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Abstract

Degenerative Disc Disease is a musculoskeletal disorder often surgically operated using fusion implants
and associated with high failure rates. Population based models can predict patient-specific bone
geometry to better predict clinical outcomes. The lumbar spines (L1-L5), sacrum and pelvic surfaces were
segmented from 100 healthy adult participants aged 16-84 years. A principal component analysis was
performed on individual vertebrae (L1-L5), sacrum, pelvis, combined sacrum and pelvis and whole
lumbar spine to capture the main modes of shape variation within the population. Consequently, a shape
model was developed (for the individual vertebrae, sacrum, pelvis, and whole lumbar spine) to predict
the bone geometry from the anthropometric and bone measurements. The predictive capability of
statistical shape model (SSM) was computed with leave one-out- analysis. The results showed that the,
SSM can predict the bone shapes with root mean squared error of 1.92 + 0.68 mm (average across all the
individual vertebrae), 4.28 £ 1.29 mm in the sacrum, 5.75 + 1.76 mm in the pelvis and 9.21 £ 4.55 mm
in the whole lumbar spine. The dice scores of the SSMs were 0.89 (average across all the individual
vertebrae), 0.78 in the sacrum, 0.74 in the pelvis and 0.63 in the whole lumbar spine. The shape models
developed in our study can characterize the bone shape variation and predict the personalized bone shape

geometry within an adult healthy population without segmenting the bones manually.

The International Spine Study Group has reported that the success of the fusion surgery relies on
maintaining the optimal values of spinopelvic parameters. Most spinopelvic parameters are measured on
2D sagittal/frontal X-rays pre-surgery. The information obtained from the projection of 2D angles is
supposedly limited compared to the parameters calculated in 3D. Therefore, in our research also explored
the difference between spinopelvic parameters measured on CT scans from 2D slices and the 3D
reconstruction of the spine. Our results indicated that the calculated 3D angles were not statistically
different to the 2D measured angles. Although the distances calculated from a 3D perspective were
statistically different to the ones measured in 2D. Our study demonstrates the reliability of 2D measures

from the surgeons when compared with the 3D reconstructions.

Since spinal fusion surgery is performed to restore the spine's natural curvature, we also wanted to
investigate the correlation of sacrum, pelvis, combined pelvis and sacrum and whole lumbar spine shape
with the 3D spinopelvic parameters. Our findings between the 3D sacropelvic parameter and sacrum

shape suggest that sacrum width is moderately correlated with pelvic incidence (PI) angle and anterior
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pelvic angle (APA). It was also found out that there is a moderate correlation between lumbar spine shape

and sacropelvic parameters due to the structural complexity of the spine.

Our work also investigated the sex-related changes in the 3D spinopelvic parameters. The simple main
effects analysis performed on our population indicated that sex did not have a statistically significant
difference (p = 0.909) on all the spinopelvic parameters. However, statistically significant differences

were found in APA, PI, and lumbar lordosis (LL) measurements between sexes.

We also developed a computationally time efficient 3D lumbar spine FE model which could help the
surgeons in understanding the stress distribution in whole lumbar spine before surgery. Our model was
validated in terms of bone, ligament, and intervertebral disc material property to provide a trade-off
between accuracy and computational time. Moreover, the average VVon Mises stress and stress pattern
observed in our simplified FE model is consistent with the results observed in the detailed FE model.

Therefore, our FE model has a good potential for clinical use.

Finally, in this thesis we developed a personalized, computational-time efficient 3D lumbar spine FE
model from CT scans. This study will allow clinicians to investigate the detailed complex morphology

and stress distribution in the patient’s lumbar spine before surgery.
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Chapter 1: Introduction

This thesis focuses on developing personalised 3D lumbar spine models by selecting bone landmarks
from medical imaging and fitting a statistical shape model to generate a personalised spine finite element
model without the need for lengthy bone segmentation. In the future, this work could be augmented to
allow clinicians to visualise the detailed 3D morphology and stress distribution of the spine from CT

scans before surgery.

Degenerative Disc Disorder (DDD) is a debilitating condition of the spine where patients usually suffer
from chronic low back pain (LBP) and instability. The latest Global Burden of Disease Study reported
that low back pain is the leading cause of living a disability-adjusted life (Murrie et al. 2003). According
to research published in Annals of Translational Medicine (Wu et al. 2020), 7.5% of the world’s
population is affected by LBP. Almost 5-8% of community dwellers and 19% of working adults suffer
from chronic Low Back Pain (Andersson 1999; Cassidy, Carroll, and C6té 1998; Elliott et al. 1999).
Across all socioeconomic levels in New Zealand, this is one of the primary causes of health loss, an
excess of 130 million is spent by the Accident Compensation Corporation (ACC). National Institutes of
Health estimated that the total cost associated with this disease in the US is between $560- $635 billion
annually (Institute of Medicine (U.S.), Committee on Advancing Pain Research 2011).

Common surgical treatment consists of replacing the degenerative disc with a fusion implant. Incorrect
placement of the implant and inability of restoring the patients’ natural lumbar spine curvature (lordosis)
can lead to patients continuing to experience significant pain and failure of the adjacent discs due to
changes in the axial loading of the spine (Ghiselli et al. 2003; Okuda et al. 2004; Rothenfluh et al. 2015).
Spinal fusion has a relatively high failure rate (reportedly up to 40%), although only 25% of failures may
be revised (Martin et al. 2013). Patients with unrevised failed surgery face long term health issues, with

associated economic burdens (Farcy and Schwab 1997; Martin et al. 2013; Pekkanen et al. 2013).
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Computational modelling can predict clinical and functional outcomes but is highly dependent on the
complex geometry of the musculoskeletal system and the ability to describe patient-specific loads and

boundary conditions.

Finite element modelling is an attractive alternative to in-vitro experimentation and an accepted method
in evaluating medical implant performance, and surgery planning and carrying out fundamental research
(Guan et al. 2006; Shirazi-Adl, Shrivastava, and Ahmed 1984). Some researchers previously developed
FE models using a generic model which supposedly represents every individual (Charriere, Sirey, and
Zysset 2003; Guan et al. 2006; Hag et al. 2020; Nicolella and Bredbenner 2012). However, the spine
geometry varies significantly among people (Vresilovic et al. 2012, Rohling et al. 2013, Campbell et al.
2016). To overcome the issue of one size fits all, other researchers have developed patient-specific
detailed FE models from patient medical images (mainly for research purposes) which can become very
time-consuming and expensive to use in the clinic. To address the issue of manually segmenting bone for
every patient within a population, probabilistic methods such as Statistical Shape Modelling (SSM) may
be employed to characterize the shape variations described by a set of landmark points (Campbell and
Petrella 2015, 2016).

SSM has great potential for characterizing different anatomical variations in many parts of the body
(Bischoff et al. 2014). SSM has been extensively applied to the femur (Zhang et al. 2014), knee (Baldwin
et al. 2010) , pelvis (Meller et al. 2004), tibia and fibula (Nolte et al. 2020) with an average Root mean
square error (RMSE) ranging from 0.52 to 2.95mm. Similarly, in the lumbar spine some SSM were
developed to 1) provide detailed 3D anatomical variation of the intervertebral lumbar disc shape
(Vresilovic et al. 2012), 2) characterize the lumbar spine curvature in the sagittal plane (Boisvert et al.
2008, Ali et al. 2012), 3) accelerate the medical imaging segmentation process (Rasoulian et al. 2013)
and 4) characterize the 3D lumbar shape and alignment variability (Hollenbeck et al. 2018). Hollenbeck
et al. (2018) performed a SSM separately on each lumbar vertebrae on 11 healthy participants aged 20 to
58. In this study, the shape of the entire lumbar spine (L1-S1) and functional spinal units (L4- L5 and L5-
S1) were also characterized. They obtained a root mean square error of 1.06 + 0.19 mm for the SSM of
individual bones and 1.42 £ 0.27 mm for the whole lumbar spine. The main limitation of their study was
the limited number of participants and the age restriction which was not representative of the population

who would usually receive surgery.
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Lumbar lordosis, pelvic incidence and other sacropelvic parameters are quantitatively measured by
clinicians on 2D sagittal and frontal X-rays before surgery. The information obtained from the projection
of 2D angles are supposedly limited compared to the parameters calculated in 3D. Moreover, the success
of the surgery depends on restoration of global sagittal balance (Farcy et al. 1997). Some studies (Schmidt
et al. 1992; Vialle et al. 2005) have reported that the global sagittal balance is highly correlated with the
optimal values of the patient-specific spinopelvic parameters. Prior works (Boulay et al. 2006; Janssen et
al. 2009; Mac-Thiong et al. 2011) have also investigated the influence of sex on the spinopelvic
parameters. Therefore, one aim of our study was to understand the difference between 2D and 3D
sacropelvic parameters. Another aim of our study was to understand the influence of lumbar spine shape
in the 3D spinopelvic parameters. Consequently, we also quantified the sex differences in the 3D
spinopelvic parameters. Finally, we predicted the whole lumbar spine personalized shape integrating 3D

spinopelvic parameters which can be used for finite element simulations later.

The overall aim of this project was to develop a personalized, computational-time-efficient 3D lumbar
spine FE model from CT scans. This study will allow clinicians to investigate the detailed complex

morphology and stress distribution in the patient’s lumbar spine before spinal fusion surgery.

To achieve this aim, the objectives of this research are:

o Objective 1: To create a personalized, automated and population based whole lumbar spine model

from an adult healthy population.

o Objective a): To characterize the anatomical bone shape variation in a population-based
model for the
= individual vertebrae (L1-L5), sacrum and pelvis
= the combined sacrum and pelvis

= the whole lumbar spine

o Objective b): To understand the accuracy of a population-based model for predicting the
personalized bone shape for the
= individual vertebrae (L1-L5), sacrum and pelvis

= and the whole lumbar spine
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o Objective c): To investigate the differences between the spinopelvic parameters measured

on CT scans from 2D slices and the 3D reconstruction of the spine.

o Objective d): To understand the correlation between the 3D spinopelvic parameters and the
= sacrum
= pelvis
= combined sacrum and pelvis

= whole lumbar spine bone shape.

o Obijective e): To understand the effect of sex on the 3D spinopelvic parameters.

e Objective 2: To create a computationally time efficient lumbar spine finite element model
which could be used for clinical purposes.

o Objective a): To investigate the effect of vertebrae material property to provide a trade-

off between accuracy and computational time.

o Objective b): To understand the influence of linear spring ligaments, non-linear

connector ligaments and no ligament in our FE model.

o Objective c¢): To understand the implication of our FE model with and without

modelling the intervertebral disc.



Chapter 2: Literature Review

This chapter focuses on outlining a detailed overview of lumbar spine anatomy, degenerative disc disease,
treatment options for degenerative disc disease, population based modelling, and finite element

modelling. The chapter also provides a summary of the current literature.

2.1. Lumbar spine anatomy

The human spine is an essential anatomical structure of our body which is composed of seven cervical
vertebrae, twelve thoracic vertebrae, five lumbar vertebrae, and one sacrum vertebrae (five fused bones),
and three to four fused coccygeal segments. It acts as a load-bearing structure and transfers load from the
upper part of the body to the lower end with the help of the sacrum and pelvis. Each vertebral body is

connected with spinal ligaments and intervertebral discs (Bogduk et al. 1991, Taylor et al. 2020).

The human lumbar spine is composed of five vertebrae (Gilchrist et al. 2003, Waxenbaum et al. 2023).
Due to the wide range of motion in this area, the lumbar spine bears the majority of the upper body's
weight, which can subsequently create stress on the structures and lead to chronic low back pain (Jayson
et al. 1980, Adams et al. 2004).

The lumbar vertebrae consist of various components (Figure 1). In the anterior part of the vertebrae, the
vertebral body is divided into the trabecular and the cortical bone. The cortical bone is stiff and dense,
whereas the trabecular bone is composed of a sponge-like porous structure. The posterior part of the
vertebrae consists of pedicle, lamina, transverse process and spinous process. From either side of the
body, the pedicle projects backward. The laminae project backward from the pedicles and meet in the
posterior part completing the vertebral foramen. The spinous process acts as a muscle attachment site,
and it projects backward from the junction of the laminae. The transverse process projects laterally from
the pedicles. The facet joints exist at the junction of pedicles and laminae. There are four facet joints
located on the superior and inferior processes to the left and right of the vertebral body on each vertebra.
The facet joints articulate with the adjacent vertebrae. The intervertebral discs are spongy cartilaginous

pads. These connect the adjacent vertebrae and act like a shock absorber throughout the spinal column
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(Figure 2). Spinal ligaments also play a significant role in the mobility of spinal motion (Kirby et al. 1989,
Vaccaro et al. 2002).
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Figure 1:Superior view of human lumbar vertebrae (L1)
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Figure 2: The sagittal, frontal, and posterior views of the lumbar spine (left to right)

2.2 Degenerative Disc Disease (DDD)

According to the North American Spine Society, degenerative disc disease is a clinical condition
characterized by the manifestation of disc degeneration greater than expected, considering the age of the
patient. The impacts of DDD and aging on the intervertebral disc are analogous. In the elderly population,
the declination in the mechanical properties of the discs is very common. Ex-vivo experiments have
shown that under the influence of excessive loading, the vertebral endplates collapse first rather than the
intervertebral disc (Adams et al. 2004). So, a healthy disc can only be degenerated (fissures and

herniation) under the combined application of excess compressive loads and bending (Adams et al. 1985).

During the early stages of disc degeneration, herniation occurs due to the decreased strength of the
annulus fibrosis. The bulging of the nucleus pulposus and annulus tears through the annulus fibrosis wall
can result in more pressure being applied to surrounding spinal nerves (Noailly et al. 2012). This "nerve
pinching™ mechanism is the primary cause of low back pain and it can be treated surgically. If the annulus
tear is not too severe, then the nucleus pulposus can be substituted with a hydrogel substance which can
18



preserve the intradiscal pressure (Bernick et al. 1982; Adams et al.1985; Prescher et al. 1998). However,
the use of artificial discs is becoming more common nowadays because of their ability to restore relatively

more mobility compared to fusion.

2.2.1 Pathology of disc degeneration

The underlying mechanism and mechanical progression of disc degeneration are unknown. But some
studies (Adams et al. 1985; Prescher et al. 1998, Meakin et al. 2001) have demonstrated that abnormal
motion patterns and excessive loads accelerate the process. The pathological discs are classified according
to the different grades depending on the severity of the disc degeneration. The most commonly used
grading scale for the assessment of degeneration is the "Thompson Scale." This scale groups the

progression of the morphological changes in the disc into four stages.

At Grade I, the nucleus pulposus exists as a bright viscous fluid at the centre of the disc, the annulus
fibrous layers are clear and organized and the permeability of the cartilaginous endplates is high. Overall,
it represents all the features of a healthy disc. In Grade 11 discs, in the nucleus, a slight discolouration is
prominent. In Grade 111 discs, the boundary between the nucleus and the annulus cannot be observed, the
endplates become calcified, and the annulus discs are disorganized and ruptured. In Grade IV, the
different layers of annulus are non-identifiable, the nucleus and the annulus are unclear, and the height of

the disc is also reduced significantly (Thompson et al. 1990).

The largest avascular tissue in the human body is the intervertebral disc. Therefore, slight disruptions to
the tissue components can become very severe in the long-term due to healing difficulties. While fissures
in annular lamellae are more common during the late degeneration stage, the mechanical strength
reduction can cause herniation even at an earlier stage of disc degeneration. Osteophyte formation,
progressive height declination of disc height and loss of integrity across the endplates can also be
observed. Therefore, there is a high correlation between the morphological changes and mechanical

behaviour of intervertebral discs.
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2.2.2 Morphological changes in the intervertebral discs

The degeneration of the disc is initiated within the nucleus pulposus. Generally, the water content starts
to decrease at the site of the nucleus, subsequently affecting the other parts of the intervertebral disc. In
degenerated nucleus pulposus there are more metalloproteinases (MMPs), which enhances the breakdown
of proteoglycans. Additionally, Type I collagen content increases and Type Il collagen content decreases
(Prescher et al.1998). Due to these significant changes, the nucleus resembles solid tissue. In the

subsequent stages of degeneration, the difference between nucleus and annulus becomes indistinct.

The cartilaginous endplates are exposed to progressive calcification and also the function reduces to a
drastic level. Fissures and cracks are observed along the end-plate surface. Nerve endings and blood
vessels start to grow inside the disc due to limited osmotic transportation through the endplates (Bernick
et al. 1982).

The water level in the annulus reduces in addition to enhanced cross-linking in collagen fibres. The
reduction of water content and the breakdown of proteoglycans lead to loss of hydrostatic pressurization
in the nucleus. As a result, the circumferential tension in the lamellae also reduces (Meakin et al. 2001).
In the later degeneration stages, the annular lamellae disintegrate with rupture and buckling of the
collagen fibre bundles. Moreover, the space between the discs becomes narrower due to the enhanced

axial deformation.

Disc degeneration is often accompanied by osteophyte formation around the end-plate rim. Adams et al.
(2011) mentioned this as a remodelling mechanism where these changes expand the end-plate's cross-
sectional area and distribute the loads to a wider area. However, no consistent pattern can be observed
by these mineralized tissues. Under compressive loads, these mineralized tissues aid in global

resistance.

In summary, patients with DDD suffer from unstable motion, reduced disc height, herniation and bulging
of the nucleus pulposus and nerve roots or spinal cord compression. For treating DDD the majority of

patients are recommended to undergo non-invasive and traditional treatment options such as nonsteroidal
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and analgesic medications and physiotherapy. However, if the low back pain persists and the quality of

life of the patient is not improved, surgical interventions are needed.

2.3. Treatment

The most common surgical procedures for treating DDD are total disc replacement (TDR), dynamic
stabilization and fusion (Don et al. 2008; Galbusera et al. 2011; Sengupta et al. 2004). Depending on the
procedure, the disc is partially or fully removed and substituted with a bone cage to relieve the pressure
on the spinal nerves and reduce pain. If the degeneration and instability are less severe, then a dynamic
stabilization device is added to the disc to add some stability and unload the facet to minimize pain
(Sengupta et al. 2004). Mostly the treatments are successful, but some complications can occur post-

surgery.

2.3.1. Total Disc Replacement

The application of TDR has increased significantly over recent years because of its ability to restore the
mechanical function of the disc. This allows the degenerated segment to return to its normal intervertebral
space and range of motion. Currently, the best available ball on socket market designs is ProDisc (DePuy
Synthes, Indiana, United States) and Charite (Johnson & Johnson, New Jersey, United States) (Dmitriev
et al. 2008; Sinigaglia et al. 2009). These discs are made up of a polyethylene core which articulates with
two metallic endplates. Several studies report that the efficacy of TDR is better than fusion (Tropiano et
al. 2003, Huec et al. 2005; Shim et al. 2007; Bertagnoli et al. 2011). The Adjacent Segment Degeneration
(ASD) occurrence after fusion surgery is also reported less in TDR (Dmitriev et al. 2008).

However, this approach has some limitations. A healthy IVVD exhibits some axial compression properties,
but the available implants used for this procedure have very high axial stiffness which can cause excessive
compressive loading in the adjacent segments. Moreover, due to the free sliding of the articulating
endplates over the core, bony endplates are prone to damage. It can also lead to over flexibility at the
treated degenerated segment (Sinigaglia et al. 2009). The other most common complications are vertebral
body damage, facet degeneration, pain at the facet joint and prosthesis migration. The over flexibility of
the device can cause increasing loading at facets. Therefore, the location and proper size of the device
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according to the patient-specific bone geometry is very important to minimize future complications (Siepe
et al. 2006).

2.3.2. Spinal Fusion and Dynamic Stabilization Devices

TDR tries to restore the normal mobility of the spine but sometimes the instability in the degenerated
section (pinched nerve, abnormal facet) of the spine causes excessive mobility. In this case, stability is
provided to the affected area using fusion or dynamic stabilization devices (Bertagnoli et al. 2011; Bono
et al. 2004, 2005).

For the last few decades in treating DDD, spinal fusion surgery has remained the gold standard with
respect to surgical treatment options (Bertagnoli et al. 2011). The aim of this surgery is to add stability to
the injured spinal segment using fusion devices. Currently, there are mainly two spinal fusion surgery

approaches: posterolateral fusion and interbody fusion.

2.3.2.1. Posterolateral Fusion

In the posterolateral approach, the posterior elements are targeted through a midline skin incision. Then
the damaged portion which is putting pressure on spinal nerves is removed. This process is known as
decompression. Finally, a graft from the iliac crest or allograft is placed over the intertransverse
membrane and facet joint of the vertebrae. Titanium rods and screws are used to provide stability.
Previously, posterolateral fusion was achieved without instrumentation, but current research shows that

use of instrumentation promotes fusion (Bono et al. 2004, 2005).

2.3.2.2. Interbody Fusion

Interbody fusion, either posterior lumbar interbody fusion (PLIF) or transforaminal interbody fusion
(TLIF), has few advantages over posterolateral fusion. PLIF or TLIF fuses the anterior column of the

spine which supports 80% of the body load. Therefore, it can enhance the fusion rate compared to
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posterolateral fusion. Additionally, this approach substitutes the IVD with a fusion implant which
contains bone grafts to promote bone formation between the two vertebrae in order to fuse them,
alleviating potential discogenic pain. This approach aids in indirect foraminal decompression, restoration
of intervertebral disc height and preservation of lordosis to some extent.

A dynamic stabilization device is used to treat a segment having minor instability. Dynamic rods are
made up of stainless steel, titanium or some flexible materials like polycarbonate-urethane to provide
flexibility to the rod (Schmidt et al. 2010). These devices unload the discs and the facet joint which helps
in relieving pain (Sengupta et al. 2004; Wilke et al. 2009). During the procedure, the IVD is replaced with
a fusion implant. The dynamic cord joins the dynamic screws and limits spinal flexion, while the dynamic

spacer limits spinal extension.

Over the past 15 years, spinal fusion devices have proven to be efficient in minimizing spinal pathologies.
Some systematic reviews (Ghiselli et al. 2003; Adams et al. 2004; Pekkanen et al. 2013) show that patient-
reported outcomes for fusion and structured rehabilitation are similar due to disc degeneration. One study
showed (Mobbs et al. 2013) a rapid increase in lumbar spine fusion rates (336%) from 1996 to 2001 in
the United States of America. Sinigagalia et al. (2009) also reported 49-88% good outcomes from fusion.
The Swedish Lumbar Spine Study Group (SLSSG) showed that fusion patients had a 33% reduction in
back pain score and a 25% decrease in disability measured using the Oswestry disability index (ODI)
whilst the non-surgical group had 3-7% reduction in pain. Furthermore, the economic cost has also been
lowered in the operative group when compared to long-term non-surgical treatment (Fritzell et al. 2001,
2004).

Even with these numbers, there is still disagreement about the spinal fusion surgery's efficiency based on
reports on Adjacent Segment Degeneration (ASD) (Goel et al. 2005; Panjabi et al. 2007; Serhan et al.
2008). Lumbar fusion can reduce the range of motion in the degenerated segment and puts more stress
on adjacent discs and facets which can lead to ASD. Some studies showed that the single level of posterior
fusion accelerates the degeneration of adjacent segments (Okuda et al. 2004; Hyun et al. 2010; Rothenfluh
et al. 2015). The occurrence of ASD depends on several factors such as fusion cage length, age of the

patient and the condition of the adjacent segments.
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The other complications are loosening of the cage, broken screws, improper placement of the cage, and
number of fused segments, enhanced postoperative disc height and failure to restore the lordotic curve.
Gillet et al. (2003) reported that in a population of 106 patients with a 2 to 15-year follow-up, 20% rate
of ASD leads to revision surgery. The re-operation rate for 215 patients was 27.4% with a 6.7-year follow-

up.

Spinal fusion with preserved sagittal balance has minimal complications during long-term follow-up
(Hyun et al. 2010; Schwab et al. 2013). The efficacy of the surgery depends on the optimal values of
sacropelvic parameters (Figure 3) such as pelvic tilt (PT), the sagittal vertical axis (SVA), sacral slope
(SS), and the difference between pelvic incidence and lumbar lordosis angles (PI-LL) (Kim et al. 2007).
It has been reported by the International Spine Study Group that the mismatch of these parameters leads
to disability and high back pain scores. The patients who have PI-LL mismatch of more than 10 degrees
are 10-times more prone to develop ASD. Therefore, Schwab et al. (2013) mentioned from their
observation that restoration of the PI-LL mismatch should be the primary objective in the surgical
management of adult deformity. If these factors are not considered during a fusion procedure, the patients

are at greater risk of developing ASD.
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Figure 3: Sacropelvic parameters such as Sacropelvic angle (©), Femorosacropelvic angle (1) Pelvic

incidence (a), Pelvisacral angle () and Sacral table angle (Y)
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2.4. Sacropelvic angle and distances measurement

Generally, orthopaedic surgeons measure sacropelvic parameters such as PI, LL, PT, SS from two-
dimensional (2D) sagittal/frontal X-rays in weight-bearing conditions before surgery. During 2D
imaging, the sacropelvic angle measurements (pelvic incidence, sacral slope, acetabular inclination,
introversion, and pelvic tilt) are majorly influenced by participant positioning and rotation of the
radiographs. Due to a lack of standard pelvic positioning, participant mispositioning can lead to improper
measurement of pelvic tilt or obliquity. Generally, in 2D radiographs, a point X-ray source is used for
generating the projected image. The anteroposterior projection is often sensitive to rotation on the
longitudinal and transverse axis. As a result, the lower part of the acetabulum is often misinterpreted as
the posterior wall of the pelvis. Hence the determination of anteversion and retroversion angles becomes
challenging (Janssen et al. 2009; Mellano et al. 2015). Through CT scans, it is possible to eliminate all
the errors and quantify the detailed 3D structure of the pelvis and sacrum. Some studies were performed
to find the correlation between the clinical parameters measured in 2D and 3D. Jozwiak et al. (2015)
compared the 2D and 3D measurements of anteversion angle, inclination angle, and tilt angle in normal
and spastic hip joints and found a negative correlation between 2D anteversion angle and 3D acetabular
tilt angle. However, no correlation was observed between the 3D tilt and adduction angle measured on
the 2D. This study compared the 3D measurements only with 2D angles in the frontal and horizontal
planes. Since they could not find the 2D angle corresponding to the 3D inclination angle, the 3D
inclination angle was compared with a 2D angle in the frontal plane. Therefore, the correlation was
affected by the different axes of the angles. Imai et al. (2020) investigated the correlation between
spinopelvic parameters and sacral slope in female patients with developmental hip dysplasia and
concluded that the measurements were similar in 2D and 3D. Hu et al. (2021) analyzed the quasi-
automatic 3D and 2D spinopelvic measurements in a large cohort and revealed the manual 2D
measurements were consistent with 3D measurements. Hence the accurate characterization of the
sacropelvic parameters according to each patient's geometry is vital to predict the surgical outcome
(Jozwiak et al. 2015; Rothenfluh et al. 2015, Imai et al. 2020). For quantifying the variability of the

anatomical structure among a population, personalised models are developed.
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2.5. Personalised Models

Traditionally most of the models developed in the literature use a generic patient model, which assumes
one size fits all. However, these models are unable to capture the detailed complex biological structural
information, and thus cannot make predictions about each and every patient (Sigal et al. 2010). There is
an increasing need to analyze the variability of bone shape across the population due to age, ethnicity,
gender, health condition, and other essential factors that can strongly influence pre-operative planning,
diagnosis, postoperative care, and patient monitoring. Along with providing clinical insight, these models
can also provide three-dimensional information about the bones. A personalised musculoskeletal model
can be developed from CT or MRI images. However, generation of a personalised model is very time
consuming and arduous. Statistical shape models (SSM) can produce an average shape along with the
population's main modes of shape variation rapidly and accurately. By utilizing SSM, the shape of every
individual within that population can be acquired by adding the contributions of the principal modes of
variation to the average shape distribution (Cootes et al. 1995; Merck et al. 2008; Sigal et al. 2010).

2.6. Statistical shape models

SSMs were first introduced by Kendall (1977) and Bookstein (2006) that represent geometric objects in
Euclidean space. Later Cootes et al. (1995) used landmarks to generate SSMs, which are widely used in
medical image segmentation. SSM has excellent potential for characterizing different anatomical
variations in many body parts. SSM has been extensively applied to the pelvis (Meller et al. 2004), knee
(Baldwin et al. 2010), femur (Bryan et al. 2010; Nicolella et al. 2012), clavicle (Lu et al. 2013), cervical
spine (Bredbenner et al. 2014), scaphoid (Bevers et al. 2021), thoracic spine (Wai et al. 2022), tibia, and
fibula (Bruce et al. 2022) to predict these bone shapes within a population (average predictive root mean
square error = 0.52-2.95mm) (Nolte et al. 2020). SSMs can be also used in organ tracking during surgery,
orthopaedics implant designing (Cootes et al. 1995), finding the relationship between the function and
the anatomical structures (Thompson et al. 2001, Merck et al. 2008) and finite element modelling
(Campbell and Petrella 2015).

In the lumbar spine, some of the SSM models are developed to assess the effects of degeneration on the

pre-testing of clinical devices (Sprent et al. 2006), to characterize the lumbar spine curvature in the sagittal
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plane (Boisvert et al. 2008; Meakin et al. 2009), to provide intervertebral lumbar disc shape (Vresilovic
et al. 2012), to accelerate the medical imaging segmentation process (Rasoulian et al. 2013), to generate
a subject-specific Finite element (FE) model of the lumbar spine (Campbell et al. 2016), to characterize
the 3D lumbar shape and alignment variability (Hollenbeck et al. 2018) and to provide detailed 3D

anatomical variations of individual lumbar vertebrae (Hag et al. 2020).

In previous studies (Campbell et al. 2016; Haq et al. 2020; Klop et al. 2021, Kassab-Bachi et al. 2022),
statistical shape models developed for the clavicle, knee, pelvis, femur, tibia, fibula, patella, talus,
calcaneum and spine were evaluated for accuracy based on model compactness, generalization, and

specificity.

In the SSM studies, model compactness was estimated by analysing the ability of the model to describe
shape instances by a minimum number of principal component (PC) modes. An ideal SSM generates
large cumulative variance with very few PC modes. Meller et al. (2004) demonstrated that 95% variance
of pelvis shapes could be obtained with the first 24 PC modes out of 39. Baldwin et al. (2010) reported
that 96% of shape variations in the knee was described by the first five out of 10 modes. Rasoulian et al.
(2013) found that out of 31 modes, 25 modes were adequate to capture 95% of shape variations in L1-L5
vertebrae. Peloquin et al. (2014) reported that six PCs out of 12 were sufficient to accurately capture the
shape variations of the L3-L4 IVVD. Campbell et al. (2016) demonstrated 12 modes were sufficient to
describe 95% of variations in L1-L5 out of 17 modes. Haq et al. (2020) observed in combined L2-L3 and
L4-L5 vertebrae 95% variation described by the first 12 modes out of 20 modes. This study (Hag et al.
2020) also reported that 95% intervertebral disc (combined IVD at each level) variation shapes were
captured by first 11 modes out of 40 modes. Klop et al. (2021) found out that the first 10 modes out of 25
modes captured 95% of the total variations of clavicle shapes. Bachi et al. (2022) investigated that first
64 PCs out of 152, describing 95% variation of L4-L5 segments.

Model generalization describes the ability of SSM to produce new shapes, which were not included in
the SSM model. The model generalization was measured using leave-one-out cross-validation (Lorenz et
al. 2000, Lamecker et al. 2004). For this type of validation, one training set observation was removed,
and the model was recalculated with the other training sets. The new reconstructed model was then fitted
to the left-out training set with an optimization method, and the Root Mean Square Error (RMSE) was
calculated. In a study conducted by Rasoulin et al. (2013), the RMSE value of 1.4 mm for a L1-L5 model,
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while using 10 modes was observed. Peloquin et al.(2014) reported RMSE value of 0.10 for the L3-L4
disc using 13 modes. Campbell et al. (2016) found that the RMSE value for a L1-L5 model was reduced
from 3.65 = 0.63 mm to 2.78 £ 0.45 mm while using 1 PC to 16 PCs. Haq et al. (2020) showed the RMSE
value converged to 0.4 mm using 4 modes for L1, 0.58 mm using 17 modes for a L2-L3 model, 6.7 mm
using 17 PCs for a L4-L5 model and 0.18 mm using 35 PCs for IVD. Bachi et al. (2022) demonstrated
for a L4-L5 segment, with 30 PCs the RMSE value was 1.60 £ 0.34 mm.

Model specificity is the ability of SSM to produce valid shape instances. SSM model specificity was
computed by measuring the RMSE between the randomly generated shape by the shape model and its
closest training samples. Campbell et al. (2016) found the specificity value of a L1-L5 SSM model was
3.76 mm with 17 PCs and 3.11mm with 1PC. Audenaert et al. (2019) reported the specificity value of the
pelvis, femur, tibia and patella were 2.05 £ 0.35 mm, 1.91 + 0.28 mm, 1.36 = 0.21 mm and 0.71 £ 0.11
mm, respectively. In the study of Hag et al. (2020) the specificity value of L1 was 1.43 mm with negligible
standard deviation error. Bachi et al. (2022) obtained a specificity error of 3.00 £ 0.29 mm with 30 modes

for a L4-L5 segment.

Prior works on the lumbar spine used SSM for characterising the variation in whole lumbar spine
curvature (Meakin et al. 2001, Ali et al. 2012; Campbell et al. 2016) and individual vertebrae (Hollenbeck
et al. 2018). However, these studies used a small sample size, a limited number of healthy participants
and a restricted age range. An inadequate sample size might reflect an inaccurate representation of
segment morphology variation. A small sample size can be more prone to sampling bias where specific
subgroups can be overrepresented or underrepresented. Therefore, a power analysis should be performed
for drawing any robust conclusion about the morphology differences. All of these studies on the lumbar
spine SSM, required the prior identification of landmarks, which is labour-intensive. These limitations

may lead to an inaccurate representation of morphological variations of the lumbar spine.

For restoring the sagittal alignment of the spine (after spinal fusion surgery), the relationship between
pelvic incidence and lumbar lordosis is extensively studied in the literature (Hyun et al. 2010; Schwab et
al. 2013, Aoki et al. 2015). To our knowledge, none of the previous works have focused on investigating
the effect of other sacropelvic parameters on the lumbar spine shape. Previous studies have quantified the
sex difference in lumbar lordosis (Murrie et al. 2003; Hegazy et al. 2014; Sudhir et al. 2015, Bailey et al.

2016) and some spinopelvic parameters (pelvic incidence, sacral slope, pelvic tilt, sacral orientation).
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However, no studies have investigated the sex differences in femorosacropelvic angle, anterior pelvic
angle, projection angle, pelvisacral angle, crest pubic, crest sacrum, inlet and outlet distances in adult
healthy participants. Characterising the sex differences in the aforementioned spinopelvic parameters

might provide detailed information about surgery planning.

In the lumbar spine, SSM is used to provide detailed information about the variation of bone morphology,
lumbar shape, curvature, and intervertebral disc shape and it is used to generate 3D virtual geometry for
Finite element analysis (Hollenbeck et al. 2018). Due to the complexity of the shape in the lumbar spine,

developing a fully parametrized model has been always challenging (Dreischarf et al. 2014).

If a fully parameterized model of the lumbar spine can be developed with SSM, which can be used
efficiently in a population-based simulation framework such as FE modelling, then it can help us analyze

the relationship between shape variations and biomechanical function.

2.7. Finite Element Modelling

Finite element (FE) modelling of the spine is an attractive alternative to in-vitro experimentation and an
accepted method in the evaluation of medical implant performance, surgery planning, and carrying out
fundamental research (Shirazi-Adl et al. 1984, Rohlmann et al. 2006, Meijer et al. 2011). FE Modelling
can help us to predict some important biomechanical parameters (internal stress within the tissues and

implants) that cannot be measured directly by experimentation.

Previous studies-built FE models (Mas et al. 2017) representing either a functional spinal unit (FSU) or
a full lumbar spine depending on the model’s purpose (Maurel et al. 1997; Wang et al. 2005, Rohlmann
et al. 2006; Guan et al. 2006). Some FE models were developed to measure the range of motion of healthy
lumbar vertebrae at different levels during flexion, extension, bending, and axial rotation (Mellano et al.
2015). Other FE models (L3-L5) were developed to investigate the difference in biomechanical effects
between the healthy lumbar spine and a spine with dynamic fixation/PLIF/COFLEX on adjacent
segments (Mas et al. 2017, Fan et al. 2019). Different FE models analyzed the intradiscal pressure at the
right and left facet joint force under different movements for exploring the effect of fusion on the adjacent
intervertebral disc (Kuo et al. 2010). FE models also investigated the maximum displacement and stress-

strain relation in the osteoporotic vertebral body and fractures on a single lumbar vertebral body (Chiang
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et al. 2006). FEM was used to understand the effects of stress-strain distribution in the lumbar spine

during fusion surgery with one vs. two cages (Chiang et al. 2006).

2.7.1. FE model of the lumbar spine

Several vital factors, i.e., spine geometry, bone mineral density and disc material property, boundary
conditions, joint contact and load distribution need to be considered while developing an FE model.
Creating a highly detailed finite element (FE) model of the lumbar spine involves managing a larger
number of parameters and leads to increased model runtime. In response to this, we developed a lumbar
spine FE model that balances simplicity with accuracy, ensuring computational efficiency and suitability
for clinical applications. This was achieved by incorporating a less detailed FE model with more focus
on the accurate prediction of stress-strain distribution in the lumbar vertebrae and behavior of

intervertebral disc and lumbar ligaments, contributing to reduced computational time.

2.7.1.1. Meshing

In previous research, the different structures of the lumbar spine (vertebrae, endplates, and discs) were
usually meshed using hexahedral (Buckley et al. 2007, Cells et al. 2016) or tetrahedral elements (Park et
al. 2013, Coogan et al. 2016; Fan et al. 2019). Tetrahedral meshing is more automated and easier to
generate, whereas hexahedral meshing requires manual intervention (Mathur et al. 2012). Tetrahedral
mesh is more suitable for meshing complex structures with higher accuracy. However, linear tetrahedral
elements are stiffer and more sensitive to volumetric and shear locking. In terms of convergence rate and
computational cost, hexahedral elements are superior for simpler structures (Benzley et al. 1995;
Tadepalli et al. 2011). Yet, hexahedral meshes are less accurate in terms of discretization of complex
geometry. Mesh sensitivity analysis is important to understand the effect of different mesh nodes and
element numbers in the simulation of the FE model. Previous researchers (Campbell et al. 2016; Fan et
al. 2019) performed a mesh convergence study to examine the accurate mesh density. From convergence
study, the mesh density was selected in such a manner that the disc pressure and facet force were not

primarily impacted during flexion, extension, rotation, and bending.

For providing a quantitative comparison between hexahedral and tetrahedral meshing, studies have
employed metrics such as mesh quality, element aspect ratio, and convergence rate (Campbell et al. 2016;
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Fan et al. 2019). For instance, hexahedral meshes typically yield higher-quality elements with lower
aspect ratios, leading to more stable simulations. However, tetrahedral meshes may exhibit higher element
aspect ratios, indicating potential issues with element quality and simulation accuracy. Convergence rate,
determined through mesh sensitivity analysis, also serves as a metric for assessing the effectiveness of
each mesh type in capturing the mechanical behaviour of the lumbar spine under various loading
conditions. By comparing these metrics between hexahedral and tetrahedral meshing approaches,

researchers can determine the most suitable mesh type for their specific biomechanical modelling needs.

2.7.1.2. Material property assignment of the lumbar spine structure

2.7.1.2.1. Vertebrae

Vertebrae consist of two parts: cortical and trabecular bone. The cortical bone consists of the outer part
of the vertebral body. Cortical bone is usually dense and has a material property typically ranging from
10,000 to 14,500 MPa with a Poisson's ratio of 0.3 (Nguyen et al. 2018; Park et al. 2013). Trabecular
bone is made of a sponge-like porous structure. Various models have defined cancellous bone with a
Young's modulus between 100 to 450 Mpa and a Poisson’s ratio ranging from 0.2 to 0.3 (Nabhani et al.
2002, Jovanovic et al. 2010, Ayturk et al 2011). Depending on the application, previous studies have used

different modelling approaches to model the vertebrae.

2.7.1.2.1.1. Homogenous material property assignment to the whole vertebrae

The primary challenge of assigning heterogenous material property to the vertebrae is meshing the
cortical thickness, which is usually less than 0.4 mm (Goel et al. 1995). For the simplicity of modelling,
Nabhani et al. (2002) and Shin et al. (2018) modelled the whole vertebrae with a homogenous bone

material property (Young’s modulus and Poisson’s ratio).

2.7.1.2.1.2. Heterogenous material property assignment to the vertebrae

The bony vertebrae are generally subjected to relatively minuscule strains (Dooris et al. 2001). Therefore,

cortical and trabecular bone are modelled with either linearly elastic isotropic or poroelastic, material,
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having different Young's modulus and Poisson's ratio (Charriere et al. 2003; Schmidt et al. 2007). The
values used for Young's modulus ranging from 10,000 to 14,500 MPa for the cortical Bone and 100 to
450 Mpa for the cancellous bone (Harrysson et al. 2007; Mazzoli et al. 2009, Més et al. 2017). The
Poisson's ratio is usually 0.3 to 0.45 and 0.2 to 0.3, respectively (Haddas et al. 2018).

2.7.1.2.1.3. CT-based material property assignment to the vertebrae

In previous studies, vertebral bodies were represented as material-mapped subject-specific bones from
CT scans (Keyak et al. 1990, Crawford et al. 2003). In some studies, the Hounsfield unit (HU) is converted
to bone mineral density using a density phantom. For assigning the material property of heterogeneous
bone tissue from CT, an average value is computed at each element. Then the HU within the element
volume is averaged. Then for each element, the value is obtained by converting the CT number to density
and density to the Young's modulus relationship by Crawford et al. (2003).

2.7.1.2.2. Intervertebral discs

Intervertebral discs are made up of the nucleus pulposus and annulus fibrosus. Researchers have modelled
the intervertebral disc in many ways. In some studies, the annulus fibrosus was modelled as a combination
of annulus fibres and matrix in a composite structure. In these works, the annulus fibres are an anisotropic
structure modelled either by truss elements or rebar elements with 8-16 layers of a criss-cross pattern at
an angle + 35 (Goel et al. 1995; Noailly et al. 2005, Jones et al. 2008). The ground substance of the
annulus is either modelled by the Hyperelastic Mooney Rivlin (Noailly et al. 2005; Schmidt et al. 2007),
Yeoh (Ayturk et al. 2011), Neo-Hookean (Rohlmann et al. 2009, Moramarco et al. 2010), or linear hypo
elastic approach (Shirazi-Adl et al. 1994). On the other hand, the nucleus pulposus is generally
represented by an incompressible fluid-filled cavity or linear elastic fluid. Shahkari et al. (2015) used the
Holzapfel-Gasser-Odgen method to consider the hyperelastic anisotropic property of the disc. For
understanding the effect of disc mechanics, disc degeneration, and intradiscal pressure changes, these

models were developed.
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2.7.1.2.3. Ligaments

Ligaments provide stability during wide-range movements of the spine. The lumbar spine includes seven
ligaments: 1) the anterior longitudinal ligament (ALL), 2) the posterior longitudinal ligament (PLL), 3)
the intertransverse ligament (ITL), 4) the interspinous ligament (ISL), 5) the supraspinous ligament
(SSL), 6) the ligamentum flavum (LF), and 7) the facet capsulary ligament (FCL) (Figure 4). Among all
these ligaments, the ITL does not have clear lateral and medial borders, and the collagen fibre of the ITL
is not densely packed or oriented as the fibres of other ligaments (Shirazi-Adl et al. 1994). Consequently,

the ITL is not usually considered as a true ligament and is rarely modelled.

Figure 4:Lumbar spinal ligaments

2.7.1.2.3.1. Nonlinear spring/connector elements

In previous studies, the lumbar ligaments were modelled with uniaxial nonlinear tension only springs
(Putzer et al. 2016, Fan et al. 2019) or connector elements (Guan et al. 2006, And et al. 2016). Based on
the in-vitro experiments of the isolated ligaments and FSU, it is known that ligaments have a nonlinear

toe zone following a nonlinear-linear transition in larger strains (Panjabi et al. 1982; Chazal et al. 1985,
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Pintar et al. 1992). The material properties of the ligaments were obtained from the nonlinear force-
displacement relationship of the ligaments. The force (F) in the ligaments can be obtained using the

equation 1.

F =ax(eltx€-9)-1 (1)

where a, b and ¢ values were experimentally obtained, and € indicates engineering strain.

The a, b, and c values for each ligament can be found in the Nolte et al. study (1990). Various groups
(Panjabi et al. 1982, Chazal et al. 1985) frequently used these values to simulate the nonlinear property

of ligaments during flexion, extension, rotation, and lateral bending.

2.7.1.2.3.2. Tension only truss elements

In some models, the lumbar ligaments were modelled using tension-only truss elements (Shirazi-Adl et
al. 1984, Ayturk et al. 2011). The material properties were either nonlinear force-displacement or
piecewise linear functions. Heuer et al. (2007) performed a stepwise reduction experiment to understand
the effect of different bending moments on the range of motion on L4-L5 FSU by gradually removing the
disc, facet joints, and ligament connections. Damm et al. (2020) followed the equation of Brown et al.

(1996) to represent the nonlinear force-strain value (equation 2).

€ +b
+1)

F(E)za-ln(e 7

(2)

where d = damping constant

Damm et al. (2020) performed a backward calibration of the stepwise reduction experiment to obtain the

least square fit values of the ligaments.

2.7.1.3. Loading and Boundary conditions
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During the modelling of the spinal segment, different loading and boundary conditions were applied

according to the purpose of the model.

In some works, (Nabhani et al. 2002, Jovanovic et al. 2010; Hatira et al. 2012, Nguyen et al. 2018; Shin
etal. 2018), a static axial compressive load is generally applied to the upper part of the individual vertebral
body to replicate the upper body weight and muscle force (70% upper endplate, 30% upper articular
facets). These studies mainly investigated the static stress-strain distribution in the lumbar spine. Under
the load of 400N, Nguyen et al. (2018) reported that the maximum Von Mises stress obtained from L1,
L2, L3, L4, L5 were 4.4., 477, 5, 3.77 and 2.75 Mpa, respectively. Under 450N load, Nabhani et al.
(2002) found out that the maximum Von Mises stress in L5 was 1.92 and 1.91 Mpa, respectively. The
highest displacements observed at L1, L2, L3, L4 & L5 were 0.01. 0.01, 0.0087, 0.0055 and 0.0045mm,

respectively.

Also, in some previous studies (Shirazi-Adl et al. 1984, Puttlitz et al. 2011; Hatira et al. 2012; Park et al.
2013) a combination of moment and compressive load is also applied at the upper part of the vertebral
body to investigate the range of motion throughout the whole lumbar spine during flexion, extension, left

and right axial rotation and bending.

During these FE simulations, the lower part of the vertebral body is constrained in all six degrees of
freedom. The sacrum is either constrained in all directions or acts as a rigid body. Kuo et al. (2010)
demonstrated that during standing, under a load of 460N in L1, the Von Mises stress was increased

steadily along L1-L5. The maximum Von Mises stress reported in L5 was 9.82 Mpa.

2.7.1.4. Validation of lumbar spine FE Models

Validation of lumbar spine FE models is a crucial step to assess the model’s accuracy and reliability.
Many researchers have validated their FE models prediction against the appropriate published
experimental results. Driescharf et al. (2014) has compared the results of range of motion, facet force and
intradiscal pressure from eight different published lumbar spine FE models against the experimental data.
The median range of motion, facet forces and intradiscal pressures for all of these eight models were in
good agreement with the ex-vivo studies. However, the maximum and minimum intradiscal pressure

(IDP) and facet joint forces were not in the range of the published FE studies. Charles et al. (2013) have
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validated their auxiliary facet system model’s segmental range of motion, facet joint forces and Von
Mises stress at the annulus with the experimental values. Chagnon et al. (2010) has validated the disc
properties of their FE model against ex-vivo creep experiments to analyse different level of disc
degeneration. Rohlmann et al. (2001) has validated the IDP in L1-L5 finite element models under the
application of pure moments and a 280N follower load with the ex-vivo studies. Wilke et al. (2008) and
Heuer et al. (2008) has validated the IDP obtained from the FSU sample with the ex-vivo values. The
researchers concluded that the IDP obtained from the L1-L5 models and FSU samples are not similar.
The mean IDP during flexion (7.5 NM) calculated from the FSU (Wilke et al. 2008) and from the L4-L5
from the whole lumbar spine FEM (Rohlmann et al. 2001) were 0.4 Mpa and .0.8 Mpa.

The previous studies (Boisvert et al. 2008, Ali et al. 2012, Hollenbeck et al. 2018) on SSM have
characterized the shape and alignment variability of lumbar spines on a limited number of participants
and their age range might not be representative of the population who would usually receive spinal fusion
surgery. Therefore, our thesis aimed to develop a statistical shape model of each lumbar vertebrae, sacrum
and pelvis individually and then combined lumbar spine shape to characterize the bone shape variation
in a large number of healthy adult population. Moreover, this population-based framework can be used
in Finite element study to understand the biomechanical behaviour of the spine. Detailed FE modelling

of the lumbar spine translates to a larger number of parameters and enhanced model runtime.

In light of all these, we understand the need for developing a parameterized, robust, computationally time-
efficient FE model and suitable for clinical use by modelling the intervertebral disc used to reduce
computational time. In clinical applications such as surgical planning, time efficiency is vital since
surgeons rely on accurate simulations to plan interventions. Therefore, the time efficient FE model allows
for more dynamic and responsive planning. It will also facilitate computing the optimal spinopelvic

parameters that need to be restored for pre-planning spinal fusion surgery.

In conclusion, our literature review highlights several gaps in the field that correspond to the aims of our
research project. Firstly, while previous studies have developed lumbar spine models, there is a lack of
personalized, automated, and population-based computationally time-efficient FE models derived from
CT scans, particularly focusing on the entire lumbar spine including individual vertebrae, sacrum, and
pelvis. This gap underscores the need to characterize anatomical bone shape variation in a population-
based model and evaluate its accuracy for predicting personalized bone shape. Additionally, there is a
lack of understanding regarding the differences between spinopelvic parameters measured on CT scans

from 2D slices and 3D reconstruction, as well as the correlation between 3D spinopelvic parameters and
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bone shape. Furthermore, the influence of sex on 3D spinopelvic parameters remains understudied.
Secondly, while computational lumbar spine finite element (FE) models exist, there is a need for more
time-efficient models suitable for clinical purposes. This involves investigating the effect of vertebrae
material properties, understanding the influence of different ligament modelling approaches, and
assessing the implications of modelling the intervertebral disc in FE simulations. These gaps in the
literature emphasize the importance of our research objectives in addressing key challenges and

advancing knowledge in the field of lumbar spine modelling for clinical applications.
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Chapter 3. Material and Methods

This chapter describes the detailed methodology of our work from 3D lumbar spine reconstruction to
statistical shape modelling, 2D to 3D sacropelvic parameter comparison, the correlation between bone

shape and spinopelvic parameters and development of Finite element model (Figure 5).

3D Automatic 3D
Participants CT Scans | gaconstruction sacropeivic SSM FEM
PCA parameter
calculation

Figure 5: Workflow of the study

Where CT = Computed tomography, PCA = Principal component analysis, SSM = Statistical

shape modelling, FEM = Finite element modelling

3.1. Participant Information

De-identified CT scans data from 100 healthy adult participants (64 males,36 female, age 16-84 years,
41 + 16 years old) were collected at Waikato Hospital in New Zealand, with ethics approval (18/CEN/8)
from Waikato hospital and the NZ Health and Disability Ethics Committee. CT scans for major trauma
assessment were recorded with patients in supine positions. Only scans with intact spinal column and

pelvis were included in the dataset. The scan range started from above L1 to mid-femur, including the
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lumbar spine, the sacrum, and the pelvis. The slice thickness of each scan varied between 0.8 to 3 mm
and the pixel spacing varied between 0.57*0.57mm to 1.27*1.27mm. An orthopaedic surgeon checked

each CT scan and excluded patients with anatomical anomalies and previous surgeries from the analysis.

3.2. Lumbar spine reconstruction

A total of 40 healthy lumbar spines (L1-L5), sacrum, and pelvic surfaces were manually reconstructed
from the participants CT scan dataset using Mimics (Version 21.0, Materialise, Inc., Leuven, Belgium).
The rest of the participants (60) were segmented automatically by a machine learning algorithm (Deep
Seg, developed in-house). The automatically segmented meshes were visually inspected and corrected,
remeshed in case of abnormal bone reconstruction. Out of 480 automatically segmented bones, 352 were
manually corrected in Mimics and remeshed in Materialise 3-Matic (Version 17.0, Materialise, Inc.,
Leuven, Belgium). To perform the manual segmentation in Mimics, several steps were taken. The
segmentation process begins by loading the CT scan images in the Mimics software. Then. a grayscale
threshold to the CT images were applied to separate bone pixels from other soft tissues and surrounding
structures in the body (Figure 6A). Next, the mask created from the threshold was split into each specific
bone, then manually edited in frontal (Figure 6B) or sagittal view (Figure 6C) to refine the segmentation
boundaries and correct any artifacts. This involved removing unwanted regions and adjusting the
boundary contours to better align with the anatomical structure of the desired region. With the interactive
2D views, in frontal sagittal and axial plane precise adjustment to the segmentation boundaries and
structure were done more accurately. After the manual editing process the masks were smoothed and then
wrapped to remove any holes in the mask and create a 3D surface (Figure 6D). Different smoothing and
wrapping factors were used for each segmentation due to the varying CT scan parameters. However, it
was ensured that every reconstructed bone was not very rough or over-smoothed, such that physiological
features had not been neglected. Throughout the segmentation process each bone structure was visually
inspected to identify any inconsistencies. Finally, the resulting 3D surface mesh built from Mimics

provided detailed information about each structure.
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Figure 6: Segmentation of lumbar vertebrae and pelvis in Mimics 21.0

3.3. Template mesh generation and coordinate system

assignment

The template meshes for each bone (L1 to Pelvis) were chosen as a mesh from all the participants in the
dataset which has desired number of elements and node numbers. The template mesh is selected in such
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a way that it can be fitted to a large range of meshes in our dataset. After the selection, the template
meshes for each bone were converted to a 2D surface mesh of triangular elements of size 2mm (L1-L5,
Figure 7) and 3mm (sacrum and pelvis, Figure 8) in Hypermesh (Version 17, Altair, Troy, Ml). The
element numbers of the L1 to L5 meshes were 7950, 8792, 8804, 9318 and 9786 respectively. The node
numbers for the L1 to L5 meshes were 11318, 12449, 16629, 16363, and 17032 respectively. An example
of the template mesh for L2 is shown in Figure 7. The element numbers for pelvis and sacrum were 32364
and 14926 respectively. The template pelvis and sacrum mesh are shown in Figure 8A, B, C and D. The
fine template meshes ensured to capture the detailed anatomical complexity of the bones accurately.

Figure 7: Remeshed fine template vertebrae (L2) in Hypermesh
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Figure 8: Template meshes of the sacrum anterior view (A), sacrum posterior view (B), pelvis

anterior view (C) and pelvis posterior view (D) in Hypermesh where A-P = Anterior-posterior

orientation, S-1 = Superior-inferior, L-M = Lateral -medial orientation
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For each template mesh, a bone coordinate system was assigned according to the International Society of
Biomechanics (ISB) recommendation (Winther et al. 2002). For each vertebra, the origin of the
coordinate system was fixed to the centre of the vertebral body. The Y-axis was built by creating a line
joining the centre of the upper and lower plateau of the vertebrae, pointing superiorly. The centre of each
plateau was found automatically with the help of a MATLAB (Version R2018A, MathWorks,
Massachusetts, USA) script by fitting a circle in the upper and lower plateau. The Z-axis was developed
by creating a vector passing through the centre of the left and right pedicles, pointing towards the right.
The centre of each pedicle was found automatically with the help of a MATLAB script by fitting a
cylinder in the pedicles. The X-axis was constructed by finding the cross product of the Y and Z-axis,
pointing anteriorly (Figure 9A). For the sacrum, the origin of the coordinate system was fixed to the
centre of the sacral endplate. The Z-axis was built parallel to the left and right posterior superior iliac
spine (PSIS), pointing towards the right. The left and right PSIS landmarks were found automatically
with the help of a Python, by obtaining the most superior left and right nodes in the PSIS region. The X
axis was created by drawing a vector through the midpoints of the right and left PSIS and the sacral
endplate centre, pointing anteriorly. The Y-axis was developed by computing the cross product of X and
Z axis, pointing superiorly (Figure 9B). For the pelvis, the origin of the coordinate system was placed at
the barycentre of the pelvis. The Z-axis was built parallel to the left and right anterior superior iliac spine
(ASIS), pointing towards the right. The left and right ASIS landmarks were found automatically with the
help of Python, by obtaining the most inferior left and right nodes in the ASIS region. For creating the X-
axis, a vector was drawn through the midpoint of the left and right ASIS and the midpoint of the left and
right posterior superior iliac spine (PSIS), pointing anteriorly. Similarly, the Y axis was built by

calculating the cross product of X and Z axis, pointing superiorly (Figure 9C).
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Figure 9: Template ISB bone coordinate system (Winther et al. 2002) vertebrae (A), sacrum

(B), and pelvis (C) where A-P = Anterior-posterior, S-1 = Superior-inferior, L-M = Lateral -

medial orientation



3.4. Workflow of Principal Component Analysis (PCA)

Principal component analysis (PCA) is a statistical method, which is mainly used for dimensionality
reduction. PCA converts a training set of shapes into a few important components called principal
components (PC). The first PC accounts for the highest variability in the dataset, and each of the
succeeding PC accounts for the lower variability than the preceding principal component. Therefore, any
shape can be reconstructed by the combination of PCs. The main steps involved in PCA are:

1. Centering the Data: Before performing PCA, the mean of each feature (dimension) is
subtracted from the data. This centers the data around the origin and ensures that the first
principal component passes through the centroid of the data.

2. . Computing the Covariance Matrix: The covariance matrix is computed from the centered
data. This matrix captures the relationships between different features in the dataset. The
covariance between two features measures how they vary together.

3. Calculating Eigenvalues and Eigenvectors: The next step is to calculate the eigenvalues and
eigenvectors of the covariance matrix. Eigenvectors represent the directions (principal
components) along which the data varies the most, while eigenvalues indicate the amount of
variance explained by each principal component.

4. Choosing Principal Components: The eigenvectors are ranked in descending order of their
corresponding eigenvalues. The principal components are then selected based on the
proportion of variance they explain. Typically, only a subset of the principal components
(those with the highest eigenvalues) are retained, leading to dimensionality reduction.

5. Transforming the Data: Finally, the original data is projected onto the subspace spanned by
the selected principal components. This transformation results in a lower-dimensional
representation of the data, where the new axes (principal components) capture most of the

variance in the original dataset.

For performing a PCA, an in-house open-source python library GIAS2 (Zhang et al. 2014) was used.
PCA was performed first on each vertebra (L1-L5), sacrum and pelvis separately and second, on the
whole lumbar spine and sacropelvic (L1-Pelvis) to quantify the shape variation among an adult

healthy population.
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3.4.1. Mesh fitting

The first step in the PCA was to non-rigidly register all the bone meshes (source mesh) to the template
meshes (target mesh). After segmentation, the meshes obtained from Mimics were in each participant CT
scan coordinate system. The template mesh was assigned to ISB coordinate system (Refer to Section 3.3).
In order to bring the participant meshes and template meshes to a common coordinate system for analysis,
mesh correspondence between source and target meshes was required. Therefore, a non-rigid registration
in GIAS2 was achieved using the radial basis function (RBF). RBF is a meshless deformation technique
where the registration error between the source and target meshes can be minimized using iterative knot

placement (Zhang et al. 2018).

3.4.2. Alignment

The second step was to rigidly align all the source meshes to the template mesh coordinate system by
aligning the meshes at their barycentre. For the whole lumbar spine, all the source meshes were aligned
to L1’s upper plateau ‘s center. Then, to reduce the translational and rotational variance between the

template and target meshes, the rigid registration was performed in GIAS2.

3.4.3. Principal component analysis (PCA)

The last step was to perform the PCA on the aligned and fitted meshes. The PCA generates the mean
shape of the bones, the percentage variation in each PC, and each participant's projected weights for each

PC. The projected weights were later used as input to the statistical shape model.

3.4.4. Procrustes analysis

For removing the size variation in bone shape, we also performed a Procrustes analysis in the whole

lumbar spine model using GIAS2. This analysis was carried out by isometrically scaling all the bones,
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along the three axes. Then, a PCA was performed on the scaled bones. Procrustes analysis aids us in

better understanding bone shape variation without considering the differences in bone size.

3.5. Statistical Shape Modelling (SSM)

After performing the PCA, we created a statistical shape model (SSM) for predicting bone shape

geometry in our dataset.

3.5.1. Partial least square regression (PLSR)

A PLSR was used to predict the shape using demographic information to generate the SSM. PLSR is
initially used for principal component regression in statistics. PLSR requires predictors to create a set of
responses that provide the relationship between the predictors and the responses. For comparing the
predictive capability of bone shapes with and without bone measurements for each bone, we developed
two sets of SSMs (one with bone measurements and other without bone measurements). For the first set
of SSMs, the predictors (input to the PLSR) were the demographic information of the participants (sex,
age). For the second set of SSMs, the predictors were demographic information and bone measurements.
The bone measurements included vertebral height, length, and width (for L1 to L5), the sacrum's S1 upper
plateau length and width, and pelvic ASIS and PSIS distances. The vertebral length was measured with
the help of a python script by computing the distance between the anterior and posterior points of the X-
axis in upper and lower plateau of fitted meshless of each vertebra. The width of the upper and lower
plateau was computed automatically from the fitted meshes by measuring the distance between the most
medial and lateral point of the Z -axis. The height of the vertebral upper and lower plateau was obtained
from the fitted meshes automatically by computing the distance between the midpoint of upper and lower
plateau’s center. For the sacrum, the sacral endplate length was obtained automatically from the fitted
meshes by calculating the distance between the most anterior and posterior point in the X-axis. The width
was obtained from the fitted meshes ‘most lateral and medial point in the Z-axis. The left and right PSIS
were computed automatically by obtaining the mot superior point in the Y axis of the fitted meshes. For
the pelvis, the left PSIS and ASIS were automatically computed from the fitted meshes by obtaining the
most inferior points of the left and right PSIS region in the Y axis (Refer to section 3.3). The responses

(output of PLSR) to both set of SSMs were the participant-specific weights in each principal component's
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direction. The predicted surface bone geometry was generated with the participant-specific weights
(PLSR output) and the mean mesh (obtained from PCA).

3.5.2. Accuracy of SSM

To measure the accuracy of the SSM with bone measurements, we have computed the compactness,

specificity, generality, and fitting error, adapted from Audenaert et al. (2019).

Compactness: This analysis determines how well the model can specify the maximum variation in the

dataset while retaining the minimum number of principal components.

Fitting error: This analysis calculates the surface distance between the manually segmented and non-

rigidly registered meshes.

Generalization: This analysis determines how well the model can predict the bone geometry outside
the dataset. A Leave one out analysis (LOO) was used for this analysis. In each iteration, the shape model
was trained using N-1 participants (N= total no. of the participants), and the model predicted the bone
geometry of that left-out participant. Then, the node-to-node distance between the predicted and the

aligned meshes were determined.

A root mean squared error (RMSE) was determined to measure the node-to-node distances. Also, the
DICE score was used for the volume similarity comparison between the manually reconstructed and
predicted shape (where zero means no similarity and one mean maximum similarity). A custom python

script was used to compute these metrics.
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3.5.3. Shape prediction of whole lumbar spine

3.5.3.1. Prediction using mean lumbar spine PCA, 3PCs and CT scan

landmarks

In this method, we predicted the whole lumbar spine shape from mean lumbar spine shape along with 3
Pcs obtained from the PCA (Refer to section 3.4.3). In this process, the mean lumbar spine model's point
cloud (source data) was fitted to participant's 3D anatomical landmarks (target data) along the first 3 Pcs.
The 3D anatomical landmarks were the most anterior, posterior, lateral and medial points in the upper
and lower plateau of each vertebra obtained from CT scans. The first three Pcs were selected (Grant et al.
2020) as it captures the maximum number of the unique weightings in the whole lumbar spine shape.
During this process the distance between the source and target point clouds were reduced using the rigid
body translation, rotation of GIA2. In this process, the whole lumbar spine shape was predicted from the
mean point clouds and 3 PCs, without requiring the segmentation of the whole bone shapes. The predicted
shape of whole lumbar spine was compared with the CT reconstructed whole lumbar spine in Cloud

Compare (Version 2.6.1, Electricité de France, France).

3.5.3.2. Prediction using participant-specific bone measurements and

lumbosacral angles obtained from landmarks

In this method, we predicted the whole lumbar spine with participant-specific bone measurements (upper
and lower plateau length, width, height of each single bone) and lumbosacral angles (monosegmental
lumbar lordosis angle, pelvic incidence angle and L5-sacrum angle) taken from the previous landmarks.
In this process, PLSR was used to predict the whole lumbar spine shape. The input to the PLSR were the
patient-specific bone measurements, lumbosacral angles, age, and gender of the participant. The output
of the PLSR were the participant-specific weights in each principal component's direction. The predicted
surface bone geometry was generated with the participant-specific weights (PLSR output) and the mean
mesh (obtained from PCA). Then the predicted whole lumbar spine shape was again compared with the

CT reconstructed shape in Cloud Compare.
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3.6. 2D and 3D Sacropelvic parameters comparison:

3.6.1. 2D sacropelvic parameters

An orthopaedic fellowship-trained spine surgeon measured each participants' 2D sacropelvic parameters
from their CT scan images such as anterior pelvic angle (APA), pelvic incidence (P1), sacral table angle
(STA), projection angle (PA), femorosacral pelvic angle (FSPA), sacropelvic angle (PRS1), pelvisacral
angle (PSA), crest-to-pubis distance (CPD), crest-to-sacral distance (CSD), inlet (ID) distance, outlet
distance (OD) and inlet-outlet angle on the sagittal slices of the CT scan images (Figures 6-12). The 2D
sacropelvic parameters were measured in Intellispace PACS Enterprise (Version 4.4, Philips, Amsterdam,
Netherlands). The angles and distances were calculated on the midline sagittal image to identify the best-
required landmarks. The centre of the femoral head or the anterior superior iliac spine was identified from
the midpoint between the two lateral sagittal images and used to compute the required angles and
distances. After measuring all the parameters, 20 scans were randomly measured again in a blinded
fashion. To determine the reliability of the measurements, Cronbach's alpha was used. The sacropelvic

parameters are defined below (Anon et al. 2016).

3.6.1.1. Bicoxofemoral axis: The line formed between the centres of both femoral heads.

3.6.1.2. Anterior Pelvic angle (APA): The angle (y) formed between the lines connecting the

midpoint of the sacral endplate, bicoxofemoral axis, and the superior margin of the pubic symphysis
(Figure 10).
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Figure 10: Anterior Pelvic angle is defined as

3.6.1.3. Pelvic Incidence (P1): The angle (o) formed between the line perpendicular to the midpoint

of the sacral endplate and the bicoxofemoral axis (Figure 10).

3.6.1.4. Pelvisacral angle (PSA): The angle (B) formed between a line tangent to the sacral endplate

and the line through the bicoxofemoral axis and the middle of the sacral endplate (Figure 11).
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Figure 11: Pelvic incidence (a)) and Pelvisacral angle (B)

The sum of pelvic incidence and pelvisacral angle is always 90 degrees.

3.6.1.5. Sacropelvic angle (PRS1): The angle (0) formed between the line joining the

bicoxofemoral axis and the posterior corner of the S1 Vertebral body and the line running along the sacral

endplate (Figure 12).

3.6.1.6. Femorosacral pelvic angle (FSPA): The angle (1)) formed between the line running

along the posterior corner of the S1 vertebral body and the bicoxofemoral axis (Figure 12).
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Figure 12: Sacropelvic and Femorosacral pelvic angle

3.6.1.7. Sacral Table angle (STA): The angle (y) formed between the line tangent to the sacral
endplate and the posterior side of the S1 vertebral body (Figure 13).

Figure 13: Sacral Table angle
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3.6.1.8. Projection angle (PA): The angle (8) formed by a line drawn from the apex of the pubic
symphysis to the sacral promontory and a line drawn along the sacral endplate. A positive value is

obtained when the line from the endplate is superior to the symphysis (Figure 14).

Figure 14: Projection angle positive value (left), negative value (right)

3.6.1.9. Crest-to-sacral distance (CSD): The distance (dashed line in Figure 15) from the anterior

superior iliac spine (ASIS) to the posterosuperior corner of the S1 vertebral endplate.

3.6.1.10. Crest-to-pubis distance (CPD): The distance (solid line in Figure 15) from ASIS to the

superior midpoint of the pubic symphysis. CSD and CPD are novel measures using ASIS as marker in
the anterosuperior direction. The surgeon measured these angles to obtain an insight of pelvic depth in

superoinferior and anteroposterior direction.
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Figure 15: Crest pubic distance (dashed line) and crest sacrum distance (solid line)

3.6.1.11. Inlet distance (ID): The distance (solid line in Figure 16) from the anterior edge of the S1

vertebral endplate to the anterior edge of the pubic symphysis.

3.6.1.12. Outlet distance (OD): The distance (dashed line in Figure 16) from the anterior-superior

edge of the apex of the sacrum to the anterior-inferior edge of the pubic symphysis.
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Figure 16: Inlet distance (solid line) and outlet distance (dashed line)

3.6.1.13. Inlet-Outlet angle: The angle (£) formed by inlet and outlet distances (Figure 16). This

angle is measured to understand the spatial orientation of pelvis in the sagittal plane.

3.6.2. Automatic landmark selection and the angle and distances

calculation

Each manually reconstructed bone surface was fitted to template meshes and assigned the ISB coordinate
system [2] (Section 2.3). For calculating the aforementioned sacropelvic angles and distances in 3-
Dimension, the nodes corresponding to anatomical landmarks on the meshes were automatically selected.
The template meshes of each bone (L1-pelvis) was split into different anatomical regions to find the
anatomical landmarks needed to calculate the angles and distances. The manual selection of the nodes
from the selected anatomical region (required to calculate the sacropelvic parameters) was performed in
Blender (3.1, Amsterdam, Netherlands). The nodes number from the selected regions were then exported
in a txt file. After that, a customized Python code was used to find each pelvic and sacrum landmark

needed to automatically calculate the 3D aforementioned sacropelvic parameters from the fitted
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participant meshes. Then, the angles and the distances were also calculated automatically from the
obtained landmarks. Finally, the 3D measurements obtained from the code were compared with the 2D
angles measured by the orthopaedic surgeon. Therefore, the aim of this study was to compare the
sacropelvic parameters measured in 2D by the orthopaedic surgeon and 3D measured from the CT scan of the
fitted meshes. The comparison was made using a paired t-test on each angle and distance using IBM SPSS
Statistics 27 (Chicago, IL). Before performing the t-test, the required assumptions, such as continuity and

normality of the variables, were satisfied by the Shapiro-Wilk test.

3.7. Understanding the correlation of pelvis, sacrum,
combined pelvis and sacrum and whole lumbar spine shape

with 3D sacropelvic parameters

De-identified CT scans from 100 healthy adult participants’ (36 female, age 16-84 years, 41 + 16 years
old) whole lumbar spine (L1-pelvis) were collected and subsequently segmented using Mimics
(Materialise, Belgium). Each bone surfaces were non-rigidly aligned to a template mesh’s centre of mass
and subsequently fitted to the same mesh. A Python code was developed to obtain the landmarks needed
to calculate 3D SP parameters such Anterior Pelvic angle (APA), PI, LL, Projection angle (PA),
Femorosacropelvic angle (FSPA), Pelvisacral angle, Crest Pubic distance (CPD), Crest Sacrum
distance (CSD), Pelvic thickness (PTH), In-out angle, L5-Sacrum and Inlet, Outlet distances
automatically from the fitted meshes. The projected weights from the PCA of individual sacrum, pelvis,

combined sacrum and pelvis and whole lumbar spine were obtained (Refer to Section 3.4.3).

o Sacrum: For understanding the correlation between sacrum shapes and 3D sacropelvic parameters
a Pearson correlation coefficient (R) was determined from the PCA projected weights of the

sacrum model and the calculated 3D sacropelvic parameters.

o Pelvis: Similarly, a Pearson correlation coefficient (R) was determined from the PCA projected
weights of the pelvis model and the calculated 3D sacropelvic parameters.
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o Combined Sacrum and pelvis: Moreover, a Pearson correlation coefficient (R) was determined
from the PCA projected weights of the combined sacrum and pelvis model and the calculated 3D

sacropelvic parameters.

Since, the clinicians were interested to understand the correlation of the pelvis, sacrum and
combined pelvis and sacrum bone shape with the 3D sacropelvic parameters, we obtained the R

value for the statistical analysis.

o Whole lumbar spine: For the whole lumbar spine, an unscaled model was developed previously
(Refer to section 3.5.3.2). To neglect the size variation in the bone shape, a Procrustes analysis
was also performed in the whole lumbar spine. Then, for obtaining a better insight of the influence
of the 3D sacropelvic parameters on the whole lumbar spine shape (scaled and unscaled), a
Coefficient of determination (R?) were computed from the PCA projected weights from both

models (scaled and unscaled) and the calculated 3D sacropelvic parameters.

3.8. Understanding the effect of gender differences in 3D

sacropelvic parameters

The participants’ CT scans of the lumbar spine (L1-Pelvis) was reconstructed using Mimics (Materialise,
Belgium). Each bone surface was fitted to template meshes for nodal correspondence. Then, bone
landmarks were automatically obtained from the fitted meshes by a python code and used these
landmarks to calculate each participant’s 3-Dimensional spinopelvic parameters. Spinopelvic
parameters studied included: Anterior Pelvic angle (APA), Pelvic Incidence, (PI), Lumbar lordosis
(LL), Projection angle (PA), Femorosacropelvic angle (FSPA), Pelvisacral angle, Crest Pubic distance
(CPD), Crest Sacrum distance (CSD), Pelvic thickness (PTH), In-out angle, L5-Sacrum and Inlet,
Outlet distances. To analyse the effect of sex on spinopelvic parameters, a one-way ANOVA test was
performed between male and female 3D spinopelvic parameters.
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3.9. Finite Element model (FEM)

The aim of this FEM study was to develop a personalised FE model of the lumbar spine. This model
could be implemented in the clinic to determine vertebral stress distribution for pre-planning fusion

surgery.

3.9.1 Finite Element Model Development

A 3D finite element lumbar spine (L1-pelvis) model of a 40-year-old healthy male subject was developed
in ABAQUS® (Version 6.14-2; Abaqus, Inc., Providence, RI, USA). Each 2D template surface mesh
(Section 2.3) from this participant was converted to solid volumetric tetrahedral mesh in Hypermesh
(Altair, Troy, MI). Finally, the 3D meshes of the whole spine, pelvis, and sacrum were imported into
ABAQUS® (Version 6.14-2, Abaqus, Inc., Providence, RI, USA) in an ABAQUS input file (.inp) format.

For our research, two FE models were compared in terms of average VVon Mises stress, stress pattern and
computational time. The first model (Model 1) consisted of L1-L2 functional spinal unit (FSU),
intervertebral disc (IVD) and lumbar ligaments. Whereas the second model (Model 2) was constructed
by removing the IVD to reduce computational time and replaced with contact-pressure overclosure

relationship.

Each FE modelling components such as bone material property, ligament property and 1VD was validated

against the literature.

3.9.2. Bone material property validation

We used the participant's L2 geometry to validate the bone material property. We decided to use L2 for
the bone material property validation as it was commonly used in previous studies (Jovanovic et al. 2010;
Nabhani et al. 2002; Nguyen et al. 2018).
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3.9.2.1. Material property:

For our FE modelling, we applied a linear isotropic elastic homogeneous material property of cortical
bone where Young's modulus (E) value is 12 GPA, and the Poisson's ratio (v) value is 0.3 (Nguyen et al.
2018, Shin et al. 2018). Due to the absence of density phantom while obtaining the data, instead of
dividing the vertebral body into cortical and trabecular bone, we assigned cortical bone material

properties to the whole bone for simplicity and time efficiency.

3.9.2.2. Loading and Boundary conditions:

To represent the half upper body weight of a healthy adult subject of 100kg, an axial load of 400N was
applied on the upper plateau of L2 and superior articular processes. Physiologically, the facet joints can
withstand between 10% - 40% of the compressive load which is applied to the vertebrae (J.E. Crouch et
al. 1978, Dunlop et al. 1984; Lavaste et al. 1992; Hall et al. 1995) . Therefore, to mimic a more realistic
loading condition, 80% of the load was subjected to the L2 upper plateau, and 20% was subjected to the
L2 superior articular facets. The lower plateau of L2 was constrained in all six directions (Figure 17). The

loading and boundary condition was replicated from the literature (Nguyen et al. 2018).
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Figure 17: Loading & boundary condition of the individual vertebrae (L2) FE model

After carrying out all the previous steps, maximum Von Mises (VM) stress was extracted from L2, with
the help of a python code and compared with the literature (Nabhani et al. 2002, Jovanovic et al. 2010;
Nguyen et al. 2018).

3.9.3. Intervertebral disc validation

Regarding 1D validation, we built an FSU which consisted of L1-L2 including an 1VD.

3.9.3.1. Material property:

In this work, the lumbar vertebral body was assigned to the same material property as above (Refer to
Section 3.9.2.1). For modelling the IVD, the annulus fibrosis (AF), nucleus pulposus (NP) and endplates
(L1 lower & L2 upper) were modelled separately (Kuo et al. 2010). The material properties of each
component are listed in Table 1.
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Table 1: Material properties of the FE model components

Components Young's Poisson’s ratio [Values taken
modulus from literature
(Mpa)
Bone 12,000 0.3 Nguyen et al.
2018, Shin et al.
2018
Endplate 4000 0.3 Kuo et al. 2010
AF 4.2 0.45 Kuo et al. 2010
NP 1 0.49 Kuo et al. 2010

Where AF = Annulus fibrosis, NP = Nucleus pulposus

3.9.3.2. Interaction:

To analyze the accurate stress distribution between the vertebrae, accurate physiological interaction
conditions were assigned between each bone. Since two adjacent vertebrae articulate with each other at
the facet joint's junction, each vertebra's junction was specified as a surface in ABAQUS. To model the
frictionless contact between the facet joints of each vertebra, surface-to-surface interaction was applied
between them. The pressure-overclosure relationship defined the frictionless contact between the facet
joints of L1 and L2 (Figure 16). For defining the surface-to-surface interaction between the L1-L2 facet
joints, the right and left inferior articular surfaces of L1 were described as master surfaces and the right
and left superior articular processes of L2 were defined as slave surfaces. For assigning the interaction
between vertebrae endplates and 1D, the inferior endplate of L1 and superior surface of IVD and
superior endplate of L2 and inferior surface of I\VD were assigned to a ‘Tie' constraint (Figure 18).
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Figure 18: Interactions defined in IVD validation model

3.9.3.3. Loading and Boundary condition:

For evaluating the intradiscal pressures of L1-L2 disc in this study, the loading and boundary condition
was replicated from the literature (Ranu et al. 1979, Shirazi-Adl et al. 1984, Kuo et al. 2010). An axial
load of 300N, 460N and 600N is applied on the upper plateau of L1 to represent the upper body weight

while standing. The lower plateau of L2 was constrained in all six directions (Figure 19).
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Figure 19: Loading and Boundary condition in VD validation model

3.9.4. Lumbar ligaments validation

In our L1-L2 functional spinal unit, we have modelled the lumbar ligaments such as anterior longitudinal
ligament (ALL), posterior longitudinal ligament (PLL), ligamentum flavum (LF), Interspinous ligament
(ISL), and supraspinous ligament (SSL) at L1-L2 level (Devereaux et al. 2007). We did not include
Intertransverse ligaments (ITL) in our FSU models, since it does not have distinct medial and lateral

borders. Also, the collagen fibres in ITL are not oriented similarly to the other ligaments.

To understand the accurate behaviour of the lumbar ligaments, two different FE models were developed:

1. Inthe first model the ligaments were modelled as linear springs,

2. In the second model the ligaments were modelled as non-linear tension only connectors
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3.9.4.1. Material property:

Both models were assigned the aforementioned bone and IVD material property (Refer to Table 1 in
section 3.9.3.1).

Spring ligaments:

For this purpose, in one model the lumbar ligaments were modelled with linear springs (Pintar et al. 1992;

Putzer et al. 2016). The ligament properties assigned to this model are described in Table 2.

Table 2: Lumbar Ligament's spring parameters at L1-L2 level

Ligaments Stiffness at L1-L2 (N/mm)

Anterior longitudinal | 32.4 + 13.0

ligament

Posterior  longitudinal | 17.1 £ 9.6

ligament

Interspinous ligament 10.0+5.0

Supraspinous ligament 23.0+17.3

Ligamentum flavum 23.0+7.38
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Connector ligaments:

In the later model, the ligaments were modelled as tension only non-linear connectors. The properties of
the ligaments (Table 3) were assigned according to the literature (Chazal et al. 1985). Physiologically,
the ligaments' load-deformation curve has three distinct regions i.e., toe region, linear region and yield
and failure region (Figure 20). In this connector model, we have considered the non-linear behaviour of

ligaments to obtain more realistic outcome.

Tension vs Elongation Curve for Ligaments

Tension{Newtons)

Elongation(mm)

Where e= standard error

Figure 20: Tension elongation curve of lumbar ligaments
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Table 3: Lumbar Ligament's connector parameters at L1-L2 level

Ligaments Force | Deformation | Force | Deformation | Force | Deformation
at at point A at at point B at at point C
point point point
A B C

Anterior 40 1 450 52 500 6

longitudinal

ligament

Posterior 30 0.8 360 3.6 390 5

longitudinal

ligament

Interspinous | 41 1 270 3.2 315 5.2

ligament

Supraspinous | 41 1 270 3.2 315 5.2

ligament

3.9.4.2. Interaction:

The interaction defined in these FE models (spring and connectors) were same as the 1VD validation
model (Refer to section 3.9.3.2). The only difference between these models is the ligament modelling
approach as springs and connectors. (Figure 21 & Figure 22).
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Figure 21: Interactions defined in linear spring ligament model

Figure 22:

Interactions defined in non-linear connector ligament model



3.9.4.3. Loading and Boundary conditions:

For obtaining the accurate ligament property, the same loading and boundary condition was replicated
described before (Refer to Section 4.2.2.3).

Finally, the intervertebral disc pressure (IDP) was calculated at L1-L2 level between the three models-

1. 1VvD validation model (without ligaments)
2. linear spring ligament model

3. non-linear connector ligament model

Then the IDP at these three models was computed with the help of a python script and were compared
with the previous ex-vivo and FE studies (Ranu et al. 1979, Shirazi et al. 1994, Kuo et al. 2010).

3.9.5. Our Final validated FE model (L1-L2 FSU)

After validating the IVD and ligament property with previous studies (Ranu et al. 1979, Shirazi et al.
1994, Kuo et al. 2010). Model 1 was constructed with L1-L2 FSU, IVD, ligaments as connectors and
Model 2 without the VD and validated ligament property (Figure 23).
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Figure 23: Geometry of Model 1 (A) and Model 2 (B)

3.9.5.1. Material Property:

In Model 1 and 2, the same material property was applied for the vertebral body and the lumbar ligaments
modelled as connectors (Refer to section 3.9.2.1 & 3.9.4.1). In case of Model 1, the VD was modelled

similarly as described elsewhere (Refer to Section 3.9.3.1)

3.9.5.2. Interaction:

For Model 1 and 2, the interaction condition between the vertebrae facet joints were similar to previously
described models developed for validation (Refer to section 3.9.3.2). In Model 2, instead of modelling
the disc, we used the contact-pressure overclosure relationship between the inferior endplate of L1 and
superior endplate of L2, to replicate the properties of IVD (Figure 24). A sensitivity study was performed
to select the optimized stiffness and clearance parameters between each upper and lower endplate of
vertebrae. This optimization was crucial for establishing a realistic contact pressure-overclosure
relationship that accurately mimics the intervertebral disc (IVD) properties. The sensitivity study
involved systematically varying the stiffness and clearance parameters while observing their impact on
the contact pressure-overclosure relationship. This variation was performed in a controlled manner to
assess how changes in these parameters influenced the model's response, particularly in replicating the
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biomechanical behaviour of the IVD. The goal was to enhance the accuracy of the FE model by fine-
tuning these parameters based on their sensitivity to variations, ultimately ensuring that the simulated

behaviour aligns with the real-world physiological conditions.

Figure 24: Interactions defined in Model 1 (A) and Model 2 (B)

3.9.5.3. Loading and Boundary conditions:

Then, the same loading and boundary condition was applied to both models (Model 1 and Model 2). For
representing a subject with upper body weight of a 50kg, an axial load of 400N was applied on the upper
plateau of L1 (80%) and superior articular processes (20%), which is aligned with the previous studies
(Crouch et al.1978; Lavaste et al. 1992; Hall et al. 1995). To mimic a more realistic loading condition,
80% of the load was subjected to the L1 upper plateau, and 20% was subjected to the L1 superior articular

facets. The lower plateau of L2 was constrained in all six directions (Figure 25).
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Figure 25: Loading and Boundary condition in Model 1 (A) & Model 2 (B)

Finally, the average and maximum Von Mises stress at L1 and L2 level from Model 1 and Model 2 were
compared. Moreover, the displacement at a node in L1 and stress distribution at each vertebral level and

computational time for running both models were also compared.

3.9.6. Whole lumbar spine FE model

Finally, Model 2 (without IVD) was extended by integrating L3, L4, L5, pelvis, sacrum, and all the lumbar

and sacropelvic ligaments.

3.9.6.1. Material Property:

In this model, for the lumbar vertebrae, pelvis, and sacrum we applied the same property as mentioned
before (Refer to Table 1 in Section 3.9.3.1). The lumbar ligaments were modelled with tension-only non-
linear connectors (Chazal et al. 1985) (Table 3). The sacropelvic ligaments (anterior sacroiliac ligaments,

short posterior sacroiliac ligaments, long posterior sacroiliac ligaments, sacrospinous ligaments,
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sacrotuberous ligaments, illiolumbar ligaments) were modelled as linear springs as most of the studies in
literature (Hao et al. 2011; Phillips et al. 2007) used linear springs for sacropelvic ligament modelling.
The properties of the sacrolumbar ligaments were adapted from the literature (Hao et al. 2011; Phillips et
al. 2007) and listed in Table 4.

Table 4: Sacropelvic ligament’s spring parameters

Ligaments Stiffness (N/mm)
Sacroiliac 5000
Sacrospinous 1500
Sacrotuberous 1500
Iliolumbar 1000

3.9.6.2. Interaction:

The interaction condition between the superior and inferior facet joints of L1-L2, L2-L3, L3-L4 and L4-
L5 were described previously (Refer to Section 3.9.3.2). Moreover, the contact between L5 left and right
inferior articular processes and sacrum superior articular processes and auricular surfaces of the sacrum
and the pelvis's right and left iliac bone was also modelled similarly the interaction between the facet’s
joints were defined by nonlinear frictionless contact. Additionally, between the inferior endplate of L1,
and superior endplate of L2, inferior endplate of L2 and superior endplate of L3, inferior endplate of L3
and superior endplate of L4, inferior endplate of L4 and superior endplate of L5, inferior endplate of L5
and sacral endplate the stiffness value of 50 N/mm and clearance value of 6 was applied to replicate the

IVD properties (Figure 26).
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Figure 26: Anterior and posterior view of lumbar and sacropelvic ligaments



3.9.6.3. Loading and Boundary conditions:

In this model, a specific axial load of 400N was applied to the lumbar spine model for simulating the
upper body weight. To mimic a more realistic loading scenario, 80% of the load was directed to the upper
plateau of L1, and the remaining 20% was applied to the superior articular facets of L1. This distribution
was based on established biomechanical principles and supported by references in the literature (Crouch
et al. 1978; Lavaste et al. 1992; Hall et al. 1995). The pelvis was modelled as a rigid body to reduce
computational time. Hence in our model, the motion of the pelvis was constrained in all 6 degrees of

freedom (3 degrees in translation and 3 degrees in rotation) (Figure 27).

Figure 27: Loading and Boundary conditions applied in the whole lumbar FE model
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After performing all the previous steps, ABAQUS/Standard solver was used to analyze the average and
maximum Von Mises stress distribution in each vertebral level of this FE model. For a complete analysis,
a 3.60 GHz Intel Core i7 CPU with 32 GB of RAM took 4 hours to process. The results were stored in
an output file (.odb) for analysis.
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Chapter 4: Results

This chapter represents the comprehensive results of statistical shape modelling, 2D to 3D sacropelvic
parameter comparison, the correlation between bone shape and spinopelvic parameters and Finite

Element modelling. The workflow of results obtained in our study is depicted in Figure 28.

Statistical shape 2D to 3D sacropelvic Cralation Detweon Finite element
g A bone shape and S
modelling results parameter comparison ; 3 modelling resuits
spinopelvic parameters

* Bone shape variation * Mean = SD of * Correlation between * Bone material property
for single and sacropelvic angles (%) sacropelvic validation
combined bone and distances (mm) parameters and » Mesh convergence
« SSM prediction calculated in 2D and individual pelvis, analysis
accuracy for single 3D sacrum, fused pelvis « Disc material property
and combined bone and sacrum, whole validation
lumbar spine bone

* Lumbar ligament
property validation

* Functional spinal unit
and whole lumbar
spine validation
(without IVD)

shape

Figure 28: Workflow of results obtained in our study

4. Bone shape variation
4.1. Single bone analysis
4.1.1. Principal component analysis (PCA)

This study obtained the PCA for L1 — L5, sacrum, and pelvis bones. For L1, the first principal component
(PC) (53 %) accounted for the vertebral body size and superior and inferior articular process variation.
The second PC (6%) described the transverse process, mammillary process, and posterior part of the
vertebral body width variation, and the third PC (5%) captured the superior and inferior articular and
spinous process variations (Figure 29). The average shape + 2SD, percentage variation in each direction
for PC1, PC2 and PC3 in case of other vertebrae (L2, L3, L4 and L5) are illustrated in Appendix (Figure
Al, A2, A3 and A4).
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Figure 29: Average shape + 2SD in each direction for PC1, PC2 and PC3 for L1, PC1 shows the
anterior views of the vertebrae, PC2 and PC3 shows the posterior views of the vertebrae

4

For the sacrum, the first PC (34%) accounted for the sacrum height and coccyx inclination variation and
the second PC (15%) represented sacral plateau width variation. The third PC (9%) captured the auricular

process width variation (Figure 30).
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Figure 30: Mean £ 2SD meshes for PC1 to PC3 (sacrum) where PC1 and PC3 shows the lateral view of

the sacrum where PC2 shows the superior view of the sacrum

For the pelvis, the first PC (39%) accounted for the bone height, and the second PC (16%) described the
bone width variation. The third PC (10%) represented the iliac width variation (Figure 31).
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Figure 31: Mean £ 2SD meshes for PC1 to PC3 (pelvis) where PC1, PC2 and PC3 shows the anterior
view of the pelvis

4.1.2. SSM prediction accuracy of individual vertebrae (L1-L5),
pelvis, and sacrum SSM:

4.1.2.1. Fitting error:

The fitting error (Root mean square error for each bone was 0.11 mm for L1, 0.11 mm for L2, 0.12 mm
for L3, 0.12 mm for L4, 0.13 mm for L5, 0.45 mm for the pelvis, and 0.47 mm for the sacrum.

4.1.2.2. Model Compactness:

The first and most predominant mode of every bone accounted for size variation. The First 39 PCs defined
95% of the data variation within the population; the first 39 PCs explained 95% of the data variation
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within the population in L1, 37 PCs in L2, 38 PCs in L3, 43 PCs in L4, 41 PCs in L5 (Figure 32), 35 PCs
in the pelvis, and 47 PCs in the sacrum (Figure 33).
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4.1.2.3. Model Specificity:

The specificity values for single bone SSMs are shown in Figure 33 and 34. The cut-off Root mean square
error (RMSE) for each SSM model was defined as the number of PCs required to reach the RMSE value
less than the fitting errors. Therefore, in the case of L1, the number of PCs needed to reach the RMSE
less than 0.1 mm was 84 modes. In the case of L2, to reach the RMSE of less than 0.1 mm was 86 modes.
The number of PCs required to reach the RMSE value less than 0.12 mm for L3 was 81 modes. The
number needed to reach the RMSE value of less than 0.12 mm for L4 was 82 modes. In the case of L5
the number of PCs required to reach the RMSE less than 0.13 mm was 73 modes (Figure 34). In the pelvis
the number of PCs required to reach the RMSE less than 0.45 mm was 83 modes. In the sacrum the

number of PCs required to reach the RMSE less than 0.47 mm was 77 modes (Figure 35).
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Figure 34: L1- L5 SSM specificity
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Figure 35: Pelvis and sacrum SSM specificity

4.1.2.4. Leave one out analysis

The predictive ability for single bone SSMs was quantified with the computation of RMSE value, and
Dice score between the CT reconstructed and SSM predicted bones.
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We evaluated the prediction accuracy using only demographics measurements (age + sex) and after
adding the bone linear measurements for the individual bones (L1 to Pelvis). After integrating the bone
measurements, the mean RMSE value was decreased by 17%, 15%, 13%, 14%, 12%, 6% and 5% for L1,
L2, L3, L4, L5, sacrum and pelvis respectively (Figure 36). By the inclusion of the bone measurements
the mean absolute error value was decreased by 0.33 mm, 0.31mm, 0.3 mm, 0.32mm, 0.31mm, 0.22mm

and 0.27mm for L1, L2, L3, L4, L5, sacrum and pelvis respectively.

By considering bone measurements the dice score (between the CT reconstructed bones and the SSM
predicted bones) was improved by 2-3% for each vertebra and 2% for sacrum and pelvis SSMs (Figure
37). After including the bone measurements, the mean absolute error dice score is improved by 0.02 for

each vertebrae and 0.01 for sacrum and pelvis respectively.
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Figure 36: RMSE (mm) of Euclidian distances between CT reconstructed, and SSM predicted L1, L2, L3, L4, L5, pelvis and sacrum for only with
demographics (D) and with demographic and linear bone measurements (D+LBM)
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Figure 37: Dice score between CT reconstructed and SSM predicted single bones for only with demographics (D) and with demographics and linear bone
measurements (D+LBM)
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4.2. Combined pelvis and sacrum analysis

4.2.1. PCA

For combined pelvis and sacrum bones, the first PC described the pelvis height and coccyx inclination
variation (61%). The second PC accounted for the sacral ala and ischium width variation (7%) and third

PC indicated the sacral plateau height and iliac crest width variation (6%) (Figure 38).

PC1 (61%) PC2 (7%) PC3 (6%)
-2 SD -2SD

30

& Distances (mm)

-15

Figure 38: Mean £ 2 SD meshes for PC1 to PC3 for combined pelvis and sacrum (where PC1 shows
lateral view, PC2 shows anterior view and PC3 shows the posterior view of combined pelvis and

sacrum)
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4.3. Combined lumbar spine analysis

4.3.1. PCA

4.3.1.1. Unscaled lumbar spine model

For the unscaled model, the first PC (52%) accounted for the pelvic tilt and coccyx inclination variation
(Figure 39). The second PC (11%) described the lumbar spine curvature and pelvic tilt variation (Figure

40). The third (6%) PC explained the variation of the lumbar vertebrae’s posterior arch, sacral crest and
pubis width (Figure 41).

uom neasimm) .25D Mean
16 I ! !
0
~18 PC1
(52%)

Figure 39: Mean mesh and * 2 standard deviation meshes for PC1 (where PC1 shows the anterior view

of unscaled lumbar spine model)
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Figure 40: Mean mesh and + 2 standard deviation meshes for PC2 (where PC2 shows the lateral view of

unscaled lumbar spine model)

Mean +25D

PC3
(6%)

Figure 41: Mean mesh and * 2 standard deviation meshes for PC3 (where PC3 shows the posterior view

of unscaled lumbar spine model)
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4.3.1.2 Scaled lumbar spine model

In the Procrustes analysis, the first PC (25%) accounted for the lumbar curvature and pelvic tilt variation
in the sagittal plane (Figure 42). The second PC of the scaled model (18%) described the lumbar curvature
variation (mainly in L1-L2 level) and iliac, and pubic width variation (Figure 43). The third (8%) PC
explained the variation of the lumbar vertebrae’s (L3, L4, and L5) posterior arch, sacral crest and pubic

width (Figure 44).

PC1 (25%)

Figure 42: Mean mesh and * 2 standard deviation meshes for PC1(where PC1 shows the lateral view of

the scaled lumbar spine model)
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PC2 (18%)

Figure 43: Mean mesh and + 2 standard deviation meshes for PC2 (where PC2 shows the lateral view of

the scaled lumbar spine model)
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Figure 44: Mean mesh and * 2 standard deviation meshes for PC3 (where PC3 shows the posterior view

of the scaled lumbar spine model)
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4.3.2 Prediction Accuracy of the lumbar spine SSM:

4.3.2.1. Fitting error:

The whole lumbar spine’s fitting error (RMSE) was 0.67mm.

4.3.2.2. Model Compactness:

4.3.2.2.1 Unscaled lumbar spine model

The first and most predominant mode of the whole lumbar spine accounted for size variation (52%) in
the unscaled model. The first 10 PCs defined 95% of the data variation within the population in the

unscaled lumbar spine model (Figure 45).

4.3.2.2.2 Scaled lumbar spine model

In the case of the scaled model, the first PC captured only 25% variation. Since in the scaled model, the
size variation was ignored, the variation captured by the PCS were lesser compared to the unscaled model.
The first 35 PCs accounted for 95% of data variation (Figure 46).
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Compactness of whole lumbar spine scaled and unscaled SSM
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Figure 45: Whole lumbar spine unscaled and scaled model variation explained by PCA

4.3.2.3. Specificity:

In the case of the whole lumbar spine (Figure 46), 26 PCs are required to reach the RMSE value of 8.58

mm.
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Specificity Values for whole lumbar spine SSM
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Figure 46: Specificity of whole lumbar spine SSM

4.3.2.4. Leave one out analysis:

The predictive capability for whole lumbar spine SSMs was quantified with the computation of RMSE
value and Dice score between the CT reconstructed and SSM predicted bones. The RMSE values for
whole lumbar spine integrating lumbosacral angles and bone measurements were around 9.21 £ 4.1 mm.

The dice score value between the CT reconstructed and SSM predicted whole lumbar spine were around

0.63.
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4.4. Prediction Accuracy of whole lumbar spine model for
1 participant

4.4.1. Prediction using anatomical landmarks and few PCs

The comparison of the whole lumbar spine predicted shape (using anatomical landmarks from CT scans
and 3 PCs) with the CT reconstructed shape for a specific patient is shown in Figure 47. In this figure,

the gray lumbar spine is the CT reconstructed (ground truth) shape and the shape in the forms of point-
clouds is the SSM predicted shape.

Distances{mm)

60

30

-30

Figure 47: Comparison of whole lumbar spine prediction (with only the landmarks) with the CT

reconstructed mesh (anterior view)
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4.4.2. Prediction using patient-specific bone measurements and

lumbosacral angles obtained from landmarks

The comparison of shape between the CT reconstructed and predicted shape with integration of patient-
specific bone measurements and angles is shown in Figure 48. In this figure, the original shape of the
patient-specific lumbar spine is shown in Gray colour. The average error between these two shapes were

14mm. From the colour bar we can see that the prediction errors exist in spinous processes and pelvis.

Distances(mm)
28

14

-14

Figure 48: Comparison of whole spine prediction (with the patient-specific bone and lumbosacral

angles) with the CT reconstructed mesh (anterior view)
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Then, for detailed understanding of the maximum error between the predicted and the CT reconstructed
shape we excluded the pelvis. The maximum error decreased from 28 to 22mm, found in the sacrum and

coccyx (Figure 49).

Distances(mm)

22

11

-11

Figure 49: Comparison of lumbar spine (without pelvis) prediction with the CT reconstructed mesh

(anterior view)
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Finally, we wanted to understand the maximum error in the vertebrae between the CT reconstructed and
the SSM predicted shape. From the colour bar of Figure 50 the maximum shape error in lumbar vertebrae
occurred in the posterior arch. Additionally, by excluding the sacrum the maximum error decreased from

22 t0 9 mm.

Distances(mm)

9

45

Figure 50: Comparison of lumbar vertebrae (without pelvis and sacrum) prediction with the CT

reconstructed mesh (anterior view)
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4.5. Relationship between 2D and 3D sacropelvic

parameters:

From the paired sample t-test no statistically significant differences were found between the 2D and 3D
sacropelvic angles measured from the fitted SSM meshes (Table 5) however, the crest-pubic distance and
inlet outlet distances showed statistically significant differences (p<0.001).

Table 5: Mean £ SD of sacropelvic angles (°) and distances (mm) calculated in 3 dimension (3D) and

measured in 2D slices.

*** n<0,001
*%
APA | PI | STA | PA | FSPA | PsA | SFP | CSD 1 ppy s | OD
51| 102 +
2D |20+3 |y |, 1811 [ 6910 | 42+15 | 89 +11 [99+9 | 1209 [115+9
0103+
3D |20+4 |+ | 1812 | 68+9 |42+14|94+11|103£9|127+9 | 1239
10

Where APA = Anterior Pelvic angle, Pl = Pelvic Incidence, STA = Sacral Table angle, PA = Projection
angle, FSPA = Femorosacropelvic angle, PSA = Pelvisacral angle, CPD = Crest pubic distance, CSD =
Crest sacrum distance, ID = Inlet distance and OD = Outlet distance

4.6. Correlation between individual pelvis, sacrum, fused
pelvis and sacrum, whole lumbar spine shape & sacropelvic

parameters:

The Pearson correlation coefficient value measured between the sacral plateau width (PC2) and pelvic
incidence showed a medium correlation (r = 0.54) (Table 6). Furthermore, Pearson correlation coefficient
between the anterior pelvic angle and the sacral ala and ischium width (PC2) also showed negative

medium correlation (r = - 0.55) (Table 7). However, no significant correlations were observed between
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the other sacropelvic parameters (angles and distances) and pelvis, sacrum and fused pelvis and sacrum

bone shape.

Table 6: The relationship between Pearson correlation coefficient value and bone variations for sacrum,
where Blue= Weak correlation (+ 0.31 and 0.50),
Range obtained from (Miot 2018)

r value Pl PA PSA STA APA
PC1 0.31 0.32
PC2
PC3

Where APA = Anterior Pelvic angle, Pl = Pelvic Incidence, STA = Sacral Table angle, PA = Projection

angle, PSA = Pelvisacral angle

Table 7: The relationship between r value and bone variations for fused pelvis and sacrum where
Blue= Weak correlation (+ 0.31 and 0.50),
Range obtained from (Miot 2018)

rvalue | PI PA PSA STA APA
PClI
PC2 0.43
PC3 -0.43

Where APA = Anterior Pelvic angle, Pl = Pelvic Incidence, STA = Sacral Table angle, PA = Projection
angle, PSA = Pelvisacral angle
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The unscaled model of whole lumbar spine PCA was described elsewhere (Section 4.3.1.1). For
neglecting the size variation, a scaled model of whole lumbar spine was also developed (Section 4.3.1.2).
Since 95% of the data variation within the population was captured by first 10 PCs in the unscaled model,
and first 35 PCs in the scaled model, these projected weights were taken into consideration for the

statistical analysis.

The coefficient of determination (R?) between the individual PC projected weights (PC1 to PC10 for
unscaled model & PC1 to PC35 for scaled model) obtained from the whole lumbar spine SSM showed
no significant correlation with the previously calculated 3D sacropelvic parameters. For the unscaled
model, the multivariate regression on combined PC1-PC10 weights and FSPA, LL showed medium
correlation (Table 8). Other sacropelvic parameters such as Pl, PA, CSD, APA, CSD, In-out angle, SK
and L5-Sacrum angle showed weak correlation. In the scaled model, the multivariate regression on
combined PC1-PC35 weights showed weak and negligible correlation on the 3D sacropelvic parameters
(Table 8).
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Table 8: The relationship between spinopelvic parameters and bone variations for scaled and unscaled

whole lumbar spine where
+ 0.9)

, Red= Strong correlation (+ 0.71 and

, Blue= Weak correlation (= 0.31 and 0.50),

R2 values combined pc weights

Spinopelvic
parameters

Unscaled model

Scaled
model

Pl

APA

0.32

PA

0.35

FSPA

CPD

CSD

ID

LL

Where APA = Anterior Pelvic angle, Pl = Pelvic Incidence, PA = Projection angle, FSPA =

Femorosacropelvic angle, LL = Lumbar lordosis, CPD = Crest pubic distance, CSD = Crest sacrum

distance, and ID = Inlet distance.

4.6. Understanding sex differences on 3D spinopelvic

parameters:

The simple main effects analysis indicated sex did not have a statistically significant difference (p =

0.909) on all the spinopelvic parameters. In the one-way Anova test, a statistically significant difference
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(p < 0.05) was found in mean anterior pelvic angle, pelvic incidence angle and lumbar lordosis angle

between sexes (Table 9).

Table 9: Mean + SD of sacropelvic angles (°) and distances (mm) calculated in 3 dimensions (3D)

between male and female

** p<0.05
APA | PI LL
- - STA | PA | FSPA | PSA | CPD | CSD |SAO | .
Male |21+3 [48+9 | 1026 [21+9|66+9 |42+9 |89+10 |97+9 33 147+ 10
100 + |52 *
Female | 182 |S1+7 | 1036 [21+8 677 |40+7|91+11 | g . |53+8

Where APA = Anterior Pelvic angle, Pl = Pelvic Incidence, STA = Sacral Table angle, PA = Projection
angle, FSPA = Femorosacropelvic angle, PSA = Pelvisacral angle, CPD = Crest pubic distance, CSD =

Crest sacrum distance, SAO = Sacral anatomic orientation angle, LL= Lumbar lordosis

4.7. FE model

4.7.1. Bone Material property Validation:

The bone material property validation consisted of comparing the maximum Von Mises stress with prior
FE vertebral studies (Jovanovic et al. 2010; Nabhani et al. 2002; Nguyen et al. 2018). Cortical bone
material property was assigned to L2, and we replicated the loading and boundary conditions of the other
FE modelling studies. The maximum Von Mises stress obtained for L2 was 2.8 MPa (Figure 51) which
was in the range of previous FE studies who found 4.77 MPa (Nguyen et al. 2018), 4.04 MPa (Jovanovic
et al. 2010) and 1.92 MPa (Nabhani et al. 2002).(Table 10).
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Figure 51: Von Mises stress distribution in L2 in MPa

Table 10: Maximum Von Mises stress (Mpa) analysis between our individual vertebrae (L2) FE model

and other published individual vertebrae models

Model Name Material propertyl Maximum  Von
assignment Mises stress
(MPa)

Nabhani et al. (2002) [Previous literature 1.92
\values

Jovanovicetal. (2010) [CT-based  material| 4.04

property

Nguyen et al. (2018) |[CT-based material| 4.77
property

Our individual |Previous literature{ 2.8

vertebrae (L2) model |values
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4.7.2. FE Model mesh convergence analysis:

For understanding the effect of mesh resolution on the prediction (average von mises stress values) of
our individual vertebrae (L2) model, we performed the mesh convergence analysis on the tetrahedral
mesh. We ran 5 simulations with five different mesh sizes such as 0.5, 1, 2, 3, and 4 mm and then we
computed the average von mises stress at the L2 vertebral body. From Figure 52, it is observed that
around 2 mm mesh size, the model predictions changed less than 5%. Therefore, we consider the mesh
size of 2mm being converged (Aytruk et al. 2011) and we have used this mesh size in all of our
subsequent FE simulations. The element numbers according to each mesh element size is summarized
in Table 11.

Table 11: Element numbers of different mesh element sizes

Mesh element | Element numbers
size (mm)

0.5 642761

1 136059

2 107196

3 8274

4 5586
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Mesh convergence analysis
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Figure 52: Mesh convergence analysis for tetrahedral mesh used in our FE study

4.7.3. Disc Material Property Validation:

In this step, the disc material property was validated with previous FE studies (Kuo et al. 2010; Ranu et
al. 1979; Shirazi-Adl et al. 1984) by analyzing the intradiscal pressure in the standing position with the
FE Model which consisted of L1-L2 FSU and intervertebral disc (IVD). For this IVD model, the intra-
discal pressure (IDP) was computed at L1-L.2 vertebral level under the load of 300N, 460N and 600N and
compared with the previous ex-vivo and FE studies (Kuo et al. 2010; Ranu et al. 1979; Shirazi-Adl et al.
1984). The results indicated that the IDP obtained from the disc model (shown in yellow in Figure 53)
was much lower than the previous FE studies (Kuo et al. 2010; Ranu et al. 1979; Shirazi-Adl et al. 1984).
For the disc model, the IDP value was 0.08 MPa, 0.12 MPa and 0.16 MPa under the load of 300, 400 and
600N.
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4.7.4. Lumbar ligaments Property Validation:

Spring ligaments

The IDP value obtained from the model where ligaments were modelled as linear spring was also lower
compared to other works (Kuo et al. 2010; Ranu et al. 1979; Shirazi-Adl et al. 1984). Although it is seen
from Figure 53, the IDP value increased compared to the disc model, still it was not in the range. From
the spring ligament model, the IDP values were 0.13, 0.16 and 0.26 mm while subjected to the axial load
of 300N, 460N and 600N.

Connector ligaments

In the ligaments as connector’s model, the IDP value at L1-L2 level further increased to 0.28mm, 0.33mm
and 0.38mm which was in the good agreement with other prior studies (Kuo et al. 2010; Ranu et al. 1979;
Shirazi-Adl et al. 1984). Moreover, the data indicated in each model, the IDP increased linearly with

increasing compressive load (Figure 53).
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Figure 53: Validation of VD and ligament material property by comparing the intradiscal pressure with previous studies
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4.7.5. Functional spinal unit (without 1VD) Validation:

This validation was conducted to find the most accurate property of the intervertebral disc without
modelling the disc in our FE model. Therefore, a sensitivity analysis was performed on disc stiffness and
clearance parameters (at which contact pressure is zero) for our FSU model (L1, L2, without IVD,
ligaments as connectors). We wanted to achieve the average Von Mises stress and the displacement of
L1 in this model which was in the range of the validated model (with the VD and ligaments).We observed
while the stiffness was constant (0 N/mm) and the disc clearance was increased, the average VVon Mises
stress at L1 also increased. Similarly, while the disc clearance was set to constant (highest clearance 7),
by increasing the stifness from 0 to 200 N/mm, the average Von Mises stress at L1 was also increased.
Then, we compared the displacement at L1, with the clearance and displacement values (Table 12). Since
the IDP value of FE model (with 1'VVD and ligaments as connectors) was validated with previous studies
(Figure 52), the average Von Mises stress, L1 displacement, stress pattern in L1 & L2 and computational
time of Model without IVD was computed and was compared with Model with 1VD (Table 13). For
simplicity, we defined model with IVD as Model 1 and model without VD as Model 2. It was found that
in Model 2 at 50 N/mm disc stiffness and clearance value of 6, the avereage Von Mises stress,
displacement at a node in L1 and stress pattern (Figure 54) exhibited similarity with Model 1(Table 13).

However, Model 2 was 7 times more time efficient compared to the Model 1.
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Table 12: Sensitivity analysis between the Model 1 (disc and ligament validated model) and disc

stiffness and clearance parameters of Model 2 (FE model without the 1VD)

L2: 0.80 = 0.84 Mpa

Stiffness |Clearance| Nodal Avg Von Mises stress Computational time
(N/mm) |value displacement | (Mpa) (mins)
inL1
Model 1 | N/A N/A 0.94 mm L1:0.81+£0.78 Mpa 20
(with IVD L2: 0.86 + 0.87 Mpa
and
ligaments)
200 7 1.64 mm L1:0.88 £ 0.82 Mpa 6
L2: 0.90 + 0.88 Mpa
125 7 1.63 mm L1:0.87 £ 0.82 Mpa 6
L2:0.90 £ 0.88 Mpa
Model 2 | 100 7 1.61mm L1:0.87 £ 0.81 Mpa 5
(without L2: 0.89 + 0.88 Mpa
IVD)
100 6 1.30 mm L1:0.82 +0.80 Mpa 4
L2: 0.84 +0.84 Mpa
50 6 1.19 mm L1:0.79 £ 0.80 Mpa 4
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S, Mises

(Avg: 75%)
4+6.306e+01
+1.500e+00
+1.375e+00
+1,250e+00
4+1.125e+00
+1.000e+00
+8.750e-01
+7.500e-01
+6.250e-01
+5.000e-01
4+3.750e-01
+2.500e-01
+1.250e-01
+1.474e-05

Figure 54: Stress distribution of Model 1 (left) & Model 2 (right)

Table 13: Comparison of different parameters between Model 1 & Model 2

Model Name Avg. £ s.d. Von | Displacement at a | Computational time
Mises stress | node in L1 (mm) (mins)
(Mpa)

Model 1 (with IVD) L1:0.81£0.78 0.94 29
L2:0.86 £ 0.87

Model 2  (without | L1: 0.79 £0.80 1.19 4

VD) L2:0.80 £ 0.84

Where Avg= Average, SD = standard deviation, I\VD= Intervertebral disc

4.7.6. Average VVon Mises stress from the whole lumbar spine:

Finally, we extended the Model 2 by integrating the other lumbar vertebrae (L3, L4, and L5), the lumbar
ligaments at each vertebral level and sacropelvic ligaments. From this FE model, the average Von Mises
stress and maximum Von Mises stress was computed at each vertebral level (Table 14). It was noticed
that average and the maximum Von Mises stress increased along downward direction (Figure 54) which
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is consistent with the literature (Kuo et al. 2010). For better visualization of stress distribution in lumbar

vertebrae, the pelvis and sacropelvic ligaments were hidden (Figure 55). In the L5, the maximum Von

Mises stress recorded was 10 Mpa is in good agreement with previous study (Kuo et al. 2010).

Table 14: Average, Max Von Mises stress, and computational time in the whole lumbar spine FE model

(without IVD)

Avg = SD Von . .
Model Name Bone level Mises Stress M;);éggo(rlle:)es C(t).mpu(tat.lol;al
ime (mins
(Mpa) P

L1 0.45+0.7 4

L2 0.51 £0.78 4.5
Whole lumbar

spine FE model L3 0.53+0.75 6 240

without IVD

L4 0.55+0.81 8

L5 0.57 +£0.83 10

Sacrum 0.60 +0.85 14

Where Avg= Average, SD= standard deviation, I\VD= Intervertebral disc
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Figure 55: Von Mises Stress distribution in Model 6, Sagittal (A), Frontal (B) & Posterior (C) view in the whole lumbar spine
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Chapter 5: Discussion

The first aim of our study was to create a personalized, automated and population based whole lumbar
spine model from an adult healthy population. The creation of a personalized, population-based lumbar
spine model shows the feasibility and potential utility of such an approach in clinical practice. The
characterization of bone shape variation provides valuable insights into the morphological diversity
within the population, essential for personalized healthcare interventions.

The second aim of our study was to investigate the differences between the spinopelvic parameters
measured on CT scans from 2D slices and the 3D reconstruction of the spine and to understand the
correlation between the 3D spinopelvic parameters and the bone shape. The observed correlations
between 3D spinopelvic parameters and bone shape assessed the interconnectedness of anatomical

structures in the lumbar spine, evaluating the importance of comprehensive modelling approaches.

The third aim of our study was to create a computationally time efficient lumbar spine finite element
model which could be used for clinical purposes. In terms of FE modelling, the exploration of material
properties and ligament modelling strategies contributes to the refinement of computational models,
aiming to achieve a balance between accuracy and computational efficiency. The assessment of FE model
accuracy with and without disc modelling provides valuable insights into the necessity of incorporating

disc properties in biomechanical simulations.

5.1. Statistical Shape Modelling (SSM)

The development of statistical shape models (SSMs) for the individual lumbar vertebrae, pelvis, sacrum,
and whole lumbar spine represented a significant contribution to the field of spine biomechanics and
personalized healthcare. Our research aimed to comprehensively characterize bone shape variation in a
healthy adult population aged 17-84, providing valuable insights into lumbar spine morphology and its

implications for clinical practice.

Our study successfully applied principal component analysis (PCA) to capture shape variations across
various anatomical structures of the lumbar spine. Notably, the first PC of the lumbar vertebrae model
predominantly accounted for vertebral height variation, consistent with previous literature findings
117



Hollenbeck et al. (2018). Similarly, the variation in posterior lumbar elements was captured by the second

and third PCs, aligning with prior research results (Hollenbeck et al. 2018, Haqg et al. 2020).

For the whole lumbar spine, we introduced two SSM models: scaled and unscaled, each focused on
distinct purposes in understanding shape variations. The scaled model effectively removed size variation,
enabling focused analysis of shape changes across different regions of the lumbar spine. The first PC of
our whole lumbar spine unscaled model captured the variation of the lumbar spine size, which is similar
to prior L1-L5 models (Campbell and Petrella 2016; Hollenbeck et al. 2018; Rasoulian et al. 2013). The
second PC described the variation in lumbar spine curvature, which is comparable to prior SSM of the
whole lumbar spine (Ali et al. 2012; Campbell and Petrella 2016; Rasoulian et al. 2013). For our scaled
model, the first PC captured the lumbar curvature variation which was difficult to visualise in the unscaled
model. Moreover, the percentage variation (25%) captured by the first pc in the scaled model was lesser
compared to the unscaled model (52%). The second and third PC of the scaled model demonstrated iliac
width and sacral crest shape changes, which was not prominent in the unscaled model. This shows the
development of scaled model was crucial to understand the shape variation of every part of the lumbar
spine other than size. To our knowledge, no studies have studied the scaled whole lumbar spine shape.
Therefore, the PCA results of the scaled whole lumbar spine shape model cannot be compared with the

previous work.

Additionally, my study uniquely explored shape variations in the whole lumbar spine, including the pelvis
and sacrum, offering novel insights into spinopelvic interactions. Prior studies (Ahrend et al. 2020; Arand
et al. 2019), have also investigated the 3D shape variation of the pelvic ring and pelvic bone for the
generic Asian population. In these studies, the first and second PC demonstrated size and shape variation

of the pelvis, similar to our study.

Assessment of the SSM model’s accuracy through measures such as compactness, generalization, and
specificity demonstrated the robustness of our models in capturing shape variations within the healthy
adult population. Notably, our larger sample size enabled a more comprehensive characterization of bone
shape variation compared to previous studies (Hollenbeck et al. 2018). In our study, for the individual
vertebrae (L1-L5), the maximum shape variation occurred in the anterior part of the vertebral body. Our
ultimate research goal was to develop a personalized FEM from the SSM model of the lumbar spine.
Since we found most of the shape variation in the anterior part of the vertebrae, in our FEM, we did not

model the posterior part of the vertebrae separately.

For our pelvis and sacrum model, the first PC accounted for 39% and 34% shape variation, similar to

(Meller and Kalender 2004). Considering compactness factor, 95% of the shape variation within the
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population in our work was defined by the first 39 PCs in L1, 37 PCs in L2, 38 PCs in L3, 43 PCs in L4,
41 PCs in L5, 35 PCs in the pelvis, and 47 PCs in the sacrum. Meller et al. (2004) reported 24 out of 39
modes were required to capture the 95% shape variation in the pelvis. Meyen et al. (2020) required 25
out of 90 modes for capturing 95% variation in pelvic discontinuity. The difference in compactness
(percentages of shape variation) in different studies could be influenced by the difference in population
size, age range and ethnicity. In our study, the maximum fitting error was observed in pelvis and sacrum
compared to individual vertebrae. These fitting errors were similar to Meyen et al. (2020). The maximum
fitting error was observed in pelvis and sacrum due to the bone size. Moreover, some participants had
different number of sacral foramina and coccyx shape compared to the template mesh. However, the
number of sacral foramina and coccyx shape consideration was not crucial for our FEM purposes. To the
best of our knowledge, no studies have quantified the individual vertebrae's generalization and specificity
errors. The prior studies have limitations with their sample size, restricted age range, or gender selection.
The novel aspect of our SSM work is representing the bone shape variation of individual lumbar
vertebrae, whole lumbar spine, pelvis, and sacrum in an extensive range of healthy adult populations,

which is ideal for characterizing the morphological differences across the entire population.

For our whole lumbar spine unscaled SSM, 95% data variation within the population was defined by the
first 10 PCs. In our scaled model, first 35 pcs captured 95% of the shape variation. Since in our scaled
model, the most dominant factor size was removed, more number of PCs were required to capture 95%
data variation. Campbell et al. (2016) and Rasoulian et al. (2013) demonstrated that 12 modes were
sufficient to capture 95% variation in L1-L5 shape However, one key difference between our whole
lumbar spine SSM and other SSMs is that, in our study, the pelvis and sacrum were also included with
the L1-L5 vertebrae. To our knowledge, no studies have developed a whole lumbar spine model for a
healthy adult population. Since, in our work we wanted to understand the influence of spinopelvic angles
and distances in the whole lumbar spine shape for pre-surgery planning, we included pelvis and sacrum
in our SSM.

Rasoulian et al. (2013) considered shape and pose modes separately in their SSM. Whereas, in our study,
pose and shape variations were combined, consistent with other studies (Campbell and Petrella 2016;
Hollenbeck et al. 2018). The selection of considering pose and shape together or differently relies on the
application of the analysis. In our study, the SSM of the whole lumbar spine were used in FE simulation
in weight-bearing condition, considering pose was important. Consequently, we fit this SSM to weight-
bearing FEM. As, lumbar posture in supine and weight bearing condition will be different, an articulated
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shape model that can accurately capture the shape and pose of the lumbar spine would be a good option

for future work.

Furthermore, we developed our SSM based on healthy participants. However, the patients that need
surgery are usually older and have pathological conditions in terms of posture and loading conditions. In
the older population, while the bone shape may exhibit similarities, the spine curvature might be different
compared to the healthy population. To account for this, employing the articulated shape model to the
participant dataset in future is a good alternative to effectively capture of the spinal curvature within the

population.

In the current whole lumbar spine SSM, the specificity error was 8.63 mm, including 25 out of 100 modes.
The error value increased compared to other works (Campbell and Petrella 2016; Rasoulian et al. 2013),

due to presence of the pelvis and sacrum in our SSM.

The predictive capability of our SSMs was evaluated using root mean square error (RMSE) and dice
score, providing valuable insights into the models' performance in predicting bone shapes. The RMSE
value for our individual vertebrae models (averaged across all the vertebrae) with bone measurements
were 1.92 £ 0.68 mm, which was higher than the RMSE, i.e., 1.06 £ 0.19mm (for 52 participants) reported
by Hollenbeck et al. (2018). The higher RMSE value in our study might be attributed to the presence of
unusual transverse process or flatter spinous process shapes in some of our participants. Incorporating
bone measurements significantly improved predictive accuracy, emphasizing the importance of

comprehensive anthropometric data in SSM development.

For our pelvis and sacrum model, the RMSE value were 5.75 + 1.76 mm and 4.28 = 1.29 mm. An earlier
study by Ahrend et al. (2020) developed a CT-based 3D statistical pelvic bone model to investigate the
generic Asian population for 100 participants. They performed a leave-one-out test to measure the fitness
of their reconstruction process. With 30 CT scans, they obtained a mean distance error of 5.24 + 2.62
mm, which are in the range of our results. According to our understanding, as the pelvis is a big bone
compared to the lumbar vertebrae, the prediction error is also bigger for the pelvis. To the best of our
knowledge, we are unaware of any SSM model of the sacrum where the RMSE computation for prediction
accuracy is reported. In our sacrum SSM, most of the errors were present either in sacral foramen or in

coccyx. However, the RMSE value found in sacral foramen or coccyx was not the focus of our FE
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analysis. Since the pelvic incidence value depends on the orientation of sacral endplate, we were only
interested to understand the stress distribution in sacral endplate during weight-bearing for our FE

analysis.

We have computed the dice score for the volume similarity comparison between our predicted model and
the original (ground truth model). Our dice score for the individual lumbar vertebrae, pelvis and sacrum
SSM was similar to adult cochlea (Noble et al. 2017), liver (Spinczyk et al. 2018) and prostate (Karimi
et al. 2019) SSMs. When the bone measurements were included in the bone volume prediction, the
prediction improved by only 2-3% for individual lumbar vertebrae, pelvis, and sacrum. Therefore, we
can conclude that the bone height, length, width, pelvis ASIS and PSIS distances and sacral plateau length

and width did not improve the volume prediction by a significant amount.

Despite these advancements, several limitations were identified, including the lack of certain
demographic information and ethnicity considerations in the dataset. For the SSM study, the knowledge
of ethnicity is imperative for evaluating its potential influence on the population. The presence of shape
outliers in the dataset often leads to higher errors in the leave-one-out validation. In case of vertebrae
shape prediction, the outliers occurred from unusual transverse process or flatter spinous process shapes
present in some participants. In case of pelvis, some participants had a fused pubic symphysis. For
sacrum, the coccyx inclination and sacral foramen was different for many participants. Therefore, the
LOO unable to predict these shape changes for these participants accurately. In future, by integrating
more landmarks in the posterior arch of vertebrae, pubic symphysis and coccyx we could mitigate these

outliers.

For our whole lumbar spine model, we predicted the whole lumbar spine shape for 2 participants by fitting
the mean lumbar spine model, three PCs and patient-specific CT landmark coordinates. For achieving
this prediction, we have used our in-house (GIAS2) library. This library was originally developed for the
prediction of the lower limb bones. However, for the whole lumbar spine shape prediction this library
needed more modification in terms of adding correspondence between the landmarks of source and target
meshes. In our work, we have limited option to modify the previously developed library or create a new
library. Therefore, this method did not perform well for whole lumbar spine shape prediction. Our results
indicated that this workflow could not capture the shape of the whole lumbar spine curvature in the frontal
plane and posterior part of the lumbar spine, pelvis, and sacrum. By excluding the pelvis and sacrum from
the whole lumbar spine prediction, the maximum error between the predicted and CT reconstructed shape
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decreased by 16mm. The main drawback of this workflow was the lack of corresponding bone landmarks
between the template mesh (source mesh) and the participant’s CT landmark coordinates (target mesh).
Moreover, our SSM did not consider the articulating joints between each vertebra. The number of
landmarks used for the pelvis and sacrum was minimal considering the size of the bones. With this
approach, we predicted the shape of two participants, which is inadequate for the bone prediction in a

population. All these factors contribute to errors in the whole lumbar spine shape prediction.

For improving the whole lumbar spine shape prediction, we then integrated the anthropological predictors
(age, sex), a few spinopelvic angles (mono-segmental lordosis angle, pelvic incidence, and L5- sacrum
angle), and different bone measurements (height, length, and width of each lumbar vertebrae) which can
be easily measured from the bone landmark selected previously on the CT images. In this approach, the
mono-segmental angle, the total lumbar lordosis angle, angle between pelvis and sacrum were input for
the bone prediction. Restoration of these angles between each bone are very crucial for the whole lumbar
spine shape definition. Therefore, this approach matched the lumbar shape more accurately than the
previous approach (prediction using mean shape, 3 pcs and landmarks). The RMSE value for the whole
lumbar spine was 9.21 £ 4.55 mm (for 100 participants). No prior studies have predicted the shape of the
whole lumbar spine (including the pelvis and sacrum). For our whole lumbar spine SSM the dice score
was 0.63. The dice score reduced compared to the individual vertebrae (0.88 across all vertebrae). The
reduction of the dice score could be influenced by the exclusion of pose. Moreover, the volume of
posterior arch, coccyx and pubic symphysis and articulating facet joints prediction is notoriously difficult
in the whole lumbar spine SSM.

Our development of statistical shape models (SSMs) for various components of the lumbar spine offers
significant potential for clinical applications. By characterizing bone shape variations in a healthy adult
population, our models provide clinicians with valuable insights into the natural morphological variability
of the lumbar spine. This understanding is crucial for personalized treatment planning, particularly in
cases where surgical interventions are considered. With the ability to accurately predict bone shapes using
our SSMs, clinicians can better anticipate anatomical variations and tailor surgical approaches
accordingly. For example, in spinal fusion procedures, understanding individualized bone morphology
can inform decisions regarding implant selection, sizing, and placement, ultimately optimizing surgical

outcomes and reducing the risk of complications.

Moreover, our study sheds light on the importance of incorporating comprehensive anthropometric data,
such as age, sex, and bone measurements, into predictive models. By leveraging this information,

clinicians can enhance the accuracy of preoperative assessments and improve patient-specific treatment
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plans. For instance, knowledge of spinopelvic angles and distances can aid in evaluating spinal alignment
and biomechanical stability, guiding decisions regarding surgical approaches and postoperative

rehabilitation strategies.

5.2. 2D and 3D Sacropelvic parameters comparison

The next objective of our study aimed to investigate the relationship between 3D spinopelvic parameters
and bone shape variation in the lumbar spine and pelvis. Our research goal was to provide valuable
insights that could inform clinical decision-making and improve patient care in the context of spinal

surgery and treatment planning.

Schwab et al. (2013) have shown that restoration of spinopelvic alignment is vital for successful spinal
fusion surgery. Sagittal spinopelvic alignment is defined by the interaction between static (Pelvic
incidence (PI) and dynamic pelvic parameters (Pelvic tilt (PT), Sacral slope (SS) and spinal curvatures
(Lumbar lordosis (LL). Pl is a static parameter that does not vary after skeletal maturity and does not
change with the rotation of the pelvis in the sagittal plane. Pl is also the summation of PT and SS. PT is
the angle formed by the line connecting the midpoint of the sacral endplate to the bicoxofemoral axis and
a vertical reference line. SS is the angle formed by the superior sacral endplate and a horizontal reference
line. PT and SS are directly associated with pelvic positioning, and it varies. The inability to restore spinal
curvature post-surgery leads to disability, pain, adjacent segment degeneration, and revision surgery.
Therefore, the relationship between pelvic incidence (PI) and other sacropelvic parameters such as lumbar
lordosis (LL), sacral slope (SS), Pth (pelvic thickness), pelvic tilt (PT), and Sacral kyphosis (SK) are well
explored in prior works (Glassman et al 2010.; Okamoto et al. 2020; Schwab et al. 2013; Tardieu et al.
2013). Beaupere et al. (1992) have shown a correlation between Pl and SS (r=0.8), LL and TK (r=0.59),
and SS and LL (r=0.87). Legaye et al. (1998) and Vialle et al. (2005) also demonstrated a strong
correlation between SS and LL (r=0.86). Okamoto et al. (2020) found that TK, LL, PI, and SS increase
with the decreasing sacral height. Our findings between the sacropelvic parameter and sacrum shape
suggest that sacrum width is moderately correlated with Pl and APA. Since the PI angle defines the
sacrum position in the sagittal plane w.r.t femoral heads, the result of our study is consistent with the

anatomy.
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5.3. Correlation between the bone shape and 3D spinopelvic

parameters

Since spinal fusion surgery is performed to restore the spine's natural curvature, a detailed analysis of
lumbar spine shape in 3D and its contribution to pelvic morphology is crucial. Since the lumbar lordosis
varies hugely in proximal (L1-L3) and distal vertebral level (L4-L5), Anwar et al. (2015), Pesenti et al.
(2018) and Baker et al. (2020) initially investigated the distribution of monosegmental mean lordosis in
the total lumbar lordosis. Baker et al. (2020) and Pesenti et al. (2018) determined that the distal vertebral
bodies (L4-L5) contribute to 81 % and 62% of total lumbar lordosis, respectively. Then, the authors
studied the influence of PI in proximal and distal LL. Baker et al. (2020) found out the PI value is more
strongly correlated with the monosegmental lordosis obtained from proximal vertebral bodies (L1-L3).
These findings were consistent with other studies by Anwar et al. (2015) and Pesenti et al. (2018).
Although these studies aimed to understand the spine shape considering proximal and distal lordosis, it
is not enough to accurately understand the complex morphological spine shape in 3D. Therefore, our
work correlated the 3D sacropelvic parameters with the shape modes of the whole lumbar spine. Our
study analysed the shape modes with various 3D sacropelvic parameters such as PI, LL, APA, PA, FSPA,
PSA, Pth, CPD, and CSD. Our findings suggested that there is a moderate correlation between lumbar
spine shape and sacropelvic parameters due to the structural complexity of the spine. Prior studies have
demonstrated P1 determines SS, which in turn influences LL. However, what predicts PI is still unclear.
Since Pl is a fixed morphological parameter, pre- and post-surgery, we wanted to understand if there is a
strong correlation between the lumbar shape and the PI or other sacropelvic parameters. The correlation
between the bone shapes and sacropelvic parameters can inform clinicians in pre-surgery planning for
spinal deformities. To the best of our knowledge, this is the first study to explore the relationship between

bone shape and sacropelvic parameters.

The limitation of our study is the imaging modality used to collect the imaging data. The participants
analyzed in our study were in CT supine positions. However, the lumbar spine curvature variation can be
assessed accurately if the participants are in a standing X-ray scan. In the future, the SSM model of the
lumbar spine used in this study should be fitted to an upright X-ray to capture the lumbar curvature

variation more accurately.
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5.4. Understanding the effect of sex on 3D spinopelvic

parameters

Furthermore, my study revealed significant sex-related differences in 3D spinopelvic parameters, among
a healthy adult population. Previous studies have investigated sex-related changes in 3D spinopelvic
parameters to understand the morphological variation between sexes. Tardieu et al. (2013), Janssen et al.
(2009), and Thiong et al. (2011) did not find any statistically significant difference between SS, PT, and
Pl. However, our results demonstrated statistically significant differences in APA, PI, and LL
measurements between sexes, which is consistent with studies by Vialle et al. (2005) and Anon et al.
2015). The difference in lumbar lordosis might occur due to a higher PI in average in women compared
to men. Additionally, some researchers (Bailey et al. 2016; Janssen et al. 2009) found that the lumbar
lordosis angle in the female lumbar spine has larger curvature and is more posteriorly inclined to adapt
to the centre of gravity change during pregnancy. The simple main effects analysis indicated that sex did
not have a statistically significant difference (p = 0.909) on all the spinopelvic parameters. Most of these
prior works (Boulay et al. 2006; Legaye et al. 1998; Vialle et al. 2005) have quantified the sacropelvic
parameter in standing sagittal X-rays, which simplifies the complex morphology of the spine and pelvis.
Therefore, the evaluation of the spinopelvic parameter from the sagittal radiograph does not describe the
morphology of the population accurately. To our knowledge, only Janssen et al. (2009) have quantified
the spinopelvic parameters in a small cohort of 60 adults’ European population aged 20-42. They did not
find any statistically significant differences in LL and Pl between men and women. Our study has 100
healthy adult participants (36 F) aged 17-84. Moreover, the participants in our study were analysed in a
CT supine position. Therefore, comparing our result with this study (Janssen et al. 2009) is not
appropriate. Due to a lack of standardized definition of LL in literature, LL was measured by 4 different
definitions in different publications (Frenkel et al. 2018). In our research, LL was measured between L1-
L5 (Vialle et al. 2005), which is not in accordance with the L1-S1 measurement of LL in other work
(Boulay et al. 2006). These findings emphasize on the importance of considering sex-specific variations
in spinal morphology when developing personalized treatment strategies. By accounting for these
differences, clinicians can tailor interventions to individual patient needs more effectively, ultimately

improving surgical outcomes and patient satisfaction.

The limitation of our study is the small number of female participants compared to males. Moreover, we
analysed the participants in CT supine position, which might not be able to distinguish LL accurately

between sexes. Bailey et al. (2016) reported that the LL value differs significantly between standing and
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supine position. Therefore, a study from the same participant in different postures (standing, sitting, and
supine) in 3D would be more informative in understanding the 3D spinopelvic parameters. Furthermore,

if different ethnicities could be included, then the analysis would be more robust.

Moreover, our investigation into the differences between spinopelvic parameters measured on 2D CT
scans and 3D reconstructions offers valuable insights into the reliability and accuracy of different imaging
modalities. Most spinopelvic parameters are measured on 2D sagittal/frontal X-rays pre-surgery. The
information obtained from the projection of 2D angles is supposedly limited compared to the parameters
calculated in 3D, highlighting the limitations of traditional radiographic techniques in capturing the full
complexity of spinal anatomy. This information is crucial for optimizing preoperative imaging protocols
and enhancing the precision of diagnostic assessments in clinical practice. Hu et al. (2021) reported that
the sacropelvic measurement, such as Thoracic Kyphosis (TK), the sagittal vertical axis (SVA), LL, PlI,
and PT, between 2D and 3D, is similar. Imai et al. (2020) investigated the correlation between spinopelvic
parameters and sacral slope in female patients with developmental hip dysplasia and concluded that the
measurements were similar in 2D and 3D. In our study, the sacropelvic angles in 2D and 3D were
identical, while the sacropelvic distances, such as CSD and CPD, showed significant differences. This
difference is likely due to two reasons. First, the SSM calculated distances are taken in 3D space, which
will always be larger than when projected onto a 2D plane. Second, the 2D calculated distances highly
depend on the CT scan slice chosen for measurements. These results look promising to use the SSM with
a regression algorithm to predict clinical angles without requiring extensive scans. To the best of our
knowledge, no work has compared the 2D and 3D sacropelvic distances. Our result also demonstrates the

reliability of 2D measures from the surgeons when compared with the 3D reconstructions.

In terms of clinical implications, our findings have several important implications for surgical planning
and patient management. By elucidating the relationship between spinopelvic parameters and bone shape
variation, our research provides clinicians with valuable tools for predicting and optimizing surgical
outcomes. Additionally, our identification of sex-related differences in spinal morphology describes the
importance of personalized approaches to treatment and highlights the need for sex-specific

considerations in surgical decision-making.
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5.5. Finite Element Model (FEM)

My research aimed to develop a computationally time-efficient 3D lumbar spine finite element (FE)
model suitable for clinical use, addressing several key aspects of model validation and simplification for
practical application. We employed tetrahedral meshing for its robustness in capturing complex lumbar
vertebrae geometry, following the previous studies (Fan et al. (2019), Kuo et al. (2010) , Salsabili et al.

(2019). This choice ensured accurate representation while maintaining computational efficiency.

Prior works have modelled the vertebral bodies with single (Nabhani and Wake 2002; Shin et al. 2018)
or two distinct material properties (Charriere et al. 2003; Shirazi-Adl et al. 1984) for cortical and
trabecular region, or CT data-based subject-specific material (Jovanovic and Miomir 2010; Nguyen et al.
2018; Sylvestre, Villemure, and Aubin 2007) property. Concerning bone material property, in our model
we have used only cortical bone property to the whole vertebrae for simplicity and computational cost
efficiency. The maximum Von Mises (VM) stress obtained from our study was a bit lower compared to
the other similar studies (Jovanovic and Miomir 2010; Nabhani and Wake 2002; Nguyen et al. 2018).
This difference in stress could be due to the CT based material property assignment in prior studies. The
maximum VM stress comparison may not be ideal because it is highly subject-specific. Since these
studies did not report the average VM stress, we could not compare the stress values. However, the VM
stress pattern between our study and prior works (Jovanovic and Miomir 2010; Nguyen et al. 2018) were

comparable.

Some studies (Noailly et al. 2005; Renner et al. 2007; Schmidt et al. 2006) have modelled the anisotropic
fibers and ground substance of the intervertebral disc (IVD) in a composite structure. On the contrary,
other researchers (Elliott and Setton 2001; Wagner and Lotz 2004; Wut et al. 2006.) have employed
isotropic hyperelastic law, without isolating the fibers and ground substances. Both approaches are
complex, labour intensive and not suitable for clinical use. Therefore, in our IVD modelling, we neglected
the annulus fibers modelling similar to other studies (Raheem and Aljanabi 2020; Z. Zhang et al. 2018).
The intradiscal pressure (IDP) obtained from our study (without the ligament), under the load of 300N,
460N, and 600N was relatively lower than previous ex-vivo and FE studies (Kuo et al. 2010; Ranu et al.
1979; Shirazi-Adl et al. 1984). One key difference between our study and these studies are the absence
of annulus fibers. Kuo et al. (2010) has shown that the intradiscal pressure of IVD is highly dependent on
the annulus fibers mechanical properties. The IDP increased subsequently after integrating the lumbar

ligaments in our model.
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For understanding the mechanical behaviour of ligaments, we have modelled the lumbar ligaments both
with connectors and springs. Since the linear tension only spring does not take into account the non-linear
behaviour of the ligaments, the FE model with ligament modelled as spring is more computationally time
efficient. Many researchers (Coogan et al. 2016; Fan et al. 2019; Guan et al. 2006) have assumed the
lumbar ligaments as linear in their FE modelling. Our results indicate that the IDP obtained from the
linear ligament model was much lower than in other studies (Kuo et al. 2010; Ranu et al. 1979). For
example, in case of 460N, the IDP value in linear ligament model was 0.16 MPa, whereas in previous
studies it was around 0.3 MPa. In contrast, when we considered the slack length and non-linear property
of the ligaments the IDP value increased to 0.33 MPa (in case 460N) which was in the range of other
studies (Kuo et al. 2010; Ranu et al. 1979; Shirazi-Adl et al. 1984) (Figure 49). Therefore, in our FE
model we have modelled the ligaments as connectors since it represents the biomechanical behaviour of
spinal ligaments more realistically. Moreover, in our FE models, we have considered the pre-stress
conditions of the IDP to mimic the physiological behaviour of the IVD, since the IVD has a ‘pre-stress’
condition without the action of muscles and ligaments. This approach aligns with biomechanical reality

and enhances the clinical relevance of our model.

In our final FE model, we removed the VD to reduce computational time and replaced with contact
pressure overclosure relationship. The contact pressure overclosure relationship was selected by
sensitivity analysis to accurately mimic the 1VD property. To the best of our knowledge, this is the first
study which developed a simple yet realistic, computationally time efficient FE model without
compromising the accurate biomechanical properties of each component. Our FE analysis demonstrated
that the average VM stress, stress pattern and displacement in our FE model with and without IVD is
similar. Also, our model without 1\VVD, is almost 8 times more computationally time efficient. Therefore,
we can conclude that our simplified model has a good potential for clinical use. We also extracted the
average and maximum VM stress from our whole lumbar spine model including pelvis and sacrum. Kuo
et al. (2010) had developed a similar FE model for the standing position with similar loading and
boundary conditions. However, in their model, they did not model the pelvis and the sacropelvic
ligaments for stability. Moreover, they only reported the range of VM stress in L5 vertebral body which
is similar to our result. Furthermore, the stress pattern obtained in their FE model for each vertebral body
is also comparable to our result as the average VM stress in our FE model also increased towards the
downwards in the lumbar spine. Our final FE model enhances the feasibility of the clinical application
by achieving a balance between the accuracy and efficiency.

Our FE model has several limitations such as simplifying the material properties of bone, 1VD and

ligaments. Although the simplification was needed for our research objective, it might not represent the
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actual geometry of the lumbar spine. Most of the components in our study and other researchers (Zhong
et al. 2006, Kim et al. 2010, Shin et al. 2017) assumed the FE components as linear and elastic, which is
a contradiction to the reality. Moreover, we have not modelled the muscles in this study which is present
in the lumbar spine for stability. Also, we have modelled only one participant in the study which is not
ideal to validate the geometry of each and every subject. While our model simplifications were necessary
for efficiency, future research could explore parameterized models tailored to individual patient anatomy
and biomechanics, further enhancing clinical relevance and personalized treatment strategies. Future
research should focus on developing a fully parameterized FE model by fitting the SSM model of lumbar
spine to the patient-specific landmarks. Validation studies comparing our simplified FE model to clinical
outcomes and imaging data will be essential to establish its reliability and effectiveness in real-world

applications.
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Chapter 6: Conclusion and Future work

Our research was able to develop a personalised 3D lumbar spine finite element model which could be
used in clinical environment in future. Initially we developed statistical shape model of individual lumbar
vertebrae, pelvis, sacrum, combined pelvis and sacrum and the whole lumbar spine to quantify bone shape
variations within an adult healthy population of wide age range (17-84). We developed the SSM of
different bones in our study from the participants who were in supine position during CT scan. However,
the lumbar curvature will vary on supine and standing position. Therefore, in future an articulated shape
model of whole lumbar spine should be developed to consider different postures of the participants.
Moreover, the prediction could be improved in future by collecting more demographic parameters such

as height, weight, and a greater number of landmarks in pelvis and sacrum.

In our study, we also successfully investigated the difference between 2D and 3D sacropelvic parameters.
Our research validated the sacropelvic parameters measured by the surgeon pre-surgery in 2D is accurate
when compared to the 3D measurement. We also evaluated the contribution of these 3D sacropelvic
parameters in the pelvis, sacrum, fused pelvis sacrum and whole lumbar spine bone shape. Our research
has indicated the sacropelvic parameters are moderately correlated with bone shape due to structural
complexity of the bone shapes. In this work also the participants analyzed were in CT supine position.
This can lead to inaccurate representation of lumbar spine curvature. Therefore, in future a SSM should
be developed from the weight-bearing X-ray participants to understand the correlation between the
sacropelvic parameters more robustly. We also studied the 3D sacropelvic parameter differences between
male and female. This work can be used to inform in pre-surgery planning, forensic science, and
musculoskeletal modelling. However, in our study the number of male vs female were not sufficient. In
future, for quantifying sex differences in sacropelvic parameters a good ratio between male and female

population should be achieved.

Finally, we developed a personalised FE model in our study which is computationally time-efficient,
simple yet accurate. In our work, we have developed only one FE model, which is not ideal for validating
the stress distribution in the lumbar spine. In future, more FE model should be developed by fitting the

mean SSM of lumbar spine to the patient-specific landmarks. Moreover, the effect of lumbar fusion
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implant placement in the FE model should be also investigated and validated by the clinicians or

retrospective patient’s outcomes.

Since we are interested in developing a 3D lumbar spine personalised model for clinical use, in future a
2D to 3D registration algorithm should be developed. 3D shape reconstruction of lumbar spine from 2D
biplanar unscaled X-ray image is a challenge due to the structural complexity. Moreover, during CT scans
the participants are exposed to more radiation and it is more expensive in a clinical setting. The
reconstruction process also requires prior information about the shape. In future, our mean lumbar spine
SSM could be deformed until the information (contours, edges, and landmarks) extracted from the X-ray

images are matched with the deformed 3D shape.

In conclusion, my research contributes to bridging the gap between biomechanical modelling and clinical
practice, providing clinicians with valuable tools for personalized treatment planning and optimization of
patient outcomes in lumbar spine pathology. The pipeline generated in my study can be used as a
foundation for the future development of bioengineering tool. This tool would enable surgeons to
visualise the 3D lumbar spine geometry and assess spinopelvic parameters as well as stress- strain
distribution, derived from patient-specific bone geometry. This tool can minimize the failure of the spinal

fusion surgery and helps to improve the clinical performance of patients.
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spine shape variation influenced by spinopelvic parameters” 9th World Congress of Biomechanics,

Taipei, July 2022.

Nikita Ghosh, Justin Fernandez, Joe Baker, Ju Zhang, Peter Robertson, and Julie Choisne " The
relationship between 2D and 3D sacropelvic parameters™ 28th Congress of the International Society of

Biomechanics, Stockholm, July 2021.
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International Society of Biomechanics, Stockholm, July 2021
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spine shape variation among healthy adult”, Regional Australasian Biomechanics conference, Auckland,
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Figure Al: Average shape £ 2SD in each direction for PC1, PC2 and PC3 for L2
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Figure A2: Average shape + 2SD in each direction for PC1, PC2 and PC3 for L3
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