element (FE)
method, which can bepplied to subjectspecific virtual reconstructios of the patiens bone
generatd from clinical CT datgBasu et al., 1985)Since its first appearance in the literature, several
studies have integrated and improvedtG-FE methodologyFleps & Morgan, 2022; Molinari &
Falcinelli, 2022; Schileo & Taddei, 2021)

FE analysis technique involves subdividing an object into subdomains, each of which can be
represented through a finite number of interconnected elements through a grid of shared nodes (this
structure is called meslt{zienkiewicz, 1971) The innovation of this method is the possibility of
managing complex structures through the discretization of their domains. It is therefore ideal for the
biomechanical field, where each structure has very specific geometry, at the same time different from

one individual to another.

The procedure for the generation safbjectspecific model of the bone require to follow specific
steps, that will be briefly reported below, with particular attention to what is required for vertebra

models.

1.3.1. Imaging

The study of bone geomegitrstructure and density at different spatial resolutions has been widely
done using imaging techniquek vivo, techniques such as DXA and Quantitative Computed
Tomography (QCT) are the primary methods used at the macroscopic level to provide apparent
measurements of bone mineral density. In fact, intensity values can be converted into a
hydroxyapatiteequivalent density using calibration phantocthging image acquisitiofGriffith &

Genant, 2008) providing volumetric measurements of BMDODtherwise, ex vivqQ the 3D
microstructure of vertebrae can be resolved and studied usingr nggolution imaging techniques

like microCT (dO©O®B) | 6 Ara. et al ., 2012)

Consequently,iming at generatingubjectspecificFE models teevaluatebone strengtin a patient,
the most used source is certainly the QCT. Howeves important to consider thafis imaging
limited resolutionlacks in describing thé&rabecular bone microstructure and the thin cortical shell

present in certain skeletal sites, suchttesvertebrae. The low resolution cafsolead to partial

11



volume effects, which may result in an underestimation of the BMD of costicadturegKlintstrém,

2017) Furthermore, variations in patient size and shape can influence the accuracy of QCT's BMD
measurements, as changes imaY attenuation levels due to body composition differences may
introduce beam hardening artifa¢oldman, 2007)These artifacts manifest as artificial lower grey
level regions in deeper and thicker areas of #oguired object, affecting the overall BMD
guantification. Despite these limitations, QCT remains a valuable tool for bone geometry and material

properties analysis.

Conversely, when the focus does not i nvol ve t he
both pFE models as well as FE models at the continuum sp&E. models allow to study the
microstructural behaviour of the vertebral bd@®sta et al., 2017¥or the continuum scale model

instead, a calibration of the acquisition is required, as already explained for the clinical CT images,
and then a coarsening strategy is typical apgieevalier et al., 2009; Eswaran et al., 2008)

1.3.2. Geometry extraction and mesh generation

The extraction of the geometry of interest, the vertebral botids case, from the acquired medical
images is called segmentation. It defines the boundaries of different anatomical components,
providing subjectspecificgeometrical information necessary to closely replicate finesilico.

Segmentation techniques range from manual tracing to automated algorithms, each with its own
advantages and challeng¥srtebral bone preseygpecific features that makehiardto be segmented

in a totally automatic wayFor exampleat a clinical resolution the interapophyseal veneers are not
clearly visible and the processes of two subsequent vertebrae seems attached do not allowing the

separation of the two bodies.

Mesh generation consists in the spatial discretization of the computational domain. It can be achieved
in different ways(Fig. 14), the simplest is to directly convert every voxel from the scan to an
element. This is the strategy used for the generation gfREemodelgChen et al., 2017Anyway,

at a continuum level this can lead to an amplification of the partial volume effect and to a decrease in
the accuracy of the external surface representation, relatively complex in the case of the vertebral
bone (Engelke et al., 2016)Tetrahedral elements mesh instead are smother and can fit well the
curvature of the bondGustafson et al., 2017)There are different methods to execute the
discretization the mat used, thanks tots robustnessis the octree method. It generates an
unstructured mesh by recursively subdividing the physical space down to a prescribed resolution, that

is spatially varying.

12
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Fig. 1.4: To extract the bone geometry a semiautomatic segmentation is performed on the CT images
based on the grey levels. Then, the mesh is generated using a hexaedrical or a tetraedrical elements.

1.3.3. Material properties assignments

Various relationships between Yolrng modul us ( E) and denspropoged( }J ) ha
for human bonesfollowing severalmechanical testainder different load configurations, using
differentbone types (cortical or trabecular), aedting differenanatomical compartmengsielgason

et al., 2008) In subjectspecificFE model s, t-Ehrelationghipsi i< mvotad &nd ghould
account for the anatomical si{&chileo et al., 2008) -Ejrelationshifg are reported using both
apparent and ash densities. The apparent density pertains to bone sample density under wet
conditions, calculated by the ratio of wet weight to bulk volume. Ash density is determined by
dividing ash weight by bulk volume, obtained by burning the sampldgremimeasuringhe weight

after 24 hoursy -E relationships have been presented using both linear regréksameny et al.,
1997)and power lawmodels(Kopperdahl et al., 2002; Morgan et al., 2Q08)en if the second ones

seem to better fit the datdoreover, for the vertebra, differentfyom what happens for other
anatomical site, the same equation is used for both cortical and trabecular compartments, because
cortical shell can be considered as condensed trabecular bone for this bo(domgse& Wilcox,

2008) Furthermore, linical CT images have typically low resolution in order to avoid excessive
irradiation on the patient. For this reason, it is not possible to extract information about trabecular
orientation, consequently many hFE models of the vertebra apply isotropic material to the bone
(Gustafson et al., 2017pr orthotropic(Crawford et al., 2003)Additional and more complex
modelling strategiegould be found in literaturesonsidering bone anisotropy, through the mean
intercept length, but they require high resolution images to be implemgtagijan & Mann, 1984)
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Moreover vertebra does not presentfragile behaviouras far as fracture is concerndgbor this

reason, failure mechanisms involving plasti@tyd damage accruabve been present¢dDa |l | 6 Ar a et
al., 2010, 2012; Imai et al., 2006, 200@nai et al., 2006chose a bilinear elastoplastic model,

assuming each element yielded when its DrudReager equivalent stress reached the element yield
stress.This allowed to take into account the asymmetry between tensile and compressive behaviour

that characterises the bone matefiah | | 6 Ar a imdlemented an elastt Hiabnage constitutive

model considering the accumulation of the damage at each element to explain the stiffness reduction.
Costa et al., 2018doptedan isotropic plasticity model based on a Von Mises criteria depetaithe

density itself.

1.3.4. Boundary Conditions

Boundary conditions applied the vertebral modelsan follow two different strategie$hefirst, and

most common, considers the vertebral bone by itspvBiu c k| ey et al ., 2007; D
Imai et al., 2006)while thesecond strateggnodels all the spine, or a portion of it, as a whole, taking

in account also the action of the intervertebral di@®enen et al., 2018)hey both have some pros

and cons that must be taken into account.

Studying the single vertebra by its own allow to have a higher control and the loading gyalesd,

both for what concern the experiment as well as for the simulapidation This is the best way to

have a total control on the vertebral bone behaviour, because it is the only tissue examined and
simulated. Consequently, when the focus is the vertebral body strength, this is the most common kind
of set up. Anyway, taking this choice reduces the ability to study the behaviour of the vertebra under
realistic conditionsin most of the cases, a uniform load is applied to the upper vertebral endplates
(Chevalier et al.2009; Crawford et al., 2003Anyway, some studies have also tried to replicate-high

load task like anterior flexioh Dal | 6 Ara. et al ., 2010)

On the other way, studying multertebrae segments allevto apply more realistic boundary
conditions to the specimdfroenen et al., 2018Fonversely, these long segments force the necessity

to model also the intervertebral disc, even if the focus of the study is on the vertebral bone, strongly
increasing the complexity of the modelling. Connected to these pdidsthier et al., 2015
compared experimental measurements with two different models, one in which the vertebra was
loaded through the intervertebral discs and the other through a layer of polymethyl methacrylate. The

latter kind of boundary conditions resulted unable to reproduce the endplates fracture.
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1.3.5. Validation

Validation allows toassess whether the modwin predict accurately the physical phenomena that

intend to replicatg Anderson et al., 2007; Viceconti et al., 2006) the biomechanical field, the
phenomena are complex and have a strong subject dependence. For this reason, in many cases at first
controlled in vitro experiments are performed aiming to replicate what happenvo and then

models predictions under the same experimental boundary conditions are compared to the
experimental measurements. This allows to increase step by step the complexity of the modelling,
separating the different causes of error. Historicatigny different outcomes have been analysed

during the validation processes of bone models, but it is possible to group them the following

categories:

1 Global mechanicgbropertiede.g.,apparen{ Buc k|l ey et al . , 2,§iéld ; Dal |
load (Imai et al., 2006)fracture load Buc k|l ey et al ., 2007; Dal |l 6 A
2006).

1 Local behaviourof the bone in term of displacemer{tSustafson et al., 20174nd strains
(Baleani et al., 2023; Schileo et al., 20000 the bone surfad&rassi et al., 2016)r inside its
volume (Palanca et al., 2022)t requires, in addition to the mechanical testing set up, further

experimental techniqueslistorically, strain gauges attached to the vertebral cortex there
most used tooto assess superficial deformations in the vertel@asstofolini et al., 2013)
However, they have two main limits. The fimteis that they provide information only at the
exact location on which they are attached, iamslimpossible to cover all the vertebral surface
considering all the instrumentation required. The se@ras that they reinforce the cortex,
gererating a strain underestimation in the rang®% (Cristofolini et al., 2013)An emerging
alternativeis represented by the optical fikkld techniquesliscussedt paragraph.4.

1 Damage localizatiofimai et al., 2006; Keyak et al., 2001 requires imaging acquisition both

before the test (as the input to generate the model) and after it (to localize the location of the

damage).

1.3.6. Pathological vertebrafinite elementmodels

The FE methodologies has already shown several benefits in the study of pathological vertebrae
(Naoum et al., 2021)n the following paragraphs the potentiality of the application of FE method to

osteoporotic or metastatic spiaee highlighted
1.3.6.1. Osteoporotic vertebra models

Focusing on osteoporosis, numerous studies have used FE models to assess frafRayudsket
al., 2022; Zysset et al., 2018phd/or to compare treatmer(igiceconti et al., 2016)CT-based FE
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models indeed have demonstrated superior discriminative capabilities for vertebral fractures
compared to lumbar spine BMD measurements obtained by DXA and quantitatiiten&;T2015)
suggesting being a viable alternative to the current standards for detecting fractures related to
osteoporosis. Some studies proposed to use FE analysis to perform opportunistic examinations on
osteoporotic patients whenever a new routinely acquired scan of the subject is a{iRéghbldu et

al., 2022) Response to osteoporotic treatments with teriparatide and alendronate have been analysed
with FE models of the lumbar spif€hevalier et al., 2010; Graeff et al., 2009; Keaveny et al., 2007)
Another important application of the FE methodology is the analysis of the stabilization surgeries and
their effects both on the instrumented or augmented vertebrae, as well as on the adjad@varanes

et al., 2020)

1.3.6.2. Metastatic vertebra models

FE models have shown interesting results also studying of the impact of metastatic lesions on the
vertebral bone competence. Subjsgecific vertebral models, incorporating either simulated
(Galbusera et al., 2018y actual lytic lesiongCampbell et al., 201 Have been proposed. The effect

of parameters such as lesion size and location, vertebral bone quality, and loading rate on the risk of
burst fracturgGalbusera et al., 2018palbusera et al., 20li8ealized the metastatic lesion as a
pseudespherical shape randomly centred within the vertebral body and with a random radius
in the range 2+20 mm. The corresponding elements were assigned with an elastic modulus of
1 MPa and a Poisson's ratio of 0.45, representing a highly hydrated material with low
compressibility and stiffness. They applied this model to the study efffhee of parameters

such as lesion size and location, vertebral bone quality, and loading rate on the risk of burst fracture.
Groenen et al., 201iBstead segmented the metastatic lesions form the CT scans and then deactivate
the corresponding elements during the simulation. Further@tadelmann et al., 20®monstrated

that subjeckpecific FE models of vertebral bodies predicted ultimate compression force in human
vertebral bodies with actual lytic lesions with comparable accuracy to predictions of strength in
vertebrae without lesions tR0.73 and R=0.77, respectively). These models, generated from
resampled UCT images, exhibited similar predictive capability for vertebral mechanical properties
compared to pCbased pHFE models generated on the same vert@bssa et al., 2018howed CT

based FE models can improve fracture risk assessment in subjects presenting lytic metastasis,
performing better than SINS score. Among the analysed vertebrae, 30% of those classified as prone to
fracture were considered mechanically stable by the FE analysis. Recently, the operation of screw

fixation in the presence of simulated metastasis has been s{Bdiadhi et al., 2022)

Focusing on the material properties assignmeérh, # s b een o0 b s-&relawdshipt ofi a t t he
trabecular bone witmetastatidesions is similar to the one observed for healthy tissues, despite the

clear local microstructural changes induced by metas{isezarian et al., 2008)Therefore, these
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studies suggest th&tsionedtissue can be modelled as %D or highBDM bone with similar
constitutive behaviou(Stadelmann et al., 2020Qig. 1.5). While the assumption seems reasonable
for the ostedytic tissue, for theostedlastic one insteadfurther experimental studies would be
necessary to better inform a subjepecific model.
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Fig. 1.5: Patientspecific properties are assigned to each element of the vertebral model. In reported
example the specimen was composed by a healthy vertebra, the upper one, and a mixed metastatic
vertebra, théower one.
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1.4. In vitro full-field techniques

The methodologies used to obtain the experimental data for the validaatyseglescribed in this

thesis consist in fulfield techniques. They afgoth based oran analogousgrinciple: two images of

the same bone in undeformed and deformed configurations are imported and the algorithms compute

a field of displacements which minimizes the differences between the deformed images and the
registered images (undeformed images after the application of the field of displacerbeat) | 6 Ar a et
al.,, 2017) The field of displacement is then differentiated into a field of strain. The main

particularitiesof each techniquarebriefly reported hereafter.

1.4.1. Digital Image Correlation

Digital Image Correlation (DIC) is a ndnvasiveoptical technique that involves the acquisition of
images of the loaded specimen through a certain number ospagd camera@eters & Ranson,

1982) It can be implemented both in a bidimensional and indirtrensional way, using respectively

one single camera or more cameras. The algorithm recognizes and identifies each single point on the
surface of the sample, then follows it in the consecutive load steps and, at the end of the experimental
test, quantiesthe value of the displacement of the individual pointsafbthe duration of the test. To

do this, it is necessary that the points in the reference (unloaded) image present a strong
correspodence with the points in those acquired in the loaded state. Consequently, the reference
image is virtually divided into small rectangular areas (facets), which contain a certain number of
pixels and therefore are characterized by a greater amount of information. For each facet, the
displacement related to its centroid is calculated once the area matches in the differen{Rigages

1.6).
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Fig.1.6: Workflow to obtain experimental displacement and strain on the vertebral surface using DIC
technique. Images of the specimen in loaded and unloaded conditions are acquired, then a feature
recognition algorithm is used to perform the correlation obtaining a displacement field, which is

eventually differentiated to obtain the strain field.

1.4.1.1. Application in experimental biomechanics

DIC showed its benefits in measuring hard tissue deformations compared to previously commonly
used strain gaugdg€ristofolini & Viceconti, 1997; Yang et al201]), since it does not induce any
reinforcement on the underlying tissue and does not limit itself to providing a localized measure in a
single point but provides data on the entire surface portion of the sample taken by the camera
(Schmidt et al., 2003)This is crucial for studying localized peak strai8ztefek et al., 201Gnd for
identifying location and modality of fracture in boneégdaénédnen et al., 201Fig. 1.7B). The
technique has been successfully applied to analyse bone tisdifierant scales, from tissue level
(cortical bone(Hoc et al., 20086) trabecular bongAcciaioli et al., 2020)and single trabecula
(Jungmann et al., 2001p organlevel (whole bonedPalanca et al., 201BaMicro-damage and bone
remodelling occurrences have beaiso studied (Hoc et al., 2006; Nicolella et al., 2001)
Furthermore,DIC allowed to study the behaviours of vertebrae showing signs of metastatic
occurrences, analysing deformations dependence to size, location and type of the Pedios (et

al., 2021 Fig.1.7A).
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1.4.1.2. Application to in-silico models validation

As already mentioned, DIC technique is a powerful tool to validatsilioo models against
experimental test thanks to its ability to provide fufleld data withoutaffect the real conditions of

the specimer{Cristofolini et al., 201Q)At first, the process has been applied on composite femurs
(Dickinson et al., 20%1Grassi et al., 2013Fig. 1.7C) and then extended to cadaver or@s Den

Buijs & DragomirDaescu, 201Wwith 2D-DIC andHelgason et al., 2014; Katz & Yosibash, 2@@th

3D-DIC). First attempts of applying this validation process also on cadaveric vertebral bone have
been presentenh the literature both in term of displacemen{&ustafson et al., 201 §nd strains
(Baleani et al., 2023)although thesestudies performed axial compression arsingle vertebra.
Moreover, impact loading scenarios have been acquired through DIC and simulated using FE models

to investigate cervical spine injuri@dernandez et al., 2020)
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Fig.1.7: Examples of application of DIC technique to sttidy mechanical behaviour of thertebra
(A. Palanca, 221, reproducedinder the terms of the CC BX.0 license © 2021 The Authors.
Published by Elsevier Incand the femal bone(B. adapted fronVaananen, 201 2eproduced with
permission®© 2012 Elsevier Ltd. All rights reservidand for the validation of FE moddIC. adapted
from Grassi, 2013reproduced with permissio@. 2013 Elsevier Ltd. All rights reservid
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1.4.2. Digital Volume Correlation

Digital Volume Correlation (DVCjepresentshe first experimental technique allmg the analysis of
deformation inside the born&rassi & Isaksson, 201%Fig. 1.8). It requires as input two stacks of

computed tomography images, to whom an elastic registration is applied.

There aretwo main methods for implementing the DVC technique, namely the local and global
approaches. The success of both methods depends on the quality of the images used as input and the
heterogeneity of the material being studied. Both local and global approaches rely on pattern
recognition, hence the more unique and recognizable the tissue is, the more accurate the registration
will be.

Local strategies involve dividing the image into gebions of interest, and then computing
correlation metrics in each swegion independently. The most widely used correlation metrics are
direct correlation (more accuratealanca et al., 20)1&nd fastFouriertransform (fasterPalanca et

al., 2016) Local methods are generally accurate in predicting local deformations, but Hregsoib

lacks weltdefined features, it will produce unreliable results because it does not receive information
from adjacent subegions to correct the computation. For instance, the local approach has been
successfully applied to study the propagation of fractures inside a veTelaea et al., 2016)using
commercial software that implements the direct correlation method.

On the other hand, global approaches minimize the differences between two images by applying a
continuous displacement field. To achieve this, the kinematic degrees of freedom are spatially
coupled. In the measure of bone strains, global approaches produce lower errors compared to local

ones, given a specific spatial resolutomda |l | 6 Ara. et al ., 2017)

The specific algorithm used to implement this technique on the experiments mentioned in Lisapter
called BoneDVCIt has been developed at the Universitysheffield( Dal | 6 Ar a amdttis al . |,
based ora global approach. The proceduemputesthe displacement map by using the Sheffield
Image Registration Toolkit (ShIRTBarber & Hose, 2005)A grid with selectable nodal spacing is
superimposed to the images to be registered. The deformable registration equations are solved at the
nodes of the grid to evaluate the displacement fieta: displacement function that transforms the
undeformed image into the deformed @me then foundMoreover, using an intensity displacement
function potential changes in the grey levetn beconsidered. Displacements are interpolated with a

tri-linear function between the nodes.
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Fig.1.8: Workflow to obtain experimental displacement and strain inside the vertebra using DVC
techniquepCT images of the specimen in loaded and unloaded conditions are acquired, then a feature
recognition algorithm is used to perform the correlation obtaining a displacement field, which is
eventually differentiated to obtain the strain field. Adapted fi@atanca et al., 202@eproduced

under the terms of the CC B&0license. © 202TThe Authors. Published by Elsevier )@nd from
Palanca et al., 201(feproduced under the terms of the CC 8Y license.© 2017 The Author(s).
Published by Elsevier Ljd

1.4.2.1. Application in experimental biomechanics

DVC techniquehas been extensively used in the last decade to analyse bone structure and behaviour
at different level{ Dal | 6 Ar a & fromadigsaeilevel BIAGgEP gcans(Tozzi et al., 2016

Fig. 1.9A), in order to measure the internal strain from the elastic regime up to failure, to organ level
using clinical CT (human subtalar joirRefia Ferndndez et al., 202B)rst attempts to apply DVC
techniqueon clinical MRI acquisitios to assess internal mechanical behaviour of human bone in vivo
have been presented tddavana et al., 2020)Different organs and tissues have been studied,
including vertebral bodie@Hosseini et al., 2014; Hussein et al., 2018; Palanca et al.,,26i®%)mal

femur (Martelli et al., 2021; Ryan et al., 202@jabecular bon¢Pefia Fernandez et al., 20Bi.

1.9B) and cortical bonéChristen et al., 2012)
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1.4.2.2. Application to in-silico models validation

DVC measurements necessitate complex in situ mechanical testing and often requiesdiigton

imaging, which may not always be feasible in typigalvivo scenarios,on the other handhe
experimental evaluation of local displacement and strain patterns can serve as a means to validate
computational models constructed from laboratory or clinical images. Indeed, DVC has previously
been employed to validate the displacement and strain results oFBomedels created from the
imagesacquired at the undeformed statlibis validatiorwasconducted at the microstructural level,
encompassing both healtfipalanca et al., 2022nd metastati¢Costa et al., 201 7as shown in Fig.

1.9C) vertebrae, andlsoat the continuum level for structures such as osteoarthritic humeral heads
(Kusins et al., 2020and vertebral bodigdackman et al., 2016)

Fig.1.9: Examples of application of DVC technique to studjiure in experimental tests on the
vertebra (A. Tozzi, 2016reproduced with permissio® 2016 Wiley Publishing L{dand on the
trabecular tissue (B. Pena Fernandez, 268droducedvith permission© 2021 Acta Materialia Inc.
Published by Elsevier Ltd. All rights reservgdnd for the validation of FE model (C. Costa, 2017
reproduced under the terms of the CC &Ulicense © 2017 Costa et al.
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1.5. Aim and outline of the thesis

The aim of this thesis wadhe definition of the accuracy ofubjectspecificcontinuum finite element
models of multivertebrae segmentsFE models of the spinevere developedrom clinical CT and

MUCT data; in vitro fultfield measurements were ugedvalidate the prediction of such models
The work was divided into twmain parts.

In the first one the validation of muNiertebral model is performed on the surface of the vertebra on

displacements and strains using DIC data. The main objectives of that section were:

1 Todevelop a first model validation framework based on the comparison between the vertebral
surface displacements predicted by the FE model and the experimentally measured ones using
DIC for the samespine segment which included asteoporotic vertebra and a vertebra with
lytic metastatic lesion€Chapter 2).

1 To assess the possibility to build a fracture risk predictor of the spine by modelling the
intervertebral dis@s a linear elastic isotropic materidE model predictivity accuracy on the

strain field was assessed by comparisith experimental DIC data (Chapter 3).

The second part is focused on a single vertebra model validated usingdB¥GChapter 4)The
main goals for this part are listed below:

1 To validate single vertebra FE models against DVC measurements, in order to assess their
ability to predict the local displacements within the bone structure under loaisimgy the
samelCT scans as input for both silico model andin vitro measurement allow to ignore
potentially registration errors.

9 To compare the predictions of two models (queT based hFE and ongFE model) at
different scales, generatédm the same images and undergone the same loading conditions.
This work aimed at understanding deeply whether the mechanical behaviour of the vertebral
bonemicrostructure noticeable at the microscopic level can be reproduced well also at the
organ level.

1 To locally compare the predictions of two hFE models generated from clinical and pCT,
considering that uC8cans cannot be acquiredvivo.

1 To qualitatively assess the hFE models ability to predict the regions of the vertebral body

presenting higher strains concentratiothe experiment
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Chapter 2

Experimental validation of a
subject-specific finite element model
of lumbar spine segment using
digital image correlation

This chapter imdaptedrom the published manuscript
C. Garavelli, C. Curreli, M. Palanca, A. AldierL. Cristofolini, and M. Viceconti

Experimental validation of a subjegpecific finite element model of lumbar spine segment using
digital image correlatioi

in PLoS ONEL7(9): e0272529, 2022
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Abstract

Pathologies such asancer metastasis and osteoporosis strongly affect the mechanical properties of
the vertebral bone and increase the risk of fragility fractures. The prediction of the fracture risk with a
patientspecific model, directly generated from the diagnostic images of the patient, could help the
clinician in the choice of the correct therapy to follow. But before such models can be used to support
any clinical decision, their credibility must be demonstrated through verification, validation, and
uncertainty quantification. In this study we describe a procedure for the generation of such patient
specific finite element models and present a first validation of the kinematics of the spine segment.
Quantitative computed tomography images of a cadaveric lumbar spine segment presenting vertebral
metastatic lesions were used to generate the model. The applied boundary conditions replicated a
specific experimental test where the spine segment was loaded in compfiession Model
predictions in terms of vertebral surface displacements were compared against -fiedd full
experimental displacements measured with Digital Image Correlation. A good agreement was
obtained from the local comparison between experimental data and simulation resulsqRand
RMSE% <8%). In conclusion, this work demonstrates the possibility to apply the developed
modelling pipeline to predict the displacement field of human spine segment under physiological
loading conditions, which is a first fundamental step in the credibility assessment of these clinical
decisionsupport technology.
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2.1 Introduction

Vertebral fracture is one of the most serious orthopaedic injuries, associated with several adverse
consequences including back pain, disability, risk of neurological complications, increased risk of
death and a decreased quality of (#fdexandru, 2012; Ensrud & Schousboe, 20Tese fractures

are typically traumatic or pathological (the latter being sometime referred in the medical literature
with fragility fractures), or more often a combination of both factors. Conditions like osteoporosis, or
the presence of metastatic lesions weaken the vertebral body and increase the risk of fragility fractures
(Ensrud & Schousboe, 2011; Palanca et al., 2021; Yeung et al.,. Z20#l)ncidence of vertebral
fragility fractures in women over 50 &round 1%,(«Incidence of Vertebral Fracture in Europe»,
2002) and it is expected to increase in the next years because of the aging population. Moreover,
epidemiology studies show that only about -timed are clinically diagnosedSchousboe, 2016)

(Kim et al., 2018) Physical therapies, pharmacological treatments, and minimally invasive vertebral
augmentation techniques such as kyphoplasty and vertebroplasty are usually used to improve the
biomechanical strength of the pathological vertebral body. However, because of several possible
clinical complications, the choice of treatment is complex and providing a reliable estimate of the risk
of fracture is fundamental to support the clinical decision.

Several tools and indexes were proposed in the last decades to predict the risk of vertebral fracture
(Ensrud & Schousboe, 2011Jhe gold standard in the clinical practice, the Vertebral Fracture
Assessment (VFA), is a diagnostic method to detect fractures that already occurred and can be used as
an indicator for subsequent fractures only. Berargy Xray absorptiometry (DXA) can measure

bone mineral density (BMD) that indeed correlates with bone strédgtiannesdottir et al., 2018)

even if it does not directly measure it. However, Ddérived BMD measurement can explain only
around the 60% of the variation in vertebral streri@iheng et al., 1997pecause it does not take into
account other elements that concur in bone strength assessment, such as inhomogeneity of density
distribution and complexity of bone geometry. A promising tool to evaluate vertebral fracture risk is
Biomechanical Computed Tomography (BGKgaveny et al., 2020jvidely and successfully used to
provide a measurement of bone strength at theShipjectspecificfinite element (FE) models are
created based on quantitative computed tomography (QCT) images and used to compute the force
required to virtually fracture the vertebralbodyBuc k|l ey et al ., 2007; Dal |
et al., 2018; Gustafson et al., 2017; Imai et al., 2006; Silva et al.,.T888)models demonstrated to

be more accurate in predicting vertebral strength and stiffness compared widneggl xray
absorptiometry( Dal | 6 Ar a .€The BET works uh@ed the assumption that the disease
affecting the skeleton modified the quantity of bone tissue, but not its qualitycdiibe a good
enough approximatiofor diseases like osteoporosis or metastatic disease of lytic typepbidt

show limitations for other diseases such as osteogenesis imperfecta or blastic metastases. Therefore,
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the BCT workflow can also be applied to metastatic bone where the lytic nature of the disease is
prevalent.

One of the most crucial aspects that must be properly addressed before applying the BCT technology
in the clinical practice is the model validatiqgBabuska & Oden, 2004)Validation aims at
determining the predictive capability of a computational model for its intended use and is usually
done by comparing the predicted results against experimenta(AfBk4E, 2018) Several studies
focused on this specific problem and different validation metrics were used. Comparisons between
computational results and experimental measurements have been performed comparing global
mechanical propertigsBuc kl ey et al ., 2007; Dal | Olhaiegalet al
for example, considered four mechanical properties to evaluate the accuracy of the developed FE
model: yield load (= 0.949), fracture strength £ 0.978), fracture site and minimum principal strain

on the surface of the vertebna= 0.838)(Imai et al., 2006)In the comparative study presented by
Buckley at al.(Buckley et al., 2007)good agreement was found for vertebral strength=(0.80)

while axial stiffness was predicted lesswef€ 0. 27) . Al so Dall 6Ara et
(Dal | 8 Ar a,reportecastronger car@lation)for streng® £ 0.79) compared to stiffnesB

= 0.49). Only recently, more detailed and specimen specific validation metrics based on the
comparison between predicted and measured displacements extracted on the vertebral bodies with
Digital Volume Correlation (DVC) and Digital Image Correlation (DIC) were presgi@edtafson et

al., 2017; Jackman et al., 2018) the study published by Jackman et al., the accuracy oflia&ad

FE analyses in predicting vertebral failure patterns was evaluated orvéntelerae thoracic spine
segments comparing the predicted displacements with those measured by DVC. They studied
different boundary conditions, loading modes and yield criteajpturing some of the qualitative
features of the failure patterns (e.g., vertebral deformation during flexion loa@ughafson et al.

used DIC technique for measuring the displacement fields, and found goedpEiEmental
agreement (R= 0.757 0.93 for the surface displacements field arfd=R0.90 for the specimen
stiffness), demonstrating the possibility to use a-camtact optical fulfield measurement technique

for the validation of vertebral FE models, as also already confirmed for human femur applications
(Grassi et al., 2016; Katz & Yosibash, 2020; Palanca, Tozzi, et al.,.2db@)ever, a critically
important aspect must be consideredGustafson et al., 201,7/dompression tests were performed on

a single vertebra without intervertebral discs; this choice altered the loading and boundary conditions
that may create artifacts (e.g., Aplmysiological failure mechanics) and neglects what happeivo.

A more clinically relevant validation can be obtained considering at least two spinal units segment so
that the load is more physiologically transferred to the vertebral body through the intervertebral discs,
as also reported in a recent w@gBroenen et al., 2018)

In authors' knowledge, there are no studies in the literature that describe in detail a reliable procedure
to validate subjectspecific FE models of the spine segment using experimental measurements

obtained with DIC. Among the possible reasons there is the difficulty in developing complex three
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dimensional FE models of the spine and in accurately reproducing physiological loading conditions
defined in the experimental tests. Also, while there is extensive evidence that the attenuation
coefficients that a CT provides are correlated to the elastic modulus of the mineralised tissue, there are
currently no ways to estimate the biomechanical properties of intervertebral disc from CT images.
Thus, an idealised constitutive equation to model the disc should be considered.

The aim of this paper is to present the validation of a maltebrae spine model based on the
comparisorbetween the vertebral fufield surface displacements predicted by the FE model against
the experimentally measured ones using DiCcase of multivertebrae specimen, it is important to

verify that the model reproduces the correct spine kinem&assidering thathe prediction of bone
deformation is influenced by the relative movement between two adjacent vertebrae and the overall
spine motion, this work is a fundamental preliminary step towards the full validation of spine models.

A cadaveridumbar spine segment presenting osteoporosis in one vertebral segment, and a metastatic
lesion in another was used as case study to demonstrate the possibility to apply the procedure to

clinically relevantscenarios.
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2.2. Materials and Methods

2.2.1 Experimental procedure

The study was conducted on a cadaveric spine obtained from an ethically approved donation program
(Anatomic Gift Foundation, Inc.). The subject was ay@arold female with a body weight of 72.6

kg, affected by lung cancer with spine metastasis. Lumbar segment from L1 to L4 was extracted from
the spine: L2 was evaluated by two expert clinicians as meta@taiwer et al., 2010)hile L3 did

not show any radiographical signs of metastasis. The top half of the most cranial vertebra (L1) and the
bottom half of the most caudal vertebra (L4) were embedded in polyrm#tibcrylate (PMMA)

(Fig 1) to be mounted on a uniaxial testing machine. The entire segment was aligned following the
procedure described by Danesi etBlanesi et al., 2014)

Tomograms of a European Spine Phantom (ESP) and of the specimen were acquired with a CT
(AquilionOne, Toshiba, Japan) with the following parameters: tube current 200 mA, voltage 120 kVp,
without any current compensation. The voxel dimension was 0.24 x 0.24 x 1 mm. The densitometric
analysis of the calibrated CT images showed few regions in the L2 segment with mean volumetric
Bone Mineral Density (vBMD) of 105 mg/cinabout 5 times less than the vBMD measured in the
whole vertebral bodyOn the other hand, the L3 vertebral segment, with its average vBMD of 76
mg/cn¥, would be classified as osteoporotic according to the ACR classificéfiom American
College of Radiology, 2018)The two vertebrae will be referred hereinafter as lesioned (L2) and
osteoporotic (L3).

The experimental protocol used to test the specimen was reported in detail by Palanéakina

et al., 2021) Briefly, the mechanical test was performed using a uniaxial testing machine (Instron
8500 controller with Instron 25 kN load cell, Instron, UK). A random speckle pattern was prepared on
the specimen and amptimized threalimensional Digital Image Correlationcdmera system (Aramis
Adjustable 12M, GOM, Braunschweig, Germany, with 12MPixels cameras and 75 mm metrology
standard lenses), was used to measure the displacement fields.

In order to load the specimendompressiofilexion, the application point of the forcE)(was offset

toward anterior by 4 mm, i.e., 10% of the antposterior dimensiond] of the L2L3 intervertebral

disc, similar to(Palanca et al., 2018)To perform the compressidiexion, avoiding any transmission

of undesired load components, the superior pot was free to rotate and translate by means of a ball
joint and two lowfriction orthogonal linear bearing, while the inferior pot was fixBdispi et al.,

2017) The target load to be applied was tuned to reach an average compressive 2E§6/8500
microstrain on the anterior surface of L3 vertebral body (monitored irtinealthrough the DIC
system). This is the strain range associated to physiologica({llaagton, 1987) The specimen was

tested applying a monotonic ramp that reached the target load (60 N) in 1.0 second. According to the

testing machine report, the uncertainty on the applied load was around 4 N (0.14% at 2500N).
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Moreover, the autoange of the testing machine control allows to reduce it. During the test, images of

the spine segment were recorded at 25 Hz to measure tHeltultlisplacement and strain on the

external surface of L2 and L3 vertebral bodies, following the procedure descriffealanca et al.,

2015) Processing of the images was performed using a facet size of 30 pixels, a grid spacing of 10
pixels, a median spatial filter on 5 facets, and a median temporal filter on 2 frames. These parameters
allowed us to obtain a measurement spatial resolution of about 2 mm, with a strain systematic error of

30 microstrain and a strain random error of 100 microstrain. Systematic and random errors in term of

di spl acements were found around 10 em and 25 ¢&m,
the aluminium pots of the test machine to track the displacement of the superior and inferior pots (Fig

2.1).

Markers

Lesioned
Vertebra

Osteoporotic
Vertebra

Actuator

Superior Pot

Specimen

Inferior Pot

o N5

Load Cell

Fig 2.1: Experimental set up. Specimen mounted on the testiaghine with the set up in the
compressiofflexion configuration Reproduced under the terms of the CC BY 4.0 DEED lice@se.
2022 Garavelli et al.
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2.2.2.Computational procedure
Finite element simulations were performed considering subjetific models of the vertebral bodies

and populatioraveraged models of the intervertebral discs (IVDs).

To create the geometry, all the specimen components (two entire vertebral bodies, two half vertebral
bodies and three IVDs) were firstly segmented individually from th@n@iges using a thresheld

based algorithm with lower and upper Hounsfield Unit (HU) values set to 226 and 3071 respectively,
and manual editing (Mimics, Materialise NV, Leuven, Belgium). Solid parts were reconstructed, and
body attachments were created through Boolean operations (SpaceClaim V19.3, Ansys Inc.,
Canonsburg, PA). A mesh of tibde iseparametric quadratic tetrahedral elements was generated
using an Octree automatic mesh generation algorithm (ICEM CFD V19.3, Ansys Inc.). Octree
meshing was selected because it is more robust to topological imprecisions, and thus can be used to
mesh directly the polygonal surfaces obtained from thein@ages segmentation. The mesh was
generated by imposing a max element edge length equal to 2 mm. The mesh size was selected based
on a preliminary convergence test, where the maximum displacement in the two regions of interest

change of only 0.01% with a further refinement of the mesh.

Bone tissue was modelled as an heterogenous, locally isotropic, linear elastic brittle material. While
more complex formulations have been proposed, this constitutive equation allowed the prediction of
bone strains with an accuracy of 983chileoet al., 2008) The heterogenous elastic properties were
derived from the CT data, assuming them related to the density of the mineral phase in each point of
the bone. The elastic properties of the bone were subsequently mapped on each element (Bonemat®
V3.1, Istituto Ortopedico Rizzoli, Bologna, IltalgJaddei et al., 20073fter converting the HU values

of CT images voxel into volumetric bone mineral density equivalent vélges) Using the following
calibration equation, specific for the ESP previously scanned:

For= 0016404 +00008516HD

The density to elasticity relationships (Eq. 2,3) were adopted to cdrygrto ash density”sy as
proposed by Schileo et dISchileoet al., 2008)and then to the elastic modulus) (following the
equation providedby Morgan(Morgan et al., 2003with " app= " as/0.6 according to(Schileo et al.,

2008) Poi ssonés ratio was set to"thg®dw. I n the Egq.
-0 ‘0. .

r..,= 0079 +0.877 @T @

— =~ 156

E= 47300, 3

Both osteoporotic and lesioned vertebrae were modeled in the same way, acco(biagatean et
al.,, 2008; M. Stadelmann et al., 2018Jhe intervertebral discs were modelled as a single
homogeneous iisotropic materi al with (AagouBl&i ssonao:c

ShiraziAdl, 1996) The modulus of elasticity was calibrated for the specified loading condition so
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that the global stiffness of the spine segment, as predicted by the finite element model, matched that
measured experimentally. A percentage difference less than 0.1 % computed between the predicted
axial load and the force measured experimentally was considered acceptable for the study. The
resulting modulus of elasticity was 1.92 MPa, which is within the range of values reported in the
literature(Argoubi & ShiraziAdl|, 1996)

After the generation of the model, a rigid registration was performed using a featae rigid
registration algorithm (Mimics, Materialise NV) to align the experimental DIC data of the two free
vertebral surfaces at the initial (unloaded) configuration to the segmentation obtained from the CT
data (Fig2.2a). Since the registration tool required a polygonal surface as mover body, a Delaunay
triangulation algorithm (Matlab® v2020, MathWorks, Natick, Massachusetts, US) was previously
used to transform the DIC point cloud into an open triangulated surface. The rigid transformation
matrix (Mt) was then extracted using a single value decomposition algorithm (Matlab® v2020,
MathWorks, Natick, Massachusetts, US) that best align the original and the registered DIC point
clouds. All the displacement vector components of all the correlated DIC points and the coordinates
of the markers placed on the superior and inferior pots were transformed using Mt.

The registration accuracy was assessed computing the Euclidean distance between the points on the
DIC-detected surface and the nearest corresponding node on the model surface (Registration Error)
and was expressed as the root mean square error (RMSE).
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PRE POST
REGISTRATION REGISTRATION

FE Model

[ ] DIC Points

Fig 2.2: Workflow used to compare predicted and experimental local displacermgpRisgistration of

the DIC points (red surfaces) to the segmentation obtained from the CT data. By aligning the surfaces,
it was possible to perform the comparison between the displacements predicted by the FE model and
the ones measured using the DIC. b) Boundary conditions applied to the FE model: the inferior
surface of the lower vertebral body was fixed while translations (TSP) and rotations (RSP) are applied
through a pilot node SP to the superior surface of the upper vertebral body. c) lllustration of the tool
used for the local displacement comparisaproduced under the terms of the CC BY 4.0 DEED
license© 2022 Garavelli et al.
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The boundary conditions (BCs) simulated the experimental tes2(#iy. Particularly, the inferior
surface of the lower vertebral body (L4) was fixed while the rigid body motion of the superior
aluminium pot, extracted using the single value decomposition algo(fumkine & Rabinovich,

2009) was transferred at the superior surface of the upper vertebral body (L1) using a remote
displacement approach (Mechanical APDL V19.3, Ansys Inc.). Both displacements and rotations
were prescribed through a pilot node (SP) that corresponds to the centroid of the registration marker
cluster placed on the metal pot (Fig. 1). The remote boundary conditions were implemented with the
Multipoint Constraint (MPC) technique using the rigid surfhesed constraint. The computed

translation vectol sp (expressed in mm) and the rotation matrix &e reported below:

8 8 8
I g 19 g g g )

To investigate the model results and allow the comparison with the experimental data, two regions of
interest Ral; and Rols (respectively red and green contours in E&p) were defined on the anterior

and lateral surface of the two vertebral bodies L2 and L3. These regions correspond to the correlation
areas where displacements are captured by the DIC system during loading. In addition to the three
displacement components, the axial resultant force was computed as a constraint node reaction
solution at bottom surface of the lower vertebra.

The entire FE model had 1,198,125 degrees of freedom andappo&ximately 2 minutes to solve

with Ansys preconditioned conjugate gradient solver, using parallel distributed memory over 6 cores
with 64 GB of RAM (Intel(R) Xeon(R) 276G CPU 3.80GH?z).

2.2.3.Statistics

To compare the simulation results with the experimental data, the DIC displacement measurements
were first averaged over a spherical volume wlithradius R equal to the registration RMSE (see

result and discussion sectioapd the centre coincident to an FE model noBeen, prediction

accuracy was evaluated comparing the displacements predicted by the FE model at each node of the

Rol (Urem) against the measured displacement averaged over the spherical volume of interest
centered on that nod&fc) (Fig 2.2c). The total number of experimental data points used for the
validation was 2,452 (1,143 and 1,309 for L2 an
met hod was wused to clean data from potenti al 0 L
greater than four times the mean Cook Stevedsi st anc ¢
1984) Linear regressions were used to estimate the goodness of the comparisons: determination
coefficient () was used to quantify how well a linear model described the FE to DIC relationship,

while RMSE was chosen as a good measure of how accurately the model predicts the response. A

normalized RMSE (%RMSE) was calculated using the maximum displacement measured by DIC in
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each Rol as normalization factor. The absolute error and the percentage error were computed at each

point and for every directional component as follow:
Of 1 gl SY . Y s (5)

hh

Ol | grp N o mm (6)

S ]
Maximum values of the absolute error (Max Error) and average values of the percentage error
(Average Error %) were then extracted in each Rol. The vector resultant (Diff) was also computed as:

0QQQOI i ¢ Oi i &€ Oi i ¢ (7)
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2.3. Results

After registration, DIC surface points and FE external nodes, both extracted in the unloaded condition,
had a least square distance of 0.34 mm and a registration RMSE equal to 0.53 mm. A maximum
distance of 2.96 mm was found between the DIC points and the corresponding nodes of the model

near the upper endplate of the L2 vertebra g3,

Registration error
(mm)
0

0.33
0.66
0.99
1.32

1.65
1.98
2.31

2.64 l

2.96

Fig 2.3: Graphical representation of spatial distribution of the registration error. Sgliatrébution of
the registration error of DIC points on the vertebral surfaces of the FE nReggbduced under the
terms of the CC BY 4.0 DEED license. © 2022 Garavelli et al.

The FE model was able to predict the measured displacements at a load of 60 N with a determination
coefficient higher than 0.9 and RMSE less than 0.12 mm (%RMSE less than 7%). A summary of the
validation results for the three displacement components are reported in Table 1 while the correlations
between the experimentally measured and numerically predicted displacements are shovtin Fig
Highest average percentage errors were found on thelefglaind the superieinferior direction of

the displacement components for the lower vertebra (about 8.7 % and 14 % respectively). The
%RMSE in all the directions was found to be in the range between 1.8 % and 7.5 %. The magnitude
of the error did not seem to depend on the magnitude of the measurements, as can be observed in Fig
2.5 while the plots of the spatial distribution of the vector resultant (Diff) inZ&ghighlighted a

trend with higher errors on the left side. Finalipatial distributions of DIC measured displacement
fields and FE predicted ones are reported to show the ability of the model to reproduce the realistic

spine kinematics (Fig.7).
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Table 2.1: Summary of the validation metrics values for local displacement comparisons between
DIC and FE results.

L2 L3
RL AP Sl RL AP Sl

R? 0.98 0.98 0.98 0.97 0.94 0.98
Slope 0.823 0976 1.073 | 0.650 0.979 1.071
Intercept 0.054 -0.030 0.054 | 0.071 -0.023 -0.038
RMSE (mm) 0.055 0.110 0.065 | 0.028 0.072 0.105

RMSE % 7.5 2.7 3.7 3.8 1.8 6.0
Average Error % 8.7 3.4 3.9 9.4 6.4 14.0
Maximum Error (mm) | 0.077 0.225 0.165 | 0.079 0.181 0.203

Validation metrics for L2 and L3 vertebral surfaces and calculated on thédfigtiRL), antere

posterior (AP) and superiainferior (SI) displacement components.
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Fig 24: Linear regressions plots between predicted and experimental local displacements.
Comparison between the displacements measured using DIC and the ones predicted by the FE model
for L2 (yellow) and L3 (blue) vertebral surfaces. The Euclidean norms of the displacements, referred
as Intensity, and the three displacement components defined in the FE model coordinate reference
system are plotted. Linear regression and coefficient of determination are also reported for the
correlation plots. It is important to notice that the SI component is plotted with the sign changed to
allow comparison with the other subplo®eproduced under the terms of the CC BY 4.0 DEED

license. © 2022 Garavelli et al.
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Fig 25: Residual analysis estimated between FE and DIC displacements.-Atarah plots

showing the dependence of the vector sum magnitude (Diff) on the average value between measured
and predicted local displacemeReproduced under the terms of the CC BY 4.0 DEED license. ©
2022 Garavelli et al.
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Fig 2.6: Representation of comparison error spatial distribution. Spatial distribafiohe vector
resultant (Diff) on the vertebral surfaces of the FE mddeproduced under the terms of the CC BY
4.0 DEED license. © 2022 Garavelli et al.
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Fig 2.7: Displacement field of the two vertebral surfaces. Comparimsiween computational and
experimental displacement fields in the three directional components X, Y and Z for each vertebra
(L2 left, L3 right). To help the reader in appreciating the comparison, both experimental and
computational displacements have been interpolated over the samérey@siuuced under the terms

of the CC BY 4.0 DEED license. © 2022 Garavelli et al.
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2.4. Discussion

The aim of this paper was to develop a firstdel validation framework based on the comparison
between the vertebral surface displacements predicted by the FE model and the experimentally
measured ones using DIC for the saspae segment which included an osteoporotic vertebra and a
vertebra with lytic metastatic lesians

To achieve this goal, the first challenge was to align the experimental DIC data to the geometry of the
FE model. The proposed registration method allowed to obtained good registration results,
comparable with those obtained in the stt¢the-art validation studiegGrassi et al., 2013;
Gustafson et al., 2017As already mentioned, the radiR®f the spherical volume of interest defined

to compute the average of the measured displacements was set equal to the registration RMSE. In a
preliminary sensitivity analysis, it has been noticed that this distance ensured that more than 80 % of
DIC points had at least a corresponding node of the FE model to be compared with. Also, points
whose distance from the closest FE node is more than 0.53 mm were discarded minimizing the
influence of the registration errors on the validation results.

The local comparison between the displacements predicted by the developed FE model and the ones
measured by the DIC showed robust correlation. Rhealues along the three directions ranged from

0.94 to 0.98 and RMSE % was found always less than 8%. Highest RMSE % value (7.5%) was
observed in the Rol of the lesioned vertebra and related to thelafgliisplacement direction;
nonetheless maximum displacement errors and DIC uncertainty for this displacement component were
found of the same magnitude order. The systematic procedure developed to define the boundary
conditions proved to be overall efficient to represent the experimental loading conditions and obtain
good displacement prediction accuracy.

To the authoros best knowl edge, no other studi es
of human spine segment that include more than two spinal units using DIC. The only study that
applied a similar validation approach to FE models of single thoracolumbar vertebral bodies was
presented by Gustafson et @ustafson et al., 2017 their work, a registration method based on

the additional acquisition of control points coordinates using a 3D point digitizer was used and the
maximum distance between the DIC surface points and FE nodes after the registration was found
about 2 mm. Th&¥? correlation values between the DIC and FE displacements ranged from 0.75 to
0.93. Nevertheless, it is important to notice that in their study individual vertebrae were tested and the
overall spine motion, with the role of the IVD in particular, couwldt be considered in the
displacement comparison. Other studies used DIC data to validate FE models of bones (e.g., cadaveric
femora and pelvis) showing good predictive accuracy in term of both displacement and strain
measurement comparis@@hosh et al., 2012; Grassi et al., 2016; Katz & Yosibash, 2@20hmonly

used registration methods relied on landmaaiked alignment techniques and iterative closest point
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algorithm; however, these techniques cannot be easily applied to the-lateéesb surface of the
vertebral body as it does not have clearly distinguishing features.

The attempt to replicat@ silico what happen during experimental tests obviously brings its own set

of limitations. A first critical point concerns the mechanical properties assigned to the IVDs. The
effect of considering more complex modelling (e.g., nonlinear material properties of the nuclear
pulposus anannulus fibrosuson the simulation outputs is worth studying in future work, that will
include a straifbased validation in the workflow. A systematic analysis on the biomechanical
response of the discs at different degenerative stages might be required as well as a detailed
reconstruction of the IVDs geometry that cannot be easily performed from clinical CT images of the
specimen. More complex finite element models will be also needed to investigate the effect of the
posterior ligaments and the facet joints that were not included in this work

Regarding the BCs, one assumption made was that the metal and the PMMA pots were considered as
a single rigid body connected to the surface of the vertebral body. This is a realistic assumption
because the stiffness of the metal pots is much greater than that of the specimen, and screws ensured a
stable connection of the parts. Another important aspect that should be mentioned is that the applied
rotations and translations were defined in the coordinate reference system of the FE model
considering the transformation matrix extracted after the registration step. This might have introduced
some errors due to possible relative motions between adjacent vertebral bodies caused by the insertion
of the specimen in the testing machine.

Material properties of the bone were mapped using the same constitutive laws both for osteoporotic
and lesioned vertebrae. This choice could have introduced some inaccuracy but was supported by
other authors findingéNazarian et al., 2008; M. Stadelmann et al., 20&8) had shown that the
mechanical properties for trabecular bone with and without lesions are similar. However, it should be
mentioned that even though not clear blastic formations were identified, the lytic regions were widely
spread within the L2 vertebral bodynd very small and higher density regions were found in other
parts of the bone segment that might be also caused by an early onset of fhaajereeral, the
proposed validation method should be considered valid as long as the hypothesis that the metastatic
lesions can be characterized as ‘ensity bone tissue remains true. If evident signs of blastic
metastases or primary tumours (e.g., osteosarcoma) are observed, other constitutive models should be
included to characterize the mechanical properties of the bone tissue.

Last limitation that is important to underline is that the present work has been developed using one
single specimen. Nevertheless, this is a first pojafoncept validation study that allowed to
highlight strengths and weaknesses of the methodology. Despite the limitations, it represents a
fundamental step towards the application of the technique to more complex models that can be used to
predict bone surface strain and assess fracture risk in pathological vertebrae.

In conclusion, a subjedpecific finite element model of a lumbar spine segment with mixed

metastasis was developed and validated against experimental displacements measured through digital
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image correlation technique. With the proposed methodology good predictivity accuracy (RMSE% <
8% and R> 0.9) was achieved in the simulation of the spine kinematics. The present findings show
how the experimental spine displacement field could be adequately reproduced by the developed
multi-vertebrae FE model, despite the simplified mechanical modelling of the IVDs.
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Abstract

Vertebral fractures cannot currently be predicted accurately in clinics, where the adopted scores have
limitations in identifying subjects at risk. In this context,-88sed finite element (FE) models might

improve fracture risk prediction. Many proposed FE models consider single vertebrae only, thereby
neglecting the role of the intervertebral discs in load transmission and distribution across vertebrae.
Multi-vertebrae models would allow the inclusion of more physiological boundary conditions in the
simulation thanks to the discs' inclusion. Nevertheless, while CT allows material properties to be
assigned to the vertebrae according to the Hounsfield Units, no information about the discs'
mechanical properties is provided. Hence, the aim of this study was to validatédas€l multi

vertebrae FE model where linear isotropic material properties were assigned to the discs against
experimental data. The édased FE model of amultier t e br ae speci men was bu
modulus populations values in the literature range were assigned to the discs. Boundary conditions
were assigned coherently with experiments performed on the specimen and the computational strains

on the vertebrae surface compared to the experimental strains coming from digital image correlation
measurements. The strains on the vertebral surface increased following the increase of the discs'
Youngods modul us, with no changes in their | ocal
around 2530 MPa yielded comparable orders of magnitude between numerical and experimental
strains, strains local distribution differed substantially. In conclusion, stbjpce c i f i ¢ di scs 6
properties should be included in @&sed multvertebrae FE models in order to achieve acceptable

accuracy in fracture risk assessment.
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3.1 Introduction

Vertebral fracture represents a very severe event, which, regardless of the pathology associated with
its occurrence, increases morbidity, mortality and decreases the quality of life in already fragile
subjects(Hasserius et al., 2005)n addition, it also has economic implications for the healthcare
systemgBarlev, 2010) According to the World Health Organization (WHO), by 2030, the number of
people older than 60 will increase by 34% compared to 2020ld Health Organization & United
Nations Chil dr en 6 s.Dikeuoridk factoridueh s increased pdensity to fall

and deteriorated mechanical properties of the bone tissue, the elderly present a markedly increased
bone fracture incidence, mainly at the hip, wrist, and spine. At the same time, the WHO has also
reported that almost 20 million new cancer cases are diagnosed eve(¥Fseray et al., 2021)in

fact, the improved therapeutic protocols for cancer patients have significantly increased their average
survival (Miller et al., 2022) In return, an increasing incidence of bone metastases has been observed,
primarily located in the spin@Kakhki et al., 2013)which compromises the physiological mechanical
competence of the vertebréigishr & Saad, 2012; Laufer et al., 2013he spine is already per se one

of the most fracturprone anatomical sitg®orgstrom et al., 2020)and pathological vertebrae are
exposed to an even higher risk of fract(Berke et al., 2017)Therefore, an accurate prediction of the
fracture risk turns out to be pivotal so that appropriate preventive interventions are taken.

The available clinical gold standards for bone fracture prediction have shown limited accuracy in
stratifying subjects at high risk of experiencing a fracture from subjects who are not. The widely used
T-score, for example, was proved to suffer from poor specificity and sensitivity in predicting hip and
vertebral fractures connected to osteopor@Smandall et al., 2014)Similarly, the Spinal Instability
Neoplastic Score (SINS), adopted in clinics for referring patients to surgical/orthopaedic consultation
in case of metastatic vertebrae, suffers from a certain degree of subjectivity in the final clinical
decision (Fisher et al.,, 2014pand lacks sufficiently good specificitgy. R. Kim et al., 2021)
Nevertheless, an accurate prediction of the risk of fracture would be crucial, especially in metastatic
subjects, as surgeons could decide whether to surgically intervene on subjects already weakened by

primary cancer treatment.

In recent years, Computed Tomography (Daked digital twins development has highlighted the
potentiality of suchin silico methodologies in this context. Several studies have demonstrated the
possibility of adoptingn silico tools to provide information about bone resistance-ingasively

(Dall 6Ara et al ., 2012; | nofoisone@natanical site® fu€h@éstheVi c e c
femur, in silico methodologies have successfully outperformed the gold standard for predicting hip
fracture (Aldieri, Terzini, et al., 2022; Bhattacharya et al., 2019n the contrary, due to its

complexity, the fracture prediction at the spimailicois not as straightforward.
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The spine comprises multiple vertebrae with intervertebral discs (IVDs) interposed, which affect the
load transmission and distribution. Consequently, vertebral fracture risk predicgdico based on

clinical images (e.g., CT) could be performed by adopting two mutually exclusive strategies. In the
first one, the vertebra fracture risk is predicted by only modelling one vertebra and neglecting the
IDVs (Allaire et al., 2019; Kopperdahl et al., 2014; X. Wang et al., 200ds approach intrinsically

poses some limitations since it does not allow to impose physiological loading conditions on the
vertebral bodies and does not consider to what extent IVD degeneration might impact load
transmission to the adjacent vertebadams et al., 2006; Danesi et al., 2016; Hussein et al., 2013)

On the other hand, the second modelling strategy includes the IVDs in the model by modelling at least
one entire vertebral unib account for the real complexity of the spine. In principle, this would
require the inclusion of a comprehensive description of the IVD through magnetic resonance imaging
(MRI) as an additional input to the model besides CT, as it would allow for the quantification and
integration of the patiertpecific structure and composition of the IVD&ntoniou et al., 2013;
Rijsbergen et al., 2018)M. A. Stadelmann et al., 2018)Ithough this approach would increase the
accuracy of the model, allowing to reproduce a more realistic load transmission among vertebrae, it
brings its own set of complications (e.g., higher casig higher clinical workload), preventing its
implementation in clinical practice. In fact, the development of a digital twin for vertebral fracture
ri sk prediction based only on the subjectds CT v
allow reconstruction of the geometry and the assignment of papiectfic Hounsfield Unitbased
material properties to the vertebral bone tissue. However, no information would be provided regarding

the disc, forcing to model it with population material properties coming from the literature.

In this light, the aim of this work was to assess the accuracy of avactitbrae FE model uniquely

based on CT, where the IVDs were included and modelled in the simplest possible way with
homogenous and linear isotropic material properties. A patftific FE model of a spine segment

with evidence of metastatic disease was developed from CT images of a cadaveric sample. A range of
populatonb ased Youngds modul us(H Yand et &.,s2016Mere assignddeo | i t er
the IVDs. The strains obtained from the model were compared to experimental data acquired through
Digital Image Correlation (DICJPalanca, Tozzi, et al., 2016h the same sample, and the accuracy

of the proposed modelling strategy assessed.
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3.2 Materials and methods

3.2.1.Mechanical Testing

The procedures for conducting the mechanical testing have been thoroughly explained in a prior
publication (Palanca et al., 20213nd will be briefly summarized her&xperimental tests were

performed on a thoracolumbar cadaveric specimen obtained from an ethically approved donation
program (Anatomic Gift Foundation, Inc.). The sample included four vertebrae and the interposed
three IVDs, from T10 to L1. One of the two central vertebrae showed signs of Iytic metastatic lesions
(Fig.3.1A). Half of the most cranial and half of the most caudal vertebrae were embedded in
polymethytmethacrylate (PMMA) cement (FB)1B). After the preparation of the specimen,
diagnostic images were acquired with a spiral CT (AquilionOne, Toshiba, Japan), to be subsequently
used for the FE model development. Scans were performed at 120 kVp with 200 mA tube current,
0.24 mm I 0.24 mm pixel size and 1 mm slice thi
white waterbased paint to generate a unique speckle pattern recognisable bydirtteesional DIC

4-camera system (Aramis Adjustable 12M, GOM, Braunschweig, Germany, with 12mPixels cameras

and 75 mm metrologgtandard lenses). Flat circular markers were glued on the aluminium pots of the

test machine to track the displacement ofgiyeerior and inferior pots (Fig1C).

The mechanical tests were performed using a uniaxial testing machine (Instron 8500 controller with
Instron 25 kN load cell, Instron, UK) in displacemenntrolled modality. The load application point

was shifted forward by 10% of the anteroposterior dimension of the central IVD to impose an anterior
flexion (Palanca et al., 2018The use of a bajbint and low friction bearings allowed the top pot to

be free to rotate and translate, while bottom one was totally constrained. The load magnitude was
identified as the load able to induce minimum principal strains typically associated to physiologic

loads (Lanyon, 1987)(i.e. in the order of 2500/ 3000 microstrain) on the anterior surface of the

control vertebra. The experimental reaction force was recorded. Further details can be found in
(Palanca et al., 2021puring the test, DIC images of the two central vertebrae free from the cement

and of the two pots were acquired at 25 Hz @idD). DIC measured the displacements on the visible
vertebr al surfaces. Systematic and random error ¢
and 25 &m, respectivel y. Maxi mum and mini mum pri
calculated by derivation of the nodal displacements, as described later in the Metrics paragraph. The

measurement spatial resolution was about 2 mm.
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Fig.3.1: Experimental test setup. The specimen with one control (A, top) and one metastatic (A,

bottom) is placed into the testing machine (B). Pots displacements are tracked thanks to glued markers
(C). The flexion test is recorded by a thmensional DIC system (D).

3.2.2.Finite Element Analysis

The steps required to develop a-6d3sed homogenised FE model have already been presented in
detail in our previous workGaravelli et al., 2022reported in Chapter)2and will be here briefly
summarised. Firstly, CT images of the specimen were segmented to extract the geometry of the
vertebral bodies, IVDs, and pots separately. A threshold method based on Hounsfield Units (HU)
values was used to pick out bone tissue and PMMA cement (200+3000 HU for bone and 1100+1800
HU for PMMA), followed by manual editing (Mimics 25.0, Materialise NV, Leuven, Belgium). The
IVDs profiles were segmented completely manually: lateral contour was sufficiently well visible from
the CT scan, while adjacent vertebrae endplates were used as upper and lower bounds. Secondly,
subtraction Boolean operations were performed to glue vertebral bodies with adjacent intervertebral
discs to obtain a unique volume object (SpaceClaim V19.3, Ansys Inc., Canonsburg, PA). Eventually,
posterior processes were removed, considering that in the flexion test, the posterior ligaments were
activated only if the physiological range is exceeded (at this spinal level, the neutral zone and the
range of motion for each FSU are around 0.6° + 0.1° and 3.5° £ 0.8° respe(ilitky et al.,

2017), which instead waavoidedin the presented testse (total flexion: 2.8°).

A ten-node tetrahedral structural solid mesh was generated following a sensitivity analysis, imposing
a maximum edge length equal to 2 mm (ICEM CFD V19.3, Ansys Inc.). Subsequently, material

properties were mapped on each element (Bonemat® V3.1, Istituto Ortopedico Rizzoli, Bologna,
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Italy) (Taddei et al., 2007)Bone tissue was modelled as a heterogeneous linear elastic isotropic
material. Specifically, the voxel HU values were converted to equivalent values of volumetric bone
mineral density through a phantdmased calibration and the application of an additional calibration
correction(Schileoet al., 2008) A densityelasticity relationshiggMorgan et al., 2003)as adopted to
assign heterogeneous elastic properties over sp
(3) equal to 0.3 was assigned to al/l bone el el
homogeneous linear elastic materials, all characterised by the same elastic magylumitially,

Edqisc Was set to the value that allowed it to fit the experimentally recorded reaction force, as described

in (Garavelli et al., 2022)Subsequently, the analysis was extended to the entire range covered by the

literature, ranging from 4 MPato50Rd ( Kel | er et al ., 1987; O@Connel]l
2010; H. Yangetal.,2016) A Poi ssondés coef fi ci(Amadubi& Shraziequal t
Adl, 1996) Linear elastic materi al properties were a

elastic modulus (&va) equal to 3 ®a (obtained from ihouse experimental tests on cement

samples).

Boundary conditions were assigned to the FE model to replicate the experimental test conditions. The
metal and PMMA cement pots were assumed to be rigidly connected so that only the second ones
were modelled. The positions of the superior metal pot at the initial and final steps of the experimental

test acquired through the DIC, were processed using a single value decomposition (SVD) algorithm to
extract the rotation components and transl ati on
imposed on all the external nodes of the FE model superior PMMA pot using gainttconstraint.

The inferior PMMA pot was fixed.

Simulations were solved in the FE softwaidechanical APDL V19.3, Ansys Inc.with the
preconditioned conjugate gradient solver, using parallel distributed memory over 6 cores with 64 GB
of RAM (Intel(R) Xeon(R) E2276G CPU 3.80GHz).

Maximum and minimum principal strains were calculated on the surface of the vertebrae by

derivation of the numerical nodal displacements, as described later in thsectio

3.2.3.Metrics

The DIC and FE reference systems had to be aligned prior to the comparison between experimental
and numerical outcomes. This was done adopting a procedure based on surface registration (Mimics
25.0) and SVD (Matlab® v2020, MathWorks, Natick, Massachusetts, US), as described in details

elsewherdGaravelli et al., 2022)

Subsequently, DIC vertebral displacements were interpolated onto the locations of the superficial
nodes of the FE model. To do this, an inverse distance weighting algorithm based on the Euclidean

norm was used, with power equal to 2 and threshold radius set to 1 mm accounting for the surface
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registration error. The interpolation allowed to perform pointwise comparison between the

experimental and the numerical outcomes (Matlab® v2020), for all the differenaiies applied.

In order to check if the kinematics observed in the experiments was correctly reproduced by the
model, DIC and numerical displacements agreement was assessed point wise. To evaluate this, linear
regression coefficients, determination coefficient) @d root mean squared error normalized by the

maximum measured value (%RMSE) were computed between DIC and FE local displacements.

Experimental and numerical strains on the vertebral surfaces were obtained through derivation of the
displacement fields on the superficial nodes of the vertebrae. More in detail, the strains were
calculated by defining linear triangular elements as the faces of the mesh tetrahedrons lying on the
vertebral surface. Maximum and minimum principal strains were considefedRNRSE, and
%RMSE between experimental and FE strain fields were evaluated in order to identify, if possible,
the Eisc value providing the best match between the two fields.addition, also percentual
differences between FE model and DIC were computed on strains. Kolmegmiawov test was

adopted to compare DIC and FE principal strains distributions.

Each vertebral surfaceas also divided into three Regions of Interest (Rol), corresponding to the
central, the right anthe left portion of the external surface, where the experimental and numerical
were averaged and compared.

52



3.3 Results

Numerical and experimental displacements were compared and showed a %RMSE lower than 9%
(Fig. 1s in theAppendix A).

A Egsc equal to 4.15 MPa allowed fitting of the experimental reaction force. Nevertheless,
experimental and numerical principal strains differed of more than one order of magnitude, with the
model underestimating the experimental values (RMSE > 85%).q&drereased from 4.15 to 50

MPa, the numerical strainsn the vertebral surfaceacreased without changes in the numerical
strains local distribution, which resulted in a considerable disagreement (p<0.001) between the

numerical and experimental strains distributions (Fig. 2).

The values of R RMSE, and RMSE% between experimental and FE local strain measurements for
all the Eisc considered are reported in Table 1s in Ampendix A for both the control and the
lesioned vertebra. For thes& assignment (25 MPa) providing the best fitting of the experimental
strain field, RMSE% higher than 30% andIBwer than 0.55 were found. Average percentual strain
differences between FE and DIC settled to 20% and 65% for minimum and maximum principal
strains respectively on the control vertebra, and to 35% and 55% respectively on the metastatic
vertebra. Errors did not exceed 90% in any case.

53



Min principal strain Max principal strain

BBEE

|I "»,g>=ii' | |

ustrain

5500
5000
4500
4000
3500
3000
2500
2000
1500
1000
0

Fig.3.2: Contour plots of theomputational principal strains at differendis& Comparison between
experimental (first row) and computational (second to final row) principal strains over the vertebrae

surface, for the differentds. implemented.
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Fig. 3.3 and Fig.3.4 present the comparison between the average values of the maximum and
minimum principal strains in all the three Rols. As visible, the twelve times stiffening of the 1VDs
made the strains intensify about eight times in compression and nine times in tracti8iB)(Fig.
Moreover, an IVDs ks equal to 25 MPa was found to minimise the %RMSE computed on the
minimum principal strains in particular (F8#4). In fact, it is possible tobservdocal minima for all

the lines in the bottoreft plot. None of the implemented & values turned out to be able to

minimise the %RMSE computed on the maximum principal strains.
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3.4. Discussion

The purpose of the presented study was to assess whethebas&T multivertebrae FE modelling
framework turned out to be accurate and reliable enough to be employed in clinical practice to support
and improve the currently adopted tools for vertebral fracture risk prediction. A FE model of the
human spine was developed uniquely from CT information and its outcomes compared to
corresponding DIC experimental results. The model consisted of four vertebrae, but since two were

used for the boundary conditions t@mparisorwas performed on the two central ones.

The accuracy of the developed Based FE model was assessed against experimental data coming
from compressiofilexion tests where a DIC experimental -spt was employed, providing local
displacement data on the vertebrae sur{f@@anca et al., 20217 previous studyGaravelli et al.,

2022) assessed the capability of the-Bdsed multivertebrae FE model to simulate the experimental
kinematics. Herein, the aim was to assess its ability to accurately predict deformations, the
biomechanical variable most often employed to assess the onset of a fracture.

In fact, CTFbased FE models for assessing the risk of fracture in vertebra are usually developed
considering only one vertebra as an isolated @iawford et al., 2003jMatsumoto et al., 2009)

but this prevents the application of physiological loading conditions, such as those provided by the
IVDs (Anitha et al., 202Q)as well as the occurrence of high strain concentration close to the
endplates, where fractuadten originategPalanca et al., 2023Yhe 1VDs play a crucial role in load
transmission among vertebrédussein et al., 2013Bince IVDs can deeply influence the vertebrae
deformation statéAdams et al., 2006)n silico vertebral fracture prediction without IVD can be
jeopardised. Thus, developing reliable predictive models would require at least one functional spine
unit. Having said that, accurate and patigmcific modelling of the IVD mechanical behaviour
require information from the MRI imaging technique. This would imply the need for two distinct
techniques, MRI and CT, to build a mulértebrae FE model for predicting the fracture risk at the
spine, making its application in clinical practice more difficult. For this reason, herein, we aimed to
assess the accuracy of a muktrtebrae FE model developed solely from CT, where the simplest
possible assumption on the IVDs material properties was made, i.e., that of homogeneous linear

isotropic behaviour.

On top of that, the majority of the studies where this approach was adopted have all performed model
validation through apparent mechanical properties only (e.g., vertebral stBagktey et al., 2007;

Dal |l 6Ara et al . ,,yi2l@léad(imailktralg 2006gstiffneas(Buckley 2t@IQ BODP7;

Dal | 6 Ar a ¢,twitheut conside@ng@ lo2a) biomechanical variables variation within the
vertebral body, or by acquiring[gCT scan after the test to visually assess the degree of agreement

between the predicted and the experimental site of the fracture(lonaegt al., 2006)
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In light of the considerable underestimation of the deformations by the FE model, where the IVD
elastic modulus had been determined to match the experimentaligpd@cement curve, the elastic

modulus was increased to cover the full range available in the literéeter et al., 1987,
OdGConnel |l et al ., 2007; P ol |.iAs dxpectesl, the tmagaitude pf 201 0
the strains was highly sensitive to the disc elastic modulus, with typical stiffening of the disc
increasing strains throughout the vertebral body. However, the increase in elastic modulus could only
shift the numerical deformations’ order of magnitude without affecting the distribution of

def ormati ons. Hence, although the 30 MPa Youngod
numerical and experimental strains orders of magnitude, a satisfactory agreement between the two

could not be achieved.

Considering these findings, more accurate mechanical modelling of the IDV would seem mandatory
to achieve sufficient accuracy of the FE modElsther investigation could be carried out to slightly
increment the complexity of the adopted constitutive laws and assign different poph&stéamh
properties to each IVD component (i.e., annulus and nucleus). Still;m&€Ed FE model could not
include specific information about the IVDs' composition and real mechanical behaviour. Moreover,
the IVD elastic modulus was shown to be correlated to their degenerative stAnsmniou et al.,

2013 heavily affecting how the load is transferred across the spine and, consequently, the vertebral
body deformations. It is then still to be determined whether a wmiitebrae FE model developed
uniquely from CT could provide sufficiently accurate insights into the vertebral fracture risk. In
summary, the obtained findings suggest thatb@$ed multivertebrae FE models including subject
specific multiple vertebrae and 1IVDs modelled with homogenous linear isotropic material properties

based on population values cannot accurately predict strain distribution on the vertebral surfaces.
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Chapterd

Validation of homogenized finite
element models of human metastatic
vertebrae using digital volume
correlation

This chapter i®ased on a manuscript which is currently in preparation
C. Garavelli, A. Aldieri, M. Palancak . D a,land &1 AVviceconti

dvalidation of homogenized finite element models of human metastatic vertebrae using digital volume
correlatiord

The preprint version of thmanuscript haalreadybeensubmittedon ArXiv repository

arXiv:submit/5409326
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The experimentaldataused for this validation study weprovided by Dr Marco Palanca and Dr
Enr i c o .Dhatatadvé&recquiredand processedl the Insignednstitute forln Silico Medicine
of the University of Sheffield.
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Abstract

The incidence of vertebral fragility fracture is increased by the presence of preexisting pathologies

such as metastatic disease. Computational tools ceufgport the fracture prediction and
consequently the decision of the best medical treatment. Anyway, validation is required to use these
tools in clinical practice. To address this necessityhis studysubjectspecific homogenized finite

element modelsf single vertebragvere generated fropCT imagedor both healthy and metastatic

vertebrae andalidated against experimental data. More in detail, spine segments were tested under
compression and imaged witlCT. The displacements field could be extracted for each vertebra
singularly using thedigital volume correlationfull-field technique Homogenised finite element

models of each vertebra could hence be built fromu& images, applying boundary conditions
consistent with the experimental displacements at the endplates. Numerical and experimental
displacements and strains fields were eventuallggared. In addition, because also clinical CT scans

were available for the same specimeth®e outcomes of CT basedhomogenisednodel were

compared to the ones ofchnical-CT basednodel.Moreover,uCT basechomogeniseanodelwere

also compared taicro finite element modalnderthe same boundary conditiorSood agreement

between experimental and computational displacement fields, both for heafhy @R9+0.83,

RMSE% = 3022 %, max er r oF=064-0.93, RMBE% =a5n18%, maxiara st at i C
< 54 e€m) vertebrae, was u€Tdasaddand clinicdT basedopteoméss on b ¢
showed strong correlations {R: 0. 99, RMSE% < 1. 3 %, ma X error
comparison between homogenized and micro finite element modéls (R95+0.97, RMSE% =

3+29%, 9% percentile = 2661 &m). Further mor e, t he mo
regions which experimentally showed the highest strain concentration. In conclusion, the combination

of the experimental fulield technique and the -silico modelling allowed the development of a

promising pipeline for the validation of fracture risk predictors, although further improvements in

both fields are needed to better analyse quantitatively theyigdtbehaviour of the vesbra.
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4.1 Introduction

In 2020 the World Health Organization (WHO) reported an incidence of more than 18 million cancer
occurrences worldwide and presented a prevision of almost 20 million for the yea(\VZ640

Health Organization, 2020)Among them, onthird of the patients presented signs of spinal
metastasigvan Den Brande et al., 2022Jhe presence of such metastases, especially lytic, has been
demonstrated to increase the vertebral risk of fragimeeko et al., 2004 Although the incidence of

this type of metastatic lesions can appear moderate, the comorbidities connected to the fracture events
at the vertebrae should be considefi€ddo et al., 1999)as well as the associated decrease in the
quality of life (Alexandruet al, 2012) In light of this, constant monitoring of vertebral stability in

pathological patients is crucjaiming to prevent the fracture from occurring.

The finite element (FE) methodology has been successfully adopted to evaluate the stability of
vertebrae with Iytic lesionéCosta et al., 20198howing the ability to provide information in cases
where the Spinal Instability Neoplastic Score lacked in specif{€itgher et al., 2014)A similar

strategy has also been applied to vertebral bone affected by osteolytic lesions, allowing to obtain
better assessment of bone fragility compared to volumetric bone mineral density, bone volume
fraction and trabecular separation measurem@snpbell et al., 2017)In addition, it has been

shown that metastatic vertebrae strengths from experimental tests and from FE models correlated well
(R?> = 0.78) regardless of the lesion phenotyf@adelmann et al., 2020However, no direct
validation of displacements and strains fields predicted by the models has been presented in these

studiesMoreover they investigatedimplified boundary conditionanly.

In order to fill this gap, Digital Volume Correlation (DV@presents a useful tool because it provides
full-filed information over the whole bone volur(@rassi & Isaksson, 201%as been widely used to

validate bone modelés Dal | 6 Ar a &and @ua ravide eplritn@njally matched boundary
conditions (BCs) for the mode(€hen et al., 2017; Kusins et al., 2020¢rtebral body-E models
have already been validated using DVC both at the tissue level . e . e FE (Qastdetl s v al

al., 2017; Palanca et al., 2022)d at the organ onée., hFE models validatio@Jackman et al.,
2016) Moreover, DVC technique has already been applied to validate vertebral FE models where the
loadwas transmitted through the dis@sussein et al., 2018However, inthatstudythe focus was on
osteoporotic vertebrae and the validation was carried owvbyagingthe results within areas of

interest where the vertebra had been divided.

The aim of this work was thus to develpT-based homogenized finite element (hereinafter referred
as hFE) models, for both healthy and metastatic vertebrae, and to validate their prediction in terms of
displacementsand reaction forcesgainst experimental dat@VC measurements were used to

perform the validationGiven thatuCT are not performed in clinics, the outcome®wéuCT-based
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hFE model were also compared to the ones of cliuaaed hFE model of the same vertebra.
Additionally, displacements fields of hFE maslahd micro finite element (LFE) modealf the same
bones were compared. Eventually, the ability of the hFE models to highlight the regions with higher

strain concentrationsereassessed.
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4.2. Materials and Methods

The following pipeline was applied on 18 verteb(g&y. 4.1) divided as follows: 10 healthy and 8
metastatic, specifically 4 Iyticand 4 mixéth e compari son bet webmseddnFE and
eCT was performed only on a subsample of 6 vertelfféig 4.1) composed of 3 healthy and 3
metastatic, specifically 2 Iytic and 1 mixetlhe comparison between hFE models generated from
different resolution scales (clinical CT an€T) was performed on a single healthy vertefftia.

4.1).

UCT scans Clinical CT scans
wv
4
e
S
o
(%]
x 18
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°
<}
=
MFE model Homogenized FE model

Fig. 4.1 Overview of the developed modeix UFE models and eighteen homogenized FE models
were built from pCT acquisition of the spine specimens, while one homogenized FE was built from

clinical CT scans acquired on one among those specimens.

4.2.1.Mechanical Testing

Experimental analyses were conducted on thoracolumbar cadaveric specimens obtained from an
ethically approved donation program (Anatomic Gift Foundation, Inc.). Each specimen was composed
of four vertebrae: the most cranial and the most caudal ones were embedded in the
polymethylmethacrylate and were used to apply the load while the two (one showing signs of Iytic or
mixed metastatic lesions and one healthy control) in between were free to move through the action of

the intervertebral discs. During the paegtion of the specimen, posterior elements were removed
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(Fig.4.2A). The specimen was mounted on a jig and inserted iptdTascanner where an unloaded

scan (Figd.2C) was acquired with 39 em isotropic voxe
integration time: 300ms, power: 8W). The mechanical test was performed as follows and as described
in greater detail ifPalanca et al., 2023) a compressive loadducing physiological strains on the
surface of the healthy verteb{@alanca et al., 2021yas applied at the cranial vertebra; 2) the load

was increased of three times; 3) the load was increased up to (Riywke2B). After each load step a

MCT scan was acquired following relaxation (BigD). DVC, implementedhrough the BoneDVC
algorithm( Dal | 6 Ar a , veas$ latex perfarme@ dh Eath combination of the unloaded scan and
one of the loaded scans for the same specimen. Due to the high computational cost required by the
BoneDVC algorithm, the original images were cropped, before to start the elastic registration, in order
to contain only one vertebra at a time. DVC was carried out based on a 1.95 mm sized grid, where
displacements values were thus available B4\.). The displacement field was imported into a FE
analysis environment (ANSYS Inc., Mechanical APDL), where the strain field was obtained through
differentiation. Further technical details about the DVC technique can be fouidlamca et al.,

2023)
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Fig.4.2: Experimental test. Thepecimens were composed by four vertebrae, but the two extreme

ones were used to transmit the load only, and the posterior elements were removed (A). During the
compression test (B), eCT scans were acquired a
step (red dots), until failure (D).
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4.2.2.Finite Element Analysis

In analogy withthe experimental analysisvherethe DVC measurements were carried out on one
vertebra at a timd;E models of each vertebra were also created independently. Moreover, both the
hFE and the &FE mode |[uGTimages.édn this avayeFE madeldand DVO datat h e
sharedhe same reference system, allowingeduceerrors connected to the registratjpmocessThe
possibility to generate an hFE model based p€& scan has been presented in several waték

et al., 2022; Robson Brown et al., 2014; Wijayathunga et al., 2@68jtionally, the outcomes of one
HCT-based model were compared to the outcome of the same model mapped on a clinical CT to
assess the correctness of the procedure.steps required for the tvkinds of model are reported in

the following two paragraphs.

The hFE model was created based on the unlga@&dscans. First, theCT images were segmented
adopting a sermutomatic segmentation procedure (Materialise Mimics), andrzod®é tetrahedral
structural solid mesh was later created (ICEM, ANSYS Inc.), with an edge length equal to 1 mm
(Costa et al., 2019)The material properties were assigned analogously for the healthy and
pathological vertebragiCT grey levels were calibrated to obtain density valusmghydroxyapatite
phantoms Then Bonemat software developed at Rizzoli Orthopaedic Institute was used to integrate
the voxel density over each element of the mesh. Coefficients from the literature were used to define
the densityelasticity relationship(Morgan et al., 2003)Subsequently, boundary conditions were
assigned to the hFE model in order to reproduce the experiments. For each vertebra, the two DVC
grid slices falling inside the bone and closest to the endplapeeiBCandlowerBC) were selected.

The displacements afpperBCandlowerBC were interpolated onto the FE nodes at the extremity of

the vertebral body through a trilinear interpolation algorithm (Matlab, Mathworks Inc.), such that the

FE model could be loaded in displacement using experimental dat&3B)g.

For one specimenhé same hFE tetrahedral mesh already mappadCdnwas rotetranslated to a
clinical CT acquired on the same specimen for a previous qfdianca et al., 2021)sing a
procedure accurately described elsewt{@aravelli et al., 2022)Then, the hFE was mapped on the
clinical CT scans, calibrated using ESP phantom. A correction of the calibration was also applied
(Schileo et al., 2008xnd eventually a conversion from element density to elastidigrgan et al.,

2003) After that, the inverse transformation matrix was applied to the hFE nodepdsitionthe
modelbackonto the uCT reference systenkventually the model was solved by applying the same

boundary condition previously described for fl€T-based model.

The hFE simulations were run on a FE analysis environment (ANSYS Inc., Mechanical APDL) and
performed on a local computer (parallel distributed memory over 6 cores with 64 GB of RAM
(Intel(R) Xeon(R) E2276G CPU 3.80GHz) and required around 1 hour.
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The WFE model was generated following an already published procgthee et al., 2017; Costa et

al., 2017; Palanca et al., 2028)hich is briefly reportedn the following Firstly, the unloadedCT

scan was filtered with a 3D Ga wlsvslitheesholdbadedomr ( U
the Max Entropy thresholding algorithm was used to binarize the images (Matlab, Mathworks Inc.).
Then, each bone voxel was directly converted into-and® linear hexahedral element of the mesh,

to which an elastic modulus of 12 GPa and a Poi
conditions were applied consistently to the hFE model of the same vertebra (ANSYS Inc., Mechanical
APDL). The uFE simulations were performed on a kgiformance computing cluster (ShARC),
requesting 10 cores from ShARC's scheduler with 50 GB of memory per CPU core and it takes

around 3.5 hours.

Two additional tests were performed one vertebra onlgnd are reported in Appendix Bhe tests

are respectively, thimclusion of an elastoplastic behaviour to the hFE maaled the propagation of

the error on displacement &m error on the straind’he addition of plasticity is intended to improve

the prediction of deformation in vertebrae that are nearing their elasticity limit. This is particularly
useful for predicting fracture risk because once the limit is exceeded, the vertebra is permanently
damaged, and we only need to know that it has fractured, not the exact value of the deformation.
What's interesting is the moment of damage accumulation in the area just before the fracture. That's
why it was important to determine whether adding plasticity would help us bedigk this
phenomenonThe study of error propagation is based on the fact that it isn't possible to use the exact
value predicted by the DVC to validate the strain of the models. However, the fracture definition in
Chapter 1 is based on the strain. Therefore, we decided to quantitatively validate the displacements
and qualitatively validate the strains. Then, we defined a procedure to evaluate the error propagation

from displacements to strains.

4.2.3.Validation and Comparison

In order to compare the hFE model against experimental data and uFE model results the hFE nodal
displacements were interpolated at the DVC points location using the shape functions of the elements.
Specifically, a twefold validation procedure was followed: at first, all DVC point locations were
used, secondly, only a subsample of the aforementioned DVC points, namely the one falling inside a
trabecula (Figt.3D) or within the cortical shellThe pointto-point validation was always performed

on the centrall'5% of the modelled vertehran order d be sufficiently far from the nodes used to

apply the boundary conditiorBig.4.3C).
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Fig.4.3: Definition of the DVC points (A, only red dots provide usable information) used for BCs
assignment (B) and validation of the models (C). Among the latter onlyatfdation points falling

i nside a trabecul ar bone were used also in the

4.2 .4.Metrics

The agreement between hFE and DVC displacements as well as between hFE and pFE displacements
was reported by computing the intercept and the slope of the linear regression, the coefficient of
determination (R, the root mean squared error (RMSE), and the percentage RMSE (RMSE%),
obtained normalizing the RMSE by the higher experimental displaceMarimum and minimum

principal strairs obtained from the hFE model have been qualitatively compared to the one provided

by the experimental test, to compare theation of the regions in which the deformations were
concentrated. Conversely, it was not possible to directly compare hFE predictions with the ones from

the UFE because the tweesh havaifferent scales.

In addition, the agreement betwede axial reaction forcepredicted by the FE analysis atig ones
measurediuring the experimental tests was assessed, in terf) BNRSE% and maximum error. The

numerical reaction forces were computed in the axial direction at the noB€sirméDOWN
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4.2 .5.Exclusion Criteria

Among the testedpecimenssome vertebrae needed to be excluded from the validation process. The
following exclusion criteria were used: (i) more than 25% of dwgrelation points present
experimental deformations over Bayraktar failure lim{Bayraktar et al., 2004)(ii) the lytic
metastatic lesion has destroyed the trabecular lattice of the vertebra, for more than half of its body,
and/or (iii) the prediction errors strongly correlate with the DVC uncertainties at the same locations.
Eachvertebra matching at least one of the criteria was excluded, while the other one from the same

specimen was validated as usual.
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4.3. Results

The comparison between C-basedhFE and DVC displacements is shown in &ij. displayed

differently according to théealthstatus of the vertebr@ontrol, lytic metastasis, mixed metastasis)

they originated from. It is possible to observe that for all the directions and for all the categories the
model slightly underestimated the experimental values. Anyway, no spdeifiendence of the
goodness of fit on the health status of the vertebra was fauract] the strongest correlatian the
anteriorposterior direction was found for the lytic vertebraé £R0.93), whilein the craniecaudal
directionthat was found fothe healthy ones @R= 0.83). The RMSE% for the control vertebraere
intherange 22 % and the maxi mum error was | ower than
RMSE% was intherange58 % and t he maxi mum error was | ower
RMSE% were 6% for anterioposterior and 13% for the crand@audal. The correlation indexes of

each vertebra are also reported in the boxplots idbidlhe entity of the displacements in the right

left directionresulted to bdower than the voxel size fanost ofthe poins. For this reasonthese
displacements were considered wose tothe experimental measuremgnincertaintiesand were

thereforeexcluded from the validation process.
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Fig.4.4. Comparison between DVC (horizontal axis) and hFE (vertical adis)lacements, on
mediolateral (ML), anteroposterior (AP) and craniocaudal (CC) directions respectively. Control
vertebrae are reported in blue, lytic in orange and mixed in yellow. For each type of vertebra

regression lines and?Rre also reported, while RMSE% in reported for the pooled groups.
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Fig.4.5: Boxplots reporting RMSE% and?Ror all the vertebra analysed. Red horizontal lines
represent the ideal value for each index. Mediolateral (ML), anteroposterior (AP) and craniocaudal

(CC) directions as well as the magnitude are reported.

Narrowing the analysis to those DVC points whose position lies within the trabecular bone, a
substantial decrease in RMSE% is observable for the craniocaudal direction, while no strong

differences are observed for the anteroposterior directio(®)ig.

71



AP CcC

150 : S 150
Ve //
o/ — 70 4 0/ —
= 100 RMSEY% = 7% R = 100 RMSE% = 8 %
L 50+ g;" o Y2 50tk
z e 2
g 0 ,(Aﬁ’" o 0
] Lo, s O
© ‘:'-’);}? LOB_
% -50 + .s“‘/ w 50+
o eni a
L ~;:// u
£ -100 .:.;/ =100
: s
e
-150 -150
-100 0 100 -100 0 100
DVC Displacements ( pm) DVC Displacements (um)
RMSE% RMSE%
0 5 10 15 20 0 5 10 15 20
e o I —
Ho [ ] M

Fig.4.6. Scatter plots between DVC (horizontal axis) and hFE (vertical axis) displacements on

trabecular locations only, on anteroposterior (AP) and craniocaudal (CC) directions respectively.

Below eachdirection the relative changes in RMSE% due to the restriction of the analysed points are

reported (light blue before, pink after the restriction).

Furthermorestrong agreement in the displacements fiei found between theCT-based and the
clinical-CT-based models, with RMSE lower than 0.75 pm (RMSg%.3%) and R higher than
0.99. The maximum difference among all the nodes and considering the three cditesimmswas

6 um (Figd7).l n terms of predicted r eac tbasdand dinical e s ,

CT-based models is around 1%, specifically 2088 N in the former case and 2119 N in the latter.
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Fig.4.7. Correlations between displacement fields predicted by clid@al(horizontal axis) and

UCT-based (vertical axis) models. Regression linésrid RMSE% are reported.

Looking at the comparison between the hdftel L\FE models the hFE model shoed anaccuracyin

the prediction of the displacemertemparable to the pFE modelith determination coefficient

higher than 0.95 and root mean squared error equal to a tenth of a voxe8) Fig.the pooled data.

In terms of RMSE% the results were in the range @9%, while the 98h percentile of the

di

fferences

bet ween

hFE

and -6elF E 1Rgi4.8lipid passielat@ nt s

observe that only one modg@ight blue dots)seems to present a strongly wolsshaviorthan the

other, corresporidg to a vertebra thdiasalready overcome the elastic regime.

200

100

hFE displacements (um)
(@]

AP
pooled group ///
Y=096X-042 .
R? =097 0
RMSE =4 pm //

200

100

hFE displacements (um)
(=]

CcC

pooled group
IY=X+093

R2=0.95

RMSE =5 pum

100 /{.V 100 + //
.//‘ //
/'/ s
e //
200 2 200 L
-200 -100 0 100 200 -200 -100 0 100 200

UFE displacements (um) UFE displacements (um)

Fig.4.8: Scatter plots between PFE (horizontal axis) and hFE (vertical axis) displacements, on
anteroposterior (AP) and craniocaudal (CC) directions respectively. Regression fia@s, RMSE
are reported. Each vertebra is plotted in a different colour to highlight that most scattered points

derive from the same vertebra.
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A qualitative comparison of experimental and simulated straiatssreported. The distribution of
maximum and minimum principatrains highlighted that the hFE models were able to select the

regions of the vertebral body providitige highest strainconcentration (Fig.9).
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Fig.4.9: Qualitative comparison between DVC and hFE strains. Four different vertebrae are reported
asexamplesfor each one the upper contour plot refers to the DVC hexahedral grid, while the lower
refers to the hFE tetrahedral me3he figure highligh that forthe majority of thespecimens the
regiors presenting higher deformations are correctly predi¢BdC). However, there are still some
specimens for whom the FE models fail in founding the highly deformed regions (A, D).

Lastly, quite good correlation was fourtmbtween theaxial reaction forcegpredicted by the FE
analysis andhe onesmeasuredduring the experimental tests, witf R 0.65, RMSE = 19% and

maximum error equal to 1368 N (FdL0).
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Fig.4.10: Comparison of axial reaction forces predicted by the verteiffed modelsand the

experimentally measurezhes Regression lin¢yellow), R? and RMSEb are reported.

Among the analysed vertebrae, three (1 control, 1 lytic and 1 mixedd excluded from th

validationbecause they fitted one of the Exclusion Critefippendix Q.
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4.4. Discussion

This study aimed to assess the accuracysudfjectspecific hFE models of the vertebra with
experimentally matched BQhrectly applied in the prediction of displacements and strains compared

to a widely used experimental method.

Good agreement betweddVC and hFE displacement fields, both for healthy?(R 0.69+0.83,

RMSE% = 30622%, max er r of=064+-0.93, RMBE% =25n18%, maxter@os t at i C
< 54 &m) vertebrae, was found. Further more, t h
regions which experimentally showed the highest strain concentralibe. derivation of
displacements error to strains err@®lso reporteih Appendix B with average errors around three
thousandsof microstrains. However, it is important to highlight that the errors committed by the
homogenised FE models were obtained in presence of a DVC uncertalatited in zerestrain
conditionsof 6 6 9 ferrnthe displacements field and average errors around two thousands of
microstrains for the strains fiel@Cavazzoni et al., 2023TConsequently, the difference between the
prediction errors and the experimental uncertainties were less than two order of maghisidees

not allow to consider the model validated howethertheories embodied by the models have resisted
attempts at falsification by the DVC experiménta addition quite satisfactorygteement was found

in the reaction forcedf = 0.6, RMSE% =19%) corroborating the densitglasticity law employed.

The presented results in terms of FE displacement prediction of DVC measureserentsund to be

in agreement with the ones reportedRatanca et al., 2027 here,lFE mode$ of porcine vertebra
were developed anéxperimental derived displacemenigere appliedas BG, supporting the
implementation performed in this stydp be eventually compared against DY/@MSE% =1.01
14.51, R = 0.651.00, slope = 0.#1.19). Thelower correlation found in this study compared to
Palanca et al., 202duldbe explaineconsideringhat the work used porcine healthy specimens with
induced lesions, while this study tested human vertebrae, some of them with lytic or mixed metastasis,
and this aspect increaséhe difficulty in the material modellinglackman et al., 201performed
human vertebra FE modgelalidation against DVC with an experimental-getsimilar to the one in
this study Their findings for the compression testith experimentally matched boundary conditions
showed a median error in displacements in the range -8026 (average = 49%). Computing the
same value for the presented data the resulting range i®98 (average = 39%highlighting a
comparable fitting of the experimental data. DVC techniques alsedeen applied in the validation
of hFE modés of the scapular bone, analysing both the displacesr{&uisins et al., 2019and the
strains fielé (Kusins et al., 2020)espectively with pointo-point and averaged comparisoithis
study achieve slightly inferior results interms of displacementfield prediction for the same

boundary condition application approach? ¢®.400.98, slope =0.43.32 in this study versus?R
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0.791.00, slope = 0.81.09 inKusins et al., 2019)Also, thecorrectidentification of the regions

which experimentally showed the highest strains concentration by the hFE®niemed inKusins et

al., 2020 Analysis at differentscalesfor the vertebral mechanics had been already presented by
Stadelmann et al., 202&ven if they did not perform a poitd-point comparison between the two
models as well as has been here presented, their conclusions supported our finding that hFE and pFE

could provide comparable results inside the physiological range of deformation.

It is necessary to highlight some limitations of this work. Birsts explained above, the comparison

was made only for vertebrae that did not show visible signs of failure at the time of the loading scan.
This is because the developed models were linear elastic and, therefore intrinsically unable to
correctly predict deformations beyond the elastic regirkarther improvements in both
computational and experimental methodee needed to quantitatively analyse the -yt
behaviour of the vertebr&econdly, the necessity to sacrifice the endplates regions to inform the
models exclude these regions from the validatioalthough theyare known to be ofmajor interest

for the failure mechanism{®alanca et al., 2023 his criticalitycouldbe overcome only when it will

be possible to obtain accurate DVC measurements for soft tissues (and therefore also of the discs), to
be able to move the application area of the boundary conditions externally to the endplates.

In conclusion the combination of the experimental DVC technique and the FE modelling technique
has allowed to develop a promising pipeline for validation of in silico predictors of fracture risk
However, as already mentioned, the models prediction errors identified were not sensitively higher
than the experimental data uncertainties, which prevented to consider the model validation successful.
Two possibleapproaches could be followed to overcome this conund@mone sideto the use of
imaging techniques able teach a higher resolution, lower than a microméteerthelessimaging

tools able to achieve this level of resolution carmwtentlybe applied to a whole vertebizut only

to a portion of it, acquiring only some trabeculae at a time. On the otheragidestensive tests
campaign where the numerical failure load would be validated against experimental data could be

carried out, to provide evidence of the accuracy of hFE models on a different level.
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Chapters

Conclusion

In the last chapterthe main achievements of this PhD project are summariksglising on the
original contribution that this thesis brings to the biomechanics field. After that, the major limitations
of the presented studies are recalkd to concludethe possible direction in which this work can

proceed are listed.
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5.1. General

The aim of this PhD thesis was to assess the accuracy of ssiieifichomogenisedinite element

models of multivertebrae segments generated from clinical CT sicapedicting the minimum load
required to induce a vertebral fractuidne accuracy of the predictions of such models was assessed
through comparison with experimental data obtained adopting two distinfiefdltechniques: DIC
measuring the displacements on the bone surface and DVC acquiringithesesional displacement

fields across a specimen. The project has been developed in multiple steps, described in Chapters 2, 3,
and 4. The work started with the validation of the superficial predictions of avattigbral model.

Then the focus was shifted to the single vertebrae models.

In Chapter 2, a mulvertebral segmerftvith both healthy and metastatic vertebra@p imaged with

a clinical CT scanner and experimentally tested in pregimn conditions The displacement field

on the vertebral surfaces was tracked ushegDIC technique. Thenan FE model was generated

from the CT scan, loaded in accordance with the experiments, and validated against the previously
acquired experimental daf@he model showed good accuracy in the replicatiospofekinematics

the FE model predicted displacements with R? higher than 0.94nda RMSE% lower than 8%.

While the DIC technique libalready been used to validate bone mgdaiowing interesting results
(Ghosh et al., 2012; Grassi et al., 2013; Gustafson et al.,,2@is7)vas the first time it wasmployed

to validate the model & multivertebra segmestubjectedo physiologicalloading

In Chapter 3, the same model was used, but the focus was shifted towards its strain prediction
accuracy assessment. The working hypothesis of the project was that in order to predict the risk of
vertebral fracture, it would be sufficient to use subgetcific information from clinical CT to inform

the geometry and material properties of each vertebral body, while it would have been sufficient to
use populatiorspecific information to characterise the material properties of the intervertebral disc.
Because of this assumption, we used the simplest possible constitutive equation to model the disc, as
any more complex law would have been more sensitive to the uncertainty of the material properties.
The hypothesis of linear elastic isotropic material properties was made for the discs, and the range of
Young6s modulus values available in the I|literat:
properties inside the physiological values reported in the literature caused significant variations in the
vertebral strains field. These findings suggest thadcamurate prediction of bone deformatwould

also requirea personalisation of the mechanical properties of the discs, which, unfortunately, may also

require a clinical MRI exam.

In light of the discrepancies observed in the strain predici@nlast part of this work, described in
Chapter 4 was conceivedHere the focus washiftedto the analysis ofhe threedimensionalstrain

field inside individual vertebrae, aiming &stablishwhether a homogenised FE model o$iagle
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vertebracould only provide accurate predictions of displacements and sti@s provided with
boundary conditiongoming from the experimental tests and, in particular, determined using DVC
technique. Both healthy and metastatic human vertebrae were anadlysedsultshowedthat linear

elastic FE models exhibi#d accuracy comparable t®VC within the elastic range for both
displacement and straim particular, the displacements were characterised by RMSE% settling in the
3+22% (controls, max errors 4 5 )eamd5+18% (metastatic, max errors < 4 ranges.These
findings were in agreementith previous works performed on healthy verteb(aackman et al.,

2016 on displacements) and scapular bfiesins et al., 20189n displacement${usins et al., 2020

on strains), where similar approaches were used. Furthertmarestudyalso highlightedthe FE
models' capability tadentify theregionswhere the highest strains were located experimenieily
homogenised FE model displacement fields were also compared to the ones efEninadels
subjected to the same boundary conditions, obtaining comparable acdgtdaigher than 0.95

RMSE equal to a tenth of a voxBMSE%in the range8+29%and95th percentilén the range2+61

e muntil the elastic limit is exceede®ncevalidated thesein-silico tools ould support clinical
decisiors wherethe subjectpecific fracture risk assessment is of interest; thushtmeogenised
micro-CT based FE model was also compared ttinical CFbased modeabf the same specimen and
subjected tahe same boundary conditions, achieviagellentagreement (R= 0.99 RMSE% <

1. 3%, ma x )eAlthoagh the=displacement prediction errors appear small, the prediction of
the risk of fracture is based on the prediction of strain; if we use numerical methods to estimate the
prediction error on the strain given the prediction error on displacer{tbetderivation of these
errors from displacements to strains is reported AppendixvB)see that strain prediction errors of

the FE model are comparable to the accuracy on strain measurements expected for the DVC method
at that imaging resolution, as estimated with zdrain studief Cavaz z oni et al ., 20
al., 2017)

So, while the DVC methodology appears to be a promising validation pipeline for these in silico
predictors with respect to the predicted displacements, in these conditions, it is difficult to draw
conclusions on the accuracy of the FE model in predicting strains. For this purpose, we would need to
reduce the measurement error (accuracy) of the DVC by at least one order of magnitude. This is
possible only by drastically increasing the spatial resolution of the f@i€rionages used in the DVC
calculation. While this is possible (for example, by using synchrdigbh Computed Tomography),

the limitations of the CCD sensors would impose a much smaller field of view. This would require
validation only in a small region of the vertebrae or the development of asoaitiprotocol with all

the issues of spatial registration of the scans.

Another point of view is to conclude from this validation campaign that the displacement fields the in
silico predictor provides are not significantly different from those experimentally measured with

digital volume correlation. Thus, this validation study did not falsify the assumption that our in silico
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predictor is sufficiently accurate to predict the clinical risk of vertebral fracture. We could then
proceed to the next step of the credibility assessment of the predictor by exploring if the load to
failure predicted by the FE model, assuming certain loading conditions do correlate with the fracture
events observed in a sufficiently large clinical cohort.

In summary, thiswork highlighted that when the boundary conditions are accurately modelled,
subjectspecific CTbased FE vertebral models can predict displacements and strains with accuracies
comparable to that of the experimental method used for the validationlo8tiihg atmulti-segment

model s, the model 6s predictions are highly sensi
discs Thus,our hypothesis that an accurate model can be built with popukstieeific properties for

the intervertebral disc is falsified.
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5.2. Limitationsandfuture perspectives

In the following sections,hie thesislimitations are presented and discussaidng with potential

improvements.

A first critical consideration involves the mechanical properties assigned to the intervertebral discs
according to what was described in Chap&m@nd 3.The discs were modelled using the simplest
possibleapproachThis obviously does naccuratelyreproduce theeality. Moreover, no distinction
between annulus and nucleus was implemented because it is not possiifadtihis information

from the CTscans. More complex constitutive laws to model the mechanical behaviour of the IVD
might have been examined in addition to the linear elastic one adopted. Still, the unavailability of
patientspecific information retrievable from the CT images would have reqtheedentification of

the constitutive modé& parameters either 1) through minimisation of the error between the numerical
and experimental strains or 2) by assigning literabaged population values. As far as the first case

is concerned, in light of the challenging identification of one single parameter abiritoiseerrors

on strains, the inclusion of additional parameters to handle a more complex law (such as viscoelastic
or hyperelastic) would decrease the chances of discovering an optimal condition. In the second case,
the adoption of more complex constitutive models using poputaged parameters would be

limited by the lack of experimental literature for the definition of such multiple coefficients.

Therefore, the adoption of more complicated constitutive laws to model the IVD was not considered
within the specific focus of this thesis, which was to assess the possibility of predicting the vertebral
fracture riskin silico starting from a clinical CT. In this respect, the conclusiai could be drawn

from the work presented in this thesis is that IVD modelling is pivotal in determining the mechanical
response at the vertebral level and thus should be modelled accounting for itsspeti&it and
heterogeneousstructural features. In this context, the adoption of more complex constitutive
modelling still lacking patientspecific informationwould not be sufficient to improve thstrains'

prediction accuracy.

Experimental evidence supporting this point can also be found in a recent study carriedDout by
Palancapart ofProf Cristofolini'sresearch group alhe University of Bologna, where the effect of the

IVD mechanical properties on the collapse of the vertebral bone was experimentally highlighted. The
presence of a healthy IVD was indeed shown to lead to the collapse of the vertebragibthef the
endplates (Fig5.1A), differently from the buckling in the central part of the vertebral body (Fig.
5.2B) in the case the IVD had been enzymatically degraded.
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Fig. 5.1 e CT scans otliecollapse,twben tha lead & tranemitted through a healthy
(left, A) or a degenerated disc (right,.B)he scans of the unloaded vertebrae are reported in red,
while the scans of the vertebrae after failure are reported in green. The yellow regions represent the

perfect overlap of the two scans, namely the regions in which no failure appeared.

The transmission of load through the vertebral bodies thus appears to take place in a way that is
unique to each individual and is a result of the vertebral organogenesis process that takessaround
years. Therefore, it is essential to have information about the material properties of a specific IVD in
order to generate a model of the spine. Even if the complexity of the IVD nsddeleased, there

would still be the risk ofincorrectly predicting the vertebral deformation unless suigjeetific

material properties are also taken into accéarnthe 1VD.

An alternative possible strategy would involve the use of addifitexhativeimaging information
(e.g., magnetic resonance imaging information) as input, aiming to integrate the 1IVD mode with
patientspecific and heterogeneous information. Having said this, this would require the definition of a
mathematical relation between timeages'local information and theiscs'local material properties,

which is not yet available in the literature.

The second area of limitations concerns the boundary conditions assignment. In fact, as far as the FE
models of the spine segment are concerned, it was assumed that no relative motion occurred between
the cranial potted vertebra and the cement it was potted in, as well as between the cement and the
metal pot in which it was inserted and locked. Howeves, assumptionwas reasonable due to the
considerably greater stiffness of the metal pots compared to the speaiswryiventhe secure
connectiorensure by thescrewsAs far as the DVébased FE model validation, the main issue was
related to theuseof experimental information in the vertebral body portion closer tetiuplats to

apply boundary conditions to the model. In fact, this choice, which is strictly linked to a single
vertebra FE model, prevented us freonsidering the endplates in the analyses, which, however, do
represent regions where fracture often originéedanca et al., 2023Jo overcome this limitatigra

potential approach could be to include DVC information on the discs whepdssible to apply this

technique to the discs as well. This would indeed allow a more accurate comparison between model
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and experiment, as the model boundary conditions could come from the discs and not from the

vertebral endplates as in the here presented study.

The third point is connected to the material properties assigned to the Jdrtaigals explained,
the same constitutive lawsere employedor all the vertebrae analysed the different studies
without taking into account the vertebrae's health staitsle this choice mapaveintroducel some
inaccuracies, itwas aligned with the findings of other authors who observed similarities in the
mechanical properties of trabecular bone with and without legidagarian et al., 2008; M. A.
Stadelmann et al., 2020f this assumption holds whemetastatic lesions can loharacterisecs
low-density bone tissyas in the case of lytic lesions, it might not decurate enough for blastic
lesions. t evident signs of blastic metastatesionsare detectedother constitutive modelsiay be
usedto reproduce better the real mechanical behaviour of that kind of tissue.

Last, it should also be noted that in the first two parts of the work (Chapters 2 and 3), the developed
method was presented on one specimen only because they were methodological works. However, the

procedure could also be applied to multiple specimens to strengthen the obtained results.

In conclusion, the accurate prediction of the risk of vertebral fracture using a sp®geiic finite
element model of the spine informed only by a clinical CT scan does nottedmnfeasibleln the
context of fragility fracture, further work may explore if the use of an MRI exam in place of the CT
exam would provide better results. MRI may provide more information on the mechanical properties
of the intervertebral discs butould lack the excellent correlation betweenray attenuation and
mineral content that CT data provide. We are optimistic that the combination of MRI and CT data
would allow the development of an accurate predictor, but the clinical applicability of such protocol

seems unlikely in the context of fragility fractures.

This may be different when the model is used to predict the risk of vertebral fracture in patients with
metastatic lesions in the spine as a decisiguport for treatment stratification (e.g., radiotherapy vs
vertebroplasty). These patients are normally examined with CT and MRI; thus, the theoretical
possibility of developing a sufficiently accurate decissupport system exists this context
However, for now, accurate predictions would be limited to patients with clastic lesions, as the

modelling of blastic lesions probably requires additional research.
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Appendix A

Fig.1ls Comparison between the displacemémtsnsity measured using DIC and the ones predicted
by the FE model on the vertebral surfaces. Linear regression, coefficient of determination and root
mean squared error are also reported.

Table 1s Correlation indexes between predicted and experimental local displacements. RMSE,
RMSE%, and Rbetween experimental and FE local strain measurements for alifreBsidered
were reported, for both the control and the lesioned vertebra, considering each Rol as well as the total
analysed lateral surface.
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