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Abstract

Spinal surgeries are common to treat different types of diseases and injuries as trauma, tumours,
deformity and degenerative diseases. Conventional open spine surgery has several reported
limitations and there is a trend towards minimally invasive techniques due to lower complication
rates and morbidity. Percutaneous pedicle screw fixation and vertebral augmentation are two
widespread minimally invasive techniques that are often chosen to treat vertebral fractures. The pre-
planning of spinal surgeries is based on anatomical measurements taken on clinical images and on
the experience of surgeons. Post-operative complications may arise impacting the quality of life of
patients. Computational models can provide important patient-specific information about the

biomechanics and the geometry of the spine.

Finite element (FE) models have the potential to predict the biomechanical outcomes of surgeries
and are often proposed as possible tools for planning pedicle screw fixation. However, before 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 geometry. This was the aim of
the first study. Patient-specific Computed Tomography (CT)-based FE models of the human
vertebra with two pedicle screws were verified for both realistic and simplified geometry of screws.
The diameter of the screw played a major role on the mechanics of the screw-vertebral structure
with respect to the length. Simplified screws could accurately estimate the deflection and the strain
of the implanted vertebrae, but resulted in a systematic underestimation of the peak stress in the
screws. FE models can be used to optimize surgery-related parameters, but take a long time to
compute and are thus insufficient to fulfil the demands of most clinical settings. Reduced Order
Models (ROMs) are useful tools to improve the efficiency of FE models, and, in this thesis, were
applied to FE models of the implanted vertebra to optimise screws’ size and orientation showing
accurate prediction of the deflection and the stress of the screws. A third study included the
development of a CT-scan based procedure to estimate the pre-fracture 3D shape of a L1 vertebra
that could be used by surgeons to restore the pre-fracture biomechanics. The methodology was

validated on a dataset with 40 patients and showed excellent reconstruction accuracy.

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

treatment of vertebral fractures.
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Chapter 1:  Background

1.1 Summary

This chapter aims at providing the background information required to understand the research
projects illustrated 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., vertebral fractures). 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 post-operative complications related to these surgeries will be
described. Afterwards, 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 skeletal system 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 type | collagen fibers (85-
90%), water (5-6%) and other organic substances (5%); (2) a mineral phase made of hydroxyapatite
micro-crystals (Cai0(POa4)s(OH)2)) that constitute over the 60-70% of the bone (Currey, 2006). It is
possible to distinguish between cortical and trabecular bone according to the microstructure of the
bone tissue. The exterior layer of all bones is cortical bone, which is mostly present in the
appendicular skeleton, especially in the diaphysis of long bones (Monier-Faugere et al., 1998).
Cancellous bone is mostly found in the axial skeleton, where it is present between the cortices of
smaller flat and short bones like scapulae, vertebrae, and pelvis (Monier-Faugere et al., 1998). The
microstructure of cortical bone is characterized by solid lamellar structures called osteons with a
cylindrical shape (diameter of about 200 micron) (Cowin, 2013). The trabecular bone instead is a
porous material characterized by a network of plate-and-beam like structures called trabeculae
(thickness between 100 and 650 micron) (Cowin, 2013). The trabecular bone can present a high
porosity (up to 50%) and the trabeculae are organised along the principal lines of stress which

provide resistance to the load (Keaveny et al., 2001). The cavities of trabecular bone are filled with
1



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

inhomogeneous, anisotropic, non-linear material (Keaveny et al., 2004).

1.3 Anatomy of the human vertebra

The spine has the function of bearingthe 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 their geometry in function of physiological loading (Noailly and
Lacroix, 2012). From cranial to caudal, the 29 vertebrae composing the spine are often classified as
cervical (C1-C7), thoracic (T1-T12), lumbar (L1-L5) and sacral (S1-S5). Each vertebra is composed
of an anterior part, the vertebral body, and a posterior one, composed of different substructures
called posterior elements (Figure 1.1). The vertebral body is constituted of a centre of trabecular
bone surrounded by a thin cortical shell (thickness ~ 0.38 + 0.06 mm) (Eswaran et al., 2006) and
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 discs. 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 the spinous process, 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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Figure 1.1 — Vertebral body anatomy. Reprinted from Thompson (2015).



1.4 Vertebral fractures

Many risk factors were identified in literature for vertebral fractures. Aging-associated-diseases,
especially osteoporosis, bone metastases, and high-energy phenomena as falls, represent conditions
with a high risk of fractures. In a recent review, Schousboe (2016) reported data 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 fracture 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 fracture causes an increase in

healthcare costs for the following 5 years when it occurs.

The epidemiology of fractures in England and Wales was studied retrospectively by van Staa et al.,
(2001). By analysing a large cohort of patients (about 220.000 cases of fractures both men and
women) in a 10-years-period, 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 fractures. 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 on the choices of the surgeon, it gives
the possibility to monitor, assess, analyse, and modify the management of injuries in a systematic
way. However, Pneumaticos et al., (2013) stated that there is still need of more accurate validation

in prospective studies for the existing classification systems.

A well-established method of classification was proposed by Magerl et al. (1994). This
classification system is used by our clinical partner at the University Hospital Centre of Poitiers
(France) as a diagnostic tool, 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 the fracture: compression,
distraction (tension) and axial torque, based on the assumption that the injury pattern is correlated
with the mechanism (Figure 1.2). Each type is furtherly divided in three groups consistent with the

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



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, and within each
group and subgroup.

.}m(,.
-

A .
p—

C WEE

D { I

Figure 1.2 — Characteristics of the main types of injuries described in Magerl et al. (1994). (A) compression
fracture of the anterior part; either posterior (B) or anterior (C) transverse disruption; (D) injury with
rotation. Reprinted from Magerl 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 occurred at the thoracolumbar junction, and in
particular 28% at L1. This is the region between the thoracic and lumbar spine, where the curvature
has an inflection point passing from convex, called kyphosis, to concave, called lordosis. While the
thoracic region 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 by Genant et al., (1993) for the specific class of

osteoporotic fractures based on a semi-quantitative approach with visual inspection. This method
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uses X-ray images to identify the degree of vertebral height decrease and morphological changes

with respect to adjacent vertebrae (Genant et al., 1993).

For young patients, the most common cause of compression fractures is a high-energy trauma with
an acceleration-deceleration pattern. Often, it is the case of 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 main goals 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 mobilisation (Aebi,
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 foresees the usage of corsets, 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 properties of self-healing of the
bone. The immobilisation facilitates 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 spine (Kumar et al., 2015). In comparison with conservative
treatment, an immediate mobilization and an earlier rehabilitation may follow an operative strategy,

providing a better restoration of the sagittal curvature (Wood et al., 2014).

When a surgeon decides to operate, benefits deriving from surgery must override 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. However, muscles play an important role in the biomechanics of the spine

and their impairment influences the recovery.

1.5.1 Minimally invasive surgeries

Minimally invasive (MI) surgeries are associated with reduced healthcare costs for shorter
intervening time, reduced 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 blood loss, reduced
6



scarring and risk of infections, in turn, reduce the morbidity connected with a minimally invasive

surgery.

Pedicle screw fixation is the most common method for achieving spinal fusion and stabilisation in
the lumbar spine (Verma et al., 2016). In the United States alone, over 415,000 spinal fusion
procedures were done in 2018 (Rajaee et al., 2012). According to Fior Markets, the worldwide
pedicle screw system market is expected to grow by roughly 32% from 2018 to 2025 (Fior Markets,
2019). Pedicle screw fixation is the primary surgical approach for treating a variety of spine
illnesses as trauma, tumours, deformity (e.g., scoliosis surgery) and degenerative disease (herniated
disc removal, spinal stenosis decompression and/or fusion aiming to avoid these problems) (Mobbs
et al., 2011). In this thesis the focus will be mainly on the treatment of thoracolumbar fractures. In
general, the idea of posterior fixation is to create a bridge by means 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 posterior pedicle screw fixation screws are inserted a level (short-segment Figure
1.3A) or two levels (long-segment Figure 1.3B) above and below the fractured vertebra and are
tight together by a rod with a pre-set curvature. Some surgeons added instrumentation also in the
fractured vertebra (Mahar et al., 2007) (Figure 1.3C). Others proposed a mono-segment procedure
where the above vertebra is fixed to the well-preserved segments of the fractured vertebra thus
including only two vertebrae in the construct (Perera et al., 2015) (Figure 1.3D). Posterior fixation
can be done as a minimally invasive treatment (percutaneous pedicle screw fixation) for numerous

spinal pathologies (Mobbs et al., 2011).



(A) (B)

(€) (D)

Figure 1.3 — Different techniques of posterior pedicle screw fixation. Short-segment (Sanderson et al., 1999)
(A), long-segment (Kumar et al., 2015) (B), short-segment including fractured vertebra (Wang et al., 2013)
(C) and mono-segment (Perera et al., 2015) (D) techniques. Images adapted with permission.

Percutaneous pedicle screw fixation (PPSF) has been performed alone or combined with vertebral
augmentation (VA). VA consists in the injection of a biomaterial (usually a bone cement) in a
vertebra through a percutaneous cannula (Figure 1.4). 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



kyphoplasty (KP). A tube 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 a cavity. Bone cements typically

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

Vertebral Augmentation

Percutaneous Vertebroplasty Balloon Kyphoplasty

= e

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

Figure 1.4 — Percutaneous vertebroplasty and balloon kyphoplasty. Reprinted from Ebeling et al. (2019).

151.1 Post-operative complications

Despite the extensive use of pedicle screws in the current clinical practice, different post-operative
complications may arise. Inadequate reduction of the fracture, post-operative loss of reduction as
well as wall fracture of the pedicle are common early post-operative problems that have been
associated with mispositioned screws and narrow pedicles (Zhao et al., 2018). Screw loosening and
screw breakage are recurring late mechanical complications of spinal fixation that can bring to a
revision surgery in about 6% of cases (Prud’homme et al., 2015; Bredow et al., 2016). Screw
loosening and breakage have been associated to different phenomena (Galbusera et al., 2015).
When pedicle screws are implanted, the load applied on the spine is shifted from the bones to the
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 interface is overloaded 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 has a reduced capability to support stresses without failure (Ponnusamy et al., 2011). Indeed,
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in elderly female patients with deteriorated Bone Mineral Density (BMD) postoperative vertebral
fracture following posterior spinal instrumentation fusion had higher incidence than patients aged
under 70 years (Nakahashi et al., 2019). Screws positioning and angular orientation have been
shown to essentially impact the screw—bone load mechanism, hence examined to decrease the rate
of post-operative complications both experimentally and numerically (Zindrick et al., 1986; Santoni
et al., 2009; Ueno et al., 2015; Newcomb et al., 2017; Molinari et al., 2021). 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 patient-specific point of

view.

Among side effects 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 an outflow of 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 leaking into the spinal canal (Zhao et al., 2018).
Additionally, some authors investigated the effect of VA on the adjacent levels (Uppin 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., 2002). Secondly, after the reduction of the fracture by VA there may still be a
loss of height of the vertebral body with respect to the pre-fracture shape, i.e., an increase of
thoracic kyphosis, the inversion of lumbar lordosis and the forward shift of the centre of gravity. In
normal conditions, the muscular efforts needed to maintain the upright position are minimal; when
an anterior unbalance of 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 at the musculo-
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 reducing the risk of fracture of the nearest vertebrae
(Pesce et al., 2013). In fact, after a vertebral fracture a reduction of the height of the vertebral body
is frequent (Genant et al., 1993). Because 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.

10



1.6 Finite Element (FE) models

One common 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, for more complex 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 problems that are difficult to solve in a closed form due to
complex geometries, non-linear material properties and difficult boundary conditions (Zienkiewicz
et al., 2000). In FE models, the geometry of complex structures is discretized through small
components of a pre-defined 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 type used in the 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 element stiffness 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 stress-strain relationships. In cases where large deformations occur, or the
mechanics of contact forces is non-linear, or material properties are non-linear, the stiffness matrix
is not constant during the load application. One of the most common methods to solve non-linear
analyses is the Newton-Raphson method (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 engineering in recent years as an

effective tool to simulate different conditions of human structures (Fagan et al., 2002).

1.6.1 Patient specific FE models of the vertebra

The FE method is a convenient tool to explore the spine as its physiology and pathology are
influenced 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 and validation protocols, or

alternatively could be calibrated on a clinical basis.
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FE models of the vertebrae are generated based on CT-scan images. The resolution of clinical CT-
scan images allows to isolate the external surface of the vertebrae from adjacent soft tissues, 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 models (Figure 1.5):
the bone is modelled as heterogeneous material and material properties are derived by local BMD
estimated by CT-scan images (Kopperdahl et al., 2002; Schileo et al., 2008). In fact, the grey levels
(or Hounsfield units - HU) of CT-scan images represent the X-ray attenuation coefficients which
are a function of the density of the scanned object. If the CT-scan is equipped with a
hydroxyapatite-equivalent calibration phantom, it is possible to convert the HUs to equivalent BMD
values. The phantom can be scanned simultaneously with the patient (in-line calibration phantoms)
or off-line. The equivalent BMD values are then converted to Young’s moduli thanks to
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 geometry of trabeculae and the cortical
shell of vertebrae cannot be measured by CT-scan images, the bone is assumed as isotropic

material.

Young’s
modulus (GPa)
High

CD Low

(B)

Figure 1.5 — Homogenised FE model of the human vertebra implanted with two pedicle screws.
Discretization with unstructured tetrahedral mesh (A) and colour map representing the distribution of
elastic modulus (B). Adapted from Molinari et al., (2021).
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Vertebrae can be meshed with tetrahedral (Pahr et al., 2014) or hexahedral elements (Dall’Ara et
al., 2012). With a voxel-based Cartesian mesh the hexahedral elements are obtained directly by CT-
scan voxels, but they are unable to represent the smooth boundaries of the bone surface. On the
other hand, a smooth mesh with tetrahedrons allow to better represent the geometry of the vertebra,
but requires more complex pre-processing for the generation of the mesh. Both meshing methods
are affected by the partial volume effect which corresponds to an averaging of the attenuation
coefficients of the structures on the boundaries of the bone resulting in lower grey levels for the

cortical bone (Varghese 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 the in-vivo system. The mechanical loads that act on the
spine in physiological conditions are mainly due to the upper 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, extension, 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 loading acting on the
spine and the contribution of each sub-structure have not been fully characterized yet (Molinari and
Falcinelli, 2021). In fact, little is known about loading conditions acting on the vertebrae in daily
activities due to the limitations of in vivo measurements, as for example intervertebral disc pressure
or loads on internal spinal fixation devices (Rohlmann et al., 1997, 2008). Computational
musculoskeletal models can be used to predict the loads acting on the spine taking into account the
effect of muscles, ligaments and other anatomical parts. However, the validation of musculoskeletal
models is challenging due to the difficulty to measure the predicted forces (Ignasiak 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 patient-specific data (e.g., gait analysis).
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1.7 Mesh morphing

Mesh morphing is a computational method for adapting an existing mesh to a new CAD
(Computer-Aided Design) geometry. This method is especially well suited to complicated
geometries that cannot be automatically meshed, as well as to optimization problems requiring a
high number of design modifications. For example, the solid mesh of a lumbar vertebra of one
patient could take a new shape by updating the positions of nodes (Figure 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.

N
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(A)

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

(B)

Figure 1.6 — Application of mesh morphing to an hexahedral mesh of a hollow cylinder (Sieger 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 advantages 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 allows to build a
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 mesh has to be 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 mesh. Mesh morphing approaches
seek to preserve element quality as much as possible, allowing for as many geometric changes as

feasible before remeshing is required due to element inversion.

In the following sections, a brief introduction to two different methods to perform mesh morphing
is provided. Gaussian Process Morphable Models were used in this thesis to morph triangular
meshes and build statistical shape models of the lumbar vertebrae. Radial Basis Functions mesh
morphing is more suited to morph volumetric meshes, and it was used in this thesis to adapt the

mesh of a vertebra implanted with pedicle screws.

1.7.1 Mesh 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 shape T; of
an object is represented by a vector s; € R3N containing the position x,y,z of N points (nodes)

belonging to its external surface:

si= @b+ yi+ zh o+ yl + 2 (Eg. 1.1)

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

s~N(5,S) (Ea. 1.2)

where the mean shape 5 and the covariance matrix S are estimated from the data:

Zn: s, (Eq. 1.3)



1

S =
n—1

Z(Si —5) (si— 5)T (Eq. 1.4)
i=1

Starting from the n data-sets in correspondence, the covariance matrix S can be represented using n
mode vectors through Principal Component Analysis (PCA):

=

n
s=5§5 + Zdi\/zui (Eq 15)
1

where (u;, d;),i =1,...,n are the eigenvectors and eigenvalues of the covariance matrix S and «;
are scalar coefficients. The point distribution model s could be seen as a model of deformations
=31 q \/Eul- ~N(0,8) thatisadded to the mean shape s . Therefore, the deformations of
the mean shape are modelled 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 modelled as a Gaussian
Process (GP) characterised by a covariance function (or kernel) k. The 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 any capability of deformation. A common kernel which is
able to enforce smooth deformations is the Gaussian kernel, defined as:

lx=y I
K, - =1 (Eq. 1.6)

where the parameter ¢ is associated the degree of smoothness of the deformation field (Luthi et al.,
2018) (Figure 1.7).

A Gaussian process may be represented using a set of basis functions, similar to how a PDM can be
represented using PCA. Once the GPMM is created, this can be deformed in order to fit a target
shape. This results in a non-rigid 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 shapes. This 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 fitting (Cootes et al., 1995; Vanden Berghe et al., 2017)

because the models have a similar structure based on principal modes of deformation.
16



Reference
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Effect of high o Effect of low o

Figure 1.7 — Gaussian Process Morphable Models based on a Gaussian kernel applied to a surface mesh of
the human face. Smooth global deformations or local deformations may be applied by using high or low
values of the parameter o. Adapted from Luthi et al., (2018).

1.7.2 Radial 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 method (Biancolini, 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 RBFs (Figure 1.8).
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Figure 1.8 — Example of RBF mesh morphing on a two-dimensional quadrilateral grid. Displacements are
assigned to control points highlighted in red (A). X, and xs, have non-zero opposite displacements, while
other control 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 adapted from Biancolini, (2017).

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

Xnodene, — Xnode + Sx (Xnode) Sy (Xnode) Sz (Xnode) (Eq 1'7)

where s(+) is a scalar interpolation function which represents a transformation RN — R. The
interpolation function is composed by an RBF and by a polynomial term h(x) that is added to
ensure the uniqueness of the problem and polynomial precision allowing to retrieve exactly rigid

body motions:

N
s(x) = Zyiqo(llx — x¢,1) + h(x) (Eg. 1.8)

i=1
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where N is the number of control points, y; are scalar weights, ¢ is the basis function that has centre
at control points and depends on the distance between the nodes of the mesh to morph x and the

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

mesh can be calculated 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 assigned to control points g;:

s(x¢) = g, 1<i<N (Eq. 1.9)

Also, a condition of orthogonality on the polynomial functions is needed to determine the
interpolant. If the function ¢ is a conditionally positive definite function of order m < 2, a linear

polynomial can be used. In a 3D space the linear polynomial has the form:

h(x) = B1 + B2x + B3y + P,z (Eq. 1.10)

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

o ol g1 =[0] (Eq. 111)

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

M= o (lIxg— xll), 1<i<NI<j<N (Eq. 1.12)

P is the matrix containing the polynomial terms that has for each row j the coordinates of control
points in the form P; = [1 Xe; Ve Zc]-]v g the known terms of displacement at control points.

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

points is interpolated as:
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N (Eq. 1.13)
5@ = ) v o(lx - xel) + F@

i=1

50 =) 17 o(lx - xe ) + P

i=1

N
5.0 = D vE ollx = xll) + (@)

i=1

In this study RBF Morph software was used for mesh morphing (Biancolini, 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 the nodes subjected 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 sampling etc, without simplifying the underlying physics of the model. Real-time online

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

Reduced basis approaches are a class of a posteriori ROM 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 fact, 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 simulations evaluated on the nodes of
the mesh. Therefore, their size is a multiple of the number of nodes considered, depending on if the
quantity of interest is a scalar or a field. Principal component analysis (PCA) can be used to build a
reduced basis from a set of snapshots. The extrapolation of the reduced basis from the snapshots is
mathematically done by Singular Value Decomposition (SVD). Considering M as the matrix in

which each column represents the values of each snapshot s;, this matrix can be written as:
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where X is a diagonal matrix composed of g; the singular values of M matrix, U and V are
composed of the left singular vectors and the right singular vectors, respectively. The matrix M can
be approximated by a linear combination of the first r left singular vectors u; , typically called
modes. Once the basis has been built, the snapshots can be projected on the basis and expressed in

terms of the coefficients «; and the modes of the basis:

T

s; = Z a; (Eq. 1.15)

i=1

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 response surface. The ROM is the result of the
construction of the response surfaces of the coefficients «; of each mode as a function of the input
parameters (Ben Salem and Tomaso, 2018). The ROM allows to obtain the basis coefficients «; 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 construction 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. Different types of designs have been
proposed as Full factorial design, Fractional factorial design, Central-Composite design, Box-
Behnken design etc., that can be chosen according to the amount of runs that can be computed and
the target error of approximation. ROM is 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 complexity of the model and some methods have
been proposed to efficiently choose the number of learning snapshots (Gogu 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 to build 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 validation-set/learning-set size ratio has to be chosen according to the application.
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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 levels (Li et al., 2014; Xu et al., 2014; Elmasry et
al., 2017; Su et al., 2018; Wang et al., 2018, 2019; Liu et al., 2019) or a single level (Chen et al.,
2003; Chevalier et al., 2018; Bianco et al., 2019; Matsukawa et al., 2020; Molinari et al., 2021).
Different failure modes of the instrumented structure (screw breakage, screw migration, screw

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

Patient-specific FE models of the thoracolumbar spine instrumented with rods and screws aimed at
comparing different posterior fixation techniques with respect to the mechanical stability and the
risk of rupture of the construct (Li et al., 2014; Xu et al., 2014; Elmasry et al., 2017; Su et al., 2018;
Wang et al., 2018, 2019; Liu et al., 2019). In fact, these studies focused on failure 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 implants, and, therefore, the risk of
rupture of implants, with respect to the traditional technique with pedicle screws one level above
and one level below the fractured vertebra (Li et al., 2014; Wang et al., 2018) (Figure 2.1A). If the
fractured level was instrumented, a unilateral procedure was indicated as a better option than a
bilateral one because it is equally stable but less invasive (Su et al., 2018) (Figure 2.1B). A broadly
similar point has also recently been made by Liu et 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 diminished (Wang et al., 2019) (Figure 2.1C). This
result conflicts with Xu's et al., (2014) study which found that the biomechanics of the instrumented
segment in terms of ranges of motion and 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 long-segment fixation with screws from two levels
above to two levels below the fractured level was indicated as a biomechanically superior option

(Elmasry et al., 2017) (Figure 2.1D). However, FE models of spine segments and implants are often
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based on a non-realistic geometry of the fractured vertebra, often modelled as a resected vertebra
(Figure 2.1), and on the assumption of many different parameters (e.g., material properties of soft-
tissues; geometry of discs, cartilages and ligaments) which are not easily identifiable from CT-scan
images. Therefore, it is difficult to understand the impact of these parameters on the outcomes of

the simulations, and to verify and to validate the model against experimental measures.

(A) (B)

(€) (D)

Figure 2.1 — Studies using FE models to determine the best strategy for posterior fixation presented different
outcomes: (A) long-segment fixation with additional screws at the fractured level (Wang et al., 2018); (B)
short-segment fixation with short screws at the fractured level (Su et al., 2018); (C) Mono-segment
procedure at the fracture level (Wang et al., 2019); (D) long-segment fixation (Elmasry et al., 2017). Images
adapted with permission.
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Other researchers preferred to focus on a single vertebral level to study more 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., 2018) and micro-FE models (Chevalier et al., 2018) were found to be good
predictors of pull-out strength and stiffness obtained by experimental tests better than apparent
density estimated from high-resolution micro-CT images. Micro-CT 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 modelled and, therefore, simplified
boundary conditions are applied which may not be physiologically relevant. As micro-CT and

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

The sensitivity of mechanical properties estimated by FE models to different geometric features and
insertion-related parameters of pedicles screws has been assessed by using FE models with
homogeneous (Bianco et al., 2017, 2019; Newcomb et al., 2017) and heterogenous (Chen et al.,
2003; Matsukawa et al., 2015, 2016, 2017, 2020; Biswas et al., 2019; Molinari et al., 2021) bone’s
material properties. Chen et al., (2003) showed by using a patient-specific CT-scan based FE model
of a lumbar vertebra that the screw length had no significant impact on both the displacement and
maximum principal stress of the screws, for models with bonded or frictional screws-vertebra
interface. Conversely, Matsukawa et al., (2016) reported that the effect of length and diameter of
screws on the pull-out strength and vertebral strength was similar by analysing FE models of 20
vertebrae instrumented with pedicle screws with a cortical bone trajectory (Figure 2.2). The role of
the amount of screw length within the vertebral body with respect to the actual screw length has
been stressed (Matsukawa et al., 2016, 2020)
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Traditional trajectory Cortical bone trajectory

Figure 2.2 — 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 cranio-lateral direction. Note the reduced length of the screw in cortical bone trajectory
to avoid perforation of the cortical bone. Image reproduced from Matsukawa 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 thoracic (Bianco et al., 2019) and lumbar (Bianco et
al., 2017; Biswas et al., 2019) vertebrae and of heterogeneous osteoporotic lumbar vertebrae
(Matsukawa et al., 2020). Various 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 screws (Matsukawa et al., 2015, 2017;
Newcomb et al., 2017; Molinari et al., 2021). The effect of cortical bone removal has also been
addressed by testing different entry point preparation to simulate the action of a bone rongeur
(Bianco et al., 2019) (Figure 2.3).
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Figure 2.3 — Example of Finite Element model of an instrumented thoracic vertebra by Bianco 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 from Bianco et al., (2019) with permission.

CT-based FE models of the screws-vertebra construct have often been proposed as potential tools
for the pre-operative planning of posterior fixation. Before clinical applications, FE models must
undergo the process of verification and validation (Assessing Credibility of Computational
Modeling through WVerification & 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 calculations (Musuamba et al., 2021). As 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. However, most of the studies reviewed
report poor information about the verification of FE models. When 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
stress that are not directly used for the biomechanical analysis of the structure under investigation.
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 needed to assess 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 screws’ size and geometry on biomechanical metrics in the bone and in the screws is missing.
These approaches may help in establishing the potential of the FE models in evaluating the

biomechanics of the implanted vertebrae in the pre-operative clinical setting.

2.2 Reduced Order Models

In the biomedical field, the application of reduced order modelling techniques has attracted the
attention of researchers in cardiovascular biomechanics (Manzoni et al., 2012), soft tissue
biomechanics (Niroomandi et al., 2012; Calka et al., 2021) and biomechanics of the
musculoskeletal system (Zou et al., 2018; Niroomandi et al., 2020). In fact, the computational time
necessary for simulations of biomechanical models including high number of DOFs, material non-
linearities or non-linear contact mechanics might not fit with the healthcare system, and reduced

order modelling techniques have the potential to provide real-time simulations.

Reduced order models (ROMSs) have been applied to computational fluid dynamics (CFD) models
with geometry/shape variations of parametrized carotid artery bifurcations (Manzoni et al., 2012),
of parametrized ascending thoracic aortic aneurysm (Biancolini et al., 2020) and of pathological
pulmonary arteries implanted with a stent of different diameters (Caiazzo et al., 2016). The
potential of ROMSs has been addressed to replace high fidelity FE models of soft tissues and organs
as the cornea (Niroomandi et al., 2012), the liver (Niroomandi et al., 2012; Lauzeral et al., 2019),
buttock’s soft tissues for ulcer prevention (Luboz et al., 2018), and tongue to study the functional
outcome of surgeries (Calka et al., 2021) (Table 2.1). To evaluate the accuracy of the ROM, both
qualitative 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 given 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

Niroomandi et al., (2012) Cornea Qualitative good agreement (load vs displacement
curve)
Niroomandi et al., (2012) Liver Accuracy less than 5% (load vs displacement

curve) - the method for calculating the error is not

clearly stated

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

Lauzeral et al., (2019) Liver Mean absolute error of about 1 mm (displacement)
Calkaet al., (2021) Tongue RMS error between 0.038 mm and 0.146 mm

(nodal positions)

Table 2.1 — 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 order reduction approaches to musculoskeletal structural analyses.
Perrier et al., (2015) proposed a patient-specific FE model of the foot to compute the internal strains
and stresses in response to pressure distributions (measured with a smart sock, for instance), which
could be useful in the prevention of dangerous foot ulcers. In a subsequent study, ROMs have been
showed to predict the displacement of the foot in function of the force exerted by the tibialis
anterior with a maximum relative error norm of 3.8% (Niroomandi et al., 2020) (Figure 2.4). 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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Figure 2.4 — Displacement fields predicted by a patient-specific model of the foot and interpolated by the
ROM showed very good accuracy. Adapted with permission from Niroomandi et al. (2020).

ROMs were showed to be effective tools to accelerate the solution of a material parameter
identification problem based on in vitro experiments (Hoang et al., 2013; Zou et al., 2018). Zou
(2018) developed a Reduced Order Modelling approach based on Proper Generalised
Decomposition (PGD) 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

Young’s modulus of the interfacial tissue between a dental implant and the surrounding bone.

The potential of ROMs in orthopaedics to evaluate the influence of geometric features of implants
appears to be under-explored. 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 quantitative evidence to support the clinical decision process (Section 1.6.1). Non-linear
material properties of bony structures as well as complex mechanical interactions between pedicle
screws and vertebrae introduce complexity in FE models, and, as 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 becomes inadequate 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 morphing enables the implementation of a parametric model, which is used to build up the
ROM framework and data (Biancolini et al., 2020). In fact, mesh morphing allows to control 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., meshes must have 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 non-exhaustive list of applications is image segmentation (Weese et al.,
2001), statistical shape modelling (Heimann and Meinzer, 2009; Clogenson et al., 2015; Campbell
and Petrella, 2016; Sun et al., 2021), the automatic construction of patient-specific mesh from
segmentations (Castro-Mateos et al., 2016), the implementation of multi-scale patient specific
models (Rijsbergen et al., 2018). In this study, Radial basis functions (RBF) based mesh morphing
was used to create a parametrized model of the implanted vertebra. In bone biomechanics, RBF
mesh morphing has been successfully applied to the femur (Grassi et al., 2011), the mandible
(Pascoletti et al., 2021), the rib and the cervical vertebra (Wu et al., 2019) in order to switch from a
reference mesh to a target patient-specific mesh. The application of mesh morphing techniques and
ROMs to FE models 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 bone by 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 template bone neglecting the shape variability among different
subjects and between the contralateral sides of the same subject (Gelaude et al., 2007; Hingsammer
et al., 2015). In a study exploring the asymmetry between right and left human clavicle bones based
on 3D models of 51 patients reconstructed by CT-scans, the contralateral side was found a more
reliable reconstruction template compared to a mean-sized bone (85% difference in mean 3D
angular error - p-value < 0.001 - and 162% difference in mean translational error - p-value < 0.001)
(Hingsammer et al., 2015). An automatic approach to reconstruct acetabular bone based on the
contralateral side showed discrepancies of 3.2 £ 2.2 mm in Euclidean distance between the hip joint
centres and 3.8° + 2.9° in enclosed angle between the normal vectors. This procedure requires the
contralateral bone to be intact, which is not always the case. In addition, these 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 on

31



clinical images or cadaveric specimens, which allow to retrieve one missing parameter by
estimating some others (Ganapathi et al., 2011). The disadvantage of this method, however, is that

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

To date, several studies have explored 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 shape vectors to determine 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 the potential of SSMs to aid in reconstruction of the mandible
(Wang et al., 2021), scapular bone (Plessers et al., 2018; Salhi et al., 2020) (Figure 2.5), acetabular
bone (Vanden Berghe et al., 2017), or pelvis (Krol et al., 2013).
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Figure 2.5 — Workflow used for 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 healthy part of the
scapula allowing to retrieve the missing part. Reprinted with permission from Plessers et al., (2018).

With this approach, a SSM is built based on a population of bones without any disease. Then, some

defects are artificially 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 missing part. The predicted
shape is compared with the original one to evaluate the performance of the method. This approach
has showed 12% -26% lower reconstruction errors with respect to methods assuming the
contralateral bone as a template for reconstruction (Krol et al., 2013; VVanden Berghe et al., 2017).
Mesh morphing techniques can be used to put in correspondence surface meshes of three-
dimensional models of bones. Scalismo software has been showed to perform accurate mesh
morphing of scapular bone (Salhi et al., 2020) and cervical vertebrae (Clogenson et al., 2015). Salhi
et al., (2020) showed a mean error of 0.97 £ 0.14 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 segmentation 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 vertebral bodies segmented from
CT-scan images. de Bruijne et al., (2007) used SSMs to develop conditional shape models, which
allowed for the prediction of one vertebra's 2D shape dependent on the shapes of all other vertebrae
in clinical X-ray images for the purpose of fracture quantification (Figure 2.6). The outlines of the
vertebrae were drawn manually, landmarks were placed equidistantly on those boundaries and were
used to build the SSM.

The shape of each vertebra could be found as a weighted combinations of predictions based on
knowledge of the shape of other vertebrae, whether healthy or 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 the SSM and
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 of 0.8 mm. While this approach appears to be promising for predicting the 3D form of a
vertebral body, it has only been used to estimate the 2D shape of vertebrae using X-ray images. An
approach to evaluate the 3D geometry of a vertebra at time before the fracture is missing. This
information could be used in the pre-operative planning of surgeries to take anatomical

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

Figure 2.6 — Approach used by de Bruijne et al., (2007) to quantify the entity of a vertebral fracture from X-
ray images. (A) Original X-ray image with a severe fracture and indications of the vertebral heights; (B)
Annotation of the shapes of vertebral bodies; (C) Pre-fracture shapes reconstructed for each vertebra, both
fractured and unfractured — the pre-fractures shape of unfractured vertebra is very similar to the post-
fracture shape; (D) Quantification of the vertebral fracture as difference between the reconstructed pre-
fracture and post-fracture shape. Reprinted with permission from de Bruijne et al., (2007).



2.4 Aim and Objectives

The aim of this project was to develop computational tools in order to improve the pre-operative

planning of surgeries to treat vertebral fractures, by providing quantitative 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 has been reached by addressing the four objectives listed below:

1)

2)

3)

4)

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

To assess the sensitivity of subject-specific FE models of the vertebra with two pedicle
screws to various implant sizes and in cases where the screw design was realistic and
simplified. Local and structural properties of the construct were analysed with respect to the
screw size suggested by the surgeon (Chapter 3).

To explore the application of ROMs to the results of FE models with four shape parameters:
diameter, length, sagittal orientation and transversal orientation of pedicle 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 of learning
points on the accuracy of the prediction of the ROM was studied. The screws’ properties
were optimised by using the ROM (Chapter 4).

To develop a method to reconstruct the 3D shape of the L1 vertebral body from the shapes
of adjacent T12 and L2 vertebral bodies obtained by segmentation of 3D CT-scan images,
and to validate it on a large dataset of patients. The feasibility of this approach was first
assessed on a simpler case where the shape of the vertebral body is described by 7
characteristic heights. Then, 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 of screw’s size and geometry

Based on the published manuscript:

Sensale, M., Vendeuvre, T., Schilling, C., Grupp, T., Rochette, M., and Dall’Ara, E. (2021).
Patient-Specific Finite Element Models of Posterior Pedicle Screw Fixation: Effect of Screw’s Size
and Geometry. Front. Bioeng. Biotechnol. 9. doi:10.3389/fbioe.2021.643154.

3.1 Summary

Pedicle screw fixation is extensively performed to treat different kinds of spine injuries or diseases.
Post-operative complications may arise from this surgery leading to back pain or revisions. Finite
element (FE) models could be used to predict the biomechanical outcomes of surgeries but should
be verified when both simplified and realistic designs of screws are used. The aim of this study was
to generate patient-specific Computed Tomography (CT)-based FE models of human vertebrae with
two pedicle screws, verify the models, and use them to evaluate the effect of the screws’ size and

geometry on the mechanical properties of the screws-vertebra structure.

FE models of the lumbar vertebra implanted with two pedicle screws were created from
anonymized CT-scans of three patients. Compressive loads were applied to the head of the screws.
The mesh size was optimized for realistic and simplified geometry of the 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 models, element sizes of 0.6 mm in the screw and 1.0 mm in the
bone allowed to obtain relative differences of approximately 5% or lower with respect to the finest
mesh. Changes in screw’s length produced lower differences (1-22%) than changes in screw’s
diameter (6-47%) in mechanical properties of both the screws (maximum deflection, peak stress)
and the bone (mean strain). The maximum deflection of screws and the mean strain in the bone
predicted with realistic or simplified screws correlated very well (R? = 0.99). The peak stress in
screws with realistic or simplified design correlated well (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 screw-vertebral 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 results from the FE 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 neoplasia as it can be performed as a
minimally invasive surgery enabling the preservation of the paraspinal muscles and resulting in
faster recovery, reduced blood loss and rate of infections (Wang 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 be necessary to improve the outcomes of the treatment (Ponnusamy et
al., 2011; Prud’homme et al., 2015). For this reason, surgery-related 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 measurements on CT-images, finite
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 to the bone geometry, bone tissue
heterogeneity, different boundary conditions, and before clinical applications they should be
verified and validated (see for example: Assessing Credibility of Computational Modeling through
Verification & Validation: Application to Medical Devices - ASME). The screw size and other
insertion-related parameters have been tested with FE models of different complexity in terms of
the number of vertebral levels included in the model, how the bone tissue is modelled and screws-
bone interactions (Newcomb et al., 2017; Bianco et al., 2019; Wang et al., 2019; Molinari et al.,
2021). In most cases a realistic screw geometry was used and only in a few studies a simplified
geometry of the screw was modelled (Li et al., 2014; Su et al., 2018). The usage of simplified
screws would enable the optimization and automation of the modelling procedure to evaluate
vertebral and screws properties, if used in combination with mesh morphing and reduced model
order techniques (Campbell and Petrella, 2016). Although FE models of the instrumented spine are
often proposed as tools for planning pedicle screw fixations to predict 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 are used (Inzana et al.,
2016; Matsukawa et al., 2016, 2020; Bianco et al., 2019). A 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 reported in 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 to verify 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 CT-scans of the thoracolumbar 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. A mesh refinement
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 (realistic or simplified). An overview of the study is

presented in Figure 3.1.
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Acquisition of pre-operative CT scan
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Segmentation of one lumbar
vertebra

Creation of 3D solid model of the
vertebra and of simplified solid
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Boundary conditions
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Verification of the FE model for the
optimal screw size

A4

Sensitivity analysis on screw
diameter and length

Figure 3.1 - Workflow used to generate, verify, and test the sensitivity of heterogeneous FE models of one
vertebra implanted with two pedicle screws.
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3.3.1 Imaging and Image processing

Three anonymized clinical pre-operative CT-scans of the thoracolumbar spine of three patients were
analysed. The scans were previously acquired at the University Hospital Centre (CHU) of Poitiers
(France) and transferred only after anonymization (CHU86-RECH-R2020-02-01). These patients
were treated with a posterior pedicle screw fixation for different reasons: two patients reported a
vertebral fracture at L1 (Patients #1 and #3), one patient had osteoarthritis (Patients #2). The

scanning parameters are reported in Table 3.1.

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 x0.88 0.68 x 0.68

(mm?)

Slice thickness (mm) 1.25 1.0 1.0

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

Table 3.1 - Parameters of acquisition of CT-scan images for the 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 the vertebral bodies was 21 % between Patient #1 and
Patient #2 and -24% 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 cross-section corresponding to the approximated
insertion points and including the longitudinal axes of the screws as currently done by the surgeon
in the pre-operative planning. From these measurements, and based on the advice of an experienced
surgeon, it was concluded 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 cross-sections (3D Slicer, v4.10.1)
(Fedorov et al., 2012).The resulting mask was smoothed 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 and mask (Figure
3.2).

Patient #1 Patient #2 Patient #3

Figure 3.2 - Sagittal mid-section views of the CT images of the three patients and smoothed segmentation
masks of lumbar vertebrae used to build the FE models.

3.3.2 Generation of the FE model

The segmented vertebrae were exported as surface meshes (STL) and imported in the 3D modelling
software Ansys® SpaceClaim Release 20.2 (Ansys Inc., Canonsburg, PA, USA). Through a reverse
engineering process (“SkinSurface” command), a 3D solid model of each vertebra was
reconstructed. The surface at the bottom of the model, representative of the inferior endplate, was

used to apply the boundary conditions.

Afterwards, two pedicle screws (Aesculap® S4® Element MIS Monoaxial) were virtually inserted
within the vertebra. The realistic geometry of the implant was imported as STP file. Nine different
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 evaluate how the thread affected the loading distribution
and deformation within the vertebra-screws 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 junction 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 surface (Figure 3.3).
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Figure 3.3 - 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, 1990), which consist of finding 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 centre of the vertebral body, keeping a distance of approximately 2.5 mm between the head of

the screw and the superior articular processes (Figure 3.4).
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(A) (B)

Figure 3.4 — Virtual insertion of pedicle screws showed in cranio-caudal and postero-anterior views for
Patient #1 (A) and insertion technique showed by Gertzbein and Robbins, (1990) (B). Image adapted from
Gertzbein and Robbins, (1990).

All other realistic and simplified screws were aligned to the 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, nine with realistic geometries and nine with simplified geometries.

Each vertebra-screws 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 with tetrahedral quadratic elements (T10). For the vertebra, a uniform meshing algorithm
was used so that the CT-scan grid was sampled uniformly during the definition of material
properties of the bone. The element size was defined based on a mesh convergence study (see
Section 3.3.3). A bonded contact was imposed at the interface between the screws and the vertebra

by kinematic constraints in order to simulate full osseointegration of the devices.

Bone was modelled as isotropic and heterogeneous material with Young’s modulus depending on

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 values (pocT), using a
scale factor to convert the physical units to g/cm?®. This assumption was considered acceptable for
the goal of this study, which is focused to the verification and sensitivity analysis of the models. In
fact, the relationship between Hounsfield units and CT-densities (calibration equation) is typically
considered linear for the bone (Schileo et al., 2008). As material models and contact conditions
were also linear, considering a linear calibration equation would result in scaling the results of the
simulation by a constant value. From the BMD equivalent density, the apparent density (papp) Was
obtained through (Eqg. 3.1) (Schileo et al., 2008):

g
Poct = Pash = Papp X 0.6 (cm_3) (Eq. 3.1)

The Young’s modulus was then calculated using the density-elasticity experimental equation

specific for thoraco-lumbar vertebrae (Eq. 3.2) (Morgan et al., 2003):

Epone = 4730 p}lPsg (Ea. 3.2)
The Poisson’s ratio of the bone was set to vbone = 0.3 (Wirtz et al., 2000). The values of Epone Were
calculated and assigned for each element by using the Bonemat software (Taddei et al., 2007)

(http://www.bonemat.org/index.html). The screw was considered isotropic and homogeneous with
Young’s modulus and Poisson’s ratio of Titanium: Escrew = 102 GPa, vscrew = 0.36 (Niinomi and
Boehlert, 2015).

The model was loaded with a quasi-static uniformly distributed force of 200 N (100 N per screw)
applied to the head of the screw in a direction perpendicular to the longitudinal axis of the screw
and perpendicular to the superior endplate, towards the caudal direction (Chen et al., 2003; Biswas
et al., 2019) (Figure 3.1).The force was equally distributed between the two surfaces of the head of
the screw that would interact with the rod (50 N on each surface) (Figure 3.1). This load
configuration aimed to represent the load exercised by the upper chest on the most inferior vertebra
of a short-segment pedicle screw construct and transmitted by a rod that would be tightened in a
direction perpendicular to the screw axis as estimated in an in-vivo study (Rohlmann et al., 1997).
However, it should be noted that the model is linear and that the results of simulations 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 20.2 (Ansys 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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3.3.3 Mesh refinement study

For each patient, the model 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 changed separately in bone 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 discretization of 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 screw (Table 3.2).

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

Table 3.2 - 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 simplified or
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) (Table 3.3). 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 different element sizes is reported in Table
3.2 and Table 3.3. As the models were run in parallel 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 (5)

Screw) Screw) Screw Screw) Screw) (Realistic

Screw)

3.0 0.4 8601 1.4 E+05 12154 20E+05 | 284 260

2.5 0.4 14319 2.3 E+05 17662 2.9 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 8.7E+05 | 316 352

1.3 0.4 98509 1.5 E+06 101141 1.5 E+06 424 528

1.0 0.4 215833 3.2 E+06 217860 3.3 E+06 676 760

0.9 0.4 295509 4.4 E+06 296387 4.4 E+06 912 996

Table 3.3 - 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
simplified or realistic screws; Total CPU time (time*number of CPU Cores) to solve models with simplified or

realistic screws.

It should be noted that due to the heterogeneous properties of bone, the value of Young’s modulus

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

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 were calculated for the different mesh sizes:

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

The peak von Mises stress (ovm) In the screws (nodal value) for the finest mesh. For the
coarser meshes the ovm was evaluated in the same coordinates, using the element shape
functions to interpolate nodal values. Since the peak ovm in the screws always occurred in a
node on 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 the peak ovwm.
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The peak Minimum Principal Strain (ep3) in the bone (nodal value) for the finest mesh. For
the coarser meshes the g3 was evaluated in the same coordinates, using the element shape
functions to interpolate nodal values. Some peaks were excluded from the analysis because
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 the vertebra potentially 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.

3.3.4 Influence of screw size and geometry on mechanical properties of
screws-vertebra 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 dimensions 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 (D = 6.5 mm; L = 45 mm). The following parameters were

calculated for the three patients:

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

The peak von Mises stress (ovm) 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 peak, at a distance higher
than five element sizes from the sharp corner, was considered in the analysis.

The mean Minimum Principal Strain (ep3) in the bone (nodal value). This value was
calculated within a Region of Interest (ROI) defined at the screw-bone interface with a
shape similar to the smooth conic body of simplified screws (Figure 3.5). The ROl was
coaxial with the longitudinal axis of the screw and had a diameter equal to two times 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)

Figure 3.5 — Regions of interest (ROIs) 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 left sides (green), and for D =
7.5 mm and L = 50 mm on the right side only (pink). The ROIs were scaled in function of the screw size.

For the patient characterized by the highest relative differences in ovm in the screws and &p3 in
the bone (Patient #2), the frequency plots for &p3 for three screw sizes (D = 7.5 mm and L = 50
mm; D =6.5 mm and L =45 mm; D =5.5 mm and L = 40 mm) were compared for models with

simplified and realistic screw geometries.

3.3.5 Comparison between simplified and realistic screw geometry
Linear regression analyses were performed between the predictions of dmax, peak ovm and mean gp3
from the models with simplified and realistic screw geometry. The Slope, Intercept and coefficient

of determination (R?) were calculated for each linear regression.
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3.4 Results

3.4.1 Mesh refinement study

The percentage absolute change with respect to the finer mesh in dmax for both simplified and
realistic screw models was lower than 0.1% (screw) and 0.5% (bone) for each tested element size
(Figure 3.6A-B).

The percentage absolute change with respect to the finer mesh in peak ovm was higher for the
realistic screw compared to the simplified one (Figure 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 0.6 mm allowed to achieve relative differences
of approximately 5% or below. The ovm distribution in the screws were similar for the models with

different element size for both simplified and realistic screw geometry (Figure 3.7).

The peak ¢ps3 values 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 Patient #3 (Figure 3.8). The
absolute percentage relative differences in peak ep3 were much higher than for the peak ovm. For
both simplified and realistic models, element size of 1 mm in the bone led to absolute percentage

relative difference of approximately 5% or below for the three patients (Figure 3.6E-F).

For the following analyses, an element size of 0.4 mm was chosen in the screws because the
computational time was not significantly affected (Table 3.2, Table 3.3), and an element size of 1.0

mm was chosen in the bone.
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Figure 3.6 - Percentage absolute difference with respect to the finer mesh in the simplified screws (A, C, E)
and in the realistic screws (B, D, F) for maximum total deflection (A, B), peak von Mises stress in the screw
(C, D), and peak minimum principal strain in the bone (E, F). Dashed lines represent results for each subject,
continuous black lines represent averaged values, dash-dotted lines represent the chosen 10% difference
chosen as threshold
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P U

(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

80,618 1741
80,818 Max 117,41 Max
69,273 100,64

| 57727 83,864

| 2612 67,001

B 34636 50,319

| 230m  (MPa) 33,546 (MPa)
11,545 16,773
0,00026847 Min 0,00031894 Min
0 0

Figure 3.7 - Distribution of von Mises stress in simplified (A-D) and realistic (E-H) 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 stress distribution.
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Patient #1 Patient #2 Patient #3

(6) (H) (1)

2.5097e-5 Max
-0.00069438
-0.0014139
-0.0021333
-0.0028528
-0.0035723
-0.0042918
-0.0050112
-0.0057307
-0.0064502 Min

Figure 3.8 - Location of elements where peak €p3 in the bone were. For each patient the following views are
reported: the projection of the sagittal section corresponding to the location of the elements in a cranial
view (A-C); the location of the peak (red circle) in a sagittal section for each patient (D-F); a magnified view
of the mesh in the area corresponding to the selected peaks (G-I).
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3.4.2 Effect of size and geometry of the screw

The screw’s diameter had a higher influence on dmax than the screw’s length in both simplified and
realistic models, for both left and right screws (Table 3.4). Changes in length resulted in median
values of percentage changes in dmax between 4% and 10%; whilst, changes in diameter resulted in
median values of percentage changes in dmax 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 expected, for a fixed length, the dmax increased for lower diameters; for a fixed
diameter, the dmax decreased for longer screws.

Effect of screw size and shape: Aol (%0) in dmax
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

Table 3.4 - Percentage difference in maximum total deflection 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 on peak ovm than the length for both simplified and realistic models

(Table 3.5). In fact, changes in length resulted in median values of percentage changes in peak ovm

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

in peak ovm 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. However, an 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 ovm between 2% and 11% (left screws) and between 25% and 29%
(right screws) were found. Since this patient 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
obtained from simplified models. The percentage differences presented overall similar trends for the
three patients. Also, the peak ovm in the screw was higher in realistic models compared to those
with simplified screws. For a fixed length, the ovm increased for lower diameters; for a fixed
diameter, the ovm 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 models with different screw sizes.

Effect of screw size and shape: Ar (%0) of peak aym
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

Table 3.5 - Percentage difference in peak von Mises stress in the screws, for simplified and realistic models,
reported with respect to the nominal 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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For both simplified and realistic models, the diameter affected the mean &p3 more than the length
(Table 3.6). In fact, changes in diameter resulted in median values of percentage changes in mean
ep3 between 30% and 47%, while changes in length resulted in median values of percentage changes
in mean &p3 between 10% and 22%. For both simplified and realistic models, similar percentage
differences and trends were found between right and left screws. Generally, similar percentage
differences in mean ¢ps were found for the models with realistic or simplified screws. Also, the
mean &3 in simplified models were similar to those with realistic screws. The percentage
differences presented overall similar trends for the three patients. For a fixed length, the mean ep3

increased for lower diameters; for a fixed diameter, the mean eps decreased for longer screws.

Effect of screw size and shape: A (%0) of mean gy
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

Table 3.6 - Percentage difference in mean Minimum principal strain in a ROI at the screw-vertebra interface,
for simplified and realistic models, reported with respect to the nominal 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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3.4.3 Comparison between simplified and realistic screw geometry

If data were pooled for the different patients, sizes and sides, the dmax calculated for models with
realistic or simplified screws correlated very well (R? = 0.99; Slope = 0.918, Intercept = 0.026 mm)
(Figure 3.9A). A good correlation was also found between the peak ovm calculated from the realistic
and simplified models (R?= 0.82) (Figure 3.9B). Nevertheless, the simplified models systematically
underestimated the peak stress compared to the realistic ones (Mean rel diff = 29.2% + 5.2%, Slope
= 1.2, Intercept ~ 17 MPa). For Patient #1, the stress components calculated from the realistic and
simplified models at the location of the peak ovm showed lower correlation than the peak owm
(Appendix, Section Appendix Al). Models with realistic and simplified screws showed excellent
correlation for the prediction of the mean &p3 (R? = 0.99; Slope = 0.925, Intercept = 40.185 mm)
(Figure 3.9C).
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Figure 3.9 - Linear correlation between dmax (A), peak avm (B) and mean €p3 (C) for the realistic and simplified
models (data pooled for the three patients, two sides, nine sizes).
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The peak p3 was highly influenced by the combination of screw geometry (simplified vs realistic)

and the distribution of Young’s modulus in the bone, whereas the distribution of values of gp3 within

a ROI around the screw was similar for simplified and realistic design of screws, with only a

localised increased of strain for a few elements in the realistic screw models (Figure 3.10).
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Figure 3.10 - Frequency plots for the values of €,3 within a bone ROl around the right screw, for realistic and
simplified models. The data are reported for the largest screw size (A), the optimal screw size (B) and the
smallest screw size (C), evaluated for Patient #2. Similar trends were observed for the other patients and the

left screws.
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3.5 Discussion

This study aimed to generate and verify a subject-specific CT-based FE model of the human
vertebra implanted with two pedicle screws. The model was then used to evaluate the effect of the
size and geometry of the pedicle screws on the mechanical properties of the screws-vertebra

structure.

Element sizes of 0.6 mm in the screw and 1.0 mm in the bone were associated to a relative
difference of approximately 5 % for both simplified and realistic models. Similarly, Costa et al.,
(2019) reported that element size of 1 mm was required for CT-based subject specific
heterogeneous FE models of healthy non-instrumented vertebrae loaded in compression. Widmer et
al., (2020) reported the results from a validation study for CT-based subject specific heterogeneous
animal (bovine and porcine) vertebrae with realistic pedicle screws. They opted for smaller element
sizes at the level of the screw cavity compared 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 reported. Bianco et al., (2019) compared the fixation strength of realistic
pedicle screws with different dimensions, bone engagement and entry point preparation under axial
and non-axial forces and chose 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 to 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
implanted with pedicle screws. This is critical as “verification” is one of the important steps to give
credibility to the models for the assessment of the efficacy of medical devices (Assessing
Credibility of Computational Modeling through Verification & Validation: Application to Medical
Devices - ASME).

As expected, in this study percentage relative differences in peak ovm were 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 of the thread features, which is not modelled in the
simplified screw. It should be noted that the presence of the thread resulted in a 22-29% higher peak
ovwm 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. However, the ovm distribution
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over the screws was similar among the different mesh sizes for both realistic 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 the peak oym in the
screws and on the mean &p3 in the bone than the length of the screw. This shows that for mono-
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. Therefore, finding 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 screw-vertebra interface and better distribution of stress, thus
preventing post-operative complications. Even 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 in the bone, the actual clinical need and practical limitations of the
surgery have to be taken into account when choosing the size of pedicle screws. In fact, it may be
that a screw with a large diameter may not be easy to insert. Our results are in line with most
experimental and numerical studies in the literature that showed the predominant effect of the
diameter of the screws compared to their length (Zindrick et al., 1986; Chen et al., 2003; Cho et al.,
2010; Matsukawa et al., 2016, 2020; Bianco et al., 2019; Biswas et al., 2019), and provide an
extensive analysis on mechanical properties of the construct that overcomes the difficulties in
comparing results from previous studies. Matsukawa 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 sagittal plane, and anchor only on
cortical bone in the pedicle without the contribution of trabecular bone in the vertebral body
(Santoni et al., 2009), by using an FE model including bone heterogeneities and realistic screw
design. They found that some mechanical properties of the vertebra-screws construct 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 those by Matsukawa 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 of the screw. Matsukawa et al.,
(2020) investigated the effect of screw size on fixation in osteoporotic vertebrae by FE analysis.
Their results showed 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, similarly to the 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 complementary. Moreover, even though the results of

the sensitivity analysis

Overall, the predictions of the simplified models correlated well with the predictions from the
realistic ones, especially for the global structural properties (dmax) and averaged local properties in
the bone around the screw (mean &p3). 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 influence the overall stiffness of the model. Inzana et al., (2016) modelled a
homogeneous cylindrical block of trabecular or cortical 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
underestimated the displacement of the screw head (35% and 27% difference for cancellous and
cortical bone, respectively; averaged values extracted from Figure 4 in that study) with respect to
the realistic case. In this study, it was found that the maximum deflection of the 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 between the two studies. Moreover, in this study the simplified models
underestimated the peak ovm, due to the lack of stress raisers considered in the realistic design.
These differences could also be amplified by local heterogeneity in the Elastic modulus of bone
elements. In fact, the distribution of Young’s modulus in the bone had a strong influence on the
peak ep3, whereas the distribution of strain as well as the mean strain around the screw-bone
interface was similar for simplified and realistic models. This result is consistent with that of Inzana
et al., (2016) who showed similar maximum principal strains in large regions of interest around the
screw between simplified and realistic screws. This finding highlights the importance of the choice
of modelling the screw’s geometry realistically or to use a simplified model depending on the

application.

There are some limitations in this study. First, it is important 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 measurements from ex
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 realistic or simplified geometry. Validation of the
model against advanced time-lapsed mechanical testing, micro-CT imaging and digital volume

correlation approaches (Dall’Ara et al., 2017) to measure the strain distribution in the bone tissue
61



will follow in future studies. The bone was modelled as isotropic material. However, the bone is an
anisotropic material as its trabecular architecture adapts to the mechanical environment along the
principal directions of loading (Wolff’s law) (Fields et al., 2009). The effect of modelling
anisotropic properties of the bone should be explored in future works. However, considering that
heterogeneous properties of the bone have been considered and a reasonable small element size has
been used, the anisotropy of the bone has been partially taken into account. The screw-bone
interface was modelled as perfect bonding to simulate osseointegrated implants. While 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 short-segment 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 the axis of the screws. Nevertheless, in
order to evaluate the effect of the screw size in physiological conditions, more complex geometry
and loading conditions should be modelled. The insertion points of pedicle screws, as well as the
orientation of the screw axes in 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 been evaluated with nine discrete configurations
instead of analysing the 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 could have 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 the nodal positions to
accommodate shape variations (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 population of patients 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 diameter of the 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 interpreting 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 effective pre-operative
planning tools to improve the biomechanical outcomes of the surgery and reduce the risk of post-
operative complications. Parametric analyses by means of FE models require long computational
time and, for this reason, are inadequate to meet the needs of most clinical settings. The aim of this
study was to develop a pipeline based on mesh morphing and Reduced Order Models (ROMs) to
increase the efficiency of FE models to optimise the size and the orientation of pedicle screws.

Heterogeneous FE models of a lumbar vertebra virtually implanted with 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 Models (ROMs) of the deflection and the stress in the
screws, as well as the strain in the bone, were built and analysed in function of the number of

learning snapshots, the bone material properties, and the screws-bone interface conditions.

The findings indicated that ROMSs 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 by an accuracy lower than 5% only
in case of homogeneous properties and bonded interface. The optimal screw size and orientation
corresponded to the following configuration: Diameter = 7.5 mm, Length = 50 mm, Sagittal angle =

3° and Transverse angle = -3°.
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4.2 Introduction

Experimental and numerical studies have investigated the effect of the screw size and/or their
orientation within the pedicles to determine which parameters play the most important role on the
stability of the spine after surgery. The effect of insertion-related parameters can be studied
numerically by means of CT-based FE models (Chapter 3). In order to increase the reliability of
these models, non-linearities might be introduced to define the screws-bone interaction or material
properties. To solve non-linear FE models with high number of DOFs, the computational time may
reach some hours and has to be multiplied by the number of simulations to be run in case of
parametric models for optimisation purposes. Because this approach necessitates a large amount of
computer resources, it is challenging to meet the needs of workflows delivering clinical treatments.
ROMs are powerful tools that enable real-time online computations without simplifying the
underlying physics of the model. The potential of ROMs has been addressed in different fields of
biomechanics and have showed great potential to create fast and accurate digital twins of human
structures. However, the contribution of ROMs has received little attention within the study of spine
biomechanics, and in particular for the biomechanics of vertebrae implanted with pedicle screws to

optimise the size and the orientation of screws.

The aim of this study was to develop a pipeline to study more efficiently the mechanical properties
of the vertebral body with two pedicle screws. In order to decrease the computational burden, the
application of a reduced basis approach proposed in Ansys Static ROM Builder software to the
mechanical results 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 the risks of screw failure for a

given patient.

In the Section 4.3, some changes to reference FE models are described and analysed with respect to
the FE models used in Chapter 3. In Section 4.4, the application of ROMs to the results of FE
models with four shape parameters (diameter, length, sagittal orientation and transversal orientation
of screws) are explored and presented, while in Section 4.5 the performance of ROMs in a
simplified case with only two parameters (diameter and length of screws) was investigated. In
Section 4.6, the application of ROMs to the optimization of the screws’ size and orientation is

shown for one patient.
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4.3 Reference FE model of one 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 the screw to simplify the usage of mesh morphing. Instead of a curved
junction, a flat junction was designed (Figure 4.1), and a parametric model of the screw
characterised by 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.

= Simplified

B Idealised

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

Figure 4.1 — Different designs of screws derived by a commercial Aesculap screw. The idealised screw is used
in this chapter.

The idealised screw was meshed with a mixed tetrahedral and hexahedral mesh. The head of 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) (Figure 4.2).
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Figure 4.2 — Mid-section view of the mesh of the screw. The head of the screw is meshed with tetrahedral
elements, while the remaining 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 same of 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, heterogeneous material or isotropic, homogeneous material
according to the type of analysis. Heterogeneous properties were determined based on local BMD
estimated by CT-scan images as in Chapter 3. In the case of homogeneous properties, the Young’s
modulus was Enomo = 2672 MPa and Poisson’s ratio was v = 0.3 (Wirtz et al., 2000). The Young’s
modulus was calculated averaging the heterogeneous distribution of Young’s moduli assigned to
elements. A frictional surface-to-surface contact was considered at the interface between the screws
and the vertebra to investigate the primary stability of the screw-bone construct (Ovesy et al., 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 and
therefore the frictional stress. The sensitivity of the model to the friction coefficient (0.5 - 0.99) was
assessed. In order to treat any initial small gaps and penetrations, the standard option implemented
by the software was used (“Adjust to touch”). This option applied a global correction to contact
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 Lagrange contact formulation was used. A surface-to-surface
contact was preferred to a node-to-surface contact as it 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 nomenclature) as the bone presented higher element density
and the less stiff material properties. The amount of penetration at 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 showed in Figure 4.3. The load was applied
symmetrically on the two pedicle screws. Ansys ® Mechanical Enterprise Release 21.1 (Ansys Inc.,
Canonsburg, PA, USA) was used to solve the analysis with the Newton-Raphson method to solve
the non-linear problem. The load was applied in 5 steps; within each step, the number of sub-steps
varied between 2 and 10. The computational time to solve the equations was about 1 hour using a
workstation with processor model Intel(R) Xeon(R) CPU E5-2690 v3, 2.60GHz and running the

analyses in parallel processing on 10 CPU Cores.

50N +50N

Figure 4.3 — Boundary conditions applied to reference FE models. A quasi-static 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 these loading conditions the model was not significantly sensitive to the friction coefficient
as differences of about 0.01 mm (3%) and 2-3 MPa (2-3%) were found for the maximum total
deflection and the peak ovm for models with friction coefficients between 0.5 and 0.99. Therefore, a
coefficient of 0.99 was chosen to model the effect of the undercut between 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 simplified and idealised screws were compared in case of frictional screw-bone

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 peak ovm between the two models. The
location of the maximum total deflection and the peak ovm was 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 with the bone. These differences were not
considered significant with respect to the envisaged application and therefore we concluded that the

FE model was not sensitive to above-mentioned 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

4.4.1.1 Summary

FE models of one vertebra implanted with two pedicle screws characterised by realistic screws-
bone frictional interface and geometry and mesh optimised to implement mesh morphing were
presented in Section 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 updated by
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 loaded with vertical 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 overview of the study is presented in Figure 4.4.
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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

- 3T} o Min Prine Strain

Number of leaming points

Figure 4.4 — Workflow to create parametric FE models based on mesh morphing whose results are used to
build ROMs.

4.4.1.2 Definition of the parameters representing the size and orientation of screws

The FE model included four shape parameters: two parameters for the size of screws - the diameter
(D) and the length (L); two parameters for the orientation of screws within the pedicle — the sagittal

orientation (0) and the transverse orientation (¢) (Figure 4.5).

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 two pedicles and the vertebral body

measured on CT-scan 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 load) (Figure 4.5C). The orientation of the screw
within this plane was expressed by the angle “6” between 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 pedicle. This point was fixed and identified according to a medical protocol
(Gertzbein and Robbins, 1990) which consist of finding 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. In the sagittal plane, positive angles corresponded to the cranial direction
and negative angles to the caudal one (Figure 4.5C). 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 identified with the angle ¢ between the axis of the screw at the optimal configuration
and the same axis after rotating the screw around the insertion point (Figure 4.5D). In the transverse

plane, we assumed positive angles as lateral and negative angles as medial (Figure 4.5D).

The range of variations of both angles was (-3°, 3°) to avoid perforating the cortical bone layer. As
suggested 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 U

(A)

PR ——

L= (40,50) mm__

(C) (D)

Figure 4.5 — Shape parameters related to the size and orientation of screws. (A) Diameter - D; (B) length - L;
(C) sagittal orientation - §; (D) transverse orientation — ¢. (C) and (D) show mid-sections of the solid model
at the level of the left screw and indicate the convention used.

4.4.1.3 Mesh morphing

The availability of a set of vectors (results of the FE models) of the same size is a major requisite
for the application of Reduced Order Modelling techniques. When ROMs are applied to models
with physical parameters (e.g., the module of a force, the Young’s modulus of a material) without
any modification of the initial mesh, this requisite is easily satisfied by evaluating the results at
mesh nodes. As in this study the parameters of reduced models are shape parameters, the mesh has
to be modified in order to accommodate the variation of the geometry without changing the
topology of the mesh. Additionally, the modifications of node positions must guarantee the
correspondence of node locations among different models. For example, if one node (and, therefore,

one component of the results vector) corresponds to a location on the tip of the screw, the node of
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all other models, after modification of the mesh, must correspond to the same location. For this
reason, in this work, mesh morphing was 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.
4.4.1.3.1 Workflow

The generation of the FE model with different combinations of four shape parameters 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 screw (Figure 4.6). 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, in this 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 software (Ansys®
SpaceClaim). Afterwards, the screws were rotated of the angles 6 and ¢, and a Boolean subtraction
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 with tetrahedral quadratic elements (T10) with element size of 1
mm (Chapter 3). On the other hand, the size and orientation of the screws were changed by mesh
morphing starting from the hexahedral mesh generated on the model with the optimal screw size
(template mesh). First, a transformation was imposed to adapt the mesh to changes in 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 screws, but the displacements assigned to
them changed based on two amplification parameters in order to obtain screws with multiple sizes.
The procedure to implement this transformation is presented in Section 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 rigid transformation was also applied through mesh morphing by using the
in-built transformations of RBF Morph. Each time, the Hausdorff distance (Commandeur 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 summarised in Figure 4.6. 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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Figure 4.6 — 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.

4.4.1.3.2 Generation of RBF control points and their displacement field

The idealised screw with D = 6.5 mm and L = 45 mm was positioned at the origin of the
coordinates system, so that the z-axis was parallel to the longitudinal axis of the screw and x and y
axes were parallel to the transversal section of the screw. As the head of 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 screw (Figure 4.7).

Figure 4.7 — Local coordinates system positioned at the initial section of the junction of the screw to
generate the RBF control points for mesh morphing.
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A structured mesh (Figure 4.2) with the same number of nodes and elements was built for a screw
with D = 6.5 mm and L = 45 mm and a smaller 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 same
topological positions, even if the coordinates of the nodes were different. In this way, for each node
on the mesh of the bigger screw it 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 to the screw 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 nodes on the 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 displacements 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 reported in Table 4.1 and showed in Figure 4.8.

Diameter Length
External surface AXx | A™* (Xpss5— Xpes) 0
Ay | A* (Ypss — Ypes) 0
Az |0 B * (ZL40 — Z145)
Internal cavity Ax |0 0
Ay |0 0
Az |0 B * (ZLa0 — ZL45)

Table 4.1 — 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

Figure 4.8 — Example of displacements assigned to 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 = 40 mm) by mesh morphing. For 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 beginning of the body of the screws have low displacements. Regarding
radial displacement, it 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 idealised 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 the length of 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 reference coordinate 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 mm confirming that the morphing procedure was extremely accurate.

4.4.1.4 ROMs of the mechanical results

In this study, a ROM of the total deflection of the screw as well as a ROM of the von Mises stress
(owvm) in the screws, and a ROM of the minimum principal strain (ep3) in the vertebra were created
in function of the 4 parameters defined in the FE model (D, L, 0, ¢). The mechanical results in the
screws were sampled at mesh nodes to build the set of vectors for the ROMs. However, for the
ROM of the mechanical properties in the bone, a grid of sampling points around the screw was
morphed for each configuration and the strain in that location was interpolated by using element
shape functions. This procedure was needed to build the set of vectors to create the ROM as mesh
morphing was not applied to the mesh of the vertebra.

A grid of points was defined around the screw based on the coordinates system showed in Figure
4.7. The design of the grid was constrained by the fact that all sampling points must be inside the
vertebra for all the models. For this reason, the grid of points started at a distance of 15 mm from
the origin of the coordinates system towards the vertebral body. Along the longitudinal axis of the
screw, 27 planes perpendicular to 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 considered and sampled
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 characteristics, 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 roto-translation matrices between the reference coordinate system and
appropriate local coordinate systems defined on the screws in the undeformed configuration (Figure
4.9).
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(A) (B)

Figure 4.9 — Grid of points to sample the strain in the bone in the region around the screws for an example
with D =6.5mm, L =45 mm, 9 =0°and ¢ = 0°, showed in the reference system (A) and within the vertebra
after roto-translation (B).

Before the reduced models can be exploited to predict 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 is the definition of the learning and the validation sets. These
sets 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 hyper-parallelepipeds that
compose the 4D design space (2D case: a square can be divided by 22 squares; 3D case: a cube can
be divided in 2% cubes and so on) (Figure 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 performance of the reduced models.
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# of validation points = 16

Figure 4.10 - Location of the combinations of the shape parameters D, L, §, ¢ corresponding to the 16
validation snapshots represented (blue dots) in the R subspace.

Considering that the number of learning points will affect the predictive ability of ROMs and that it
is not clear what is the best compromise between the accuracy of ROMs and the efficiency of the
approach, a sensitivity analyses on the number of learning points was performed. The initial set of
learning points was chosen by considering a simple full factorial design with two levels per
parameters (DOE1). The two levels corresponded to the minimum and maximum values selected
per each parameter (Section 4.4.1.2). By using this type of design, the corners of the design domain
(a hypercube) were sampled as showed in Figure 4.11. Then, the number of learning snapshots was
increased to 17 (DOE2), 27 (DOE3) and 45 (DOE4) to study the effect of the number of learning
snapshots (Figure 4.11). The DOEs were built by progressively adding one or more shapshots to the
previous learning set. The 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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Figure 4.11 — The combinations of parameters D, L, 9, ¢ for the learning set (red points) shown in the R*
subspace for the considered Designs of Experiment (DOE).
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To build the reduced models, Ansys Static ROM Builder (accessible in Ansys Twin Builder®
software) was used. This software implements a reduced-basis approach (Section 1.8) which is
based on a reduction and construction phases. In the 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 surfaces for each mode is based on the
Genetic Aggregation Response Surface (GARS) algorithm (Ben Salem and Tomaso, 2018). This
technique selects the interpolator or gives the best combination of several interpolation methods
usually used to create response surfaces. It is 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 creation of response surfaces, must be assessed.

To evaluate the accuracy of the projection phase, the relative norm projection error (Eq. 4.1)

(eNORMm].) between the field predicted projected in the basis of modes and the solution of the FE
model was calculated. To evaluate the accuracy of the prediction of ROMs, the relative norm ROM
error (EQ. 4.2) (enormpe,,) Petween the field predicted by the ROM and the solution of the FE
model was calculated. Additionally, the distributions of absolute ROM error (Eq. 4.3) (eapspop)

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 surfaces for each mode of the basis.

2
\/Zi(xSVDi - xFEi)
ENORMpyoj = (Eqg. 4.1)

Zi(xFEi)z

JZi(xROMi - xFEi)z
€NORMgom — - (Eq. 4.2)
Zi(xFEi)

€aBspoy = |1 Xrom — XrEl (Eq. 4.3)
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4.4.2 Results and Discussion
Overall, the average eyormp,,, decreased from DOEL to DOES4, i.e., by increasing the number of

learning points (Figure 4.12).
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Figure 4.12 — 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 ROMSs in DOE4 (B), reported for
the ROM of the total deflection, the ROM of the von Mises stress, and the ROM of the minimum principal

strain.

As it concerns the ROMs of results in the screws, the average eyogrmp,, OVer the validation
snapshots was lower than 3% for the total deflection, and under 6% for the von Mises, when the
ROMs were built with 17 learning points (Figure 4.12A). As expected, ROMs presented better
performance for the deflection than for the stress. In fact, the FE solution is more accurate on
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 average eyormp,,, fOr the deflection significantly

decreased by 53% with respect to the case with 17 learning points (DOE2) (Figure 4.12A).

However, the average eyormp,, Was lower than 3% for DOE2 (Figure 4.12A). This error was
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considered acceptable 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 average eyormg,,, €rror for the ovm slightly decreased in DOE3 and slightly increased in

DOE4 with respect to DOE2. However, the average ENORMpy,; 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 process of construction of the ROM of the ovm, 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 on the interpolation of modes coefficients is sensitive to possible sources of noise within the
FE result fields, as, for instance, the differences among meshes of the vertebra for different models,
heterogeneity of the bone etc. (more details are provided below). In addition, the geometry of the tip
of the screws presented a sharp angle that act as a stress concentrator where the FE solution is less
accurate than in other regions. Due to this characteristic of the stress fields, it would be difficult to
find common patterns for the distributions among models with different screw sizes and
orientations that could be effectively captured by the compression of snapshots. The possible
sources of noise are inter-connected among them and it would be hard to isolate the effect of each
cause. Further analyses are presented in Section 4.5 on a simplified model with only two shape
parameters (diameter and length) to investigate the source of the error. For the construction of the

ROM, DOE2 was chosen as the best compromise between the eyoru,,,,, and the computational

cost related to the generation of the learning snapshots.

The average eyormp,,, OVer the validation snapshots for the eps in the bone decreased in function of
the number of learning points, but was higher than 24% when the ROM was built with 45 learning
points (Figure 4.12A). Regarding the ROM of the &p3 in the bone, it must be noted that the average
eNORMpy,; OVET the validation shapshots reached a plateau at 21% for DOE4 in function of the
number of modes (Figure 4.12B). This result showed that the modes created by compression of the
learning snapshots were not able to represent the validation snapshots. Therefore, the high
enoRMpoy TOT the eps Was not due to the construction of response surfaces. This 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 the e,ps,,,, for the validation snapshot with the highest error are showed in Figure

4.13, Figure 4.14, and Figure 4.15, for the ROM of the total deflection (DOE2), the ROM of the
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von Mises stress (DOEZ2), and for the ROM of the minimum principal strain (DOE4), respectively.
The distributions of e4gs,,, Were similar among the validation snapshots, therefore the worst-case

scenario is reported.

The peak e4ps,,,, for the deflection was often located at the head of the screws (Figure 4.13). The
highest peak e4gs,,,,, OVer the snapshots had order of magnitude of 102 mm, which corresponds to

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

with high values of deflection and values of e,ps,,,, close to the peak value.

The peak e4gs,,,,, for the ovm in the screw was localised at the tip of the screws (Figure 4.14). This
part of the FE model is characterized by a geometrical singularity that results in an inaccurate ovm
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 high absolute errors in those nodes. The e,ps,,,, distribution presented low

values in the area where the peak ovm occurred.

The e4ps,,,, distribution of the g3 in the bone presented high values at both right and left sides. In
fact, the peak eyps,,,, 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 the tips (Figure 4.15), in the
same region where the peak epz occurred. This area was subjected to high compressive loads due to
the bending of screws. While the strain distributions among models with different combinations of
parameters were similar due to the same loading condition, local peaks of strain depended on the
distribution of Young’s moduli in the bone that, in turn, changed in function of the shape
parameters. Therefore, the heterogeneity of material properties may play an important role on the
€aBspoy 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 region. This geometric
feature may affect the accuracy of the strain distribution predicted by FE models, and, as a

consequence, the eyps,,,,, distribution.
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Figure 4.13 - Distribution of total deflection of 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 error. A
view from the top (cranial side) is shown. The distributions were similar among validation snapshots.
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Figure 4.14 - Distribution of von Mises stress on the screws evaluated by the FE model and by the ROM (top
view), as well as the absolute difference between the two fields (view from the anterior part of the vertebral
body), for the configurations with the highest ROM error. The distributions were similar among validation
snapshots.
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Figure 4.15 - Distribution of minimum principal strain 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 error. A view from the anterior part of the superior endplate is
proposed. Similar distributions were found for other validation 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 the strain in the bone. It must be noted that the FE
model presented some features that could influence the performance of the ROM by introducing
some variability into the data that are difficult to capture by compression. First, in this study,
different screws’ Sizes and orientations 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 as well as the interaction
between screws and holes in the vertebra for each combination of shape parameters, which could
result in introducing some inconsistencies and noise into the model. Additionally, the bone was
modelled as heterogeneous material with material properties derived by CT-scan grey levels. Each
component of a snapshot, while associated with positions in correspondence among different
models, it was also associated with different positions within the vertebra, and, as a consequence,
with different Young’s moduli. For instance, 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. However, those locations were in
different positions with respect to the geometry of the vertebra, and therefore were associated with
different Young’s moduli and with a different mechanical response to the external loads. The
modelling of the screws-bone interface could 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
interpenetration. In this study the default option “Adjust to Touch” was used. With this option the
software searches the smallest gap and apply an offset to all contact 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 way for each model, therefore introducing some differences among
models. The management of initial gaps and penetrations must be furtherly explored. It was
hypothesized that the most important issue was the re-computation of the mesh of the vertebra

among different models.

The goal of this study was to explore the performance of a ROM-based pipeline to optimize the
screw size and positioning for a single patient. Because of this limitation, the findings about the

influence of the number of learning points on the ROM error must be evaluated carefully. The
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analysis should be extended to more patients in future works to determine an optimal DOE. The
optimal DOE could be used to compute the ROM construction phase for patients that does not need
an urgent treatment. By using the ROM, it would be possible to explore continuously the range of
variation of parameters and to optimize the insertion-related parameters of the screws. Additionally,
the number of computations in the offline phase could be optimised by evaluating the sensitivity of
the model to all the parameters and 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 regions of high sensitivity of the model. Further analyses to explore the effect of different
modelling choices on the ROM errors are presented in Section 4.5 for a model where both the
screws and the vertebra were morphed to update the screws’ size (only two shape parameters). An
example of application of ROMs to the minimisation of the total deflection and the ovm in the

screws for one patient is presented in Section 4.6.

4.4.3 Conclusion

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 pedicle screws implanted in a vertebra has been
presented. Such 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 at the screws-bone interface. An application of this approach to one patient is
presented in Section 4.6. Further analyses are needed to examine the impact of some features of 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 ROMs for studying the effect of the screw
size

The goal of this subchapter was to evaluate the efficacy of Reduced Order Modelling 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 interface.

4.5.1 . Materials and Methods

4.5.1.1 Summary

A subject-specific 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
challenges presented in Section 4.4.2, three types of models with a decreasing degree of complexity
were built in terms of bone material properties and screws-bone interface. For 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 a validation set of simulations. The ROM error was evaluated in

function of the number of learning points.

4.5.1.2 Mesh morphing

A mixed tetrahedral/hexahedral mesh as described in Section 4.3 was 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 of the screws and of the holes
within the vertebra (Figure 4.16). 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 as
suggested by an expert surgeon. Each time, the accuracy of morphing operations was verified by
calculating the maximum distance between the morphed mesh and the mesh computed on the solid
CAD model (target mesh) obtained by Boolean subtraction (cf. Chapter 3), and 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
the diameter (D) and length (L) of the screws simultaneously. The detailed procedure to derive the
control points and the displacement field characterising this transformation is reported in Section
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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 points falling outside of the
vertebra (Figure 4.16A). The subsequent transformations were defined based on the in-built
transformations of RBF Morph and the set of surfaces 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 transformation, the surfaces containing those edges were left free to accommodate the
modification and other surfaces were assigned a null displacement (Figure 4.16B). After that
transformation, the surfaces on the external surface of the vertebra were projected onto the
corresponding surfaces on the target model (Figure 4.16C). Finally, the internal surfaces of the two
holes were also projected onto the corresponding surfaces (Figure 4.16D). This series of
transformations allowed to obtain differences lower than 0.01 mm for all the meshes of the vertebra

with respect to the target meshes.
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Figure 4.16 — Outline of the transformations to change the diameter and length of the holes by mesh
morphing: (A) Update of diameter and length; (B) projection of edges; (C) projection of external surfaces of
the holes; (D) projection of internal surfaces of the holes.

4.5.1.3 Material properties and screws-bone interface

In Section 4.4.2, three main features of the FE model that influence the performance of ROMs were

identified: the mesh, the material properties of the bone, the screws-bone interface. In this sub-
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study, the shape parameters of both the vertebra and the screws were updated by mesh morphing
(cf. Section 4.5.1.2). In this way, the finite element computational 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 this sub-study:

1. a model with heterogeneous material properties of the bone and frictional screws-bone
interface was built as done in Section 4.4;

2. model #1 was simplified in order to assess the effect of material properties: the bone was
considered isotropic and homogeneous (Enomo = 2672 MPa, v = 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 between the bone 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 were built and compared.

4.5.1.4 ROMs 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 the ovm in the screws, and a ROM of the &p3 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 to create the 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 Section 4.4.1.4. It was defined at the screw-bone
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 model with optimal 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 screws. The errors obtained by using ROMs was compared with errors
obtained by standard linear interpolation of mechanical 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 design space are

showed in Figure 4.17. The DOEs were built by progressively adding one or more snapshots to the
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previous learning set. The maximum number of modes to build the ROMs 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 space (Figure 4.17).
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Figure 4.17 - Combinations of diameter and length for the learning sets (red) and the validation set (blue).
The learning snapshots varied for each Design of experiment (DOE1-4), while the validation snapshots were

fixed.
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4.5.2 Results and Discussion

Overall, the best performance was found for linear models with homogeneous material properties
and bonded interface for both ROMs of mechanical properties in the screws and in the bone (Figure
4.18). The average eyormp,, OVer the validation snapshots was lower than 4% in DOE2 for the
ROM of the ¢p3 in the bone in the case with homogeneous properties and bonded interface (Figure
4.18C). For the ROM of the &p3, in all the tested DOEs, the model with homogeneous properties and
bonded interface provided the lowest average and standard deviation eyorup,,,» While the model
with heterogeneous properties and frictional interface provided the highest eyorpp,,,- FOr other

components of the strain it was observed a similar behaviour (Appendix, Section Appendix A2).
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Figure 4.18 — Average ROM errors over the validation snapshots, in function of the number of learning
points, for FE models with different combinations of bone material models and screws-bone 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 interface presented the lowest average
enorMgey, (@Nd standard deviation) also for the ROM of the deflection and the ROM of the ovm in
the screws (Figure 4.18A-B). For the ROM of the deflection, the eyorump,, fOr models with
homogeneous properties and frictional interface were higher than the case with heterogeneous
properties and friction. This was unexpected as the heterogeneous distribution of material properties
in the bone increases the level of complexity of the FE models and, therefore, could deteriorate the
performance of ROMs. However, it must be noted that the ENORMp,o; WAS higher in the case with
heterogeneous properties and frictional interface (Figure 4.19). 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 the eyormg,,, IS about or lower than 2% for both the types of models, therefore very
low. Additionally, when comparing models with heterogeneous or homogeneous properties, it is
difficult to exclude the effect of a frictional interface from the analysis of the deflection in the

screws, especially considering the small differences between the ENORMpyo; and the eyormg,, fOr

the two types of models.
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Figure 4.19 - Average projection errors over the validation snapshot, in function of the number of learning
points, for FE models with different combinations of bone material models and screws-bone interface, for
the ROM of the total deflection.
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These results showed that the contact interface between the screws 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 interface conditions, the management of any initial gaps and penetrations
between bodies in contact was different. In fact, for a frictional interface the option “Adjust to
touch” (cf. Section 4.3) was used, and, as a result, 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 displacement. This results in a sort of correction of any
initial gaps and penetrations locally 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 interface, connected components always touch each
other during the 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 are hypothesized to introduce local variability among
different models, especially in case of meshes with different type and size of elements, which play 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 inaccuracies in the FE 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 size. In addition, it should be noted that the accuracy of the strain distribution
predicted with FE models should be assessed with respect to experimental measurements. The strain
in the bone could be measured by using a combination of in situ mechanical testing, micro-CT
scanning and a global Digital Volume Correlation approach. However, it is challenging 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 to non-linear models, attention must be
paid when determining the trade-off 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 fixation-related parameters in cases 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 levels, intervertebral discs, rods etc.) and material non-linearities. Further
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investigations are needed to apply ROMs to FE models including friction and heterogeneous
properties in order to analyse the strain in the bone, while the ROM errors related to the metrics in
the screws are satisfying.

For the case with homogeneous properties and bonded interface, overall, 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 points for all the metrics (Figure 4.20). However, as the differences between the
two approaches were low, it is hard to justify the usage of more complex mathematical techniques
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
Appendix A3). It has to be noted that previous studies showing the application of ROMs to models
of soft tissues or musculoskeletal structures have not reported about the benefits of ROMSs with
respect to a standard linear interpolator (Niroomandi et al., 2012, 2020; Luboz et al., 2018; Lauzeral
et al., 2019; Calka et al., 2021). The potential of ROMs should be explored in case of high non-
linear relationship between the FE models results and the parameters of the model that makes

inadequate the usage of standard linear interpolation.
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Figure 4.20 - Average errors over the validation snapshot, in function of the number of learning points,
obtained by using Reduced Order Modelling techniques (continuous lines) or standard linear interpolation
(dashed lines), for FE models with homogeneous bony properties and bonded contact conditions, 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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4.5.3 Conclusion

This sub-study aimed at applying a pipeline based on mesh morphing and Reduced Order
Modelling techniques 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 bone-screws interface.

The performance of ROMs is highly sensitive to the screws-bone 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, overall, the accuracy of ROMs improved when the
number of learning points increased. 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 the bone. Additional analyses are needed to optimise the screws-bone

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 sub-study was to exploit the ROM of the total deflection and the ROM of the von
Mises stress built in Section 4.4 to optimise the size and the orientation 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.

4.6.1 Material and methods

The size and the orientation of the screws were optimised to minimise the peak total deflection as
well as the peak ovm in the screws. ROMs built in Section 4.4 and based on parametric FE models
of one vertebra implanted with pedicle screws with 4 shape parameters (D, L. 6 and ¢) were used
for the optimization. For both the total deflection and the ovm, DOE2 (17 learning points, cf. Figure

4.11) was chosen to build ROMs that provided an average eyormp,,, lower than 3% for the total

deflection and lower than 6% for the ovm. This was considered the best compromise between the
accuracy of ROMs and the computational time needed to run the models corresponding to the
learning set. To build the ROMs, the maximum number of modes was retained in order to include in

the basis of modes all the variability of data included in the learning set.

Once the independent ROMs for the total deflection and the ovm, were built, they were exploited to
compute a real-time evaluation of combinations of parameters within the 4D parametric space. In
fact, a full factorial DOE with 10 levels per parameter was assessed. The 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 ROM solution
snapshot was evaluated. Then, the minimum dmax and the minimum peak ovm nodal values were

determined separetely.

4.6.2 Results and Discussion

The combination of parameters providing the minimum dmax and the minimum peak ovm nodal
values was the same for both the total deflection and the ovm and corresponded to D = 7.5 mm, L =
50 mm, 6 = 3° and ¢ = -2.3°. Corresponding to this combination, the dmax was 0.3119 mm (Figure
4.21A), and the peak ovm was 58.04 MPa (Figure 4.21B).
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Figure 4.21 — 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 orientation (¢ = -2.3°).
Lowest values are towards large 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 patient. This limitation means that study findings need to be interpreted
cautiously and the results may not be generalisable. However, these results are in line with those of
Santoni et al., (2009) and Matsukawa et al., (2015) who also indicated cranial trajectories as the
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most stable. Those studies compared a “cortical bone trajectory” with the “traditional” one (in this
study: 6 = 0° and @ = 0°). Santoni et al., (2009) proposed a cortical trajectory that “follows a
caudocephalad path sagittally and a laterally directed path in the transverse plane, engaging only
cortical bone in the pedicle without the involvement of the vertebral body trabecular space”. To
perform this technique, the insertion point must be shifted in the caudo-lateral direction with respect
to the currently accepted screw trajectory (Gertzbein and Robbins, 1990) and short 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 investigate the influence of the
insertion point on the mechanical stability of the 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
determined as done by Gertzbein and Robbins, (1990) and closest possible insertion points. The
optimal configuration determined in this study is contradictory to a recent study which has
suggested the caudomedial trajectory as the least critical case, thus safer from a clinical perspective
(Molinari et al., 2021). A note of caution is due here since both studies focus on patient-specific FE
models of one single patient. Possible explanations for this discrepancy could be found in the
substantial differences in geometric modelling of the screws (simplified versus realistic), loading
scenarios (multidirectional motion obtained by the application of simultaneous moment and
compressive loads in Molinari et al., 2021) and number of parameters included in the analyses (size
and orientation of screws versus only orientation). If the results of the model were validated with
respect to experimental measurements, indications about the optimal orientation of screws within
the pedicles would be difficult to implement without the usage of navigation systems or robotic
arms. Therefore, the applicability of this methodology should be verified in the clinical setting with

respect to the accuracy of a free-hand implantation of pedicle screws.

It must be noted that, given the configuration with D = 7.5 mm, L = 50 mm, 6 = 3°, the peak total
deflection changed by 3.9%, and the peak ovm changed by 5.6% in the range of variation of ¢ (-3°,
3°). Therefore, given a sagittal cranial orientation 6 = 3°, the transverse orientation ¢ of screws had
not a considerable impact on the mechanical response of the model. These results are in agreement
with Newcomb's et al., (2017) findings which showed a 3.4% variation of mean cumulative
maximum stress in the screws for different loading conditions (value extracted from Figure 6A in
that study). As the ROM of the deflection and the ROM of the ovm presented an average eyormpp
of about 2.6% and 4.6%, respectively, indications about the optimal insertion angle ¢ must be
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 points (D = 7.5 mm, L = 50 mm, 6 = 3° and ¢ = -3°). However, the ranges 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 perforating 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, exploring the 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 the total deflection and the peak cVM in the screws. A trade-off between
the competing objectives functions should be found by constructing a Pareto front. However, in this
study the minimisation was simplified due to the similar behaviour of the considered metrics in the
parametric space (Figure 4.21). In fact, the minimum values corresponded to the same set of
parameters for both metrics. In case of multiple objective functions with different behaviours, due,
for instance, to more complex geometries or boundary conditions considered in the FE model, a

more general approach would be needed.

The computational time to evaluate 10000 snapshots fields by using ROMs and to run the
optimization was about 20 minutes for each metric. Considering that the computational time to
solve the equations for each FE model was about 1 hour using a workstation and running the
analyses in parallel processing on 10 CPU Cores, the reduction of the computational burden by
using ROMs was massive. This showed the efficiency of ROMs for testing many combinations of
parameters. However, it is important to note that the computational time to consume the ROM
could be further reduced by doing sensitivity analyses to estimate the most important parameters or
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 information 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
at screws-bone interface and of screws’ migration is missing. Additional studies are needed to

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

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. The best size and
orientation of screws was D = 7.5 mm, L = 50 mm, 6 = 3° and ¢ = -2.3° for the considered patient.
Although these results have not been verified against clinical criteria, this project is the first
comprehensive investigation of the 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 goals of treatments of vertebral fractures are the reduction and the stabilization of the
fracture to allow bone healing and restore the physiological biomechanics of the spine. However,
the pre-fracture height and three-dimensional shape of the vertebral body are unknown in the
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 based on Singular
Value Decomposition (SVD) to predict the shape of the vertebral body of L1 from the shapes of
T12 and L2.

The segmentation masks of T12, L1 and L2 of 40 patients were extracted from the VerSe’20 open-
access database and processed to isolate the vertebral bodies. Surface triangular meshes of each
vertebra were morphed onto a template mesh. The set of vectors with the nodes coordinates of the
morphed T12, L1 and L2 was compressed with SVD and used to build a system of linear equations.
This system was used to solve a minimization problem and to reconstruct the shape of L1 in a
leave-one-out cross validation process. These methods were explored in a simplified 1D case where

only 7 heights of the vertebral body were predicted.

The mean and maximum distance between the morphed meshes and the original meshes were 0.14
+ 0.02 mm and 0.96 £ 0.30 mm. The mean and maximum distance between the meshes of L1
projected into the basis of modes and the original meshes were 0.45 + 0.02 mm and 0.96 + 0.30
mm. The mean reconstruction error of the 3D shape of L1 was on average 0.51 + 0.11 mm, while
the Hausdorff distance was on average 2.11 + 0.56 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 with a good accuracy. The distances obtained by optimization
were similar to the distances obtained by projection into the basis of modes indicating that the
optimization was successful. This method could be used to predict the pre-fracture shape of a
fractured L1 vertebra and to provide valuable information to the surgeon in the pre-operative

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 spine. Kyphoplasty can effectively restore the vertebral
body height and local kyphotic angulation (Van Meirhaeghe et al., 2013). Performing 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 the spine (Pesce et al.,
2013). However, the pre-fracture height or, more generally, the 3D shape of the fractured vertebra
are often not available to the surgeon in the pre-operative setting. Statistical Shape Models (SSMs)
were employed by de Bruijne et al. (2007) to create conditional shape models that 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 from sagittal X-ray images. However, it is difficult to measure reliably the
shape of the vertebral body from 2D sagittal radiographs, because of the superimposition of soft and
hard tissues in the direction of the projection which reduces the contrast between the vertebrae and
the background, and the impossibility to distinguish any tilting of the vertebrae (e.g., lateral curving
of the spine in patients with scoliosis) with respect to others from a true variation in the shape (de
Bruijne et al., 2007). In fact, important variability has been found in inter-observer measures of
three vertebral heights based on six anatomical landmarks placed in 2D X-ray images (Genant 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 CT-scan images is well assessed and the usage of a 3D geometry would
allow to avoid the bias due to a 2D measurement. Nowadays, low dose CT-scan imaging is more
and more integrated in clinical protocols. For example, at the University Hospital of Poitiers, our
clinical partner, a CT-scan exam is always performed in case of high-energy injuries; in case of
low-energy accidents, first a 2D X-ray is done, then, in case of fracture detection, a CT-scan is
always done to plan the treatment. In addition, the pre-fracture 3D shape of 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 during a kyphoplasty). Moreover, CT-scan based FE models could 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.
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The aim of this study was to develop a method to predict the 3D shape of the L1 vertebral body
from the shapes of adjacent T12 and L2 vertebral bodies estimated by segmentation of CT-scan
images and to validate it for different patients.

First, the feasibility of the presented methods is assessed on a simpler 1D case where the shape of
the vertebral body is described by 7 characteristic heights. Then, the application has been expanded
to the 3D case where the full shape of the L1 vertebral body is reconstructed. We used a leave-one-
out validation with a dataset of 40 healthy patients without signs of fractures. To the author’s
knowledge this the first time that the premorbid 3D vertebral shape of L1 is reconstructed from the

shapes of adjacent vertebral bodies.
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5.3 Prediction of the pre-fracture 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 from CT scans. This 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. These characteristic heights of the L1 vertebral body were

predicted from heights of adjacent vertebral bodies.

5.3.1 Materials and Methods

5.3.1.1 Summary

The initial database consisted in the 3D shapes of T12, L1 and L2 vertebrae segmented from the CT
scans of 20 patients without 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 corresponding to T12, L1
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 corresponding to T12 and L2 with two
different optimization methods. A leave-one-out experiment was performed and the performances

of the two methods were compared. The workflow is summarised in Figure 5.1.
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Figure 5.1 - Outline of the steps to predict 7 characteristic heights of L1 vertebral body by using the 7
characteristic heights of the two adjacent vertebral bodies.

5.3.1.2 Height measurement

The Verse 2020 database of CT-scan images and segmentation masks was used to build the dataset
(Loffler et al., 2020a; Sekuboyina et al., 2020; Liebl et al., 2021). This anonymised dataset is
publicly available (Kirschke et al., 2020). 20 patients without large osteophytes and signs of
fractures at T12, L1 and L2 levels from the database were included in this preliminary study (twelve

males, eight females, 45.7 + 13.5 years old).

The segmentation mask of each vertebra available from the dataset was transformed in a STL
surface mesh and used to place 14 anatomical landmarks on the vertebral body, 7 on the superior
endplate, and 7 on the inferior endplate (Figure 5.2). The instructions to retrieve the anatomical
position of the landmarks are reported in Table 5.1.
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(A)

Figure 5.2 - Anatomical landmarks placed on the superior and inferior endplates (A) and anatomical planes
to define the landmarks on the superior endplate (B). The anatomical planes to define the landmarks on the
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 superior
endplate in two halves, consider the most ventral point on the superior
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 that
cut the superior endplate in two halves, consider the rightest point on the
superior endplate

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

Superior Endplate Pedicle | SEPR Cranial to caudal view, back to front view, consider the tangent plane to

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

Superior Endplate Pedicle | 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 cut the
superior endplate in two halves, consider the line on the coronal plane that
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 inferior
endplate in two halves, consider the most ventral point on the inferior
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 that
cut the inferior endplate in two halves, consider the rightest point on the
inferior endplate

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

Inferior Endplate Pedicle | IEPR Caudal to cranial view, back to front view, consider the tangent plane to

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

Inferior Endplate Pedicle Left | IEPL As IEPR, but consider the left pedicle

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

inferior endplate in two halves, consider the line on the coronal plane that

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

Table 5.1- 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 the superior endplate 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 considered as the reference axis of the vertebral body along the cranio-caudal
direction. Each landmark was projected onto this line. 7 heights were calculated by calculating the
Euclidean distance between each couple of corresponding points on the two endplates (Figure 5.3).
Thanks to this definition of vertebral heights, the methodology was not sensitive to the

misalignment of vertebral bodies of different levels and among patients.
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& Anatomical landmarks
—— Mean normal to the least squares planes
#® Projection of anatomical landmarks onto the mean normal

Figure 5.3- 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).

5.3.1.3 Singular Value Decomposition

For each of the 20 patients in the dataset, a vector h (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:

H (mxn) = A(mxm) X (mxn) * V(nxn) (Eq. 5.1)
where H is the matrix whose columns are the vectors h of heights of each patient, A is composed of

the left singular vectors (modes) of H, X is a diagonal matrix composed of the k singular values ox
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of H, V is composed of the right singular vectors of H, m is equal to 21, n is 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 bodies was fixed with the following simplified procedure. The 20 vectors of heights
hi=1...20 were compressed by SVD and the number of modes giving an average maximum absolute

reduction error lower than 1 mm was retained (Figure 5.4).
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Figure 5.4 — Average (+ st dev) maximum reduction error (mm) over the full dataset of vectors of heights in
function of the number of retained modes. The dash-dotted line represents the threshold error of 1 mm. 7
modes were retained for further analyses.

The average maximum absolute reduction error was defined as:

mgan ( mazx |h; — hyro; ) (Eq. 52)

projj
patients peights

This simplified procedure was considered acceptable for this preliminary study to investigate the
feasibility of the methods and has been improved for the prediction of the 3D shape of the L1
vertebral body (cf. Section 5.4.1.5.1).
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5.3.1.4 Optimization to predict the 7 heights of L1

A leave-one-out experiment was performed to predict the heights of the L1 level of each patient by
considering the remaining 19 patients. Each time, an SVD was done by using the dataset of 19
patients and two optimization methods were used to predict the heights of the L1 level: a linear
least-squares minimization and a minimization of the maximum error. The results were averaged

over the 20 leave-one-out repetitions.

5.3.1.4.1 Least square optimization

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

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

Ryroj = A @ (Eq. 5.3)

where a is a vector of 7 parameters.

Given a patient not belonging to the dataset and for which the 7 heights corresponding to the L1
level are not available, we hypothesize that its vector of heights of T12 and L2 levels hti2-12 could

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

hri2-12proj = Ar12-12 " @ (Eq. 5.4)
where Ati2-12 IS the part of the matrix A that includes only the heights of T12 and L2 of the 7
modes, and o is a vector of 7 parameters. As the columns of Ario.12 are linearly independent, the
linear-least-square (LLS) solution e’ of this system is unique. This is equal to solving the following

minimization problem:

a = az%%§n||hr1z—mproj — hrioopa| (Eq. 5.5)

where ||-|| is the Euclidean norm. Then, we hypothesize that the coefficients @’ can be used also to

reconstruct the vector of heights of L1 (hc1) as:

hLl = ALl " a’ (Eq 56)
where Ari is the part of the matrix A that includes only the heights of L1 of the 7 modes. The
Euclidean norm error over hriz-12, the maximum absolute error over hyi, the absolute and signed

mean error over hyy are used to assess the results of the optimization.

5.3.1.4.2 Minimization of the maximum error

Another numerical method was used to minimize directly the maximum absolute error:
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a’ = argmin max hria- i — hrio- | Eqg. 5.7
age D) =, THEE 21 11212 proj; T12-L2; (Eq )

heights

This consisted in creating a grid within the R’ space based on the coefficients ai=1...19 that are
needed to approximate the learning vectors within the space of modes (Eg. 5.3). In fact, the mean
value between each couple of coefficients (ai ;) was evaluated a first time starting from the
coefficients ai=1...19, and a second 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
coefficients a; are the centre of mass in the R’ subspace of the coefficients of two real patients. A
large number Z of virtual patients represented in the R’ subspace of modes by coefficients o.-1 ..z
were created. Each new virtual patient was characterized by a vector of heights that could be
reconstructed by using (Eg. 5.6. This vector was directly compared with the vector hrio-12 of the
patient not belonging to the basis, therefore, the minimization problem could be written as:

I __ . . )

a =argmin, _ max 21|(AT12—L2 a,); thz—sz| (Eq. 58)
a,—1.z [(I=Lllom
heights

Then, we hypothesize that the coefficients e’ can be used also to reconstruct the vector of heights of
L1 (hiy) by using (Eq. 5.6. The maximum absolute error over hrio-12, the maximum absolute error
over hri, the absolute and signed mean errors over hpi are used to assess the results of the

optimization.

5.3.2 Results

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

showed for each patient in Figure 5.5.

5.3.2.1 Least squares optimization

For the 20 leave-one-out repetitions:

e the average Euclidean norm error (+ standard deviation) over hti2..o was 1.95 + 0.76 mm;
¢ the average maximum absolute error (x standard deviation) over hy; was 2.78 £ 1.08 mm;

e the average absolute mean error (£ standard deviation) over h; was 1.23 £ 1.06 mm;

5.3.2.2 Minimization of the maximum error

For the 20 leave-one-out repetitions:
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the average maximum absolute error (x standard deviation) over hrio..2 was 1.58 £+ 0.82
mm;

the average maximum absolute error (+ standard deviation) over hy ;s was 2.01 + 0.96 mm;
the average absolute mean error (£ standard deviation) over h.; was 0.79 £ 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 a consistent sign for the two optimization methods except for Patients #1, #15 and
#109.
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Figure 5.5 - Mean of the absolute error (mm) between the L1 heights predicted by least squares
optimization (orange) and the real L1 heights (blue) of each left-out patient.
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5.3.2.3 Processing 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 computational

time (seconds).

5.3.3 Conclusion

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 maximum error 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
average 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 from CT-scan images. This approach 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 inter-patient variability of the 3D shapes of vertebrae Also, the optimal number of
modes for the prediction has 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 pre-fracture shape of the L1 vertebral
body from adjacent vertebrae (3D case)

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

Section 5.3 to a more general 3D case where the whole geometry of the vertebral body is predicted.

5.4.1 Materials and Methods

5.4.1.1 Summary

The segmentation masks of 40 patients were manually processed to isolate the T12, L1 and L2
vertebral bodies and to mesh each of them with a triangular surface mesh. An average reference
template mesh was generated and all the meshes in the dataset were aligned and morphed to that
reference mesh. The vectors of node coordinates of the morphed meshes 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 3D shape 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 showed in Figure 5.6.
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Figure 5.6- 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.

5.4.1.2 Dataset construction

The Verse 2020 database of CT-scan images and segmentation masks was used to build the dataset
(Loffler et al., 2020a; Sekuboyina et al., 2020; Liebl et al., 2021). This database is publicly
available (Kirschke et al., 2020). A total number of 40 patients from the database were included in
this study (22 men, 18 women). A table with the Patient ID used in the Verse 2020 database and
associated patients data (Loffler et al., 2020a) is reported in the Appendix (Section Appendix A4).
Exclusion criteria were severe bone degeneration (e.g., marked asymmetries along the antero-

posterior or right-left 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 or L2 levels. As a result, the mean age of patients within the dataset
was 40.9 = 15.9 years. The voxel size was variable: for CT-images included in this study, the best
voxel size was 0.68 x 0.68 x 0.45 mm?, the worst one was 1.31 x 1.31 x 3 mm?® (Appendix, Section
Appendix A4).

5.4.1.3 Extraction of geometries of vertebral bodies

From the segmentation masks, the geometries of vertebral bodies were obtained with a manual
procedure (3DSlicer, v4.11.0) (Fedorov et al., 2012). In a caudal to cranial cross view, the posterior
part of the vertebra was cut by considering the contours of the endplates as boundaries of the
vertebral body. This procedure was adopted to improve the morphing error at the posterior side of
the vertebrae at the level of pedicles (see in Appendix, Section Appendix A5 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 (standard deviation of 0.8 mm) to obtain
smoother geometries suited to the mesh morphing. Each vertebral body was overlapped with the
CT-scan images to qualitatively assess the extraction of vertebral bodies. In case of errors, the
manual procedure to extract vertebral bodies and smoothing were repeated. An example of the
segmented geometry is showed in Figure 5.7. A surface mesh was generated from these masks and
stored as an STL file. The surface mesh was then regularized with an element size of 0.4 mm

without any further smoothing.

Figure 5.7- 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); 3D representation of the segmented vertebral
body (C).
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5.4.1.4 Mesh morphing

The methods used for the morphing of the vertebral bodies and the construction of iso-topological
surface meshes (same number of nodes, same number of elements, same connectivity, preserved
topology-anatomy correspondence) are based on the combination of the methods published in the
study by Clogenson et al. (2015) and on the Scalismo.org webpage (Luthi et al., 2018; unibas-
gravis/scalismo, 2021; Scalismo - Scalable Image and Shape Modelling | Scalismo) and are detailed
in the next sections. An overview of the different steps to obtain morphed meshes is presented in

Figure 5.8.

Generation of the reference mesh [R]
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Figure 5.8 — Mesh morphing workflow: the starting point is the set of meshes of the vertebral bodies of 40
patients which are aligned and morphed onto the same reference mesh in order to obtain a new set of
aligned geometries with the same number of nodes and elements, connectivity.

5.4.1.4.1 Generation of the reference mesh

A reference mesh was generated through an iterative procedure to avoid biasing the results of the
mesh morphing to 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 nodes was morphed
onto the 120 geometries (T12, L1 and L2 vertebral bodies for each patient). Then, a mean mesh was
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calculated from the 120 morphed geometries and used as reference mesh in the first step of an
iterative mesh morphing process. At each iteration, the mesh morphing of the 120 geometries onto
the mean mesh was done by using a mesh morphing algorithm 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 error (Eq. 5.9) and Hausdorff distance (Eq. 5.10) with respect to

the target mesh were considered:

J
1
mean error = NZ dist(h;, Starget) (Eq. 5.9)
j=1

Haussdorf error = max{max{dist(hA,SB)}; max{dist(hB,SA)}} (Eq. 5.10)

where: N is the number of nodes of the considered mesh, h; is the j-node of the considered mesh,
Starget IS the target mesh; ha and hg are the nodes of the considered and target meshes Sa and Sg, dist
is the Euclidean distance. An algorithm already implemented in VTK was used that allows an
accurate calculation of a point-to-cell distance by performing a geometric interpolation of the cells
of the surface mesh (Commandeur et al., 2011). In fact, the algorithm computes the minimum
distance between each point of the considered geometry and each point belonging to the surface that
interpolates the closest element of the target geometry. The iterative process was stopped when the
Hausdorff distance between the mean mesh at iteration i and the mean mesh at iteration i-1 was
lower than 0.12 mm. This threshold error was fixed as the best compromise between the
computation time and the accuracy of the mesh morphing, also considering that the CT-scan with
the best resolution in the dataset had the lowest voxel dimension equal to 0.45 mm. In fact, at each
iteration the mesh morphing of all the 120 vertebral bodies was computed. The mesh morphing is
an automatic but time-consuming process that took approximately 4 minutes per patient (without

optimization of the iterative closest points iterations).

The mean and Hausdorff distances between the mean mesh at the i-iteration and the mean mesh at
the (i-1)-iteration, in function of the number of iterations, are reported in Figure 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 for the mesh morphing as 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 showed in Figure 5.10.
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Figure 5.9- Mean and Hausdorff distances (mm) between the mean mesh calculated at iteration i and the

mean mesh calculated at iteration i-1. The dash-dotted line represents the threshold error of 0.12 mm. The

mean mesh at iteration 3 was considered as reference mesh for further analyses as the Hausdorff distance
with the mean mesh at iteration 4 was below the threshold error.

(A) (B)

Figure 5.10- Reference mesh obtained 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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5.4.1.4.2 Alignment

Once the reference mesh was calculated, all the meshes of the dataset were aligned to the reference
mesh by using the following procedure For each mesh of the dataset, 8 anatomical landmarks were
placed on the superior and inferior endplates (Yeung et al., 2020). For example, the landmarks are
showed in Figure 5.11 for the three vertebral levels of Patient #33. Then, the best rigid
transformation (combination of rotations and translations) that minimizes the distance between the
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.

(A) (B) (€)

Figure 5.11- Anatomical landmarks placed on the superior and inferior endplates of the vertebral bodies, for
Patient #33, on T12 (A), L1 (B) and L2 (C) in up-frontal, down-frontal, postero-lateral views, respectively.

5.4.1.4.3 Deformable morphing algorithm

Based on the reference mesh, a deformable model was built with a Gaussian Process (GP) and
morphed to the dataset of aligned meshes. A low-rank approximation of the GP characterized by a
set of mode deformations of the reference mesh was used. The coefficients of these deformation
modes needed to be optimised to deform the reference mesh so that this matched the target shapes
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 combination of two multi-scale Gaussian kernels was used: a first one to take into account
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global shape variations of the geometry (sigma = 50, | = 100); and a second one to consider more
local changes (sigma = 5, | = 100). A finite-rank approximation of the GP was computed with a
rank (i.e. the number of basis functions of the GP) equal to 200 in order not to exclude important
modes of deformation of the geometry. This was done by using the Nystrom method (Luthi et al.,
2018), by taking 1500 points uniformly sampled on the reference mesh as samples for the Nystrom
approximation. This number was chosen after preliminary analyses on different geometries to
optimise the mesh morphing outcome. This GP is often called as a “free-form deformation” model
as it allows to model ideally an infinite range of non-meaningful deformations of the reference
vertebra, and it will be called FFDML for the rest of the chapter.

Then, for each mesh in the dataset, the displacements between the anatomical landmarks placed on
the reference mesh and the landmarks on the target mesh were incorporated within the FFDM1
through a GP regression, giving a so-called posterior model (FFDM2). Thanks to this process, the
variance of the FFDM1 was constrained and the FFDM2 was able to represent more meaningful
shapes than the ones obtained from the FFDML1. In fact, the shapes obtained from the FFDM2 were
closer to the ones included in the dataset, while the shapes obtained from FFDM1 were not forced
to represent realistic lumbar vertebrae. The same landmarks used for the alignment were used also
for the creation of the FFDM2 (Figure 5.11).

The FFDM2 was morphed to the target mesh with an iterative process based 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 respective closest points evaluated on the target mesh are incorporated
into the model (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 the final morphing mesh.
The closest points on the target mesh were evaluated in an iterative process to improve the fitting
(Iterative Closest Point, ICP). Therefore, the mesh morphing process was characterized by the

following steps:

1. 10000 sample nodes were sampled on the 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 displacements between the sample nodes on reference mesh and the candidate
correspondences on the target geometry were incorporated within the FFDM2 through a GP
regression. This allowed to obtain the FFDM3 and, therefore, a morphed mesh;

4. The spatial position of the 10000 nodes previously sampled was computed on the morphed
mesh from the previous step, and the closest points on the target mesh were selected as
candidate correspondences;

5. The displacements between the sample nodes on reference mesh and the new candidate
correspondences identified in the previous step were incorporated within the FFDM2
through a GP regression. This approach allowed us to obtain a new FFDM3 based on a
better estimation of the closest points, and therefore a new morphed mesh;

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

morphed mesh and repeat for 100 iterations.

At the end of this iterative procedure, to evaluate the mesh morphing error, the mean error and

Hausdorff distance were considered between the morphed meshes and the original geometries.

This mesh morphing algorithm was compared with another algorithm characterised by a single
multi-scale Gaussian kernel (sigma = 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 T12, the Hausdorff distance decreased by
about 42%.

5.4.1.5 Leave-one-out cross validation

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

For each patient in the dataset, a vector h with the nodes coordinates of the morphed T12, L1 and
L2 surface meshes was built. The set of vectors for patients in the dataset was compressed by SVD.
A leave-one-out experiment was performed for different numbers of modes (from 2 to 38 modes) to
estimate the optimal number of modes to describe the variability of the geometries within the
dataset (Xu and Goodacre, 2018). For a fixed number of modes (k), one vector was left-out and the

remaining 39 vectors were compressed with a SVD keeping the first k modes:

H(mxn) = A(mxm) ) 2-"(mxn) ’ V(nxn) (Eq. 5.11)
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where H is the matrix where the columns are the vectors h of nodes coordinates of each patient, A
is composed of the left singular vectors (modes) of H, X is a diagonal matrix composed of the
singular values ox of H, V is composed of the right singular vectors of H, m is equal to three times

the number of node coordinates of a morphed vertebra, n is equal to 39.

The basis of k modes was assessed to evaluate the accuracy of the representation of the left-out
vector and the learning vectors. Each vector was projected in the basis of k modes, and the surface
mesh of T12, L1 and L2 was reconstructed from the projected vector. These meshes were compared
with the morphed and 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 left-out patient and on the 39 learning patients by averaging the errors for each
patient. This was repeated for each patient, therefore 40 different bases were built for any fixed k.
As output of the leave-one-out 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), were

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 10
repetitions, to avoid biasing the results to the 5 selected vectors. By progressively 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 at confirming the results of the leave-one-out approach.

5.4.1.5.2 Prediction of the shape of L1

Once fixed the optimal k and extracted the modes, the leave-one-out experiment was repeated as
validation of the method to predict the shape of L1 from the shapes of T12 and L2 (Vanden Berghe
et al., 2017; Plessers et al., 2018; Salhi et al., 2020; Wang et al., 2021). This method was based on a
linear least squares minimization as presented in Section 5.3.1.4.1. The main difference with respect
to the simplified case presented in 5.3.1.4 was that the matrix A used to build the system of linear
equations includes now the nodes coordinates of T12 and L2 of the k modes instead of the heights
of T12 and L2 of the k modes.
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By using the solution coefficients a’, it was possible to reconstruct the vector of nodes coordinates
of L1 (hry) as:

h,,=A4,, o (Eg. 5.12)
where Ar; is the part of the matrix A that includes only the nodes coordinates of L1 of the k modes.
For each left-out patient, the mean error and Hausdorff distance were calculated. 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 and the respective original mesh were
compared. The distribution of heights of the vertebral body was calculated as follows. First, the
superior and inferior endplates were manually isolated from the rest of the vertebral body in
Ansys® SpaceClaim Release 21.1 (Ansys Inc., Canonsburg, PA, United States) (“Skin surface”
command). Then, the directions perpendicular to all the triangles belonging to the superior endplate
were used to define an average cranio-caudal direction. For each of those triangles, a height was
defined as the Euclidean distance between the centre of the triangle and the intersection point
between a line parallel to the average cranio-caudal 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 0.7 mm equal to the average size of triangles. Also, frequency
plots of the distribution of heights were evaluated. In addition, as not all the groups of data were
normally distributed, to compare the distribution of heights the median values were calculated. 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 the mid-sagittal and mid-
frontal planes based on least-squares planes fitting the endplates. Anterior and right angles were
considered positive (Figure 6B). The difference between angles measured on original or predicted
geometries was defined as absolute difference if angles were both anterior (posterior) or right (left),

or as the sum of the absolute values of the angles if they were of different sign.
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Figure 5.12- Anatomical planes (A) used to define sagittal and frontal angles (B).

For patients showing the best, the worst and average 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
posterolateral view 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 reports are included in Appendix,

Section Appendix 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:

h,=4,, '« (Eqg. 5.13)

hri, =A7, " (Eqg. 5.14)
where Ar> is the part of the matrix A that includes only the nodes coordinates of L2 of the k modes,
AT is the part of the matrix A that includes only the nodes coordinates of T12 of the k modes. For
each left-out patient, the mean error and Hausdorff distance between the predicted surface mesh of

L1 and the respective original meshes were evaluated.
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5.4.1.6 Statistical analyses

We used descriptive statistics to investigate: the influence of the vertebral level (variable assuming
values T12, L1 or L2) on the mesh morphing error; the influence of the number of levels used to
compute the prediction of L1 (T12+L2, T12 only or L2 only) on the reconstruction error; any
difference between the reconstruction error evaluated with respect to the original or morphed mesh;
any difference between the 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 conducted with Friedman test
(non-parametric) based on the characteristics of data (normality, sphericity). In fact, data did not
satisfy at least one of the two requisites. The normality of data was tested through a Kolmogorov-
Smirnoff test. The sphericity of data was tested through a Mauchly’s test. When the Friedman test
produced a significant result, Nemenyi Post-hoc test was performed to find the groups of data that
differ by making pair-wise tests. To compare two groups of data, statistical paired analyses were
conducted with paired t-test (parametric) and Wilcoxon signed-rank test (non-parametric). A p-

value of less than 0.05 was considered to be significant.

5.4.2 Results

5.4.2.1 Mesh morphing

The mean error and mean Hausdorff distance between the morphed mesh and the original
geometries are reported in Table 5.2. 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%, p = 0.008), but lower than those for L2 (-
1.4%, p = 0.006). Even though in some cases the differences between the mesh morphing errors at
different levels were statistically significant, those difference were very low (< 4%). Overall, on the
three levels, the average mean error was lower than 0.15 mm, showing an excellent reconstruction
of the geometry of each patient through the mesh morphing process. Non-significant differences
were found among the average Hausdorff distances for the three vertebral levels (p = 0.09). The
error maps, in frontal and posterolateral views, were reported for the patients with the highest
(Patient #16, T12 level, Figure 5.13A-B), lowest (Patient #14, L2 level, Figure 5.13E-F) and
average (Patient #5, L1 level, Figure 5.13C-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 distance has lower
interest for the chosen application. Overall, the morphing 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 to the average, this error occurred at the level of
the inferior endplate where Patient #5 presented a small osteophyte (see red arrow in Figure 5.13D).

It is possible to note as the mesh morphing performed well despite an Hausdorff distance of about 1

mm.
Vertebral level Mean error (mm) Hausdorff distance (mm)
Average = stdev | (Min, Max) Average * st dev (Min, Max)
T12 0.140 + 0.023 (0.093, 0.180) 1.030 + 0.360 (0.556, 2.165)
L1 0.135+0.018 (0.099, 0.177) 0.886 + 0.205 (0.599, 1.628)
L2 0.142 £ 0.022 (0.103, 0.188) 0.961 £ 0.311 (0.478, 1.901)
T12,L1and L2 0.139 £ 0.021 (0.093, 0.188) 0.959 + 0.301 (0.478, 2.165)

Table 5.2- Mean error and Hausdorff distance (mm) between the morphed mesh 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

Figure 5.13- Error maps between morphed and original meshes for the worst case (A-B), an average one (C-
D) and the best one (E-F), in frontal and posterolateral views, with respect to the Hausdorff distance (HD).
Red arrows indicate the area where the HD occurred. The error is considered “inside” when the morphed
mesh is inside the original one, and “outside” when the morphed mesh ins outside the original one.
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5.4.2.2 Estimation of the optimal number of modes

The results of the experiment to define the optimal number of modes to describe the vectors within
the dataset are summarized in Figure 5.14. On the x-axis the number of modes is reported. On the y-
axis the average errors (with standard deviations) over the bases generated during the leave-one-out
or leave-five-out are reported. In particular, the Hausdorff and mean errors evaluated on the left-out
vectors and on all the learning vectors (averaged value) are presented. In Figure 5.14A and Figure
5.14C the error is evaluated with respect to the morphed meshes, 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 errors were very similar if the errors were averaged over the three
vertebrae or only for the L1 vertebrae. For simplicity, in Figure 5.14 the errors averaged over the

three vertebrae are reported.
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Figure 5.14- Mean and Hausdorff projection errors (mm) in function of the number of modes. The errors are
evaluated with respect to the morphed mesh (A-C) and the original mesh (B-D) for the leave-one-out (A-B)
and the leave-five-out (C-D). The dotted lines show the optimal number of modes. The shaded region
represents the standard deviation. The standard deviation was about zero for the errors evaluated on the
learning patients.
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As expected, the errors on left-out patients or on learning 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 minimization problem to predict the shape of L1 unnecessarily.

Considering the mean error on the left-out patient (morphed 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 to the lowest voxel dimension (slice
thickness) of the CT-scan 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%. When increasing 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 the minimization problem as optimal number of modes with respect to both the mean
error (0.46 mm) and the Hausdorff distance (1.93 mm). Similar trends were found for the leave-

five-out curves (Figure 5.14C).

Considering the mean and Hausdorff distances on the learning patients (Figure 5.14B-D), as
expected, the errors approached to zero when increasing the number of modes. The curves showing
the errors evaluated on the left-out patients with respect to the original meshes (Figure 5.14B-D)
presented similar trends than the errors with respect to the morphed meshes (Figure 5.14A-C), but
were shifted towards higher errors. In fact, the errors shown in Figure 5.14B-D could be interpreted
as the combination of the mesh morphing error and the reduction error. For this reason, the mean
and Hausdorff distances on the learning patients did not approach to zero when increasing the

number of modes, but converged to a residual error which was about the mesh morphing error.

The standard deviation was overall constant in function of the number of modes for errors on the

left-out and on learning patients (Figure 5.14).

5.4.2.3 Prediction 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 mm (Table 5.3). Examples of error maps, in frontal and posterolateral

views, are showed in Figure 5.15: Patient #4 (Figure 5.15A-B) and Patient #11 (Figure 5.15E-F)
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presented the best (0.29 mm) and worst (0.96 mm) mean error, respectively; Patient #5 (Figure

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)

Average * st dev (Min, Max) Average * st dev (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 Average * st dev (Min, Max) Average * 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)

Table 5.3- Mean error and Hausdorff distance (mm) between the predicted 3D shape of L1 and the original
or morphed geometry, in function of the information used for the prediction. * represents a significant
difference for the mean error and the Hausdorff distance for the cases where data for T12 alone 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 used to solve the minimization problem,
the mean error and Hausdorff distance worsened by 10% (p = 0.001) and 9% (p = 0.001),
respectively (Table 5.3); when the information about L2 alone was used, the mean error worsened
by 8% (p = 0.012) but the Hausdorff distance was not significantly different (p = 0.074) (Table 5.3).
The mean error and the Hausdorff distance when using T12 alone or L2 alone had not statistical
differences (p = 0.75 and p = 0.28, respectively). Patient #4 and Patient #11 presented the best and
worst mean error as in the case when the information about both the shapes of T12 and L2 was
used. Patient #35 presented the best Hausdorff distance when T12 and L2, and only T12 were used;
Patient #4 presented the best Hausdorff distance when only L2 was used. Patient #11 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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Patient #11 (Highest ME)

(A) (B)
Patient #5 (Average ME)

(Q) (D)
Patient #4 (Lowest ME)
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Figure 5.15 - Error maps between predicted and original meshes for the best case (A-B), an average one (C-
D) and the worst one (E-F), in frontal and posterolateral views, with respect to the mean error (ME). Red
arrows indicate the area where the Hausdorff distance occurred. The error is considered “inside” when the
morphed mesh is inside the original one, and “outside” when the morphed mesh ins outside the original
one.
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Overall, as expected the mean error (3.8%, p < 0.001) and Hausdorff distance (10.5%, p < 0.001)
evaluated on the original meshes (Table 5.3) were significantly higher than the case where the
errors were evaluated on the morphed meshes (Table 5.3). The mean error (p = 0.301) and
Hausdorff distances (p = 0.248) evaluated on the morphed meshes (Table 5.3) were similar to the
projection errors for the number of modes (6) used to predict the shape of L1 vertebral body (Figure
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 original geometry (Figure 5.16E-F, Figure
5.17C). For Patient #5 (average mean error), the predicted surface mesh overestimated the height of
the vertebral body (Figure 5.16C-D, Figure 5.17B), while for Patient #11 (highest mean error) the
prediction resulted in an underestimation of the height (Figure 5.16A-B, Figure 5.17A). The
difference between the median height values of distributions was higher for Patient #11 (-1.41 mm),
than for Patient #5 (1.05 mm). For this sub-group of patients, the difference 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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Figure 5.16 - Comparison of the maps of the distribution of heights of the vertebral bodies between
predicted (A-C-E) and original meshes (B-D-F). The comparison is done for the best prediction case (A-B), an
average one (C-D) and the worst one (E-F) with respect to the mean error (ME).
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Figure 5.17 - Frequency plots of the heights of the predicted and real vertebral bodies for the best prediction
case (A), an average one (C) and the worst one (E) with respect to the mean error (ME). Dotted lines
represent the median values of distributions.

141



5.4.2.4 Processing time

The extraction of the geometry of the vertebral bodies from the segmentation mask took
approximately 4 minutes per vertebra. Placing 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 took approximately 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 (seconds). The time needed to process one patient external to the dataset
in order to retrieve the pre-fracture shape of L1 would be 20 minutes. This time does not include the

time needed to segment the T12 and L2 vertebrae, with a manual or an automatic process.

5.5 Discussion

The goal of this study was to develop a method to reconstruct the 3D shape of a L1 vertebral body
by using the shapes 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 characteristic heights 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 surgeon, 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
vertebra and represents the only significant processing time before obtaining information about the
heights of L1. Implementing automatic extraction of bone landmarks of lumbar vertebrae would
allow to furtherly simplify the workflow (Campbell and Petrella, 2015). The reconstruction of the
3D shape of L1 was more time-consuming and required about 20 minutes per patient starting from
already segmented images. An additional time of about 30 minutes per vertebra should be taken into
account to perform a manual segmentation from CT images. However, the pre-fracture 3D shape
could be used by surgeons to target a thorough reduction of the vertebral fracture in multiple
anatomical planes which is essential in case of articular fractures (Aebi, 2007). Moreover, semi-
automatic or fully automatic image segmentation techniques could be used to reduce the time

needed to process CT-scan images and fasten clinical protocols.
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The morphing algorithm applied to lumbar vertebral bodies segmented from CT-scan images
allowed to accurately describe patient-specific geometries with a single template mesh. The mean
error and the Hausdorff error between the morphed meshes and their corresponding original
geometries were lower than 0.15 mm and 1 mm on average over the 40 patients included in the
dataset. The mesh morphing error of geometries used to build a SSM of mandible (Wang et al.,
2021), scapular bone (Plessers et al., 2018; Salhi et al., 2020) and acetabular bone (VVanden Berghe
et al., 2017) to reconstruct the premorbid shape of the bone, or to build a SSM of C2 cervical
vertebra (Clogenson et al., 2015) was not reported. Campbell and Petrella (2016) built an SSM of
the lumbar spine using a subject-specific mesh morphing technique characterized by a Euclidian
node to surface distance lower than 1e-5 mm, i.e., a perfect matching between the morphed and
original geometries. However, the mean mesh morphing error in the present study was lower than
the lowest voxel size (0.45 mm) among all the segmentations used to build the dataset and the
geometry of each patient was very accurately described by the morphed meshes. The Hausdorff
distance was concentrated in small areas of the vertebral bodies (Figure 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 patients. Additionally, it has to be remarked that the mesh morphing error
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 a time-consuming process and was not
addressed in the present work as the mesh morphing error 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 repeating a leave-one-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 overfitting it (Brunton et al., 2016). For a
SSM-based reconstruction of the scapular bone, Salhi et al. (2020) retained the first 15 modes that
allowed to account for the 95% of the variability in a training set of 82 samples. This approach is
frequently used in literature, but it does not consider the ability to represent data outside the training
set. By using the leave-one-out approach it is measured the ability of the 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 leave-one-out cross validation on a large

dataset of patients with healthy thoracolumbar spines and can be used to reconstruct the pre-fracture
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shape of a L1 vertebral body. The 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 in the dataset.
Nowadays, the O-Arm 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 O-arm image is generally about 0.4 mm, the mean reconstruction error was
comparable with the precision associated with the detection of the contour of the vertebra in clinical
protocols (Zhang et al., 2009). In works on SSM-based reconstruction of bones with artificial
defects, the mean reconstruction error was 1 mm for the acetabular bone (mean Euclidean point to
mesh distance) (Vanden Berghe et al., 2017), 1.2 mm (root mean square error) (Plessers et al.,
2018) or 0.97 mm (mean closest point distance) (Salhi et al., 2020) for the scapula; Salhi et al.
(2020) and Wang et al. (2021) reported also the average Hausdorff reconstruction distance that was
5.86 mm and 4.51 mm, respectively. The prediction errors observed in the present study were lower
than those reported in Vanden Berghe et al. (2017), Plessers et al. (2018), Salhi et al. (2020) and
Wang et al. (2021). Nevertheless, it should be noted that these studies focused on acetabular bones
and scapulae that present different morphologic characteristics than the vertebra, studied in this
project. Moreover, the reconstruction approaches used are different: in this work the T12 and L2
vertebral body shapes were used for an SSM-based reconstruction of L1, while the healthy part of
the L1 vertebra was not used; instead, in SSM-based reconstruction of bones with artificial defects,
the healthy part of one bone is used as a target of the SSM in order to estimate the shape of the part
with defects. Finally, different distance metrics to evaluate the difference between the predicted and
the original shapes were used. de Bruijne et al. (2007) found a mean distance between the original
and reconstructed 2D shapes of 0.8 mm (closest point distance) for unfractured vertebrae, which is
higher than the mean prediction distance in the 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 worsened by about 10% when the information of 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 patient in the dataset. The osteophytes
of the vertebral bodies of Patient #11 were considered as borderline. The segmentation mask of
Patient #11 was obtained by a CT-scan with a slice thickness of 3 mm. The Hausdorff distance is
expected to be lower for a dataset including 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 mm (Hausdorff error) (Figure 5.14A). The projection error corresponds to the lower bound
error that would be possible to find with the LLS optimization. The projection errors were very
close to the reconstruction errors found after minimization with the LLS method, therefore

confirming that the optimization allowed to approach the optimal set of coefficients.

The height of L1 vertebral body was accurately predicted for Patient #4, 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; Patient #11: -1.41 mm,) was
higher than the mean reconstruction error (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 height’s distribution on the whole dataset.
There are some limitations in this study.

First, it is important to note that this method 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 variations in a dataset
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 variability in the 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 specifically to predict the premorbid shape of
vertebrae with patients with the same disease/characteristics. However, this has not been assessed in

the present study and will be challenged in future works.

Secondly, this method has been assessed only on the vertebrae at the thoracolumbar 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 fractures are a common disease and since these

injuries are often due to high-energy events, as motor accidents, falls, sport traumas, they are

common in persons of different ages (Schousboe, 2016). The 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 change in curvature, 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 stress (Oxland et al., 1992). The approach presented in this study 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, CT-scan imaging is the standard exam to
characterise a vertebral fracture, therefore 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 posterior part of the
column are generally due to violent forces and are often associated with other musculoskeletal
trauma and neurologic injury (Magerl et al., 1994; Wood et al., 2014). In those cases, the primary
objective of any treatment is to avoid neurological deficit, and the reconstruction of posterior

elements is not pursued.

Thirdly, we hypothesized that for the prediction of the pre-fracture 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 the adjacent vertebrae present signs of fractures or
microfracture, as showed by de Bruijne et al. (2007). However, this method is agnostic of the shape
of the predicted level, and it is not based on the assumption that some healthy parts of the bone must

be available as in SSM-based 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 with excellent accuracy. 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 treatment. In the future this approach can be extended to study

multiple thoracolumbar levels.
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Chapter 6: Conclusions

6.1 Original contributions

The goal of this project was to create computational models to aid in the pre-operative planning of
spinal surgeries. The developed approaches provide a quantitative assessment of the biomechanical
properties of the vertebra implanted with two pedicle screws as well as of the geometry of the
fractured vertebra prior to injury. These models could be used to optimise the treatment of several
spinal diseases and injuries, in particular of vertebral fractures, 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 pre-fracture shape of L1 vertebra (Chapter 5).

In Chapter 3, a comprehensive assessment of the effect of the mesh size and the sensitivity of
subject-specific FE models of three lumbar vertebrae implanted with pedicle screws 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, was reported. For 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 differences of
approximately 5% or lower in peak deflection of screws, peak von Mises stress in the screws and
peak Minimum principal strain in the vertebra with respect to the finest mesh. The diameter of the
screw had a major role on the mechanics of the screw-vertebral structure for each patient for 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 screws (R? =
0.99). Simplified models underestimated the peak stress with respect to realistic ones (R? = 0.82).
This study showed that the diameter of the screw should be optimised for each patient as it has a
large impact on the mechanical properties of the construct. In addition, the underestimation of peak
stress in the screws when using simplified geometry of pedicle screws should be accounted for

when using the results of FE models for clinical decision making.

In Chapter 4, the performance of ROMs applied to the results of subject-specific FE models of an
instrumented vertebra was assessed. This study showed that ROMs could predict with an 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 orientation of screws. In a simplified case with homogeneous
properties of the bone, bonded contact conditions at the screws-bone interface and only two shape
parameters (diameter and length of screws) ROMs of the strain were characterized by an accuracy
lower than 5%. The screws-bone contact condition was identified as the major feature of FE models
impacting the ROMs. While at this stage this approach cannot be used to accurately predict
biomechanical properties of the bone that are associated to some of the possible failure 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 studies (see below).

In Chapter 5, a methodology based on Singular Value Decomposition (SVD) was developed to
predict the shape of the vertebral body of L1 from the shapes of adjacent vertebral bodies. The
development of this method involved the creation of a dataset 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 leave-one-out cross validation process over a dataset with 40 patients, the mean
reconstruction error of the 3D shape of L1 was on average 0.51 £ 0.11 mm, while the Hausdorff
distance was on average 2.11 + 0.56 mm. The distribution of heights between the two endplates was
also accurately predicted. This method could be used to provide valuable information to the surgeon
in the pre-operative setting and to optimise the treatment based on geometric characteristics of the

vertebra at time before the fracture.

6.2 Limitations and future works

A number of limitations need to be noted regarding this thesis and shall be addressed in future

works.

One issue with the current study was that the FE model of the implanted vertebra, although verified
and the results subjected to sensitivity analysis, was not validated with respect to measurements
from ex-vivo experiments. This step is fundamental for providing the needed credibility to the
models 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 properties of the vertebra and by modelling the

screw with a realistic or simplified geometry. In future investigations, the model will be validated
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against state-of-the-art time-lapsed mechanical testing, micro-CT imaging, and digital volume
correlation techniques to evaluate the strain distribution in bone tissue (Palanca et al., 2022).
Moreover, the current research has only examined one vertebra implanted with two pedicle screws.
Nevertheless, in posterior pedicle screw fixation surgeries usually more complex geometries are
involved (at least two vertebrae, two rods, four pedicle screws). In addition, the biomechanical
assessment was performed under vertical loads perpendicular to the screw axis. More 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 ROMs to FE models of the implanted vertebra,
in case of complex models with heterogeneous properties and screws-bone frictional interface, the
ROM presented good performance for metrics in the screws, but bad performance for the strain in
the bone, which limits the effectiveness of the methodology. | have identified the problem of the
ROMs in the prediction of the frictional properties of the bone-screw interface, with issues
associated with the correction of initial gaps and penetrations and the optimization of the element
type and size at the interface. However, 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 probably due 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 ROMSs has great potential for
complex highly computational expensive models including complex geometries (multiple vertebral
levels) geometric or material non-linearities (e.g., large deformations, hyper-elastic material
properties of the intervertebral discs, elasto-plastic properties of the bone), or in case more shape
parameters are introduced into the model (e.g., the insertion point of pedicle screws or the amount

of screws inserted in the bone).

The methodology to predict the 3D shape of a L1 vertebral body from adjacent vertebrae was tested
only on L1 vertebral 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, the application of this methodology has been showed onto
the thoracolumbar junction which 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 potential application of
this method to old patients presenting bone degeneration and osteophytes. Considering a dataset of

patients with pathologies could deteriorate the quality of the compression through SVD because of
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the large variability of shapes associated with diseases and the reconstruction of pre-fracture shape

is challenging.
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Appendix

Appendix Al: Comparison between simplified and realistic

screw geometry — additional results

y =0.779 x + 36.792
1204 --=- Y = X

Left screw
e Right screw

R?2 =0.74
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Figure A1.1 — Linear correlation between peak oy for the realistic and simplified models (Patient #1, two
sides, nine sizes).
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Figure 2 — Linear correlation between stress components evaluated at the location of the peak oy for the

realistic and simplified models (Patient #1, two sides, nine sizes).
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Appendix A2: ROM of the strain — additional results
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Figure A2.1 — Average ROM errors over the validation snapshots, in function of the number of learning
points, for FE models with different combinations of bone material models and screws-bone interface, for
the ROM of the zz component (along the direction of loading) of the strain (A) and the ROM of the six
components of the strain tensor together (B).
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Appendix A3: Comparison between linear interpolation and

ROM
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Figure A3.1 — Comparison between the errors obtained by standard linear interpolation (dashed lines) and
by using Reduced Order Modelling techniques (continuous lines) in the case with two shape parameters
(Diameter and Length of screws). Average errors over the validation snapshots are reported in function of
the number of learning points, for FE models with different combinations of bone material models and
screws-bone interface, for the total deflection (A), the von Mises stress (B) and the minimum principal strain

(C).
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Appendix A4: Table of correspondence between patient IDs
and Verse 2020 I1Ds

Patient  Verse 2020 In-plane resolution (mm Slice  thickness Sex Age CT-
# ID X mm) (mm) (years) scanner
1 517 0.68 x 0.68 0.9 M 42 3
2 540 0.98 x 0.98 0.9 W 19 3
3 550 0.78 x 0.78 0.8 M 38 2
4 075 1x1 1 W  56.6 2
5 552 0.75x0.75 0.9 M 67 3
6 570 0.91x0.91 0.9 M 50 3
7 591 0.81x0.81 0.9 M 67 3
8 597 0.80 x 0.80 0.9 M 64 2
9 141 1x1 2 W  62.6 4
10 254 1x1 2 M 274 4
11 702 0.80 x 0.80 3 M 77 10
12 402 1x1 2 M 352 4
13 407 1x1 2 M 189 4
14 413 1x1 1 W 23 2
15 415 1x1 2 M 348 4
16 500 0.68 x 0.68 0.90 M 35 3
17 708 0.78 x0.78 0.80 W 50 10
18 521 0.68 x 0.68 1 W 35 7
19 532 0.93x0.93 0.6 M 23 4
20 533 0.72x0.72 0.6 M 41 4
21 508 0.988 x 0.98 0.70 M 39 4
22 522 0.73x0.73 0.9 w 71 3
23 529 0.68 x 0.68 0.9 w20 3
24 547 0.92x0.92 0.9 W 24 3
25 763 1.07 x 1.07 3 M 19 9
26 554 0.92 x 0.92 0.9 M 70 3
27 805 0.73x0.73 0.7 W 44 8
28 569 0.73x0.73 0.9 W 46 3
29 573 0.98 x 0.98 0.9 w37 2
30 576 0.78x0.78 0.9 W 36 3
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31 580 0.76 x 0.76 0.9 M 27 3
32 606 0.68 x 0.68 0.45 W 58 3
33 609 0.68 x 0.68 0.9 M 31 3
34 502 0.98 x 0.98 0.6 W 35 4
35 618 0.98 x0.98 0.9 M 28 2
36 627 0.78x0.78 0.9 w47 3
37 636 0.75x0.75 0.9 w42 3
38 703 0.66 x 0.66 0.8 M 32 10
39 753 0.83x0.83 2.5 W 28 9
40 761 131x1.31 3 M 36 9

Table A4.1- Patient IDs and Verse 2020 IDs, voxel size, sex (M = man, W = woman), age and CT-scan used for
the acquisition of images (CT-Scanner (2: Philips ICT; 3: Philips IQON, 4: Siemens Somatom AS+; 8 Siemens
external; 9: GE external; 10 Toshiba external) (Léffler et al., 2020b).
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Appendix A5: Creation of geometries of vertebral bodies

The construction of the dataset of vertebral bodies of 40 patients from the segmentation masks of
entire vertebrae was adopted after comparison with a different method acting directly on STL
surface meshes in Ansys® SpaceClaim Release 20.2 (Ansys Inc., Canonsburg, PA, USA). This
method consisted in generating first a surface mesh from the segmentation masks after application
of a gaussian smoothing filter with a standard deviation of 0.8 mm (3DSlicer, v4.11.0). Then, each
vertebra was manually cut with a coronal plane parallel to the posterior wall of the vertebral body

cutting the pedicles at approximately 3 mm from the vertebral bodies (Figure A3).

(A) (B) (Q)

Figure A3.1 - An example of geometry obtained by cutting the STL of a vertebra with a coronal plane
(Patient #1 L1). A view of the vertebra and the cutting plane (A). A lateral (B) and posterior (C) view of the
vertebral body after the cut.

This procedure resulted in including in the geometric model two holes at the posterior part of the
vertebral body corresponding to the pedicles. However, the morphed geometries presented
Hausdorff distances higher than 2 mm (Table A4.) with respect to the original geometries, and were
difficult to morph because of the sharpness of the mesh at the level of the holes. In fact, it was noted
that the Hausdorff distance often occurred at the level of the two holes (Figure A5.2). In addition,
including in the geometry the part of the pedicles that join with the vertebral body would result in
an additional characteristic that the statistical model would represent. In fact, it is expected that
some modes would refer to the shape of the pedicles. As this characteristic is not relevant for this

application, it is preferable to include only the vertebral body within the model.
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Vertebral level

Mean error (mm)

Hausdorff distance (mm)

Average +stdev  (Min, Max) Average + st dev (Min, Max)
T12 0.32+0.03 (0.27, 0.39) 2.95+0.58 (2.14, 4.37)
L1 0.30 £0.03 (0.22,0.37) 2.29+0.34 (1.78, 3.04)
L2 0.30 £0.03 (0.25, 0.36) 2.28+0.40 (1.58, 3.20)
T12,L1and L2 0.31+0.03 (0.22,0.39) 2.28+0.34 (1.58, 4.37)

Table A4.1 - Mean error and Hausdorff distance (mm) between the morphed mesh and the original
geometry, averaged over all the patients, for T12, L1 and L2 levels, and averaged over the three levels.

169



Patient #0 —T12

2.2e+00
|

— 15
— 1

t 05
6.5e-06

Error (mm)

Patient #2 —T12

Error (mm)

Patient #16 — L2

Error (mm)

Figure A5.2 - Examples of error maps showing a concentration of the mesh morphing error at the pedicles.
Error maps for Patient #9 (T12) (A), Patient #2 (T12) and Patient #16 (L2) are showed. Red arrows indicate
the area where the Hausdorff distance occurred.
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Appendix A6: Prediction of the shape of L1 - additional
results

Patient #35 (Lowest HD)
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Figure A6.1- Report for Patient #35.
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Patient #40 (Average HD)
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Figure A6.2- Report for Patient #40.
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Patient #11 (Highest HD)
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Figure A6.3- Report for Patient #11.
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