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Abstract

Lytic spinal metastases are a big burden for cancer patients. Thiess é&e described as
focal regions of very low bone mineral density (BM@hich cause decrease bone strength
and arnincreasan the risk of fractureThe assessment wértebralfracturerisk in patients with
spinalmetastases is based e Spinal Instability Neoplastic Score (SINS), which in many
casesis not able tgprovide a clearguidance This problem is mainly due to the qualitative
natureof the SINS, which therefore leads to a lack of objectivity in the assessment of patients

with spinal netastases.

Finite element (FEjmodels have been extensively used to study the mechanical properties
of healthy human vertebrae at different dimensional sc&lEésmodels based on subject
specific micro Computed Tomography (microCT) images have beeratedichind used to
estimatehow the local properties of bortessuesaffect bone structureSuch models can be
applied tobetterunderstandhe effect of lytic lesionsn the local and structural properties
human vertebrael his was the airof the first twvo studies presented in this thesisthe first
study, microFE modelpredictions of local and structunatopertiesof vertebral bodiesvere
validated The validated micileE modelling method was then appliedstudy the effect of
lytic lesions with diferent propertiegsize and location) on the local and structural properties
of human vertebradrom afeasibility study performednly for a smallparametriccample On
the other hand, subjespecific Quantitative Computed Tomography (Q®&$ed FE mode
have been validated and used to predictftheture riskof ogeoporotic human vertebrae
Moreover it has been shown that Iytic lesions can be approxintatexv BMD bone tissues
Thereforethesemodelscanalsobe used to estimate the strengtiertebrae with Iytic lesions.
Thus,a third studyincluded the development ofraethodologyto generate subjedpecific
QCT-based FE models of vertebrae with lytic lesj@rsl to assess their stability basedhon
physiologtal loads estimated from a s@il model Such methodology was then applied to a
cohort of 8 patientaith Iytic spinal metastases to provide a biomechanical anabyfsis

vertebrae with lytic lesion® help in the assessment of the fractisk.

To concludeinthisthesis two appro&es were developasing subjecspecificFEmodels
of different dimensional scalg® provide biomechanical anabgof the effect of lytic lesions
on human vertebradBoth approaches cde usedvith the SINS to provide a more objective
assessment of ¢hrisk of fracture of patients witlgtic spinal metastaseButure workon the

improvement of these approachesnportanto make themmore robust and helpful in clinics.
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Chapter I. Background

The aim of this chapter is to provide background information that will be relevant to
understand the approach used ia tbllowing chapters. To start, the fundamentals of bone
anatomy and physiology with a specific focus on human vertebrae will be discussed. Next, the
clinical problem tackled in this work, i.e. vertebral metastatic bone lesions, and the current
clinical mahods used to identify patients with spinal instability and thus higher risk of fracture
will be described. A section dedicated to bone imaging will aim to describe the techniques used
to characterize bone geometry, microarchitecture, and density. Tlsed#ish of this chapter
will review bone and vertebral biomechanics obtained experimentally and numerically through

different types of subjeetpecific imagingbased finite element models.

1.1. Bone anatomy

Bone is the main component of the skeletal systdrich together with cartilage, tendons
and ligaments provide support, protection, and organic equilibrium to thg®odyn, 2001)
Bone B a composite material composed of ovef76@0 of hydroxyapatite microrystals
(Cao(PQy)e(OH)2), an organic matrix of which 85 to 90% is made of type | collagen fibres,
and 5 to 6% watgCurrey, 2002)Bone tissue can be classified according to its microstructure
as corical or trabecular bone depending on how its substructures (osteons and trabeculae) are
arranged (Fig 1.1). Cortical bone (compact bone or cortex) is formed by solid microstructures
call ed Aost eons o,um mdiametp(owmx200h)a ®neHe pthel Hard,
trabecular bone (or spongeous bone), is a highly porous material (up to 50% of porosity)
composed of sulbatbhreccatl lareeds cTalel ence afmt t hi cknes:¢
between 10Qum and640 um (Cowin, 2001) The trabecular substructures are orgashiin a
network of connected platand bearike structures which are wedlligned (i.e. anisotropic)
near the loading surfaces (Figl) (Adams et al., 2002; Currey, 200Z}ortical bone forms
80% of the skeletahass of an adult human and is found in the outer wall of all bones, whereas
the remaining 20% of bone mass is trabecular bone that can be found in the inner regions of
bones (Fig 1.1jCurrey, 2002)Both cortical and trabecular bone microstructures can be well

discriminatedand observed using high resolution Computed Tomography (CT) imaging



techniques (i.e. High Resolution peripheral Quantitative Computed TomographyQBR,

and micro Computed Tomography, microCT) (see section 1.3.1).

) Cancellous;w T
r/ .’ 4

Cortical

Osteon with
— lamellar
ultrastructure

Trabecular
bone ~&i% )
Haversian
?”_— channel
Cement line
of osteons —— Volkmann’s
channel

Figure 1.% Structure of a femorddone from the organ level to the tissue level. Zoom in over
a portion of cortical and trabecular bone extracted from the femoral neck where there is a high
densification of trabecular bone organized along the principal lines of stresge adapted

from Weiss (1988andKristic (1991)

1.1.1.The human vertebrae

The human spine can be divided in three regions known as: cervic@l{;thoracic
(T1-T12), and lumbar (LA5). Each region is@mposed by a number of vertebral units
inter-connected by intervertebral discs and facet joints, present at the posterior part of each
vertebrae. Each vertebra is formed bxyegtebral body, composed by a centre of trabecular
bone (mean trabeculathickness: 100um to 400um) (Bevill & Keaveny, 2009; Fields et
al., 2009a) surrounded by a thin cortical shethéan corticalthickness:380+60 pm)
(Eswaran et al., 2006and two biconcave cortical endplates located atsthperior and
inferior faces of the vertebral body (Fig . ertebral bodies are composed by 61986

of trabecular bone mass and-29% of cortical bone mass (excluding the endplates)
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(Eswaran et al., 2006 Attached to the vertebral body there are a number of posterior
elements as the pedicle, spinous process, and the articular pspedssh provide the link

and mobility among vertebrae (Fig. 1.Adams et al., 2002)in between the posterior
elements lies the vertebral foramen, which serves as a running canal fbnepiesa (e.g.

spinal cord) and vessels.

Vertebral
Cervical . body
C1-C7 Pedicle Vertebral
Superior foramen
articular
process Transverse
Thoracic process
T1-T12 Spinous
process
Posterior elements Superior vertebral
| ﬁ: endplate
! Spinous |
Lumbar | process I
L1-L5 : D k| Cortical shell
| |
Sacrum | € Trabecular
‘. | | centrum
Coccyx ] Inferior vertebral

endplate

Figure 1.2 Vertebral body anatomylmage adapted froi@ray & Lewis (1918)

1.2.Bone physiology

Bone is a selfepairing and complex material of which mass, shape and mechanical
properties can change with time, loading conditions, and many other factors, where some of
these changes are of stochastic naf@ae & Van Der Meulen, 2011; Cowin, 2001$5uch
changes happen continuously through remodelling processes driven by three cell types:
osteocytes, osteoclasts, and osteoblasts. It has been suggested that osteocytes can sense
mechanical stimuli and respond to changesagnitude and distribution of strain by activating
osteoclasts and osteoblasts to respectively reabsorb or deposit bone as needed@Bigifh,3)

2001) Through this remodelling processes bone is able to adapt its mass, shape, and properties

11



to changes in the mechanical environm@bwin, 2001) A disruption in the activity of
osteoclasts or osteoblasts can lead to an imbalance in bone reabsorption and deposition which
can then lead to bone pathologies such as osteoporosis or metastatic bone lesions. In this thesis,

the foas will be on metastatic bone lesions.

Strain threshold

Higher

orsase

RESORPTION .
stiffness

B it
[a} Osteoblasts
Osteoclasts | 4o REMODELLING
Decrctef_;\se BONE
matrix FORMATION
stiffness

Strain threshold
Lower

Figure 1.3 Feedback mechanism of bone remodelling triggered by changes in magnitude and
distribution of strains generated by the loads applied to a bone which mediate bone deposition
or resoption through bone celhs osteoblasts and osteocytes respectively.

1.2.1.Metastatic bone lesions

Metastatic bone lesions develop from a secondary stage of cancer with the spine being the
most common site of bone metasta8&alle et al., 2015)Over 30% to 70% of cancer patients
have spinal metastas@dgialle et al., 2015; Sutcliffe et al., 2013yommon cancer types that
could lead to spinal metastases are brelstg, prostate thyroid andcolorectal cancers, as
well as multiple myeloméVialle et al., 2015; Mundy, 2002Pue to metastatic bone lesions
bone strength is decreased, which leads to an increased risk of f(aftdisty et al., 2012;
Ebihara et al., 2004)n many cases, patients eventually die from complications derived from
the metastases rather than from the primary cgitalte et al., 2015; Sutcliffe et al., 2013)

There are three types of metastatic lesions: blastic, lytic, and mixed lesions, which are
developed from disruptions in bone remodelljN@ccauro et al., 2011; Mundy, 200BJastic
lesions are generated by an increase in osteoblast activity, which leads to an increase in the
deposition of calcified tissues with impaired properflssnherr et al., 2018; Nazarian et al.,
2008; Mundy, 2002JFig 1.4 (b)). Lytic lesions, on the other hand, are due to an increase in
the levels of bone reabsorption mediated by the osteoclasts. This leadetm#i®n of large
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porosities in the extracellular matrix of bone and bone marrow, which are then filled with
tumour tissue composed by cells similar to the primary tumour cells (Figa))4Maccauro
et al., 2011; Mundy, 2002)n some cases, a mixture of both blastic and lytic lesions can occur
in the same bone (Fig 1.4c)). Over 95% of the spinal metastases are (Vtialle et al., 2015)

(b)

Figure 1.4- Axial and transverse crossection CT images of human vertebrae with (a) a lytic
lesion,(b) a astic lesion and (c) a mixed lesion(c) (adapted frofalle et al. (201%).

Spinal metastases are mostly located at the thoracic level (70%), while the lumbar and
cervical levels are affected in 20% and 10% of the cases respeciialle et al., 2015;
Sutcliffe et al., 2013) In 80% of the cases, spinal metastases are located in the vertebral body,
while the remaining 20% affects the posterior elemévitzlle et al., 2015; Gtcliffe et al.,

2013; Maccauro et al., 2011%pinal metastases can cause pain, instability and neurologic
injuries, which can happen when metastatic lesions cause spinal cord compression (present in
5-10% of the patients)Vialle et al., 2015) Patients with bone metastases have a short life

expectancy, therefore, their condition has to be carefully managed in order to optimise their
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quality of life, by pain relief and/or restoring mobility and neurologic funcialle et al.,

2015) There are some treatment options to manage pain (e.g. medication), reduce the
development of bone metastases (e.g. radiotherapy), or avoid further neurologic or orthopaedic
complications (i.e. surgal interventions as cement augmentation or spinal stabilization)
(Vialle et al., 2015; Maccauro et al., 201The clinical decision making for each patient is
basel on a multidisciplinary approach, involving specialists in oncology, radiology, pain, and
orthopaedics, and takes into account some key aspects as the clinical status and life expectancy
of the patientVialle et al.,2015) Clinical guidelines based on the assessment of pain and
radiographic parameters such as Mibslsoring system for metastases in long bones and the
Spinal Instability Neoplastic Score (SINS), for spinal metastases have been used to help
identify paients who may benefit from a certain clinical treatm@gnca et al., 2016; Vialle

et al., 2015)

Clinical scoring system: Spinal Instability Neoplastic Score (SINS)

The SINS has been proposed by the Spinal Oncology Study Group in 2010 as a clinical
guideline to assess and categorize tumour related spinal instabilities, which are defined as
Alosses of spinal intedy as a result of a neoplastic process that is associated with movement
related pain, symptomatic or progressive deformity and/or neural compromise under
physiological loading (Versteeg et al., 2016; Fisher et al., 20I)e assessment of spinal
instability is a critical factor and an essentt@mponent in the surgical decision making
process of spinal metastases. However, before the development of the SINS, the diagnosis and
treatment of spinal metastasis was variable and inaccurate, due to the lack of a systematic
method to assess spinal métgegVersteg et al., 2016)In current clinical practice, the SINS
is the standard framework to evaluate spinal instability through the scoring of six parameters,
namely: the pain relief, type and location of the lesion, spinal alignment, vertebral body
collapse, ad posterdateral involvement (Table 1.{isher et al., 2010)n the SINS, a score
between 0 and 4 is given to each of the aforementioned paraitéster et al., 201Q)rable
1.1). Based on the total scospinal metastases are classified as stable, for SINS values
between &6, indeterminate (possibly impending) instable, for SINS values betwé&n at
instable for SINS values between-18 (Fisher et al., 2010Patients with instde vertebrae
are strongly recommended to proceed with a surgical intervention (i.e. cement augmentation

or spinal stabilizations). However, cases of indeterminate spinal instability are more
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complicated and specialist consultation is especially importaritetp guide the surgical

decisionmaking proceséVialle et al., 2015; Fisher et al., 2014; Fourney et al., 2011)

Table 1.2 The SINS assessment and classification system of spinal instabilityeim$pavith
metastatic lesions.

SINS parameters Score Interpretation of the SINS scores
Location +  Sum score 0-6: stable
Junctional (occiput-C2, C7-T2, T11-L1, L5-81) 3 +  Sum score 7-12: indeterminate (possibly impending) instability
el sl (R, L) B +  Sum score 13-18: instability
Semi-rigid (T3-T10) ! « SINS scores of 7-18 warrant surgical consultation
Rigid (S2-S5) 0
Pain’
Yes 3
Occasional pain but not mechanical 1
Pain-free lesion 0
Bone lesion
Lytic 2
Mixed (lytic/blastic) 1
Blastic 0
Radiographic spinal alignment
Subluxation/translation present 4
De novo deformity (kyphosis/scoliosis) 2
Normal alignment 0
Vertebral body collapse
>50% collapse 3
<50% collapse 2
No collapse with >50% body involved 1
None of the above 0
Posterolateral involvement of spinal elements?
Bilateral 3
Unilateral 1
None of the above 0

' Pain relief with recumbency and/or pain with movement/loading of
the spine
2 Facet, pedicles, or CV joint fracture or replacement with tumor

The validity of the SINS has been tested (not prospectively) showing a sensitivity and
specificity of 95.7% and 79.5%isher et al., 2014; Fourney et al., 20IMpreover, excellent
inter- and intraobserver reliability (intraclass correlation coefficients (ICC) of 0.85 and 0.89
for inter and intreobserver reproducibility respectively) has been demonstrated for the
assessment of the three clinical categories of spinal instapilgiger et al., 2014; Fourney et
al., 2011) The SINS is, however, a qualitative method that mostly depends on the visual
assessment of radiological data and often relies on clinical experience to identify spinal
instability (Vialle et al., 2015; Fisher et al., 2010) addition, the inclusion of parameters
which asses both the degree (e.g. pain and vertebral body collapse) and the risk (e.g. lesion

type and location) of spinal instability limits tpeedictive power of true negative cases which
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causes pat i en(Vessteeg etale 2016l aentially dinnechanical analyses of
metastatic lesions could provide an objective and quantitative method to evaluate mechanical

stability, which could help in thgurgical decisiormaking and improve treatment outcomes.

1.3. Bone Imaging

Bone imaging techniques have been widely used to study bone geometries, microstructure,
and density at different spatial resolutions. High resolution imaging techniques such as micro
Computed Tomography (microCT) and High Resolution peripheral Quantitative Computed
Tomography (HR0QCT) can be useex vivoto resolve and study the 3D microstructure of
vertebragl Sc hwi edr zi k et al ., 2016 ; Dal |l 6 Ara et
2010a; Ladd et al., 1998At the macroscopic levein vivo techniques as Dual -Kay
absorptiometry (DXA), and Quantitative Computed Tomography (QCT) are mostly used to
provide apparent measurements of bone mineral density through the conversion-chyse X
intensity values into a hydroxyapatiguivalet density by the use of calibration phantoms
(Griffith & Genant, 2008) This section will only address the two imaging techniques used in
thisthess, namely microCT and QCT.

1.3.1.Micro Computed Tomography (microCT)

A microCT system is an -Xay imaging technique which allows to obtain a 3D image of a
sample created through the reconstruction of multiple 2D projection images acquired at
different viewingangles (i.e. rotational steps) of the sample. Each 2D projection of the sample
is generated through the emission of ama} beam, from the radiation source, which by
passing through the sample will be attenuated and recorded by acbapied device dettor
that acquires the 2D projection image (Fig 1.5)einvivosystems the sample, placed on a
rotation plate, rotates by 36(r 180 for symmetric sample&) small rotational steps (usually
0.5° or less) to generate a multiple stack of 2D projedtimages (Fig 1.5). lin vivo systems
the subject (patient, animal or object) lays on a bed and the detector anday® sburce
rotates around it. The projections are then reconstructed to a 3D image uskpgydjactkon
algorithms(Bouxsein et al., 2010; Griffith & Genant, 2008; Cowin, 200//hen the Xray
beam is transmitted through the sample it will be attenuated, meaning that saysewll be
absorbed and others transmitted depending on thetgehshe materials within the sample

(e.g. dense materials as bone will absorb monays than soft tissues as muscles and

16



ligaments), therefore causing a reduction in the intensity levels of-tiag Keam exiting the
sample. The grey level of each vbréthe final 3D image is derived from the different levels
of attenuation of the Xays, which is associated to the local density of the materials that

constitute the sample.

Projection

' ‘ o
‘./' Collimator and filters I
t

Micro-focus X-ray tube Sample holder

X-ray beam/

Detector

Figure 1.5 Representation of the working principle of a microCT scanneorder to avoid

beam hardening artifacts generated from an increase in the mean energy efaphdeams

that exit the sample (which is generated by an high attenuation of low energy photons),
collimators and filters are used to avoid the the low energgtgns of the beam. Image
reproduced fronStauber & Muller (2008yvith permission of Springer Nature.

MicroCT scanners have been used to acquire images with resolutions between
approximately 10um to 40 um for specimens with diameters of a few millimest to a
maximum of 80100mm (Hussein et al., 2012; Cowin, 200Bone microstructure can be
assessd through morphological analysis of 3D microCT imagkKiller et al., 1998)
Typically, the characterization of trabecular bone ostnucture is based on the assessment of
the following morphological parameters: bone volume fraction (BV/TV) (Fig 1.6) computed
as the amount of bone volume (BV) divided by the total volume of the regions of interest (TV),
trabecular thickness (Tb.Th) @Fil.6), trabecular separation (Th.Sp) (Fig 1.6), trabecular
number (Tb.N), and bone anisotropy based on the Mean Intercept Length (MIL) riteéidsl
et al.,, 2009a; Nazarian et al., 2006; Odgaard, 19%fAgre are specific méts for the
assessment of the morphology of cortical bone, which will not be described here as they were

not used in this thesis.
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Figure 1.6 Cross section view of a human vertebra scanned in a microCT, following a
representation of some of the morphtmeemeasurements obtained from imaging analysis of

a region of interest, including the mean trabecular thickness (Tbh.Th), trabecular separation
(Tb.Sp), and bone volume fraction (BV/TV) obtained from a frontal section of the cubic
trabecular samplelmageadapted fromNVeiss (1988)

1.3.2.Quantitative Computed Tomography (QCT)

Quantitative Computed Tomography (QCT) images are obtained from a standard CT
machine equipped with a hydroxyapattguivalent calibration phantom, which can be
scannedsimultaneously with the patient (i.e.-line calibration phantoms) or efihe to
calibrate the image grey levels into equivalent bone mineral density (BMD). Both DXA and
QCT are densitometric techniques currently used in clinical practice to measurenBND
assessment and diagnosis of osteoporosis and oste(@sffith & Genant, 2008) The QCT
has an advantage over DXA because it provideduanetric measurements of BMD, contrary
to the typical DXA areal (projected) measurements, and it can be used to measure bone
properties separately in both cortical and trabecular compartments. Nonetheless, DXA is still
the clinical gold standard due thaw radiation dose (typicallyuSv by DXA vs. 60uSv by
QCT for human vertebrae, depending on the scanning prytmadicostgGriffith & Genant,

2008).

Threedimensional grey scale QCT images are obtained based on the basic principles similar
to those described above fex vivomicroCT images. In both cases 3D images are obtained
through the reconstruction of multiple 2D projections obtainedffarent anglegNishiyama

18



et al., 2019; Goldman, 200@ig 1.7), while the subject translates axially with respect to the
X-ray sourcedetector assembly (Fig 1.7).TherXy attenuation coefficients obtained from a
QCT image are calibrated to the attenuatemefficient of water and air and therefore are
provided in Hounsfield Units (HWGoldman, 2007)

Figure1.7- Representation of the reconstruction system used in the current helical CT scanners
which imply tle continuous rotation of the-pay sourcedetector assembly around the patient
while he translates through. Image reproduced floerniak (2011)

The density mesurements provided by a QCT image are obtained with a densitometric
calibration law, derived from a calibration phantom typically used during the scanning (Fig
1.8). A calibration phantom is composed by a series of insertion rods ofegatealent and
hydroxyapatiteequivalent materials (e.g.-lme dipotassium hydrogen phosphate phantoms
Ko:HPQ: are composed by 5 insertion rods withnfy/cn?, 50 mg/cn¥, 100 mg/cn?,
150mg/cn?, and 200mg/cn?) (Fig 1.8)(Griffith & Genant, 2008) To obtain a densitometric
calibration equation regions of interest are defined within each insertion rod of the calibration
phantom and a linear regressanalysis is used to determine the relationship between the mean

HU values and the known values of the equivalent BMD.
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Figure 1.8 (a) QCT image of a human vertebra L2 scanned together with a calibration
phantom composed by 5 insertion rods with edeitadensitites of 0, 50, 100, 150, and200
mg/cm3 used to calibrate the image grey levels in equivalent BMD. Image reproduced from
(Griffith & Genant, 2008yvith permission of Elsevier. (b) Example of the distribution of the
QCT equivalent BMD of a L2 vertebra.

The resolution of QCT images (i.e. OrBn to 1.0mm of in plane pixel spacing, Orbm to
10.0mm of slice thickness) does not prde@ienough detail to describe the trabecular bone
microstructures or the thin cortical shell present, for instance, in human vertebrae. Such low
resolution affects the partial volume effects of QCT images, which cause an underestimation
of the BMD of corti@a | structures. Changes in patientos
QCT measurements of BMD due to changes in tmayattenuation levels that can cause beam
hardening artifacts (i.e. artificial lower grey level regions generated in deep and thaksre
of the scanned object by a high attenuation of thayXenergy)Goldman, 2007)Apart from
densitometric measurements, QCT images are also used to assess macrostructure of bones
including bone sizes and gies (Engelke et al., 2013)Therefore, by accounting for bone
geometries and density, QCT images provide important means of information that can also be
used to generate specimgpecific homogenized Finite Element (FE) models to assese

strength (see section 1.5.2).
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1.4. Bone mechanics

Bone is a heterogeneous, anisotropic, elastic material that undergoes plastic deformation
and damage after yiel@Wolfram & Schwiedrzik, 2016; Cowin, 2001)'he mechanical
behaviour of bones can be characterised by a linear elastic domain, a nonlingaelgost
behaviour, and fracture @i1.97 (b) zones I, Il, and Il respectively). In the elastic domain
bone deforms in a reversi bltehewacyh anoge oiwi nlge n
proportional to the applied force) Entil it reaches the yield strength which is commonly
estimated experimentally from the normalized fedcsgplacement curve by a 0.2% straiffiset
method (i.e. yield strength as the intersection point between the siti@sscurve and the line
drawn from the 0.2% offset strain with slope equal to the niirethstiffness)(Boresi &
Schmidt, 2003)Fig. 1.9 (b) zone I). In the elastic domain, bone stiffness is computed as the
slopeof the linear portion of the foregisplacement curve whereas normalized stiffness (i.e.
the Youngds modulus or the modulus of el asti
stressstrain curve (Fig 19(a) and (b)). As a ductile material, after Igievertebral bones
undergo plastic deformation also known as plasticia | | 6 Ar a (Fgtl.9 @)Jzone 2010 )
I). Different yield surface models have been proposed to describe the yield behaviawe of bo
tissue for example the DruckBrager and quadric yield criterig8chwiedrzik, 2014)At the
structural level it has been shown that these models approximate well to andgswitepon
for uniaxial loading conditionf_evreraFlorencio et al., 2016 After yield, bone is known to
show asymmetric strength values for tension and compredagymnaktar et al., 2004; Niebur
et al., 2000; Zysset, 1994)n particular, for trabecular bone, tensicompression yield
strength ratio equals 0.4&ccording to Bayraktar et al. (200dhd 0.6 according t@ysset
(1994) Plasticity develops until the ultimate point, after this the damaging processes that will
lead to fracture start (Fig :.@) zone Ill). The amourdf work and energy required to cause
bone fracture can be estimated as the area under thalfsptecement curve and strestsain

curve, respectively (Fig 1-9a) and (b)).
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Figure 1.9 (a) Typical loaddisplacement curve and (b) normalised stissin curve
obtained from quasstatic monotonic tests performed on bone sanfptgdighting the three
domains of the mechanical behaviour of bones: | as the elastic domain, Il as thaefmbst
zone, and Il as the fracture zotedapted fromWolfram & Schwiedrzik (2015)

Variations in bone density and microstructure of both cortical and trabecular bone are
expressed by different material properties which are affected, among other factors, by age,
anatomicalst e, and s (Cbwine20Qal;,dViorgam & Kedwvenmy, 2001; Ebbesen et al.,
1999). At the microscopic level it has been shown that such differences do not affect the
mechanical behaviour of cortical and trabecular bone, which show similar material and
mechanical behaviour@Pahr et al., 2011; Rho et al., 1998)owever, there is still some
controversy about the correspondence of mechanical properties between trabecular and cortical
bone(Cowin, 2001) On the other hand, at the macroscopic level such tissue level differences
are known to affect the mechanical behaviour of bone under lofelatg & Zysset, 2009)
Accordingly, bame strength is known to be a function of bone geometry, density,

microstructure, tissue properties, and loading condit{@a¢e & Van Der Meulen, 2011)

Tissue properties, such as the elastic tissue modulus can be measunealvith depth
sensing micreor naneindentation techniques. In a typical migralentation test, a diamond
tip (usually Berkovich), with known geagtry, is pressed against a flat sample surface while
recording its force and displaceme(igolfram & Schwiedrzik, 2016; Zysset, 200B)lastic
tissue properties @nhardness are then measured through the indentatiomlik@dcement
curve obtained during the loading and unloading of the indentation tip usi@d\tke& Pharr
(2004)method. Bone has a preferential orientation along the main loading direction, showing
an higher elastic tissue modulus along the longitudinal direction for bone tissues collected from
human vertebrae(Mirzaali et al., 2016; Wolfram et al., 2010b; Roy et al., 198)ch
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evidences suggest bone is a transverse isotropieriadatSpecifically, 3D morphological
analysis of high resolution images has characterized the three planes of orthotropic symmetry
of bone through the Mean Intercept Length (MIL) metlidgsset, 2003; Odgaard, 1997)
Additionally bone also shows a tirtkependengXie et al., 2017; Manda, Wallace, et al., 2016;
Manda, Xie, et al., 2016knd ratedependent mechanical behaviours under loading.
Noneheless, the studies developed in this thesis do not take into account the viscoelastic or the

dynamic phenomena of bone.

Bone mass and density are the most studied determinants that describe the structural
behaviour of bon@Vorgan et al., 2003; Kopperdahl et al., 2002; Ebbesen et al.,. T9983ity
measurements of bone can be o bpimeddfindgdn t he
as the wet bone mass per unit of volufergan et al., 2003) a s h dsp[g/aw],tay ( |
the ash weight per unit of volunfeSc hi | e o, Da |l | Tasdue WlinerakeDensity | .
(TMD) [g/cm?], as the waght of mineral content per unit of voluniBassani et al., 20119r
Bone Volume Fraction, BV/TV [%], as the amount of bone within a specific volume. In
particular the BV/TV is obtainedybgeometrical analyses after image segmentation, and it is
typically used as a microstructural property. In addition, densitometric techniques as DXA and
QCT can also provide, respectively, an areal and volumetric apparent measurement of bone
mineral densy (including both bone and marrow) through the conversion of thayX
intensity values into equivalent bone mineral density by the use of calibration phantoms
(Griffith & Genant, 2008) The microstructure of bone can be assessed in 2D by
histomorphometric analysis or in 3D by morphometric analysis of microCT images (see section
1.3.1). Due to its ncdestructive nature, efficiency, accuracy, arte t3D space of
measurement, microCT images have been most widely used and applied to morphological
studies of bonéMiiller et al., 198).

1.4.1.Biomechanics of human vertebrae

Vertebral fractures occur when the applied load exceeds vertebral strength. The applied
spinal | oading is mainly a function of the
(i.e. sagittal thoracic kyphosisKT and lumbar lordosis, LL, angles), physical activity, muscle
forces, and external forc€alexander et al., 2017; Han et al., 2013; Rohlmann et al., 2008)
However, otherdctors such as intervertebral disk deterioration, spinal balance, and frontal
plane deformities resultant from degenerative spinal disease as scoliosis, are also known to

affect vertebral loadindAlexander et al.,, 2012; Han et al., 201®)ertebral strength is
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determined by bonegeometry, density, microstructure, tissue properties, and loading
conditions(Jackman et al., 2015; Chevalier et al., 2008; Cowin, 200dntebral bodies and
intervetebral discs are the main pillars for the support of spinal loads (holding between 76%
to 89% of the total load applied to the vertebrae), with the cortical shell (excluding the
endplates) holding between 38% to 54% of the load applied to vertebral bogig® axial
compression cas€Eswaran et al., 2006T he posterior elements are known to provide spinal
stability, together vih the spinal muscles and ligaments, and loading transfer between adjacent
vertebrag(Bergmark, 1989)These structures can carry over 25% of the compressive loads
applied to the vertebrae durifigxion postures. However it has been observed that for neutral
standing postures only a minor portion of compressive loads is transferred by the articular
processegAsano et al., 1992; Bergmark, 198%herefore, the effect of the posterior elements

on the mechanical properties of human vertebrae will not be considered in this thesis.

Compression and bending are the vertebral loadonglitions which lead to the most
common types of vertebral fractures known as biconcave fractures and wedge shape fractures
(Fig 1.10) (Jackman et al., 2015; Brinckmann et al., 198%)e compressivetrength of
vertebral bodies grows from the cranial to the caudal direction due to an increase in geometric
dimensions of the endplat@Brinckmann et al., 1989; Miller & Schultz, 1988)ypically, the
load due to axial compression in the thoracic and lumbar vertebrae from ® tquals
6.4+£2.4kN (Wang et al., 2012)Similar ultimate load values (&B.2 kN) were obtained for
thoracolumlar levels, T125, tested under eccentric compressjoal | 6 Ar a . et al
Clinically, the vertebral fracture assessment (VFA) system uses the goldrdtaea
guantitative method developed I63enant et al. (19960 evaluate vertebrakdcture as
deformations higher or equal than 20% in height of the vertebral bodies (FigchOusboes
et al., 2011; Genant & Jerg&903) This semiquantitative method relies on the use efay
images to determine the degree of vertebral height reduction and changes in morphology
among the neighbouring vertebr@enant & Jergas, 20Q3)
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Normal
(grade 0)

Wedge fracture Biconcave fracture Crush fracture

Mild fracture
(grade 1, 20-25%)

Moderate fracture
(grade 2, 26-40%)

Severe fracture
(grade 3, > 40%)

Figure 1.10 Genant criteria of vertebral fractures. Image reprodudesn Genant et al.
(1996)with permission of John Wiley and Sons.

The mechanisms of vertebrahéture, observed for axial compression and compression
with anterior bending loading modes, are mostly associatéda large deflection of the
superior endplates and adjacent trabecular bone which progress along the superior third and the
mid-transverselane of the vertebrg@iussein etal., 2018; Jackman et al., 2015; Brinckmann
et al., 1989) It has been shown that variations in the microstructure of the trabecular bone
underlying the superior endplate affect the initiation and progression of vertebral failure
(Hussein et al., 2018; Jackman et al., 206y combined loading conditions of compression
with anterior bending, vertebral deflectioase mostly located in the anterior half of the
endplates involving an outward bulge of the anterior cortex, resulting in most cases into wedge
shape fractures and a mixture of wedge and biconcave fra¢@a@snan et al., 2015kor
axial compression loading, the initiation and gression of vertebral fracture occurs more
often over the central part of the endplates involving the cortical rim, typically leading to the
development of biconcave fractures (Fig 1.(l8ussein et al., 2018; Jackman et al., 2015;
Brinckmann et al., 1989)
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1.5. Finite Element (FE) modellng

Finite element (FE) models have been used in the field of orthopaedic biomechanics since
the 1990s to study the mechanical properties of bones at different dimensiona{Acsdes
et al., 2013)

Briefly, the FE method is a numerical technique, which provides an approximated solution
to problems whiclare difficult to solve analytically due to the presence of complex geometries,
material properties, and/or boundary conditiBaguley & Hose, 1994 he FE methodeties
on the discretization of the problem domain (i.e. complex structures) into small structural
components of known geometry, called elements. Each element is composed of a number of
nodes, which are associated to a finite number of degrees of freeddi (Bually the three
Cartesian components of the displacements for tthiraensional problems) used to model the
mechanical behaviour of each element. The geometry of each element is assumed to follow a
linear, quadratic, or higher order polynomial shapetion based on the element type used in
the FE model. For structural analysis, after discretization, a global stiffness matrix [Eq 1.10],
which results from assembling the stiffness matrix of each individual element of the model [Eq
1.9], is calculatedAfter the definition of the material properties and boundary conditions of
the model, described in terms of displacement or force, the equilibrium equations are solved
for each DOF.

The displacements in each point of the element are related to the disglacements

through the shape functions as:

~

0 o 7Y [Eq 1.1]
Where 6  represents the vector of the displacements of each eleg)émffiinction of the
matrix of the shape function of the element type used in the miadel, and the unknown

nodal dispacement vector'Y

The strain vector in each element, , can then be obtained through differentiation of the

nodal displacement vector as:

- 5 7Y [Eq 1.2]

8 0 0 [Eq 1.3]
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Where the strain vector of the elementd)is estimated in function of the derivative of the
element shape functiod, , and the nodal displacementy  of the elemente). The
derivative of the element shape function is obtaingthke product between a differentiation

operator [L] and the element shape functibn

In the linear elastic range, the element stresses, are then related to the strains based on

the Hookds | aw as foll ows:

” ’O - [Eq 1'4]
For models with isotropic materials (i.e. materials with symmetrical properties in all
directions), the elasticity matrixO , is defined based on the elastic modulds dnd the

Poi ssondasfollomst i o (

p T T m .
o, , , |
11 , p , , T n n K
11 p 18 n n ]
(0] ' s n — Tm T [Eq 1.5]
11 ]
Tt Tt Tt Tt —_— TN
11l 1l
umt T T L1 T —L'y

TheP o i s s o n,@escribea thea ratio between transverse &nd axial deformations (

of 3D models

The stiffness matrix of each element, |, is then derived from:

0 8 0 8 Qw [Eq 1.6]
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The FE methothenuseshe minimization principle of potential energy)( [Eq 17] to get

the equilibrium equations of the system [Eq 1.9].

— T [Eq 1.7]
11 . p i U i it ”n,
L 'S w E Y L Y Y O

[Eq 1.9
Wherel represents the potential energy of the whole system as the sum of the potential
energies; , of each element in function of the strain enengy,, and the work done by the

external loadw  of each elemen(e).

B o Y "0 T [Eq 1.9]

Where Y  represents the vector of unknown nodal displacements in the elenei®d (

the vector of the nodal forces, and ] the stiffness matrix of each element, which depends

onthe material properties assigned to each elenagnt (

The equilibrium equations or element stiffness matrices of every element of the model are
then assembled together in a global system of algebraic equations called global stiffness matrix
[Eq 1.10], which will describe the behaviour of the whole structure in function of the selected

unknowns.

~

v 'Y O [Eq 1.10]
Where 0 represents the global stiffness matriXy is the vector of unknown nodal

displacements, andO the vector of the nodal forces applied to the model.

Under a certain loading condition, a 3D structure is stixeto a strain state composed by
three normal and three shear strain components aligned to a global reference coordinate system.
Principal strains are the normal strains that act along principal planes, in which the shear strain
equals zero. Principal sins are the eigenvalues of the strain tensor [Eq XBdiesi &

Schmidt, 2003Wwhich are denoted as ,- , and- , where- >- -, meaning that

28



- isthe maximum principal strain (most positive component in tension), atiee minimum

principal strains (most negative component in compression) in normal uniaxial loading

conditions.

- - c_ C_
G- - - G- Tt [Eq 1.11]
G- G- - -

Contrary to what happens in a linear analysis, in nonlinear FE models the stiffness matrix
will change at each time stepf the analysis either due to geometrical effects (large
deformations) or the use of nonlinear constitutive laws. The NeR#&pihson method is one
of the most common methods used to solve nonlinear m@detsy & Tong, 2001) This
method solves an iterative series of linear approximation found at each, stefhe analysis,
which is generated by small load incremebt® (Fig 1.11). Based on this method, and
assuming that the solution & at & "O is known, one seeks to compute the solution

5 at the applied loadO O YO . For each iteratioith of the load step+1,
a newapproximation of the displacement vectdY, , is obtained from the increment in
displacementsY"Y hcomputed from [Eq 1.14]. lterations over the displacement will continue
until the residual forcesy'Y [Eq 1.13], of the inremental solution of the tangent stiffness
matrix [Eq 1.12], are acceptably small so that the solution is converged and is in equilibrium

within an acceptable tolerance (Fig 1.11).

0 yY O "0 [Eq 1.12]

yY O O Tt [Eq 1.13]

% % Y'Y [Eq 1.14]
Where *Y Y and 'O "0. In addition, U represents the tangent stiffness

matrix updated to the geometric and material properties éhtheration of the loadtepn+1.
The incremental nodal displacement$)Y hcomputed from [Eq 1.12] are then used to obtain
the next approximain of the nodal displacemenfy’ . Each iteration of [Eq 1.12] and [Eq

1.14] are solved until the residual forceégY , which means the difference between the
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externally applied forcesO and the internal elememdal forces, 'O , reach

equilibrium at each load step-1 (Fig 1.11).
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Figure 1.1 Scheme of the Newtdaphson method showing the iterative process of the
applied load step n+1. Image adapted fréimng & Tong (2001with permission of World
Scientific.

In this thesis, the mechanical properties of human vegetitbbe studied using FE models
from two different dimensional scales namely: microFE models and homogenised FE (hFE)
models.In particular, microFE models are generated based onrbggiution images, which
allow a good reconstruction of the heterogrrseemicrostructure of specimapecific bone
tissues. Conversely, in hFE models bone microstructures cannot be resolved as low resolution
scans are used for reconstruction of the specispegific bone samples which are modelled
assuming a continuum betwebone and marrow tissueBellow, further detail is provided

about these different FE modelling approaches.
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1.5.1.MicroFE models

Ex vivomicroFEmodels have been used to improve our understanding of the mechanical
behaviour of bone as a function of its midrasture. It has been demonstrated that bone
microstructure and density, explain-88% of the changes in bone stiffness and stre(@yile
& Van Der Meulen, 2011; Fields et al., 2009JicroFE models are generated from high
resolution images (e.g. HBQCT or microCT) to define the geometry, including the detailed
bone microstructer (Fig 1.12). Generally, these models are generated through the
segmentation (i.e. binarization) of the fAbon
converted into linear -Boded hexahedral elements (i.e. Cartesian vbaséd meshjvan
Rietbergen et al., 1995; Fields et al., 2009; Eswaran et al., 2006; Homminga et al.F@004)
organ level borne (e.g. human vertebrae), this approach can result in models having several
millions of DOF (typically around 100million). Therefore, it is necessary to use specialized FE
solvers and higiperformance parallel computing. Due to such computational demiaesis t
models are often restricted to run within the linear elastic regimeerR approaches that use
nonlinear analysis to model bone plasticity and damage, have been applied to models generated
from small portions of trabecular bone tissesvreraFlorencio & Pankaj, 2018; Hambli,

2013; Bevill & Tony M Keaveny, 2009; Verhulg el., 2008) However, the computational

demand is still a limiting factor when these nonlinear approaches are applied to whole bones,
such as vertebraé addition to the linear elasticity, the gold standard of microFE modelling
assumes the bone tissteebe isotropic and homogeneq@ahr et al., 2011; Wolfram et al.,

2010a; Ladd et al., 1998)ith the Poiss n 6 s r ati o typically equal 1
modul us (Youngos modul us) wi t h dndentatierr e n t \
measurement@Volfram et al., 2010a; Gvalier et al., 20079r backcalculation procedures

(Pahr et al., 2011; Niebur et al., 2000; Ladd et al., 1998; van Rietbergen et al., TI#95)
heterogeneity in the tissue seems to have a minor effect on the predictions of structural
properties with the microFE models feamples of trabecular bone scanned with a resolution

of 10 um (Gross et al., 2012)r for vertebral body specimens scanned au®2Pahr et al.,

2011) The assumption of isotropy and homogeneity has been supported by goadeagree

between the outputs of the models and experimental results for trabecular bone specimens
(Chen, Dall 6 Ara, et al ., 2017; Schwiedrzik e
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(b)

Figure 1.12 High-resolution FE models of human vertebrae simulating axialpcession
applied through displacemebtised boundary conditions (a) mid axial section of the FE model
generated from microCT images reconstructed to isotropic voxels qin6OBoundary
conditions applied over the flat surfaces of the layers of embedditgyiahaadded to the
endplategEswaran et al., 2006)b) MicroFE model generated from HCT images with
82um of isotropic voal size. Boundary conditions applied to flat sections of the vertebral body
(Dall 6Ara.et al ., 2012)

The accuracy of microFE models is highly dependent erntiaging and the segmentation
procedure used to reconstruct bone tis¢Besill & Tony M Keaveny, 2009; Chevalier et al.,
2007) Backcalculation procedures are often applied to fit experimental and computational
data by tuning the elastic tissue properties of the bone ti¢Babs et al., 2011; Hou et al.,
1998; Ladd et al., 1998; van Rietbergen et al., 1995 to its dependence on the specific set
of specimas, images, and models the baekculation of the elastic tissue properties of the
microFE models has a reduced applicability and generalization.

So far microFE models of the human vertebrae are only appropriate to use for research
purposes as the clocal CT does not reach the required resolution to resolve the bone

microstructure
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1.5.2.Homogenised FE (hFE) models

For central sites of the human skeleton (e.g. spine or femurji@€dchFEmodels can be
used for clinical applications. In this approach, soaee modelled as continuum structures
with heterogeneous material properties assigned in function of the local BMD values obtained
from calibrated QCT images (Fig 1-1&)) (Jenni M. Buckley etlg 2007; Crawford, Cann,
et al., 2003; Kopperdahl et al., 200B)omogenised FE models are generated based on the
segmentation of 3D bone geometries acquired from QCT images geQdHR images,
followed by meshing and mapping of heterogeneous materiglegires. Typically, hFE
models are discretized either using a vebaded Cartesian megKeaveny et al., 2014;
Kopperdahl et al., 2014; Dal | 6 ArrawfoedfCaran] . , 20
et al., 2003pr a smooth mes{Pahr et al., 2011, 2014; Imai et,&006)Fig 1.13. Cartesian
meshes, composed byn®des hexahedral elements cannot, as opposed to smooth meshes,
made of 1enodes tetrahedron elements, provide a reliable representation of the curved surface
geometries of bones, present for instancthévertebrae (Fig 1.13a) against (b)). Despite
the increase in the pq@ocessing time required to generate hFE with smooth meshes, which
after segmentation require an additional step of surface reconstruction, these models are known
to contain less paal volume errors and provide a better recovery of bone surfaces, which
result in more reliable results when compared to Cartesian base(Uhkth et al., 1998;
Viceconti et al., 1998)

(a) (b)

Elastic Modulus
[GPa]

High T

Figure 1.13i Homogenised FE models of human vertebrae discretized based on voxel meshes
(Jenni M. Buckley et al., 2007a) and smooth tetrahedral mesh@ahr et al., 2014)b).

Colour map representhie distribution of elastic modulus obtained from the calibration of
QCT images.
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Due to the low image resolution, Q@&hsedhFE modelsare not able to resolve the
heterogeneity in structure and density of both the trabecular bone and the thin coriical she
observed in human vertebrae. However, some hFE models account for the difference in density
between cortical and trabecular bone present in the human vertebrae through the generation of
a layer of constant thickness representing the cortical shek abtmdary of the low density
trabecular centrum (Fig 1.480)) (Pahr et al., 2011; Imai et al., 2008)s information about
the orientation of trabeculae cannot be obtained from QCT images, comsuirpic(Imai
et al., 2006)or constant geometigependent transverse isotropic models (assuming higher
mechanical properties along the cranial to caudal direction compared to the transverse ones)
are used to define the material properties of @a3ed hFE model@Vang et al., 2012; Pahr
et al ., 2011, Dal |l 6 Ara et al ., 2010, Cheval
Crawford, Cann, et al., 2003Recently, different methods have been developed to include
information about bwe anisotropy into hFE modg[$aghizadeh et al., 2016; Larsson et al.,
2014)but their potential has not been explored for the vertebra&hetelatively low number
of DOF (typically between Paand 16) in QCT-based hFE models, make them idealtfar
studyof the postyield mechanical properties of bone.

1.5.3.FE models validation

When a physical problem is analysed using the FE method, it involves approximations in
geometry and in solutio/erification andvalidation processegre fundamental stgppo test
the accuracy and reliability of the FE modeiedictions(Anderson et al., 2007The error of
the approximated solution obtained from the FE modellze estimated through verification
processes. The verification process often relates to discretization errors which are evaluated
through mesh refinement methods that aim to evaluate the convergence of the FE solutions to
an acceptable value (i.e. whielror falls below a specified value). In the validation processes
the FE models predictions are compared to experimental measurements obtained under similar
conditions. Monotonic mechanical testing is the most used method to validate the predictions
of structural (i.e. stiffness and failure load) properties computed from numerical models of
vertebral bodie¢ Dal | 6 Ara et al ., (FBQ14D(revisomn ¢f thednsethadt a |
in Chapter Il section 2.2).
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Figure 1.14 Monotonic mechanical testing of a human vertebral body under a combined
loading of compression and anterior bending (left), and typical fdisplacement curve (S:

stiffness and Fu: ultimate force) (right)f r om Dal | 6 Ara et al ., 2010)

Nevertheless, in order to better understand the failure behaviour of bones it is also important
to understand the accuracy of the local predictions of the FE models (e.g. local displacements
and strains). Recently, timapsed experiments (also calledsitu experiments as they are
performed inside a scanning machine) that combine both stepwisedg@ami high resolution
imaging techniques, have been developed and applied to obtain more information about bone
yield and failure behaviour (Fig 1.15). Combined with Digital Volume Correlation (DVC)
algorithms, suclin situ experiments can be used to dalie a 3Bfield of displacements and
strains obtained at the tissue level from microFE models of fjo®k e n, Dal | 6 Ar a,
Hosseini et al., 2014; Hussein et al., 2DThe DVC is an extension of an optical technique
called Digital Image Correlation (DIC), which has been used to computgelld of
displacements and strains at the surface of bone samples. The DIC method has also been used
to validate the predictionsf FE models for human vertebral bod{&ustafson et al., 2017)
and to measure the strain distribution within porcine spinal units that include full vertebrae,
intervertebral discs and ligamer{Ruspi et al., 2017)Nevertheless, the DIC measurements
can only be obtained at therface of the bone, thus limiting the 3D validation of the FE
models. Therefore, part of this thesis will aim to validate the 3D field of local displacements
and strains of microFE models. More detailed information about the DVC method is reported

below.
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Figure 1.15 In situ jig used for timéapsed experiment performed on human vertebra(on the
left) (Hosseini et al., 2014)and typical forcedisplacement curve obtained from in situ
experiments.

Digital Volume Correlation (DVC)

The DVC approach is based on the analyses oftagblution images obtained fronbane
sample in its undeformed and deformed conditions durinig situ experimen{Roberts et al.,
2014) The DVC combines a deformable image registration aakttvhich calculates a 3D
field of displacements, and a differentiation algorithm to calculate the local strains. By
providing volumetric measurements obtained at the tissue level of bone samples, this technique
is the gold standard for validation of mi€® models predictions of local propert{€iviero
et al., 2018; Chen, Daflra, et al., 2017; Costa et al., 2017; Zauel et al., 2006)

The DVC method aims to find the bésansformation function to convert the image of the
undeformed specimen into that acquired in its deformed configur@iolverts et al., 2014)
In this proces a number of different strategies using a I¢Galard et al., 2014pr global
(Da | 6 Ar a edppraach.can be2aBoptdd) In this thesis a global DVC approach will be
used because it was found more accurate and precise then the local approaches in measuring
the full-field of local displacements in similar applicatign® al anca et al ., 2015
et al., 2014) The global DVC mapping method superimposes a homogeneous cubic grid, with
aspecific subvolume size, Nodal Spacing (NS), to both undeformed and deformed images (Fig
1.16)(Palanca et al., 2015)hen, the software computes the displacements at the nodes of the
DVC grid by mapping each point of the undeformed image into the points of the deformed
image, using trilinear functions to interpolate the displacements between théPaldesa et
al., 2015) The approach consists in finding the displacement functioclsd , 0 ahuh
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and0 chuhd that bettecorrelate the grey levels in the undeformed inf&guhi with the
subsets of the deformed image ®hohx (Fig 1.16)(Palanca et al., 2015; Roberts et al.,
2014) such that:

G o o ol 0 "Qafudx [Eq 1.15]

The DVC approach used in this syugiccounts for potential changes in the grey levels of
the two images by including an intensity displacement funé@eduitn such that the final
form of the registering equation can be writtedae» 6hd Ohx OH Q  "Qahuiari
(Fig 1.16 (Palanca et al., 201.9¥lutual information metric is used to compare the two images
during the optimization algorithntstimations of local strains can also be obtained through the

differentiation of the displacement field using an external FE software package (Fig 1.16).

Undeformed
image, f di Nodal Strains
" ' J . isplacements (FE-Ansys)
' 1 & (ShIRT)
NS .
Deformed -
image, m mx+uy+v,z+w,s+h)=Ff(xyzs)

Figure 1.16 Overview over the global DVC method SHIRH used to map the subvolumes of

an undefomed image to the deformed image. The subvolumes of the undeformed image f(x,y,z)
are mapped to the deformed i magem m(x6,yo6, z0
correlate the images based on the recognition of structural features.To accocimamhges in

the greylevels, the algorithm includes an extra intensity displacement function h(x,y,z). The
displacements are computed at the nodes of each subvolume (spatial distance between nodes

is specified as the Nodal Spacing, NS) assuming contiaoiong subvolumes (neighboring
dependent), and #linear interpolation to find the displacements between nodes. The strains

are computed through differentiation of the displacement field using the FE solver of Ansys.
Image adpated forrRalanca et al. (2015) and Madi et al. (2013)

Reports of the accuracy and precision of this method agree on the importance of the NS,
which refers to the spatial resolutiohtbe displacement field provided by the DVC method
(Dal | 6 Ar a.Tederraslassociatedivith/the DVC methods are usually assessed with
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iz esrtor ai n st edsiare baged onlthe eegidration of repeated scans for which the
strain should be zero in all locations. The DVC method shows to be accurate in measuring
displacements (i.e. errors in the order of a fraction of voxel size) even for smalsiNg,

ShIRT-FE errors of 0.0013m for NS=5voxels corresponding to 50 |{Relanca et al., 2015)

It has been shown that sucherrars e mai nly due to Ai maging i n:
depend on the scanning hardware and prot(Ralanca et al., 2015; Dald Ar a et al . ,
Hussein et al., 2012; Liu & Morgan, 200R)evertheless, strain errors can be much higher due

to the differentiation step. Accuracy and precision uncertainties of the DVC method for
estimations of strains decrease with increases in(${@&tial resolution in displacement
measurements) following a power la& | anca et al ., 2)0OEr&4scanDal | 6 A
be below a few hundred microstrain for a reasonably large NS. Using the-B&IRIGorithm,

errors of 53410 have been foundf subvolumes of trabecular bone specimens (i.e. 56

voxels the equivalent td48 um (Palanca et al., 2015Moreover, the choice of the NS that

provides the best performance of the method, depends on the morphology and density of the

bone structure under analy¢§iDal | 6 Ara. et al ., 2017)
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Chapter Il. Motivation and Literature review

2.1. Motivation

The general motivation of the presethesis is to better understand the effect of Iytic
metastatic lesion on the mechanical properties of vertebrae through the use of specimen

specific Finite Element (FE) models aiming at a better assessment of vertebral stability.

Lytic lesions are one dhe most severe types of metastatic bone lesions and affect the spine
of cancer patients in up to 70% of the casketajls in Chapter | section 1.2.These lesions
are described as focal regions with low bone mineral density which can cause pain,
neurdogical injuries, and mechanical instability, as bone becomes more fragile and susceptible
to fracture. Such complications decrease the quality of life of patients with already severely
reduced life expectancy. Therefore, the correct assessment of ssiadiility, and related
fracture risk, is fundamental to guide the clinical decision making to avoid further skeletal

complications.

The assessment of spinal instability and consequent risk of fracture of patients with
metastases is based on the Spinstdbility Neoplastic Score (SINS) framework, which relies
on the qualitative assessment of pain and of radiographic images (more details in Chapter I,
section 1.2.1). To date, this is the clinical standard used to identify patients with spinal
metastasewho may benefit from surgical intervention. However, this scoring system fails in
providing an objective guidance for the cases of indeterminate (possibly impending) spinal

instability where treatment decision making relies only on clinical experience.

FE models have been extensively used to study the mechanical properties of healthy human
vertebrae at different dimensional scales. Such models have also the potential of being applied
to the study of vertebrae with Iytic lesions. Two approaches can beREedodels based on
micro Computed Tomography (microCT) images (microFE) have been validated and applied
to study the local deformation of bone tissues and the mechanics of initiation and progression
of vertebral fracture. MicroFE models can be used timate how local bone microstructure
affects vertebral mechanics. Thus, these models could be used to study the effect of Iytic lesions

on the mechanical behaviour of vertebrae.

Another approach is to measure the structural stability of vertebrae witimdewith

subjectspecific FE models generated from clinical Quantitative Computed Tomography
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(QCT) images. QCbased FE models account for the subgscific bone geometries and

heterogeneous distribution of material properties.

The following literatwe review aims to describe the state of the art of the relevant
experimental and numerical studies performed on vertebral bone tissues with and without (i.e.
healthy) lytic lesions. In the end of the chapter a summary of the objectives of the thesis is
presented.

2.2. Vertebral mechanical properties

The mechanical properties of human vertebrae have been extensively studied through
monotonic ex vivo experimental tests performed for the most common spinal loading
conditions, namely axial compression and ecceotiopression towards the anterior side of
the vertebrae. The biomechanics of the human spine was investeyatédousing either
vertebral segments (i.e. composed by two or more vertebrae including adjacent intervertebral
discs), or single vertebral spmens (i.e. whole vertebrae or isolated vertebral body with or
without endplateg)Brandolini et al., 2014)However, most of thex vivoexperiments focused
on the testing of the structural properties of the vertebral bone by using single vertebral body
specimens whose top and bottom endplates were either embedded in layersnoéthghy
methacrylate (PMMA), or sectioned to ensure that the loading surfaces were flat and parallel
(Fig 2.1(a)) (Kopperdahl et al., 2014; Wang et al., 2012; Chevalier et al., 2009; Jenni M.
Buckley et al., 2007; Crawford, Rosenberg, et20003) Experimental stiffness and strength
of healthy human vertebral bodies are usually estimated from thedisfmacement curve as
the slope of the linear range and the peak force, respectively (see Chapter I, section 1.4). For
axial compression expiments, stiffness values equal to 7.99+2.39 kN/mm (rangel2.32
kN/mm) and ultimate force values equal to 5.53+2.12 kN (rangeSB7kN) were found for
lumbar vertebrae (-5, n=12) with an average bone volume density of 0.18+0.0413g/cm
(Fig 1.2 (a)) (Chevalier et al., 2009)For eccentric compression (Fig {l9), vertebral
stiffness and strength values equal to 35.0£9.7 kN/mm (rande5%Q0 kN/mm) and
5.30+1.67 kN (range 2.29.19 kN) were found for thoracolumbar vertebrae (T12 to L5, n=37)
with a mean volumetric BMD of 0.17+0.064 g/tfnange 0.050.29 g/ci) ( Dal | 6 Ar a e't
2010) The large differences in stiffness values wdreven by the different boundary
conditions used in the test (axial compression with embedded plate versus eccentric

compression applied on vertebral body sections). Vertebral strength has been shown to vary
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with gender(Jenni M. Buckley et al., 2007; Ebbesen et al., 198§¢(Ebbesen et al., 1999)

and vertebral levdlSinger et al., 1995ue todifferences in geometry and material properties.
Moreover, the compressive structural strength of the vertebrae was shown to correlate with
areal bone mineral density (aBM@Q370R200.70) (Perilli et al., 2012)volumetric BMD (R=
0.63)(Buckley et al., 2007)bone mineral content (BMC, 0.8R°C0.76) (Perilli et al., 2012;

Fields et al., 2009bjnd trabeculabone volume fraction (BV/TV, 0.5R(0.66) (Fields et

al., 2009b) However, such determinants of bone strength are just surrogate measures of
vertebral strength and cannot directly estimate the structural mechanical properties of
vertebrae, which can be directly estimated WiEhmodels.

(b)

Figure 2.1 Typical experimental setps used to test vertebral bodies under (a) compression
(Chevalier et al., 20099nd (b) compresion with anterior bending Dal | 6 Ar a. et al

Detailed analysis of the local deformation of bone tissues regmregu time-lapsed
experiments performed along with higdsolution microCT imaging and Digital Volume
Correlation (DVC) methods.U8h experiments have been used to study the mechanisms of
bone deformation and fracture at the local level of trabecular bone t{&liasl et al., 2014)
and human vertebrgklussein et al., 2012, 2018; Jackman et al., 2015; Hosseini et al., 2014)
In situ experiments on human vertebrae are typically performed on spine segments where the
central vertebra is loaded through the adjacent intervertebral discs (IVD) to account for a more
physiological loading scenario (Fig 2.2). Vertebral deformation under esiapression or
eccentric compressidmave been studieid situ. For instanceJackman et al. (2018howed

that for combined loading cases, some vertebrae were still able to support compression even
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after showing a drop in the flexion momgeonr a marked endplate deflection and anterior
bulging. Conversely, for axial compression the endplate deflection was always followed by a
decrease in the load bearing capacity of the vertebral @adiman et al., 201L6)Moreover,

the deformation and fracture of vertebral bodies under axial compression was shown to be
associated to the microstructure of the trabecular bone underlying the top endplate (BV/TV,
Th.Sp, connectivity, and others. 0.@PED.008)(Hussein et al., 2018; Jackman et al., 2016)
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Figure 2.2 (a) Schematic dd typical vertebral segment composed by three vertebrae with the
top and bottom ones embedded in PMMA and the middle one loaded via the inetrvertebral
discs. (b) and (c) Sagittal viewes of the vertebral segment tested in axial compression and
compression ith anterior bending, respectively, next to the corresponding fdisg@lacement
curves and measured 3D field of displacements obtained from DMaQe adapted from
Jackman et al(2015)

2.2.1.Validation and application of Finite Element models

FE models have been used to analysentfechanical behaviour of vertebral bone tissues

under loading at different dimensional scales.

MicroFE models have been used to predict the local deformation of trabecular bone tissue.
The predicted local displacements under compressive load by theséswede validated by
comparison with DVC measurements for specimens of trabecular bone scattechdChen
et al., 2017pand 35um (Zauel et al., 2006)f isotropic voxel size (Fig 2.3). Good correlations
were found between microFE models predictions and experimentalireezent{R?=0.99

with slopes close to 1 and intercepts betwegnum and approximately O um for axial
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di spl acemen®0;. 9a9n dwiOt.h9 7sO o es c | o-6te6pumdor 1 and
transverse displacements) (Chen et al., 2043 )expectedthe match between experimental

and numerical boundary conditions was shown to be fundamental to correct for the
experimental artifacts of thia situ testing (e.g. misalignment between loading axial and the
specimen axis, micromtations of the loadinglate, etc.)(Hussein et al., 2018 hen et al.,

2017). Nevertheless, the DVC method applied to microCT images (i.e. voxel size ranging from

10 um to 40um) showed unceriaties in the order 0200 o for strain measurement in both

cortical and trabecular bone only for sutlume sizes of approximately 60@0um (Fig 2.3)

(Dall 6Ara et al ., 2017; P .alrheeefore, xongderingithatthe 2 0 1 5
dimension of trabecular is smaller than this-solume size, microFE nutels predictions of

local strains can be only evaluated qualitatively over largeegibns of the vertebr&ecent

advances in the DVC approach using Synchrotron-(BR)oCT imaging revealed the ability

of the method to measure strains at the tissued Veith uncertainties, obtained from zestrain

conditions, lower tha200 o for subvolumes of up to 16Qm (Palanca et al., 2017These
improvements are gesult of the increasi the spatial resolution and in the sigt@hoise

ratio of the input images used in the DVC metf(@dlanca et al., 201 7)levertheéss, Xrays

irradiation from the SRnicroCT imaging procedure induces bone damage and, therefore, this
approach cannot be used ifositumechanical testing of large specimens. Therefore, validation

of local predictions of FE models is limited to the thsement field.
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Figure 2.3- Section view of the field of axial displacements and strains obtained from DVC
andlinear microFE modelgZauel et al., 2006)

The DVC method has been also used to measure the local deflection and deformation of
human vertebral bones scanmed microCT(Hussein et al., 2012, 2018; Jackman et al., 2015;
Hosseini et al., 2014)his approach was already used in the attempt of validating predictions
of vertebral deformation andaftture obtained by QCGhased homogenised FE (hFE) models
(Jackman et al., 20L.6However, hFE models predictions of local displacements showed
median errors larger than 50% and a wide range of correlation values with experimental
measurements obtained for both axial and eccentric compressgams@¢R correlation
coefficients between 0.40 and 0.95, derived from plattkman et al., 2016)

Structural properties of vertebral bones have been predicted by both microFE models based
on HRpQCT image Dal | 6 Ar a, 2 0 1 2and hPEnrodels dased ar clinjcal 2 0 1 1
QCT imagegZysset, Pahr, et al., 2015; Keaveny et al., 2014; Kopperdahl et al., 2014; Pahr et
al ., 2014; Dal | 6 Ar2alenni MOBuckley etVilla, A0§7; lendi etall, 2006; 2 0 1
Crawford, Cann, et al., 20Q3)inear elastic and isotropic microFE models generated from
specimerspecific HRpQCT images showed to predict between 78% and 84% of the
variability in vertebral stiffnesand between 88% and 92% of the variability in vertebral

strength obtained from experimental tests of compression with eccentric compression
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(Dall 6Ar a, 2 0 1 2 Howé¥ver,hthe quarititatiael agreemehiObgtween microFE
models predictions and eapmental measurements of structural properties was dependent on

the tuning (i.e. backalculation) of the elastic modulus of the bone tissue. On the other hand,

hFE models revealed to be able to predict mechanical properties of velletied with

simlar accur &x0y. 7(10 .f608rOR t PG Of.n7e9s sf oarn ds tOr.e7n7gQRh ) w
any tuning of the input parametefsP a h r et al ., 2 8dthdmodelbng | | 6 Ar e
approaches showed to predict vertebral strength better than the aBMD obtained from simulated
DXA( Dal | 0 A.Q&T-basedhEEhgdelswith simple nonlinear elastiperfectlyplastic

and bilinear elastiplastic comstitutive laws, defined based on symmetric yield strain properties

for tension and compressioshowed to be accurate in predicting vertebral ultimate forces in
compr essiZ®0. E\&Ng&t0al RO12; Jenni M. Buckley et &Q07; Imai et al.,

2006) More sophisticatedhodels including both plasticity and damage were also introduced

with similar performance for eccentric compression loading @R® 0 .) (P&hr et al., 2014;

Dall 6 Ara et al ., 2.Guatlermor€ hfew sudiéseambired prealittions 2 00
of vertebral strength obtained from subjepecific hFE models with estimations of vertebral

loads obtained for specific physiological conditions, in order to estimate the vertebral fracture

risk (Wang et al., 2012; Melton et al., 2007; Bouxsein et al., 200§)aticular, predictions

of compressive vertebral strength, volumetric BMD, and-toestrength ratios obtained from

the nonlinear hFE model used Wang et al. (2012showed to improve the assessment of

fracture risk compared to timeeasurements of areal BMD used in clinics to asses patients with
osteoporosigarea under the cue, AUC, between 0.82 and 0.83 versus AUC equal to 0.76 for

areal BMD).

The boundary conditions of hFE models are typically applied either through embedded
endplates or vertebral body sections. Both approaches were found to be equivalent for
predictians of ultimate force and damage distributi@dsiquer et al., 2012Nevertheless, the
modelling of a single vertebral body is not representative of the physiological loading
conditions which happen along the spine where vertebrae are loaded through the intervertebral
disks(Hussein et al., 2013, 2018; Danestal., 2016; Jackman et al., 2018pnetheless, the
inclusion of hyperplastic interverteddr disks did not improve the prediction of vertebral
strength compared to typical hFE models loaded in axial compression through the embedded
endplates(Lu et al., 2014) Therefore, in mosapplications it is considered acceptable to
homogeneously distribute the applied load on the endplate (thus simulating the loading

condition that the vertebra would undergo if embedded in resin).
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2.3. Effect of lytic metastases on bone mechanics

Metastaticlytic lesions are focal regions with low bone dengBurke et al., 2018;
Borggrefe et al., 2015nd affected microstructufeeduced trabecular bone volume content
and thicknegs(Burke et al., 2018; Nazarian et al., 200Bgspite the microstructural changes
promoted by lytic lesions on bone tissues, it was observed that there is no significant difference
between the matial properties of normal and lytic trabecular bone tissues extracted from
human vertebrae and measured with miogentation (p>0.05 and n=14)enherr et al.,
2018) MoreoverNazarian et al. (200&)bserved similar relationships between the mechanical
properties and the volumetric BMD of healthy and metastatic trabecular bone tissues
(0.76CR?(.87 for metastatic bone tissues versus@R?@0.81 for control bone tissues). These
observations suggest that modelling bone tissue affected by metastases as low BMD tissue

would be acceptable.

Considering the challenge of collecting human vertelw#b metastatic lesions for
experimental characterization, in order to study the effect of bone lesions on the mechanical
properties of the vertebrae one used approach is to mechanically induce lesions (holes) in
healthy tissue. Vertebrae with lytic les®induced by drilling holes in the thoracic vertebral
levels from T3 to T12 were experimentally tested in order to study the effect of size and
location of the lesions on the vertebral strength (Fig @&EBjhara et al., 2004; Windhaget
al., 1997; McGowan et al., 1993; Silva et al., 1993)

(a) (b)

Figure 2.4 Induced lytic lesions experimentally generated by drilling holes of different sizes
in different positions of the vertebral body. (a) Lesions generated in the middle transveese pla
from the cortical shell into the centrum of trabecular bone of the vertebral (Sldp et al,

1993); and (b) lesions generated from a small access hole opened in the cortical shell used to
get access to create cavities in the trabecular bone of the vertebra(dlédiay et al., 2018)
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However, the effect of the size and location of induced lytic lesions agbvalrstrength is
still controversial. For instance, moderate to strong correlation were found between the size of
the lesion and the vertebral failure load in the studies where induced lytic defects were
generated affecting mainly the trabecular centrdrthoracic vertebral bodies (Fig 2.4 (b))
(R?=0.51 for human vertebral bodies bicGowan et al. (1993)and R=0.78 for sheep
vertebral segments IBbihara et al. (2003{Table 2.1). Moreover, lesions causing a disruption
of the trabecular centrum and tbestovertebral joints showed to cause a significantly higher
reduction in failure loads compared to the lesions affecting the pedicles and facet joints
(Ebihara et al., 2004)For lesions involving the cortical shell of the vertebral body (i.e.
transcortical lesions), only a weak correlation was found between the size of the lesions and
the rehtive failure load of thoracic human vertebraés®26) (Fig 2.4 (a)) (Table 2.1%{va
et al., 1993) Lesions affecting the cortical shell also showed a significant decrease in the
relative failure loads compared to lesions occupying the trabecular centrum (p=0.002)
(McGowan et al., 1993; Silva et al., 1998onversely, other studies showsal correlation
between the size and predicted failure loads of vertebrae with induced lesions affecting between
5% to 41% of the middle cros®ction area and tested under axial compregsi@alay et al.,
2018)or eccentric compressigWindhagen et al., 1997Jable 21). Similarly, no relationship
was found between the location of the induced lesions and the vertebral mechanical properties
(Table 2.1)(Windhagen et al., 1997; Silva et al., 1998y using Digital Image Correlation
(DIC) on vertebrae with induced lytic defects of different sizes created from the pedicles up to
the anterior wall, it was shown that lesions greater than 30% of the velieyalolume start
generating critical strains (i.e. close to the yield strains of vertebral bone tissues) over the

anterior wall of the vertebral bodies loaded in eccentric compre@3adanca et al., 2018)
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Table 2.1Overview of the experimental studies developed on vertebrae with mechanically
induced lytic lesions and respective correlations between the propertibe ofduced lytic
lesions (i.e. size and location) and the measured vertebral failure loads.

Specie ] Predictor Estimated ]
Vertebral Loading i Correlation
Reference  (sample -~ property mechanical
. level condition (R?»)
size) (ranges) property
Eccentric i
McGowan ) Size of the )
Human compression ) Relative
et al. T2-T12 ) lesion® (10%- ) 0.51
(n=27) (isolated failure load?®
(1993) 80%)
vertebrae)
Size of the
Eccentric lesion? (20%- . 0.26
Relative
Silvaetal. Human compression  55%) .
T3-T12 ] failure load3
(1993) (n=45) (isolated Location of the No
vertebrae) lesion? (TC at A, correlation
P, L) (p=0.76)
No
i Size of the .
Windhage Eccentric correlation
Human Compression lesion? (4%-35%) Failure load
n et al. T5and T11 (p=0.53)
(1997) (n=19) (vertebral
segments) Location of the No
lesion? (P, C, L) correlation
Eccentric _
) . Size of the
Ebiharaet  Sheep compression ) .
T8 and T11 lesion? (24%- Failure load 0.78
al. (2004) (n=87) (vertebral
75%)
segments)
Axial )
) Size of the
Alkalay et Human T7, T10, compression : )
lesion? (28%- Failure load 0.27
al. (2018) (n=32) and L1 (vertebral
41%)
segment)

1Size of the lesions computed as the ratio between the mid cross-sectional area of the lesion and the total mid

cross-sectional area of the vertebral body;

2Location of the lesion mechanically induced in the vertebral body. A: anterior, P: posterior: L: lateral; C: central.
TC: for transcortical lesions which involve a major disruption of the cortex. If not specified the induced lesions

majorly affect the trabecular bone centrum

SRelative failure load computed as the ratio between the failure load of the vertebrae with lesion and the control

vertebrae

Experimental tests have been also used to study the effect of Iytic lesions on the mechanisms

of deformation and fracture of the vertebrae. Vertebrae loaded under eccemipi@gsion

with mechanically induced lesions disrupting the lateral side of the cortical shell, showed
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higher principal strains in both cortical and trabecular bone adjacent to the lesion. In those
cases, failure occurred as bulging and buckling of thieleal cortex surrounding the lesion

site (Alkalay & Harrigan, 2@6; Ron N Alkalay, 2015Moreover Alkalay & Harrigan (2016)
revealed differences between strain distribution for the vertebrae with lytic lesions and an

adjacent control.

Furthermore, vertmal fractures in patients with multiple myeloma, which show a
widespread distribution of lytic lesions, showed to be well discriminated from volumetric
measurements of trabecular bone BMD obtained from routine QCT images (Odds Ratios,
ORs=1.6 for n=104 pmed data)Borggrefe et al., 2015)

The experimental approaches described above are not suitable for estimating the effect of
different lesions on the vertebral stgem. Moreover, they are limited to the generation of lytic
lesions that disrupt the cortical shell and do not account for the intrinsic microstructure and
BMD distribution of the bone tissue. Conversely, biomechanical sugpecific
computational modelsan be used to test the effect of Iytic lesion properties on vertebral
strength in a more systematic way, account for bone microstructure (i.e. microFE models) and

provide a more detailed analysis of the local and structural effect of Iytic lesions.

2.3.1.Useof FE models to study the effect of vertebral metastasis

The application of FE models to study the effect of Iytic lesions over the structural properties
and stability of human vertebrae has been evolving from the use of idealized geometries of
human verbral bodies with virtually simulated Iytic defeqEschirhart et al., 2004, 2007,
Whyne et al., 2001, 2003; Mizrahi et al., 1992) the use of subjespecific vertebrae with
simulated(Galbusera et al., 2018; Groenen et al., 2018; Matsuura et al., @il lytic
lesions(Campbell et al., 2017)

Poroelastic FE models of generalised geometries of human vertebral bodies were used to
study the effect of the size and location of virtually induced lesions, vertebral bone quality,
loading rate, among other parametens,toe risk of burst fracture initiation (Fig 2.5 (a))
(Tschihart et al., 2004, 2007, Whyne et al., 2001, 2088)st fractures are described to
occur due to internal pressurization followed by expansion of the vertebral body and endplate
failure (Holdsworth, 197Q)Both the size of the lesions and the bone quality of the vertebral
body showed to increase the vertebral bulge ebldiand up to 2.60ld, respectivelf{Whyne
et al., 2003)A less critical effect was observed for the location and shape of the lesions on the
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risk of initiation of burst fracture (increase in vertebral bulge of up to 40%chirhart et al. ,

2004) The ame group showed that transcortical lesions simulated in the anterior, posterior or
lateral compartments of the vertebral body, decrease of 30% the risk of burst fracture in
comparison to centrally located metastases (Tschirhart et al., 200iZjahi et al. (1992)
showed by using linear elastic FE models of idealized vertebral bodies that transcortical lesions
occupying 40% of the vertebral body increased &f@d the peak principal compressive
stresses of the cortical shell compared to lesions of the same size located within the trabecular
bone. Lesions smaller than 40% of the volume of the vertebral body caused only a minor effect
on the peak stresses (iqpl.25fold) (Mizrahi et al., 1992)

(a) (b) .

Nucleus pulposus

Lytic lesion

Sosemey Annulus fibrosis
Lytic Lesions

Pedicle \(46(

Cortical A\
4

endplate 4t Trabecular

A1 '\ bone

Figure 2.5 Parametrical FE models of the human vertebra used to virtually simulate lytic
lesions within (a) idealized geometries of the vertebrae lfddwne et al., 2003and (b)
subjectspecific QCThased geometries of human vertebf@albusera et al., 2018)

Recently, Galbusera et al. (2018)erformed similar parametric analysis to linear hFE
modelswith subjectspecific vertebral geometries and heterogeneous material properties by
including simulated focal lesions of low compressibility and stiffness (Fig 2.39r{bine with
previous literature, this study confirmed the critical effect of theesize over the bone
guality, position of the lesion, and vertebral level on the risk of burst fracture initiation
(Galbusera et al., 2018; Tschirhart et al., 2007; Whyne et al.,.2003)

A few other studies focused on the validation of the predictions of structural properties of
human vertebrae withylic lesion by subjeespecific FE modelg¢Stadelmann et al., 2018;
Matsuura et al., 2014)n particularMatsuura et al. (2014howed that subjedpecific QCF
based hFE models were able to predict 76% of thahifity in ultimate forces obtained from

compression experiments of vertebrae with simulated-lii@eytic lesions. In this study,
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plasticity was modelled using a bilinear elagtiastic constitutive model with isotropic
hardening elasticity of 0.08Vatsuura et al., 2014Pn the contrary, hFE models of vertebral
segments with lytic lesions simulated the middle vertebra were unable to predict the ultimate
loads measured from compression experiments (RZD.25), even though predictions of
stiffness were good (0.6R?(.69) (Groenen et al., 2018)Similarly, Alkalay & Harrigan
(2016) showed that while QGbased hFE models of vertebrae with simulated lytic lesions
were able to predict the general deformatbthe surface of the vertebral segments tested in

compression (0.68R200.91), they were limited in predicting structural failure.

Recently,Stadelmann et al. (2018howed that subjedpecific hFE models of vertebral
bodies predict the ultimate force in compression of human vertebral bodies with real lytic
lesions (R=0.73) with a similar accuracy as that obtained for predictions of strength of
vertebrae without lesions tR0.77) (Pahr et al., 2014)In that study, hFE models were
generated from resampled microCT images (i.e. from 0.025 mm to 1 mm voxel size). The hFE
models showed similar ability in predicting the vertebral mechanical propertigsoeainto
microCT based microFE models of the same specirf®&aslelmann et al., 2018)

Simple elastigperfectlyplastic QCTFbased hFE models also showed to predict vertebral
fracture better than other surrogate measurements of density and microstructure for patients
with multiple myeloma (i.e. OddRat i os, 1. 700Rs02.3 found for
force,andworko-y i el d, agai nst 1. ahdOrical GlumetricBMDrandt r a b e
BV/TV) (Campbell ¢al., 2017)

So far the FE models used to study the effect of the properties of Iytic lesions on the
mechanical properties of the vertebrae do not account for the microstructure of the bone tissue.
In addition, an approach to evaluate the effect o€ Iigsions on the vertebral strength from
clinical images of patients with spinal metastases is still missing. These approaches may help
the clinical decision for the treatment of patients with spinal metastases and were therefore the

main objectives of ik study.
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2.4. Objectives

of

The aim of this project is to study the effect of Iytic metastatic on the mechanical properties

the human vertebrae by using two types of computation models: microCT based microFE

models to account for the microstructure of thetelmae; and QCT based hFE models for

subjectspecific evaluation of the stability of vertebrae with Iytic lesions.

1)

2)

3)

4)

This aim could be achieved by addressing the following four objectives:

To generate a procedure to create and valilatenechanical behewr of microCT based
microFE models of the whole vertebral body. Validation of the predictions of local and
structural properties by the microFE models were performed for four porcine vertebrae by
means ofin situ mechanical testing (performed by collabimrs at the University of
Portsmouth) and DVC measurements (Chapter IlI).

To apply the subjeedpecific microFE models previously validated to study the effect of
simulated lytic lesions with different sizes and locations on the mechanical properties of
human vertebral bodies. This step involved the development of a computational framework
to parametrize the generation of simulated lytic lesions with different properties (sizes and
location) from subjeespecific microFE models of a vertebral body. Loaad atructural
properties of models with lesions were analysed with respect to the corresponding control
model without lesions (Chapter V).

To develop a method to generate subgpecific QCTFbased hFE models to evaluate the
structural stability of vertelae with lytic lesions compared to adjacent vertebrae without
lesions (Chapter V). The parameters of the models (e.g. mesh size, failure load, etc.) were
optimised and a subjespecific simplified 2D model of the sagittal alignment of the spine
was develped in order to estimate the applied loads for two different loading conditions.
To apply the aforementioned method to the QCT images retrospectively collected from a
small number of patients with clinically identified vertebral lytic lesions (Chaptefmig

effect of Iytic lesions on vertebral strength and stability was evaluated per patient only for
cases where the SINS did not provide a clear guideline for the clinical decision making.
Furthermore, a report template was developed to present anthfadhie interpretation of

the computational analyses to clinicians.
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Chapter Ill. MicroFE models of vertebral bodies: Validation of

local displacement predictions and analysis of structural properties

Based onte published manuscript:

Costa MC, Tozzi G, Cristofolini L, Danesi V, Vicecoii, Dall 6Ara E (2017)
Element models of the vertebral body: Validation of local displacement predictions. PLoS ONE
12(7):e0180151https://doi.org/10.1371/journglone.0180151
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Abstract

The estimation of local and structural mechanical properties méswith micro Finite
Element (microFE) models based on Micro Computed Tomography images depends on the
guality bone geometry is captured, reconstructed and modelled, the bone microstructure and
the local material properties. The aim of this study waslidate microFE models predictions
of Il ocal displacements for vertebral bodies,
evaluate the effect of the elastic tissue mo

Four porcine thoracic vertebrae were axially coespedn sity, in a stepwise fashion and
scanned at approximately @én resolution in preloaded and loaded conditions. A global digital
volume correlation (DVC) approach was used to compute thefidldl displacements.
Homogeneous, isotropic and lineglastic microFE models were generated with boundary
conditions assigned from the interpolated displacement field measured from the DVC.
Measured and predicted local displacements were compared for the cortical and trabecular
compartments in the middle ofieé specimensModels were run with two different tissue
moduli defined from microindentation data (1%@a) and a baekalculation procedure (4.6
GPa). The predicted sum of axial reaction forces was compared to the experimental values for

each specimen.

MicroFE models predicted more than 87% of the variation in the displacement
measurements fR0.87-0.99). However, the estimated axial forces were largely overestimated
(80-369%) for a tissue modulus of 1Z3Pa, whereas differences in the range e8Q%were
found for a bacicalculated tissue modulus. The specimen with the lowest density showed a
large number of elements strained beyond yield and the highest predictive errors. This study
shows that the simplest microFE models can accurately predictitqtiaely the local
displacements and qualitatively the strain distributions of vertebral bodies, independently from

the considered bone microstructures.
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3.1 Introduction

Throughout life the structural stability of bones is compromised by a reductioonan b
mineral density (BMD) due to the changes driven by bone diseases. Vertebral fractures are
common and related to different pathologies such as osteoporosis and bone metastases
(Sutcliffe et al., 2013; Johnell & Kanis, 2008he current clinical methods used to evaluate
pathological risk of fracture are mainly based onlarezasurements of BMD and qualitative
assessments of radiological data which per se are not enough to provide an objective and
accurate prediction of bone stren@thhnanuntana, 2010Dn the other handhe relationship
between bone morphology and mechanics has been driving the development of more accurate
and reliable micro Finite Element (microFE) models to predictineasively the local and
structural properties of bone under loading. MicroFE n®based on highesolution imaging
(i.e. High Resolution peripheral Quantitative Computed Tomographyp®®&T, and micro
Computed Tomography, microCT) can resolve bone structural heterogeneities and are used to
better understand bone deformation under dempoading. Such models are typically
generated by segmentation of the images, and conversion of bone voxels into linear hexahedral
element§yHomminga et al., 2004; Ulrich et al., 1998; van Rietbergen et al., 1D88)to the
long computation time required to run nlomear models with several millions of degrees of
freedom (DOF), typically microFE models at the organ level are run withigldlsdc regime.
Furthermore, the bone tissue is usually considered as isotropic and homogglieenis
DallAr a, et al ., 2017; Gross et al ., 2012, Pah
2008; Chevalieet al.,, 2007) wi t h t he Poissondés ratio equal
estimated from microindentation measurem@atelfram et al., 2010a; Chevalier et al., 2007)
or through backcalculation procedurd®ahr et al., 2011; Niebur et al., 2000; Ladd et al., 1998;
van Rietbergen et al., 1995pecifically, the local elastic @perties of vertebral bone reported
in the literature showed a wide range of values: mean values (tstandard deviations) from
5.7+1.6GPa (Hou et al., 1998from backcalculation procedures) to 12.3+1®a (Wolfram
et al.,2010a)from microindentation tests performed on wet bone structural units, BSU) (Table
3.1).
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Table 3.1 Overview of the elastic modulus of human vertebral bone tissue reported in the
literature from wet microindentation tests performed at the BSU leviggm backcalculation
procedures in combination with microFE models.

Etissue Dimensional  Imaging MFE models
Sample  Bone )
Reference  Method ] [GPa] level of WFE technique (element
Size Type ) ]
(range) models (voxel size) size)
Wolfram et Wet 12.0+1.0
o ) N=104 Trab N/A N/A N/A
al. (2010) microindentation? (N/A)®
Wolfram et Wet N=30 Trab 12.3+1.0 Bi CT (2um) L (360m)
= ra iops m inear m
al. (2010) ¢ microindentation? (N/A)® psy H H H
Hou et al. ) 5.7+1.6 _ _
Back-calculation = N=28 Trab Biopsy UCT (50um)  Linear(50um )
(1998) (2.77 9.1)
Ladd et al. ) 6.6+ 1.1 _ SR-uCT _
Back-calculation  N=5 Trab Biopsy Linear(23um )
(1998) (5.41 7.7) (23um)
Pahr et al. ; Trab/  8.8xtN/A Vertebral HR-pQCT ;
Back-calculation  N=37 Linear(82um )
(2011) Cort (N/A) body (82um)

a Penetration Depth equal to 2.5 pm, loading rate=120 mN/min, holding time 30s
bValues of elastic tissue modulus computed from indentations performed along the axial direction

¢In this study predictions of microFE models of trabecular bone set with an average tissue modulus measured from
wet microindentation tests provided excellent quantitative predictions of structural stiffness measured in
compression (concordance correlation coefficient of 0.97)

N/A Information not available.

MicroFE models predictions of structural properties depenti@defined tissue properties
(Bayraktar et al., 2004; Niebur et al., 2000; Rietbergen, 200®) specificity of the baek
calcul ated tissueds el asti c icabgte &nd so0ddelling t he |
approach(Pahr et al., 2011; van Rietbergen et al., 1998)luces its applicability and
generalization. Hwever, microFE models defined with an elastic tissue modulus based on the
average value measured through wet microindentation tests have been shown to provide
accurate estimations of apparent stiffness for trabecular bone biopsies scanned pmith 12
voxelsize and extracted from human vertebrae tested in compression (concordance correlation
coefficientequal to 0.97\Wolfram et al., 2010a)Nevertheless, from the literature it is not
clear if this value can be used also for whole vertebral bodies. MicroFE models generated from
HR-pQCT images with 82m voxel size wee found to predict up to 84% of the variability in
bone stiffness and up to 92% in variability of bone strength when comparexi wovo

compression tests of human vertebral bofli€sa | | 6 Ar a et al ..Howevkerd 2; Pal
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a good quantitative agreement of structural stiffness (Slope=0.88, Intercep&®a)Avas

obtained only once a badalculated tissue modulus was ugkdhr et al., 2011)

Digital Volume Correlation (DVC) can provide an accurate measurement of the 3D
displacement field in bone tissue given two microCT images of the undeformed and deformed
specimengGrassi & Isaksson, 2015; Roberts et al., 20b#)d has been used to validate
displacement predictions of microFE models for trabecular bonenspesiscanned with voxel
size equal to 1fm and 35um (Chen, DallAra, et al., 2017; Zauel et al., 2008) particular,
it has been demonstrated that in order to obtain proper correlations between the displacement
values measured with DVC and predictedwmticroFE, the boundary conditions in the models
need to be interpolated from the DVC displacement field in order to correct for potential
experimental artifacts in thie situtime lapsed mechanical testing. The DVC approach has
been also used to studyetfailure behaviour of vertebral bodiggozzi et al.,2016; Jackman
et al., 2015; Hussein et al., 20H2)d trabecular bone tissu&zllard et al., 2014) Jackman et
al. used DVC to compare the predicted local axial displacements ofb@€Ed FE models of
vertebral bodies tested up to failure, showing a wide range of predictive ability of the best
models (Peaoncorrelation coefficients between 0.40 and 0.95, derived from the plots) and

large median errors (450%, estimated from the pldtJackman et al., 2016)

The accuracy of homogeneous microFE models in predicting bone mechanical properties is
mostly affected by their ability of modelling bone geometry, microstructure and material
properties(Bevill & Tony M. Keaveny, 2009; Chevalier et alQ@7) Therefore, inaccuracies
depend on the type of bone (i.e. differences in bone architecture and volume fi@=ioh)

& Tony M. Keaveny, 2009; Ladd et al., 199&)e used imaging protoco|Rietbergen et al.,

1998) which shoild minimize discretization errors such as partial volume effeben et al.,

2014; Nieburetal.,,1999) and the assigned tissue modul us
is no evidence in the literature about quantitative comparison of spespeeiiic microFE
models pedictions of local displacements at the organ level, where the accuracy of microFE
models relies also on the ability of the imaging procedure to capture both cortical and trabecular
bone microarchitectures. Moreover, linear microFE models predictionsiofusal properties

have been only validated for input images with |88 voxel size, leaving unknown their
predictive ability if based on images with higher resolution. In particular, considering the
ability of this method to account for bone microarattilee and its potential to analyse the
effect of musculoskeletal pathologies and related intervenfidenslisty ¢ al., 2012; Hojjat et

al., 2012; Nazarian et al., 200&)is very important to understand if the models can accurately
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predict the local displacements in the elastic regime and provide reasonable estimations of

structural properties.

Therefore, the an of this study was to evaluate the ability of speckspecific microFE
models to predict the local displacements across the whole vertebral body, and in particular on
cortical and trabecular compartments, measured imithitu compressive tests and DVC
analyses. Furthermore, in order to evaluate the effect of the tissue modulus on the structural
properties of vertebral bodies, the axial forces predicted by the microFE models were compared

to those experimentally measured.

3.2 Materials and methods

In situcompressive tests were performed within a microCT system that was used to acquire
the geometry and microstructure of preloaded and loaded specimens as des¢Tibezi iet
al., 2016) A DVC algorithm was applied to preloaded and loaded images to obtain the
displacement fields. MicroFE models were generated from pileboaded images and
displacements were imposed according to the DVC output at the boundaries. The predicted
local displacements were compared to those experimentally measured with DVC in the middle
of the specimen. Predicted and measured axial forcessponding to the deformed state were

compared as well.

Data from mechanical testing and imaging of the porcine vertebrae was shared by
collaborators at the University of Portsmouth. The specimen preparation, imaging and testing

are briefly described iregtions3.2.1 and3.2.2.
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in-situ experiments
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Figure 3.2 Workflow used to compare predicted and experimental local displacements and
axial force. An example of the steyise load displacement curve is reported on the top
highlighting the Preloaded (1) and Loaded{&pparent strain, 2) conditions. A picture of the

Total
height

v

@ -DVCnode

- MicroFE element

loading jig and a scheme of the sample fixation are reported on thegtapcorner. The

Digital Volume Correlation (DVC) algorithm was applied to the Preloaded and Loaded images
to calculate the map ofigplacement in the whole vertebral body. MicroFE models of the
vertebral body between the PMMA pots were generated from the preloaded image after the
application of a single level threshold chosen from the analyses of the frequency plot of the
grey-valuesand visual inspection. The displacement values at the top and bottom layer of the
microFE models were assigned by interpolation of the DVC measurements in those planes.
Displacements along the axial (Z) and transverse (X, Y) directions were comparednbetwee
microFE predictions and DVC measurements at the nodes of the DVC grid that lay within
microFE elements. Predicted axial forces were compared to those measured from the

experimental loadlisplacement curves(f).
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321Speci mends preparation

Four thoracic porcine vertebrae ¢TB) were harvested from young animals (all females
from the same breed, approximately 9 months old, and approximately 100 kg in weight) that
were destined to alimentary purposes. Enéglaadjacent growth plates and surrounding soft
tissues were removed and approximately 20% of the most caudal and cranial remaining
portions of vertebral bodies were embedded in jpod¢hytmethacrylate (PMMA). The
spinous processes were used as refertermentre and align the specimens along the transverse
plane using a protocol adapted fr@anesi et al(2014) Afterwards, the posterior arches were

also removed.

3.2.2 Scanning and in situ mechanical testing

An in situmechanical loading device (CT5000, Deben Ltd, UK; nominal precision of axial
displacement and force measurements wefgri@nd 50N, respectively) was used to axially
compress the specimens inside the midrg€anner. The two flat parallel external surfaces of
the embedding material were positioned between the loading plates of the jig. A sandpaper disk
was applied between the embedding material and the bottom loading platen to avoid relative
rotations of thdoading plate. The free height of each specimen (i.e. distance between the
internal surfaces of the embedding material, see Fig 3.1) was measured with a calliper. The
specimens were compressed in displacement control at a loading rate rom@s1while
immersed in a physiological saline solution. The vertebral bodies were scanned with a microCT
system (XTH225, Nikon Metrology, UK) in a preloaded condition Kbt compression, in
order to avoid moving artifacts during the microCT scanning) and after co&%6hal global
strain was applied considering as initial height the free height of specimens (loaded condition,
Fig 3.1). The scanning was started approximately 15min after each compression step in order
to reduce the effect of relaxation. Each image waglieed with an isotropic voxel size of
approximately 39um, and reconstructed after applying a median filter (kernel 3x3) on the
projections (CTPro, Nikon Metrology, UK). The scanning parameters were: voltagk'df 88
current of 11 A, e X p 0 s us; and rotatiomal stepfof 023° over 360° total rotation.
The scanning time was approximately 80n for each step. For more details about the
experimental procedure please refeDemesiet al. 016)
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3.2.3 Properties of the specimens

The free height of each specimen was computed as the mean distance between the top and
bottom embedded pots measured with a calliper in three different positions (latelaideit
right, anterior and posterior. Fig 3.1). The total height of each vertebra was determined from
the reconstructed microCT images. The preloaded and loaded images were cropped in order to
remove image artifacts detected on the top and bottom €86 of the total height of the
images) and therefore minimise the errors related to the elastic image registration procedure.
From each cropped preloaded image a specspenific mask was created by defining an
initial contour of the entire bone stituce applying a low threshold value and by using dilation
and filling morphological functions (MATLAB 8.5, MathWorks, Inc., USA). To avoid
modelling the portion of the bone within the embedding material, which had attenuation similar
to the surrounding sake solution, the middle 50% (with respect to the total height) portion of
the image acquired during the preload for each specimen was cropped together with the masks
in order to compute the total bone volume fraction (Tot.BV/TV), calculated by divideng th
volume of bone voxels (BV) by the total volume within the mask (TV). A single threshold
value was chosen visually for each portion of the preloaded image by comparirgemtisss
of binary and grey scale images (Fig 3.2). An automatic threshold usle in other
applicationgOliviero et al., 2017and based on the middle point betweentteepeaks (bone
and background) of the frequency plots was not possible in this study as no distinct peaks were
recognizable (Fig 3-:c)). After the threshold, a connectivity filter was applied to remove the
voxels without face connectivitfChenet al., 2017)and to obtain the binary images required
for the computation of the morphometric parameters and for the generation of the microFE

models.
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Figure 3.2 (a) pCT image of a rosssection (YZ) bthe middle region of S#2, (b)
correspondent binary image, and (c) typical global threshold value (TH).

To estimate the morphology of the trabecular bone for each specimen, four regions
(5x5x10mn7) centred with respect to the mid crassctional plaa were cropped in the lateral
left, lateral right, anterior and posterior locations. For each region trabecular bone volume
fraction (Tb.BV/TV), thickness (Tb.Th), separation (Tb.Sp), and degree of anisotropy (DA)
were computed using the BoneJ 1.4.1 glu@Doube et al., 2010pn ImageJ 1.50software
(Schneider et al., 2012)

Table 3.2 Properties of the specimens

Specimen Level Free Voxel Tot.BV/TV ~ Th.BV/TV® Tb.Th 2 Tbh.Sp? DA?®
ID Height size [um]  [%] [%6] [um] [um]

[mm]
S#1 T3 12.9 39.0 41.3 41.5+2.4 217+39 419+138 0.65%0.03
SH2 T2 12.6 38.6 40.3 41.4+1.6 241442 465+136 0.67+£0.04
S#3 T1 10.8 38.6 32.7 32.9+3.6 198+37 5031154 0.53+0.05
S#H4 T3 13.3 38.6 48.6 48.4+4.6 239453 396+122 0.65%0.10

ameasurements performed on four sub-volumes in the lateral left, lateral right, anterior and posterior locations

of the vertebral body. Data reported as mean * standard deviation.
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3.2.4 Experimental displacement field

The elastic image registration toolkit ShIRT (Sheffield Image Registration Toolkit,
University of Sheffeld, UK) was used to find the ftiileld displacements over the entire
specimen during the mechanical testing. The registration was applied to the cropped preloaded
and loaded images using only the information within the mask, in order to reduce thefeffect
image noise outside the border of the specin{Batanca et al., 2016Petails of the DVC
algorithm can be foundigh Da |l | 6 Ar a .Beidfly, 8hIRT overlaps to 4hg 3D images a
grid with nodes spaced by a sel ectséhdnodaNo d a |
displacements to minimise the differences between the undeformed image to which the
displacement map is applied and the deformed imagdin&ar interpolation of the nodal
displacements was used to compute the displacements within eadbilsule (hexahedral cell
of the grid). The DVC grid is then converted into amdtled hexahedral mesh, the
displacement field measured from DVC is imposed to the mesh as boundary conditions and is
then imported to an FE software package (ANSYS® Academic R#sdRelease 15.0) to
compute the strain field. A NS equal to 48vc
best compromise between precision and spatial resolution of the DVC approach (precision
errors below 3.7um for displacementfozzi et al., 2017and approximately 10@vfor strains
(Palanca et al., 201%6)

3.2.5 MicroFE modelling

Each microFE model was generated by converting every bone voxel within the middle 50%
of the total height of each specimen (computed from the preloaded images, Fig 3.1) into an 8
noded linear hexahedral element. MicroFE models and DVC daplent maps were referred
to the same reference system by matching the axial position between the cropped images used
in the DVC and the images used to build the microFE model of each specimen t@ allow
posteriorithe comparison of correspondent boneargibetween experimental and numerical
methods. The boundary conditions (BCs) of the microFE models were assigned by trilinear
interpolation of the DVC displacement fig{Hig 3.3)(Chen, DallAra, et al., 2017; Zauel et
al., 2006) Homogeneous and isotropic material properties were assigned to every bone element
considering a tissue elastic modulug @& 12.0GPa(Wolfram et al., 2010band a Poi ss o1
ratio equal to 0.3. Moreover, a bacélculated tissue modulus was also determined as the best

least squardit between predicted and experimental axial forces for the four specimens. The
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experiment al axi al force ( F) was deter mi
measured at the loaded step (i.e. 5% apparent strain) and the force measured aff tthee end o
relaxation period of the preload step (see Fig.3rom the microFE models, the total axial
force (AF) was computed as the sum of the axial reaction forces obtained frdyottibra
surface nodes (i.e. closer to the fixed loading platen). Expernantl numerical results of

local displacements were compared in all nodes of the DVC grid which lay at the centroid of a
micro finite element (number of comparison points for the specimens were between 130 and
226). In order to reduce the effect of thaibdary conditions the comparison was performed
within the middle 70% (in height) of the microFE models. For all analyses the Z direction is
representative of the axial axis of the vertebral body. X and Y axis refer to transverse directions
without a precis anatomical reference. MicroFE models and DVC analyses were based on the
original microCT images without applying any rotation, in order to avoid potential errors

induced by image interpolation.

microFE

DvC

Superimposition of matched

Trilinear interpolation of border layers
Boundary Conditions

Figure 3.3 Scheme of the assignment of microFE madelsidary conditionsbtained from
trilinear interpolation of the displacement field measured from the DVC at the border layers
of the microFE models.

1

n €



In order to investigate the results for trabecular and corticadsubtures separately a mask

of the ortical shell was generated (CTAnalyzer software version 1.16.4.1, SkyScan product
provided by Bruker) for each specimen. A polygonal 2D region of interest (ROI) along the
internal surfaces of the cortical shell was drawn and inverted approximately @vegctions

for each 3D preloaded imagesreused to generate the microFE models (F. 3 dynamic
interpolation was applied in between ROIs. The mask was used to idemtipoitits of
comparison betweeDdVC and microFEnodelsthat laid within the coital shell (the number

of points in the cortical shell ranged from 9 to 31 for the different specimens) and those

elements with strain beyond yield within the cortical shell.

(a) (b)

Figure 34- (a) Definition of the cortical mask through the manual settingatijon regiors

of interest (ROI) accros the border between trabeculae and cortex bone of sample S#1. ROI
interpolated along a border slice (to images) and a-sedtion slice (bottom images). (b)
correspondent binary images of the masked cortex confbluesspecimens were all still in the
growth age making the cortical shell very porous mostly over the pdsteral regions of the
vertebrae (i.e. link to the posterior elements), limiting thus the recogniton of the cortical
contours in those regions.
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The largest microFE model contained over 962 million DOF and on average the analysis
required approximately 120 minutes to solve in the finite element software Mechanical APDL
(ANSYS® Academic Research, Release 1isih)g parallel distributed memory (usé @

maximum of 64 CPUs and maximum memory of 311Gb).

3.2.6 Statistics

To remove outliers, the Cookds distance mel
Cookds distance equal or higher than five t
spedmen in each displacement directi@ox & Long, 1990) Linear regressions weused to
correlate the numerical and experimental values of local displacements and the slope, intercept,
and the coefficient of determination3jRwvere reported. The accuracy of numerical models
predictions of local displacements was evaluated througltamputation of the root mean
square error (RMSE), the RMSE divided by the absolute maximum experimental value
(RMSE%), the absolute maximum value of the difference between the predicted and the

experimental values (MaxError), and the concordance caorledefficient (CQLin, 1989).

The absolute percentage difference (%diff AF) between numerical and experimental values
of axial reaction forces was calculated for each specimen for the models solved with an elastic
tissue modulus obtained from the literature=(2.0 GPa) and from a baetalculation
procedure (E4.6GPa).
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3.3 Results

MicroFE models predictions of local displacements are reported for models generated with
E=12.0 GPa, but as expected similar results were obtained for thechémKated tissue
modulus which was found to d&=4.6 GPa (differences of RMSE% smaller than 0.007% for
all the specimens along X, Y and Z directions) (Table S3.1 in Supporting materials). From the
analysis of local displacements, less than 3.3% of the total number ofypasexcluded from
each specimen by applying t B8 MCwkEkniodels di st a
predictions of local displacements were highly correlated and in agreement with the
experimental measurements’@hd CC both ranged between 0.87 an®$D(Table 3.3, Fig
3.5). In addition, slopes and intercepts of the linear regression analysis were close to the 1:1
relationship for all the directions and for all the specimens (Slope: 0.71 to 1.09, Intercept:
22.10 pm to 4.5¢um) (Table3.3 Fig3.5).

For S#1, S#2, and S#4, predictions of local displacements along the axial direction (Z) were
more accurate (RMSE% close to 1%) than the predictions computed along the transverse
directions (X, Y) (RMSE% in the range5Po) (Table 3.3). For S#3 higher eisavere observed
along the axial direction, Z, (RMSE%=3%86) and worse correlations were found compared
to the other three specimens (0.87<®91 for S#3 and 0.97<R2<1.00 for all the others) (Table
3.3). Maximum differences between numerical and experialeotal displacements were
lower than or equal to 1Bm for S#1, S#2, and S#4 (Table 3). For those specimens the
distribution of residuals was homogenous and with an average value close to zero. For S#3 the
residuals were more scattered and associated witsystematic overestimation of the
predictions of axial local displacements (along Z) up to a maximum pf@-ig 35, Table
3.3).
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Table 3.3 Linear regression analysis between experimental and predicted local displacements
for a tissue modulust=12.0 GPa. Data are reported for predictions along the three Cartesian
directions (X and Y in a transverse plane, Z in the axial direction) for the individual specimens
and for pooled data.

Nr.
Specimen Direction ~ Comparison  Slope Intercept R? RMSE RMSE% MaxError cct
ID boints (%) [um] [um] [um]
UXx 213 (98.6%) 1.05 0.33 0.99 1.35 3.99 6.36 0.99
S#1 uy 215 (99.5%) 0.98 1.12 0.97 1.64 5.25 7.42 0.98
uz 215(99.5%) 0.99 3.25 0.99 2.78 0.70 9.20 0.99
UX 205 (96.7%) 1.02 0.35 0.97 2.31 2.47 12.56 0.98
S#H2 uYy 209 (98.6%) 1.00 -1.96 0.99 2.31 1.25 9.48 0.99
uz 207 (97.6%) 0.99 1.30 >0.99 2.93 1.11 10.79 1.00
UXx 130 (99.2%) 0.71 -8.00 0.87 3.11 5.20 12.23 0.87
S#3 Uy 130 (99.2%) 0.95 3.85 0.96 3.26 2.72 9.92 0.98
uz 131 (100%) 1.05 -22.10 0.91 11.88 5.08 45.86 0.90
UX 226 (98.7%) 1.05 -1.06 0.98 1.25 3.19 4.50 0.99
S#4 uYy 226 (98.7%) 1.09 -1.12 0.99 0.97 2.05 5.05 0.98
uz 225 (98.3%) 0.99 4.56 0.99 1.69 0.57 9.33 0.99
UXx 774 (98.2%) 0.99 1.04 0.99 2.55 2.74 12.56 1.00
Pooled Uy 780 (99.0%) 0.98 1.46 >0.99 2.18 1.18 9.92 1.00
uz 778 (98.7%) 1.04 -10.21 0.99 6.96 1.74 45.86 0.99

1Concordance Correlation Coefficient according to (Lin, 1989).
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Figure 35- Linear regression and residual analysis estimated between predicted and

experimental local idplacements for pooled data. Top: correlation between the displacements

along the transverse (X, Y) and axial (Z) directions computed by the microFE models and
measured experimentally by the DVC approach for the pooled data. Bottom: plots of the
residualsestimated as the difference between predicted and experimental local displacements
The elements with tensile or compressive strains beyond the yield(kpdi¥s&=7200uHand

Hp3Y=8000uHfor vertebral trabecular bonéMorgan et al., 200))are reported wilh black
Crosses.

Similar trends were found for microFE predictions of local displacements in the cortical and
trabecular bone regions (i.e. RMSE% between 1% and 5% in the cortical and trabecular bone
along transverse directions and RMSE% approximateligoffor points in the cortical and
trabecular regions along the axial direction for all specimens but S#3) Grag@BTable 3.3).
Considering all directions and all specimens, similar correlations were found for microFE
predictions performed in the comrid regi ox1.(000.,900DR830SI opescCcC
789 0m OI nt er cuep comparkd to 2h@se obtained in the trabecular region
(0. 86I10ORO0, 0. 700S200.p%2 OOm 10! rmatnedr c 6 pnd b8 . 96 O
S3.2 in Supportig materials). In particular, the largest difference between predictions of the
cortical and trabecular regions was observed for the axial displacement in%s83®@¢Rand
RMSE%=1%, compared to’R0.91 and RMSE%=5% for the trabecular region).
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Figure 36- Regression analysis of microFE models predictions of local displacements per
specimen and bone typdicroFE models predictions and DVC measurements computed along
the transverse (X, Y) and axial (Z2) directions for each specimen within cortical (réesgirc
and trabecular (black crosses) bone regions.
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The distribution of the microFE predicted principal strains revealed a predominance of
compressive strains for all the specimens. The numbelenfentswith third principal strain
(5p3) exceeding the yidlvalue in compressionygy) was always larger (range: 0.328% for
Upav= -80000) than the number of nodes with first principal strai)(exceeding the yield
value in tensiontp1y; range: 0.01%9.3% forg,1y= 7200u0) (Fig 3.7). S#3 showed the higke
percentage of nodes with strain exceeding the compressive yield limit (13%) followed by S#1
(5%), S#4 (2%) and S#2 (0.3%) (Fig’'B.In S#3 the high strains were located at the bottom
portion of the microFE model, which correspond to the region closketexperimental platen
where the load was applied (Fig’B.In spite of the difference between the dimensions of the
cells used for computing the strain with the DVC (cell size approximd@&n2 em) and
mi croFE analysis (el emgesmilar gincipa straimdistriltutionsma t e |
were observed between both methods for all the specimens TFig 3.

A higher percentage of cortical elements were found to be deformed beyond compressive
yield in S#1 and S#4 (proportion of cortical elements with respect to the total number of
elements beyond vyield in compression: 2.70% for S#1, 0.00% for S#2, 0.04% for S#3, and
0.55% for S#4). No or a very low number of elements were strained above yiehgion in
the cortical shell (proportion of cortical elements with respect to the total number of elements
beyond yield in tensior0.00% for S#1, S#2, and S#3, and 0.01% for S#4). To achieve a good
agreement between predicted and measured axial foecesshe modulus had to be decreased
from 12.0 GPa to 4.6 GPa through a baalkculation procedure (Fig.
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Figure 37- Distribution of first and third principal strains from microFE models (a) and DVC
measurements (b) for each specini@neen line 81, black S#2, blue S#3 and red B#br

both subgraphs in the top the frequency plots of the first (ten$jmh), and third (compression,

Hp3) principal strains are reported for the middle portion of each microFE model (a) and for
the corresponding region from the DVC analysis (b). Thbdst and lowest bins represent the
number of elements beyond the yield. For bothggaphs in the bottom the rendering of strain
distribution calculated from the microFE models (a) and DVC analysis (b) are reported for a
sagittal midsection (posterioon the left, anterior on the right) for each specimen. Black
dashed lines represent the portion of the microFE models and DVC analysis included in the
calculation of the frequency plots.

85



8000 r
e Et=12 0GPa y=04x+193

Et=4.6GPa y=1.0x+19.3 -
6000

Z

o

>

I'JJI

N, 4000 }

% S#4 S#4

S#l, S#1 o

2000 ¢ S
S#2 v S#3

5H28

0 2000 4000 6000 8000

AF_Z_microFE [N]

Figure 38- Relationship between numerical (AF_Z_microFE) and expntal (AF_Z EXp)
measurements of axial force for each specimen. Predictive results obtained from models
generated with a tissue modulus (Et) equal to GR@ (black) or 4.65Pa (grey).

The axial forces predicted by microFE models with an elasticetissadulus of 12.GPa
largely overestimated the experimental values (%diff_AF between 80% and 369%, #pble 3.
For simulations using the badalculated tissue modulus of 4BPa, the percentage
differences were smaller, between 10% and 80% (Taldle Bor both E=12.0 GPa and
Ei=4.6 GPa, S#3 showed the larger residuals.

Table 3.4 Values of axial forces predicted by the microFE models for Et=GP@ and
Et=4.6 GPa and experimentally measured, for all specimens. The absolute percentage
differences%odiff AF) between numerical and experimental values are reported.

Specimen E=12.0 GPa E=4.6 GPa
AF_Exp [N]

ID AF_microFE [N] %diff AF AF_microFE [N] %diff_AF
S#1 2953 6881 133% 2643 10%
S#2 1060 1910 80% 734 31%
S#3 1122 5256 369% 2019 80%
S#4 3028 6999 131% 2689 11%
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3.4 Discussion

The aim of this study was to validate microFE models predictions of local displacements
against an accurate experimental dataset collected frorwge|n situ tests performed on
four porcine vertebral bodies. For thesfitime this analyses was also performed in the
trabecular and cortical compartments, separately. Furthermore, due to the uncertainty about
the elastic tissue modulus to use in the microFE models based on microCT images with
resolution of approximatel$9 um, analyses between predicted and measured axial forces for

two different tissue moduli were performed.

The results showed that microFE models could predict more than 87% of the variation of
local displacements in vertebral bodies in any of the thee&€lan directions (Tab®3), in
line with previous investigations performed on trabecular bone specibmye@henet al.
(2017) The predictive error of the microFE models was lower thapm 31/3 of the voxel
size) for three out of four specimens (TaBl8, Fig 35). Smaller errors were observed along
the axial direction, which are probably driven by the lasygrerimental displacements along
the direction of compression, Z (RMSE% ranged fro®2a for UX, and 15% for UY and
UZ). For three specimens most of the residuals computed for the local displacements were
homogeneously distributed and fell within thegarof the experimental precision error of the
DVC approach (i.e. 3.um, as previously reported alanca et al. (20)6ising similar
specimens) (Fig 8). However, for one specimen (S#3) larger differences were found,
especially along theaxial direction. For that specimen the axial displacements were
systematically overestimated by up to#6. This overestimation wasobably due to the fact
that for S#3 more than 10% of the elementgrein the plastic regime (over 13% of the
elements were compressed beyond the yield straB06DuL (Morgan et al., 2001 while for
the other specimens only up to 5% of the elements werdlmgeld strair). Thus, he linear
microFE modelling approach used in this stuslypporéd by thelinear elastic deformation
imposed experimentally to each one of the specintgpgél experimental foredisplacement
curve represented on the top of Fig)3cbuld not describe the local plastic behaviour of the
yielded regionEven though, gedictions of local displacements obtained from S#3 were well
correlated with the experimental measurements (86 0 .). IHe good correlation between
displacements mayhave resuled from the reliable reproduction of the experimental
displacementontrol boundary conditions used in the modeifich were obtained through
trilinear interpolation of the experimental displacement field obtained from @wGhe other
hand, the fragile internal microstructure of S#3 (low Tot.BV/TV 32.7% vs-48.8% for the
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other specimens, and Tb.Th 198 um vs-247 um for the other specimer(gable 32) may

have affected the distribution of high compressive yield strains in the surroundings of a
localised yield region (Fig 3.7). The error of representing alinear behaiour using a linear
model, especially for S#3, was then evident in predictions of axial féiegber analysis were
performed in order to investigate differences between microFE model predictions for cortical
and trabecular bone separately. It was olekrthat microFE models prediction of local
displacements performed equally well for both cortical and trabecular bone (RMSE% for
cortical and trabecular bone varied from 1% to 5% for transverse directions and were
approximately 1% in the axial directionrfall specimens but S#3)he absolute maximum
errors of microFE models predictions of local displacements ranged betweemno37 um in

cortical regions (i.e. 18% the voxel size) while in the trabecular bone it was betyseant]

46 pm with S#3,the gpecimen which seems to be strained beyond the,ystlowing the
highest errors (see S3.2 Table)fact, in S#3 most of the yielded elements are in the trabecular
regions, which is in agreement with the strain distribution observed along the sag#$al cro
section of the speci mends 7).M\thikdor threeeoy offfoure d by
specimens most of the elements strained beyond compressive yield were localized in the
trabecular region (range: 70% to 100%), for S#1 the yielded elementsweaitg distributed

in cortical and trabecular regions (48% in trabecular bone, 52% in the cortical shell),

highlighting the variability in strain distributions for the different specimens.

This validation study has focused on the comparison of predictedn@asured local
displacement, due to the fact that reasonable precision of the DVC approach for strain
measurements can be obtained only if large nodal spacing (approximately 50 times higher than
the element size of the microFE elements) is used, limitiegspatial resolution of the
experimental strain measurement. Nevertheless, a qualitative agreement between the strain
distributions measured with DVC and predicted by the microFE models is found for all the
specimens (Fig 3). However, direct quantitee comparison between predicted and DVC
measured local strains could be only performed by increasing the resolution of the original

input images (for example with Synchrotron radiation microCT imé@aksnca et al., 201)7)

A reasonable quantitative agreement between the total axial forces predicted by the microFE
models and that measured experimentally was achieved only when-aadbadited elastic
tissue modulus of 4.6&Pa was assigned. This value is much lower than that experimentally
measured by wet microindentation tests on adult human bone (mean values aro@idal 2.0

Table 3.1) and lower than that backlculated in other studies performed on aduiman
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vertebrae (mean values between GHa and 8.&Pa, Table 3.1). It is known that the back
calculation compensates not only for actual material properties, but also for potential
limitations in the scanning and modelling approaches: partial volunoesgesegmentation
errors, the use of a Cartesian mesh, and the assumptions of homogenous, isotropic and linear
elastic material properties. The quality of the microCT images used for the reconstruction of
bone geometry and microstructures is an impoftanor for the reliability of microFE models.

In previous studies the predictions of microFE models of trabecular bone biopsies were found
to be sensitive to the segmentation procedGresvalier et al., 2007; Hara et al., 2082y a

small changes in the global threshold (e.g. 6% change to the considered optimum value) were
associated to large differences (approximately 50% changes) in predictions of global stiffness,
with larger effects for specimens with low bone volume fractionthla study we have
investigated the sensitivity of the microFE models in function of the applied global threshold
value for predictions of axial forces. Differences of 3% in the threshold value lead to
differences in the predicted axial force between 9% 2006 for microFE run with a back
calculated tissue modulus (i.e. 1% <%diff_AF< 20% excluding S#3 for a decrease of 3% in
the threshold value; S1 Supporting Information). Contrary to what has been reported in similar
studiegChevalieret al., 2007; Hara et al., 2002)worse prediction of axial forces by microFE
models generated from higher bone volume fraction specimen was observed (i.e. Tot.BV/TV
of S#4 equal to 48% and between 33% and 42% for the other three specimens; S1 §upportin
Information). This difference can be due to differences in scanning resolutiom(Emd

22 um voxel size in those studies) and bone microarchitecture.

The discretization of bone structures through a tetrahedral mesh could provide better local
strain estimations compared to standard Cartesian meshes when applied to trabecular bone
(Viceconti, 2016) and may therefore improve the predictions of structural for€gs.
assumption of local tissue homogeneity seems to have a minor effect on the predictions of
microFE models as shown for trabecular bone specimens scanned at a voxel sipgnof 10
(Gross et al., 2012y for vertebral bodies scanned with HRCT with 82um voxel sizeg(Pahr
et al., 2011)However, it is not clear yet if fanicroCT scans with approximately fién voxel
size this approach would be beneficial. Pgetd (Schwiedrzik et al., 2016; Bevill & Tony M
Keaveny, 2009; Verhulp et al., 2008; Bayraktar et al., 2004; Niebur et al.,, 2008@age
(LevreroFlorencio & Pankaj, 2018; Hambli, 2013; Harrison et al., 2048y viscoelastic
(Sardino et al., 2015; Schwiedrzik, 2014¢haviours have been modelled for trabecular bone

specimens, but nonlinear microFE models of whole bones have been limited due to its high
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computational deman(Christen et al., 2014; MacNeil & Boyd, 2008&ecentlyLevrerc
Florencio & Pankaj (2018)roposed the use of nonlinear micro FE models with isotropic and
anisotropic combined damage formulations to improve therascopic damage behaviour of
whole bone models in different loading scenarios based on a homogenization scheme applied
to microFE models of trabecular samples (i.e. averaging of stresses and strains over a
representative volume element of the materldgvertheless, the computational demand of
such models is still a limiting factétevreroFlorencio & Pankaj, 2018; Christen et al., 2014;
MacNeil & Boyd, 2008) Interestingly, by using creegcovery experimentdylanda et al.
(2016)showed that even at lower stress levels trabecular bone experiences both recoverable
and irrecoverable local deformations. Such deformations hatka fi@nd in specimens with

a low bone volume fraction, thus underlining the impact of isp&cimen heterogeneity. The
specificity of the baclcalculated modulus to a set of specimens, images, and models makes
the comparison among similar studies difficdhe differences with respect to the study
performed by(Pahr et al., 2011)E=8.78 GPa) may be due to the different age and species
(young porcine vs adult human) and the different resolution of the images uged (B2el

size in that study vs 3@m voxel size in this study). For a lower scanning resolutioru(@3

voxel size) Ladd et al. found a bac&lculated tissue modulus for trabecular bone samples of
human vertebra higher than that found in this study (6.66P.4,range: 5.47.7 GPa, N=5)

(Ladd et al., 1998 However, with similaimage resolution (5am voxel size) Hou et al. found

a tissue modulus for human vertebral trabecular bone samples closer to that determined in this
study (5.7+£1.65Pa; range: 2:8.1 GPa, N=28)Hou et al., 1998)

The main limitation of this study is the low sample size and the animal origin of the
specimens. It remains to be investigated if the different microarchitecture of the human
vertebral bodies (i.e. thien cortical shell and lower density) would affect the predictive ability
of microFE models. This detailed validation study limits its applicability to a large sample size
and the results obtained from the four specimens confirms the feasibility of theaelpp
Regarding the effect of using young porcine tissue the assessment is more complicated. In fact,
while it is more ethical to perform validations studies on animal tissues, the lack of
experimental data reporting the tissue modulus of vertebral tigswee from young (nine
months old) porcine may be an issue. However, the local elastic modulus measured with depth
sensing microindentation in wet conditions from the -g@physis of femurs collected from
young pigs at 4.2 months of age (range for eshal bone: 13-:829.4GPa; range for interstitial
bone: 17.820.0GPa; computed from the graphs reporte@fsng et al., 2012and from adult
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human subjects (mean for osteonal bone: 182 mean for interstitial bone: 18 GPa;
computed from the tables reported (bjirzaali et al., 201§)are similar. Thereforen this

study the average elastic tissue modulus reportgdMajfram et al., 2010awho performed
measurements on human vertebral tissue is used, assuming small differences between young
porcine and adult human local elastic properties. A further limitation is the use of simple (but
efficient) microFE models (i.eCartesian, homogeneous, linear elastic, and isotropic).
Nevertheless, the goal of this study was not to optimize the modelling approach but to show
the predictive ability of local displacements and of axial forces for the simplest and most

commonly usednicroFE modelling approach.

In conclusion, the results of this study show that homogeneous linear elastic microFE
models can be used to accurately predict the local displacements within both cortical and
trabecular bone tissue of vertebral bodies, btiattructural level reasonable predictions of
axial forces can be achieved only with properly tuned tissue modulus. The good predictions of
local mechanical properties found in this validation study provides a fundamental insight for
developing reliable wdels that link local bone deformation with mechaegulated cell

activity, essential for predicting bone remodelling over time.
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Supplementary materials

S3.1 Table. Statistical analysis for the linear regressions between experimentally measured
displacements and those predicted by microFE models generated withdhkealtulated

elastic tissue modulus Et=4@®Pa. Data is reported for predictions along the three Cartesian
directions (X and Y in a transverse plane, Z in the axial direction) for all the specimens
separately and for pooled data.

Specimen  Direction  Nr. Slope Intercept R? RMSE RMSE% MaxError CC!
ID Comparison [um] [um] [um]
points (%)

S#1 UXx 213 (98.6%) 1.05 0.33 0.99 1.35 3.99 6.36 0.99
uy 215 (99.5%) 0.98 1.12 0.97 1.64 5.25 7.42 0.98
uz 215 (99.5%) 0.99 3.25 0.99 2.78 0.70 9.20 0.99
S#2 UXx 205 (96.7%) 1.01 0.54 0.97 231 2.47 12.28 0.98
uy 209 (98.6%) 1.00 -1.91 0.99 2.33 1.26 10.05 0.99
uz 207 (97.6%) 1.00 0.57 1.00 291 111 10.49 1.00
S#3 UXx 130 (99.2%) 0.71 -8.00 0.87 3.11 5.20 12.23 0.87
uy 130 (99.2%) 0.95 3.85 0.96 3.26 2.72 9.92 0.98
uz 131 (100%) 1.05 -22.10 0.91 11.88 5.08 45.86 0.90
S#4 ux 226 (98.7%) 1.05 -1.06 0.98 1.25 3.19 4.50 0.99
uy 226 (98.7%) 1.09 -1.12 0.99 0.97 2.05 5.05 0.98
uz 225 (98.3%) 0.99 4.56 0.99 1.69 0.57 9.33 0.99
Pooled UX 774 (98.2%) 0.99 1.03 0.99 2.54 2.72 12.28 1.00
uy 780 (99.0%) 0.98 1.47 1.00 2.18 1.18 10.05 1.00
uz 778 (98.7%) 1.04 -10.75 0.99 6.89 1.72 45.86 0.99
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S3.2 Table. Additional linear regression analysis between experimental and predicted local
displacements for a tissurodulus E=12.0 GPa performed for the different bone types (i.e.
cortical, Cort, and trabecular, Trab, bones). Data are reported for predictions along the three
Cartesian directions (X and Y in a transverse plane, Z in the axial direction) for the iradivid
specimens.

Specimen Direction  Nr. Bone Nr. Slope Intercept R? RMSE% MaxError

ID Comparison  sites Comparison [um] [um]
points (%) points

S#1 UX 213 (98.6%) Cort 28 1.09 0.63 0.99 4.27 6.36

Trab 185 1.05 0.31 0.99 3.93 4.93

Uy 215 (99.5%) Cort 28 0.76 6.10 0.91 4.86 6.98

Trab 187 0.98 0.94 0.98 4.83 7.42

uz 215 (99.5%) Cort 28 0.98 7.96 0.99 0.69 7.47

Trab 187 1.00 2.38 0.99 0.70 9.20

S#2 UXx 205 (96.7%)  Cort 21 0.99 0.99 0.99 1.52 2.67

Trab 184 1.02 0.32 0.97 2.55 12.56

uy 209 (98.6%) Cort 21 0.98 0.57 0.99 1.25 4.37

Trab 188 1.01 -2.20 0.99 1.28 9.48

uz 207 (97.6%) Cort 21 1.00 -1.17 1.00 0.47 4.36

Trab 186 1.00 0.89 1.00 1.15 10.79

S#3 UX 130 (99.2%) Cort 9 0.83 -4.94 0.90 3.64 7.03

Trab 121 0.70 -8.39 0.86 5.18 12.23

uy 130 (99.2%)  Cort 9 0.97 1.67 0.99 1.10 211

Trab 121 0.95 3.96 0.96 2.81 9.92

uz 131 (100%) Cort 9 1.02 -7.89 1.00 0.56 5.76

Trab 122 1.04 -20.92 0.91 5.16 45.86

S#4 UXx 226 (98.7%) Cort 31 0.99 0.12 0.98 4.02 4.50

Trab 195 1.06 -1.28 0.99 3.09 3.79

Uy 226 (98.7%)  Cort 31 1.06 -0.09 0.99 2.05 3.91

Trab 195 1.10 -1.40 0.99 2.14 5.05

uz 225 (98.3%) Cort 30 0.95 15.26 0.97 0.83 7.29

Trab 195 0.99 2.85 0.99 0.51 9.33
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S1. Effect of threshold value on the prdictions of the

microFE models

In order to analyze the sensitivity of the microFE models predictions in function of the
global threshold value, used for image segmentation, a further investigation was performed for
models generated with the backlculated elastic tissurodulus (BE= 4.6GPa).

Variations of £3% from the optimal threshold values of each specimen were considered as
the maximum range that would still allow reasonable reconstructions of bone tissue
microstructures for all specimens, based on visual inspegtibinary and original grey scale
images.

For each specimen three models were generated: one with the optimal threshold value, one
with the optimal threshold value increased of 3% and one with the optimal threshold value
decreased of 3%. Predictions lotal displacements and axial forces against experimental
values were performed as described in the manuscript. The accuracy of predicted and
experimental local displacements were compared along X, Y, and Z (UX, UY, and UZ) by
reporting the Root Mean Sgte Error percentage (RMSE%). Whereas predicted axial reaction

forces were compared to the experimental valuesépege difference, %diff_AF).

Table S3.1. Effect of a 3% variation (xt3%Th_opt) in the optimal threshold values (Th_opt) of
each specimen omicroFE models predictions of local (RMSE% _Ui range for UX, UY, and
UZ) and structural (%odiff_AF) properties using Et=43%a.

Specimen %diff_AF RMSE%_Ui

ID -3%Th_opt Th_opt +3%Th_opt  -3%Th_opt Th opt  +3%Th_opt
S#1 1% 10% 19% 1%-5% 1%-5% 1%-5%
S#2 1% 31% 52% 1%-2% 1%-2% 1%-2%
S#3 95% 80% 67% 3%-5% 3%-5% 3%-5%
S#4 20% 11% 36% 1%-3% 1%-3% 1%-4%

A variation of 3% in the threshold value did not affected the predictive power of microFE
models predictions of local displacement (i.e. largest differenBMSE% equal to 0.38%).
On the other hand, the microFE models predictions of axial force were very sensitive to small
changes in the threshold value. Relative changes of 3% in the threshold lead to differences in
microFE models predictions of axial foraasging from 9% to 29%.

98






Chapter IV. Effect of the size and location of simulated lytic lesions
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Abstract

The lack of an obgive method to assess the structural stability of patients with spinal
metastasis can mislead the treatment decision making, that in the worst case scenario, can lead
to orthopaedic complications that could be avoided. The clinical standard used tdeevalua
spinal structural instability caused by lIytic lesions is the Spinal Instability Neoplastic Score
(SINS) system. This system does not account for the effect of the lesion size and location on
structural instability. In this study we aim to use an appgreatidated in the previous Chapter
[, which used Finite Element (FE) models based on micro Computed Tomography (microCT)
images, to analyse the effect of lytic lesions with different sizes and locations on the vertebral

mechanical properties.

A microFEmodel of a vertebral body obtained from a cadaver donor was generated from a
microCT image. Lytic lesions were simulated as local spherical regions of bone loss with 4
different sizes (4%42%24%35% of the vertebral body volume, VBvol) placed in 5
anatonical compartments (centre, lateral right, lateral left, posterior and anterior) of the
mid-cross section of the vertebral body. Bone was assumed homogenous, isotropic and linear
elastic. Each model with or without lytic lesions was loaded in agi@pcession. Local and
structural properties were computed for each one of the models with simulated lytic lesions

and reported with respect to the control model.

The results show a linear relationship between the size of simulated lytic lesions and the
difference in structural properties (stiffness and ultimate force) with respect to the control
model. Locally, there was a homogeneous redistribution of compressive and tensile principal
strains among the models with simulated lytic lesions occupying 338& & Bvol compared
to the control model. Higher strains were observed in the cortical shell and in the regions

surrounding the simulated lytic lesions.

This study shows that the size of the Iytic lesions, which could be measured through the
clinical CT data, is well correlated to the reduction in structural properties of vertebral bodies
under compression. Thus, by providagelationship between the size of lytic lesions and their
effect over the structural propertiesthe vertebrae this approach claelp to guide the clinical
decision making in a more objective way. However, this is only a feasibility study and a greater
sample size and number of parameters will be required to allow a meaningful statistical
analysis. Considering the long time reqdite run the models and to address different loading

scenarios, the definition of a larger database was not in the scope of this thesis.

100



4.1. Introduction

Lytic lesions are the most common type of metastases found in the spine (95% of spinal
metastases) advanced stages of a primary can@éille et al., 2015) These lesions are
characterized by focal regions of bone loss, which cause an increase in bone fragility and risk
of pathological fracture¢Burke et al., 2018; Hardisty et al., 2012; Ebihara et al., 2004)
Clinically, spinal instability, and consequently the risk of fracture of metastatic vertebrae is
assessed through a scoring method named Spinal Instability Neoplastic Score (SINS) system,
which takes into account the presence of pain, the type of lesion, spinal alignment, vertebral
body collapse, and posterior involvement. This is a qualitative methmth does not provide
a clear guidance for patients who are classified as having undetermined spinal stability, for
whom the treatment relies on clinical experience. Moreover, this method lacks of accuracy in
predicting true negative cases (specificiual to 79.5%) which increases the risks for the
patients to develop further complications related to the invasive surgical procedure used for
spinal stabilization(Vialle et al., 2015; Sutcliffe et al., 20L3Therefore, a more objective
evaluation of spinal stability is required, to better identify the lesions which need treatment.
The SINS system does not account for the properties of the lesion, as its size and location, in
the estimation of vertebral &lieity. These parameters are already used for the assessment of
stability of long bones affected by metastatic lesions (Mirgtering system). However, it
remains to be investigated if the properties of the lesion play an important role in the vertebral

mechanical properties.

Parametric finite element (FE) models have been used to better understand the importance
of the size and location of lytic lesions on the risk of burst fracture initi@@aibusera edl.,
2018; Tschirhart et al., 2004; Whyne et al., 2001, 2008¢ literature in this field evolved
from the validation and use of idealised geometries of human vertebrae (L1) modelled with
homogeneous material properti@schirhart et al., 2004; Whyne et al., 2001, 2003; Mizrahi
et al., 1992)to the modelling of subjedpecific geometrieand material heterogeneities from
medical image¢Galbusera et 312018) Moreover, lytic lesions have been modelled as holes
within bondMizrahi et al., 1992)or as regions within bone either with peaslastic material
properties(Tschirhart et al., 2004; Whyne et al., 2001, 200B)homogeneous material
properties with low stiffness and compressibil{tgalbusera et al., 201.8Yhese models
showed that the effect of the size of the simulated lytic lesions eomigk of initiation of
vertebral burst fractures (associated to measures of maximum radial and axial displacements

and loadinduced canal narrowing) was more critical than that of the location of the lytic lesions
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within the vertebral bodyGalbusera et al., 2018; Tschirhart et al., 2084ecifically, the size

of the lytic lesions caused for an increase of approximatéhdgin axial displacement®r
lesions occupying 30% of the volume of the vertebral body, while the location of the lesions
caused only an increase of up to 5% in axial displacenj@atbusera et al., 2018; Tschirhart

et al., 2004)However, both types of models did not account for the intrinsic morphology of

the bone tissue and the complex microarchitecture within the vertebral body.

Experimentally there has been some contr®yabout the effect of the size of mechanically
induced lytic lesions (as drilled holes) on the strength of human vertebrae. For instance
Windhagen et al. (1998howed no correlation between failure load and the size of induced
lytic lesions obtaned from human vertebrae (n=19, from T5 and T11 levels) tested under
eccentric compressioisilva et al. (1993pbserved a weak relationship between the size of
induced transcortical Iytic lesions (i.e. involvement of the cortical shell) and the strength
reduction of human thoracic vertebrae computed withesi control vertebrae (without
lesions) under eccentric compressiorr&26, from T3 to T12 levels, n=62 for control
vertebrae and n= 45 for vertebrae with simulated lesions). Transcortical lesions caused larger
reductions in strengttS{lva et al., 1993tompared to induced lesions disrupting mainly the
trabecular bonédMcGowan et al., 1993)as shown by similar studies. On the contrary, an
experimental study performed on thoracic sheep vertebrae showed a good correlation between
the crosssection size of induced lytic lesions and the failure lo&g¢@R8, n=12 for control
vertebrae and n=87 for vertebrae with simulated lesions from T7 to T12) measured for motion
segments tested under eccentric compres@ttmhara et al., 2004)Recent experiments,
performed with a digital image correlation technique, showed a significant increase in the
values of principal strains distributed along theednt surface of the human vertebral body
for artificial lesions larger than 30% of the vertebral body volume. Additionally, a relationship
between the progression of the strain pattern and the failure location was(Bladavica et al.,

2018)

On the other hand, it is still unknown how lytic lesions affect the local behaviour of the
vertebral bone tissues and how this transl&tethe structural level. Recently, FE models
generated from high resolution images, named microFE models, have been validated for
predictionsof local properties, as displacements and strains, of vertebral bodies (Chapter I11)
(Costa et al., 2017MicroFE models were also accurate in predicting structural properties
(RRO0. 88 for vel Dabt alAr atr @04 2hBy Rsolving bene a |

microstructure, these modedan provide a better and more detailed understanding about the
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effect of musculoskeletal pathologies which affect bone structures, such as lytic bone lesions,
on the local and structural properties of @®nTherefore, the aim of this study was to develop

a computational framework based on microFE models to analyse the effect of the size and
location of simulated lytic lesions on the local and structural behaviour of bone tissues.

4.2. Materials and methods

Four cadaveric spines fixed in formaldehyde which included vertebral segments from L5 to
T7 were obtained from 2 females and 2 males donors ranging th816years old. The
cadaveric spines were provided by the Medical Teaching Unit of the University fiehe
and the study was approved by the ethics committee of the University of Sheffield (reference
number 012716). From each spine, vertebral motion segments from T12 to L2 were isolated
and the posterior elements were removed. Each vertebral motiorrsageiuded 3 vertebral
bodies, the upper and bottom intervertebral discs surrounding theemebra, and all the
other softtissues. The specimens were submerged in a phodmifé¢éeed saline (PBS)

solution (pH=7.4) overnight (for approximately 15&¥dre scanning.

Only the middle vertebra of each vertebral segment (i.e. L1) was scanned in a microCT
scanner (Viva 80 of Scanco Medical, Bruttisell8witzerland) with a voltage of 70 kVp, an
intensity of 114 mA, an integration time of 300 ms, and ainagic voxel size of 39 um similar
to Hussein et al(2012) This protocol allowed the reconstruction of images similar to those
used in Chapter Ill, which shows the validation of the methodology used inutis $he
specimens were kept hydrated in saline solution during the scanning. Only one out of the four
specimens scanned was adequate to model due to the presence of lytic lesions, large
osteophytes, or very low trabecular bone density (which suggespesta or osteoporosis) in
the remaining 3 specimens. In order to reduce the dimension of the models and the
computational time, 20% of the height of the chosen vertebral body (measured as the total
height of the microCT images) was removed from the tobattom endplates, and a vertebral
body section of approximately 20 mm height was obtained from the original microCT images
(Fig 4.1 left side). The 3D microCT images of the vertebral body section were smoothed, using
a Gauss filter (kernel=3 anig-1.2)(Chen et al., 2017h order to reduce high frequency noise.

Due to the presence of partial volueféects, the images were then segmented using a single
level threshold value. The choice for the single level threshold value that best captured the
microarchitecture of bone, relied on the visual inspection performed betweeisectisgs of

binary andyrey scale images. After segmentation a connectivity filter was used to remove bone
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voxels without face connectivit{Chen et al., 2017)The final segmented image was used to
measure the volume of bone (BV) of the specimen and to generate the microFE model. To
measure the total volume of the vertebral body section (VBvol) and its total bone volume
fraction (Tot.BV/TV), amasked image of the vertebral body section was generated using the
procedure described in a previous chapter (Chapter Il section 2.2.3). Both morphological
parameters were measured using the BoneJ 1.4.4rp(pube et al., 2010)f ImageJ 1.50e
software(Scmeider et al., 2012A reconstructed surface of the specimen was gendrataed

the masked imagesing themarching cube algorithm (Amira v6.0.1, Thermo Fisher Scientific,
Oregon, USA). This surface was used to align the vertebral body section alamgtibmical
transverse plane based onragilico reference frameworkJanesi et al., 2014This procedure
requiredthe definition and alignment of a set of landmarks defined at the right and left edges
of the posterior wall of the top endplate (Buildet™2.0 Build 140) (more details in Chapter

V, section 5.2.1).

From the segmented image a microFE model, called control model, was generated by
converting every bone voxel of the vertebral body section into-rmod®8d linear hexahedral
element (see Chaptéll section 2.2.5).The model was then aligned based on the rigid
transformation obtained from the alignment step. Homogeneous, isotropic, and linear elastic
material properties were assumed for bone with an elastic tissue modulus of(V2afPam
etal.,20l0apand a Poi ssono6s conaptession oh% ap@arerd straiwas a x i a |
applied to the nodes of the cranial section of the vertebral body, whereas the nodes of the caudal

section were constrained in all directions.

From this control model 20 other parametric microFE models were generated with simulated
lytic lesions of different sizes occupying different locations within the middle -s@st#on
plane of the vertebral body (Fig 4.1). Simulated lytic lesions were modelled as focal spherical
regions of bone los§.e. holes)which were designed to be placwithin the vertebral body
volume. The size of the lesion was defined as a function of the volume of the vertebral body
section (VBvol). Lesions occupying 4%, 12%, 24%, and 35% of the VBvol were simulated.
Each lesion was then placed in the central, déteght, lateral left, anterior, and posterior
compartments of the middle cressction of the vertebral body. The location of the centre of
each lesion was defined with respect to a local cylindrical coordinate system set within the
geometric centre ohe middle crossection of the model (Fig 4.fight side). The most lateral,
and anterioposterior points of the midection of the model were obtained and used together

with the lesions size to define the radial position (R) of the centre of each(legjaghl- right
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side). The angular position ) of the centre of each lesion varied fromtd 270 with
increments of 90° (Fig 4.1 right sideéh particular, the centre of the lesions occupying 4%
VBvol matched the centre of the lesions occupying 12% VBvol as it was defined based on
radius of thedtter (Fig 4.1 yellow dashed lines). Lesions with 24% VBvol or 35% VBvol had
their own centres varying based on their sizes (Fighduk and green dashed lines). Thus, the
three biggest lesions simulated in this study (i.e. -P2% 35% VBvol) were tangdrto the
cortical shell of the vertebral body (Fig 4.1). Each model was simulated under the same
boundary conditions of the control model. In terms of computational demand, the number of
DOF of the models with simulated lytic lesions varied from 278 miltim 366 million The
corresponding running times (including solving and fpoetessing) varied from 5 hours to 28
hoursin the FE software Mechanical APDL (ANSYS® Academic Research, Release 15.0)
usingparallel distributed memory over a maximum of 64esoon the shared memory High
Performance Computing cluster of the Insigneo Institute named Beagle (2.70GHz, 104 cores,
1.7TB of RAM).

Middle cross-section view
35%VBvol

24%VBvol

20%VB
height

12%VBvol

4%VBvol

-
=
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>

20%VB
height

Geometric centre of the mid cross-section
Most lateral and anterior-posterior points

4+ Centre points of the lesions

- = |esion sizes

Figure 4. T Letf: Representation of the ppgocessing operations performed for the definition

of the vertebral bodgection model (cropping of the endplates in 20% of the vertebral body
height). Right: Middle crossection of the vertebral model, used to set up the position of the
simulated lytic lesions in function of the distance between the geometric centre afi-the m
section and the most lateral and anterfmosterior points (red crosses), and the size of the
lesions. llustration of lesions occupying 4%, 12% (orange), 24% (blue), and 35% (green) of
the VB vol, placed over the lateral left compartment of theamss section of the vertebral
model.
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Spring stiffness (K) was computed for each model as the ratio between the sum of the axial
reaction forces estimated from the caudal section of each model and the applied displacement.
The ultimate force (k) was estimadd as the force required to cause the yield, in compression
(U3vy=-8000 L) or tension {1v=7200u0), of 2% of the elements of the model. The percentage
difference found between the structural properties (K ajjdeBtimated from the vertebral
models withand without simulated lytic lesions was computed to analyse the effect of the
simulated lesions. Moreover, the distribution of third and first principal strains of models with
and without simulated lytic lesions was computed from the middle 70% in hefighe
vertebral body section. Local strain distributions were analysed by frequency plots and plots

obtained from the midross section of the models.

106



4.3. Results

The decrease in structural properties computed for the models with simulated lytic lesions

with respect to the control model ranged from 3% to 30% (Table 4.1).

Strong linear relationships were found between the size of the simulated lytic lesions and
the decrease in predicted structural properties (K apgREQ0.99, intercept betwee®.004
and-0.049 %) (Fig 4.2).

= 40% r < 40%
< 30% f o 30% |
£ % c
S 20% r é 20%
S 10% | S 10%
8 o
¥ 0% g 0%
4% 12% 24% 35% 4% 12% 24% 35%
Lesion size [%VBvol] Lesion size [%VBvol]
"¢y =0.065x — 0.007; R? > 0.99 "¢y =0.065x — 0.004; R? > 0.99
"ty =0.081x — 0.048; R* = 0.99 "k y =0.082x — 0.046; R? > 0.99
"y =0.084x — 0.048; R* > 0.99 "U y =0.090x — 0.049; R? > 0.99
=r  y=0.065x — 0.008; R? > 0.99 =» y=0.066x —0.007; RZ > 0.99
Ay =0.068x — 0.016; R? > 0.99 » y=0073X —0.019; R? > 0.99

Figure 4.2 Percentage reduction of predicted structural properties (spring stifffness, K, and
ultimate force, FU) caused by lytic lesions simulated with different sizes (4%, 12%, 24%, and
35% of the VBvol) and in different locat®(C: centre, LR: lateral right, LL: lateral left, P:
posterior, and A: anterior).

In particular, lesions occupying from 4% to 12% of the VBvol located in the central and
in the most anterigposterior compartments of the vertebral body caused a siedlaction in
K and Fy as lesions of the same size located in the most lateral compartments (% reduction in
K and Fy between 5%13% for lesions located in the central, anterior, and posterior regions of
the vertebral body against 3¥3% obtained for laterésions) (Table 4.1). Lesions occupying
24% and 35% of the VBvol located in the most lateral compartments of the vertebral body had
a slightly higher impact over the predicted structural properties compared to lesions located in
the central and anteriqosterior regions of the vertebral body (2-B8%% reduction in K and

Fu for lateral lesions against 192a% reduction for the other lesion location) (Table 4.1).
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Table 4.1 Structural properties (spring stiffness, K, and ultimate forces, FU) predicted from
the vertebral models with and without simulated lytic lesions. Simulated lytic lesions grouped
based on their sizes, and location (C: centre, LR: lateral right, LL: lateral left, P: posterior,
and A: anterior).

Lesion ] i .
Model ID  size Lesu?n K [KN/mm] vedift K Fu [kN] odlif Fu

[VBvol] location [%0] [%0]
Control - - 70.6 - 8.2 -
L#1 C 66.6 6% 7.7 6%
L#2 LR 68.2 3% 7.9 4%
L#3 4% LL 68.1 4% 7.9 4%
L#4 P 66.8 5% 7.7 6%
L#5 A 66.9 5% 7.8 5%
L#6 C 62.0 12% 7.2 12%
L#7 LR 63.0 11% 7.3 11%
L#8 12% LL 62.3 12% 7.1 13%
L#9 P 61.8 12% 7.2 13%
L#10 A 62.3 12% 7.2 13%
L#11 C 57.0 19% 6.6 19%
L#12 LR 56.1 21% 6.5 21%
L#13 24% LL 55.6 21% 6.3 23%
L#14 P 57.0 19% 6.6 19%
L#15 A 57.0 19% 6.5 21%
L#16 C 53.1 25% 6.2 25%
L#17 LR 51.5 27% 5.9 28%
L#18 35% LL 50.5 28% 5.7 30%
L#19 P 53.1 25% 6.1 25%
L#20 A 52.6 25% 6.0 27%

At the local level, there was a generally homogeneous distribution of axial strains within the
bone tissues dhe models with and without simulated Iytic lesions (mstandad deviation
of -5000+3000 p for the third principal strainsps,and 2000+1000 yfor the first principal
strains,Up1) (Fig 4.3 and 4.4).
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Figure 4.3 Distribution of the third principal strains obtained from the parametric models of
simulated lyticlesions based on the location (centre, C; lateral right,LR; lateral left, LL;
anterior,A; and posterior, P regions of the rubss section of the model) and size (4%, 12%,
24%, and 35% of the VBvol) of the lesions compared to the control model (sokdites}.

As expected, the predominant failure mode of the models with ahdwvisimulated lytic
lesions was in compression (approximately 97% of the elements showed third principal strains
over the compressive yield strain consideredras=-8000 L0, whereas the remaining 3% of

the elements showed tensile yield strains highem bk y=7200 W (Morgan et al., 200})
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Figure 4.4 Distribution of the first principal strainslgained from the parametric models of
simulated lytic lesions based on the location centre, C; lateral right,LR; lateral left, LL;
anterior,A; and posterior, P regions of the nutbss section of the model) and size (4%, 12%,
24%, and 35% of the VBvol) tife lesions compared to the control model (solid black lines).

Locally, a high concentration of compressive strains was observed in the cortical shell of
the mid crosssection of the vertebrae for the models with and without simulated lytic lesions
(Fig 4.5, 4.6 and Figs S4.1 and S4.2 of the supplementary material). Some concentration of
compressive and tensile principal strains in the bone tissues surrounding the lesion was also
observed for all the parametric models (Fig 4.5, 4.6 and Figs S4.1 and fSth2 o
supplementary material). Nevertheless, similar distributions of principal strains were observed
in the other regions of the models with or without simulated lesions (control versus L#1 to
L#20) (Fig 4.34.6 and Figs S4.1 and S4.2 of the supplemgmieaterial).
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