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Abstract

Spinal surgeriegre common to treat differetgpesof diseases and injuriess traumaiumours,
deformity and degenerative diseasConventional open spine surgery has several reported
limitations and there ik trend towards minimally invasive techniques due to lower complication
rates and morbidity. Percutaneougedicle screw fixation and vertebral augmentateoe two
widespreadninimally invasive techniquethat are often chosen to treat vertebral fractuirks. pre
planning ofspinal surgeriess based on anatomical measurements taken on clinical images and on
the experience of surgeorfdostoperative complications may arise impacting the quality of life of
patients. Computational modelscan provide important patientspecific information about the

biomechanics and the geometry of thenepi

Finite element (FE) modelsave the potentiaib predictthe biomechanicabutcomes of surgeries

and are often proposed as possible tools for planning pediele §zation. However, lefore their
application, these models have to be verified and the sensitivity of metrics used to assess metal and
bone failure have to be assessed with respect to the screw size and gebimetmas the aim of

the first study. Ritientspecific Computed Tomography (CGlhgased FE models afhe human
vertebra with two pedicle screwgere verified for both realistic and simplified geometry of screws.
The diameter of the screplayed amajor role on the mechanics of the scresvtebral stucture

with respect to the lengtlsimplified screwsould accuratelgstimate theleflection and the strain

of the implanted vertebrae, brgsuled in a systematic underestimation of the peak stiasthe
screws FE modelscan be used to optimize surgeelated parameters, btake a long time to
compute and are thus insufficient to fulfil the demands of most clinical setiReghiced Order
Models (ROMs)are useful toolso improve the efficiency of FE modeland, n this thesis, were
applied to FE radels of the implantegtertebrat o o pt i mi se scr ewbadvingsi z e
accurate prediction of the deflection and the stress of the schewlsird study included the
development of a GEcan based procedure to estimate thefature 3D shapef@ L1 vertebra

that could be used by surgeons to restore thdraceure biomechanicsThe methodology was

validated on a dataset with 40 patients and showed excaltmnistructioraccuracy.

In conclusion, FE models of the implanted vertebra wategrated with ROMs to build a
computational pipeline for the optimisation of dimensions and positioning of pedicle screws. Also,
the geometric préracture shape of a L1 vertebra was reconstructed. These approaches can be used
to provide more quantitatvbiomechanical and geometric information to surgeons for planning the

treatment of vertebral fractures.
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KP 1 Kyphoplasty

L - Length

microCT- micro Computed Tomography
microFE micro Finite Element

PCA' Principal Componat Analysis
PDM1 Point Distribution Models
RBF1 Radial Basis Functions

ROMi Reduced Order Model

“vm 1 von Mises stress

SSM1 Statistical Shape Model

SVD1 Singular Value Decomposition

VA 1 Vertebral Augmentation



Contents

Chapter 1:....... 2 7 Tod (o | {010 Lo S 1
R R U 11 ] 4 =T /PSPPSR 1.
1.2 BONE GNATOMY. ...ttt et e et et e e e e ettt e e e e e e e es bt e e e e e e ssmmme e b e e e e e eennanns 1
1.3 Anatomy of the human vertelra................ouueiiiccee e 2
1.4 Vertebral fraClUIES. ........uuiiiiiiiiiiiii e 4
1.5 Surgical treatments of vertebral fractures...............ueeuiiiiccceeiiii e 6

1.5.1  Minimally INVASIVE SUIMJEIIES.....uuuuuiieieeeeeeeeiieieeeiaa e e e e e eeeeeeeeeeeeessssnnneeeeeeeeeensnnnnnna 6
1.6 Finite Element (FE) MOEIS.........ccoooiiiiiiieeee e 11
1.6.1 Patient specific FE models of the vertebra..............cccooiien e 11
IR A Y/ =T o 1 4T T ] ] [T USSP 14
1.7.1 Mesh morphg through Gaussian Process Morphable Models (GPMM).............. 15
1.7.2 Radial Basis Functions (RBF) mesh morphing.............ccccooimmmniniiiiiiiiiiiieeeee 17
IS T = To [0 Tot=To @] o (=T gl 1Y [o o [T 1 1o Vo 20

Chapter 2: Motivations and LIterature reVIEW .............cccoiiiiiiiiiiiieene e eeeeeeeeeeesvenn e eeeeees 23
2.1 Finite Element models of pedicle screw fiXation..............ooooiiiiiccee e 23
2.2 Reduced Order MOELS.........ccuuiiiiiiiiiiiieeeiiiiii e r e e e e e e e e e e e e e s s e e as 28
2.3 Reconstruction of the premorbid shape of a bone by using Statistical Shape.Model81
2.4 AIM QNG ODJECTIVES .....uuiiiiiiiiieii ettt e e e et e e e e e e e e e e e e 35

Chapter 3: Patient-specific finite element models of psterior pedicle screw fixation: effect of

screwods si ze..and. . .g..Q.mME .l L. Y s 36
3oL SUMIMIATY. .ttt eeee et e e ettt ettt et mmme e ettt e e e e et e et s e e e e 36
G0 [ o1 (o o [FTox 1 o] o PO PP 38
3.3 Materials and MethOUS.........coooiiiiiei e e e s 39

3.3.1 Inaging and IMage PrOCESSING . ....ccueiiaeiiieiiiiaiiime e e e e e e eee e eee s 41
3.3.2 Generation of the FE MOdel..........cccuuviiiiiiieeeiiiiiiiiiiiccceeeeeee e A2
3.3.3 Mesh refinemMENt STUAY.......ccoviiiiiiiii e e 46
3.3.4 Influence of screw size and geometry on mechanical properties of -seréstsa
SEITUCTUTE. .. ettt oottt e nme et et e e e et et ae e e e et amnneeeeessan e aeeeesnnnn e eeennnas 48
3.3.5 Comparison between simplified and realistic screw geometry.............ccvvvveeee.... 49
=TS S P TRRRS 50
3.4.1 Mesh refinement StUY.........couuuiiiiii e 50
3.4.2 Effect of size and geometry Of the SCILeW............uuuiiiiiiireeiiiiiiiiiii e 54
3.4.3 Comparison between simplified and realistic sScrew geometry.............cvvvvieeennnns 57
3.5 DUSCUSSIONL.....ceiiiiiiiieiieittit e e ettt s e e e e e e eees e e s e e e e e e e e e e e eeeeamnnsaeeeeeeaeeeeeeenessnnnnns 59

Vi



Chapter 4: Application of Reduced Order Models to Finite Element models of spine fixation

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

....................... gééeecéecééececéecééeceéecéeceéeéeecéee .63
ST U1 0] =1 Y/ OO PPN 63
2 | 11 oo [ 3o 1o 1 64
4.3 Reference FE model of one vertebra with pedicle SCrews.............ccoccovceeiiiieees 65
4.4 Exploration of ROMs for studying the effect of the size and orientation of the pedicle screws
.......................................................................................................................................... 69

4.4.1 Materials and MethodsS...........oooiiiiiiiiiiiicee e 69
4.4.2 ReSUItS aNd DISCUSSIQN......uuuuiiiiiiiiiiiiiieeeiiiieieeeee et e e e e e e e e e ammr e e e e e e e e e e nne s 82
e I @ o 11151 (o] OSSR 89
4.5 Exploration of ROMs for studying the effect of the screw.size...........ccccooiiviceeviinnnnns 90
4.5.1 Materials and MethodS...........coooiiiiiiiiiiieee e e 90
4.5.2 ReSUItS and DISCUSSIQN...........uuuuuumniiimeeeeeeernnnnaaaeeeeeeesemssssssnnaaseeaaeeaeeseeessennnns 95
TR I o] o T 11 1S3 o SRR 100
4.6 Example of application of ROMs to optimise size and orientation of pedicle screwd01
4.6.1 Material and MethodS.........ccooviiiiiiiii e 101
4.6.2 ReSUItS and DISCUSSIQN......uuuiuiiiiiiiiiiiiieesiiiieeeeeeeeee e e e e e e e e e e s st e e e e e e e e e e e e e e s s s s snnnees 101
IR I o] T 11 1S3 o SRR 105

Chapter 5: Prediction of the pre-fracture shape of the L1 vertebral body from adjacent

vertebrae........ eééeecéeeééecéeecéeéecéeecééeeéeecécee 106
5.1 SUMIMIATY. ..ttt ettt e e e e e ettt et neee e e e e e ettt e e e e e e e tsbae e e e e e s e e e s 106
o720 111 {0 T U Tox 1 o o USRS 107
5.3 Prediction of the priFacture height of the L1 vertebral body from adjacent vertebrae (1D
(02 L= OO PP PR PPPPPP 109

5.3.1 Materials and Methods.............oooiiiiiiieee e e e e e 109
5.2 RESUILS. ... 116
LS IRC T0C T o ] o 113 o 0 118
5.4 Prediction of the priracture shape of the L1 vertebral body from adjacent vertebrae (3D
(0= 1S ) PSPPSRI 119
5.4.1 Materials and Methods............oooeiiiiiiiiieeee e e 119
542 RESUIES.....eeeeeeeee et e e e e e e e 131
5.5 DIUSCUSSION. ...ttt em ettt st et e e e e e e e e e e e e amana e e e e e e e e eeeeeaeeeees 142
LI o] o (1] o SR 147

Chapter 6: CONCIUSIONS. ...t e e e eae e et e e e e e e e e e s aaaneeeeeasaaanas 148
6.1 Origiral CONTIDULIONS. .......viiie i erre e e e e ennn e e 148
6.2 Limitations and fUtUre WOTKS............ooiiiiieiiieeee e e e e e e 149

References....é e ¢ ééeéééeécééeecééeeéeecééeeééeeéeéeeélq

Appendix........ eééeecééeeceééeecééecéecééeecéeecéeéeceéeln?

vii



Appendix Al:

Appendix A2:
Appendix A3:
Appendix A4:
Appendix A5:
Appendix A6:

Comparison between simplified and realistic screw geoniieaigditional results

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

ROM of the strairi additional results.............cccocoiiiiiimmm 164
Comparison between linear interpolation and ROM................coooviieeee. 165
Table of correspondence between patient IDs and Verse 2020.1Ds.......166
Creation of geometries of vertebral bodies.............ccovvviiieeeieiiiieeiiiis 168
Prediction of the shape of Liladditional reSults...........ccccevvveiiiiiiiceciciinnn. 171

viii



Chapter 1: Background

1.1 Summary

This chapter aims at providing the background information required to understand the research
projectsillustrated in the next chapters of the thesis. First, the fundamental aspects of bone anatomy
will be reviewed with a particular focus on the human vertebra. Then, the clinical problem that is
addressed in the thesis will be presented (i.e., vertebcalifes). The different approaches taken in

the clinics to treat vertebral fractures will be discussed. A section will be dedicated to minimally
invasive surgeries and the main poperative complications related to these surgeries will be
described. Aftewards, Finite Element modelling will be briefly described focusing on
computational workflows to build vertebral models. In the last sections, a general introduction to
Mesh Morphing and Reduced Order Modelling is briefly provided.

1.2 Bone anatomy

The skeletasystem is made principally by bones, that are linked to each other by ligaments,
tendons and cartilages to support and protect the human body. Bone is a composite material made
of mainly two constituent materials: (1) an organic matrix composed of tgpkaben fibers (85

90%), water (56%) and other organic substances (5%); (2) a mineral phase made of hydroxyapatite
micro-crystals Caio(POs)s(OH)2)) that constitute over the 6% of the bonéCurrey, 2006) It is
possible to distinguish between coali@and trabecular bone according to the microstructure of the
bone tissueThe exterior layer of all bones is cortical bone, which is mostly present in the
appendicular skeleton, especially in the diaphysis of long b@vlesier-Faugere et al., 1998)
Cancellous bone is mostly found in the axial skeleton, whasepitesent between the cortices of
smaller flat and short bones like scapulae, vertebrae, and fdimser-Faugere et al., 1998)he
microstructure of cortical bone is characterized by solid lamellar structures called osteons with a
cylindrical shape (diameter of about 200 micr@@pwin, 2013) The trabecular boniastead is a
porous material characterized by a network of pdeteébeam like structures called trabeculae
(thickness between 100 and 650 micr¢@pwin, 2013) The trabecular bone can present a high
porosity (up to 50%) and the trabeculae are osgaalong the principal lines of stress which

provide resistance to the lo@deaveny et al., 2001 he cavities of trabecular bone are filled with
1



bone marrow that is enriched with blood vessels and capillaries. Overall, cortical bone presents a
higher dendy than trabecular bone. The proportion of the skeletal mass is about 80% cortical bone
and 20% trabecular bon@tt, 2018) Due to its composition and microstructure, bone is an

inhomogeneous, anisotropic, ntimear materia(Keaveny et al., 2004)

1.3 Anatomy of the human vertebra

The spine has the function of bearihg weight of the upper body and allowing extended motions
thanks to the muscles acting on it. Consequently, evolution processes have shaped vertebrae and
spinal structures to optimize theiegmetry in function of physiological loadin@Noailly and

Lacroix, 2012) From cranial to caudal, the 29 vertebrae composing the spine are often classified as
cervical (CXC7), thoracic (T4T12), lumbar (L1L5) and sacral (S855). Each vertebra is composed

of an anterior part, the vertebral body, and a posterior one, composed of different substructures
called posterior elements (Figuiel). The vertebral body is constituted of a centre of trabecular
bone surrounded by a t h8$£0.06 om)Eswaranl et as,2@&nd ( t hi
two biconcave cortical endplates located at cranial and caudal faces of the vertebral body. Between
the superior endplate of one vertebra and the inferior endplate of the adjacent vertebra, there are
intervertebral &cs. The vertebral bodies are linked to the posterior part of the vertebra through
pedicles. Pedicles surround a channel, called vertebral foramen, that protects the spinal cord, other
spinal nerves and blood vessels. Other posterior elements are thsspiacess, the superior and
inferior articular processes and the transverse process. Between inferior and superior processes of

adjacent vertebrae there are facet joints.
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1.4 Vertebral fractures

Many risk factors were identified in literature for vertebral fractures. Agsspciatedliseases,
especially osteoporosis, bone metastases, aneehigigy phenomena as falls, represent conditions
with a high risk of fractures. In a recergview, Schousoe (2016) reportediata referring to
published studies on the epidemiology of vertebral fractures. Studies involving large cohorts of
patients of different nationalities with a radiologic vertebral fracture, showed that the probability of
a vertebral fraire to happen increased with age. Since the population is becoming older
worldwide, proportionally, there will be more and more cases causing a lower quality of life and
higher healthcare costs. Besides, it has been estimated that a vertebral frastege@cancrease in

healthcare costs for the following 5 years when it occurs.

The epidemiology of fractures in England and Wales was studied retrospebtivedn Staa et al.,

(2001). Byanalysing a large cohort of patients (about 220.000 cases ofrésmdioth men and
women) in a 16earsperiod, the incidence of vertebral fractures was estimated as 4.5 persons per
10.000 persons each year. During the years, many systems have been proposed to classify the whole
range of different types of vertebral ftaes. In fact, there is a high variability between the
different shapes of the fractured vertebrae according to differences between each loading scenario
generating injuries and the underlying bone conditions. The purpose of these classification systems
is not only to provide a general and shared terminology, but primarily to create a methodology upon
which to base the treatment strategy and the clinical decision. Indeed, even if an accurate
classification does not imply effective cures, which depend erchioices of the surgeon, it gives

the possibility to monitor, assess, analyse, and modify the management of injuries in a systematic
way. HoweverPneumaticos et al., (2013) stated ttiegtre is still need of more accurate validation

in prospective studgefor the existing classification systems.

A well-established method of classification was proposed Magerl et al. (1994) This
classification system is used by our clinical partner at the University Hospital Centre of Poitiers
(France) as a diagnostigol, but it is not associated with a table of decision for the treatment. It is
based on 1445 consecutive thoracolumbar fracture cases. It identifies three types of vertebral
fractures (A, B and C) according to the three main actions generating theeracmpression,
distraction (tension) and axial torque, based on the assumption that the injury pattern is correlated
with the mechanism (Figurk2). Each type is furtherly divided in three groups consistent with the

morphology of fracture, and then ihrée subgroups with further specifications. Although the

4



degree of instability is not used directly as a criterion to build the classification, this system allows
to identify a progressing degree of damage and instability of the spine from A to C, andeath
group and subgroup.

Qy v » A
ﬁ\ 4‘ v ? =
4
A B C
] i
ENE
C W
i kb
D { !

Figurel.2 ¢ Characteristics of the main types of injuries describédagerl et al. (1994)A) compression
fracture of the anterior part; either posterior (B) or anteriort(@psverse disruption; (D) injury with
rotation. Reprinted fronMagerl et al. (1994) with permission.

Type A fractures represented 66% of the total, whereas type B and type C the 15% and 19 %,
respectively. In that study, 48% of all spinal fractures oeclat the thoracolumbar junction, and in
particular 28% at L1. This is the region between the thoracic and lumbar spine, where the curvature
has annflection point passing from convex, called kyphosis, to concave, called lordosis. While the
thoracic regon is more rigid, the lumbar spine is flexible, and a structural change happens in this

zone which may generate a delicate and sensitive area (Blondel et al., 2011).

An important classification system was proposed®gnant et al., (1993pr the specific class of

osteoporotic fractures based on a sqmantitative approach with visual inspection. This method

5



uses Xray images to identify the degree of vertebral height decrease and morphological changes

with respect to adjacent vertebi@&enant et al., 1993)

For young patients, the most common cause of compression fractures isemdrigi trauma with
an acceleratioweceleration pattern. Often, it is thaseof motor vehicle or motorcycle accidents
or falls. On the other hand, fractures seem to be mainly due to osteoporosis in the elderly

(Pneumaticos et al., 2013)

1.5 Surgical treatments of vertebral fractures

According to the AO Spine association, the ngoals of any treatment of vertebral fractures are, in
order of importance: the functional recovery of the injured neural elements; the anatomical
reduction; a stable fixation; the preservation of vascularity; an early active mobili¢Agbn

2007) According to the severity of the injuries, surgeons must choose the optimal treatment to
achieve these objectives in order of priority. Historically, there are two main currents for the
treatment of vertebral fractures. A conservative approach foreseesatie afscorsets, braces, or
plaster casts to immobilize the spine without any surgical procedures. The goal of this approach is
to allow the fracture to reduce spontaneously thanks to the natural propertieshefasialj of the

bone. The immobilisation &litates this process by preventing movements and overloads. Many
surgeons prefer to operate the spine to provide stability and guide the repairing process by means of
instrumentations implanted in the spifiumar et al., 2015)In comparison with conseative
treatment, an immediate mobilization and an earlier rehabilitation may follow an operative strategy,

providing a better restoration of the sagittal curva{Weod et al., 2014)

When a surgeon decides to operate, benefits deriving from surgetyomarsde its associated

risks. For example, an open surgery carries an associated morbidity due to infections, blood loss and
a prolonged hospital stay to recover. To access the spine posteriorly, it is necessary to incise skin
and paraspinal muscles. Wever, muscles play an important role in the biomechanics of the spine

and their impairment influences the recovery.

1.5.1Minimally invasive surgeries

Minimally invasive (MI) surgeries are associated with reduced healthcare costs for shorter
intervening time, educed risk of complications and faster recovery. For spine fractures,
preservation of paraspinal muscles and soft tissues may result in improved stability because their

functionality is left intact and may facilitate the recovery. Generally, less blos] teduced
6



scarring and risk of infections, in turn, reduce the morbidity connected vmtimienally invasive

surgery.

Pedicle screw fixation is the most common method for achieving spinal fusion andatainin

the lumbar spingdVerma et al., 2016)In the United States alone, over 415,000 spinal fusion
procedures were done in 20{Rajaee et al., 2012According to Fior Markets, the worldwide
pedicle screw system market is expected to grow by roughly 32% fromt@Q@025(Fior Markets

2019. Pedicle screw fixation is the primary surgical approach for treating a variety of spine
illnessesas traumatumours, deformitye.g., scoliosis surgengnd degemative diseas¢herniated

disc removal, spinal stenosis decompression and/or fusion aiming to avoid these pr¥iievbs

et al., 2011)In this thesis the focus will be mainly on the treatment of thoracolumbar fradtures.
general, the idea of posterior fixation is to create a briggenéans of metal rods and screws to
stabilize the fractured segment by shifting part of the load on the implant. In this way, there is a
correction of the alignment of the segments, and fragments are in close proximity so that healing
can occur. By poster pedicle screw fixation screws are inserted a level (ssgment Figure

1.3A) or two levels (longsegment Figurd.3B) above and below the fractured vertebra and are
tight together by a rod with a peet curvature. Some surgeons added instrumentalsonin the
fractured vertebrédMahar et al., 2007(Figure 1.3C). Others proposed a mosegment procedure
where the above vertebra is fixed to the vpedtserved segments of the fractured vertebra thus
including only two vertebrae in the constrferea et al., 2015§Figure 1.3D). Posterior fixation

can be done as a minimally invasive treatment (percutaneous pedicle screw fixation) for numerous
spinal pathologiegMobbs efal., 2011)



(A) (B)

(€) (D)

Figurel.3 ¢ Differenttechniques of posterior pedicle screw fixation. Skegment(Sanderson et al., 1999)
(A), longsegment(Kumar et al., 2015B), shortsegment including fractured vertebf@/ang et al., 2013)
(C)and monesegment(Perera et al., 2018P) techniquedmages adapted with permission.

Percutaneoupedicle screw fixation (PPSF) has been performed alone or combined with vertebral
augmentation (VA). VA consists in the injection of a biomatefusually a bone cement) in a
vertebra through a percutaneous cannula (Fiyd)e Bone cement has a short time of solidification

and gives stability to the structure. When a dilatator is used in this procedure, it takes the name of

8



kyphoplasty (KP). Aube is inserted in the vertebra before inserting the cannula. Through this tube
a balloon is inserted and inflated to obtain reduction of the fracture deformity and to restore the
original height. Then, the balloon is deflated and removed, leaving t§.dAsne cements typically

used are Polymethyl methacrylate (PMMA) and calcium phosphate cement (CPC).

Vertebral Augmentation

Percutaneous Vertebroplasty Balloon Kyphoplasty

= e

VY ) Y = IS
,\&}:\, )

Figurel.4 ¢ Percutaneous vertebroplasty abdlloon kyphoplasty. Reprintétbm Ebeling et al. (2019

1511 Postoperative complications

Despite the extensive use of pedicle screws in the current clinical practice, differeop@agive
complications may arise. Inadequate reduction of the fractureppesitive loss of reduction as

well as wall fracture of the pedicle are common eadgtoperative problems that have been
associated with mispositioned screws and narrow pedicheso et al., 2018)Screw loosening and

screw breakage are recurring late mechanical complications of spinal fixation that can bring to a
revision surgery in laout 6% of case¢ Pr ud 6 homme et al ., .2S¢révb ; Br
loosening and breakage have been associated to different phen@@atinasera et al., 2015)

When pedicle screws are implanted, the load applied on the spine is shifted from theolibees t
implants. Consequently, the stimulus for bone remodelling diminish and the bone will become less
dense and weaker in the region around the implant (stress shielding). In some cases where there is
no adequate anterior support, the bone/screws ingeidaaverloaded and subjected to high stresses

and strains, that could result in microfracture of the bone and consequent mobility of the screws.
The risks of screw loosening and breakage are amplified in case of osteopenic or osteoporotic bone,
which hasa reduced capability to support stresses without fajRomnusamy et al., 2011ndeed,
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in elderly female patients with deteriorated Bone Mineral Density (Blpii®toperative vertebral
fracture following posterior spinal instrumentation fustoad higherincidence than patients aged

under 70 yeargNakahashi et al., 2019%crews positioning and aunlgr orientation have been
shown to essentially impact the sciéwne load mechanism, hence examined to decrease the rate
of postoperative complicationsoth experimentally and numericall¥indrick et al., 1986; Santoni

et al., 2009; Ueno et al., 2015; Newcomb et al., 2017; Molinari €G21) In the current clinical
practice, the size of pedicle screws is chosen by taking anatomical measurements on clinical images
without considering the biomechanics of the spine from a quantitative and {sgeific point of

view.

Among side effets of VA, attention should be paid to cement leakage. If cement leaks to the spinal
cord or nerve roots, there can be neurologic deficit. Other vital organs close to the vertebral bodies
may be impaired too. Complications may also arise if there is dowubdf cement in blood
circulation as it may reach the lungs and cause pulmonary embolism. However, it has been
proposed that the compression of trabecular bone due to the inflation of the balloon itself, may
create a layer which prevents cement from ilegkinto the spinal canalZzhao et al.,, 2018)
Additionally, some authors investigated the effect of VA on the adjacent [g&ygtén et al., 2003)

In fact, VA is correlated with the risks of adjacent vertebral fractures. First, cement increases the
stiffness of the whole segment altering the biomechanics of load transfer to adjacent vertebrae
(Berlemann et al., 20025econdly, after the reduction of the fracture by VA there may still be a
loss of height of the vertebral body with respect to thefraure shape, i.e., an increase of
thoracic kyphosis, the inversion of lumbar lordosis and the forward shift aktitesof gravity. In

normal conditions, the muscular efforts needed to maintain the upright position are minimal; when
an anterior unbalancd the gravity line happens in consequence of a vertebral fracture, the gravity
line is shifted anteriorly resulting in an increased bending moment. In these cases, the efforts to
keep the balance are much higher as complex compensatory mechanisms ats¢bi mu
ligamentous system happen, resulting in pain and degradation of the spine. Therefore, from a
mechanical point of view, it is essential to restore the anterior heights in order to create backward
bending moment, preserving the spine and reducingiskeof fracture of the nearest vertebrae
(Pesce et al., 2013)n fact, after a vertebral fracture a reduction of the height of the vertebral body
is frequentGenant et al., 1993Because of the lack of information at the time before the fracture,

it is challenging to estimate which is the entity of the height that must be restored following a

vertebral fracture.
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1.6 Finite Element (FE) models

One conmon problem in structural mechanics is to determine the mechanical response of a
structure subjected to a certain loading condition. This problem could be solved in closed form for
structures with simple geometries and material properties. Instead, fercmmplex situations an
analytical solution is very difficult to obtain. Numerical methods are key to solve those problems
that require complex calculations. The Finite Element (FE) method is a numerical technique that
gives an approximate solution to ptems that are difficult to solve in a closed form due to
complex geometries, ndimear material properties and difficult boundary conditiGignkiewicz

et al., 2000) In FE models, the geometry of complex structures is discretized through small
componats of a predefined shape (e.g., tetrahedrons) which are called elements. Elements are
defined by their nodes, which, in turn, are associated to a certain number of degrees of freedom
(DOF) (displacements or rotations). According to the element typeimsiked FE model, the edges

of each element can have a linear, a quadratic or higher order shape based on the degree of the
associated polynomial shape function. In structural problems, the nodal DOFs and loads of each
element are related by an elementfis#i§s matrix that depends on the geometry of the element and
its material properties. By assembling the stiffness matrix of each element of the structure, a global
stiffness matrix is calculated. After the application of boundary conditions to describe the
interaction of the structure with external systems, the equilibrium equations are solved and DOFs
are calculated. Once the DOFs are obtained, the strains are calculated by differentiation, and the
stresses by using stresisain relationships. In cases &bk large deformations occur, or the
mechanics of contact forces is Alimear, or material properties are nlimear, the stiffness matrix

is not constant during the load application. One of the most common methods to selveaon
analyses is the Nea-Raphson metho¢Fung et al., 2017)With this method, the load is divided

in small load increments, and, for each increment, a linear approximation of the solution is found in
an iterative process. FE modelling was introduced in biomedical engineerrageint years as an

effective tool to simulate different conditions of human struct(fFagan et al., 2002)

1.6.1Patient specific FE models of the vertebra

The FE method is a convenient tool to explore the spine as its physiology and pathology are
influencal by complex mechanical factors. FE analyses allow the acquisition of quantitative
information that is hard to access in experimental or clinical settings as stress or strain fields within
the tissues. However, FE models require thorough verification atidation protocols, or

alternatively could be calibrated on a clinical basis.
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FE models of the vertebrae are generated based est&@imimages. The resolution of clinical CT

scan images allows to isolate the external surface of the vertebrae from tasigdcéasues, while

it cannot resolve the internal architecture and microstructure. In this case, the vertebra is modelled
as a continuum structure. A particular class of FE models are homogenised FE Figdets (5):

the bone is modelled as heterogeneous material and material properties are derived by local BMD
estimated by CBcan imagegKopperdahl et al., 2005chileo et al., 2008)n fact, the grey levels

(or Hounsfield units HU) of CT-scan images represent thera§ attenuation coefficients which

are a function of the density of the scanned object. If thes&@h is equipped with a
hydroxyapatiteequivakent calibration phantom, it is possible to convert the HUs to equivalent BMD
values. The phantom can be scanned simultaneously with the patiéné (@alibration phantoms)

or offl i ne. The equival ent BMD values arseto t hen
experimental equations that depend on anatomic site due to differences in bone architecture
(Morgan et al., 2003)The heterogeneous material properties can be mapped directly from-the CT
scan images element by element. As information about the ggoofie¢tabeculae and the cortical

shell of vertebrae cannot be measured bys€dn images, the bone is assumed as isotropic

material.

Young’s
modulus (GPa)

||

(B)

Low

Figurel.5 ¢ Homogenised FE model of the human vertebra implantedtwittpedicle screws.
Discretization with unstructured tetrahedral mesh (A) and colour map representing the distribution of
elastic modulus (B). Adaptéebm Molinari et al., (2021)
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Vertebrae can be meshed with tetrahe@Palhr et al., 20149r hexahedral elemen{sDa |l | 6 Ar a
al., 2012) With a voxelbased Cartesian mesh the hexahedral elements are obtained directly by CT
scan voxelsbut they are undd to represent the smooth boundaries of the bone surface. On the
other handa smooth mesh with tetrahedrons allow to better represent the geometry of the vertebra
but requires more complex ppeocessing for the generation of the me3bth meshing metids

are affected bythe partial volume effectvhich corresponds to an averaging of the attenuation
coefficients of the structures on the boundaries of the bone resultioger grey levels for the

cortical bongVarghese et al., 2011)

The reliability of predictions of FE models of the vertebra depends on the boundary conditions that,
to be clinically relevant, need to mimic tirevivo system. The mechanical loads that act on the
spine in physiological conditions are mainly due to tippen body weight and any voluntary
motions that are transmitted to spinal structures through the action of muscles, posterior elements,
and intervertebral discs. By combining the effect of those elements, FE models may be loaded to
achieve flexion, extensn, lateral bending, axial rotation, compression. When implants are
modelled, forces could be applied to the vertebra, to the implant or to both. The definition of
boundary conditions to simulate physiological loads is a complex task as the loadingadtieg

spine and the contribution of each ssthucture have not been fully characterized(alinari and
Falcinelli, 2021) In fact, little is known about loading conditions acting on teeebrae in daily
activities due to the limitations @f vivo measurements, as for example intervertebral disc pressure
or loads on internal spinal fixation devicéRohlmann et al.,, 1997, 2008Tomputational
musculoskeletainodels can be used to predict the loads acting on the spine taking into account the
effect of muscles, ligaments and other anatomical parts. Howeverlitiation of musculoskeletal
models ischallengingdue to the difficulty to measure the predicted forigaasiak et al., 2016)

and it is hard to apply these models in the clinical setting as it is not possible to inform the models

with patientspecific data (e.g., gait analysis).
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1.7 Mesh morphing

Mesh morphing is acomputational method for adapting an existing mesh to a new CAD
(ComputerAided Desigi geometry. This method is especially well suited to complicated
geometries that cannot be automatically meshed, as wall @g®imization problems requiring a

high nunber of design modificationdzor example, the solid mesh of a lumbar vertebra of one
patient could take a new shape by updating the positions of nBugse(1.6). In this way, the
topology of the mesh (number of nodes, number of elements, table of connectivity) remains the

same, and only the coordinates of nodes undergoing a shape modification are updated.

\
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(A)

Source meshes ———— Mesh morphing ———  Target meshes

(B)

Figurel.6 ¢ Application of mesh morphing to an hexahedral mesh of a hollow cyli8dsger et al., 2013)
(A) and to a tetrahedral mesh of a lumbar vertebra (B). Image adapted with permission from Sieger et al.,
(2013).
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Mesh morphing presents different adtages with respect to typical remeshing. First, it avoids the
generation of remeshing noise, in fact, as the same mesh is adapted to a new shape, the effect of one
parameter under study is not confused with the effect of a new mesh. Secondly, it@bung &

Reduced Order Model (ROM) based on reduced basis approaches (see Section 1.8) that aims at
exploring the effect of shape modifications of the model. In fact, for the nature of compression
methods used to build the ROM, the topology of the meshtdde consistent among different
models. Some distortion of the elements deformed by mesh morphing (stretching/compression) may
occur and it is important to preserve the quality of the morphed ivletih morphing approaches

seek to preserve element qtals much as possible, allowing for as many geometric changes as

feasible before remeshing is required due to element inversion.

In the following sectionsa brief introduction tdawo different methodsto performmesh morphing

is provided Gaussian Prose Morphable Modelsvere used in this thesis to morph triangular
meshesand build statistical shape modeisthe lumbar vertebradradial Basis Functions mesh
morphing ismore suited to morph volumetric meshaad it was used in this thesis to adapt the

mesh of a vertebra implanted with pedicle screws.

1.7.1Mesh morphing through Gaussian Process Morphable Models
(GPMM)

Gaussian Process Morphable Models (GPMM) are a generalization of Point Distribution Models
(PDMs), which are an important class of statistical shape models (SSMs). In PDMs, the sifiape
an object is represented by a veclor s containing the pason aftdti of N points (nodes)

belonging to its external surface:

v o o e o & (Eq. 1.1)

It is assumed that shape variations can be modelled through a normal distribution:

v i (Eq. 1.2)

where the mean shapeand the covariance matrkare estimated from the data:

v éB v (Eq. 1.3)
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] P Y VvV V v (Eq. 1.4)

Starting from th& datasets in correspondence, the covariance mzﬂtdan be represented usiag

mode vectors through Principal Component Analysis (PCA):

\ 2R / QT (Eq. 1.5)

where ¢ FQ HQ phB Rt are the eigenvectors and eigenvalues efdbvariance matrif| and|

are scalar coefficients. The point distribution mo®ealould be seen a@ model of deformations

} B | Q" x" mh thatisadded tothe mean shapeTherefore, the deformations of

the mean shape armodelled through a normal distribution. Similarly, GPMMs define a
probabilistic model on the deformations. However, this model is independent from the example data
and is defined based on analytical functions. In fact, the deformations are modelledussiarGa
Process (GP) characterised by a covariance function (or k&rEhe covariance function does not

need to be learned from data, but any positive definite covariance function can be used. In this way,
it is possible to define models that have aapability of deformation. A common kernel which is

able to enforce smooth deformations is the Gaussian kernel, defined as:

Y33 A
o9 o (Eg. 1.6)

where the parameteris associated the degree of smoothness of the deformatioiiLiighd et al.,
2018)(Figurel.7).

A Gaussian process may be represented ussegad basis functions, similar to how a PDM can be
represented using PCAOnce the GPMM is created, this che deformed in order to fit a target
shape. This results in a noigid registration approach, also known as mesh morphing. The purpose
of the registration problem is to find the deformation field that put in relationships the source and
the target shapedhis problem may be expressed as a minimization problem where a measure of
the distance between the two shapes is minimised. Any mesh morphing algorithm that is conceived
to work with PDMs is suitable to GPMM fittinfCootes et al., 1995; Vanden Berghe et al., 2017)

because the atels have a similar structure based on principal modes of deformation.
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Reference
surface mesh

Effect of high o Effect of low o

Figurel.7 ¢ Gaussian Process Morphable Models based on a Gaussian kernel applied to a surface mesh of
the human face. Smooth globdéformations or local deformations may be applied by using high or low
values of the parameter. Adapted fronLuthi et al.(2018)

1.7.2Radial Basis Functions (RBF) mesh morphing

Radial Basis Functions (RBF) mesh morphing is a class of mesh morphing algorithms that takes its
name from the type of functions used in this met{&iencolin, 2017) Known displacements must

be assigned to a limited and sufficient number of control points in the space (these control points
must not necessarily be physical nodes of the mesh, i.e., it is a meshless method) and then, through
interpolation, the displacement of the whole set of nodes is calculated to obtain the morphing. This

interpolation is performed through RBASdurel1.8).
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Figurel.8 ¢ Example of RBF mesh morphing on a-tlirnensional quadrilateral grid. Displacements are
assigned to control points highlighted in red ®).ande have norzero opposite displacements, while
other @ntrol points have zero displacements. The effect of the displacement field interpolated through RBFs
is showed onto the deformed configuration of a uniformly spaced mesh defined inside the square (B).
Images adaptedrom Biancdini, (2017)

The new nodal positions after interpolating the displacements can be calculated per each node as:

wherei J1i s

a

;
e, . m_| o

com

mj e .m (Eq. 1.7)

scalar interpolation fun®Yi oFhe whi c

interpolation function is composed by an RBF and by a polynomial @wn that is added to

ensure the uniqueness of the problem and polynomial precision allowing toeeixastly rigid

body motions:

° [ o /e

o /F
S
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where N is the number of control poirts,are scalar weights, is the basis function that has centre

at control points and depends on the distance between the nodes of the mesh te amatthe

control pointse.. In fact, once the coefficients are found, the displacement of a given node of the

mesh can be caltated as the superimposition of the radial contributions of each source point.

The weights and the coefficients of the polynomial functions can be found by imposing that the

interpolated displacements at control points must be exactly those assignetidbpmnts'Q:

[ ow Mh p QO (Ea. 1.9)

Also, a condition of orthogonality on the polynomial functions is needed to determine the

interpolant. If the function i s a conditionally positive def.i

polynomial can be used. In a 3D space the linear polynomighbderm

Qe 1 T o T & T 4 (Eq. 1.10)

The linear system of equations can be written in matrix form as:

A ”.ﬂ

H

(Eq. 1.11)

whereM is the interpolation matrix containing all the radial interactions between control points:

0 « My e g h p QG QO (Eq. 1.12)

P is the matrix containing the polynomial terms that has for each tbe coordinates of control

points in the formd PwW w & ,gthe known terms of displacement at control points.

To determine a deformation field in 3D, each congdrof the displacement assigned to control

points is interpolated as:
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(Eg. 1.13)
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In this study RBF Morph software was used for mesh morpfBmncolini, 2017; RBF Morph)
Coordinates of control points together with respective assigned displacements are passed directly to

the RBF Morph solver to determine the displacement of all tdesisubjected to mesh morphing.

1.8 Reduced Order Modelling

Reduced Order Modelling (ROM) techniques allow to reduce the computational cost of complex
numerical simulations associated with parametric workflows, as for example optimization,
statistical samplingtc, without simplifying the underlying physics of the model. Riga¢ online

computations are obtained after a more intensfflme phase that must be done beforehand.

Reduced basis approaches are a claaspaisterioriROM techniques founded on the processing of

a set of training solutions available from previous simulations (called snapshots). The core concept
is to approximate the response of the model in the space of parameters based on a limited number of
runs. In fct, reduced basis approaches aim at reducing the number of variables (i.e., the
dimensionality of solution vectors) of the model by projection on a certain basis. If the underlying
model is a FE model, the solution vectors are the results of simulatiahs&d on the nodes of

the mesh. Therefore, their size is a multiple of the number of nodes considered, depending on if the
guantity of interest is a scalar or a field. Principal component anaBGi&)(can be used to build a
reduced basis from a seft snapshots. The extrapolation of the reduced basis from the snapshots is
mathematically done by Singular Value Decomposition (SVD). Considériras the matrix in

which each column represents the values of each snapshus matrix can be writteas:

a1 (Eq. 1.14)

e
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where is a diagonal matrix composed pf the singular values of matrix, T and  are
composed of the left singular vectors and the right singular vectors, respectively. Thelmzsrix
be approximated by a linear combination of the firéeft singular vectors -, typically called
modes. Once the basis has been built, the snapsdotse projected on the basis and expressed in

terms of the coefficients and the modes of the basis:

>

v o (Eq. 1.15)

This allows to express the snapshots with a reduced dimensionality that depends on the number of
modes chosen to build the basis. In fact, for each mode within the basis, the coefficients of modes
of the snapshots are interpolated to build a responsecsurfdne ROM is the result of the
construction of the response surfaces of the coefficientd each mode as a function of the input
parameter¢Ben Salem and Tomaso, 2018he ROM allows to obtain the basis coefffnts| at

points that were not considered for construction of the basis with a certain approximation error, and
therefore significantly reduce the dimensionality of the response of a system by expressing it in

terms of its basis coefficients.

The corstruction of a ROM relies on the definition of an appropriate Design of Experiments (DOE).
Once defined the space of variability of input parameters, the number of learning snapshots and
their location within the parametric space must be defined. Difféypes of designs have been
proposed as Full factorial design, Fractional factorial design, Cebbraposite design, Bex
Behnken design etc., that can be chosen according to the amount of runs that can be computed anc
the target error of approximation. RDis particularly challenging in case of a large number of
input variables and output quantities that are high dimensional fields (for instance, the field
resulting from the six independent components of the stress or the strain tensors in each node of one
structure) as the number of simulations needed to build the ROM varies exponentially with respect
to the number of input parameters. The computational cost associated with the construction of the
learning snapshots may be high according to the complekitye model and some methods have

been proposed to efficiently choose the number of learning snag&ugs and Passieux, 2013)

The accuracy of the ROM must be tested not only on the learning snapshots, but also on a set of
results that were not used baild the ROM. This is called validation and is fundamental to assess
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the performance of the ROM and the error of approximation within the space of variability of

inputs.The validatiorset/learningset size ratio has to be chosen according to thecagipin.

22



Chapter 2: Motivations and Literature review

2.1 Finite Element models of pedicle screw fixation

The biomechanics of human vertebrae implanted with pedicle screws has been studied with patient
specific FE models including multiple vertebral lev@lset al., 2014; Xu et al., 2014; Elmasry et

al., 2017; Su et al., 2018; Wang et al., 2018, 2019; Liu et al., 201®)ingle leve(Chen et al.,

2003; Chevalier et al., 2018; Bianco et al., 2019; Matsukawa et al., 203b1aM et al., 2021)
Different failure modes of thénstrumented structure (screw breakage, screw migration, screw

loosening etc.) have been investigated by considering metrics both in the bone or in the implants.

Patientspecific FE models of the dhacolumbar spine instrumented with rods and screws aimed at
comparing different posterior fixation techniqusgh respect tahe mechanical stabilitgnd the

risk of ruptureof the construc(Li et al., 2014; Xu et al., 2014; Elmasry et al., 2017; Su et al., 2018;
Wang et al., 2018, 2019; Liu et al., 201@)fact, thesestudiesfocused orfailure modes associated

with the implants as instrumentation failure

The insertion of additional pedicle screws at the intermediate (fractured) level increased the
stiffness of the construct and lowered the von Mises stress on imm@anistherefore, the risk of
rupture of implantsyith respect to the traditional technique with pedicle screws one level above
and one level below the fractured vertefireet al., 2014; Wang et al., 201@yigure2.1A). If the
fractured level was instrumented, a unilateral procedure was indicated as a better option than a
bilateral one becauseis equally stable but less invasi{®u et al., 2018jFigure2.1B). A broadly

similar point has also recently been made_hyet al.,(2019) who highlighted the importance of

using polyaxial screws at upper or fractured level to decrease the peak Von Mises stress of the rods
and provide larger ranges of motion. A reduction of the number of levels included in the construct
to only two levels (included the fractured one) resulted in preserving the adjacent segments as the
stress at adjacent levels and intervertebral discs dimin{$%adg et al., 2019)Figure2.1C). This

result conflicts withXu's et al., (2014%tudy which found that the biomechanics of the instrumented
segment in terms of ranges of matiand stress of bony and metal structures was not improved by
adding pedicle screws at the fractured level. While pedicle screws at the fractured level were found
to improve the performance of the construct, a ieagment fixation with screws from two kdg

above to two levels below the fractured level was indicated as a biomechanically superior option

(Elmasry et al., 2017Figure2.1D). However, FE models of spine segments and implants are often
23



based on a nerealistic geometry of the fractured vertebra, often modelled as a resected vertebra
(Figure2.1), and on the assumption of many different parameters (e.g., materiattipgopé soft

tissues; geometry of discs, cartilages and ligaments) which are not easily identifiable fisoarCT
images. Therefore, it is difficult to understand the impact of these parameters on the outcomes of

the simulations, and to verify and to \date the model against experimental measures.

(A) (B)

(€) (D)

Figure2.1 ¢ Studies using FE models to determine the best strategy for posterior fixation presented different
outcomes: (A) longegment fixation with additional screws at the fractured l¢véang et al., 2018)B)
shortsegment fixation with short screws at the fractured l€&al et al., 2018YC) Monesegment
procedure at tle fracture leve(Wang et al., 2019)D) longsegment fixationElImasry et al., 2017)mages
adapted withpermission.
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Other researchers preferred to focus on a single vertebral level yonstud in depth the screws
vertebra interaction and to gain more insight into the effect of some geometric features of pedicle
screws(Chen et al., 2003; Matsukawa et al., 2015, 2016, 2017, 2020; Bianco et al., 2017, 2019;
Newcomb et al., 2017; Abbeele et al., 2018; Chevalier et al., 2018; Biswas et al., 2019; Molinari et
al., 2021)

In most recent studies FE models validated with experimental measures have been developed: FE
models(Abbeele et al., 2018nd micreFE modelgChevalier et al., 2018yere found to be good
predictors of pulout strength and stifess obtained by experimental tests better than apparent
density estimated from higtesolution micreCT images. MicreCT images allow to study the
mechanical behaviour of the vertebra in function of the trabecular bone microstructure. However,
clinical CT has a limited resolution, which provide sufficient details for clinical use, but cannot
resolve the bone microstructure. Furthermore, due to the large number of elements needed to model
the trabecular architecture, a small portion of the bone is modefiéd therefore, simplified
boundary conditions are applied which may not be physiologically relevant. As-@icrand

micro-FE models have not been used in this thesis, no further details are provided.

The sensitivity of mechanical properties estimate@Bymodels to different geometric features and
insertiontrelated parameters of pedicles screws has been assessed by using FE models with
homogeneoug¢Bianco et al., 2017, 2019; Newcomb et al., 204/}l heterogenou&hen et al.,
2003; Matsukawa et al., 2015, 2016, 2017, 2020; Biswas et al., 2019; Molinari et al.h2021)e 6 s
material propertieChen et al., (2003howed by using a patieapecific CFscan based FE model

of a lumbar vertebra that thersw length had no significant impact on both the displacement and
maximum principal stress of the screws, for models with bonded or frictional scestebra
interface.Conversely Matsukawa et al., (2016gportedthat the effect of length and diameter of
screws on the pubut strength and vertebral strength was similar by analysing FE models of 20
vertebrae instrumented with pedicleesgswith a cortical bone trajectorfFigure2.2). The role of

the amount of screw length within the vertebral bagigh respect to thectual screw lengthas

been stresedMatsukawa et al., 2016, 2020)
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Traditional trajectory Cortical bone trajectory

Figure2.2 ¢ Finite element models of the implanted vertebra with traditional trajectory with screws parallel
to the superior endplate and convergent to the centre of the vertebral body, and cortical bone trajectory
with screws along cranil@teral direction. Note the reduced length of the screw in cortical bone trajectory

to avoid perforation of the cortical bone. Image reproduced fidatsukawa et al.(2015)with permission

of AANS.

Several studies have reported the predominant effect of the diameter of screws with respect to their
length in homogeneous FE models of healthy thordi@nco et al., 2019nd lumbarBianco et

al., 2017; Biswas et al., 2019ertebraeand of heterogeneous osteoporotic lumbar vertebrae
(Matsukawa et al., 2020¥arious numerical studies have established that varying the pedicle screw
orientations in the axial and sagittal planes had a significant effect on the biomechanics of the
implanted vertebra, but there has been disagreement on the best trajectory to minimise the risks of
fracture of the instrumented vertebra or failure of the scr@gMatsukawa et al., 2015, 2017,
Newcomb et al., 2017; Molinari et al., 202The effect of cortical bone removal has also been
addresse by testing different entry point preparatiom simulate the action of a bone rongeur
(Bianco et al., 2019)Figure2.3).
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Figure2.3 ¢ Example of Finite Element model of an instrumented thoracic vertelB&hgo et al.(2019)
Three entry point enlargements (EPE) were simulated with a different degree of bone removal to simulate
the screw head hubbing. Image reproduced fiBianco et al.(2019)with permission.

CT-based FE models of the screwertebra construct have often been jmsgal as potential tools

for the preoperative planning of posterior fixation. Before clinical applications, FE models must
undergo the process of verification and validatigkssessing Credibility of Computational
Modeling through Verification & Validation: Application to Medical Devices ASME).
Verification is a fundamental step to demonstrate the reliability of FE models. The verification step
aims at providing evidence that the model is solved correctly, and has to be performed on the level
of software platform, the numerical code and the calicuat(Musuamba et al., 2021As it
concerns the calculations, it is important to estimate the effect of discretisation errors, as well as
solver and human errors on the outcomes of the models. Howeverpfrtbst studies reviewed

report poor informatiombout the verification of FE modeM/hen information about the effect of
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the mesh size is reported, it often refers to global metrics such as strain energy density or mean
stressthat are not directly used for the biomechanical analysis of the structdee umvestigation.
Moreover, several studies compared the effect of the length and the diameter of the screws on
mechanical outputs of FE models but reported contrasting results. Therefore, for each application a
detailed sensitivity analysis is neededassess the effect of size and geometry of pedicle screws.

An approach to comprehensively assess the effect of the mesh size and the sensitivity of the models
to the screwsd size and geometry on biomechan
These approaches may help in establishing pbeential of the FE models in evaluating the

biomechanics of the implanted vertebma¢he preoperative clinical setting.

2.2 ReducedOrder Models

In the biomedical field, the application of reduced order rtindetechniques has attracted the
attention of researchers in cardiovascular biomecha(anzoni et al., 2012) soft tissue
biomechanics (Niroomandi et al.,, 2012; Calka et al., 202&hd biomechanics of the
musculoskeletasystem(Zou et al., 2018; Niroomandi et al., 2020) fact, the computational time
necessary for simulations of biomechanical models including high number of DOFs, material non
linearities or norinear contact mechanics mighot fit with the healtbare systemand reduced

order modelling techniques have the potential to providetiraal simulations.

Reduced order models (ROMs) have been appliemtaputational fluid dynamics (CFDyodels

with geometry/shape variations parametrized carotid ariebifurcations(Manzoni et al., 2012)

of parametrized ascending thoracic aortic aneur{Brancolini et al., 2020)and of pathological
pulmonary arteries implanted with a stent of different diamef€aazzo et al., 2016)The
potential of ROMs has been addressed to refiagtefidelity FE modelsof soft tissues and organs

as the corne@Niroomandi et al., 2012}he liver(Niroomandi et al., 2012; Lauzeral et al., 2019)
buttockds soft ti gLshozet al.f2018)and torgwerto sfudy ¢he rinctionab n
outcome of surgerie@Calkaet al., 2021)Table2.1). To evaluate the accuracy of the ROM, both
gualitative and quantitative approaches were used. Qualitatively, the distribution over the mesh
nodes of one metric predicted by the ROM (e.g., displacement, stress or strain fields) was compared
with the one tyen by the reference FE model; similarly, the distribution of absolute difference was
analysed. Quantitatively, global measures of errors as mean, or root mean square errors over the

mesh nodes were often used as well as local absolute differences.
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Reference Organ Error between FE and ROM

Niroomandiet al., (2012) Cornea Qualitative good agreement (load vs displacen
curve)
Niroomandiet al., (2012) Liver Accuracy less than 5% (load vs displacem

curve)- the method for calculating thearoris not

clearly stated

Luboz et al., (2018) Buttock Mean relative error of 0.79% and max relat
error of 1.64% (strain)

Lauzeral et al., (2019) Liver Mean absolute error of about 1 mm (displacem

Calka et al., (2B1) Tongue RMS error between 0.038 mm and 0.146 1

(nodal positions)

Table2.1 ¢ Overview of the numerical studies showing the application of Reduced order modelling
techniques to FE models of soft tissues and organs, and respective error between reference FE models and
predictions by ROMs.

It is also possible to apply model ordeduction approaches to musculoskeletal structural aesalys
Perrier et al., (2015roposed a patierdpecific FE model of the foot to compute the internal strains
and streses in response to pressure distributions (measured with a smart sock, for instance), which
could be useful in the prevention ddingerous foot ulcer$n a subsequent study, ROMs have been
showed to predict the displacement of the foot in function offéhee exerted by the tibialis
anterior with amaximum relative error norraf 3.8% (Niroomandi et al., 202Q)Figure2.4). Once

the ROM was built, the computation time was dramatically decreased from 12 hours to calculate the

FE solution on a PC with only four cores to 0.1 seconds to evaluate the displacement field by ROM.
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Figure2.4 ¢ Displacement fields predicted by a patispiecific model of the foot and interpolated by the
ROM showed very good accuracy. Adapted with permissionNiicmomandi et al(2020)

ROMs were showed to be effective tools to accelerate the solution of a material parameter
identification problem based an vitro experimentgHoang et al., 2013; Zou et al., 201&pu

(2018) developed a Reduced Order Modelling approach basedPmper Generalised
DecompositioNPGD) and assessed its usability for biomechanical applications on a FE model of a
human femur.Hoang et al.,(2013) used ROMs coupled with neural networks to identify the

Youngo6s modulus of the interfacial tissue bet

The potential of ROMs in orthopaedics to evaluhte influence of geometric features of implants
appears to banderexplored FE models of spinal segments or single vertebrae implanted with rods
and screws have been extensively used to assess the mechanical stability of the construct and to
provide guantitative evidence to support the clinical decision process (Sédidn Nonlinear

material properties of bony structures as well as complex mechanical interactions between pedicle
screws and vertebrae introduce complexity in FE modehsl, aas a consequence, high
computational time to solve the equations is required. For instance, Molinari et al., (2021) reported
a computational time of 3.5 hours for an analysis of fracture of the vertebra on a workstation. The
computational time becom@&sadequate to clinical workflows if parametric analyses are needed to
determine the best configuration of implants. The application of ROMs to FE models of spine

fixation may overcome this limitation.

Mesh morphingenables the implementation of a parancatniode| which is used to build up the
ROM framework and datéBiancolini et al., 2020)In fact, mesh morphing allows wntrol the

geometrical parametrization of the model by acting directly on the positions of mesh nodes. In this
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way, the fundamental prerequisite for ROM construction is satisfied: snapshots (vectors of results)
must have the same dimension, i.e., meshast rhave the same connectivity and hence same
number of nodes. Mesh morphing has been used in the field of spine biomechanics for different
types of applications. A neexhaustive list of applications is image segmentafitieese et al.,

2001) statistical shape modellingleimann and Meinzer, 2009; Clogenson et al., 2015; Campbell
and Petrella, 2016; Sun et al., 202ff)e automatic construction of patiegecific mesh from
segmentationgCastreMateos et al., 2016)the implementation of muiscale patient specific
models(Rijsbergen et al., 2018)In this studyRadial basis functions (RBFabed mesh morphing

was used to create a parametrized model of the implanted vertebra. In bone biomechanics, RBF
mesh morphing e been successfully applied to the fenfGrassi et al., 2011)the mandible
(Pascoletti et al., 2021dhe rib and the cervical verteb\&u et al., 2019)n order to switch from a
reference mesh to a target patispecific mesh. The application of mesh morphing techniques and
ROMs to FE modls of spine fixation has not been investigated yet. This approach could lead to a
tremendous reduction of computational time for parametric models that require high resources to

solve.

2.3 Reconstruction of the premorbid shape of a boney using
Statistical Shape Models

Virtual bone reconstruction may support clinicians in establishing the best treatment for a given
patient or in the preoperative planning of a surgery. In order to assess the native shape of a bone,
one possible approach is to use a templatee beeglecting the shape variability among different
subjects and between the contralateral sides of the same @Egtide et al., 2007; Hingsammer

et al., 2015)In a study exploring the asymmetry between right and left human clavicle bones based
on 3D modelf 51 patients reconstructed by G¢ans, the contralateral side was found a more
reliable reconstruction template compared to a ms&ed bone (85% difference in mean 3D
angular error p-value < 0.00% and 162% difference in mean translational erneivalue < 0.001)
(Hingsanmer et al., 2015)An automatic approach to reconstruct acetabular bone based on the
contralateral side showed discrepancies ott222 mm in Euclidean distance between the hip joint
centresand 3.8°t 2.9° in enclosed angle between the normal veciidris procedure requires the
contralateral bone to be intact, which is not always the case. In addiiesge approaches are
limited by the inter variability among subjects. Instead of adopting a template, another possible

method to estimate parameters of native bone is to use correlations between measurements taken or
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clinical images or cadaveric specimenghich allow to retrieve one missing parameter by
estimating some othef(&anapathi et al., 20L1The disadvantage of this method, however, is that

their use is limited to a certain number of predefined measurements.

To date, several studies haegplored the performance of Statistical Shape Models (SSMs) to
reconstruct the premorbid shape of a bone. SSMs are a powerful tool to represent the possible
variations in shape and appearance of an object that belongs to a specific population. Shapes are
defined by vectors that contain the coordinates of a set of points on the boundary of the object to
model. These points must be in correspondence among different shapes within the population.
Principal component analysis (PCA) is applied to the shapersdotdetermine the modes of shape
variation assuming the probability distribution of shapes is a multivariate Gaussian. Then, each

shape can be approximated by a linear combination of these modes of variation.

Recently, different studies assessed themal of SSMs to aid in reconstruction of the mandible
(Wang et al., 2021 )scapular bonéPlessers et al., 2018; Salhi et al., 20Qyure2.5), acetabular
bone(Vanden Berghe et al., 2010y pelvis(Krol et al., 2013)

Manual
cut out

Figure2.5 ¢ Workflow usedor the reconstruction of the scapula based on Statistical shape models (SSM). A
region of the scapula is manually removed from the bone. Then, the SSM is fitted to the healthyhea
scapula allowing to retrieve the missing part. Reprinted with permissionPtessers et al(2018)

With this approach, 8SM isbuilt based ora population of bonewithout any diseas@ hen, ®me

defects are @ficially created to simulate a pathology with different degrees of severity by

removing some portions of bone. The SSM is used to fit the healthy part of the bone (without
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defect) under the assumption that this will provide also the shape of the npiaginghe predicted

shape is compared with the original one to evaluate the performance of the.ridtisagpproach

has showed 12%26% lower reconstruction errors with respect to methods assuming the
contralateral bone as a template for reconstrudal et al., 2013; Vanden Berghe et al., 2017)
Mesh morphing techniqgues can be used to putdrrespondence surface meshes of three
dimensional models of bones. Scalismo software has been showed to perform accurate mesh
morphing of scapular bor(&alhi et al., 2020&nd cervical vertebra@&logenson et al., 2015%alhi

et al., (2020) showed a mean error of 0t97.14 mm when comparing the results of missing part
prediction with original surface meshes of scapulae but did not report the morphing error for intact
parts, which are expected to be lower. Clogenson et al., (2015) used mesh morphing -for semi
automatic egmentation of the second cervical vertebra and obtained a mean segmentation error of
0.9+ 0.12 mm. Scalismo has not been applied to lumbar vertebrae for the prediction of-the pre
fracture shape and will be used in this project to morph lumbar vertedmasbsegmented from
CT-scan imagesde Bruijne et al.(2007)used SSMs to develop conditional shape models, which
allowed forthe prediction of one vertebrazD shapelependent on the shapes of all other vertebrae

in clinical X-ray images for the purpose of fracture quantificatiéigre 2.6). The outlines of the
vertebrae were drawn manually, landmarks were plagedlistantlyon those boundaries and were

used to build the SSM.

The shape ofarh vertebracould be foundas a weightedombinationsof predictions based on
knowledge of the shape other vertebrae, whethéealthyor fractured.For each vertebra in the
image, fractured or unfractured, its shape could be predicted as a weighted combination of
predictions based on the knowledge of the shape of other vertebrae. By building both taadSSM

the conditional models on a dataset of healthy spines, and after verifying that the prediction of
healthy vertebrae is accurate, this method allowed to estimate the normal shape of vertebrae with an
accuracy 00.8 mm While this approach appears te promising for predicting the 3D form of a
vertebral body, it has only been used to estimate the 2D shape of vertebrae-tsmgmages An
approach to evaluate the 3D geometry of a vertebra at time before the fracture is missing. This
information could be used in the preperative planning of surgeries to take anatomical

measurements and to optimise the treatment.
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(A) (B) (C) (D)

Figure2.6 ¢ Approach used bge Bruijne et al.(2007)to quantify the entity of a vertebral fracture from X
ray images. (A) Originatdy image with a severedcture and indications of the vertebral heights; (B)
Annotation of the shapes of vertebral bodies; (C)}Rr&ture shapes reconstructed for each vertebra, both
fractured and unfractured the prefractures shape of unfractured vertebra is very similahtopost
fracture shape; (D) Quantification of the vertebral fracture as difference between the reconstructed pre
fracture and posfracture shape. Reprinted with permission frdeBruijne et al.(2007)



2.4 Aim and Obijectives

The aim of this projectwasto develop computational tools in order to improve thegmerative
plannirg of surgeries to treat vertebral fractyrby providing giantitative information about the
mechanical competence of the vertebra implanted with two pedicle screws and the geometry of the

fractured vertebra before the injury.
This aim hasbeenreachedy addressing the four objectives listed below

1) To generate ahverify CT-based FE models of a lumbar vertebra instrumented with two
pedicle screws. FE models of lumbar vertebrae were built for three patients frearaCT
images. The verification was performed for one screw size separately for both realistic and
simgified design of pedicle screws (Chapter 3).

2) To assesshe sensitivity of subjeetpecific FE models of the vertebra with two pedicle
screwsto various implant sizes and in cases where the sdesignwas realistic and
simplified. Local and structural properties of the construct were analysed with respect to the
screw size suggested by the surgeon (Chapter 3).

3) To explore the application of ROMs tiee results of FE models with four shape parameters
diameter, length, sagittal orientation and transversal orientatiqreditle screws This
required the usage of mesh morphing to implement multiple combinations of parameters
while keeping the same connectivity of the mesh. The effect of the number dhdearn
points on the accuracy of the prediction of the ROM was studiece T s cpropentissd
were optimised by using the ROM (Chapter 4).

4) To develop a method teeconstructhe 3D shape of the L1 vertebral body from the shapes
of adjacent T12 and L2 vertethrbodiesobtainedby segmentation a8D CT-scan images
and to validate it on a large dataset of patiefte feasibility of tis approach wafirst
assessed on a simpler case where the shape of the vertebral body is described by
characteristic heightsThen, the method was applied to predict the 3D shape of the L1
vertebral body. The distribution of heights between the two endplates was estimated and

compared to the real 3D shape of L1 (Chapter 5).
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Chapter 3: Patient-specific finite element models of posterior
pedicle screw fixation: effect

Based on the published manuscript:

Sensal e, M. , Vendeuvr e, T. , Schilling, Cc. , (
PatientSpecific Finite Element Models of Posterior Pedicle Screwdit i o n : Ef fect of
and Geometry. Front. Bioeng. Biotechnol. 9. doi:10.3389/fbioe.2021.643154.

3.1Summary

Pedicle screw fixation is extensively performed to tobfierent kinds ofspine injuries or diseases.
Postoperative complications may arif®m this surgery leading to back pain or revisions. Finite
element (FE) models could be used to predictibenechanicabutcomes of surgeries but should

be verified when both simplified and realistic designs of screws are used. The aim of this study wa

to generate patierdpecific Computed Tomography (Ghased FE models of human vertebrae with

t wo pedicle screws, verify the model s, and u:¢

geometry on the mechanical properties of the scretebrastructure.

FE models of the lumbar vertebra implanted with two pedicle screws were created from
anonymized C3scans of three patients. Compressive loads were applied to the head of the screws.
The mesh size was optimized for realistic and simplified gegroéthe screws with  a  mesh
refinement study. Finally, the optimal mesh size was used to evaluate the sensitivity of the model to

changes in screws size (diameter and length) and geometry (realistic or simplified).

For both simplified and realistic modelelement sizes of 0.6 mm in the screw and 1.0 mm in the
bone allowed to obtain relative differences of approximately 5% or laxtRrrespect to the finest
meshChanges i n $roducdiodver diffeeemcest(-B 2 %) t han changes
diameter 6-47%) in mechanical properties of both the screws (maximum deflection, peak stress)
and the bone (mean straiMhe maximum deflectiomf screwsand the mean strain in the bone
predicted with realistic or simplified screws correlated very wefl £ 0.99). The peak stress in
screws with realistic or simplified design correlated welf R 0.82) but simplified models

underestimated the peak stress.
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In conclusion, the results showed that the diameter of the screw has a major role on the mechanics
of the screwvertebral structure for each patient. Simplified screws can be used to estimate the
mechanical properties of the implanted vertebrae, but the systematic underestimation of the peak

stress should be considered when interpreting the resultslisoRFE analyses.
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3.2 Introduction

Posterior pedicle screw fixation remains the standard surgical treatment for different diseases of the
spine as degeneration, trauma, deformity, infection and neoplasiat can be performed as a
minimally invasive surgeryenabing the preseration of theparaspinal muscles and regudg in

faster recovery, reduced blood loss and rate of infecfdfang et al. 2008) Following posterior

spinal instrumentation fusion, screw loosening, screw breakage or postoperative vertebral fracture
may lead to back pain, loss of reduction and kyphosis, particularly in case of osteoporotic vertebrae,
and revision surgeries may becessary to improve the outcomes of the treatr{flRabnusamy et

al ., 2011; tRI, 2015 Har e ereasen, surgernglated parameters should be
optimized to improve the outcomes of this surgery. While surgeons decide the optimal size,
insertion point and orientation of screws based on anatomical measurementdmag€es, finie

element (FE) models are efficient tools to mechanically assess the stability of different
configurations of the instrumented spine under different loading conditions. FE models of the
vertebra should take into account different parameters related twotieegeometry, bone tissue
heterogeneity, different boundary conditions, and before clinical applications they should be
verified and validated (see for examphessessing Credibility of Computational Modeling through
Verification & Validation: Application to Medical DevicesASME). The screw size and other
insertionrelated parameters have been tested with FE mod@sferent complexity in terms of

the number of vertebral levels included in the molely thebonetissue ismodeled and screws

bone interactiongNewcomb et al., 2017; Bianco et al., 2019; Wang et al., 2019; Molinari et al.,
2021) In most casea realistic screw geometry was used and only in a few stadienplified
geometry of the screw was modell@d et al., 2014; Su et al., 2018The usage of simplified
screws would enable the optimization and automation of the modelling procedure to evaluate
vertebral and scrves properties, if used in combination witheshmorphing and reduced model

order technigue@Campbell and Petrella, 2016}lthough FE models of the instrumented spine are
often proposed as tools for planning pedicle screw fixationmedict the optimal screw size and
orientation for a given patient, little is known about the capability of predicting the biomechanical
properties of the screw and of the vertebra if simplified or realistic screws ar¢lnsmoh et al.,

2016; Matsuwawa et al., 2016, 2020; Bianco et al., 201970 comprehensive assessment of the
effect of the mesh size and the sensitivity of the models to the screw size and geometry, in terms of
stress in the screw, strain in the heterogeneous bone, and deflection of the screw within the bone,

has not been reportéal the literature yet. This gap in the literature makes it difficult to compare the
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outcomes from different studies and understanding the potential of the FE models in evaluating the

biomechanics of the implanted vertebrae.

The aim of this study was ieerify and evaluate the sensitivity of subject specific FE models of the
vertebra with two pedicle screws for different sizes of the implant and in case of realistic and
simplified geometry of the screw.

3.3 Materials and Methods

Anonymized CTscans of theéhoracolumbar spine of three patients were collected. One vertebra
per patient was segmented, converted to a FE model, virtually implanted with pedicle screws, and
vertical loads were applied to the head of the screws, perpendicular to their axis. Aefineshent

study for realistic or simplified geometry of the screws was performed to optimize the mesh size.
Finally, the optimal mesh size was used to evaluate the sensitivity of the model to changes in screws
size (diameter and length) and geometry {s&al or simplified). An overview of the study is
presented ifrigure3.1.

39



Acquisition of pre-operative CT scan
images

Segmentation of one lumbar
vertebra

Creation of 3D solid model of the
vertebra and of simplified solid
model of the screw

Virtual implantantion of screws

Meshing

\4

Assignment of bone material
properties based on the estimation

of BMD from CT scan 50N +50N
50N
A4
50N
Boundary conditions

A4

Verification of the FE model for the
optimal screw size

A4

Sensitivity analysis on screw
diameter and length

Figure3.1 - Workflow used to generate, vy, and test the sensitivity of heterogeneous FE models of one
vertebra implanted with two pedicle screws.
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3.3.1Imaging and Image processing

Three anonymized clinical pr@perative C¥scans of the thoracolumbar spine of three patients were
analysed. The scanwere previously acquired at the University Hospital Centre (CHU) of Poitiers
(France) and transferred only after anonymization (CHRB&€HR202002-01). These patients

were treated with a posterior pedicle screw fixation for different reasons: two paépotsed a
vertebral fracture at L1 (Patients #1 and #3), one patient had osteoarthritis (Patients #2). The

scanning parameters are reported@aile3.1.

Scanning parameters | Patient #1 Patient #2 Patient #3

Voltage (kV) 120 135 135

Current (mA) 181 200 273

Exposure (s) 1.38 0.5 0.5

In plane pixel size| 0.98 x 0.98 0.88 x 0.88 0.68 x 0.68

(mm?)

Slice thickness (mm) | 1.25 1.0 1.0

Model, manufacturer | Optima CT540, GH Aquilion, Toshiba, JP Aquilion, Toshiba, JP
Healthcare, USA

Table3.1 - Parameters of acquisition of Gtan images fathe three patients.

In order to simplify the sensitivity study one vertebra with similar size was selected from each
patient (L2, L3 and L4 for Patient #1, Patient #2 and Patient #3, respectively). The relative
difference in the mean CT based BMD in thetsleral bodies was 21 % between Patient #1 and
Patient #2 ane24% between Patient #1 and Patient #3.

The pedicle widths and the distances between the approximated insertion points and the anterior
wall of the vertebral body were measured in a esestion corresponding to the approximated
insertion points and including the longitudinal axes of the scema@urrently donéy the surgeon

in the preoperative planningFrom these measurements, and based on the advice of an experienced
surgeon, it was conalied that the size of the vertebrae was ideal for the insertion of pedicle screws
with diameter (D) equal to 6.5 mm and length (L) equal to 45 mm. The shape of vertebra was
reconstructed by manual image segmentation of the CT -seasi®ns (3D Slicer, v4Qll)
(Fedorov et al., 2012)he resulting mask wasmoothed with a Laplacian smoothing. The number

of iterations was adjusted in order to preserve the geometric features while avoiding shrinkage of
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the volume which was verified by visual inspection of the overlapped CT images andrigas&
3.2).

Patient #1 Patient #2 Patient #3

Figure3.2 - Sagittal midsection views of the CT images of the three patiantssmoothed segmentation
masksof lumbar vertebraeised to build the FE models.

3.3.2Generation of the FE model

The segmented vertebrae were exported as surface meshes (STL) and importd8D imduelling

software Ansys® SpaceClaim Release 20.2 (Ansys Inc., Canonsburg, PA, USA). Through a reverse
engineering process (ASkinSurfacebo command) ,
reconstructed. The surface at the bottom of the model, repregerdathe inferior endplate, was

used to apply the boundary conditions.

Afterwards, two pedicle screws (Aesculap® S4® Element MIS Monoawiad§ virtually inserted

within the vertebraThe realistic geometry of the implant was imported as STP file. dNffexent

sizes of pedicle screws available on the market were tested including D equal to 5.5 mm, 6.5 mm or
7.5 mm and L equal to 45 mm, 50 mm or 55 mm. Nine simplified screws with a smooth conic body
without the thread were also generated to evaluatethewhread affected the loading distribution

and deformation within the vertebsarews construct. The solid model of the simplified screws was
obtained from each of the nine realistic screws as following. The head of the screw until the end of
the juncton with the conic feature where the thread begins, and the last portion of the screw after
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the end of the thread were kept from the original realistic design. The two circular exposed sections

were then connected with a conic surféégure3.3).

Figure3.3 - 3D CAD models of simplified (bottom) and realistic (top) screws.

The realistic screws with the largest size (D = 7.5 mm, L = 50 mm) were inserted at pedicles by a
Boolean subtraction. The insertion point was determined by following medical guidelines
(Gertzbein and Robbins, 199®hich consist ofinding the intersection point between a horizontal

line passing through the transverse processes and a vertical line adjacent to the lateral border of the
superior articular process. Screws were positioned parallel to the superior endplate, converging to
the centreof the vertebral body, keeping a distance of approximately 2.5 mm between the head of

the screw and the superior articular procesBegife3.4).
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(A) (B)

Figure3.4 ¢ Virtual insertion of pedicle screws showed in crar@iodaland postercanterior views for
Patient #1 (A) and insertion technique showedeytzbein and Robbing,990 (B) Image aapted from
Gertzbein and Robbing,990)

All other realistic and simplified screws were alignedthe position of the largest screws by
registering the head of the screws, which were the same for every screw. Boolean subtraction from
the original vertebra was applied for each pair of screws. In total eighteen models per vertebra were

generated, newith realistic geometries and nine with simplified geometries.

Each vertebr&crews construct was imported in Ansys® Mechanical Enterprise Release 20.2
(Ansys Inc., Canonsburg, PA, USA) for meshing. The vertebra and the screws were meshed
separately withietrahedral quadratic elements (T10). For the vertebra, a uniform meshing algorithm
was used so that the &Ean grid was sampled uniformly during the definition of material
properties of the bone. The element size was defined based on a mesh conw&rghn¢see
Section3.3.3. A bonded contact wamposedat the interface between the screws and the vertebra

by kinematic constrainti® orderto simulate fullossetegraton of the devices

Bone was modell ed as isotropic and heterogence

the local BMD estimated from the CT images. In absence of an experimental densitometric
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calibration, the Hounsfield units were considered equal to BMD equivalent &), (ISjing a

scale factor to convert the physical units to g/chhis assumption was considered acceptable for

the goal of this study, which is focused to the verification and sensitivity analysis of the nodels.
fact, the relationship betweerotinsfield units andCT-densities(calibration equationjs typically
considered linear for the bor{€chileo et al., 2008)As materialmodels and contact conditions

were also linear, considering a linear calibration equation would result in scaling the results of the
simulation by a constant value.r om t he BMD equi val ent ashewasi ty,
obtained throgh (Eq. 3.1) (Schileo et al., 2008)

Q
QA

T
The Youngos modul us was t hetasticityc expecmernted egeiadion u s i

(Eq. 3.1)

specific for thoracdumbar vertebraéeqg. 3.2) (Morgan et al., 2003)

0 T x a1t (Eq. 3.2)
The Poissonds r at i3wne=0.8B(Wirthet al.,|2008)&he wahuess ofs,.gWveret o
calculated and assigned for each element by using the Bonemat sdffweddei et al., 2007)
(http://www.bonemat.org/index.htmlThe screw was considered isotropic and homogeneous with
Youngodos modul us and P &stkres=S102 GPa3scrkwa 0.86¢@Niinorhi andl i t a n |
Boehlert, 2015)

The model was loaded with a quasatic uniformly distributed force of 200 N (100 N per screw)
applied to the hehof the screw in a direction perpendicular to the longitudinal axis of the screw
and perpendicular to the superior endplate, towards the caudal dirgiien et al., 2003; Biswas

et al., 2019)Figure3.1).The force was equallgistributed between the two surfaces of the head of
the screw that would interact with the rod (50 N on each surfdeiguré 3.1). This load
configuration aimed to represent the load exercised by the upper chest on the most inferior vertebra
of a shortsegment pedicle screw construct and transmitted by a rod that beuightened in a
direction perpendicular to the screw axis as estimated in-awo study (Rohlmann et al., 1997)
However, it should be noted that the modelinear and that the results of sitations were
interpreted relative to the optimal configuration, therefore the magnitude of the load is not critical.
In addition, the nodes of the inferior endplate of the vertebral body were fixed in all three directions
(Chen et al., 2003)Ansys® Mechanical Enterprise Release 20&hgys Inc., Canonsburg, PA,
USA) was used to solve the analysis. A workstation with processor model Intel(R) Xeon(R) CPU

E5-2690 v3, 2.60GHz was used. The analysis was run in parallel processing on 4 CPU Cores.
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3.3.3Mesh refinement study

For each patient, thmodel configuration corresponding to the optimal screw size (D = 6.5 mm, L =

45 mm) as advised by surgeons was tested for verification purposes. A mesh convergence study was
conducted to estimate the optimal mesh size. The element size was changedysepamte and

pedicle screws. Six maximum element sizes were tested for the screws between 0.4 and 1.2 mm
while keeping the element size in the bone constant and equal to 1 mm. A maximum element size

larger than 1.2 mm resulted in an inaccurate discteirzaf the circular cavity of the screw body;

the inferior boundary was considered at 0.4 mm based on the dimension of the smaller thread in the

realistic screwTable3.2).

E-size | E-size #Elements | #DOF per | #Elements | #DOF per | Total Total
screws | vertebra per Simplified | per Realistic | Realistic CPU time | CPU
(mm) (mm) Simplified Screw Screw Screw (s) time (s)
Screw Simplified | Realistic
Screw Screw

1.2 1 11489 1.2 E+05 14340 1.5 E+05 384 560
1.0 1 16867 1.7 E+05 | 20340 2.1 E+05 468 584
0.8 1 28909 2.8 E+05 | 33893 3.3 E+05 508 608
0.6 1 61918 5.7 E+05 | 68439 6.5 E+05 548 592
0.5 1 105509 9.5 E+05 | 112882 1.0 E+06 556 624
0.4 1 199297 1.8 E+06 | 210545 1.9 E+06 676 760

Table3.2 - Number of Elements and Degrees of Freedom per screw, averaged over the three patients, for six
element sizes tested for the screws (the maximum element size is reported), in models with sonplified
realistic screws; Total CPU time (time * number of CPU Cores) to solve models with simplified or realistic

screws.

Moreover, maximum element sizes in the bone between 0.9 and 3 mm were tested for the finest
mesh of the screw (0.4 mm)4dble3.3). The lowest element size was in line with the voxel size of

CT-scan images of the three patients.

The computational time needed to solve the models with diffetentent sizes is reportedTiable
3.2 andTable3.3. As the models were run iragallel computing, the total CPU time is calculated as

the CPU time times the number of CPU cores.
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E-size E-size | #Elements | #DOF #Elements | #DOF Total CPU | Total
vertebra | screws | vertebra vertebra vertebra vertebra time (s) CPU
(mm) (mm) | (Simplified | (Simplified | Realistic (Realistic | (Simplified | time (s)
Screw) Screw) Screw Screw) Screw) (Realistic
Screw)
3.0 0.4 8601 1.4 E+05 12154 2.0E+05 | 284 260
25 0.4 14319 2.3 E+05 17662 29 E+05 | 252 320
2.2 0.4 21114 3.3 E+05 24693 4.0 E+05 | 256 304
1.9 0.4 32390 5.0 E+05 35424 5.6 E+05 | 308 352
1.6 0.4 53361 8.1 E+05 55932 8.7 E+05 | 316 352
1.3 0.4 98509 1.5 E+06 101141 1.5E+06 | 424 528
1.0 0.4 215833 3.2 E+06 217860 3.3E+06 | 676 760
0.9 0.4 295509 4.4 E+06 296387 4.4 E+06 | 912 996

Table3.3 - Number of Elements and Degrees of Freedom in the vertebra, averaged over the three patients,
for eight element sizes tested for the bone (the maximum element size is reported), in models with
simplifiedor realistic screws; Total CPU time (time*number of CPU Cores) to solve models with simplified or

realistic screws.

be

in each element changes for different edainsizes, making it impossible to uncouple the effect of

It shoul d noted that due to the heterogene
mesh size from changes of material properties on the simulation outcomes. Therefore, the outcomes
of the mesh refinement study should be interpreted by considering both changes in element size and

material properties in the bone tissue.
The following metrics werealculatedor the different mesh sizes:

1 The maximum total deflectiordgay of the head of the screw calculated as the magnitude of
the displacement vector (nodal value).

1 The peakvon Mises stresslm) in the screws (nodal value) for the finest mesh. For the
coarser meshes th&w was evaluated in the same coordinates, using the element shape
functions to interpolate nodal values. Since the peakn the screws always occurred in a
nodeon the external surface, for coarser meshes the coordinates of that node could fall
outside the screw. To avoid this issue the outputs of the models were compared in a point

within the volume of the screw at a distance equal to 0.05 mm from thékaeak
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§ The peak Minimum Principal Straitiyg) in the bone (nodal value) for the finest mesh. For
the coarser meshes tljs was evaluated in the same coordinates, using the element shape
functions to interpolate nodal values. Some peaks were excluded fromatiisissbecause
their location was either close to the boundary conditions of the model, or in geometric
sharp corners (for example close to the cuspid at the insertion point or close to the tip of
screws), or in an area on the external surface of thebvartgotentially affected by
segmentation problems (low values of Elastic modulus for the small elements of the finer
mesh). In these cases, the next peak was considered.

3.3.4Influence of screw size and geometry on mechanical properties of
screwsvertebra structure

Once the optimal mesh size was chosen for the bone and the screws, the influence of the diameter
and length of screws on the stability of the simulated structure, for both the realistic and simplified
models, was evaluated. Left and right screws dsians were changed simultaneously. The effect

of changing the size of the screws was estimated with respect to the structural and local parameters
estimated for the optimal screw size €06.5 mm; L = 45 mm). The following parameters were
calculated for the three patients:

1 The maximum total deflectiortgay of the head of the screw calculated as the magnitude of
the displacement vector (nodal value).

{1 The peakvon Mises stressligv) in the screws (nodal value). Some peaks were excluded
from the analysis because their location was close to the sharp corner of the bone geometry
generated by the Boolean subtraction at the screw insertion point. This happened only for
Patient #1, for a screw diameter of 5.5 mm. In this case the next peakisttneel higher
than five element sizes from the sharp corner, was considered in the analysis.

 The mean Minimum Principal Strail}§) in the bone (nodal value). This value was
calculated within a Region of Interest (ROI) defined at the str@we interfacewith a
shape similar to the smooth conic body of simplified scrévigure 3.5). The ROl was
coaxial with the longitudinal axis of the screw and had a diameter emabttimes the
diameter of the screw. Therefore, the dimensions of the ROI were scaled to each screw size.

The same ROI was used for both simplified and realistic models.
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Regions of interest (ROls)

Figure3.5 ¢ Regions of interesROIs) used to calculate the mean Minimum principal strain around the
pedicle screws shown in the case with D = 6.5 mm and L = 45 mm on right and I¢fireetgsand for D =
7.5 mm and L = 50 mm on the right side dpipk) The ROIs were scaled in function of the screw size.

For the patient characterized by the highest relative differendissiim the screws antis in
the bone (Patient #2), the frequency plotsJerfor three screw sizes (B7.5mm and L= 50
mm; D=6.5mm and L= 45mm; D=5.5mm and L= 40 mm) were compared for models with

simplified and realistic screw geometries.

3.3.5Comparison between simplified and realistic screw geometry
Linear regression analyses were performed between the predictidng, aieak tvw and meariys
from the models with simplified and realistic screw geometry. The Slope, Intercept and coefficient

of determination (B were calculated for each linear regression.
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3.4 Results

3.4.1Mesh refinement study

The percentage absolute change with respect to the finer mabhxifor both simplified and
realistic screw models was lower than 0.1% (screw) and 0.5% (bone) for each tested element size
(Figure3.6A-B).

The percentage absolute change with respect to the finer mesaknivm was higher for the
realistic screw compared to the simplified orféggre 3.6C-D). In particular, while for the
simplified model a percentage relative difference lower than 5% was observed for each tested
element size, for the realistic case an element size of 0.6éllowred to achieve relative differences

of approximately 5% or belowl he Gvm distribution in the screws were similar for the models with

different element size for both simplified and realistic screw geoneigyre3.7).

The peak3svalues occurred at the interface between the bone and the left screw for Patient #1 and
#2, and at the interface between the bone and the right screw for Patidrge® 8.8). The
absolute percentage relative differencepéak (Js were much higher than for the peéku. For

both simplified and realistic models, element size ofirh in the bone led tabsolute percentage

relative difference of approximately 5% or below for the three pat{€idare3.6E-F).

For the following analyses, aglement size of 0.4 mm was chosen in the screws because the
computational time was not significantly affectdalfle3.2, Table3.3), and an element size of 1.0

mm was chosen in the bone.
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(A) Max e-size = 0.4 mm (E) Max e-size = 0.4 mm

(B) Max e-size = 0.6 mm (F) Max e-size = 0.6 mm

(C) Max e-size = 1.0 mm (G) Max e-size = 1.0 mm

(D) Max e-size = 1.2 mm (H) Max e-size = 1.2 mm

80,818 1741

80,818 Max 117,41 Max
£l 69,273 [l 100,64
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Ll 26192
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Ll 23,001 (MPa)
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0,00026847 Min
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33,546 (MPa)

0,00031894 Min
0

Figure3.7 - Distribution of von Mises stress in simplifieed)pand realistic dH) left screws (Patient #2) for
four different element sizes. Compressed fibers side (caudal view). The mesh was hidden in the main body of
the screw to better visualise the stresstdbution.
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Figure38-[ 20l GA 2y 2F St SivBehiorie werek FoNdach pafidntithe following views are
reported: the projection of the sagittal section corresponding to the location adlémeents in a cranial
view (AC); the location of the peak (red circle) in a sagittal section for each pati€nt ébmagnified view
of the mesh in the area corresponding to the selected peaks (G
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3.4.2Effect of size and geometry of the screw

T he s ciameterdhad agherinfluence ondnaxt han t he screwds | ength
realistic models, for both left and right screwlfle 3.4). Changes in length resulted in median
values of percentage changedinaxbetween 4% and 10%; whilst, changes in diameter resulted in
median values of percentage changesdiax between 28%and 36%. Similar changes were
observed between right and left screws, for both simplified and realistic cases, and between
simplified and realistic models, for both left and right screws. Very similar trends were found for
the three patients. As expectéat, a fixed length, themaxincreased for lower diameters; for a fixed

diameter, thelmaxdecreased for longer screws.

Ef fect of screw(®@®3indnge and sh
Diameter
Model - side | Length
7.5 mm 6.5 mm 5.5 mm
40 mm
Simplified
45 mm
Left
50 mm
40 mm
Simplified
45 mm
Right
50 mm
40 mm
Realistic
45 mm
Left
50 mm
40 mm
Realistic
45 mm
Right
50 mm

Table3.4 - Percentage difference in maximum totiflection of the head of the screw, for simplified and
realistic models, reported as median value and minimum and maximum values with respect to the nominal
condition (D = 6.5 mm and L =45 mm) over the three patients.

The diameter had higher impact peakdvm than the length for both simplified and realistic models

(Table3.5). In fact, changes in length resulted in median values of percentage chapgaktin

betveen 1% and 6%; instead, changes in diameter resulted in median values of percentage changes

in peaklvm between 6% and 27%. For both simplified and realistic models, similar percentage
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differences and trends were found between right and left screws. EQwav asymmetry was
found for Patient #1 in the models with realistic screws with D = 5.5 mm: for the three values of L,
percentage differences in peak between 2% and 11% (left screws) and between 25% and 29%
(right screws) were found. Since this pati had the largest pedicle among patients, models with
screws with D = 5.5 mm were more sensitive to local changes in material properties. Generally,
lower percentage differences in peak stress were found for the realistic screws compared to those
obtainal from simplified models. Thpercentage differencgsesented overall similar trends for the
three patients. Also, the pediw in the screw was higher in realistic models compared to those
with simplified screws. For a fixed length, tliem increased fordower diameters; for a fixed
diameter, thalvm decreased for longer screws. However, in some cases with realistic screws, this
behaviour was not observed probably due to differences in local mechanical properties of bone

adjacent to screws among modelshwdifferent screw sizes.

Ef fect of screw(@ofgeakdvwnd s ha
Diameter
Model - side | Length
7.5 mm 6.5 mm 5.5 mm
40 mm
Simplified
45 mm
Left
50 mm
40 mm
Simplified
. 45 mm
Right
50 mm
40 mm
Realistic
45 mm
Left
50 mm
40 mm
Realistic
) 45 mm
Right
50 mm

Table3.5 - Percentage difference in peain Mises stress in the screws, for simplified and realistic models,
reported with respect to the nominal condition (D = 6.5 mm and L = 45 nmgdian value and minimum
and maximum values over the three patients.
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For both simplified and realistic models, the diameter affected the Gjearore than the length
(Table3.6). In fact, changes in diameter resulted in median values of percentage changes in mean
Us between 30% and 47%, while changes in length resulted in median values of percentage changes
in mean(s between 10% and 22%. For both simplified and séialimodels, similar percentage
differences and trends were found between right and left screws. Generally, similar percentage
differences in meatys were found for the models with realistic or simplified screws. Also, the
mean (3 in simplified models wee similar to those with realistic screws. The percentage
differences presented overall similar trends for the three patients. For a fixed length, tHgsmean

increased for lower diameters; for a fixed diameter, the tygdecreased for longer screws.

Effect of screw@ dfmeantand sha
Diameter
Model - side | Length
7.5 mm 6.5 mm 5.5 mm
40 mm
Simplified
45 mm
Left
50 mm
40 mm
Simplified
) 45 mm
Right
50 mm
40 mm
Realistic
45 mm
Left
50 mm
40 mm
Realistic
45 mm
Right
50 mm

Table3.6 - Percentage difference in mean Minimum principal strain in a ROI at the-seré&sibra interface,
for simplified and realistic models, reported with respect tortbminal condition (D = 6.5 mm and L =45
mm) as median value and minimum and maximum values over the three patients.
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3.4.3Comparison between simplified and realistic screw geometry

If data were pooled for the different patients, sizes and sideslnthealaulated for models with
realistic or simplified screws correlated very welf €R0.99; Slope = 0.918, Intercept = 0.026n)
(Figure3.9A). A good correlation was also found between the pealcalculated from the realistic
and simplified models (R= 0.82) Figure3.9B). Nevertheless, the simplified mels systematically
underestimated the peak stress compared to the realisticdeasrél diff = 29.2% + 5.2% Slope

= 1.2, Intercept ~ 17 MPalor Patient #1, the stress componariculated from the realistic and
simplified modelsat thelocation of the peakiw showed lower correlation than the peak
(Appendix, Section Appendix A1Models with realistic and simplified screws showed excellent
correlation for the prediction of the me&h (R?> = 0.99; Slope = 025, Intercept =40.185mm)
(Figure3.9C).
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Figure3.9 - Linear correlation between.g (A), peak’ vm (B)and mear¥,s (C)for therealistic and simplified
models (data pooled for the three patients, two sides, nine sizes).
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The peak3s was highly influenced by the combination of screw geometry (simplified vs realistic)
but.i

and the distri

on of Youngos

mo d u IQavathin n

a ROI around the screw was similar for simplified and realisticgdesf screws, with only a

localised increased of strain for a few elements in the realistic screw nieideise3.10).
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LI 2 G AwitFireaNhbng R ara@ihditheézSght sceeW, for realistic and

t

simplified models. The data are reported for the largest screw size (A), the optimal screw size (B) and the

smallest screw size (C), evaluhfer Patient #2. Similar trends were observed for the other patients and the

left screws.
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3.5Discussion

This study aimed to generate and verify a sukgpecific CFbased FE model of the human
vertebra implanted with two pedicle screws. The model wasubed to evaluate the effect of the
size and geometry of the pedicle screws on the mechanical properties of thevestelrs

structure.

Element sizes of 0.6 mm in the screw and 1.0 mm in the bone were associated to a relative
difference of approximatelp % for both simplified and realistic models. SimilarGpsta et al.,

(2019) reported that element size of 1 mm was required forb&3ed subject specific
heterogeneous FE models of healthy-nwstrumented vertebrae loaded in compres3igidmer et

al., (2020)reported the results from a validation study for-lia6ed subject specific heterogeneous
animal (bovine and porcine) vertebrae with realistic pedicle screws. They opted for smaller element
sizes at the level of the screw dgvtompared to the bone farer from the implant resulting in about
230000 tetrahedral elements in the bone and 10000 shell elements in the screw; however, no mesh
refinement study was reporteBianco et al.,(2019) compared the fixation strength of realistic
pedicle screws with different dimensions, bongagement and entry point preparation under axial

and noraxial forces andchose an element size in the bone of approximately 0.3 mm around the
screw thread and 1 mm in regions farer from the implant obtaining differences in results under 8 %
with respect @ the finest mesh. It should be noted that little details are usually reported in the
literature about the choice of the mesh size in models to simulate the biomechanics of vertebrae
i mpl anted with pedicl e scr ewoftheimpartant siegs toqive t i ¢
credibility to the models for the assessment of the efficacy of medical defAss&ssing
Credibility of Computational Modeling through Verification & Validation: Application to Medical
Devices- ASME).

As expected, in this study percentage relative differences in (p@akere higher in the realistic
screws compared to the simplified ones. In fact, for the realistic screws different element sizes
result in a more or a less accurate discretization ofhifead features, which is not modelled in the
simplified screw. It should be noted that the presence of the thread resulted28% 22gher peak

Gvm in realistic models compared to simplified ones for the baseline configuration (D = 6.5 mm, L =
45 mm).This was due to the fact that areas of concentration of stress occurred close to the thread,

which may play a larger role compared to the diameter of the screw. Howevéy ttiistribution
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over the screws was similar among the different mesh sizestfordmistic and simplified models,

showing that the stress pattern is not much influenced by the element size.

The diameter of the screw had higher impact on the maximum displacement, on tievdeake

screws and on the medjs in the bone than thkength of the screw. This shows that for meno
cortical screws the anchorage in the pedicle, which mainly consists of cortical bone, is more
important compared to the anchorage within the vertebral body, which is mainly composed of
trabecular bone. Therefarfinding the compromise between the largest diameter of the screws by
avoiding iatrogenic fractures is crucial to provide a good anchorage on the cortical bone, which
results in lower micromotions at the scrgertebra interface and better distributidnstress, thus
preventing posbperative complication€kven though the results of the sensitivity analysis suggest
that increasing the size of the pedicle screws with respect to the optimal size would reduce the stress
in the implants and the strain inettbone, the actual clinical need and practical limitations of the
surgery have to be taken into accowfien choosing the size of pedicle screWmsfact, it may be

that a screw with a large diameter may not be easy to ir3ertresults are in line witimost
experimental and numerical studies in the literature that showed the predominant effect of the
diameter of the screws compared to their lerigthdrick et al., 1986; Chen et al., 2003; Cho et al.,
2010; Matsukawa et al., 2016, 2020; Bianco et al., 2019; Biswas et al., 2009rovide an
extensive analysis omechanical properties of the construct thaeroemes the difficulties in
comparing results from previous studiddatsukawa et al(2016)evaluated the effect of different
screw sizes on fixation with a cortical bone trajectory, where screws are inserted pointing laterally
in the transverse plane during superior screw angulation in the sagittalgsthraachor only on
cortical bone in the pedicle without the contribution of trabecular bone in the vertebral body
(Santoni et al., 2009y using an FE model including bone heterogeneities and realistic screw
design. They found that some mechanical properties of the vesdmtewasconstruct were not
significantly affected by increasing the diameter of screws. Even if our results for the impact of the
diameter of the realistic screw seem to disagree with thodalsukawa et al(2016) this should

be taken with caution as these differences may be due to different modelling techniques and
different mechanical metrics used to evaluate the effect of the size afréve Blatsukawa et al.,

(2020) investigated the effect of screw size on fixation in osteoporotic vertebrae by FE analysis.
Their results shwed that by increasing the diameter and the length of screws, the pullout strength
and vertebral fixation strength increased; they also showed that the screw diameter had a more
important effect than screw length on the vertebral fixation strength, dintitathe results of the

present study. However, the modelling approach and boundary conditions of the two studies are
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substantially different so both outcomes are complementéoyeover, even though the results of

the sensitivity analysis

Overall, the pedictions of the simplified models correlated well with the predictions from the
realistic ones, especially for the global structural properties)(and averaged local properties in

the bone around the screw (mdag). This finding suggests that geometrical differences between

the two designs of screws and local differences of material properties around the screw between the
two models do not influare the overall stiffness of the modé&izana et a).(2016) modelled a
homogeneous cylindrical block of trabecutarcortical bone and compared a simplified cylindrical
screw with a bonded interface and a realistic threaded screw with frictional contact with a pseudo
threaded screw with calibrated contact conditions. They found that the simplified model
underestimatk the displacement of the screw hd&88% and 27%differencefor cancellous and

cortical bone, respectivelgveraged valugeextracted fromFigure 4in that study)with respect to

the realistic case. In this study, it was found that the maximum defleaftitre screw head was
slightly higher in the simplified case, but a bonded interface was considered for both simplified and
realistic models. The different results could be due to differences in material models, interfaces,
geometries and applications beem the two studies. Moreover, in this study the simplified models
underestimated the pedkw, due to the lack of stress raisers considered in the realistic design.
These differences could also be amplified by local heterogeneity in the Elastic modbluseof

el ement s. I n fact, the distribution of Young:
peak Us, whereas the distribution of straas well as the mean straaround the screswwone
interface was similar for simplified and realistic mod@lsis resultis consistent with that dhzana

et al.,(2016)who showed similar maximum principal straiimslarge regions of interest around the
screwbetween simplified and realistic screwkhis finding highlights the importance of the choice

of model ling the screwbs geometry realistica

application.

There are some limitations in this study. First, it ipamant to note that before this computational
model can be used in the clinical setting, additional to the verification and sensitivity analysis of the
model, a direct validation of this approach should be made with respect to measuremempts from
vivo experiments. This study is the first step in the identification of the best approach to optimise
the virtual assessment of pedicle fixation by accounting for realistic vertebral geometry and density
distributions and by modelling the screw with a realistisimplified geometry. Validation of the
model against advanced tidgpsed mechanical testing, mie@X imaging and digital volume

correlation approachdgsDa |l | 6 Ar a temeasaré the strath@istiTbytion in the bone tissue
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will follow in future studiesThe bone was modelled @&sotropic materialHowever,theboneis an
anisotropic material as its trabecular architecture adapts to the mechanical environment along the
principal directi on s(Fietd$ et lalo 2009)Theg efféctWad Imbdeliing | a\
anisotropic properties of the bone should be explored in future works. Howewsidering that
heterogeneous propertiestbe bonehave been considered and a reasonable small element size has
been used, the anisotropy of the bone has been partially taken into addoairgcrewbone
interface was modelled as perfect bondingimulate osseointegrated implantghile this choice

may lead to less realistic stress and strain patterns in the screw and in the bone, it simplifies the
comparison between the models with realistic and simplified screws. Moreover, only the most
inferior vertebra of a shodegment pedicle screw construct was modelled, excluding from the
analysis the other features of the implanted spine unit. This choice was considered acceptable for
this study that focused on vertical loads perpendicular to theolxi®e screws. Nevertheless, in

order to evaluate the effect of the screw size in physiological conditions, more complex geometry
and loading conditionshould be modelled. The insertion points of pedicle screws, as well as the
orientation of the screw agein the sagittal and transverse planes are important factors that
influence the stress distribution on the screws and the bone. These two parameters should be

considered in future parametric studies.

Finally, the effect of the size of the screw has bealuated with nine discrete configurations
instead ofanalysingthe possible range of parameters continuously with statistical methods. While
this choice was driven by the configurations of screw size available in the market, a more general
approach couldhave highlighted optimal combinations of diameter and length for the specific
patients. In fact, the simplified design of the screw would allow to implement more easily a
parametric model, and mesh morphing techniques could be applied to update thmsitidak to
accommodate shape variatio(Biancolini, 2017) This approach combined with reduced order
modelling techniques could be used to accelerate the workflow and test several combinations of
geometrical properties of the screw for a populationatiepts and to expand to nonlinear analyses.

Such approach will be explored in Chapter 4.

In conclusion, this study highlights the influence of size and geometry of screws on the
biomechanics of a vertebra with two pedicle screws. In particular, the éiaaig¢he screw should

be optimised for each patient as it has a large impact on the stress in the screw. Moreover,
modelling the screw with simplified geometry systematically underestimate the peak stress and

should therefore be accounted for when int&tipg the results from the FE analyses.
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Chapter 4: Application of Reduced Order Models to Finite

Element models of spine fixation

4.1 Summary

Finite Element (FE) models of spine fixation have been proposed as effecthopepative
planning tools to improve theiomedanicaloutcomes of the surgery and reduce the risk of-post
operative complications. Parametric analyses by means of FE models teggicemputational
time and, for this reason, are inadequate to meet the neausstidlinical setting. The aim of this
study was to develop a pipeline based on mesh morphing and Reduced/Ode¢s (ROMS) to
increase the efficiency of FE modelsojatimisethe size and the orientation of pedicle screws.

Heterogeneous FE models of a lumbar vertelraally implanted wih simplified screws were

built from CT-scan images of one patient. Parametric FE models were created based on mesh
morphing techniques applied to change the diameter, the length, the sagittal and transverse
orientation of pedicle screws. Reduced Order N¢{ROMSs) of the deflection and the stress in the
screws, as well as the strain in the bone, were built andsadaly function of the number of
learning snapshots, the bone material propesdigdthe screwsbone interface conditions.

The findings indicated that ROMs could predict the deflection and the stress in screws in the
parametric design space with a relative error lower than 3% and 6%, respectively, with respect to
FE models. Conversely, ROMs of the strain were characterized bgcuracy lower than 5% only

in case of homogeneous properties and bonded interface. The optimal screw size and orientation
corresponded to the following configuratiddameter= 7.5 mm, length= 50 mm,Sagittal angle=-

3° andTransverse angke -3°.
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4.2 Introduction

Experimental and numerical studies have investigatedetfeet of the screw size and/or their
orientation within the pedicles to determwwich parameters play the most important role on the
stability of the spine after surgerfhe effect & insertionrelated parameters can be studied
numerically by means of Chased FE model@hapter 3. In order to increase the reliability of
these modelsionlinearities might be introduced to defitiee screws-bone interactioror material
properties. Tesolve nonlinear FE models with high number of DOFs, the computational it
reach some hours and has to be multiplied by the number of simulations to be run in case of
parametric modslfor optimisation purpose&ecause thigpproacmecessitates alge amount of
computer resources, it is challenging to meet the needsriflows delivering clinical treatments
ROMs are powerful tools that enable r@ale online computations without simplifying the
underlying physics of the modélhe potential oROMs has been addressed in different el
biomechanicsaand have showed great potentialcteate fast and accurate digital twins of human
structuresHowever, he contribution ofROMshas received little attention withthe study of spine
biomechanics, and in particular for the biomechanics of vertebrae implanted with pedicletscrews

optimise the size and the orientation of screws.

The aim of this study was to develop a pipelinsttaly moreefficiently the mechanical properties

of the vertebral body with two pedicle screviis order to decrease the computational burden, the
application of a reduced basis approach proposed in Ansys Static ROM Builder software to the
mechanical restd of FE models was explored. This required the application of mesh morphing to
update the shape parameters. A second aim of this study was to show an application of this pipeline
to determine the optimal size and orientation of screws to minimise tiseofisicrew failure for a

given patient.

In the Sectiot.3, some changes teferencd~E modelsare described and analysed with respect to

the FE models used in Chap 3. In SectioM.4, the application of ROMs to the results of FE
models with four shape parameters (diameter, length, sagittal orientation and transversaborientat
of screws) are explored and presentethjle in Section4.5 the performance of ROMs in a
simplified case with only two parameters (diameter and length of screasjnvestigated In
Section4.6, the application of ROMs to the opti mi

shown for one patient.
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4.3 Reference FE model of ne vertebra with pedicle screws

A simplified pedicle screw without the thread was designed based on the geometry of Aesculap
screws (Chapter 3). In turn, the simplified geometry was furtherly idealised at the junction between
the head and the body of theresw to simplify the usage of mesh morphing. Instead of a curved
junction, a flat junction was designedrigure 4.1), and a parametric model of the screw
characterisetdy a linear relationship between the diameter of the screw at different sections and the
screw size was created. This geometry was particularly suited to be meshed with hexahedral

elements and to be modified by mesh morphing.

T — Simplified

= Idealised

Baseline size: D =6.5 mm and L =45 mm

Figure4.1 ¢ Different designs of screws derived by a commercial Aesculap screw. Tiseddsakw is used
in this chapter.

The idealsed screw was meshed with a mixed tetrahedral and hexahedral megdteathef the

screw was meshed with tetrahedral quadratic elements (T10) while the remaining parts (junction,
body, and tip of the screw) were meshed with a structured mesh with hexahedral quadratic elements
(H20) (Figure4.2).
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Figure4.2 ¢ Mid-section view of the mesh of the screw. The head of the screw is meshed with tetrahedral
elements, while the remaiimg part is meshed with a structured hexahedral mesh.

The element size of T10 elements in the screws was 0.6 mm as determined in Chapter 3 through a
mesh refinement study. The number of H20 elements was fixed so that the total number of nodes
was the samef the unstructured tetrahedral mesh with optimal element size equal to 0.6 mm

determined in the mesh refinement study in Chapter 3. An element size of 1.0 mm was used for T10

elements in the bone as in Chapter 3.

The bone was modelled as isotropic, hegeneous material or isotropic, homogeneous material
according to the type of analysis. Heterogeneous properties were determined based on local BMD
estimatedbyC can i mages as in Chapter 3. I n the «ca
modulus wafhome= 2672 MPa and P»0.3XWirtetdls 2000t Thewa s ungd
modul us was <calculated averaging the heterog:t
elements A frictional surfaceto-surface contact was considered at the interface between the screws
and the vertebra to investigate the primary stability of the sbeve construdfOvesy etl., 2018)

The friction coefficient was fixed to 0.99 to model the effect of the undercut between the thread and
the body of the real screw that increases the contact interface between the bone and the screw anc
therefore the frictional stresghe sesitivity of the model to the friction coefficiei.5- 0.99) was
assessedn order to treat any initial small gaps and penetrations, the standard option implemented
by the software was used (AAdjust t o contactc h 0)
elements by imposing an offset dependent on the smallest gap between the bodies in contact to
close this gap. As the offset was applied only to contact elements, the stiffness of the model was not
affected. In this model, an Augmented Lagrangdaarformulation was useé surfaceto-surface

contact was preferred to a netesurface contact as includes more nodes into the analysis and
results in more accurate stresses at the interface. Contact surfaces of the screws were defined as the

master(Contact bodies with Ansys nomenclature), while contact surfaces of the bone were defined
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as the slave (Target bodies with Ansys nomenclaasdhe bone presented higleéeement density
and the less stiff material propertiehe amount ofpenetrationat the end of the solution was
assessed. In fact, any contact penetration is impossible as the bodies cannot penetrate each other

The maximum penetration was always lower than 0.01 mm.

The boundary conditions applied to the model are showdtigure 4.3. The load was applied
symmetrically on the two pedicle screwsisys® Mechanical Enterprise Releask 2(Ansys Inc.,
Canonsburg, PA, USA) was used to solve the analyisisthe NewtonRaphson method to solve

the nonlinear problem. The load was applied in 5 steps; within each step, the numberstéssib

varied between 2 and 10. The computational time to solve the equations was about 1 hour using a
workstation with proessor modelntel(R) Xeon(R) CPU E2690 v3 2.60GHzand running the

analyses in parallel processing on 10 CPU Cores.

50N +50N

Figure4.3 ¢ Boundary conditions applied to reference FE models. A-sizi®i uniformly distributed caudal
force of 100 N was applied to the head of each screw. The nodes of the inferior endplate of the vertebral
body were fixed in all three directions.

Under thee loading conditions the model was not significantly sensitive to the friction coefficient
as differences of about 0.01 mm (3%) an8 BMPa (23%) were found for the maximum total
deflection and the peakm for models with friction coefficients betweerbland 0.99. Therefore, a
coefficient of 0.99 was chosen to model the effect of the undeetwebn the thread and the body

of the real screw

For the optimal screw size as estimated by the surgeon (D = 6.5 mm, L = 45 mm), the outcomes of
models with sirplified and idealised screws were compared in case of frictional duvee

interface with friction coefficient equal to 0.99. Differences of about 0.01 mm (3%) and 2 MPa
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(2%) were found for the maximum total deflection and the peakoetween the two mads. The

location of the maximum total deflection and the péakwas the same. The fact that the outcomes

of models were not sensitive to geometric changes was mainly due to the chosen boundary
conditions and because the junction is not in contact Wwehbone. These differences were not
considered significant with respect to the envisaged application and therefore we concluded that the

FE model was not sensitive to abawentioned changes in geometry and mesh of the screws.
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4.4 Exploration of ROMs for studying the effect of the size and
orientation of the pedicle screws

The aim of this subchapter was to assess the performance of Reduced Order Modelling techniques
applied to parametric FE models of one vertebra implanted with pedicle screws having different

sizes and orientations.

4.4.1 Materials and Methods

4.4.1.1Summary

FE models of one vertebra implanted with two pedicle screws characterised by realistie screws
bone frictional interface and geometry and mesh optimised to implement mesh morphing were
presented in Seon 4.3 Four shape parameters of biomechanical interest and their range of
variation were defined to create parametric FE models. The mesh of the screws was lpdated
mesh morphing for multiple combinations of parameters, while the mesh of the vertebra was
recomputed at each time. A validation set and different learning sets with increasing number of
snapshots were identified. Based on FE solutions of models loattedentical load applied to the

head of the screws, ROMs of the displacement and the stress in the screws as well as the strain in
the bone were built. The influence of the number of learning points on the performance of ROMs
was investigated. An overvieof the study is presented kiigure4.4.
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Definition of ranges of variation of
shape parameters

Mesh morphing to update size and
orientation of screws

CAD update and mesh computation
for the vertebra

Planning of DOEs and FE simulations
under vertical loads

A4

ROMs of mechanical results in the
screws and in the vertebra

A4

Characterization of performance 2 -
Of ROMS _§ 20 3 Total deflection

Figure4.4 ¢ Workflow to create parametric FE models based on mesh morphing whose results are used to
build ROMs.

4.4.1.2Definition of theparameters representing the size and orientation of screws

The FE model included four shape parameters: two parameters for the size of sheediameter
(D) and the length (L); two parameters for the orientation of screws within the pedieesagital
orientation (d) and Fidgued45.r ansverse orientatio

For the considered patient an expert surgeon has identified the optimal screw size with D = 6.5 mm
and L = 45 mm. In this study, we considered a range of variation of the diameter between 5.5 mm

and 7.5 mm and a range of variation of the length between 40 mm and 50 mm. These parameters
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were chosen for this patient based on the dimensions of the twdgsednd the vertebral body

measured on G§can images.

The parameters defining the orientation of screws within the pedicles were defined as follows. A
sagittal plane for each screw was defined as the one including the longitudinal axis of the screw and
the direction perpendicular to the longitudinal axis of the screw and perpendicular to the superior
endplate (same direction of the external applied loBRdju(e 4.5C). The orientation of the screw

within this plane was expressed by the ariglebetween the longitudinal axis of the screw in the
optimal configuration and the longitudinal axis of the screw after rotating the screw around the
insertion point at the pedicl&his point was fixed and identified according to a medical protocol
(Gertzbein and Robbins, 199@hich consist of finding the intersection point between a horizontal
line passing through the transverse processes and a vemncatjacent to the lateral border of the
superior articular procesh the sagittal plane, positive angles corresponded to the cranial direction
and negative angles to the caudal ofigyre4.5C). A transverse plane was defined as the plane
perpendicular to the sagittal plane that contains the axis of the screw. The orientation of the screw in
this plane was identifi ed wsdrdwhatthe bpimahconfiguratiori b e
and the same axis after rotating the screw around the insertion Figime4.5D). In the transverse

plane, we assumed positive aggjbs lateral and negative angles as mefigili(e4.5D).

The range of variations of both angles w&s,(3°) to avoid perforating the cortical bone layer. As
suggeted by the surgeon based on the current clinical practice, the parameters were the same for

the right and left pedicle screws.
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D= (5.5, 7.5) mm IJ

(A)

PR ——

{ L = (40, 50) mm !

(C) (D)

Figure4.5 ¢ Shape parameters related to the size and orientation of screwfiéfneter- D; (B) length L;
(C) sagittal orientation* T 050 (i NI y 4@ SINEOS 02 NRYREEDH6HmS oizngsdlid moddl R
at the level of the left screandindicate the convention used.

4.4.1.3Mesh morphing

The availability of a set of veat® (results of the FE models) of the same size is a major requisite

for the application of Reduced Order Modelling technigW®ben ROMs are applied to models
with physical parameters (e.g., the module of
any modification of the initial mesh, this requisite is easily satisfie@uajuating the results at

mesh nodesAs in thisstudythe parameters of reduced models are shape parantie¢ensesh has

to be modified in order to accommodate the variationthef geometrywithout changing the
topology of the mesh. dditionally, the modifications of node positions musguarantee the
correspondencef node locationamong different models. For examplegife node (and, therefore,

one component ahe results vectdrcorresponds to a location on the tip of the sctée,node of
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all other models, after modification of the mesghyst correspond to the same location. For this
reason, in this work, mesh morphgiwas used to modify the nodal positions of one baseline mesh
to obtain different configurations of shape parameters. RBF Morph software was used to compute

the morphing.
4.4.1.3.1Workflow

The generation of the FE model with different combinations of four shajpenpters was done

with a mixed workflow based on CAD operations for the solid model of the vertebra and on mesh
morphing to update the mesh of the scrévwgire4.6). In fact, the mesh morphing of the vertebra

to update all four shape parameters was challenging because of the large number of transformations
needed to apply local corrections to the geometry and the resulting degradation of the quality of
elements. Thus, ihis study the mesh of the vertebral body was not morphed, and, for each
configuration of parameters, the mesh of the bone was created starting from the solid CAD model.
For each combination of parameters, the screw size was changed in the CAD softreys®(A
SpaceClaim). Afterwards, the screws were rota
was performed to create the holes in the solid model of the bone for the pedicle screws. Each solid
model of the vertebra was meshed wétrahedral gqadratic elements (T1@yith element size of 1

mm (Chapter 3)On the other handhe size and orientation tfe screws were changed by mesh
morphing starting from the hexahedral mesh generated on the model with the optimal screw size
(template mesh). Fitsa transformation was imposedadaptthe mesh to changén diameter and

length of the screws. For each target combination of diameter and length, the RBF control points
had the same position with respect to the mesh of the screwshebdisplacemestassigned to
themchanged based on two amplification parametersder to obtain screws with multiple sizes

The procedure to implement this transformation pgeesented inSection 4.4.1.3.2 The
transformation to change the diameter and the length of the screws by mesh morphing was followed
by a rigid transformation of the screws to change their orientation both in the sagittal and
transversal planes. This rigicatrsformation was also applied through mesh morphing by using the
in-built transformations of RBF Morph. Each time, the Hausdorff disté@cenmandeur et al.,

2011) between the morphed template mesh and the solid CAD model of the target screw was
calculated to evaluate the accuracy of the morphing procedure. The workflow to change the shape
parameters of the model is summarisefligure4.6. The generation of each model took less than 3

minutes without optimization of the number of control points used in RBF Morph.
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Figure4.6 ¢ Schematic representation of the workflow based on CAD operations for the vertebra (A) and on
mesh morphing for the screws (B) to create the parametric FE model.

4.4.1.3.2Generation of RBF control points and their displacement field

The idealsed screw with D = 6.5 mm and L = 45 mm was positioned at the origin of the
coordinates system, so that thexds was parallel to the longitudinal axis of the screw and x and y
axes were parallel to the transversal section of the screw. Ag#ukeof the screw was the same for
every screw size, it was not considered in the mesh morphing procedure and the origin of the
coordinates system was placed at the initial section of the junction between the head and the body
of the screwFigure4.7).

Figured.7 ¢ Local coordinates system positioned at the initial section of the junction of the screw to
generate the RB&ontrol points for mesh morphing.
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A structured meshFjgure4.2) with the same number of nodes and elements was built for a screw
with D = 6.5 mm and L = 45 mm and aalher screw with D = 5.5 mm and L = 40 mm. These two
meshes had also the same connectivity: same node IDs on the two meshes corresponded to the sam
topological positions, even if the coordinates of the nodes were different. In this way, for each node
on the mesh of thebiggerscrewit was possible to calculate the displacement to be applied to that
node to move it in the corresponding position onto the smaller screw. The nodes belonging to the
external surface of the meshes and the nodes belonging toréve cavity were considered as
control points for morphing, while the displacement of nodes within the bodies was interpolated by
RBF mesh morphing. As this approach was implemented directly on the mesh used for the
simulations, the displacement of nodestbe external surfaces of the body was extremely accurate
as it was not interpolated. The construction of the RBF control points, and the imposed
displacement was done separately for the junction, the body and the tip of the screw. As an
example, the didgpcements to be applied to the RBF control points on the mesh of the body of the

screw to reduce its diameter and its length are reporfédhie4.1 and showed ifrigure4.8.

Diameter Length
External surface PX | A* (XpssT Xpes) 0
Py | A*(YossT Yoes) 0
pz|0 B * (ZLao T Zi45)
Internal cavity px |0 0
®y (0 0
@z |0 B * (ZLao T Zi45)

Table4.1 ¢ Example of displacements assigned to control points in order to obtain a reduction of the screw
size by mesh morphing. A and B are constants that could be used to amplify the displacements and obtain
different screw sizes.
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......

Axial displacement (mm)
0.0 -1.3 -2.5 -3.8 -5.0

Radial displacement (norm) (mm)
0.0 0.1 0.3 0.4 0.5

Figure4.8 ¢ Example of displacemesssignedo RBF control points to obtain a reduction of the screw size
(from D =6.5mm and L =45 mm, to D = 5.5 mm and L = 4bymmsh morphing-or axial displacement,
RBF control points on the tip of the screw are linked to large displacement to reduce the length of the screw,
while RBF control points at the beginnisfghe body of the screws have low displacements. Regarding
radial displacementt is zero at the tip of the screw, whilst it is maximum in correspondence to the
maximum diameter of the central part of the screw.

As the parametric model of the idesalil screw was characterised by a linear relationship between
the diameter of the screw at different sections and the diameter itself, it was possible to obtain
different screw sizes by tuning the coefficients A and B. For example, for A > 0, B > 0 a reduction
of the diameter and the length was obtained; for A < 0, B < 0 an expansion of the diameter and the
length was obtained. The displacements along each direction x, y and z must be considered
simultaneously to obtain a modification of the diameter and tigtHeof the screw.
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It must be noted that, even if the RBF control points were defined in a convenient coordinates
system, the same could be used for screws in whichever position in the space by calculating roto
translation matrices between the referencerdioate system and appropriate local coordinate

systems defined on the screws.

The Hausdorff distance between the morphed template mesh and the target mesh was lower than

0.01 mmconfirmingthat the morphing procedure was extremely accurate.

4.4.1.4ROMs of the mchanical results

In this study, a ROM of the total deflection of the screw as well as a ROM of the von Mises stress
(Gvm) in the screws, and a ROM of the minimum principal strbfg) (n the vertebra were created

in function of the 4 parameters definedthe FE model (D, Ld, G4 ) The mechanical results in the
screws were sampled ateshnodes to build the set of vectors for the ROMswever for the

ROM of the mechanicgbropertiesin the bone, a grid of sampling points around the screw was
morphed foreach configuration and the strain in that location was interpolated by using element
shape functionsThis procedurevasneeded to build theet of vectors to create the ROMmassh
morphing was not applied to the mesh of the vertebra

A grid of points was defined around the screw based on the coordinates system sheigackin

4.7. The design of the grid was constrained by the fact that all sang@ings must be inside the
vertebra for all the models. For this reasdw dgrid of points started & distance of 15 mm from

the origin of the coordinates systeawards the vertebral body. Along the longitudinal axis of the
screw, 27 planes perpendicuta the axis of the screw were considered at a distance of 1 mm from
each other for the screw with D = 6.5 mm and L = 45 mm. Within each plane, a circle with the same
centre of the section of the screw and a diameter larger by 0.5 mm was considerethed sa
with 26 points. In this way, all the grid points were at a distance which was equal to the mesh size
in the vertebra for the screw with D = 6.5 mm and L = 45 mm. As the grid was used to sample the
strain in the bone, a grid with consistent charasties, but adapted to each screw size, was
computed for each screw size. Then, the sampling points were subjected to a rigid transformation
determined by calculating rotoanslation matrices between the reference coordinate system and
appropriate local aardinate systems defined on the screws in the undeformed configufagane(

4.9).
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Figure4.9 ¢ Grid of points to sapie the strain in the bone in the region around the screws for an example
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Before the reduced models can be exploitedrealipt the simulation results, the accuracy of the
prediction must be quantified with respect to the reference FE models. Therefore, the first step in
the construction of the reduced model isdleénition of the learning and the validation sets. These
sds are associated with combinations of parameters in the parametric space. It is important to define

the location of these combinations in the parametric space as well as the dimensions of the learning
and validations sets.

Sixteen validation snapshots were chosen at the centres of the 16-pggnadelepipeds that
compose the 4D design space (2D case: a square can be dividestoar2s; 3D case: a cube can
be divided in 2 cubes and so on)igure 4.10). By doing so, the design space was uniformly

covered by the validation snapshots. As the error was higher for the chosen 16 validation snapshots,
this set was retained to assess the performainte reduced models.

78



# of validation points = 16

Figure410-[ 20l G A2y 2F GKS O2YoAyl (A 2 goaespidingit&iBe 16 K LIS |
validation snapshots represented (blue dots) inslisubspace.

Considering tht the number of learning points will affect the predictive abilitiR@Msand that it

is not clear what is the best compromise between the accuracy of ROMs and the efficiency of the
approach, a sensitivity analyses the number of learning points wagfpemed. The initial set of
learning points was chosen by considering a simple full factorial design with two levels per
parameters (DOE1)he two levels corresponded to the minimum and maximum values selected
per each parameter (Sectidd.1.9. By using this type of design, the corners of the design domain

(a hypercube) were sampled as showeigure4.11. Then, the number of learning snapshots was
incressed to 17 (DOEZ2), 27 (DOE3) and 45 (DOE4) to study the effect of the number of learning
snapshotsHigure4.11). The DOEs were built by progressively adding one or rsoepshots to the
previous learning setThe maximum number of modes to build the ROMs was chosen for each

DOE in order to make the analyses uniform among different DOEs.
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Figure4.11¢ The combinations dfJl NJ Y S i S Ndar the Earning set (r&d points) shown in thé
subspace for the considered Designs of Experiment (DOE).
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To build thereduced modelsAnsys Static ROM Builder (accessible in Ansys Twin Builder®
software) was usedlhis software implements a redueledsis approach (Section 1.8) which is
based on a reduction and construction phasethe reduction phase the learning snapshots are
compressed by SVD. An optimal number of modes to represent the learning dataset must be chosen.
The ROM is the result of the construction of the response surfaces of the modes coefficients as a
function of the input parameters. The creation of response suftaceach mode is based on the
Genetic Aggregation Response Surface (GAR8prithm (Ben Salem and Tomaso, 201Bjis
technique selects the interpolator or gives the best combination of several interpolation methods
usually used to create response suddteés important to consider two types of metrics to evaluate

the performance of ROMs. In fact, both the projection phase, i.e., the creation of a reduced basis, as
well as the construction phase, i.e., the creaifaesponse surfacasust be assessed

To evaluate the accuracy of the projection ph#se,relativenorm projection error (Eq. 4.1)

(Q between the field predictgarojected in the basiof modesand the solution of the FE
model wascalculated To evaluate the accuracy of the prediction of ROMe relativenorm ROM

error (Eq. 4.2) (Q ) between the field predicted by the ROM and the solution of the FE
model wascalculated Additionally, the distributions of absolute ROM er(@&q. 4.3) (Q )

over the domain were evaluated. The ROM error represented the sum of the projection error and the

interpolation error introduced by the creation of response suffiacesch modeof the basis.

B w
Q —_— (Eq. 4.1)
B »
B w w
Q — (Eq. 4.2)
B w
Q S ® S (Eq. 4.3)
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4.4.2 Results and Discussion

Overall, the averag® decreased from DOE1 to DOE4, i.e., by increasing the number of

learning pointgFigure4.12).
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Figure4.12 ¢ ROM errors on the validation set in function of the number of learning points (A) and
projection errors in function of the number of modes retained to build the ROBDIOE4 (B), reported for
the ROM of the total deflection, the ROM of the von Misesssirand the ROM of tmeinimum principal

strain.

As it concerns the ROMs of results in the screws, the avetage over the validation
snapshots wakwer than 3% for the total deflection, and under 6% for the von Mises, when the
ROMs were hbilt with 17 learning pointsHigure 4.12A). As expected, ROMs presented better
performance for the deflection than for the stress. In fact, the FE solution is marat@aaan
displacements than on derived quantities. Therefore, inaccuracies in the FE solution could lead to

deteriorated performance of ROMs.

In the case with 45 learning points (DOE4), the aveikage for the deflection significantly

decrease by 53% with respect to thease with 17 learning points (DOEZIFigure 4.12A).

However, the averag® was lower than 3% for DOEZ(gure 4.12A). This error was
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considerechcceptable for the envisaged application in reason of the variability of the deflection in

the range of variation of parameters, and the superior computational cost related to DOEA4.

The averageQ error for thelivm slightly decreased in DOE&nd slightly increased in

DOE4 with respect to DOE2. However, the averége over the validation snapshots was

higher for DOE2 (2.08%) than for DOE4 (1.00%), considering the maximum number of.modes
These results showed that, in the prece$ construction of the ROM of théym, while the
compression phase benefited from the increase of the number of learning snapshots, the
interpolation phase presented worsened performance. The construction of the response surface
based ortheinterpolation of modes coefficients is sensitive to possible sources of noise within the
FE resultfields, as, for instance, the differences among meshes of the vertebra for different models,
heterogeneity of the bone etc. (more details are provided bédtoadditin, the geometry of the tip

of the screws presented a sharp angle that act as acstnesstratokvhere the FE solution is less
accurate than in other regions. Due to this characteristic aftitbesfields, it would be difficult to

find common patterndor the distributions among models with different screw sizes and
orientations that could be effectively captured thg compressionof snapshotsThe possible
sources of noise are inteonnected among theand it would be hard to isolate the effect oflea
cause. Further analyses are presented in Seéttoan asimplified model with only two shape
parameters (diameter and length)investigate the source of thear For the construction of the

ROM, DOE2 was chosen as the best compromise betwe€eq the and the computational

cost related to the generation of the learning snapshots.

The averag® over the validation snapshots for fjgin the bone decreased in function of

the number of learning points, bwas higher than 24% when the ROM was built with 45 learning
points Figure4.12A). Regarding e ROM of thel}s in the bone, it must be noted that the average

Q over the validation snapshots reached a plateau at 21% for DOE4 in function of the
number of modeéFigure4.12B). This result showed that the modes created by compression of the
learning snapshots were not able to represent the validation snapshots. Therefore, the high
Q for the (s was not due to the construction of resge surfacesThis result represents a

limitation of this study and will be discussed below.

The distribution of results estimated by FE models, the one predicted by the ROMs as well as the
distribution of theQ for the validation snapshot witthe highest error are showedFigure

4.13, Figure4.14, andFigure4.15, for the ROM of the total deflection (DOEZ2), the ROM of the
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von Mises stress (DOE?2), afak the ROM of the minimum principal strain (DOE4), respectively.
The distributions ot were similar among the validation snapshots, therefore the-oasst

scenario is reported.

The peakQ for the deflectiorwas often locai at the head of the screwsiqure4.13). The
highestpeakQ over the snapshotsad order of magnitude of #anm, whichcorresponds to

5.5% in relative aor. In addition,the head ofhe screws was a region characterized by many nodes

with high values of deflectioand values of2 closeto the peak value.

The peakQ for theGvm in the screw was localiseat the tip of the screwsigure4.14). This

part of the FE modek characterized by a geometrical singularity that results in an inacéurate
distribution with many local peaks close to the singularity. These values are probably randomly
distributed over the different screw sizes and orientations and could not be taken into account by the
ROM, which presented higlbsolute errors those ndes.The'Q distribution presented low

values in the area where the pégi4 occurred.

The'Q distribution of the(Js in the bonepresented high values at both right and left sides. In
fact, the peak2 shifted between right and left sides among the validation snapshots and was
located at the level of the top side of the screws (pulled fibers), close to theigiype4.15), in the

same region where the pels occurred. This area was subjected to high compressive loads due to
the bending of screws. While the strain distributions rrgnmodels with different combinations of
parameters were similar due to the same loading condition, local peaks of strain depended on the
di stribution of Youngos modul i in the bone
parameters. Therefore, tiheterogeneity of material properties may play an important role on the
Q distribution In addition, the geometry of the screws presented a sharp corner due to the
change of diameter between the body and the tip of the screws close to that Tégg geometric
feature may affect the accuracy of the strain distribution predicted by FE models, and, as a

consequence, th@ distribution
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D = 7.0,L=47.5,8 = =1.5°%¢@ =1.5°
eNORMROM = 4‘.62%

FE model ROM

0.19 0.27 0.36

Total deflection (mm)

0.00 0.01 0.01 0.02 0.02

€ABSroM (mm)

Figure4.13 - Distribution oftotal deflection of the screwsvaluated by the FE model and by the ROM, as
well as the absolute difference between the two fields, for the configurations with the hig@asterror. A
view from the top (cranial side) is shown. The distributions were similangwalidation snapshots.
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D= 6.0,L.=425,0 =—1.5%p = 1.5°
eNORMROM e 6.35%

FE model ROM

0.00 26.26 52.53

von Mises stress (MPa)

0.00 4.64

Figure4.14 - Distribution of von Mises stress the screwgvaluated by the FE model and by the R@i
view), as well as the absolute difference between the two fieldsvfrom the anterior part of the vertebral
body) for the configurations with the highest ROM error. The distributions were similar among validation
snhapshots.

9.28 13.92 18.56
€ABSRoM (MPa)
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D=60,L=425,06=-15°%¢ =-1.5°
eNORMROM = 25.51%

FE model ROM

-3748.49 -2849.31 -1950.13 -1050.95 -151.77

Minimum principal strain (pstrain)

0.05 558.70 1117.34 1675.98 2234.62

€ABSRey (MStrain)

Figure4.15 - Distribution ofminimum principéstrain in the vertebra in a region around the screws
evaluated by the FE model and by the ROM, as well as the absolute difference between the two fields, for
the configurations with the highest ROM errArview from the anterior part of the superior guiate is
proposed.Similardistributions werdound for othervalidation snapshots.
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The presented approach is effective to investigate and optimise the shape parameters in order to
decrease the risks of failure of screws, even though it could not be reliably used to study the effect
of different sizes and orientations of screws on thersin the bone. It must be noted that the FE
model presented some features ttauld influence the performance of the ROM by introducing
some variability into the data that are difficult to capture by compresBiost, in this study,

di f f er e sizes @ arientat®rs were represented in the FE model by mesh morphing of the
screws, while the mesh of the vertebra was calculated each time based on the solid CAD model. For
this reason, the number of nodes and elements of the vertebra changed ass thvelinteraction
between screws and holes in the vertebra for each combination of shape paravhetersould

result in introducing some inconsistencies and noise into the model. Additionally, the bone was
modelled as heterogeneous material with maitg@roperties derived by G3can grey levels. &h
component ofa snapshot, while associated with positions in correspondence among different
models, itwas alscassociated with different positions within the vertebra, asda consequence

with differentY o u n g 6 s Fanioastianck, if the component X within one snapshot corresponded

to a certain location close to the tip of the screw, the component X of all other snapshots must
correspond to the same location relative to the tip of the screw. Howewse, Ibcations were in
different positions with respect to the geometry of the vertebra, and therefore were associated with
di fferent Youngo6s modul i and with a differen
modelling of the screwbone interfacecould also have an important role. With a frictional
interface, normal and shear stresses carried by the two contacting geometries are taken into account
across their interface. The software allows to manage any initial gaps or penetrations locally or
uniformly along the contacting surfaces in order to enforce contact compatibility, i.e., to prevent

i nterpenetration. In this study the default o
software searches the smallest gap and apply an offsétcmngdct elements over the interface of

one of the bodies to close this gap. Even if the accuracy of the morphing transformations was
verified, small gaps or penetrations due to mesh morphing or to mesh discretization would be
considered in a different wafor each model, therefore introducing some differences among
models. The management of initial gaps and penetrations must be furtherly exfiloned.
hypothesized that the most important issue was theomgutation of the mesh of the vertebra

among diferent models.

The goal of this study was &xplorethe performance of &0OM-based pipeline to optimize the
screw size and positiorg for a single patientBecause of thisimitation, the findingsabout the

influence of the number of learning points e ROM errormust be evaluatedarefully. The
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analysis should be extended to more patients in future works to determine an optimalH2OE.
optimal DOE could be used to compute the ROM construction phase for patients that does not need
an urgent treatmenBy using the ROMit would be possible to explo®ntinuouslythe range of
variation of parameters and to optimize the insertelated parameters the screwsAdditionally,

the number of computatioms the offline phase coulde optimisedy evaluating the sensitivity of

the model to all the parameteasd the interactions among the different parameters. In this way, it
would be possible to adjust the sampling of the parametric space and the choice of validation points
to explore regionsfdiigh sensitivity of the modeFurther analyses to explore the effect of different
modelling choices on the ROM errors are presented in Sedéttofor a model whex both the
screws and the vertebra were morphed toAnupdat
example of application of ROMs to the minimisation of the total deflection andiihén the

screws for one patient is presented in Sectién

4.4.3Conclusion

In this study an approach to dramatically reduce the computational time of a parametric FE model
to study the effect of the size and orientation of pedicteves implanted in a vertebras been
presentedSuch approach could be used to minimise the risk of rupture of the screws (von Mises
stress), but it is not accurate enough to investigate the bone failure due to excessive deformation of
trabecular bone ahe screwsbone interface. An application of this approach to one patient is
presented in Sectioh6. Further analyses are needed to examine the impact of souneseaf FE

models on the performance of ROMs and to test the influence of the identified sources of noise on
the ROM of the strain in the bone.
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4.5 Exploration of ROM s for studying the effect of the screw
size

The goal of this subchapter was to evaluateetifieacy of Reduced Order Moldieg approaches
using parametric FE models of a single vertebra implanted with pedicle screws of various sizes and
lengths considering different modelling choices in terms of bone material properties and-screws

bone interfae.

4.5.1. Materials and Methods

4.5.1.1Summary

A subjectspecific FE model of one vertebra bilaterally instrumented with pedicle screws was
adapted to different diameters and length of screws by using mesh morphing. In order to address the
challengegpresented in Sectioh4.2 three types of models with a decreasing degree of complexity
were built in terms of bone material properties and sctewne interface. & each type of model,

FE simulations were run with nine different combinations of shape parameters. The mechanical
outputs of models (deflection and stress in the screws, strain in the bone) were exploited to build
ROMs that were assessed based on aatadid set of simulations. The ROM error wasluated in

function of the number of learning points

4.5.1.2Mesh morphing

A mixed tetrahedral/hexahedral mesh as described in SekBavas generated on the model with

the optimal screw size (template mesh). This mesh was morphed with a series of multiple
transformations that allowed to change the diameter and the length séréws and of the holes
within the vertebraKigure4.16). In this study, we considered a range of variation of the diameter
between 5.5 mm and 7.5 mm and a rangeaofation of the length between 40 mm and 50 mm as
suggested by an expert surgeon. Each time, the accuracy of morphing operations was verified by
calculating the maximum distance betwdlea morphed mesandthe mesh computed on the solid

CAD model (targetmesh) obtained by Boolean subtraction (cf. Chapteai®) verifying that this

distance was lower than 0.01 mm

The template mesh of the screws was morphed with a single transformation that allowed to change
thediameter D) andlength () of the screws siultaneouslyThe detailed procedure to derive the
control points and the displacement field characterising this transformation is reported in Section

90



4.4.1.3.2 A series of four transformations was needed to accurately morph the template mesh of the
vertebra to change the D and L of the two holes. The first transformation was directly derived by
the transformation applied to the screws by excluding the control phaifitey outside of the
vertebra Figure 4.16A). The subsequent transformations were defined based on -iheiltin
transformations of RBF Morph and the setsaffaces and edges of the solid CAD models of the
vertebras corresponding to different diameters and length of screws. In fact, in the second
transformation, the edges of the holes were morphed onto the edges of the target mesh with a Curve
Targeting tran®rmation, the surfaces containing those edges were left free to accommodate the
modification and other surfaces were assigned a null displacerrignird 4.16B). After that
transformation, the surfaces on the external surface of the vertebra were projected onto the
corresponding surfaces on the target moBrJure4.16C). Finally, the internal surfaces of the two

holes were also projected onto the corresponding surféiéigsire 4.16D). This series of
transformations allowed to obtain differencewéo than 0.01 mm for all the meshes of the vertebra

with respect to the target meshes.
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Displacement (mm
0.5 16 28 (mm)

3.9 5.0
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Null displacement
Free to be deformed
Surface projection

Curve projection

Figure4.16 ¢ Outline of the transformations to change the diameter and length of the holes by mesh
morphing (A) Updae of diameter and length(B) projection of edgs; (C) projection afxternal surfacesf
the holes; (D)projection ofinternal surface®f the holes.

4.5.1.3Material properties and screwsone interface

In Sectiord.4.2 three main features of the FE model that influence the performance of ROMs were

identified: the mesh, the material properties of the bone, the sb@vesinteface. In this sub
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study, the shape parameters of both the vertebra and the screws were updated by mesh morphing
(cf. Section4.5.1.3. In this way, the finite elemércomputational grid had the same number of
nodes and elements for each configuration of parameters. Three types of models with different

definitions of material properties and interface conditions were tested in thésuglyb

1. a model with heterogeneousaterial properties of the bone and frictional screveme
interface was built as done in Sectib#;

2. model #1 was simplified in order to assess the effect of mhgoperties: the bone was
considered isotropic and homogenedtso= 2672 MPag = 0.3, while the interface was
kept frictional

3. a further simplification was introduced in model #2 in order to investigate the effect of
interface conditions betweenettbone and the screws: the interface was considered bonded

as previously assumed in Chapter 3.

For these three types of models with decreasing complexity, different combinations of diameter and

length were tested, and ROMs of mechanical results weltealndilcompared.

4.5.1.4ROMs of the mechanical results

Three different ROMs were built based on the mechanical results of the FE models: a ROM of the
total deflection of the screw, a ROM of thav in the screws, and a ROM of thi in the vertebra

were created in function of the diameter and the length of the screws. The mechanical results in the
screws and in the vertebra were sampled at nodes to build the set of vectors for ROMs. While for
the screws all the nodes were used tateré¢he snapshots, for the vertebra only nodes belonging to

a region of interest were considered. The ROI had a conic shape and was coaxial with the
longitudinal axis of the screw as defined in Sectba.1.4 It was defined at the screlwone
interface as this region was identified as the most critical area to assess the mechanical resistance of
the bone. The nodes belonging to the ROI were determined for the meéldelptimal screw size

(D = 6.5 mm, L =45 mm). The results corresponding to the same set of nodes were considered for
model with different sizes of screwBhe errors obtained by using ROMs was compared with errors
obtained by standard linear interpolatioihmechanical results in function of the shape parameters

D and L.

In this study, 4 different sets of learning snapshots with number of learning snapshots varying from

4 to 9 were tested. The locations of the combinations of parameters within the ¢esignase

showed inFigure4.17. The DOEs were built by progressively adding one or more snapshots to the
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previous learning sefThe maximum number of modes to build tR®OMs was chosen for each

DOE in order to make the analyses uniform among different DOEs. As it concerns the validation

set, 4 validation snapshots were chosen at the centres of the 4 rectangles that constitute the 2D

design spaceHgure4.17).
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Figure4.17 - Combinations ofliameter andength for the learning sets (red) and the validation set (blue).
The learning snapsk®varied for each Design of experiment (D@J While the validation snapshots were

fixed.
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4.5.2Results and Discussion

Overall, the best performance was found for linear models with homogeneous material properties
and bonded interface for both ROMsméchanical properties in the screws and in the beigeile

4.18). The average over the validation snapshots was lower than 4% in DOE2 for the
ROM of the (J3 in the bonen the case with homogeneous properties and bonded inteFigeeg(

4.18C). For the ROM of thé&)s, in all the tested DOEs, the model with homogesquoperties and
bonded interface provided the lowest average and standard deiation , while the model

with heterogeneous properties and frictional interface provided the highest . For other

components of the strain it wabserved a similar behavioukgpendix, Section Appendix 3.

3.0 ROM - Total Deflection 9 ROM - von Mises stress
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Figured.18 ¢ Average ROM errors over the validation snapshatfunction of the number of learning
points, for FE models withfferent combinations of bone material models and scroase interface, for
the ROM of the total deflection (A), the ROM of the von Mises stress (B) and the ROM of the minimum
principal strain (C).
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The case with homogeneous properties and bonded iepgeesented the lowesiverage

Q (and standard deviation) also for the ROM of the deflection and the ROM Gfxihie

the screws(Figure 4.18A-B). For he ROM of the deflection, th& for models with
homogeneous properties and frictional interface were higher than the case with heterogeneous
properties and frictionlhis was unexpected as the heterogeneous distribution of material psopertie

in the bone increases the level of complexity of the FE models and, therefore, could deteriorate the

performance of ROM However, it must be noted that tte was higherin the case with

heterogeneous properties and frictional interf&igure4.19). This showed that, when building the
ROM, the interpolation phase played a major role in deteriorating the performance of ROMs for
model with homogeneous properties and frictional interface. However, attention should be paid to
the fact that thé is about or lowethan2% for both the types of modeltherefore very

low. Additionally, when comparing models with heterogeneous or homogeneous progetses,
difficult to excludethe effect of a frictional interfacefrom the analysis of thdeflection in the

screws, especially considering the small differences betweéeq the and theQ for

the two types of models.
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Figure4.19 - Averageprojection errors ovethe validation snapshot, in function of the number of learning
points, for FE models with different combinations of bone material models and duveesnterface, for
the ROM of the total deflection.
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These results showed that the contact interface betiheescrews and the bone had the most
significant effect on the ROM error. This finding was unexpected as it was previously hypothesized
that the absence of mesh morphing in the vertebra had a large influence on ROMs.

For frictional and bonded interfacermhtions, the management of any initial gaps and penetrations
bet ween bodies in contact was different. [ n
t ouc ho (43 wasBadcand as aresult, an offset was applied to all the elements of one of
the bodies to close the smallest gap. In case of a bonded contact, the software constrains the nodes
of bodies at the interface to have the same displatembis results in a sort abrrection ofany

initial gaps and penetratioriscally along the contacting surfaces. Therefore, a bonded interface
provided a more uniform treatment of the initial contact conditions among the different models. In
addition, it must be noted that with a bonded interfaoeanecteccomponentsalways taich each

other duringthe analysis while with a frictional interface the two contacting geometries can slide
relative to each other and separate. Therefore, local phenomena and exchange of forces at the
contacting surfaces with a frictional interface hypothesized to introduce local variability among
different models, especially in case of meshes with different type and size of elemnéctiglay a

role in the strain distribution in the bone influencing the performance of ROMs. Additionally, the
optimal element size identified through a mesh refinement study (Chapter 3) has been used for both
the screw and the vertebra. However, smaller elements could be necessary to reduce the error
associated with the discretization and excluding local inaccurarctes IFE solution fields. In fact,

the strain distribution at the interface could be smoother if the screw and the vertebra were meshed
with a similar element sizén addition, it should be noted thie accuracy of thetrain distribution
predicted withFE modelshould be assessed with respect to experimental measurements. The strain
in the bone could be measured by using a combinatidn situ mechanical testing, mictGT

scanning and a global Digital Volume Correlation approach. However, dhadenging to

implement this approach due to the artifacts induced by implants.

As models with homogeneous properties and bonded interface are characterized by a lower
computational time to solve the FE models with respect telinear models attention musbe

paid when determining the traddf between the accuracy of ROMs and the computational time
needed to obtain the exact FE solution. However, ROMs could be useful to reduce the number of
combinations needed to optimise the fixatretated parameters icases with several parameters
(related to the size and orientation of screws, the insertion point, or to the mechanical properties of
the bone, the loading conditions etc.), large ranges of variation, more complicated geometries

(multiple vertebral levelsjntervertebral discs, rods etc.) and material -hoearities. kirther
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investigations are needed &pply ROMs to FE models includingriction and hetergeneous
propertiesn order to analyse the strain in the bone, while the ROM errors related to ties nmet

the screws are satisfying.

For thecase with homogeneous properties and bonded intedeerll,the error obtained by using
ROMs or linear interpolation of results was comparable, but ROMs provided lower errors for cases
with 7 or 9 learning pats for all the metricsKigure4.20). However, as the differences between the

two approaches were low, it is hard to justify the usage of more complex mathemaltinajues

as ROMs. Furthermore, in more complicated cases the errors given by linear interpolation were
better than the ROM errors due to the effect of frictional interface or heterogeneous properties (see
AppendixA3). It has to be noted that previous studies showin@ppdicationof ROMsto models

of soft tissues or musculoskeletal structures have not reported about the benefits of ROMs with
respect to a standard linear interpolgidiroomandi et al., 2012, 2020; Luboz et al., 2018; Lauzeral

et al., 2019; Calka et al., 2DR The potential of ROMs should be explored in case of high non
linear relationship between the FE models results and the parameters of thethmabaebke

inadequate the usage of standard linear interpolation.
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Figure4.20 - Average errors over the validation snapshot, in function of the number of learning points,
obtained by using Reduced Order Modelling technige@stinuous linesr standard linear interpolation
(dashed lines¥or FE models withomogeneous bony properties and bonded contact conditionshe
ROM of the total deflection (A), the ROM of the von Mises stress (B) and the ROM of the minimum principal
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4.5.3Conclusion

This substudy aimed at applying a pipeline based on mesirphing and Reduced Order
Modelling technigues to a FE model of one vertebra implanted with pedicle screws of different
sizes. The performance of ROMs built from reference FE models of different complexity in terms

of bone material models and bes&ewsnterface.

The performance of ROMs is highly sensitive to the sciiesvee contact conditions. For FE models

with homogeneous properties and bonded interface, the ROMs of both metrics in the screws and in
the bone presented acceptable errors, and, ovémallaccuracy of ROMs improved when the
number of learning pointeicreased While ROMs of models with frictional interface presented

good accuracy for the deflection and the stress in the screws, those models cannot be used to
investigate the strain in ¢hbone. Additional analyses are needed to optimise the sbraves

contact condition with friction.
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4.6 Example of application of ROMs to optimise size and
orientation of pedicle screws

The aim of this suistudy was to exploit the ROM of the total deflection and the ROM of the von
Mises stress built in Sectioh4 to optimise the size and the orieida of pedicle screws for one
patient. These metrics could be used in the clinical setting to estimate the global stiffness of the

implanted structure and the risk of rupture of the implants.

4.6.1Material and methods

The size and the orientation of the screwese optimised to minimise the peak total deflection as
well as the peakivm in the screws. ROMs built in Sectid4 and based on parametric FE models
of one vertera implanted with pedicle screws with 4 shape parameters (@, La ) wlere lused
for the optimization. For both the total deflection andiae DOE2 (17 learning points, dfigure

4.11) was chosen to build ROMs that provided an avei@ge lower than 3% for the total

deflection and lower than 6% for thiem. This was considered the best compromise between the
accuracy of ROMs and the computational timeeded to run the models corresponding to the
learning set. To build the ROMs, thearimum number of modes was retaimearderto includein

the basis of modeall the variabilityof data included in the learning set.

Once the independent ROMs for the total deflection andithiewere built, they were exploited to
compute a redime evaluation of combinations of parameters within the 4D parametric space. In
fact, a full factorih DOE with 10 levels per parameter was assessHoe 10 levels for each
parameter were determined as equally spaced values between the minimum and maximum values.
In total 10000 combinations of parameters were explored. For each combination, the RO soluti
snapshot was evaluate@ihen,the minimumdmax and the minimum peakym nodal values were

determinedseparetely

4.6.2Results and Discussion

The combination of parametersroviding the minimumdmax and the minimum peakvm nodal
values was the sanfer boththe total deflection and the/m and corresponded © = 7.5 mm, L =
50 mm, d =-2.3.Lorraspanding to this combination, tthexwas 0.3119 mmKRigure
4.21A), and the peakivm was 58.04 MPaFRigure4.21B).
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Figure4.21 ¢ Distribution of maximum deflection (A) and peak von Mises stress (B) in function of the
diameter, the length and the sagittal orientation of screws for a given transverse orientato (3°).
Lowest values are towardiarge diameters and lengths and cranial (positive) orientations.

This study aimed to apply the developed pipeline based on ROMs to optimise the screw size and
orientation to one single patierthis limitation means that study findings need toiriierpreted
cautiouslyandthe results may not be generalisalblewever, hese resultare in line withthoseof

Santoni et al., (2009nd Matsukawa et al., (2015yho also indicated cranial trajectories as the
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most stabl e. Those studies compared a fhisorti c
study: d = (BAntord etcal., (200%ropbsdda. cortical trajectol
caudocephalad path sagittally and a laterally directed path in the transverse plane, engaging only
cortical bone in the pedicle without the involvem t of the vertebral bod
perform this technique, the insertion point must be shifted in the datetal direction with respect

to the currently accepted screw traject¢@ertzbein and Robbins, 1998hd slort pedicle screws

with a small diameter are needed to avoid perforating the superior endplate and breaching the
cortical pedicle wall.Further research should be undertaken to investigatéentluence of the
insertion point on the mechanical stabilitytbé& implanted vertebra in combination with parameters
related to the size and orientation of screws. The parametric FE model presented in this study could
be integrated with additional parameters representing the distance between the insertion point
detemined as doneybGertzbein and Robbins, (199@hd closespossible insertion points. The
optimal configuration determined in this study is contradictory to a recent study \Whih
suggested the caudothal trajectory as the least critical case, thus safer from a clinical perspective
(Molinari et al., 2021)A note of caution is due here singeth studies focus on patiespecific FE

models of one single patient. Possible explanations for this discrepancy could be found in the
substantial diferences in geometric modelling of the screws (simplified versus realistic), loading
scenarios rfultidirectional motion obtained by the application of simultaneous moment and
compressive loads Molinari et al., 2021 andnumber of parameters included in the analyses (size

and orientation of screws versus only orientatidin)he results of the model were validated with
respect to experimentaheasurements, indications about the optimal orientation of screws within
the pealicles would be difficult to implement without the usage of navigation systenrobotic

arms. Therefore, the applicability of this metlubay should be verified in the clinical settingth

respect to the accuracy affreehandimplantationof pediclescrews.

It mustbe noted that, given the configuration wit
deflection changedwbhaBgéet, bgnd. 6boei pealdelr an
3°). Therefore, given a sagittal cranial orientatibn = 3 A, the transverse or
not a considerable impact on the mechanical response of the model. These results are in agreement
with Newcomb's et al., (2017indings which showed a 3.4% variation of mean cumulative
maximum stress in the screws for different loading conditivakié extracted from Figure 6A in
thatstudy . As t he ROM of the dwipreserded ancaveragend t he R
ofabout 2.6% and 4. 6 %, respectivel vy, i ndi cat.i
interpreted cautiously.
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The optimal combination of parameters was very close to the border of the parametric space and to
one of the learning pointd(=7.5mm,L=50 mm, d =-3°8 Aoweverdhe tanges of
variation of shape parameters were determined based on geometrical dimensions of the pedicles,
and the maximum screw dimensions and orientation were considered for the given patient in order
to avoid perbrating the cortical shell. According to the anatomy of each patient, these ranges could
be extended or reduced to explore multiple configurations of implants. In case of complex FE
models with more vertebral levels, intervertebral discs and rods, explthven whole range of
variation of parameters would allow to gain more insight into the mechanical response of the

fixation system.

A limitation of this study is the method used for the optimization. In fact, two objective functions
were defined to minimise he t ot al defl ection and -dfhbawegne a k |
the competing objectives functiosBouldbe found by constructing a Pareto front. However, in this
study the minimisation was simplified due to thmiilar behaviour of the considered metrics in the
parametric space (Figure 4.21). In fattte minimum values corresponded to the same set of
parameters for both metrics case of multiple objective functions with different behaviours, due,

for instance to more complex geometries or boundary conditicmssidered in the FE moded

more general approaetould beneeded.

The computational time to evaluate 10000 snapshots figjdsising ROMsand to run the
optimization was about@minutes foreach metd. Considering that the computational time to
solve the equations for each FE model was about 1 lsing a workstation and running the
analyses in parallel processing on 10 CPU Caites reduction of the computational burden by
using ROMs was massivehis showed the efficiency of ROMs for testing maaynbinatiors of
parametersHowever, it is important to note that the computational time to consume the ROM
could be further reduced lping sensitivity analyses to estimate the most important parameters
by using different types of DOEs.

In this study, the deflection and the stress in the screws were minimised in function of four shape
parameters related to the size and the orientation of screws within pedicles. This approach would
provide valuable infomation to the clinicians about the mechanical stability of implants and the
risks of failure of screws. However, important information related to the risk of failure of the bone
atscrewbone interface and of SCr ewsi@s amingeded toi o n

integrate this approach with metrics regarding the bone mechanical competence.
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4.6.3Conclusion

In this study, the deflection and the stress in the screws were minimised in function of four shape
parameters related to the size and the oriemtadf screws within pedicles. The best size and
orientation of screwswd3 = 7. 5 mm, L = 5-p.3 forthe codsidered pabienta n d
Although these results have not been verified against clinical critéis,ptoject is the first
comprehense investigation othe application of ROMs to optimise the insertion of the screws by

using FE models of spine fixation.
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Chapter 5: Prediction of the pre-fracture shape of the L1

vertebral body from adjacent vertebrae

5.1 Summary

The main goalof treatments oWertebral fractures are the reduction and the stabilizadiothe
fracture to allow bone healingnd restore the physiological biomechanics of the spine. However,
the prefracture height andhreedimensionalshape of the vertebral body are unknoimnthe
clinical setting.Therefore, it is unclear how much height to restore in order to reestablish the pre
fracture shape.The goal of this study was to develop and evaluate a method bas®idgutar
Value Decomposition (SVDjo predict the shape of the vertebral body of L1 from the shapes of
T12 and L2.

Thesegmentation masksd T12, L1andL20o#0 pati ents were exbpemact ed
accesgatabaseand processed to isolate the vertebral bodies. Surface triamgesbes of each
vertebra wereanorphedonto a template mesh. The set of vectors with the nodes coordinates of the
morphedT12, L1 and L2vas compressed with SVD and used to build a system of linear equations.
This system was used to solve a minimizatioabpgm and to reconstruct the shape of L1 in a
leaveoneout cross validation process. These methods were explored in a simifease where

only 7 heights of the vertebral body were predicted.

The mean and maximum distance betweemibephedmeshes ahthe original meshes wefel4

+ 0.02mm and0.96 + 0.30mm. The mean and maximum distance between the meshes of L1
projected into the basis of modes and the original meshesOséEre: 0.02mm and0.96 + 0.30

mm. The mean reconstruction error of the 3iage of L1 was on average 0.5D.11 mm, while

the Hausdorff distance was on average 2.056 mm.

The results suggest that this method can predict the shape of the vertebral body of L1 from the
shapes of the two adjacent vertebrae wigoadaccuracy.The distances obtained by optimization
were similar to the distances obtained by progeciinto the basis of modes indicating that the
optimization was successful. This method could be used to predict tHeagitee shape of a
fractured L1 vertebra antb provide valuable information to the surgeon in the-qperative

setting.
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5.2 Introduction

The restoration of the vertebral body height and shape is essential to reduce a vertebral fracture and
re-establish the natural curvature of the spikgphoplastycan effectivdy restore the vertebral

body height and locdlyphotic angulatiorf\Van Meirhaeghe et al., 2013 erforming both a height

and angular restoration reduces the kyphosis and the local stresses responsible of fractures at
adjacent levels, and aids at restoring the natural curvature and mechanics of tiijeeguaest al.,

2013) However, the préracture height or, more generally, the 3D shape of the fractured vertebra
are often not available to the surgeon in theqperatie setting. Statistical Shape Models (SSMs)
wereemployed byde Bruijne et al. (2007Ap create conditional shape modélsat allow to predict

the shape of one lumbar vertebra based on the shapes of other lumbar vertebrae (between L1 and L4
levels) in the images. The application of this method has been shown only to the 2D shape of
vertebrae estimated frosagittal X-ray images. However, it is difficult to measure reliably the
shape of the vertebral body from 2D sagittal radiographs, beoatse superimposition of soft and

hard tissuesn the direction of the projectiowhich reduces the contrast between the vertebrae and

the backgroundand the impossibility to distinguish any tilting of the vertel{eag., lateral curving

of the spine in patients with scoliosis)th respect to otherfrom a true variation in the shapee

Bruijne et al., 2007)In fact, important varidality has been found in intesbserver measures of

three vertebral heights based on six anatomical landmarks placed irr@biagegGenant et al.,

1993) As the mean distance between the original and reconstructed 2D shapes was 0.8 mm, this
method seems promising to predict the 3D shape of a lumbar vertebral body. The segmentation of
3D bony structures from G3can images is well assessed andudege of a 3eomety would

allow to avoid the bias due to a 2D measurement. Nowadays, low desea@Tmaging is more

and more integrated in clinical protocols. For example, at the University Hospital of Poitiers, our
clinical partner, a CBcan exams always performed in case of highergy injuries; in case of
low-energy accidents, first a 2D-bdy is done, then, in case of fracture detection, as€ih is

always done to plan the treatment. In addition, thefracture 3D shapef the vertebral body

would allow to take anatomical measurements that could be used to choose the optimal treatment or
to optimize some parameters during a surgical procedure (e.g. direction of injection or volume of
cement duringa kyphoplasty).Moreover, CT-scan basedrE modelscould be derived by those
reconstructions and used to study the mechanical properties of the fractured vertebral body or of the

thoracolumbar segment before and after the injury.

107



The aim of this study was to develop a method toiprede 3D shape of the L1 vertebral body
from the shapes of adjacent T12 and L2 vertebral bodies estimated by segmentatieacah CT
images and to validatefir differentpatients.

First, the feasibility of thggresented methods is assessed simple 1D case where thehapeof
the vertebrabody is descrited by 7 characteristic heights. Théme applicatiorhas been expanded
to the 3D case where the full shape of the L1 vertebmlyis reconstructedVe usedaleaveone
out validation with a dataset of 40 healthy patients without signs of fracflicethe authots
knowledge this the first time that the premorbid Brtebral shapef L1 is reconstructeérom the

shapes of adjacent vertebral bodies.
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5.3 Prediction of the prefracture height of the L1 vertebral
body from adjacent vertebrae(1D case)

The aim of this subchapter was to develop a method to predict the 3D shape of the L1 vertebral
body from the shapes of adjacent vertebral bodies estimated froma@3. I his part of the chapter
presents the mathematical approach on a simplified 1D case. The shape of the vertebral body was
described by a small number of characteristic heights based on the definition of anatomical
landmarks on the two endplates. Thedwracteristic heights of the L1 vertebral body were

predicted from heights of adjacent vertebral bodies.

5.3.1Materials and Methods

5.3.1.1Summary

The initial database consisted in the 3D shapes of T12, L1 and L2 vertebrae segmented from the CT
scans of 20 patientwithout any sign of fractures, from a public dataset. For each vertebra 14
anatomical landmarks were manually chosen on the superior and inferior endplates defining 7
heights for each vertebral body. For each patient, a vector of 21 heights corresponidig It 1

and L2 vertebrae was built. From the dataset of 20 vectors, a subset of principal modes was
extracted by Singular Value Decomposition (SVD). Those modes were used to predict the heights
of the L1 vertebra by considering only the information @pomnding to T12 and L2 with two
different optimization methods. A leaameout experiment was performed and the performances

of the two methods were compared. The workflow is sunmsediin Figure5.1.
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Figure5.1 - Qutline of the steps tpredict7 characteristic heights &fl vertebral body by using tie
characteristic heightsf the two adjacent vertebral bodies.

5.3.1.2Height measurement

The Verse 2020 database®@f-scan images and segmentation masks was used to build the dataset
(Loffler et al., 2020a; Sekuboyina et al., 2020; Liebl et al., 202hjs anonymisediataset is
publicly available (Kirschke et al., 2020)20 patientswithout large osteophytes and signs of
fractures at T12, L1ral L2 levelsfrom the database were included in isliminarystudy(twelve

males, eight females, 45t713.5 years old)

The segmentation mask of each vertebra available from the dataset was transformed in a STL
surface mesh and used to placeabatomical landmarksn the vertebral body, 7 on the superior
endplate, and 7 on the inferior endplaff@g(re 5.2). The instructions to retrieve the anatomical
position of the landmarks are reportedable5.1.
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(A)

Figureb.2 - Anatomical landmarks placed on the superior and infexiaplategA) and anatomical planes
to define the landmarks on the superior endplate TBE anatomical planes to define the landmaoksthe
inferior endplate were similar.
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Name Abb. Definition

Superior Endplate Ventral | SEV Cranial to caudal view, consider the sagittal plane that cut the su
endplate in two halves, consider the most ventral point on the suj
endplate

Superior Endplate Dorsal SED As SEV but consider the most dorsal point

Superior Endplate Right SER Cranial to caudal view, back to front view, consider the coronal plane
cut the superior endplate in two halves, consider the rightest point @
superior endplate

Superior Endplate Left SEL As SER but consider the most left point

Superior Endplate Pedicl SEPR Cranial to caudal view, back to front view, consider the tangent pla

Right the most inner border of the right pedicle, considerfils¢ point on the
superior endplate belonging to the plane

Superior Endplate Pedicl SEPL As SEPR, but consider the left pedicle

Left

Superior Endplate Middle SEM Cranial to caudal view, consider the line on the sagittal plane that ¢
superior endplate in two halves, consider the line on the coronal plan
cut the superior endplate in two halves, take the intersection point

Inferior Endplate Ventral IEV Caudal to cranial view, consider the sagittal plane that cut the inf
endphte in two halves, consider the most ventral point on the inf
endplate

Inferior Endplate Dorsal IED As IEV but consider the most dorsal point

Inferior Endplate Right IER Caudal to cranial view, back to front view, consider the coronal plane
cut the inferior endplate in two halves, consider the rightest point o
inferior endplate

Inferior Endplate Left IEL As IER but consider the most left point

Inferior Endplate Pedicl¢ IEPR Caudal to cranial view, back to front vieagnsider the tangent plane

Right the most inner border of the right pedicle, consider the first point or
inferior endplate belonging to the plane

Inferior Endplate Pedicle Lef] IEPL As IEPR, but consider the left pedicle

Inferior Endplate Middle IEM Caudal to cranial view, consider the line on the sagittal plane that cu

inferior endplate in two halves, consider the line on the coronal plang

cut the inferior endplate in two halves, take the intersection point

Table5.1- Name, abbreviation and anatomical definition of the 14 landmarks placed on the superior and

inferior endplates of each vertebral body.
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Two least squares planes that interpolate the landmarks on theosepeéplate and the landmarks

on the inferior endplate were calculated. The normal lines to those two planes were considered, and
directional cosines were calculated. The mean values of directional cosines of the two lines gave a
direction that was constded as the reference axis of the vertebral body along the -caunial
direction. Each landmark wasojected onto this line. 7 heights were calculated by calculating the
Euclidean distance between each couple of corresponding points on the two erfBgate$.3).

Thanks to this defnition of vertebral heights the methodologywas not sensitive to the

misalignment of vertebral bodies of different levels antbngpatients.

4 . . 1 -, f;; =SEVp— IE‘I.-’p_h\'
- : = h2 = SEDp — IEDp

h3 = SERp — IERp
h4 = SELp — IELp
h5 = SEPRp — IEPRp

- . E == —T h6 = SEPLp — IEPLp
. . * h7 = SEMp - IEMp
(A) (B) (C)

& Anatomical landmarks
—— Mean normal to the least squares planes
#® Projection of anatomical landmarks onto the mean normal

Figure5.3- Projection of anatomical landmarks onto the vertical axis of the vertebral body in a frontal (A)
and a lateral (B) view and evaluation of 7 characteristic heights (C).

5.3.1.3Singular Value Decomposition

For each of the 20 patitmnin the dataset, a vectio(21 x 1) with the vertebral body heights of T12,
L1 and L2 was built. The set of vectors for patients in the dataset was compressed by SVD:

5 = o or (Eq. 5.1)
whereH is the matrixwhosecolumrs are the vectois of heights of each patigm is composed of

the left singular vectors (modes) ldf £ is a diagonal matrix composed of thsingular valuesfi
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of H, V is composeaf theright singular vectors ofl, mis equal to 21nis equal to 19. The SVD

was performed by using a tool developed by Ansys Digital Twin research team.

The number of modes for the optimization to predict the 7 heights of L1 from heights of adjacent
vertebral botks was fixed with the following simplified procedure. The 20 vectors of heights
hi =1 ¢were compressed by SVD and the number of modes giving an average maximum absolute

reduction error lower than 1 mm was retainej(re5.4).

1 2 3 4 5 6 7
Number of retained modes

Figure5.4 ¢ Average(+ st dey maximum reduction error (mm) over the full dataset of vectors of heights in
function of the number of retained modde dashklotted line represents the threshold error of tnnY
modes were retained for further analyses

The average maximum absolute reduction error was defined as:

aQwsa%wQ Q , (Eq. 5.2)

This simplified procedure was considered acceptable for this preliminary study to investigate the
feasibility of themethods andhas been improved for the prediction of the 3D shape of the L1
vertebral body (cf. Sectidh.4.1.5.).
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5.3.1.4 Optimization to predict th& heights of L1

A leaveoneout experiment was performed to predict the heights of the L1 level of each patient by
considering the remaining)9 patients. Each time, an SVD was done by using the datasél of
patients and two optimization methods were used to predictetighith of the L1 level: a linear
leastsquares minimization and a minimization of the maximum error. The results were averaged

over the20 leaveoneout repetitions.

5.3.1.4.1L east square optimization

Once the basis of modes has been built, each vector includinigetghts of the vertebral bodies

could be approximated as a linear combination of the modes as:

i =2 (Eq. 5.3)
whereUis a vector of7 parameters.

Given a patient not belonging to the degand for which th& heights corresponding to the L1
level are not available, we hypothesize that its vector of heights of T12 and L2Hepelscould

be approximated as a linear combination of modes related to the T12 and L2 parts of the matrix as:

i = o) (Eq. 5.4)
where AT12.2 is the part of the matriA that includes only the heights of T12 and L2 of the
modes, andJ is a vector of7 parameters. As the columns Af12.» are linearly independent, the
linearleastsquare (LLS) solutiotbof this system is unique. This is equal to solving the following
minimization problem:
vee HHT i | (Eq. 5.5)
where£Zis the Euclidean arm. Then, we hypothesize that the coefficiedfsan be used also to

reconstruct the vector of heights of L. {) as:

| = o= (Eq. 5.6)
whereAr: is the part of the matrid that includes only théeightsof L1 of the 7 modes.The
Euclidean norm erroover hri22, the maximum absolute error ovar;, the absolute and signed

meanerroroverhy; are used to assess the results of the optimization.

5.3.1.4.2Minimization of the maximum error

Another numerical method was used to minimize directly the maximum absolute error:
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ree 'Hﬁ": :Hi' i T%éh ba 0 Q (Eq. 5.7)
This consisted in creating a grid within th€ space based on the coefficiettls 1 ¢ 1that are
needed to approximate the learning vectors within the space of ifiegles.3). In fact, the mean

value between each couple of coefficients () was evaluated a first time starting from the
coefficientsU - 1 ¢ and a seawd time starting from the coefficients generated in the first iteration.
Given one couple of coefficients, this process represented the creation of a virtual patient whose
coefficientsU are the centre of mass in thé subspacef the coefficients of twaeal patients. A

large numbe#Z of virtual patients represented in thé subspace of modes by coefficiefiis= 1 ¢ z

were created. Each new virtual patient was characterized by a vector of heights that could be
reconstructed by usin@Eqg. 5.6. This vector was directly compared with the vedter..» of the

patient not belonging to the basis, therefore, the minimization problem could be written as:

Jee HIH i Ta®
' m Bhh

@ = 2 = Q (Eq. 5.8)

Then, we hypothesize that the coefficiedizan be used also to reconstruct the vector of heights of
L1 (h.1) by using(Eq. 5.6. The maximum absolute errover hri22, the maximumabsolute error
over hpi, the absolute and signed mean errors dwarare used to assess the results of the

optimization.

5.3.2Results

The mearabsoluteerror for least squares optimization and minimization of the maximum error are

showed fo each patient ifrigure5.5.

5.3.2.1Least squares optimization

For the 20 leav®neout repetitions:

1 theaverage Euclidean norm eri@rstandard deviation) ové¥rio..o was 1.95 0.76 mm,;
1 theaveragemaximum absolute errdt standard deviatiomjverh.; was 2.78: 1.08 mm;

1 the average absolute mean ertostandard deviation) ovéi 1 was 1.23t 1.06 mm;

5.3.2.2Minimization of themaximum error

For the 20 leav®neout repetitions:
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the averagemaximum absolute errdg: standard deviation) ovérri22 was 1.58+ 0.82

mm;

theaverage maximurabsolute errory standard deviatiorgverh.; was 2.01+ 0.96 mm;

the average absolute meamor ¢ standard deviation) ovéi ;s was 0.7% 0.84 mm

the average absolute mean error was higher after Least Squares minimization than after
minimization of the maximum error for 80% of patients; the average signed mean error had
always aconsistent sign for the two optimization methods except for Patients #1, #15 and
#19.

2.89

2.59 1 B Minimization of max error
2.29 1 W Least Squares minimization
1.99 4

1.69 ~

1.39 +
1.09 ~
0.79 4
0.49
0.19 -

—0.11 ~
—0.41 -
—0.71 A
—1.01 -
—1.31 ~
—1.61 -
—1.91 -
—2.21 -

Mean error (mm)
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—2.81 -
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Figure5.5 - Mean of the absolute error (mm) between the L1 heights predicted by least squares
optimization (orange) aththe real L1 heights (blue) of each ettt patient
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5.3.2.3Processing time

The time needed to define anatomical landmarks on the vertebral body was approximately 2
minutes per vertebra. The optimization was an automatic process that required short coraputation

time (seconds).

5.3.3Conclusion

This preliminary study showed that the developed method could predict the mean height of L1
vertebral body by knowing the height of adjacent T12 and L2 vertebral bodies with an average
accuracy lower than 1 mm, if the maxim@mor is minimised. The maximum absolute error of the
estimation of L1 heights was about 2 mm. This study served to assess the potentials of the presented
methods to predict the geometric characteristics of the L1 vertebral body from adjacent ones. The
avaage accuracy was promising. However, this methodology allowed to predict only a predefined
set of characteristic height of the vertebral body without exploiting the volumetric information of
bony structures that can be extracted froms€an images. Thiapproach will be extended to the
prediction of the 3D shape of the vertebral body. A more extended dataset of patients is needed to
account for the intepatient variability of the 3D shapes of vertebrae Also, the optimal number of
modes for the predictiohas to be estimated with more sophisticated methods that evaluate the

ability of principal modes to represent patients that were excluded from the construction dataset.
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5.4 Prediction of the prefracture shape of the L1 vertebral
body from adjacentvertebrae (3D case)

The goal of the analysis presented in this section was to apply and extend the methods presented in

Section5.3to a more general 3D case where the whole geometry of the vertebral poelicsed

5.4.1Materials and Methods

5.4.1.1Summary

The segmentation masks of 40 patients were manually processed to isolate the T12, L1 and L2
vertebral bodiesnd to mesh ach of themwith a triangular surface mesh. An average reference
template mesh was generated and all the meshée idataset were aligned antbrphedto that
reference mesh. The vectors of node coordinates ohtliphedmeshes were compressed by SVD

after choosing the optimal number of modes. The modes were used to build a linear system of
equations to predict the 3Bhape of the L1 vertebra by considering only the information
corresponding to T12 and L2. A leave one out validation was performed. Different metrics were

used to compare the predicted shape with the original one. The workflow is shdvigare®b.6.
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Figure5.6- An overview of the different steps to predict the 3D shape of the L1 vertebral body by using the
3D shapes of the two adjacent vertebral bodies.

5.4.1.2Datasetconstruction

The Verse 202@atabasef CT-scan images and segmentation maséts used to build the dataset
(Loffler et al., 2020a; Selboyina et al., 2020; Liebl et al., 202I)his database is publicly
available(Kirschke et al., 2020)A total number of 40 patients from tk@atabase were included in
this study (22 men, 18 womerA. table with the Patient ID used in the Verse 2020 database and
associated patientata(Loffler et al., 2020a)s reported in theAppendix (SectionAppendix Ad).
Exclusion criteria were severe bone degeneration (e.g., marked asiganadbdng the antero

posterior or righeft directions), presence of large osteophytes (e.g., osteophytes that bridge
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between different vertebral levels or osteophytes at the level of the endplates), fractures or signs of
previous fractures at T12, L1 &P levels. As a result, the mean age of patients within the dataset
was 40.9+ 15.9years. The voxel size was variable: for-®Tages included in this study, the best
voxel size wa®.68 x 068 x 045 mn?, the worst one wa.31 x 1.31 x 3Inm?® (Appendix Section
Appendix Ad).

5.4.1.3Extraction of geometries of vertebral bodies

From the segmentation masks, the geometries of vertebral bodies were obtained with a manual
procedure (3DSlicer, v4.11.0fredorov et al., 2012)n a caudal to cranial cross view, the posterior

part of the vertebra was cut by considgrithe contours of the endplates as boundaries of the
vertebral body. This procedure was adopted to improventiv@hingerror at the posterior side of

the vertebrae at the level of pedicles (se@ppendix SectionAppendix A6 a comparison with a
different method) and to avoid including in the model geometric characteristics of the pedicle that
are not relevant for this application. Once the vertebral bodies were cropped, the segmentation
masks were smoothed with a gaussian smoothing filter (standamtidevof 0.8 mm) to obtain
smoother geometries suited to tmesh morphingEach vertebral body was overlapped wilie
CT-scan images to qualitatively assess the extraction of vertebral bbdiease of errors, the
manual procedure to extract vertebbaldiesand smoothingvere repeated An example of the
segmented geometry is showedrigure5.7. A surface mesh was generated from these masks and
stored as an STL file. The surface mesh was then regularized with an element Gizemwh

without any further smoothing.

Figure5.7- Example of segmentation for Patient #5 (L1) in a sagittal view: 3D representation of the whole
vertebra (A); segmentation mask of the vertebral body (B)iepresentation of the segmented vertebral
body (C).
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5.4.1.4Mesh morphing

The methods used for tmeorphingof the vertebral bodies and the construction oftegmlogical

surface meshes (same number of nodes, same number of elements, same connectivity] preserve
topology-anatomy correspondence) are based on the combination of the methods published in the
study by Clogenson et al. (2015pnnd on the Scaimo.org webpagé@_uthi et al., 2018; unibas
gravis/scalismo, 2021; Scalism&calable Image and Shape Modelling | Scalisamal) aredetailed

in the next sections. An overview of the different stép obtainmorphedmeshes is presented in

Figure5.8.

Generation of the reference mesh [R]

Initial dataset

Pt#1, ..., Pt #40 Mesh hi Mean mesh from )
T12 [] ] Ontzsingggniﬁt 120 morphed Mesh morphing
II:_ é S S moch meshes onto mean mesh
120 meshes error(mean mesh i, mean mesh i-1) > ¢
Mesh morphing
Pt#l1, ..., Pt #40 _ _ Alignment onto
T12 ] ] Posterior Posterior reference mesh
L1 ] ] model model
L2 ] ] FFDM3 FFDM?2 FFDM1 ]
based on based on |:| R
Mesh morphing error? R
: ICP landmarks ]
120 morphed meshes

Figure5.8 ¢ Mesh morphingvorkflow: the starting point is the set of meshes of the vertebral bodies of 40
patients which are aligned andorphedonto the same reference mesh in order to obtain a new set of
aligned geometries with the same number of nodes and elememtsiectivity

5.4.1.4.1Generation of the reference mesh

A reference mesh was generated through an iterative procedure to avoid biasing the results of the
mesh morphingto a particular vertebra chosen in the dataset. To initialize the process, an
independent reference mesh with an element size of 0.7 mm and about 12000 nadespived

onto the 120 geometries (T12, L1 and L2 vertebral bodies for each patient). Thean an@sh was
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calculated from the 12énorphedgeometries and used as reference mesh in the first step of an
iterative mesh morphingprocess. At each iteration, theesh morphingf the 120 geometries onto

the mean mesh was done by usingesh morphinglgaithm described below, then a new mean
mesh was computed and compared with the mean mesh of the previous iteration. As metrics to
compare two meshes, the mean e(kxq. 5.9) and Hausdorff distanogq. 5.10) with respect to

the target mesh were considered:

a QORI i étg Q Qi || (Eq. 5.9)

Onhoi i iRl Aao@Qid na oo Qi |d (Eq. 5.10)

where:N is the number of nodes of the considered mbsis, the jnode of the considered mesh,
StargetiS the target mesina andhg are the nodes of the considered and target m&ahesd Sg, dist

is the Euclidean distancé&n algorithm already implemented in VTK was used that allows an
accurate calculation of point-to-cell distance by performing a geometric interpolation of the cells
of the surfacemesh(Commandeur et al., 2011n fact, thealgorithm computesthe minimum
distancebetweereach point bthe considered geometry and each point belonging to the surface that
interpolates the closest element of the target geomBtey iterative process was stopped when the
Hausdorff distance between the mean mesh at iteration i and the mean mesh at i&ratam i
lower than 0.12 mm. This threshold error was fixed as the best compromise between the
computation time and the acagy of themesh morphingalso considering thahe CTscan with

the best resolution in the dataset liael lowest voxel dimensioaqual to 0.45 mmin fact, at each
iteration themesh morphingf all the 120 vertebral bodies was computed. iff@gsh morphig is

an automatic but timeonsuming process that took approximatélgninutes per patient (without

optimization of the iterative closest points iterations)

The mean and Hausdorff distances between the mean mesh-gethgan and the mean mesh at

the (i-1)-iteration, in function of the number of iterations, are reporte#igure 5.9. The mean

mesh at iteration 1 was compared to the independent reference mesh. The mean mesh at iteration 3
was considered as reference mesh fomteeh morphingas the Hausdorff distance with the mean

mesh at iteration 4 was 0.108 mm, therefore below the threshold error. The mean error instead, was

already under 0.1 mm at iteration 2. The reference mesh is showignlire5.10.

123
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3.6 —— Haussdorf distance
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Figureb.9- Mean and Hausdorff distances (mm) between the mean mesh calculated at iteration i and the
mean mesh calculated at iteratiofrli The dasidotted line represents the threshold error of 0.12 mhe T
mean mesh at iteration 3 was considered as reference mesh for further anadygedHausdorff distance

with the mean mesh at iteration 4 waglow the threshold error.

(A) (B)

Figureb.10- Reference mesh obtad from the iterative process to obtain an optimal reference mesh for
the current dataset of vertebrae, in frontal (A) and posterolateral (B) view.
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5.4.1.4.2Alignment

Once the reference mesh was calculated, all the meshes of the dataset were aligned to the reference
meshby using the following proceduiéor each mesh of the dataset, 8 anatomical landmarks were
placed on the superior and inferiemdplategYeung ¢ al., 2020) For example, the landmarks are
showed inFigure 5.11 for the three vertebral levels of Patient #33. Then, the best rigid
transformation (combination of rotations and translations) that minimizes the distance bewveen th
position of landmarks on the reference mesh and the position of landmarks on the considered mesh
after the transformation was identified. The minimization problem was solved with a linear least

square method.

(B) (€)

Figure5.11- Anatomical landmarks placed on the superior and inferior endplates of the vertebral bodies, for
Patient #33, on T12 (A), L1 (B) and L2 (C)-frompal, downfrontal, posterelateral views, respectively.

5.4.1.4.3Deformablemorphing algorithm

Based on the reference mesh, a deformable model was built with a Gaussian Process (GP) and
morphedto the dataset of aligned meshes. Ad@nk approximation of the GP characterized by a

set of mode deformations of the reference mesh was Tisedcoefficients of these deformation
modes needed to be optimised to deform the reference mesh so that this matched the target shape:

in the dataset.

A GP is defined by a mean and a kernel. In this case, the reference mesh was chosen as the mean

and a ombination of two multiscale Gaussian kernels was used: a first one to take into account
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global shape variations of the geometry (sign0=l = 100); and a second one to consider more
local changes (sigma 5, | = 100). A finite-rank approximation of # GP was computed with a

rank §.e. the number of basis functions of t8€) equal to 200 in order not to exclude important
modes of deformation of the geometry. This was done by using the Nystetnod(Luthi et al.,

2018) by taking 150@oints uniformly sampled on the reference mesh as samples for the Nystrom
approximation This number was choseritex preliminary analyses on different geometries to
optimise themesh morphingp ut ¢ o me . Thi s GPfreeferm defotmatioo cad d e Id
as it allows to model ideally an infinite range of raeaningful deformations of the reference

vertebra, ad it will be called FFDML1 for the rest of the chapter.

Then, for each mesh in the dataset, the displacements betwesratbmicalandmarks placed on

the reference mesh and the landmarks on the target mesh were incorporated within the FFDM1
through a GRegression, giving a scalled posterior model (FFDM2Yhanks to this procest)e
variance of the FFDM1 was constrainedd the FFDM2 was able tepresent more meaningful
shapeghan the ones obtaindm the FFDM1 In fact, theshape®obtained fromlie FFDM2were
closerto the ones included in the datasehile the shapes obtained from FFDM1 were not forced

to represent realistic lumbar vertebrdbe same landmarks used for the alignment were used also
for the creation of the FFDMZF{gure5.11).

The FFDM2 wasmorphedto the target mesh with an iterative processed on the same idea
which is behind the generation of the FFDM2 posterior model: the main difference is that, instead
of displacements from anatomical landmarks, displacements between regularly sampled points on
the reference mesh and the respectiosedt points evaluated on the target mesh are incorporated
into themodel(Salhi et al., 2020)This GP regression, based on a huge number of points, results in

a highly constrained GP that represents a full normal distribution of shapes fitting the target shape
(FFDM3), and the mean of this process represents the best fit, therefore timediipehg mesh.

The closest points on the target mesh were evaluated in an iterative process to improve the fitting
(Iterative Closest Point, ICP). Therefore, thiesh morphingprocess was characterized by the

following steps:

1. 10000 sample nodes were sampledtiom reference mesh covering regularly the whole
geometry;
2. For each of those nodes, the closest point on the target mesh was selected as candidate

correspondence;
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3. The displacementdbetween te sample node®n reference meskand the candidate
correspondencesn thetarget geometryvere incorporated within theFDM2 through a GP
regression. This allowed to obtain the FFDM3 and, therefarrahedmesh;

4. The spatial position of the 10000 nodes previously sampled was computednoorined
mesh from the previgs step, andhe closest poiston the target mesh exe selected as
candidate correspondersce

5. The displacementbetween te sample nodesn reference meshnd thenew candidate
correspondences identified in the previous stegre incorporated within the HDM2
through aGP regression. Thispproachallowed us to obtaina newFFDM3 based on a
better estimation of the closest points, and therefore amephedmesh;

6. Loop to step 4 to update the displacements used in the GP regression based on the new

morphedmesh and repeat for 100 iterations.

At the end of this iterative procedure, to evaluate rtiesh morphingerror, the mean error and
Hausdorff distance were consi@éd between th@orphedmeshes and the original geometries.

This mesh morphingalgorithm was compared with another algorithm characterised by a single
multi-scale Gaussian kern@igma = 100, | = 50)and a number of points equal to 2500 used in the

ICP plus two additional landmarks at the centre of the superior and inferior endplates. The-first set
up allowed to decrease the average mean error by about 46% and the Hausdorff distance by about
38%, on average over the three levels. Specifically, for T2 Hausdorff distance decreased by
about 42%.

5.4.1.5Leaveoneout cross validation

5.4.1.5.1Singular value decomposition and estimation of the optimal number of modes

For each patient in the dataset, a vettavith the nodes coordinates of theorphedT12, L1 and

L2 surface meshes was built. The set of vectors for patients in the dataset was compressed by SVD.
A leaveoneout experiment was performed for different nunsttdrmodesfrom 2 to 38 modgso

estimate the optimal number of modes to describe the variabilitheogeometries within the
datase(Xu and Goodacre, 2018For a fixed number of modék), one vector was lefbut and the

remaining 39 vectors were compressed with a SVD keeping thk firetles:

. — o O (Eq. 5.11)
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whereH is the matrixwhere thecolumrs are the vectonrs of nodes coordinates of each patjekt
is composed of the left singular vectors (modesHpfZ is a diagonal matrixamposed of the
singular valuesfk of H, V is composeaf theright singular vectors off, m is equal to three times

the number of node coordinates aharphedvertebran is equal to 39.

The basis ok modes was assessed to evaluate the accuracy of the representation ofotlite left
vector and the learning vectors. Each vector was projected in the b&sisoofes, and the surface

mesh of T12, L1 and L2 was reconstructed from the projected vector. Mieskes were compared

with the morphedand original meshes based on the mean error and Hausdorff distance as before.
The error on L1 alone and the average error over T12, L1 and L2 were evaluated. The error was
assessed on the lefut patient and on the93learning patients by averaging the errors for each
patient. This was repeated for each patient, therefore 40 different bases were built for aky fixed
As output of the leaveneout experiment, the average errors among the 40 bases, evaluated on the
left-out patients or the learning patients (only on L1 or averaged over the three vertebrae)

considered to define the optimal number of modes.

The same experiment was repeated by randomly removing 5 vectors from the dataset to further test
the ability of the modes to represent the geometries of vectors that were not in the construction
dataset. This process was repeated 10 times, and the errors considered as averaged over the 1
repetitions, to avoid biasing the resultsthe 5 selected vectors. By mgressively increasing the
number of vectors removed from the dataset this experiment can help in determining the minimum
number of patients required to obtain the first deformation modes. As in the present study only 5

vectors were removed, this aimed anfirming the results of the leaame outapproach

5.4.1.5.2Prediction of the shape of L1

Once fixed the optimat and extracted the modes, the leaneout experimentvas repeated as
validation of the method to predict the shape of L1 from the shapes2adndL2 (Vanden Berghe
et al., 2017; Plessers et al., 2018; Salhi et al., 2020; Wang et al., Phi@Imethod was based on a
linear least squares minimization as presented in Se&t#oh.4.1 The main difference with respect
to the simplified case presentedir8.1.4was that the matrid used to build the system of linear
equations includes now the nodes coordinates of T12 and L2 kfrtieeles instead of the heights
of T12 and L2 of thé& modes.
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By using the solution coefficientd it was possible to reconstruct the vector of nodes coordinates
of L1 (hLy) as:

| = o= (Eq. 5.12)
whereAL: is the part of the matrik that includes only the nodes coordinates of L1 oktheodes.
For each lefout patient, themeanerror and Hausdorff distance werealculated For patients
presenting the best, the worst and average mean error and Hausdorff distance, the distribution of
heights of the predicted surface mesh of L1 vertebral body anedpective original meskvere
compared. The distribution of heights of thertebral body was calculated as follows. First, the
superior and inferior endplates were manually isolated from the rest of the vertebral body in
Ansys® SpaceClaim Releasé.2 (Ansys Inc., Canonsburg, PA, United Statésii Ski n sur f
command). Then, thairections perpendicular to all the triangles belonging to the superior endplate
were used to define an average crecaadal direction. For each of those triangles, a height was
defined as the Euclidean distance between the centre of the triangle aintetbection point
between a line parallel to the average cram@indal direction passing through the centre of the
triangle and the inferior endplate. A heatmap of the distribution of heights was computed by using a
linear interpolator and a step size@of mm equal to the average size of trianghdso, frequency
plots of the distribution of heights were evaluatedaddition, as ot all the groups of data were
normally distribute, to compare thdistribution of heightdhe median values were calcidd For
the same patients, sagittal and frontal angles between the endplates were calculated based on the
original and predicted geometries (Figure 6). The angles were defined in tisagiidl and mid
frontal planes based on leasfuares planes fittinthe endplates. Anterior and right angles were
considered positive (Figure 6BJhe difference between anglewasured omriginal or predicted
geometriesvasdefined as absolute differendeangles were bothnterior (posteriordr right (left),

or as he sum of the absolute values of the angles if they were of different sign.
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endplate plane Anterior Posterior
>0° = <0°

Frontal angle
Right Left

. Mﬂ Y X .
Least-squares inferior <=4, . C L—
endplate plane >0° <0°

Mid-frontal plane
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Figureb.12- Anatomical planes (A) used to define sagittal and frontal angles (B).

For patients showing the best, the worst ametage Hausdorff distance a report was prepared to
provide a comprehensive assessment of the prediction of the shape of the L1 vertebral body. The
report includes: a frontal and a posterolateral view of the original geometry, a frontal and a
posterolateraview of the error map, a colormap and a frequency plot of the distribution of heights

of the vertebral body for predicted and real geometries, a table reporting the reconstruction mean
error and Hausdorff distance, and the median height error. The reperiiscluded iPAppendix
SectionAppendix A6.

The minimization was repeated to simulate the cases when only T12 or only L2 were available.
Therefore, the following systems of linear equations were considered and solved with a LLS

method:

|l = o (Eq. 5.13

i = (Eq. 5.14)
whereAL is the part of the matrik that includes only the nodes coordinates of L2 okthgodes,
AT12 is the part of the matriR that includes only the nodes coordinates of T12 oktheodes. For
each leftout patient, theneanerrorandHausdorff distance between the predicted surfaesh of

L1 and theespective original meshes werealuated.
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5.4.1.6Statistical analyses

We used descriptive statistics to investigéte: influence of the vertebral level (variable assuming
values T12, L1 or L2) on thmesh morphingrror;the influence of the number of levels used to
compute the prediction of L1 (T12+L2, T12 only or L2 only) on the reconstruction emgr;
difference between the reconstruction error evaluated with respect to the original or morphed mesh;
any difference betweethe reconstruction error of L1 and the projection error obtained for the

number of modes (6) used to predict the shape of L1 vertebral body

To compare three groups of data, statistical paired analyses were congitbtégiedman test
(nonparametric) basd on the characteristics of data (normality, sphericityfact, data did not

satisfy at least one of the two requisit€ee normality of data was tested through a Kolmogoerov
Smirnoff test. The sphericity &henthaRriadmandest t e S
produced a significant result, Nemenyi Rbet test was performed find the groups of data that

differ by makingpairwise testsTo compare two groups of data, statistical paired analyses were
conducted with paired-test (parameit) and Wilcoxon signedank test (nofparametric). Ap-

value of less than 0.05 was considered to be significant.

5.4.2Results

5.4.2.1Mesh morphing

The meanerror and mean Hausdorff distanceetween themorphed mesh and the original
geometries are reported Trable5.2. The average, minimum and maximum errors are reported for

each vertebral level and for all the geometries in the dataset.

Mean errors for T12 were higher than those for L1 (3[7%0.008), but lower than those for L2 (

1.4%, p = 0.006). Even though in some cases the differences betweemete morphingerrors at

different levels were statistically significant, those difference were very low (< 4%). Overall, on the
three levels, the average mean error was lower than 0.1%hawjng an excellent reconstruction

of the geometry of each patient through thesh morphingrocessNonsignificant differences

were found among the average Hausdorff distances for the three vertebral peveds00). The

error maps, in frontal andposterdateral views, were reported for the patients with the highest
(Patient#16, T12level, Figure 5.13A-B), lowest Patient#14, L2 level, Figure 5.13E-F) and

average (Patient #5, L1 levéligure5.13C-D) Hausdorff distance. The largest Hausdorff distance
occurred at the posterolateral part of the vertebral body for the T12 vertebrae. This area represents
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the region where the pedicles unify with the vertebral body and Hausdorff distanceweas |
interest for the chosen application. Overall, therphing mesh captured well the shape of the
original geometries as it is demonstrated by large parts on the geometry with error inferior to 0.5
mm. For the case with a Hausdorff distance close tatlkeage, this error occurred at the level of

the inferior endplate where Patient #5 presented a sistalbphyte (see red arrowkigure5.13D).

It is possible to note as timeesh morphingerformed well despite an Hausdorff distant@bout 1

mm.
Vertebral level Mean error (mm) Hausdorff distance (mm)
Averagez+ st dev | (Min, Max) Averagez stdev | (Min, Max)
T12 0.140+ 0.0 (0.0, 0.18) 1.030+0.380 (0.556, 2.165)
L1 0.135+ 0.018 (0.099 0.177) 0.886+ 0.2(b (0599 1.628)
L2 0.1+ 0.02 (0.133, 0.189 0.961+ 0.311 (0.478, 1.9Q)
T12,L1and L2 0.139+ 0.0 (0.09, 0.188) 0.959+ 0.30L (0.478, 2.165)

Table5.2- Mean error and Hausdorff distance (mm) betweenrti@phedmesh and the original geometry,
averaged over all the patients, for T12, L1 and L2 levels, and averaged over the three levels.
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Patient #16 — T12 (Highest HD)

(A) (B)
Patient #5 — L1 (Average HD)

(©) Patient #14 — L2 (Lowest HD) (D)

(E) (F)

| <o5mm
B inside error
I outside error

Figure5.13- Errormaps betweemmorphedand original meshes for the worst caseBA an average one {C
D) and the best one {B), in frontal and posterolateral views, with respect to the Hausdorff distance (HD).
Red arrows indicate the area where the HD occurred. Thelerior O2 y 8 A RS NB Rmaiphgdad A RS ¢
YSaK Aad AYyaARS (KS 2 NA FroyHedmesh inSautside yh&origirdldmied A RS €
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5.4.2.2Estimation of the optimal number of modes

The results of the experiment to define the optimal number of modesciibéehe vectors within
the dataset are summarizedrigure5.14. On the xaxis the number of modésreportedOn the y
axis the average errors (with standard deviations) over the bases generated during-tresleaive
or leavefive-out are reported. In particular, the Hausdorff and mean errors evaluated on-the left
vectors and on all the learning vectors (averaged value) are preserfgglrab.14A and Figure
5.14C the error is evaluated with respect to therphedmeshes, which were used to build the
matrix H; in Figure 5.14B and Figure 5.14D the error is evaluated with respect to the original
geometries. The trends of ers were very similar if the errors weeveraged over the three
vertebraeor only for the L1 vertebrae. For simplicity, Figure 5.14 the errors averaged over the

three vertebrae are reported.
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Figure5.14- Mean and Hausdorff projection errors (mm) in function of the number of modes. The errors are
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and the leavdive-out (GD). Thedotted lines show the optimal number of modes. The shaded region
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As expected, the errors on leftit patients or omearning patients decreased when the number of
modes increased. The optimal number of modes was chosen as the best compromise between the
number of modes and the projection errors within the basis of modes to avoid increasing the

complexity of minimizatiorproblem to predict the shape of L1 unnecessarily.

Considering the mean error on the Hefit patient horphed mesh, Figure 5.14A), the error
corresponding to 4 modes was lower than the error corresponding to 2 modes by 45%. Instead,
increasing the number of modes, the mean error decreased by 18% from 4 to 39 modes. Therefore,
the optimal number of modes regarding the mean error was 4 that corresponded to a mean error of
0.49 mm, that was also close to 0.45 mm which corresponded limatest voxel dimension (slice
thickness) of the C-Bcan with the best resolution in the dataset. A similar behaviour was observed
for the Hausdorff distance: the error corresponding to 6 modes was lower than the error
corresponding to 2 modes by 24%. Whecreasing the number of modes from 6 to 39 modes the
Hausdorff distance decreased by 13%. The optimal number of modes regarding the Hausdorff
distance was 6 that corresponded to a Hausdorff distance of 1.93 mm. In conclusion, 6 modes were
retained for theminimization problem as optimal number of modes with respect to both the mean
error (0.46 mm)and the Hausdorff distan¢&.93 mm) Similar trends were found for the leave

five-out curvesItigure5.14C).

Considering the mean and Haodfl distances on the learning patientsigure 5.14B-D), as
expected, the errors approached to zero when increasing the number of modes. The curves showing
the errors evaluated on the lefiit patients with respect to the original imes Figure 5.14B-D)
presented similar trends than the errors with respect tmtinphedmeshesKigure5.14A-C), but

were shifted towards higher errors. In fabg errors show in Figure5.14B-D could beinterpreted

as the combination of thmesh morphingerror and theeductionerror. For this reason, the mean

and Hausdorff distances dhe learning patients did not approach to zero when increasing the
number of modes, but converged to a residual error which was aboo¢shemorphingrror.

The standard deviation was overall constant in function of the number of modes for errors on the

left-out and on learning patientSigure5.14).

5.4.2.3Prediction of the shape of L1

The mean reconstruction error of the 3D shape of L1 was on average 0.51 mm, while the Hausdorff
distance was on average 2.11 mialfle5.3). Examples oerrormays, in frontal andoosterdateral
views, are showed irFigure 5.15: Patient#4 (Figure 5.15A-B) and Patient#11 {Figure 5.15E-F)
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presentedhe best (0.29 mmjynd worst (0.96 mm) meaerror, respectivetyPatient #5 Kigure

5.15C-D) presented a mean error of 0.51 mm which was close to the average.

Reconstruction error with respect to the original geometry

Level(s) used Mean error (mm) Hausdorff distance (mm)
Averaget st dev (Min, Max) Averagez stdev | (Min, Max)
T12and L2 0.51+0.11 (0.29, 0.96) 2.11+0.56 (1.38, 4.52)
T12 *0.56+ 0.13 (0.34, 1.09) *2.31+ 0.52 (1.45, 4.42)
L2 *0.55+0.13 (0.32, 0.94) 2.22+0.57 (1.36, 4.60)
Reconstruction error with respect to the morphed geometry
Mean error (mm) Hausdorff distance (mm)
Level(s) used Averagez st dev (Min, Max) Averaget st dev (Min, Max)
T12 and L2 0.49+0.12 (0.26, 0.94) 1.88+0.54 (1.23, 4.06)
T12 *0.54+ 0.13 (0.32, 1.08) *2.13+ 0.49 (1.33, 3.96)
L2 *0.53+0.13 (0.30, 0.92) 1.99+£ 0.55 (1.21, 4.15)

Table5.3- Mean error and Hausdortfistance (mm) between the predicte® 8hape of L1 and the original
or morphedgeometry, in function of the information used for the predictiorepresents a significant
difference for the mean error and the Hausdorff distance for the cases where datalone or L2 alone

were used compared to the case where data from both T12 and L2 were used.

Patient #35 and Patient #11 presented the best (1.38 mm) and worst (4.52 mm) Hausdorff distance,
respectively. When the information about T12 alone was usedlve the minimization problem,

the mean error and Hausdorff distance worsened by (0% 0.001) and 9% (p = 0.001)
respectively(Table5.3); when the informationteout L2 alone was used, the mean error worsened

by 8% (p = 0.012)but the Hausdorftlistancewas notsignificartly different(p = 0.074)(Table5.3).

The mean error anthe Hausdorffdistance when using T12 alone or L2 aldvasl not statistical
differences | = 0.75 andp = 0.28, respectivelyPatient#4 andPatient#11 presentethe bestand

worst mearerror as in the case when the information about both the shapes of T12 and L2 was
used. Patient #35 presented the best Hausdorff distancelBeand L2 and only T12 were used;
Patient # presented the beblausdorff distancevhen onlyL2 wasused.Patient #1 presented the

worst Hausdorff distance in all three cases. The Hausdorff distance was often at the posterior part of

the vertebra, in correspondence to the pedicles.
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Figure5.15 - Error maps between pdicted and original meshes for the best cas®JAan average one {C
GAYyaARSE
aAR

D) and the worst one {E), in frontal and posterolateral viewsith respect to the mean error (MBed
arrows indicate the area where th¢ausdorff distanceccurred. The error is carh R S NB R
AYAARS GKS 2 NRA IonghHedmesh iSontside ya&origirldzi
one.
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Overall, as expected the mean er{@8%,p < 0.001)and Hausdorff distanc0.3%, p < 0.00)
evaluated on theriginal meshesTable 5.3) were significantly higher than the case where the
errors were evaluated on thmeorphed meshes Table 5.3). The mean ear (p = 0.30]) and
Hausdorff distancef = 0.248 evaluated on thenorphedmeshes Table 5.3) were similar to the
projection errors for the number of modes (6) usgarédict the shape of L1 vertebral bodiygure
5.14A).

For Patient #4 (lowest mean error), the distribution of heights of the predicted surface mesh of L1
vertebral body was very similar to the distribution of the origgedmetry Figure5.16E-F, Figure

5.17C). For Patient #5 (average mean erro®, ghedicted surface mesh overestimated the height of
the vertebral bodyRigure5.16C-D, Figure5.17B), while for Patient #11 (highest mean error) the
prediction resulted in an underestimation of the heidfigufe 5.16A-B, Figure 5.17A). The
difference between the median height values of distributions was higher for Patiefit.#11r(m),

than for Patient #5 (1.05 mmifor this subgroup of patients, the differea between sagittal and
frontal angles measured on original or predicted geometry was always lower than 1.8° and 1.4°,

respectively.
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5.4.2.4Processingime

The extraction of the geometry of the vertebral bodies from the segmentation mask took
approximately 4 minutes per vertebRlacing anatomical landmarks on the vertebral bodies took

less than 2 minutes. Once the reference mesh was calculated, alignment and mesh morphing were
two automatic steps that toalpproximately 4 minutes per vertebra without any optimization of the
fitting procedure. Building and solving the minimization problem to find the reconstructed shape of
L1 was a very fast process (secondsle time needed to process one patient external to the dataset

in order to retrieve the prfeacture shape of L1 would 29 minutes. This time does not include the

time needed to segment the T12 and L2 vertelviile a manual ormnautomatigprocess

5.5Discussion

The goal of this study was to develop a method to reconstruct the 3D shape of a L1 vertebral body

by using the shzes of adjacent vertebral bodies.

The mathematical approach used to predict the shape of a L1 vertebral body was tested on a
simplified 1D case. The shape of the vertebral body was described by a small number of
characteristic heights. These characteriggghts of the L1 vertebral body were predicted from
heights of adjacent vertebral bodies with a good accuracy (lower than 1 mm). This approach could
be used for some applications where information about characteristic heights would be valuable to
the sugeon, considering also the short operator and computational time needed to process the data.
In fact, identifying anatomical landmarks on the vertebral mesh took approximately 2 minutes per
vertebraand represents the only significant processing time éefbtaining information about the
heights ofL1. Implementing automatic extraction of bone landmarks of lumbar vertebrae would
allow to furtherly simplify the workflow(Campbell and Petrella, 2015)he reconstruction of the

3D shape of L1 was more tino®nsumingand requirecabout 20 minutes per patient starting from
already segmented images. An adxfisil time of about 30 minutes per vertebra should be taken into
accountto perform amanual segmentation from CT imagékwever,the pre-fracture 3D shape

could be used by surgeons to targagharough reduction of the vertebral fracture in multiple
anabmical planes which is essential in case of articular fracti#ebi, 2007) Moreover, semi
automatic or fully automatic image segmentation techniques could be usedute the time

needed to process €&Etan images and fasten clinical protocols.
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The morphing algorithm applied to lumbar vertebral bodieggmemted from C3scan images
allowed to accurately describe patispiecific geometries with single template mesfilhe mean

error and the Hausdorff error between tm®rphed meshes and their corresponding original
geometries were lower than 0.15 mm anchth on average over the 40 patients included in the
dataset. Thenesh morphingerror of geometries used to build a SSM of mand{dlang et al.,

2021) scapular bonéPlessers et al., 2018; Saétial., 2020rnd acetabular bor(®anden Berghe

et al., 2017)to reconstruct the premorbid agte of the bone, or to build a SSM of C2 cervical
vertebra(Clogenson et al., 201%yas notreported.Campbell and Petrella (26) built an SSM of

the lumbar spine using a subjegtecific mesh morphing technique characterized Budidian

node to surface distandewer than 1 mm, i.e., a perfect matching between the morphed and
original geometries. However, the meaesh morphingrror in the present study was lower than

the lowest voxel size (0.45 mm) among all the segmentations used to build the databet and t
geometry of each patient was very accurately described byndinghedmeshes. The Hausdorff
distance was concentrated in small areas of the vertebral bédiese(5.13), in particular it
occurred at the posterolateral part of the vertebral body at the T12 level, which is an area of reduced
interest for the present application, or at the level of small protuberances or porosities peculiar of
the anatomy of certain pants. Additionally, it has to be remarked that thesh morphingerror

may be affected by the number of iterations of the algorithm to define the reference mesh and may
be improved by increasing the number of iterations. This is adonsuming proces:d was not
addressed in the present work asrttesh morphingrror was considered acceptable for the present

application.

The optimal number of modes to build the minimization problem and to predict the shape of L1
vertebral body was determined by repegta leaveone-out experiment for all possible number of
modes, end evaluating the projection error of patients external to the basis. This parameter has to be
chosen based on the accuracy of the representation that is aimed, and on the compromise of
representing the variability of the training data without overfittingBtunton et al., 2016)For a
SSMbased reconstruction of the scapular b&ahi et al. (2020)etainedthe first 15 modes that
allowed to accountdr the 95% of the variability i@ training setof 82 samplesThis approach is
frequently used in literature, but it does not consider the ability to represent data outside the training
set. By using the leav®neout approach it is measured the abilifythe model to represent data

which is not part of the training set, and, therefore, this approach was preferred in this study.

The accuracy of the reconstruction was validated with a {eageut cross validation on a large

dataset of patients with hétay thoracolumbar spines and can be used to reconstruct thagitee
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shape of a L1 vertebral bodVhe 3D shape of L1 vertebral body was predicted with a mean error
of 0.51 mm and Hausdorff distance of 2.11 mm, on average over the 40 patients itagie¢. da
Nowadays, the @\rm is an advanced imaging system combining 2D and 3D acquisition modes
which is often used in the operating room during spinal surgical procedures. Considering that the
spatial resolution of the-@rm image is generally about 0.4 mtine mean reconstruction error was
comparable with the precision associated with the detection of the contour of the vartéibieal
protocols (Zhang et al., 2009)in works on SSMbased reconstruction of bones with artificial
defects, the mean reconstruction error was 1 mm for the acetabulamiveasre Euclidean point to

mesh distange(Vanden Berghe et al.,, 2017).2 mm (root mean square err¢Plessers et al.,
2018)or 0.97 mm (mean closest point distan¢8alhi et al., 2020jor the scapulaSalhi et al.
(2020)andWang et al. (2021jeported also the average Hausdorff reconstruction distance that was
5.86 mm and 4.51 mm, respectiveéfhe prediction errors obsed in the present study were lower

than those reported Manden Berghe et al. (2017), Plessers et al. (2018), Salhi (@0aD) and

Wang et al. (2021)Nevertheless, it shouloke noted thathese studies focused on acetabbones

and scapulae that present different morphologic characteristics than the yestethied in this
project Moreover the reconstruction approachesedare differentin this work the T12 and L2
vertebral body shapes were used for an S&ed econstruction of L1, while the healthy part of

the L1 vertebra was not usedstead, in SShased reconstruction bbnes with artificial defects,

the healthy part of one bone is used as a tafgde SSMin orderto estimate the shape of the part

with defectsFinally, different distance metrics to evaluate the difference between the predicted and
the original shapes were useld Bruijne et al. (2007/pund a mean distance between the original
and reconstructed 2D shapes of 0.8 mm (closest point distanag)ffactured vertebrae, which is
higher than the mean prediction distancethie present study focused on the 3D shape of the
vertebral body. That error worsened in the case of L1 and L4 levels where only one adjacent
vertebra was considered for the prediction. This is in line with the findings of the present study as
the errors wasened byabout 10%when the informatiomf only one adjacent vertebra was used in

the minimization process. It has to be noted that the worst mean error and Hausdorff distance in the
present study occurred for Patient #11 which was the oldest patiémat dataset. Thesteophytes

of the vertebral bodies of Patient #11 were considered as borderline. The segmentation mask of
Patient #11 was obtained by a-Gdan with a slice thickness of 3 mm. The Hausdorff distance is
expected to be lower for a datasatlimling only young patients without any osteophytes of spine
degeneration. With the number of modes retained to compute the prediction (6 modes), the

projection errors for patients excluded from the basis of modes were about 0.45 mm (mean error)
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and 1.95 nm (Hausdorff error)Kigure5.14A). The projection error corresponds to the lower bound
error that would be possible to find with the LLS optimization. The projectimrsewere very
close to the reconstruction errors found after minimization with the LLS method, therefore

confirming that the optimization allowed to approach the ogitgat of coefficients.

The height of L1 vertebral body was accurately predicted foefat4, while it was overestimated

and underestimated for Patient #5 and Patient #11. For both Patient #5 and Patient #11, the
difference between the median height values (Patient #5: 1.05 mm; Patienf #11mm,) was

higher than the mean reconstruatierror (Patient #5: 0.51 mm; Patient #11: 0.96 mm) but lower

than the Hausdorff distance (Patient #5: 1.99 mm; Patient #11: 4.52 mm). Therefore, these results
are promising for those cases where surgeons are mostly focused on retrieving the height of the
fractured vertebra rather than the 3D shape. However further studies are needed to assess the quality

of the prediction of the heightodés distributio
There are some limitations in this study.

First, it is important to note that thisethod was tested on a dataset of healthy spines without severe
bone degeneration or large osteophytes. In fact, this method is based on the generation of principal
modes by SVD that contain the information about the most prominent shape variationsaisea dat

of healthy vertebrae. Introducing patients with a severe pathology that affect the shape of vertebrae
in the training dataset, would be disadvantageous in detecting the main modes as those geometries
would act as noise by increasing the variabilityhe dataset. Instead, testing this method built on a
dataset of healthy patients on a patient with disease, is not expected to provide an accurate
reconstruction as the information of the shape of diseased patients is not contained in the training
set. A possible solution would be to create a training dataset specific for each disease or
pathological characteristics (e.g. a dataset that contains vertebrae with large osteophytes) in order to
describe the variability of those shapes, and use it specificalpyyedict the premorbid shape of
vertebrae with patients with the same disease/characteristics. However, this has not been assessed i

the present study and will be challenged in future works.

Secondly, this method has been assessed only on the vedetbiaghoracolumbar junction (T12,

L1 and L2). The thoracolumbar junction is the area where traumatic fractures of the spine occur

more often(Wood et al., 2014)Traumatic vertebral fractes are a common disease and since these

injuries are often due to higgnergy events, as motor accidents, falls, sport traumas, they are

common in persons of different ag@&chousboe, 2016The incidence of traumatic fractures at the

thoracolumbar junction has been associated to the anatomy and functionality of the spine: the
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thoracolumbar junction is characterised by a sudden changevatune, from dorsal to lumbar
spine, and stiffness, from the less mobile thoracic spine, where vertebrae sustain the rib cage, to the
dynamic lumbar spine which has higher range of motion, resulting in a concentration of
biomechanical streg©xland et al., 1992)The approach presented inststudy can be extended to
lumbar and lower thoracic vertebral bodies that present similar geometries. In this way, different
kinds of vertebral fractures could be targeted. In fact;s€an imaging is the standard exam to
characterise a vertebral fractutherefore the availability of clinical data to use this approach is not
limited to traumatic fractures. Additionally, this method focused only on the prediction of the
vertebral body shapes. This was due to the fact that fractures injuring the pqsaeriof the
column are generally due to violent forces and are often assow@tedther musculoskeletal
trauma and neurologic iny (Magerl et al., 1994; Wood et al., 2014) those cases, the primary
objective of any treatment is to avoid neurological deficit, and the reconstruction of posterior

elements is nogpursued.

Thirdly, we hypothesized that for the prediction of the-fpaeture shape of L1 vertebral body, the
healthy shapes of two or at least one adjacent vertebra are available. We expect a degradation of the
quality of the prediction in case also tlaljacent vertebrae present signs of fractures or
microfracture, as showdwy de Bruijne et al. (2007However, this mdod is agnostic of the shape

of the predicted level, and it is not based on the assuntpéisome healthy parts of the bone must

be available as in SSidased reconstruction studies.
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5.6 Conclusion

This project was undertaken to develop, test and validate a methodology to predict the 3D shape of
the L1 vertebral body from adjacent ones. The results of the validation on a large dataset of patients
indicate that the reconstruction was performed wHtellentaccuracy. This research has practical
application as it may be used to provide surgeons with information about the geometry before a
vertebral fracture and to optimise the treatmbnthe future this approach can é&eencdto study

multiple thaacolumbar levels.
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Chapter 6: Conclusions

6.1 Original contributions

The goal of this projeavasto create computationahodelsto aid in the preoperative planning of
spinalsurgeries The developed approache®vide aquantitativeassessment of tHBomechanical
propertiesof the vertebra implanted with two pedicle screws as webfathe geometry of the
fractured vertebra prior to injurythese models could be used to optimise the treatmesevefal
spinaldiseases and injuries, in particularvefitebral fracttes by optimising parameters related to

the surgeries and to improve personalised treatments. This goal was accomplished by the
development of a pipeline based on FE models and ROMs of screw fixation (Chapter 3, 4) and of a
method to predict the pifeacture shape of L1 vertebra (Chapter 5).

In Chapter 3,a comprehensive assessment of the effect of the mesh size and the sensitivity of
subjectspecific FE models of three lumbar vertebrae implanted with pedicle stoetlve screw

size and geometry, in terno$ stress in the screw, strain in the heterogeneous bone, and deflection
of the screw within the bon&jas reportedFor both simplified and realistic models, element sizes

of 0.6 mm in the screw and 1.0 mm in the bone allowed to obtain relative ditfsreyic
approximately 5% or lowein peak deflection of screws, peak von Mises stress in the screws and
peak Minimum principal strain in the vertebra with respect to the finest mhshdi@meter of the
screwhada major role on the mechanics of the serenebral structure for each patidot all the
considered metrics. A very good correlation was found for the maximum deflection and the mean
Minimum principal strain around the screws predicted with realistic or simplified s¢Rivs

0.99) Smplified madels underestimated the peak stneith respect to realistic ong¢R? = 0.82)

This study showed thdhe diameter of the screw should be optimised for each patient as it has a
large impacbn the mechanical properties of the construct. In addition, the underestimation of peak
stress in the screws when using simplified geometry of pedicle screws shoatddaeted for

when using the results of FE models for clinical decision making.

In Chapter 4the performance of ROMs applied to the results of sulgjgetific FE models of an
instrumented vertebra was assessed. This study showed that ROMs couldvwtlediot accuracy
lower than 3% the deflection of the screws and lower than 6% the von Mises stress in the screws,

but presented large errors for the prediction of the strain in the bone, for a model with shape
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parameters representing the size and ori@mtaif screws. In a simplified case with homogeneous
properties of the bone, bonded contact conditions at the sb@vesinterface and only two shape
parameters (diameter and length of scre®@Ms of the strain were characterized by an accuracy
lower than5%. The screwsbone contact condition was identified as the major feature of FE models
impacting the ROMsWhile at this stage this approach cannot be used to accurately predict
biomechanical properties of the bone that are associated to some of theegasdsre modes of the
fixation (screw migration, failure of the bone), the ROMs of parametric FE models of posterior
fixation have high potential in studying the biomechanics of complex spine fixation. However, they

need to be optimised in future stuslisee below).

In Chapter 5a methodology based ddingular Value Decomposition (SVQ@Yyas developed to
predictthe shape of the vertebral body of L1 from the shapemsdjsfcent vertebral bodies. The
development of this method involved the creation of @as#d of vertebral bodies from a public
database, the mesh morphing of all the geometries onto a template mesh, and the solution of a
minimisation problem formulated starting from the compression of mesh coordinates through SVD.
Based on a leaveneout cioss validation process over a dataset with 40 patiemés,mean
reconstruction error of the 3D shape of L1 was on averaget0®11 mm, while the Hausdorff
distance was on average 24056 mm. The distribution of heights between the two endplates was
also accurately predictetdhis method could be used to provide valuable information to the surgeon

in the preoperative settingnd to optimise the treatment based on geometric characteristics of the

vertebraat timebefore the fracture.

6.2 Limitations and future works

A number of limitations eed to be noted regarding this thesis and shall be addressed in future

works.

One issue with the current study was tiat FE model of the implanted vertebra, although verified
and the results subjected to sensitivity analysigs not validated with respect moeasurements

from exvivo experiments This step is fundamental for providing the needed credibility to the
modds before their application in clinics. This study was the initial stage toward the construction
and optimisation of a computational approach to assess the mechanical stability of posterior fixation
by considering realistic geometries and structural ptmseof the vertebrand by modelling the

screw with a realistic or simplified geometip future investigations, the model will be validated
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against stateof-the-art time-lapsed mechanical testing, mig8d imaging, and digital volume
correlation techniges to evaluate the strain distribution in bone tis®edanca et al., 2022)
Moreover, the current research has onlgreied one vertebra implanted with two pedicle screws.
Nevertheless, irposterior pedicle screvixation surgeriesusually more complex geometries are
involved (at least two vertebrae, two rods, four pedicle screws). In addition, the biomechanical
assessme was performed undeertical loads perpendicular to the screw akd®re sophisticated
geometry should be developed in order to determine the influence of screw size in physiological

settings.

As it concerns the exploration of the application of ROMBEEomodels of the implanted vertebra,

in case of complex models with heterogeneous properties and dmae/drictional interface, the

ROM presented good performance for metrics in the screws, but bad performance for the strain in
the bone, which limitshie effectiveness of the methodology. | have identified the problem of the
ROMs in the prediction of the frictional properties of the bsoeew interface, with issues
associatedvith the correction of initial gaps and penetratiamgl the optimization othe element

type and size at the interfaddowever, future studies are needed to optimise the ROMs for the
frictional case. Moreover, the ROMs were found to have similar accuracies as the linear
interpolation of the results of FE models. This was probdbs/to the type of parameters included

in the model and to their range of variation that resulted in a linear relationship between the FE
results and the shape parameters. Nevertheless, the application of ROMs has great potential for
complex highly comput@nal expensive models including complex geometries (multiple vertebral
levels) geometric or material ndimearities (e.g., large deformations, hyedastic material
properties of the intervertebral discs, elgstastic properties of the bone), or iase more shape
parameters are introduced into the model (e.qg., the insertion point of pedicle screws or the amount

of screws inserted in the bone).

The methodology to predidi¢ 3D shape of B1 vertebral bodyrom adjacent vertebragas tested

only on L1lvertebral levels of adult healthy patients. A natural progression of this work is to include
more lumbar and thoracic vertebrae to assess whether this method could be effective to predict the
3D shapes at different levels. However, #pplication of this methodology has been showed onto

the thoracolumbar junctiomvhich is the region where traumatic fractures of the spine occur more
often (Wood et al., 2014)In the future, it will be important to explore the poten&pplicationof

this method to old patients presenting bone degeneration and osteophytes. Considering a dataset of

patients with pathologies could deteriorate the qualitthe compression through SVD because of
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the large variability of shapes associated with diseases and the reconstructicfraxftpre shape

is challenging.
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Appendix

Appendix Al: Comparison between simplified and realistic

screw geometryi additional results
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FigureALl1l ¢ Linear correlation betweepeak™ vm for the realistic and simplified modeRdtient #1 two
sides, nine sizes).
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Figure2 ¢ Linear correlation betweestress components evaluated at tloeation of the peakvw for the

realistic and simplified modelBdtient #1 two sides, nine sizes).
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ppendix A2: ROM of the strain T additional results

ROM - €, 25 ROM - [£]

25
20

20
15

15

10

Average enorm (%)

10

Number of learning points Number of learning points

—F— Heterogeneous, Frictional
—— Homogeneoeus, Frictional
—— Homogeneoeus, Bonded

FigureA21 ¢ Average ROM errors over the validation snapshatfunction of the number of learning
points, for FE models with different combinations of bone material models and duveesnterface, for
the ROM of thez component (along the direction of loading) of the st(A)jyandthe ROM of thesix
componens of the strain tensaiogether(B).
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Appendix A3: Comparison between linear interpolation and
ROM

FigureA3.1 ¢ Comparison between the errors obtained by standard linear interpolation (dashed lines) and
by using Reduced Order Modelling techniques (continuou$ lindee case with two shape parameters
(Diameter and Length of screws)erage errors over the validation snapshate reportedn function of
the number of learning points, for FE models with different combinations of bone material models and
screwsbone interface, for the total deflection (A), the von Mises stress (B) and the minimum principal strain

(©).
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