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Abstract

Many pathologies and disabilities are associated with the spine, including scoliosis. Scoliosis is a
curving and twisting of the spine, which in severe cases may require highly invasive and complex
surgical treatmentn silico methods, such as musculoskal modelling, may aid the selection of

the optimal surgical treatment. However, computational models must be credible for use in clinical
decisionmaking Establishing credibility requires extensimedeltesting and validatiarMany
musculoskeletal mode use a generic, simplified representation of the intervertebral joints. The
intervertebral joint models the lumped behaviour of the ligaments and the intervertebral disc,
which connect adjacent vertebrae and are fundamental to the flexibility of tlke Bperefore, to

model and simulate th&pine a suitable representation of the intervertebral joint is crucial. This
thesis developed and applied pipelines to investigate the characterisation of the intervertebral joint
and create personalised scoliotgpine models. The aim of this PhD was to characterise specimen
specific models of thentervertebral joinfor multi-body models from experimental datasets, in
order to integrate the representation of the joint into a scoliotic musculoskeletal modeth€&irst
project investigated the characterisation of a specispegific lumped parameter model of the
intervertebral joint from an experimental dataset of a-fastebra lumbar spine segment. A
methodology using multibody modelling and optimisation tealesgvas established to determine

the specimerspecific stiffness parameters. The stiffnegsemultiple degrees of freedom were
simultaneouslyoptimisedfor the specimen under an eccentric compressive load. A sensitivity
study of the parameters to thejbpose was conducted to investigate the robustness of the method.
The accuracy of the predicted motion was highly depended on both the joint pose and the stiffness.
The variation in the joint stiffness between subjects and between spinal levels idatdilkesd.
Following the first study, the method was reapplied to another dataset that included six complete
lumbar spine segments under three different loading conditions. For each specimen, a
homogeneous stiffness across the joints was calculated withp@misation algorithm by
minimising the kinematic error. Further, to investigate the assumption of a homogeneous stiffness
across levels, a fixed ratio of the stiffnesses between levels was introduced. Comparisons of the
kinematic error and the stiffnessspre and postoptimisation showed theptimisedstiffness to be
representative only in the loading condition for which it wpsmised Further, when considering

a specimerspecific stiffness, generic ratios were unable to suitably account for |geridiency,

thus optimisation methods should consider each joint level individually. Secondly, a framework
to create subjeetpecific musculoskeletal models of individuals with severe scoliosis was
developed. An existing healthy spine model was modified, amiftual landmark palpation
protocol was established on CT data of an individual with severe scoliosis. A code was developed
to create a patierspecific scoliotic spine musculoskeletal model from the landmarks and the
modified model. The intraand int@-operator variability of the virtually palpated landmark
positions was analysed, and the accuracy of the model was assessed. This resulted in a codified
pipeline for creating subjespecific, severely scoliotic spine models from CT dataonclusion,

this thesisshowedthat specimerspecific intervertebral joint stiffnessagere highly sensitiveto

joint posedefinition and the importance of levdependenoptimisation Further,an opersource
codified pipeline to create patiespecific scoliotic spine modelsom CT datawas released

These studies and this pipeline can facilitate the speeapecific characterisation of the scoliotic
intervertebral joinandits incorporationinto scdiotic musculoskeletadpinemodels
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Thesis overview

Thesis overview

Here the structure of this thesis will beplainedand a broad overview of the different chapters
will be provided.

This thesis isstructuredin four sections.Each section addresses a broad aspect of the thesis
(introduction, characterisation of the intervertebral joint, scoliotic spine modelling, and
conclusions of the thesisThaptersare contained within sections adiscuss a specifitopic or
research questioifhe threechaptergchapters 3, 4, and ®hich addressa research questiare
structured as journal articles with an introduction, medhagl/, results, and discussion.

Sectionli Introduction containsgwo chapters

1 Chapter 1The Spine andcoliosisi Presents thbackgroundrationaleand aimof this
thesis.

1 Chapter 2:Computational modelling fothe scoliotic spine: A literature review a
discussionof the stateof-the-art knowledge orfinite element (FEpnd musculoskeletal
(MSK) modelling of the spine. It addresses the modelling of the healthy and scoliotic spine
and theapplication and limitations of the current models.

Section2 7 Characterization of the intervertebjaint for multibody models of the spinfocuses
on the charad@risation of the IVJ for MSK modelsom experimental data of nguathological
specimensThis sectionis divided into two chapters:

1 Chapter 3Experimental identification of a lumpezhrameter model of thatervertebral
disc (IvD) 1 A methodology using an optimisation technique to determine a specimen
specific lumped parameter model of the 1VJ from an experimental dataset is established.
Recommendations are given aeding the data required to determine spechspgtific
models of the IVJ. Additionally, the sensitivity of this optimisation technique to the joint
pose is explored.

1 Chapter 4 Variability of intervertebrajoint stiffness between spine levels and between
specimen$ The methodology previously determined is reapplied to a dataset of specimens
with more vertebral levels and is used to investigate the-gpecimen vaability and the
level dependency.

Section 3 Scoliotic spinanodeling, is a single chapter:

1 Chapter 5:Generation of severely scoliotic subjsgtecific musculoskeletal modeis
discusses the code which generates a severely scoliotic MSK model from a generic MSK
spine model and a set of virtually palpated landmarks.géneric model was developed
from an existing model, the modifications are presented and explained. The accuracy of
the model is assessed by examining the curvature and vertebrae positions, and- the inter
and intraoperator variability of the virtual palpats is investigated.

SectioM i Closing remarksa section to maintain structure consistency for the concluding chapter
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1 Chapter 6Conclusionsand future workwhich presents the conclusion of this thesis and
the next steps that should be taken in the
used as a preperative planning tool to aid the surgeon in the correction of severe scoliosis.



Sectionl ¢ Introduction

The Spine an8coliosis

The current chapter provides a brief overview of the human spinal anatomy and physiology. The
underlying motivation for this thesis was to aid the treatment of the spinal disorder scoliosis.
Therefore, in addition to the descriptiofspinal anatomy and physiology, a definition of scoliosis

is given, as well as a description of its impacts on those who live with it, its treatment, and why
there is a need for further research in this area. Although the spine is substantially nplesx com
than what is presented, the intention is to provide a basic overview of the spine and sufficient detail
to understand the later chaptedext, the current knowledge lriefly discused, which includes

an overview of the tools used in this researatjget. Finally the aims and the structure of the
thesis are presented.

1.1.Overview of the anatomy and physiology

1.1.1.The spine

The spine plays three vital roles in the daily functioning of the human body. It provides a
supporting structure, protects the spicaitd, and enables motion of the tryik?]. To perform

these functions, it is organised as a series of functional spinal units (Fgurel.1), an FSU is
defined as two adjacent vertebrae and the connecting ligaments arj@]IVQrouped together

with the facet joints these soft tissues are often referred to as the intervertebral joint (IVJ). This
forms the smallest motion unit of the sp[@¢

Supraspinous
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Anterior Longitudinal
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Figure 1.1: Anatomy of the FSU, showing two adjacent vertebrae and the connecting ligaments, synovial facet joints and the
intervertebral disc (inspired by Ruspi et al. 2439.



The Spine and Scoliosis

These units are organised into distinct sections, theduspine (five vertebrae), the thoracic spine
(twelve vertebrae), the cervical spine (seven vertebrae), the sacrum (five vertebrae), and the coccyx
(threefour vertebrae)Kigurel.2) [2]. In adulthood the coccyx and sacrum fuse to form a single
bony structure. Typically, a healthy spine is symmetric and straight in the frontal plane. In the
sagittal plangthere are three main curvebe anteriorly convex cervical and lumbar curves
(lordosis), and the posteriorly convex thoracic curve (kyphosis).

s
~ &=

Cervical

e & Thoracic

% Lumbar

-
w

-
H

-
wn

\ ]

Figure 1.2: Lefti Spine in the centre of the body providing a supporting structureyemad to the ribs and the pelglsiage:
BruceBlaus DOI:10.15347/wjm/2014.010C by 3.0, viawWikimedia Commong3ighti Lateral andfrontal view of the spine,
with the cervical (purple), thoracic (green), lumbar (blue), sacrum (pink), and coccyx Igddeled (Adapted (labels added) from
original image:Laboratoires ServierCC by 3.0, viaNikimedia Commons).

1.1.2.The vertebra

The vertebra¢Figurel.3) are irregular bones and their morphology changes with the spinal level
[2]. However, the basic structure from C3 to L5 is the same. The vertebral body is mostly
cancellous bone with a thin surface of cortical bone surrounding it. Moving inferiorly from C3,
the bodies becomlarger to support the increasing compressive I¢2[dsThe neural arch is the
posterior part othe vertebra. This surrounds the spinal cord and includes the processes to which
many of the spinal ligaménattachFigurel.1) [2]. The neural arches play a lekadaring role in

flexion and extensiof#], and as people age, an increasing share of the compressive forces are also
transferred through j#,5]. The main biomechmacal function of the facet joints (the joint between

the superior articular process of one vertebra and the inferior articular process of another) is to
limit axial rotation of the spine, in addition to this, they resist anterior shear |g&cig
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Figure 1.3: Structure of an L3 vertebra, |&é&uperior view, righitlateral view.

1.1.3.The intervertebral disc and ligaments

The IVD is formed of three main componeritee nucleus pulposus, theralus fibrosus and the
cartilaginous end plate],7]. The nucleus pulposus has a high water corf&f{ and also
contains collagen type Il and proteoglyd@h Surrounding the nucleus pulposus is theudus
fibrosus, which mostly consists of concentric layers of colatype 1 fibre bundles, with
alternating orientations between layers and wat&{. They attach to the cartilaginous end plates
[2], which like the nucleus pulposus is comprised of largely water, collagen type Il and
proteoglycar{7]. The cartilaginous endplaté®lp wth load distribution within the IVD and its
thickness changes over tif&g7].

In general the ligaments are uniaxial structareonsisting of mostly collagen fibres running
parall el to t he[2d]iThenpmoeide edstive forcealantg fibte ioreemation

in tension, which limits the extent of motion to protect the spinal cord and contributes to the
stabilisation of the spin@,4]. The anterior longitudinal ligament, posterior longitudinal ligament,
and supraspinous ligament connect to multiple vertebrae, while the intertransverse ligaments
(between transverse processes), interspinous ligaments, flavum ligandecapanlar ligaments
connect adjacent vertebrae. Although they all share similar functions, the morphology and
composition (in terms of elastin, proteoglycan, and water content in addition to the collagen fibres)
of the ligamentsreunique to reflect theibiomechanical function,4].

The ligaments and the IVD exhibit nonlinear viscoelastic behaviour as well as creep and relaxatio
[2,4,8] Additionally, these properties differ between IVJ lewaislvary with age and between
individuals. Therefore, the FSU behaves in a highly nonlinear fashiointsandtion is coupled.

1.2.Scoliosis

Scoliosis is a thredimensional (3D) deformity of the spine, presenting a lateral curvature of the
spine Figurel1.4) in the frontal plangerotation of the vertebrae as well as potential alteration of

the lordotic and kyphotic curvatuf@i 11]. Scoliosis is diagnosed when there is a Cobb angle
defined aghe angle between the endplates of the vertebrae at the ends of thE 2ljrgeeater

than 10° and axial rotation of the vertebrae can be identjfiédll] There are two broad
categories of scoliosisstructural and nostructural (or functional)10,13] Non-structural

scoliosis is a secondary result of a separate known medical issue, such as a difference in leg length

4



The Spine and Scoliosis

[10,13] In this section, the focus will be on the more common, strdcsaaiosis|[10,14]
Structural scoliosis can be further classified dsgenerative, idiopathic, congenital, or
neuromusculdil3]. The cause of the most common type, idiopathic, remains unaowir8, 15]
The reported prevalence of idiopathic scobosithin the adolescent population is often around
3%, although higher and lower prevalence has been regbétdd ]

|
- Abnormal
= curve of
spine

Scoliosis -

Figure 1.4: Left i Posterior view of a scoliotic spine within the human body, showing a rib hump (Image: BruceBlaus
DOI:10.15347/wjm/2014.01,CCC by 3.0, via Wikimedia Commons), rigghfnterior view of a segmentation of a scoliotic spine

T9 to sacrum isolated from the rest of the body, showingxia¢ rotation of the vertebrae and how the vertebrae may deform.

The severity of scoliosis varied/hen the Cobb angle is less than % scoliosiss considered

mild, while Cobb angles greater than4®° are considered sevdi®,11] Scoliosis may initially

be mild, or not even greaténan10°, yet there is the risk of curvature progression (eafhgci
during growth) andhat cardevelop into severe scoliogiH)]. In sevee cases, scoliosis can cause
back pain, pulmonary function problems, further disability, mental health problems (such as self
esteem), an@ general reduction in the quality of life for an individual, therefore treatment is
required [10,11,16]

To aid treatment planning different classification systesush as the Lemkclassification and the
King classification system$iave been introducdd?7], as well as different methods (Ferguson
and Cobb angles) to measure the exterthefcurvaturg12]. Different treatment options are
considered for different curves, physical therapy may be the first recommendation ianohild

5
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low-risk caseswhile bracing (of which there are maiypes) maybe used to prevent curvature
progressiofl0,11] In severe cases, surgical treatment begonsiderefl0,11] The approaches
as to which therapy to apply and when vary internationdllyj, especially when surgical
intervention is recommendedHowever, there is little consensus regarding the aims of the
treatment and how they should be prioritifee 16,18] Not only is opinion divided over treatment
aims, but surgeons hold different views as to the best way to achieve thegB8dims

1.3.Surgical Treatments

Surgeons are presented with many possible techniques to correct scoliosis which may be used in
isolation or combination with othefd9]. Many of these techniques, such as direct vertebral
rotation Eigure 1.5), posteromedial translation, segmental vertebral derotaton,dock
derotation, distractiommndcompression are highly invasiy&9i 24]. Alternatively,less invasive
techniques such as vertebral body stapling and vertebral body tetheringocha afgtiong22].
Furthermoremultiple devices can be used to apply the same tech{2glieThese surgeries are
further complicated by the fact that for the same surgical principles and techniques, the
implementation may vary by way tfe number of implants and instrumented vertelj283, the
ligaments released (cut), and patient positiofid@j. This is not an exhaustive list of the possible
options a surgeon must consider wheanping a surgery but is sufficient to highlight the
complexity of these corrective surgeries.

Figure 1.5: Sketch of surgical correction of scoliosis, showing direct vertebral rotation, A) direct vertebral rotation of the apical
vertebra, B) rotation of the distal vertebrae (Image from: Chang et al. 2023, CC by 4.0, via Asian Spine[28})rnal

These surgeries are effective at treating scolid$isy reduce the risk of curve progression and
areeffective at correcting or reducing the Cobb angle25] Moreover, hey have been reported

to improve patierst quality of life, sel-image, and pulmonary function while reducing pain and
disability[11,25] However, in most cases, these surgeries result in a loss of range of motion (RoM)
[16] and althoughpain reducton has been reported for some patieBt% still experience
significant pain 5 years after the operatjibh]. Furthermorein addition to the usual perioperative
complications associated with highly invasive surgeoéser postoperative complicatioarise,

such as pseudarthrosis, surgical site infection, junctional kyplegisnstrumentation failure

6
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mean of which require revision surgeries to cori@dt26,27] Reported revision rates vary
depending on the patient group and instrumentation used among other factors, for ,exaenple
study reportda rate of 24% and another of 7522,28]

In addition to the personal cost to the patigmese surgergeand complications have substantial
financial coss$. Indeedpne study reported a total cost for the initial corrective surgery and revision
surgeries to exceed $100,0@8,29]

The variation in outcome criteria and methods available to surgeons likely influence the success
of the surgical outcom@0]. Thesanultiplefactors help explaithelittle consensus on the optimal
treatment for a given patient/curve tyj3,32] Computation models may be able to simulate
surgical intervention§33], and incorporated into a surgical planning tiha@y may help identify

the optimal procedure tielpinvestigate the tradeffs of the various techniques for a given patient
[34,35]

1.4.Research methods

1.4.1.A brief overview - Finite Element Modelling & Musculoskeletal Modelling

There are two broad categoriesinfsilico methods which have been usedstudy the spine,

namely FE models and multibody models (MB[%]. When multibody dynamics is used and

the models include soft tissues such as the muscles, tendons, and ligaments they are often referred
to asMSK models.

Model construction

Finite element models of the spine are created using medical imaging data, such as computed
tomography (CT) or magnetic resonance imggMRI). Detailedanatomical structures, including
vertebrae, ligament$yDs, and facet jointare explicitly modelledAccurately modelling these
geometries, in particular the disc height, thickness of the cartilage at the facet joint, and pedicle
length is necessary asedicted RoMintradiscal pressur@DP), and facet joint forces (FJF) are
highly sensitive to these paramet@% 39]. Furthermore, the nature of FE modallews forthe

level of detailto be tailored to suit the research question

By comparison, most studies MSK modelling studies use or create by adapiexgspireg models

[40i 47]. They tend to focus on a spine segment (lun@r2,43,48,49]thoracic spine and rib
cagg50], cervical[51i 53], and the whole spir{d1,44 47]) rather than just a single FSU. Medical
images are still used in some studies, most often for informing muscle modklling,51] but

some studies have also used them to define stdpecific bone geometri¢48,52] MSK models

of the spineexplicitly model the vertebrae and the mus§#41,44,47,48,50,53The IVJ is in

some cased reduced to a joint without mechanical propHigt] Noting a couple of exceptions
[40,48] the individual soft tissues are rarely explicitly modelled but rather represented with a
lumped parameter modgl3,45,47,48,50,52]

Soft tissue representation

Modellingligaments infFE models of the spine involves using simple, uniaxial, terosilg spring
elementg438,39,54 61]. Themodellingof facet joints andVDs is more complex. Facet joints are
typically modelledwith friction and soft conta formulation[37], while IVDs include the nucleus
pulposus and annulus ground substance with hypereatasterials, and the annular collagen fibres
are modelled as multiple layers of nonlinear sprip&s56,58 60,62 65]. More complex models
have incorporated the effects of IVD pore pres$66d. Some studies have also considered the
cartilaginous endplate as an elastic mat¢8@]. The muscles have been explicitly modelled as

7
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force generators and pressurized volufe&$, although this in an ueenmon approach. Rather,
they are often modelled as forces applied at attachment and insertion] @bi&83

The representation of the IVJ soft tissues is simpler in MSK models compared to FE models, all
of the soft tissues are represented with a lumped parametel usotga springdamper system
[43,45,47,48,50,52]and is comparatively simpler to implemdBR]. In the few cases where
ligamentq40,48]and facet joint$48] have been individually modelled, they are represented with
springs. Both linear and nonlinear models havenhesed to define the characteristics of these
tissueq443,48,52,69] The muscles are most commonly represented as actiaith a number of
parameters that define them, including the pennation angle, aléoigth curve, passive stiffness,

and a slack lengtf5]. A further consideration is the attachment points of the mupt®sand

the path along which they gét].

Persoralisation

Accurately assigning material properties to spinal components is crucial for representative models,
but literature values may not reflect intrbject variability.Variation of gneric material
parameterso reflect intersubject variabilityt@5%) canlead to RoM changes of over 1(J&5],

thus necessitating subjespecific propertiesespeciallyfor clinical applicationg70]. However,
determining subjeespecific values is challenging due to multiple possible solutions when
characterizing multiple tissues simul&ouslyfrom single test§71]. Some studies have used FE
modelling to characterize tissues, by simulation of stepwise reduction experjggniut, this
method is not suitable for characterizingvivo subjectspecific values.

Although the representation of the soft tissues in MSK models may be simpler than in FE models,
using appropriate material properties is just as important. Additionally, as models are not always
created from imaging data the appropriateness of geomd¢atates also needs to be considered.
The simplest approach used is to scale both geometries and muscle properties based on
anthropometric data such as height and body wé#ht4,46 48,53] However this approach

may not result in models that can make accurate predictions for specificluadsf51]. For a
subjectspecific modelthe muscle paths must accurately reflect the muscle paths of the individual
[53]. Further the muscle properties need to be specimen sp¢sifjcdue to the high sensitivity

of spine loads to changes in properties such as thelfmgénh curve, passive stiffness, and slack
length [45]. Likewisg the accuracy of the model is sensitive to the properties of the lumped
parameter modg¢b2,72] The use of a lumped parameter model offers the advantage that it can be
easier to determine subjesppecific properties of the IVJ than it is for the individual soft tissue
properties needed for a FE modedd@nt studies have investigated methods to determine subject
specific properties for the lumped parameter model, inotivoandex vivo[52,69] However, as

is also the case for FE models, the lack ofeexpental data makes it challenging to subject
specific determine muscle propert[d$)].

Appgications

The detail that FE models includeeans theywre weltsuited for investigating load sharing across
different soft tissues withinneFSU [57,60,61] Researchers useetse models to investigate load
distributions within anatomical structures, particularly the VD, to identify the parts of the annulus
that experience higher or lower stresses and strains, which can contribute to lower back pain
[60,61] Additionally, FE models of scoliosis enalbhe investigation of forces at facet joints and

their role in pathological casd85,56,59 that would otherwise be difficult to investigate
experimentally. However, detailed FE models can be computationally expensivapdatiing
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cartilage at the facet joint in detail may make simulations too expensive with current technology
[37]. Internal stresses and strains can be analysed using FE techniques, this has been used to
improve surgical instrunmgation design for correcting scoliosis which could reduce the failure of
instrumentation through screw pwllut and rod breakagk6,62,73] Additionally, they hae
explored surgical techniques, analysing the impact of mispositioning screws and the required
number of screw$74]. FE models have investigated muscle contributions to spinal stability
[68,75], and spinal response to daily activities like driving vibrat{@$ or standing for extended
periods[63]. Furthermore, they have explored tissue engine¢rirng The impact of modelling
choices and assumptions has also been addressed. Boundary conditions in FE modelling involve
constraints with applied loads, often taken from musculoskeletal simulations to simulate muscle
activity. An alternative, kinematicaligriven simulations, reashown variables to be highly
sensitive to these input kinematics, potentially leading to over or underestimation of IDP, axial
compressive, and shear for¢é%,66,78] Moreover, many FE models are derived from CT data,

and the model's pose matches that of thel@ta, not accounting for changes in posture when the
spine is upright. Follower loads may be applied to account for this, but the resulting motion and
IDP differ from those of a true supine pose; this is an initial condition assumption that still siarrant
further researcfb8].

MSK models have been utilized in a range of applications as the techniques allow for the modelling
of in vivobehaviours withouthe high complexity of FE52]. It is also easier to inform them with

in vivodata[52]. They are also highly effective for the analysis of muscle behaviour which is an
important factor in vertebra loading and therefore fractiste[44,47] Further, they are able to
predict muscle activity and the load distribution of the spine for a wide range of activities,
including static activityj44], lifting [42i 44,50] and highly dynamic scenarios such as car crashes
and sporting injury events1,52] They have also been used to investigate the influence of
anatomical features such as the rib cage and the curvature of the spine on the load distribution
across the sping4,48,50] They have also been used for various clinical applicatrariuding
investicating the influence of sarcopenia on spinal loads and determining optimal surgical
techniques for correcting scoliodi35,47] MSK models are @én driven by motion data, this
technique has been investigated to determine the most appropriate corjg@ints

Validation

Validation is crucial for FE models to be used in clinical settii7@. It involves comparing
predicted motions, strains, and loads to experimental data. While FE models commonly validate
the predicted RoM, IDP, and FJF, validation against strain is necessary to predict bon@@jlure
though not yet commonplace in spine models. Validation is limited by the scarcity of experimental
data, particularly for IDP and FJRB7,65]. To compensate, models validate parameters by
comparing them to limited experimental data and predictions of other computer models, however
this remains only an indirect validation.

The validation of MSK models is most often indirect and invobaaparing model predations to

experimental RoM, velocities, accelerations, IRRdanin vivo dataset of the forces acting on a
telemeterizediertebral body replacemef#0,42,42,45,4052]. One of the few direct validations

that can be made is against muscle actiMi], howeverthis is limited if the muscles of interest
are deep muscles due to the difficulty of detecélegtromyogram (EMG3ignals[51]. The lack

of experimental data remains a challenge to validation for MSK models g4 2éB]

In conclusion, FE modelling of the spine has proven valuable in investigadingl stability,
surgical instrumentation design, and tissue engineering, among other research areas. In particular,

9
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the use of medical imaging data to create detailed anatomicdels has allowed for the
investigation of load sharing across different soft tissues withifSU, as well as the design of
surgical instrumentatioMSK models do not include the same level of anatondetdil andare
therefore less computationalxpensiveThe lack of detail means they cannot be used to analyse
the load distribution within the IVD for instance, howevir makes them better suited to
examining the load distributions across larger segments of the spine. Furthermprarethe
effective for investigating wholdody motion in both static and highly dynamic conditions. They
are also an ideal approach for investigating muscle behaviour. The simplification of the details at
the joint means determination of subjspecific properties isqgientially more feasiblén vivo.
However, furthemwork is needed to establish methods of determining subjpedific soft tissue
material propertiefor both MSK and FE modelling approaches

Of the two methodgjue to its applicability to modelling thvehole spine and the simplified FSU
representationthis thesis uses MSK modelling techniques general descriptiorof the
fundamental concepts provided below. An ikdepth literature review of FE and MSK modelling
of the spine and scoliosis is giventime next chapter.

1.4.2.Musculoskeletal modellingi Bodies

When modelling the human body, rigid mundy dynamics represent reality as a series of
infinitely rigid bodies connected by joints. Under an applied force the bodies will move relative to
each othembout the joints. In the case of MSK modelling the bones are considered to be rigid,
which assumes they do not undergo any deformation when loaded. Depending on the application
this assumption can be suitable, or it candiesideredn oversimplificationleading to inaccurate

or incorrect results.

The bodies of @aMSK model are defined as reference frames with inertial parameters i{mass
defined as a point mass at the centre of mass (CoM) and an inertia rabody may represent

a specific bonegr multiple bonesandthe inertial properties of a bodgpresent the bone and the
associated body segmentludingsoft tissues such as fat, skin, and the mass of muscles. The data
to construct the bodies may come from anthropomedidaverialatasets to create generic models
Subjectspecific modelsto varying degrees of accuracyn be created by scaliaggeneie model

to a subject 6s s Aplteroatively, an inmagetiased supjedpexificrmiodelan

be created from segmenting imaging dakehsas CT or MRtata.

1.4.3.Musculoskeletal Modellingi Joints

The bodies are connected by joints. The locations of a body relative to another can be defined
based on offsets in translation and orientation to the connecting joint. Thus, the joint pose is
described by a reference frame, the origin of which is theecehtotation (CoR) of the joint. This

origin can be fixed or defined to move in tif@d]. MSK models typically definde joint locations

and orientations (and thus the body offsets in translation and orientation) based on anatomical
definitions following established guidelines, such as those provided by the International Society
of Biomechanics (ISB)82]. These definitions are based on palpations, performed (virtually or
physically) to identify anatomical landmarks on a bone. Of particular interest to this thesis is the
definition of the IVJ according to the ISBaommendations. The origin of the joint is defined as

the point where the lines passing through the centres of the endplates of the adjacent vertebrae are
coincident, if the lines are parallel then the +p@nt between the adjacent endplates is taken
(Figure1.6). To define the orientation, the Y axis points cephalad, the Z axis passes through the
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origin and is parallel to a line defined by similar gsion the bases of right and left pedicles, and
the X axis points anteriorly and is perpendicular to the Y and Z axis.

The joint themselves are frictionless, and the number of degrees of freedom (DoF) can be
constrainedWhen modelling thdVJ there are si DoF to considerThe translatioralongand
rotationaroundeach axis are the followinghe Y axis is inferioisuperior translation, and about

the Y axis is axial rotation, along the Z axis is-lgght translation, and about the Z axis is flexion
extension, along the X axis is posteféotterior translation, and about the X axis is rigfi:-le
bending[82].

Line parallel
to Z axis

Figure 1.6: lllustration of the intervertebral joint definition following the ISB recommendations, tle&origin of the joint is the
intersection of the lines passing through the centres of the endplates, assuming the vertebrae are coplamfjmigon of the
Z axis is parallel to a line connecting two points placed on similar points of theobéseright and left pedicles.

1.4.4.Musculoskeletal Modellingi Muscles

A rigid MBM wil/l move following Newtonds | aws
These forces may be internal to the model in the form of actuators or passive elements such as
springs or they may be externally applied loadibe representation of muscles is especially
important in MSK modeldMuscles have been represented wahous models includinguxley-

type model483], continuum modelf84], nonlinear analytical model@5], and most commonly

Hill -type model$86]. Huxley-type model®xplicitly model the actin and myosin interactitm)s

allowing for accurate redime forces estimation (for example grasping forces) by detailed
modelling of the muscle motiof87]. Continuum modelgan account for theffect of contact
between bone and musgclaternal load distributionsand spatial properties (such as fibre field
architecture and local activatiof®4,88] A non-linear analytical modéiasenabled more accurate
modelling of highfrequency muscle twitch than other types of mof&3$. However, all of these

models are more complex and computationally expensive than theypdélimode[84i 87]. Hill -

type models havacceptable predictive capabilities for many applicatibase been validatefibr

many cases, and have been used in conjunction with various experimenta[86jusirther,
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they have becomeasily accessible as they are included within widely used MSK modelling
softwares such as OpenSim and AnyBo[86i 91].

The Hill-type muscle model

Given the extensive use of the Hijpe model and OpenSim is used in this thesisuainct
description of the Hittype model igpresented, while recognisingattthe modelling of muscles is
not central to this thesi§or an in-depth and comprehensive discussion see the reviedaltigt
et al.[86].

To simplify the reality of biological stems,the Hill-type muscle modelepreserd the muscle

(which has a volume, and active (muscle) and passive (tendon) components) with a passive spring
element (to represent the tendon), in series with an active contractile element and a passive spring
element in parallel (to represent the musckayqrel.7) [92]. The muscle is attached to the tendon

atan angle, knownastpee nnati on angle (U), therefore the
force (3Q & "Q 0 ) and passive forcé & ), scaled by the pennation angle:

”n, g ey Q \0 n, N g n, 0 \d T ooy ’
g gda dot d%d Gédi
Egn.11

And this, assuming an elastic tendon and negligible muscle mass must equal the tend@h)force (
A damping factorf(0 ) can also be introduced, therefore:

g 9 a gt 3°%a 10 Héji
Eqn.1.2

The forcelength curves (both passive and active) are created by fitting the curves to experimental
data and it is recommended to adjust these curves to represent the subject ®@%88]y
Likewise, the other parameters, such as the pennation angle, therdlwcity cunes, and the
tendon slack length are obtained from experimental data, although calibration to the subject is
recommended93]. Further modifications can be made to these equations by assuming rigid
tendons when appropriate.

The parameters which describe the muscle model are crucial to the predictive capabilities of MSK
models[94]. Depending on the complexity of the model up to 23 properties carcloeed in the

model which can be described by up to 60 param@®éis Of these muscle forces arenost
sensitive to the tendon slack length, optimal contractile element length, and muscle isometric force
[86]. Thus,thedetermination of the correct parameter valiseanecessarglthough challenging

step for accurate simulations, and persaadilbn of these parameters is essential in personalised
models[86,94] To this endimaging data, such as MRI data, can be [@&4).
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Muscle

< (T —le— Mcosa »i

('y‘y'vlvlv
yyxx

Tendon

Figure 1.7: Hill -type musculotendon model, whei@is the tendon forcé‘ﬁ is the muscle forceéi\fs the tendon Iengthia? WEli
is the Il ength of the muscle in th® adisthedeadodomedengthfcuriel®e dt endon,
is the passive force length cupand the contractile element (CEYSQ & "Q 0 s the active force lengtturve, where thé
term is the muscle activation, the & term is the active force length curve, tiie0  term is the force velocity curvEigure

adapted from Millard et al. 201[®2].

fT i)

Attachment points between the muscles and the bodies sgieeipath of the muscle andhere

it applesa force The accuracy of the location of the attachment points can be improved by basing
them on imaging data. The muscle paths deterthimkne of action of the force produced by the
muscle. Thesimplestpath is a direct path between the attachment pdiftweve, this may be
unrealistic,and within an MSK model points and surfaces can be specified to better guide the
muscle path93].

The Hill-type muscle model has been applied in a range etamses, including musctendon
interaction[95], neuromechanidsuch as the electimechanical delay]p6], neuromuscular and
agerelateddisabilities[47], motor control[97], response t@erturbationg97], as well as for
various sport§98,99]and clinicairelated applicationd.00,101] Estimated muscle forcasealso
a critical factotin joint reaction force§102,103]

1.4.5.Musculoskeletal Modellingi Motion

Motion, such as bending over to pick an object up, is the resatt@iromuscular process, where

a signal is set to the muscles, which apply a force to cause the desired motion. MSK modelling
uses different methods to inviggtte motion, neuromuscular control and the associated forces
depending on the research question and the data available.

Inverse Kinematics

A motion capture system records the thdgaensional (3D) positioaf reflective markertghrough

time. With this data, a MSK model with corresponding virtual markers uses inverse kinematics
to calculate the joint angles and positions at a specific tiepe $he kinematics is calculated by
minimising the error betweethe generalised coordinates of teeperimental markerand the
correspondingirtual markers.
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Inverse Dynamics

Inverse dynamics calculates the joint forces and momenisNtS& model necssary to produce
a particular motion. A¥D & & given the joint coordinates and angles and the inertial properties
of the bodies in the MBIMhe joint forces and moments can be calculaiedifferentiation.

Forward Dynamics
Alternatively, the motion odn MBM can be calculated for a given force by integrating rudily
dynamics equations forward through time:
n on Pt 8nm O O

Eqn.1.3
Wheren is the accelerations) 1 is the inverse mass matrikjs the joint torques) nim
are the Coriolis and centrifugal forces, witthe coordinates, anflthe velocities]On is gravity
and "Ois the other forces applied to the modEhis requires the forces, internal (fexample

muscle) and external (for example ground reaction forces) to be kmdwch can be collected
using instruments such as force plates and electromyography.

1.4.6.Application of musculoskeletal modelling to spinal research
PassiveStructure Modelling

The ginal ligaments and the IV[Figurel.1) arepassive structurebmiting thejoint RoM[2,4],
which aidsspine stabilisation andre important forflexibility andload distribution[2,7]. The
representation of the mechanical properti@linear viscoelastic creep relaxation[2,4,8]) of
these passive structures within the IVJ of MSK modelecessary for an improved understanding
of the motion and loading of the spinéhaugh the havenotbeen consistently included in MSK
models[104]. MSK models of the spine haverith someexceptiond40,105] representethese
structuresusing a lumped parameter modeling a springlamper systeny3,51,69,106,107]
Experimentally &-by-6 stiffness matriXEqn.1.4) can be usetb describe the loatesponse curve
of the joint[108].

U ) ;Q jQ jQ jQ jQ jQ T
Vo og @ % 0 0 0L
Ip ] I~lQ ;Q ;Q ;Q ;Q ;Q nlT
110p I;Q ;Q LQ LQ LQ LQ A Yo
1iOn m Q QO Q Q Qnjvn
U"OU UTQ ’?’Q TQ ’?’Q ’?’Q TQ L’U’YU

Eqgn.14

Whereb ,0 , andd are the generalised moments 80d’O, and"Oare the generalisgdrces
that act at the jointalculated as the product of telements™() of the6-by-6 stiffness matrixand
the generalised rotations{, —, and—) and translations’Y, Y, and"Y) of the joint

To include the damping properties of the spralamper systema@ampingerm is introduce¢Eqn.
15).
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Wherethe generalised momenis (,0 , and0 ) andforces {O, 'O, and"0O) are the sum of the

product of the stiffness matr{&) and the generalised rotations and translations of the jeint (
—,—,"Y,"Y, and"Y) and the product of the damping matiy &nd the generalised velocities of
the rotations anttanslations{, —, —, Y, "Y, and"Y). This description includes coupled motion

of the IVJ A study of the coupling behaviour showed that coupled and uncopptatheters
should not be used interchangealilyther research is required tetdrmine if coupled parameters

are necessary or if uncoupled parameters are suffidiéi}. The most common approach is to
assume uncoupled properties, in which casdutmped parameter model simplifiesaaiagonal
matrix (Eqn. 1.6). Another motiving factor for the uncoupled assumptiomeéslack of available

data on coupledhotion which means characterisation of the coupled behaviour across all spine
levels is not pasible[109].

0o . Q T T T Tt s—, LA LS LSS LS LS o
o L ~ 'y 11 % s
Yoy o Q@ momom e TR TS LU LS LU L
Y n : : Q ~T[ n n I:'I'l_ﬁ : : W m m W T
| IOI-,I N Q Tt Tt I,II ]YI,I . w TT TT |’|I !IYI"I
glefy } Q allYn W Tt I,':!:YI,I
uwou 0 WYU S Gt
: u QW u w Ul"I vy,

Eqn.1.6

With this formulationthe lumped parameter model inclug®s DoF, in many cases the model is
further simplified by reducing the number of DEP4]. The IVJ load response curves are non
linear, MSK models have defined thgarameters have been as linear and -lmmar
[35,104,106,110,111The suitabiliy of the linear simplification is dependent on the use e

MSK models usually assign thesffnessparameters based on literature valfsem in vitro or

in vivo experiments which exhibit substantial variability{109]. The stiffness properties are
expected to differ between 1VJ ldgghowevereven at the same 1VJ levels substantial variation
is observedThis is expected due to differences in age, sex, and state of the discs, hoveeger
work is necessary to assess tliiea of these parameters on the stiffness of the jqirQ9].
Additionally, interspecimen is expected. Thus, selecting the appropriate stiffness pasamet
challenging.This challengds further complicated byhe diverserange oftesting devices and
methods,compressive loads and moments, loading directions, maximum Bodthe use of
multi-segment or single FSth experimental studies, all of whicire known to affect joint
stiffness[109]. Damping parameters have not been extensively studretithe limited available
data also shows large variabiljti12,113]
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The selection of the appropriate stiffness parameters is impastiémey affectgdicted IDPs and
muscle forceg72,106,107] Another important consideration is the pose of the spitargper
elements, they should leincidentand alignedwith thejoint to ensure the moments and forces
are applied in the correct directiofi6]. The joint location and pose therefore determine the
location and direction of the spring damper elemeBtadies havealso demonsrated the
sensitivity of the joint forcendpredicted muscle forces the joint location and pogé2,114]
Thus, there is likely an interaction between the joint pose and the ssifireperties which
influence model predictior{32].

A less common approach istepreseneach passive structu(®/D, supraspinous, interspinous,
anterior and posterior longitudinal, intertransverse, flavung eapsular ligamentsyith a
different elemenf40,105,115]Ligaments were modelled as ntimear springs acting in a straight

line [40,105] Parameters were based on literature data and attachment points based on CT data
[40,105] Different approaches werased to calculate the parameters, Rugipal. used
experimental data to define three regions (an initial region for ligament lengths less than the slack
length where no force is generated, a-tinear transition region, and a linear regipast the
transtion regior) [105] while Hanet al. fitted an exponential curve to experimental d4t.
Third-order nonrlinear polynomialg§40,105]and seconarder norlinear curveg115] have been

used to model the stiffness of the IVDamping parametetsave also been includedthin the

models of the ligaments adascs[105,115] The sudies suggest thteinclusion of the structures

is necessary to accurately model the spi®e105,115] howeverthere is limited data available

to determine the properties of the ligameid5]. This introduces the potential of unexpected
model predictios due to the influence of the dataset used and modelling choices (such as
attachment pointg)L15], which may be challenging to identify or understand due to the number

of paameters presenfdditionally, this approach requires experimental data for the individual
ligaments and discs in isolatiaor, stepwise reduction experiments to determine passive structure
propertied115]. The experimental datasets available for this thesiefnom spine segments that
included all of the ligaments and the IVD (without any steége reduction studies) therefore a
lumped parameter modelling approach was considered more suitable.

Model personalisation

If such models are to be clinically usefull@gree of personalisation is requiféd6], which has

been achieved to varying exteritdost studies introduce a degree of personalisation by scaling
the models and the relevant muscle propefd846,47,53,117]More detailed personalisation

has been achieved with imaging datar Example, CIlbased methods have been used to
personalise musculature and spine curvature in healthy indiviflillal$ The subjectpecific
geometries of the individual vertebrae have been created through segmentation of CT data
[48,52,118] this is necessary if subject landmarks are to be accurately iderd8¢dThe
landmarks determine the pose of the joj85118] the muscle attachment poif8], and when
ligaments are modeld the attachment points of the ligame®,48] The location of these
components influensghe force they exert on the bodiés,72] Studies have investigated the
sensitivity of spinal loads to muscle parameters, concluding that the line of action, the passive
stiffness, the forcéength curvethe maximal isometric force, and the sldekgth areall highly
influential [45,47,51,53] To some extenthese subjeespecific parameters can be determined
from medical imagefs1,117] Given thehigh intersubject variability45], this suggests a need

for subjectspecific muscle models.

16



The Spine and Scoliosis

Another study has investigated the personalisation of mass distribution across the spine levels
[119]. However, such studiegereoften based on healthy aduitdich are not representative of

the elderly oadolescenpopulationsindeed MSK models of adolescents asre with one stdy

having developed a set of models to represent individua&y@ars of agfL20]. Although these

are generic models, they are a promising starting point for the development of personalised
adolescent models. The development of scoliotic MSK models is uncommon as well, with one
method having been established by Basshal. [121], reused in a number of studid22 124,
andanother approacias established by Overberghal. [118]. However, these methods rely on

EOS imaging date&Some of thesecsliotic MSK models have been used to investigate vertebral
compressive forces and muscle actifityz2,123]and, within commercial software, surgical
correction of scoliosif34].

Personalisation of the passive structusesucial wherncreatingpersonalised MSkpinemodels

and simulating surgiclacorrections[125]. Methods to find personalised IVJ parameters have
recently been introducg®2,126] while another method relying on functional bending tests has
been used to personalise the stiffness in scoliotic pafi#d?§. Further research is required to
investgate the sensitivity of parameter personalisation to the joint pose definition, as well as
investigations into the spinal level dependency and-sBubject variability for these optimisation
techniques.

Clinical application and modelling of spinal defotras

Generic MSK models have been for clinically related research questions. Sensitivity studies have
varied the spinal curvaturenuscle morphologj44], and muscle streng(to represent ageing and
sarcopeniap47] to investigate vertebral fracture risk

In order for MSK models to be applicable within clinical scenaging to accurately represent
spinal deformitiegatientspecific models areecessary. Aaumber of studies have established
methods of generating patiespecific models from radiograpifi34,118,121] most often using

the EOS imaging system. This enables the personalisation of the individual vertebral geometries
with a manual segmentation st¢pl8,121] The resulting models accurately represent the
vertebral orientation within“4and position within 4mnfil18,121] Despite the accuracy of these
models, the musculature is either excluded from the model or without wrapping stofgoete

the muscle pathid418,121]

Personalized models have been used testigate the biomechanical behaviour in the case of
spinal deformitiesMuscle activity and compressive vertebral loads have been sfa@®d 23]

which has found a correlation between the curvature asymmetry and asymmetteforgss as

well asa correlation between the curvature and the compressive fdr2z2sl 23] However, the
muscle parametergere personalised by scaling the physiological esgsdional area, this simple
approach may not be sufficient for personalising the muscle properties in the case of spinal
deformities. Furthermorenty mild to moderatecoliosis casewere considerefll22,123]

A more direct clinical application of MSK modeligs been to investigate and predict surgical
correctiong34,35,128,129]Aubin et al. developed a software platform to aid surgical planning,
implementing the simulation of several different correction technifd4gsOthers have focused

on the influence of the rolef different parameters when a surgical intervention is considered by
simulating the correction achieve for many different combinations of the parameters. A study
focusing on screw density found that density did not seem to greatly influence the degree of
correction in the coronal and sagittal planes, but it did in the transverse plane and that lower screw
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density was associated with lower forces at the {sonew interfacd129]. However another

study, which simulated the correction from 1080 different possible combinations of 5 parameters
found that higher density was correlated with greater corrd@&nAlthough, of the 5 parameters
considered, the parameter with the strongest correlatibie tiegree dcorrection was the number

of fused levels, not screw dens[B85]. The possibility of complications peseperation has also

been considered, by running inverse simulations, muscle forces and joint forces were calculated
pre and posbperation[122]. Correlations were found between the joint loads and the change in
alignment due to the surgery, implying the change in alignment could contribute-tppoation
complication risk§122].

In summary, MSK models have been applied to model spinal deformity in a range of different
clinical contexts. However, efforts to accurately generate patpetific models of spinal
deformities are still ongoing. Additionally,ghy can be wuseful to invest:i
surgical scenarios, but the results from such studies need to be carefully inteapresedts can

be contradictory which may be due to simplifications and assumptions applied to theanmbdel

thereis a lack of experimental data available for validation

1.5. Aims of the thesis

This thesis aimto investigate the characterization of the 1VJ for MSK models, with the scope of
contributing to the development of patiamtecific models of severe scoliositie work attempts
to meet this aim by dividing it into several objectives:

1 Implement an optimization method to determine sulgpetific stiffness parameters of
the 1VJ.

To better understand tlsensitivity of these optimized parameters to the joint pose
To investigatehe importance of the level and subject dependency.

To prepare a framework whickould enablethe incorporaion of subjectspecific 1VJ
parameters into a scoliotic model dgvelopng a patientspecific scoliotic MSK model
from a generic healthy spine model
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Computational modelling of the scoliotic spine: A literature review

2.1.Abstract

Scoliosis is a deformity of the spine that in severe cases requires surgical treatment. There is still
disagreement among clinicians as to what the dirsuoh treatment is as well as the optimal
surgical technique. Numerical models can aid clinical decisiaking by estimating the outcome

of a given surgical intervention. This paper provided some background information on the
modelling of the healthy spe and a review of the literature on scoliotic spine models, their
validation, and their application. An overview of the methods and techniques used to construct
scoliotic finite element and multibody models was given as well as the boundary conditibns use
in the simulations. The current limitations of the models were discussed as well as how such
limitations are addressed in nsooliotic spine models. Finally, future directions for the numerical
modelling of scoliosis were addressed.

2.2.Keywords

Scoliosisscoliotic spine, review, multibody modelling, musculoskeletal modelling, finite element
modelling

2.3.Introduction

Scoliosis is a pathological bending and twisting of the gdidgin three dimensionf®,130] It is
defined as a spinal curvature in the coronal plane (i.e. the Cobb angle, the angle between the
endplate of the two vertebraa either side of the coronal plane cufl€], see Stokest al. for
further detaild12]) exceeding 10f10], with recognizable rotation of the verteb[a8,131] In
adolescents, scoliosis is a common, yetrlyamderstood, spinal deformity. Reported occurrences
normally range between 2 and §%,131,132] and roughly 80% of cases are idiopatfif].
Notably, above a Cobb angle3°, risks to health seem to increase with the dagld31] These

risks include back pain, mental health issues related to appearanés;,a@spiratory and other
physiological problems which in severe cases may lead to fgat81,132] Therefore, based

on studiesof the North American population treatment is suggested for Cobb angles above 20°
[131] (i.e. approximately 0.3% of casd4B1]. Surgery is only recommendedsavere cases of
Cobb angles above 50%0,133] Surgery is associated with a complication risk of 5% to 25%
which includes neurological injury, blood loss,ungs due to positioning, infections, flatback
deformity, and proximal junctional kypho$is34] and results in a permanent reduction in mobility
when fusion is usefll33]. The surgical planning for scoliosis treatment is complex and -multi
facetted, thus there is a high variability in the treatment that is considered dpong#]. While

there is clear scope for patiesgecific models to prect the outcome of corrective surgdiys5],

we are far from wdespread use in clinical practice. While there is extensive literature on the
computer modelling of spine biomechanics, ther@dkear need for a systematic review of such
literature, specifically targeting the modelling of the scoliotic spine, antsé&sn the planning of
corrective surgery, as it would provide an essential starting point for any coraledrsurgery
development in this area.

The biomechanics of the spine can be idealised by modelling the dynamics assuming vertebral
bodies as infiitely rigid, muscles as linear actuators, and all the other connective tissues as
lumpedparameter idealised joints that link the rigid bodies in a Amakily model (MBM). Under

these assumptionthe biomechanical behaviour can be described in termedri@y Differential
Equations (ODE). However, MBMs are not suitable for investigating internal stresses and strains.
To do this, we need to assume that all tissues are deformable continua, whose biomechanical
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behaviour can be described in terms of padiiférential equations (PDE). Being these bounédary
value problems the most convenient numerical integration scheme for such mathematical models
is the Finite Element Modelling (FEM) scheme. FEM assumes appropriate constitutive equations
for each tissue pe to predict the deformability of all different tissues. These two modelling
methods can also be combined to produce hybrid m¢tesd. Hybrid models integrate FE and

MSK models,utilizing the FE model for a detied representation gbassive structures (IVDs,
ligaments, facet jointsjertebrae surgical instrumentatiorgnd the MSK model for the muscles
andanybodies whiclthe researcheronsides rigid [1361 140]. This approach seeks to overcome

the limitations of the two modelling techniquékhere are two categories of hybrid models:
coupled and uncoupled. Uncouple modatsnbine the independent models by using them in
separate distinct steps. MSK models are used to calculate the muscleafatdeads and large
deformationg136,139] these are used as inputs to the FE moatiedh calculated the stresses and
strains within passive element$136,138,139] This approach maintains the computational
efficiency of the MSK modelsimulation of the muscleshile providng more realistic boundary
conditions to the FE mod#d simulatenternal stresses and strai@@upled hybrid model®llow

the same principles, using MSK models for the muscles, and FE models for passive structures
(IVD, ligaments, &.), howeveythe models areither directlyintegratedor integratedvithin an

iterative feedback loog137,140] The MSK calculates the muscle for@axlapplies them to the

FE model to calculate the reaction forces from the passive elemeese fbinces can then be used

to inform the next MSKsimulation, and the loop repeats until convergence. Coupled hybrid
models are considered the gold standarith better accuracy than other modelling methods
however these benefits require much higher computational ¢&8t%,139,140] These models

vary incomplexity and detail, with differing degrees of personalisation. The importance of model
personalisation has been highlighted in many studies; height, weight, muscle and bone
morphology, and subjespecific material properties have all been shown to ataymportant

role in simulation$117],[70].

In the last two decades, the interest in computer models of the spine rapidly increased. Several
papers and a few reviews were produced on the topic. Driessthakfreviewed the literature
focusing on the quantification of thealds acting on the lumbar spifigl1]. They reviewed both

in vivoand modelling studies, focusing the latter on MBM models, and categorising them on the
basisof the approach used to estimate muscle forces. They concluded that the main limitation of
current models is the modelling of the intervertebral joint (IVJ) without a translational degree of
freedom, and the balancing of net external moments at a goigtgf141]. Alizadehet al.
reviewed the literature focusing on studies modelling the cervical spine, which are most commonly
employed to study impact coitidns [51]. MBMs were the most commonly used, followed by
hybrid models and then FEMs. They suggested that in this case, the main limitation was the lack
of detail in the musculature modellinfb1]. Both reviews identified greater personalisation of
models, and the use of patiagecific electromyogram (EMG) and kinematic data, as [sioi

areas of future works1,141] Wanget al. reviewed publications studying the biomechanics of
scoliosis, but they only considered studies using FHKNR]. Tot he bes't of t he
knowledge the only review on the computational modelling of scoliosis which also addresses
some studies using MBM was the paper by Jalataad. [143]. Theyreported quite a few FEM

based studies, but a very limited number of MBlbsed ones. In the context of scoliotic spine
models, MBMs rarely include the facet joints explicitly but often included the muscles.
Converselyas the review by Jalaliaet al.[143] noted FEMs often included the facet joints but
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rarely the muscles. Other reviews on the computational modelling of scoliosis and related surgery
are not in Englisii144,145]

These paperfl42,143]provide systematic reviews of the literature which models the scoliotic
spine until 2014, howevgenone of these papers review the literature published after 2014. Some
focus only on specifisegments of the spine and do not specifically target the modelling of
scoliosis which typically spans over long spine regions. Some consider only specific modelling
methods. Thdalalianet al.review was published in 2013, and since then a consideralyibar

of modelling studies were published, and the methods for pafpetific modelling have
significantly improved.

The aim of the present study is to systematically review the literature focusing on the numerical
modelling of the scoliotic spine, itse for surgical planning, and understanding the biomechanical
properties of the scoliotic spine. Papers will be reviewed in terms of: whether the model is scoliotic,
the segment of the spine being modelled, the patient specificity, if the model tamepitsrma
subjects, and how the model is used in a surgical context. First FEM and then MBM will be
discussed; the capabilities of stafethe-art models and their limitations for both methods will be
discussed and avenues for future work will be idemtif&nce scoliotic spine models (both FEMs

and MBMs) are often developed from models of healthy human spines, it seems appropriate to
begin with an introduction to healthy spine modelling.

2.4.Method

A first list of potentially relevant publications was geated by running systematic searches on

the PubMed and Scopus indexing services between the period of March 2020 to October 2020.
The two searches were conducted wusing the ke
Omul ti bodyd) and )( 6ANND ndasl pbi nGRO O6ANNeDa | (tohfyioni t e el
In addition, an unstructured search was conducted on Google Scholar looking for papers missed

in this first search. A second list was generated by scanning the bibliography of the paper in the

first list.

Articles in this master list were first filtered by title if they were animal studies or were not studying
the spine. Additionally, they were excluded if they failed to address one of the following
categories:

1 Scoliosis
1 Surgical procedures related tambBosis
1 Biomechanical nature of the spine
1 Paediatritadolescenspine
Following an initial filtering by title, the studies were filtered by abstract. Studies were excluded
if:
FEM or MBM was not used
the focus of the study was on bractrgatments
solely the instrumentation was modelled, or prosthetic device design was the focus
less than one functional spinal unit was modelled
the study examined the aetiopathogenesis or progression of scoliosis
the focus of the study was gait analysis

= =4 =4 -8 8 9
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Searches focused on articles p2813 as previous review papers have looked at both FEM and
MBM of the scoliotic spine until that date, howeyvarticles pre2013 were not excluded.

Studies found through search of
data bases:
1600
Studies excluded due to overlap,
title or abstract:

1444

Studies selected for full article
assessment:
156
Studies excluded after full
reading:
40

Relevant studies included in
review:
116

Studies specifically modelling Studies on relevant issues included
scoliosis included in review: in review:
64 52

Figure 2.1: Flowchart of article selection

2.5.Finite Element Models of the healthy spine

2.5.1.2D FEM Models

2D models have been used in preliminary studies and to study large numbers of spine shapes.
Galbusereet al.investigated the influercof sagittal balance on lumbar loading. Galbusé.
simulated many (1000) different spine profiles and included muscle fd4&F This approach
enabled them to investigate trends rather than specific cases and to show that the C7 plumb line,
the sacral slopgnd the lumbar lordosis are all critical factors affecting the lumbar loading. The
C7 plumb line is the horizontal distance between a vertical line passing through the centre of C7
and S1[147]; the sacral slope is the angle between the upper sacral plate and thetdl¢iz8j

The author would direct the Reader to Jackson and McMddr$ and DuvalBeaupéreet al.

[148] for the respectiveefinitions.

ZanjaniPouret al.[66] developed a 2D model with a poroelastic intervertebral disc (IVBgir
results showed that pore pressure was highly sensitive to the applied vertical translation and
marginally sensitive to the Youngb6s modul us o
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2.5.2.3D FEM Models
Geometry

Most models are created from computechography (CT) scans, either directly or by the scaling
of a previous model, howevehe musculature is rarely included. A few studies have focused on
the creation and validation of mod¢&5,149] The model developed from CT images by Mills
and SariguKlijn is one of the first young (2@earold) female model§149]. This provided an
initial model for future studies on the young female spine.

The natural curvature of the spine affects its response to loading. Nasexklhhlshowed the
degree of lumbar lordosis substantially affected the load sharing in the facet joints and the
ligaments when a follower load (a compressive force which acts along a line which follows the
curvature of the spine) and moment were appli&d]. Based on the investigation of 480 different
curvatures, increasing lordosis correlated strongly with higher anpersteriorshear loads in the

IVDs, in particular the L51 and L1L2 IVDs [151].

Otherg38,152]investigated the influence of the IVD geometry on the FJF, the intradiscal pressure
(IDP), range of motion (RoM) and kinematics. These studies highlighted that the FJF, IDP, and
RoM are most sensitive to the disc height, widtd aagittal dimension, the influence of each
geometrical parameter depended on the movement.

Constitutive Equations

The material properties are an especially important consideration when creating aspdujiict

model due to the naturghriation between subjects, which will be exacerbated by pathologies;
however, these are most commonly taken from literature. Jebassekdninvestigated the
sensitivity of displacement and deformation of the spinal components to different material
paraneters under different loading conditions aof al-S1 model of an eightearold. The
material parameter the response was most sensitive to depended on the loading condition, for
examplethe model was most sensitive to IVD properties in compression ligémoent properties

in flexion [153]. A sensitivity study of the RoM and the IDP to the IVD material model showed
less than a 3% difference between linear andlim@ar (hyperelastic MooneRivlin for the
nucleus pulposus and the annular ground substance anlih@®n stresstrain curves from
literature for the fibres) mode]65]. They found no significant difference between the results for
the linear and nctinear models when a compression of 300N and flexion 7.5Nm were
simultaneously applief65]. Typically, 300N is less than 0.5 body weigimdthus is a smaller

load than the IVD willhormdly experience, especially in dynamic conditions and actiVidi2k
Non-linear models of the IVD show rapidly increasing stiffness compared to a linear model as the
load increases. Therefore, a linear model that pedarhparable motiomo a nonlinear model
under 300N,will predict larger motions at higher loads, énce, linear modeldave limited
applicability.

The use of generic material parameters from literature is a common simplification in many lumbar
spine model§l154]. Schmidtet al.established a method for calibrating the matgr@ambmetersf

a specimesspecificannulus(the ground substance and the fibrteshccurately predidche RoM

A unique combination of parametexsuld accurately predi¢he RoM for eaclbending moment
(flexion, bending, axial torsion), ie. three unique combinatidhewever, to find asingle
combination of parameters that accurately preditteBoM for all bending momerst the annulus
needed to be modelled in greater detail by dividing it into ggons with local weighting factors.

They conclucedthat only one specific set afaterialparameterand weightingsvould correctly

24



Computational modelling of the scoliotic spine: A literature review

predict the RoM forall loading conditiong154]. This model only included the IVD. When
Naserkhakiet al. used eight different databases as #wource for the material parameters of
ligaments and were unable to predict the RoM, IDP, ligament force/deformation and FJF within
one standard deviation of the mean friorwivoandin vitro data. They suggested validation using
solely RoM is insufficiat because of the large variation of ligament material properties between
subjects[57]. For a stronger \taation, comparisons should be made with ligament, VD, and
facet joint strains and forces, CoRs, and IDP, howekieipaucityof such data limits the extent

to which these comparisons can be made.

As Fanet al.noted, poroelasticity is an important consideration under vibrational loads in order to
observe the timelependent vibrational characteristics; howewermost studiesthe porous
material properties were not modelld®5].

Boundary Conditions

Thetem Aboundary conditionso refers to the forc
a part or all of the simulation. This should not be confounded with initial conditions which are the
forces and kinematics of the model in the first instant of alaiion. Both force and displacement

have been used as boundary conditions, force boundary conditions are often applied via follower
loads which require careful tuning; while displacement boundary conditions require kinematic
data, which can be challengitmgather.

Boundary conditions in terms of displacementgei@een derived fronguantitative fluoroscopy

[156], plane radiographg6l], stereophotogrammetry157], and motion captureg158].
Quantitative fluoroscopy all ows continuous | m:
is limited to 2Dimaging[159]; alternatively biplanar fluoroscopy enables 3D imaging however
exposure to high radiation dosage is a confH0]; stereophaigrammetry has been accurate to
0.5¢e but the subject must b[El]singetplane radgogrgphd ur i n
have achieved similar accuracy and are less invasive but are limited to static imagésaa]2D

motion capture provides a continuous position however suffers from associated soft efscis art

[163]. ZanjaniPouret al. predicted intervertebral disc stresses consistent with literature using
displacemenboundary conditions. However further work is needed to reduce errors in mapping

the motion[156]. De h g h a n ethh[@lhused displacement boundary conditions to validate

a model agaist the loading in the ligaments and IValidation againsEJF proved challenging

due tothelack of data and the difficulty in modelling the facig$]. Shojaeiket al. suggested that
displacement boundary conditions could be used in conjunction with optimisation techniques to
estimate muscle forces in FENIG4].

Boundary conditiongan also be applied in terms of loads, which can represent body weight,
muscle forces, and external loads. FEosimpler representation of the local muscle forces,
Rohlmannet al. lumped them together into a single follower Igatbads that represent bpd

weight and occasionally muscle for¢é8] and intraabdominal forcefl65]. They were then able

to include individual loads for a few global muscles and simulated realistic results. However
representing the local muscles with a follok@ad caused the IDP to be slightly larger than it
should have bee[68]. Investigations have demonstrated alterations to the fallévesl path
substantially influenced the deformation the spinal segment undergoes, thus the path should be
optimised in order to achieve more realistic motions and-¢@ag/ing capabilitie§166i 168].

Studies have modified the location of the path to optimise it such that bending moments and shear
loads were minimiseflL68] or the predicted RoM, IDP and disc bulging matched those reported

in theliterature[167], both studies concluded the path should be posterior to the centre of the disc.
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The nclusion of a follower load influenced and limited the possible position of the centre of
rotation(CoR)[57], through which the follower load should ideally pe<€8]. Forestcet al.found

spinal stability was only maintained if the path passed through a specific region for a given posture
[169]. In addition to the posturéhe optimal path was influenced hetmagnitude of the follower
load[168]. Dreischarfet al. simulated realistic motions by optimising the magnitude to minimize
the intervertebral rotatiofd70], in another study the magnitude was optimised to minimize the
IVJ load[169]. In a number of studiethe follower load has been assumed to beitad&pendent
[60,141,150] According to Azaret al.[171]this is not the case. They used a hybridl l4model

to determine the follower load for specific tasks. Hybrid models have used MBM to calculate the
muscle forces which are then applied as force vectors at the releaahtr@@nt points in the FEM
[172,173]

Occasionally, the muscles and the iratmominal pressure are explicitly modelled, with various
degrees of complexitj67,151,174] One approach is to combine a FEM and an optimization
method to calculateuscle force§l51,158,164,169]in other casesnuscles are modelled simply
using tension elemenfs74] while a more sophisticated model has also accounted for the muscle
geometry and alatecture[67]. The nclusion of the muscles and the irtdadominal pressure
decreased the predicted stress in the 1Y@7s174]

Nonlinearities

It is generally accepted that the biomechanical properties of soft tissues show marked non
linearities, although there has been little investigation into the error dayisedlecting such nen
linearities. Lineaf156] and norlinear element§l58] have been used to model the intervertebral
joint (IVJ), a lumped parameter which represents some or all of the passive components (IVD,
ligaments, cartilages) between twqaant vertebrae.

Other studies have modelled the individual components of the IVJ. Lit®3rand norlinear
(most often hyperelastianodels[57,61,65,149,150,155,167,16Ba4ve been used for the IVD,
often modelling the nucleus pulposus and the annulus fibrosus separatelinddoimyperelastic
eqguations described the RoM much better than linear equatioego the intrinsi nature of the
IVD [175]. However, this model doe®t account fotheviscoelastic behaviowf the 1IVD which
has been experimentally obsery&d6].

The ligaments have been modelled as both [indd63,169] and norlinear
[61,65,149,150,55,167] Naserkhaket al.found a piecewise linear model fromiarvivodataset
best predicted the meam vitro rotations, and higher ndmearity caused greater movement of
the instantaneous centre of rotat[6id].

Personalisation

Models can be personalised by the geometry, the material properties and the loading conditions;
the extent of personalisan of each can vary, both geometric and material personalisatien ha
been shown to be crucial for accurate simulations. As Naser&haknoted, to fully personalise

a model in all of these aspects is nearly impossible. Personalisation of the reuofdhe spine

was an important factor in the load sharing between the various spinal components and in the spine
stiffness as it determined the disc weddib§0]. However, personalisation of the curvature was
insufficient to accurately predict the load sharjhf0]. Scaling a model to personalise existing
models was not suitable for estimating FJF due to high sensitivity to the facet surface shape and
orientation[61].
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The FE moded of hybrid models have been personalised using scaling metbodsidering FE
models in this context, wheyassive joint propertiaserepersonaliedbased on subject sex, age,
body weight and height,for subjects of similar body weight (5 kg rangeaj} large angles
substantial differences in shear and compression loadspsedected[165]. This supports the
findings of a similar study that fourmbdy weight had the greategtecton predicted loadd.77].
This is to be expected asdy weightwasalso afactor definingthe boundary conditiongurther
analysis of factors used to inform the scaling of the properties revealgut éohdions were most
sensitive tahefactors that definedhodel boundary conditionge. trunk flexion angle, load and
moment magnitude, and loading asymmégirgg]. Other factors that informed the scaling factors
(sex and body heighbut had little influence on the boundary condititvasl little impac{178].
Thus, for subjectspecific models, defining subject/tasgecific boundary conditions are more
important than the material parameters

A limitation of personalised models is that they cannot be usefetothe mechanical behaviour
of the spine in the wider populatias there is much inteubject variability in such modefs4].

A brief overview of the FEM modelling of the healthy spine has been presented. The present paper
aims to address the modelling of the scoliotic spine thus a malepih review of healthy FEM

spine modking is outside the present scope. Recently, both Ghezethasiil 79] and Dreischarf

et al.[141] have coducted literature reviews that focus on theitro, in vivo (respectively) and

in silico studies (both); the Author recommends referring to these reviews for greater depth.

2.6.Finite element models of the scoliotic spine

Geometry

The majority ofscoliotic spine FEMs are developed from planar and tomographic radiographic
images

Table2.1) and include the entire spine in the modedlfle2.2) however the rib cage was rarely
included. The curvature and rib cage have played important roles in the loading of the spine. This
enables a higlevel of g@metrical detail to be captured, including the facets which require manual
segmentation as automatic segmentation tools cannot yet detect the gap between articulating
cartilageq4180]. In the creation of such models, geometric uncertainty due to user identification of
landmarks and bony structures needs to be considered. Little and Adam measudusartrer
geometric uncertainty. The most substantial geometuioegrtainty was in the angle of the facet
joints in the coronal plane, and consequerttlg endplate angle, which was comparable to the
accepted clinical variation. The effect of the operaigpendent geometrical uncertainty was
minimal on all the measead output parameters except the estimated[HIP The geometrical
variationof the intravertebralisc space was important in determining the degree of deformity and
the extent of possible correctifitB1]. As the authors stress, these results are-afisarver rather

than interobserver variations arttie sensitiviyy of the parameters was only tested for a fulcrum
bending tesf39]. Interobserver uncertainty ctiibe greater than the intodbserver uncertainty

and the effect could be greater under different loading conditions.

Manual segmentation of the spine is a tioo®suming proceqd482]. Hadagaliet al. proposed a
semtautomatic technique to morph an already segmented spine onto a scoliotic spine based on
landmark selection using a dediging method[182] (see[183] and[184] for further details).
JobidonLavergneet al. have also investigated the use of an automatic segmentation method.
Additionally, they investigated the possibility of using the-pperative shape to enable intra

27



Computational modelling of the scoliotic spine: A literature review

operatve surgery planning, by registration of the -pperative geometry onto int@perative
imageg185].

Geometries are often constructed from-pperative standing images, which may result in a
different geometry to the intr@perative one, as scoliotic curvature reduces when in a prone
position[186]. Simulations have modelled the reduction in curvature due to prone positioning,
patient weightand surgical bed configuratidd87]. This has resulted in curvature reduction
ranging from 7% to 26% depending region of curvafli&/]. Therefore, ecounting for the
difference could improve surgical simulation predictiph86] and as the prone position may
inform surgical planning its an important consideratiofRurthef FEM studies are required to
fully understand the impact of assuming an uprigisifion on surgical predictions.

Scoliotic spines are categorised by different types of curves. The importance of accounting for the
curvature type was demonstrated byelial They modelled three different curve types, under
axial vibrational loading (exposure to vibrations has been associated with spinal proatems),
there was a different response for each {{188]. Validation proved challenging, and the model
excluded any poroelasteffects which as discussed earlier can be important under vibrational
loading. Other studies haverther evidenced the importance of the curve type. Thoracic curve
types have been shown to lead to asymmetric pressure distributions in the lumfEB9Y/Curve

type and severity influenced the centre of pressure in the Slagdpmbar curves affected the
sacral loading more so than other curve tyjft86]. Scoliotic severityalso affected the FIFnder
compression and a bending moment higher FJFs were predicted on the convex and concave side
when the Cobb angle was abambelow 20°[59].

Very few studies have included the rib cagjal{le2.2). However Jiaet al. showed that the rib

cage played an important role in the stabilisation of the spine, especially the scoliotic one, and
reduced the maximum Von Mises stresses and displacefi®its The rib cage, ligaments,
vertebrae and IVD were examined and the magnitude of the maximum Von Mises stress and
displacements reduction ranged between-53.4% (in axial compression an increase of 31.5%)
and 2.116.9%, repectively, depending on the loading directj@f1].

Constitutive Equations

The material properties of both bone and soft tissues are often taken from literature measurements
without personalisation Table 2.1). In the case of adolescent idiopathic scoliosis (AtBis

presents a twofold problem, firstly there is very little literatdata on the mechanical properties

of adolescent tissues. Secondly, there has been very little consideration regarding potential
differences between the tissue properties of scoliotic anescaliotic subjects. Cheukt al.
suggested there could be difénces in the stiffness and failure load of bone. Using personalised
micro-FE they found the scoliotic subjects had weaker bones, howthigris potentially
accounted for by differences in levels of physical activity and calcium ifi&#3, regardless of

the cause the differences need to be accounted for in models. Although the study was performed
on the radii rather than vertebrae, other studies have suggested changes in bone properties of the
radii are reflected in changes in the vertelpi&2]. A review paper by Let al.supported the view

that lower bone quality was prevalent in scoliotic subjét®3], building on this Songet al.
investigated the effect of low bone quality. With a geometrically personalised scoliotic model,
three different Youngds moduli were assigned
lower bone quality elevatedglrasymmetrical loadingffect, already present due to the curvature

of the scoliotic spin¢l89].
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Bergeret al. determined personalised 1VJ stiffnesses for five AIS subjects iinonivo spinal
suspension tests using a FEM. Despite simplifying the joint as a lumped parameter, this still
demonstrated a statistically significantfdience in subjeespecific stiffnesse 94]. Zhenget al.

created a geometrically personalised degenerative scoliotic model, they used two se¢siaf m
properties one represented normal young subjects and the other represented elderly degenerative
scoliotic subject$195]. They simulated aex vivostudy conducted on young and elderly hon
scoliotic spines (data for scoliotic cases was not available) and compared the predicted motion to
the measured motion. The model representinglgldegenerative scoliosis predicted a difference

in motion of up to 24% compared &x vivodata of the elderly neacoliotic spines, a similar
difference was observed between the model representing normal young subjectsexndvbe

data of young noscoliotic spines. Zhenet al. suggested this evidenced the need for pathelogy
specific material propertig395].

Boundary Conditions

While healthy spine FEM have used displacement and force boundary conditions scoliotic FEM
used almost exclusively force boundary condgiomith the lowermost body completely
constrained, often to simulatediotic correction or study vibrational effects. To simulate the
scoliotic correction of patiergpecific models created from CT scans of 8 different patients Little
et al.used intraoperative force profiles measuredvoby strain gauge force transaus attached

to the tools used to apply a compressive load between the vertebral body[$6@&wsring the
scoliotic correction of 15 different patients. Applying one of three force profiles, the mean or the
mean plus/minus one standard deviation ofithévo data, they were able to predict the correct
Cobb angle for 7 out of the 8 subjefd81].

Li et al.investigated the effect of vibrational loading, an important consideration as vibrational
loading increased the risk of further deformation and has contributie kower back pain of

which scoliotic subjectare at greater rigd.88,191,197] Several differences were noted between
their results and similar studies on repoliotic spines. The scoliotic spine was less affected by
the follower load, but was more sensitive to vibnatiaith lower resonant frequencies and larger
amplitudesespecially in rotatiofil 98]. These differences can probably be attributed to geometric
differences because the study used literature data for the material properties which is based on
healthy spinefl98]. Other studies have investigated the scoliotic spine under vibrational loading,
expandinghe knowledge to include the effect in adult degenerative scoliosis[t83¢ghe effect

of curve typg188], and the rib cagfL91]. The findings of these studies have supported those of

Li et al, that the scoliotic spine has more resonant frequeracié a larger response than a healthy
spine. Thus scoliotic subjects are exposeadceater risk of increasing deformity, lesions at the
resonant frequencigd88,197] and injuries associated with vibratiof®91]. Further, sagittal
alignment of the scoliotic spine changed the response to be more similar to a healthy spine, which
would decrease the risk for scoliotic subjects when exposed to-wbdievibrationd199].

The joints applied between bodiase also an important consideration. &teal investigated the
simultaneous correction of scoliosis and pectus excavatum. The type of joint applied between the
sternum and the clavicles influenced the behaviour of the model: with the joint fully cortstraine
they showed a simple correction of scoliosis via spine stretafithgnot affectthe pectus
excavatum, howevewith the joint free in the sagittal plane spine stretching affected the chest
deformity [200]. As such, modelling sely the spine can miss important effects scoliotic
corrections may have on surrounding bodies.
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Haddaset al. used methods they had previously validg&&sl to create scoliotic spine models
[56]. They investigated the effect of fusion of vertebrae on load transfer. They found fusion
increased the FJF and the IBPthe adjacent levels, and decreased them at the fusefbi@vel

As with healthy spine models, scoliotic FEMs havduded intraabdominal pressui@90,201]

They found thepredicted IDP to be comparable to the IDP of-soaliotic subjects measuréu

vitro andin vivo. The predicted vertebral compressive forces were closer to the predictions from
other scoliotic models when the irlsddominal pressure was included, corngar toin vitro or

in vivodata was not possible to a lack of dd20]. Muscles have been represenivgch follower
load[197], or force vectas (calculated by MBMSs) in hybrid moddlk10].

Nonlinearities

Some scoliotic models considered the ligaments, the nucleus pulpostise andulus fibrosus

as linearandothers as notinear (Table2.2). When the facet joints are modelled, they are often
modelled as frictionless with a gap and a spring. In all césegparameters assigned have been

taken fromthel i t er at ur e. To t hewledlge thedre have beenhne studliast h o r 6
investigating the suitability of nelmear compared to linear material properties in the case of the
scoliotic spine, whereas such studies have been conducted in health spine FEM.

Personalisation

Personalisation of garetry was common, though less common material personalisation was also
performed Table 2.1), personalisation of both has been crucial to accurately predict scoliotic
corrections. Kamagt al. compared the spines of a healthy subject and a scoliotic subject. In the
subject with a Car angle of 24.4° higher muscle forces on the convex side were required for the
equilibrium. Increased muscle forces shifted the CoR, which increased the stress in specific parts
of the growth plat¢110].

The geometric personalisation alone was not enough toaety represent the scoliotic spine
[186]. Personalised geometry and individually representing all the soft tissue structures and
including the rib cage, was not sufficient to consistently predict a scoliotic correction within an
acceptable margifr0]. This suggestethatpatientspecific soft tissue properties are also required
[70]. Additionally, Dukeet al.includedthe effects of anaesthesia on the muscles and spine stiffness
by modifying the stiffness of the 1VJ, in doing so they improved the simulation predictions of the
intracoperative positiorj186]. Personalizing the spine flexibility and stiffness has substantially
improved the predicted adirotation due to a correction manoeuj@?2)].

Usingin vivoside bending tests to personalise the overall stiffness of the spine, some studies have
predicted the postperative curvature to within five degrees ahidal measuremen{436,203]
however an accuracy of teregrees has been reportd®7]. As Little and Adam noted, side
bending tests rely on the patismhuscle activation. They studied the characterization of the soft
tissue properties of scoliotic subjects using a fulcrum bending test (the patient lies on their side
over a rigid cylinder) which has the benefit of using the subjeatight and does noely on

muscle activatiorj204]. They simulated a fulcrum bending test using literateported values

for the soft tissue stiffnesses and an imagdpaged geometry. For six out of ten caslesre was

more than a 10% difference between the predicted and clinical flexibility. In these cases, the
sensitivity of the predicted flexibility to the costovertebraht stiffness was investigated. The
sensitivity was subjealependent. In addition to supporting the need for pasipetific soft tissue
stiffness they suggest finding the stiffness of a single tissue in this way is not possible. Rather
several tissuesontribute to the stiffness and it is better to consider an overall stiffa@4f
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Another method tpersonalise the soft tissue properties is to use a suspensidi8205] The

concept for all the personalisation methods is #raes to measure the spine curvature under a
certain loading and then to simulate the action. The component material properties or lumped 1VJ
stiffnesses are then calibrated such that the predicted curvature is similar to the measured
curvature.

Table2.1: Degree of personalisation for scoliotic FEM

Personalisation

Study Models source
Geometry Materials
Agarwalet al. (2015)206] Adaptrendogep?rewous No Literature
Previous model adapte! .
Agarwalet al. (2018)207] to CT scan No Literature
Aubin et al. (2018)208] Coronal and lateral Yes Literature
radiographs
Bergeret al. (2015)194] Corongl and lateral Yes Literature, perspnahsed witl
radiographs suspension test
Cahill et al. (2012)209] 3D model atlas No Literature, adjusted to
reproducen vitro results
Chenet al. (2020)210] CT scan ves Literature and bone based ¢
CT scan
Clin et al. (2019)211] CO“’”"?" and lateral Yes Literature
radiographs
Cobettoet al. (2018)205] Corongl and lateral Yes Literature, per§onallse with
radiographs suspension test
Previous model adapte: Literature, personalise with
Driscoll et al. (2012)187] to coronal and lateral Yes €, P .
. side bending
radiographs
Driscollet al. (2013)212] ~ Coronal and lateral Yes Literature
radiograms
Duke et al. (2005)186] Standlrjg and prone Yes theratur_e, persopahse with
radiographs side bending
Galbuserat al. (2015)213] Biplanar radiographs Yes Literature
Hadagaliet al. (2018)[182] CT scan Yes Literature
Haddaset al. (2019)56] CT scan Yes NAT just recreating
geometry
Jiaet al. (2019)188] CT scan Yes Literature
Jiaet al. (2020)191] CT scan Yes Literature
JobidonLavergneet al. Coronal and lateral Yes Literature, personalise with
(2019)[185] radiographs suspension test
Lafageet al. (2004)202] Stereeradiograph Yes Literature
Previous model
Li etal. (D11)[198] developed from a CT Yes Literature

s@n
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Little & Adam (2015)[39] CT scan Yes Literature
Little et al. (2013)181] CT scan Yes Literature, from multiple
sources, derived from adult
Little & Adam (2012)[204] CT scan Yes Literature, personalised witl
fulcrum bending
Little & Adam (2011)[70] CT scan Yes Literature
Musapooret al. (2018)74] CT scan Yes Literature
Atlas adapted to corona .
Pasheet al. (2014)190] and lateral radiographs Yes Literature
Atlas adapted to corona .
Pashaet al. (2015)201] and lateral radiographs Yes Literature
Rohlmanret al. (2005)214] X-ray Yes Literature
Rohimanret al. (2008) CT scan Yes Literature
[215]
Songet al. (2018)189] CT scan Yes Literature
Wanget al. (2016)59] CT scan Yes Literature
Xu et al. (2017)197] CT scan Yes Literature
Xu etal. (2019)[199] CT scan Yes Literature
Yeetal. (2017)200] CT scan Yes Literature
Previous model Literature, personalise with
Zhanget al. (2013]216] developed from CT scal ves side bending
Zhenget al. (2015)]195] CT scan Yes Literature
Zhouet al. (2020)217] CT scan Yes Literature
Table2.2: Components included in scoliotic FEM
Spinal Components modelled
Follower
Study segmen Facet loads
studied Rib cage jo?r?ti Intervertebral disc Ligament
- . 14% BW*
Agarwalet Nontlinear Mgtrlx I.. Hyper_elastlc Tension atTl
al. (2015) SIT1 Fibresi Nortlinear
[206] Soft contac Nucleusi Hvdrostati only +2.6% per
ucleusi Hydrostatic vertebra
Agarwalet Matrix T Hyperelastic 14?T81W
al. (2018) SI-T1 - - Fibresi Nonlinear - 2a60
[207] Nucleusi Hydrostatic +2.6% per
vertebra
Aubinet al. . x 1 , Linear
(2018) Pe.ll_\ils' gvi _II__ilrr:earr Ngg'n“tgi?r Lumped linear Tension nl?l\J/Zc%es
[208] one-Linea only
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Bergeret al.
(2015)
[194]

Cabhill et al.
(2012)
[209]

Chenet al.
(2020)
[210]

Clin et al.
(2019)
[211]

Cobettoet
al. (2018)
[205]
Driscoll et
al. (2012)
[187]
Driscoll et
al. (2013)
[212]
Duke et al.
(2005)
[186]
Galbusera
etal. (2015) L5-T1
[213]
Hadagaliet
al. (2018)

Haddast
al. (2019)
(56]

L4 -
T3/C5

T12-C6

T4-T12

Pelvis-
T1

Pelvis- CVJ- Tensior
T1 only

CVJ- 3D
elastic spring
with contact

SIL1

L5-T1

3D elastic

S1-T1 .
springs

T12-T1

S1-T11

Jiaet al.
(2019)
[188]

Jiaet al.
(2020)
[191]

Jobidon

Lavergneet

al. (2019)
[185]

Lafageet

al. (2004)
[202]

Li et al.
(2011)
[198]

SIL1

Sacrum Linear joint

Tension only

PelvisT1 .
spring

S1T1

S1T1

Lumped linear

Matrix T Hyperelastic
Fibresi Nortlinear
Nucleusi Incompressible

Frictionless

Soft contac Lumper linear

Matrix 7 Linear
Fibresi Linear
Nucleusi Linear

Lumped linear

Lumped linear

Annulusi Linear

Linear Nucleusi Linear
Contact,
piecewise 3D elastic elements
linear
. Matrix T Elastic
Frictionless ) N ;
Fibresi Non-linear
Gap 0.4mmr N .
Nucleusi Incompressible
- Matrix T Hyperelastic
Frictionless . .. yp .
Fibresi Non-linear
contact . .
Nucleusi Hyperelastic
Frictionless  Matrix i Hyperelastic
Linear Fibresi Non-linear
Contact Nucleusi Incompressible
i Annulusi Linear
Nucleus- Linear
- Solid elements
Contact Lumpgd torsmnalland
bending properties
. Matrix 7 Linear
Non-linear ) -
. Fibresi Linear
Friction

Nucleusi Incompressible

Tension i
only
Linear Sectional
BW
Linear Segmental
Tension BW
only
- BW
Linear
tension -
only
eligtic Segmental
BW
elements
Non )
linear
BW &
Non- muscle
linear optimised
path
400N
Non o
i optimised
inear
path
Linear
Tension BW
only
Tension
only Yes
spring
Linear
tension -
only
Linear
tension BWatT1
only
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Little &
Adam
(2015)[39]

Little et al.
(2013)
[181]

Little &
Adam
(2012)
[204]

Little &
Adam
(2011)[70]

L5-T1

L5-T1

L5-T1

L5-T1

Musapoor
etal. (2018) L5-T1
[74]

Pasheaet al.
(2014)
[190]

S1-T1

Pashaet al.
(2015)
[201]
Rohlmann
etal. (2005) T12-T1

[214]

S1-T1

Rohlmann
et al. (2008) L2-T3
[215]

Songet al.
(2018)
[189]

S1T1

Wanget al.
2016)59] >t
Xu et al.
(2017)
[197]

Sacrum
L5

Xu et al.
(2019)
[199]

S1-T12

Yeet al.
(2017)
[200]

T12-T1

. - Matrix i Hyperelasti i
CVJ and ribs Frictionless am "yp_e clastic Linear
linear elastic Soft contaci Fibresi Linear and noA i
Nucleusi Hydrostatic linear
Nortlinear Matrix T Hyperelastic  Linear &
. - Fibresi Linear non -
joint . . :
Nucleusi Incompressible linear
Matrix T Hyperelastic
CVJ and ribs Linear Fibresi Linear tension Linear i
linear elastic only
Nucleusi Incompressible
. Matrix i Hyperelastic
CVJ and ribs . : . yper on
; . Linear Fibresi Nonlinear . -
linear elastic N . linear
Nucleusi Incompressible
Nontlinear, Matrix i Linear Nor-
. . linear
- pressure Fibresi Linear : -
. . Tension
overclosure Nucleusi Incompressible only
CVJ-Linear o jinear :
tension only - . Tension
. Friction Lumped linear -
springs Contact only
Ribs- Linear ontac
Non-linear . Segmental
joint Contact Lumped linear - BW
Annulusi Linear Local
i i Nucleusi Linear i muscles at
vertebrae
. Non-
Linear - . .
. Matrix i Hyperelastic linear
- Compressio N . . -
only Nucleusi Incompressible Tension
only
) Matrix 7 Linear Linear
Non-linear . . )
- Fibresi Linear Tension -
Contact . .
Nucleusi Incompressible  only
Frictionl . i
ctionless Annulusi Linear Llneqr 400N at
- Contact N . Tension
Nucleusi Incompressible L1
Gap 0.5mmr only
- . BW &
Frictionless Mgtnx '.. Hyper_elastlc Non- muscle
Fibresi Nortlinear . O
Soft contac . . linear  optimised
Nucleusi Hyperelastic
path
Matrix i Hyperelastic BW &
. . . . Nor- muscle
- Non-linear Fibresi Non-linear . .
Nucleusi H lasti linear  optimised
ucleusi Hyperelastic path
Ribs linear .
. Lumped linear - -
elastic
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Zhanget al.
(2013) Sa%“m Yes - Yes Yes -
[216]
Matrix i Linear
Zhenget al. Contact : -
(2015)  S1T12 : Friction Fibresi Linear — Nor i
. Nucleusi Incompressible linear
[195] Non-linear , .
& viscoelastic
Zhouet al.
(2020) L5-T12 - - Lumped linear Linear -
[217]
* BW = body weight Muscles were not explicitly modelled in any of tl
* CVJ = costovertebral joint studies
2.7.Multibody Models of the healthy spine
Geometry

MBM are often developed for a particular purpose and then used as an initial model which is
modified and personalised in future studies. The curvature, rib cage and to a lesser extent the
muscles have to be accounted for in order to obtain reakstults; the most suitable method of
positioning the 1VJ location is still being studied.

Brunoet al. developed and validated a fully articulated MBM of the entire thoracolumbar spine
[41]. Other fully articulated whole spine models eXt€], as well as ones which assume a rigid
thorax[218i 220]. Models of just the lumbar spine are most comifi@221}

A common assumption in spine models is that the thoracic region can be treated as rigid or the rib
cage structure can be excludéd,114,220,222]Iignasiaket al.compared the loading and motion

for a model with and without a rib cage. The comparison showed the rigid thorax assumption was
suitable in activitiesvhere there was little thoracic deformati@23] and was only suitable for
predictions of the lower lumbar spif0]. Modelling the articulation of the rib cage improved the
accuracy of the resulfs0].

Brunoet al.used an MBM of the entire thoracolumbar spine to investigate the effect of lumbar
lordosis and thoracic kyphosis on the risk of vertebral fracture.eMd curvature affected the
loading, their analysis suggested that the muscle forces played a greafddfoighich are
influenced by the muscle cresectional areald. 17].

The position of the CoR of the 1VJ affected the joint and muscle f¢ides224] A sensitivity
study by Abouhosseiet al.showedvariations of the CoR location byi 55 mm lead to differences
of 66% in shear load and 10% in the axial force in the intervertebrdP@sfE Abouhosseiret al.
and Senteleet al. postulated that the CoR may migrate during mofibtd,224] potentially
minimizing the joint reaction forcefl14]. Abouhosseiret al. suggested that the migration is
necessary to predict the kinematics of the sfi@d]. While the literature supports the concept of
CoR migration there is a lack of direct evidefit®4,224]

Identification of component parameters

The IVJ has been modelled without stiffness, witledir stiffness and with ndmear stiffness,
studies have established the inclusion of a stiffness is essential for accurate simulations, whether
modelling the joint as a lumped parameter is suitable or not is still unclear.
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In addition to the locationfathe joint that defines the 1VJ, stiffness plays a critical role in
characterising the flexibility of the spine. Simply including the stiffness of the joint reduced the
muscle activation and the IDP, improving agreement withvivo results [226]. Incorrect
implementation of the IVD stiffness in OpenSaan cause undesiredomentsto be generated.
Christophyet al.modified the element (bushing element) used to model the IVD in OpenSém. Th
modified element calculated the force to app@s a function of the displacemenrtative tothe

initial position of the elememtather than the displacemeetative to a zero offset positi¢gh06].

In other terms, these elemsmare defined by two reference frames,twaified element allowed

for the initial position of the frames to be offset without any force being generated, and
displacement relative to this position would generate a force.

Often all the passive stiffnessmponents are modelled as a single lumped parameter. The impact
of the lumped parametdie. the intervertebral disc and ligaments modelled with a single
componentsimplification depended on the direction of motemd the extent of motiof226].
Therefore for flexion above 40° explicitly modelling the ligaments may improve IDP prediction
[226], but in other directions and for smaller flexion angleduhged parameter assumption may

be suitableThe ligament stiffness also affected the location of the estimated CoR, if it is allowed
to migrate[224].

Muscles played an important role in the stabilisation of the spine. The muscles have been shown
to have a notabl effect on both the magnitude and the distribution of the intervertebral forces
[225]. Hanet al. incorporated muscles, ligaments, and rotational disc stiffness into an existing
MBM, without any material personalisation. They simulated an upright posture and compared
predicted joint reaction foes and muscle activation ito vivo measurements frotie literature

of vertebral body replacement implant forces, IDP and muscle activation. This showed a
considerable improvement in muscle force and joint reaction predictions on the base model, which
denonstrated the importance of the passive soft tissue structures in spine j#@[dels

Boundary Conditions

In most modelgthe pelvis or the lowermost vertebra is fixed in all degreégeflom, and loading
is applied at the most superior vertebra in the m{#i#8] and/or the arms if they are included
[41,50] Alternatively, some models specified motiatsthe bodies based am vivo or in vitro
data[69,72,120]

Brunoet al.investigated the compressive loads on theebeae for many activities represented

by a large range of boundary conditions. Substantial variation in the vertebral loading was seen for
different activitied44]. In addition to the vertebral loads, the predicted muscle forces were shown

to be sensitivéo the loading conditions; the muscle forces increased with the introduction of an
external momenf220] and the activation patterns changed with variation of the follower loads

[40]. Differences noted between tirevivo load data from sensorised telemetric vertebral body
replacements and the predicted results were attributed to the differences in the definition of
0standingbo6, whil e well d e f iinnvevalis amhiguaus witbouta t i o0 n ¢
motion capturg220].

An important input for MSK modelis the musa forces as they inform joint loads and moments
and therefore in the case of spine models the risk of vertebral fr§¢tydd] Thee are three
general approachesme used to calculate muscle forcessolely mathematicalptimisation of
muscle excitatiomo minimise/maximise aost function, an EM@lrivenmethod which uses EMG
signals to determine the muscle excitation andEMG-asssted which combines EM@riven
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methods and the optimisation techniqUe®7,228] Solely mathematical optimisation (for
example minimisation cdctivation to satisfyoint loads and moments) techniques are often used
by MSK models to first predict muscle activity which is then used as an input for forward dynamic
simulations[123,229] However, they fail to capture the inrteand intrasubject variations of
muscle recruitmenf227,228] EMG-driven techniques may not accurately predict the joint
moments due to the inability to record deep muscle activity and comamination, challenges
which are only exacerbated when recording EMG sggimalspine muscle$20,99,227] This
challenge is highligted by reported muscle magnitude intraclass correlation coefficients of 0.41
0.69 trunk musclef230]. The EMGassisted methaskeks to overcome the limitations of the other
two approaches byining the muscle etivity for the available EMG signals and or if no signal is
available, predicts the muscle activity while trying to satisfy optimisation crig2a. EMG-
assisted approaches have been successfully used in a numberadtiapplilower back loads,
submaximal activities, joint moments within the cervical spine) fzange shown to outperform

both EMGdrive and solely mathematical optimisation approadf8s231,232] Although the

joint loads are sensitive to the variation within the EMG signal, this is not substantial when
comparing different tas232]. This approach is also sensitive to the cost function used, with a
number of different ones used throughout the literai@®e228,231,232]Early lumbar models
assuned the muscle force equilibrium could be achieved by aw®rging it at each joint
individually [221]. However, solving for equilibrium across all joints simultaneously improved
muscle force estimations and joint logéd81]. One toolbox for calculating the muscles that has
been used widely for the lower limb and has also been applied more redente spine is
CEINMS [99,227,233,234]Recent studies have impeay predictions from models using EMG
assisted by incorporating calibration for the specific activity and accounting for sapgastic
muscle properties from MRI daf@®9,231] Future studies should incorporate EMGsisted
approaches when applying muscle loads as they result in more accurate predictions for spinal
loads, muscle activity, and muscle @ontractionHowever suitable cost function must be selected
[228] and the incorporation of subjespecific properties from MRI data needs to be extended to
the thoracic and lumbar regions.

Nonlinearities

Studies of the spine using MBM have simulated joints with no stiffj#s420,220pr with linear
stiffness [40,223] The IVJ has often been modelled with a dhoear stiffness
[40,69,72,222,224,226Byrneet al.investigated the effect dhe linear stiffness assumption by
comparing the predicted compressive and shear joint reaction forces for no stiffness, linear
stiffness and notinear stiffness for a flexioextension motion under different external loads
(4.5kg and 13.6kg), in differémeutral positions (supine and upright), and different kinematics
(dynamic stereo Xay and motion at each joint defined as a fraction of the total motion (rlhythm
based)]72]. The trends were similar for both neltpositions. The linear model tended to predict
larger joint reaction forces than the Alamear model, the difference between the prediction
increased towards the end of the motion. Generally, a larger difference was seen in the predicted
forces for thet.5kg than the 13.6kg external load. The differences in predicted forces between the
nonlinear and the linear modeleresmaller for the rhythatbased than the dynamic stereaay

based kinematidg2]. Bryneet d. also found using a nelimear stiffness instead of linear stiffness

had a minimal effect on muscle activatigiz].

Wanget al.introduced a model with a highly sophisticated 1VJ that accounted for tHeeenty,
the stabilizing effect of the rib cage, the stiffening effect due to compression from the follower
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load, and the muksegment interaction in the thoracic spine. They used this to siniileaieo
experiments and accurately predicted the R68]. This work demonstrated the numerous factors
that need considationwhen modelling the 1VJ.

Personalisation

The spine curvature and the musculaturesteen personalised in a number of studies and shown

to improve predictions. Personalising models by scdleght o a pati ent 6s hei gh
patientspecific spinal curvaturg2]. This altered predicted cqressive joint force reactions by

15%[72]. This finding is supported by the earlier work of Brat@l[117].

Brunoet al.found their model to be more sensitivethie personalisation of spine curvature than

the muscle morphology although both had a substantial influence, the influence of the muscle
morphology increasd with greater muscle activatifhil7]. The effect of the personalisation was
seen more in the thoracicigp than the lumbar spir#17].

During posterior spinal surgery the muscles are often damaged, Jamshidndjarjmand
investigated the effect of muscle damage on the loading seen in other muscles. Muscle damage led
to higher predicted activation in the undamaged mu$2iH.

The work by Schmigtalwas, to the best of the Authoros Kkt
of the childs spine. They developed them through the-hoear scaling of adult models and
attempted to validate the models with a number of parametersagaperimental dafd 20].

This is just a brief overview of healthy spine MBMs, a mordepth review is outside the scope
of this paper. For a more-ofepth review of MBM spine models outside of the condéstoliosis,
the Authors would direct the Reader to the review of cervical spine MBMs by Alizadéfb1].
Some lumbar MBMs are addressed by Dreisclearfl. [141]. To the best of the Authsr
knowledgethere are no other review papers on spine MBMs.

2.8. Multibody Models of the scoliotic spine

Geometry

This section othe geometry of multibody models of the scoliotic spine will address the anatomical
structures included in the models, the overall geometry of the spine ie. the spinal cuthkature
geometry of the individual vertebraagndthe geometry of the muscles ie. the muscle paths. The
impact that these different considerations have on model predictioredseitie briefly expanded
upon.

Spinal curvature and occasionally the muscles have been included, hothevandividual
componat of the IVJ (disc, ligaments and facet joints) are rarely inclutiablé2.3). Some MBM
unlike FEM of the scoliotic spine incorporated the musclesydver, the IVJs were often
simplified by lumping the contribution of the facet joints, intervertebral ligaments, and the
intervertebrallisc togetherKigure2.2).

The reconstruction of the scoliotic spinal curvature fronplanar radiographs is a common
approach, with EOS imaging data being widely UsS&¢118,121,123,201The alignment of ta
vertebrae from these reconstruction methmdwithin 4° and 2 mm[118,121] The accurate
reconstruction of the spinal curvature is necessary as compared to a healthy spine model scoliotic
curvature results in different predicted muscle force distributions. Unexpectedly, substantial lateral
loads were not observed by Bassatral., however this was attributed tthe modellingof mild
scoliosis. Larger forces were seen in the sagittal plane and concave side of the curve for larger
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degrees of kyphosis and axial rotation, respectif@\]. The introduction of scoliotic curvature
has also resulted in increases in the predicted IVJ compressivéltadigh no correlation was
observed between curve sevewrtyd compressive force, this could be because the curves in the
model were mild or moderatfl23]. As the curvature becomes more seviseaccurate
reconstrgtion becomes more importaas itincreasinglyaffects both the load magnitude within
the discs and the muscle forces.

Reconstruction of the spinal geometry from EOS data allows for the inclusion of sspigedtc
vertebral geometrie§l18]. These geometries in MSkKiodels are mostly for visualisation,
however they can be used improve the estimation of rigid body parameters of the vertebrae,
joint definitions, and the muscle paths as insertion and attachment points can be more accurately
selected. The joint poseas been defined through a virtual palpation on the real geometries
[118,121] However, there are at present no guidelines for defining the joint pose in the case of
severely deformed spines, thus the ISB recommendd8@ior the joint definition of perfectly
aligned vertebrae are us¢tl18] i vertebrae in the severely scoliotic spine are often severely
misaligned Furthermore, there are no reports in the case of scoliotic spines of thamatiatra
operator variability of the virtual landmark palpatittowever, asides fra being used to inform

the joint pose, subjedpecific vertebrae geometries have not been utilised for the other two
applications.

Muscles have not been included in all scoliotic mofiéds118] although they are necessary if
postoperative loads or daily activities are to be simulated. When muscles are included, the paths
as with all MSK models are specified by insertion and attachment points. However, scoliotic
models have not included wrapgipoints or surfaces to better guide the muscle pa#igd. This
simplification maybe acceptable for mild scoliotic curvature based on the validation against EMG
data fromthe literature [1211 123]. Further research is mded to investigate if resultsave
substantial differences compared to a model which more accurately reproduces the mudtle path.
is unlikely that this simplification remains valid for more severe scoliotic curves as direct paths
between attachment antsertion points are likely to intersect with other muscles and vertebrae in

a nonphysiological way. Another aspect of the muscle geometry to consider is the muscle volume
which can inform the foregenerating capacity of the muscle. Muscle properties Ibese scaled

based on the muscle cressctional area, howevea lack of data requires the initial muscle
properties to be taken from naoolioticdata[122]. Crosssectional areas of the muscle haverbe
estmatdby per f or mi ng d123p Vhisristachgeved by Tividing thenpbedicted
force-generating capacity of the muscles by an assumddromimaximal muscle streg$23].

This allows for a comparison of the muscle volume of the model to that recorded on a medical
image. Using this metho8dmid et al. observed muscleolumeand activity asymmetrin their
model[123]. Theyreported the predicted muscle volume was generally in line with thatlite;

the majority of the models had larger erector spinae volumes on the convex side of the curve, and
onethird had larger volumes on the concave side. However, for the multifidi muSclasidet

al. reported larger volumes on the concave side foua®0% of the models. Asymmetric muscle
activity partially agreed witkheliterature, howevedifferences could be attributed to differences
between the curvature of the models and the subjetits literature[123]. Previous studies have

also found that the scoliotic spine experienced greater muscle force asymmetry than a healthy spine
[225].
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Identification of component parameters

The IVJ is most commonlrepresented as a lumped parameter and personalised basedvon

side bending tests, doing so has resulted in accurate predictions of scoliotic corrections, however
unlike the healthy MBMs CoR migration is rarely considered. Pettaéused a modetith initial,
literaturebased, linear stiffnesses at the joints to develop a method to personalise the 1VJ stiffness
of a scoliotic spine. They optimised the stiffness to minimize the difference between the predicted
and measured Ferguson angle ofrawivo side bending test. The personalisation based omthe

vivo side bending test resulted in more than a 40% increase in lumbar and thoracic stiffness
compared to cadaver specimens and showed highsalbgect variability127]. This suggests for
scoliotic models to provide accurate predictionslthkstiffness needs personalisation.

Ribs

22 Facet joints

Muscles

)
~

>
Ligaments " Intervertebral disc/joint
£ 35 i

-o-FEM models MBM models

Figure 2.2: Trends of the components included in numerical models of the scoliotic spine with a specific element

In the correction of scoliosis, the disc stiffness can increase due to fusion by inserting bone grafts
at the IVD[235]. Desocheset al. attempted to account for this. They created a pasipetific

model using the personalisation method developed by é&eltand expanded it to include six
degrees of freedom. Desrochetsal. increased the IVD stiffness to represent tbaégraft and
performed a sensitivity study which showed that the rod shape and implant positioning had a
greater impact on the predictions than the IVD stiffness. It is also worth noting that a higher IVD
stiffness led ta betterpredicted correction ithe sagittal plane but worse in the coroj2a5s].

This suggests the material properties are highly anisotropic, therefaecurately predict the
behaviour in all directions this may need to
knowledgethere have been no studies examining the effect of themidorm spatial distribution

of the material properties of the IVD MBM.
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Boundary Conditions

Boundary conditions of MSK models reflect a number of modelling choices made, such as the
degrees of freedom allowed at the joints and the properties of the muscles in termslehfyitce
relationships (thus determining the ferapplied by the muscle). Additionally, external forces can

be applied to the models to mimic the forces that might be applied during a surgical manoeuvre,
or a kinematic boundary condition can be applied to ensure the model follows the trajectory of
markes recorded with motion captur&@here have been few studies on the suitability of the
boundary conditions applied and few studies in scenarios not involving a correction manoeuvre.
Desroche®t al. analysed the impact of constraining the axial rotatiothefuppermost vertebra,
showing it had no impact on the predicted pmstrative spinal shape. Howevire correction of

the segments outside of the instrumented regiassensitive to the boundary conditiof235].

Thus, the suitability of the boundary conditions applied is dependent on the spinal region being
investigated.

There is an interplay between the load boundamydition and the scoliotic curvaturehd@
compressive loadn the vertebrae wesensitive to both load magnitude and direction relative to
the scoliotic curvaturg123]. Kinematic boundary conditions have also been applied by
incorporating gait analysis.hE intervertebral forces in the lumbar region during gait have been
shown to be substantially higher than in simple stan@2§]. Therefore when considering loads
within the scoliotic spine, dynamic conditions should also be considered.

Nontlinearities

When the IVD stiffness is included, it isten a linear and lumped parametéalple 2.3), the
impact the noflinearity may have has been studied in greater detail with healthy MBMs. This is
only suitable for a limited RoM and could result in inaccurate predictions when simulating
surgeries where large rotations and loads are prE&&sit Jalalianet al. developed a method to
characterize aontlinear stiffness for the 1VD using a 2D model. The +ioear stiffness resulted

in better shape predictions for all motions, the improvemexst more pronounced for larger
motions. It was also able to provide accurate predictions for shapes nat trlsedharacterization

of the stiffness. While limited to only being in 2D they suggest the method could easily be
expanded to 3D if suitable data is availgR&6].

Personalisation

Often the geomey was personalised from radiographs, and in comparison, to the healthy MBM
the stiffness of the IVJ has been personalised more frequently. Side bendirandegilcrum
bending tests have been used to personalise, the stiffness of tHieabE2(4) determining the
correct loading directions when simulating these tests was important when personalising the
stiffness. Jalaliaet al.investigated the déction in which the force in the frontal plane should be
applied to simulate lateral bending, specifically how it should be personalised to an individual.
Personalising the line of action of the force based on the location of theanff@mints measured

from radiographs improved the bending prediction. As they note in the context of lateral bending
tests, the line of action is crucial as it determines the loads and moments. Incorrect lines of action
would potentially lead to inferior characterization loé §VJ stiffnesg111].

The study by Jalaliaet al.used xrays of left and right bending and erect positions to personalise
their model. They were able to establish a relationship between the bent and erect positions and
were able to accurately predict positions which were not used in the charactef2afip his

is important if models are to be predictive.
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Table2.3: Components included scoliotic MBM

al. (2014)[240]  T1

Desrochegt al.

(2007)[235]

Fradetet al.
(2016)[136]

Fradetet al.
(2018)[241]

Jalalianet al.
(2016)[242]

Jalalianet al.
(2017)[111]

Jalalianet al.
(2017)[236]

Jalalianet al.
(2017)[237]

Kamalet al.
(2019)[110]

Sacrum
T1

L5-T1

Pelvisi
T1

L4-T2

L4-T2

L4-T2

L4-T2

S1T1

Elasticityi linear

DoFi 6
ElasticityT Linear

DoF1 6
Elasticity1 linear

DoFi 6
Elastrity T linear

DoFi 1 rotational
Elasticityi NA
DoFi 3 rotational
ElasticityT Linear
DoFi 3 rotational

Elasticity-Non-
linear

DoFi 1 rotational
Elasticityi NA
DoFi 3 rotational

ElasticityT Non-
linear

Spinal Components included
Study segment Notes
studied ~ Facet Intervertebral disc ~ Ligament
joints
Abedrabbo Ode Pelvis DoF*-6 Musclesi linear spring
et al. (2017) L -
T1 ElasticityT Linear damper system
[225]
Aubin et al. L3/L2- i DoFi 3 rotational i
(2003)[238] T4 ElasticityT Linear
Aubin et al. Pelvis i DoFi unclear i
(2008)[34] T1 Elasticity unclear
Musclesi posterior
DoEi unclear extensoiflexor at T1 to
Aubin et al. L5-T1 Non- Elasticitvi N Norlinear T3 asspring elements,
(2015)[239] linear asticityl Norr optimised stiffness.
linear .
Follower loadi
Segmental BW*
Musclesi 89, tension
Bassankt al. S1T1 i DoFi 3 rotational i only, no passive stiffness
(2017)[121] Elasticityi Linear or muscle wrapping.
Follower loadi BW
Cammarataet Pelvisi DoFi 6 Follower loadi

Segmental BW

Regional spine stiffness
factors included in IVD

A hybrid model.
Follower loadi muscle
force

A hybrid model.
Thoraxi rigid structure.
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Musclesi 92, scaled
CSA*
Follower load’ gravity at
each vertebra

La Barberaet S1T1 i DoFi 6 i
al.(2020)[243] ElasticityT linear
DoFi 6

Le Navéawset Pelvis

al. 2016)[203]  T1 - ElasticityT Nor -
Linear
Majdoulineet Pelvis- i DoFi 6 i
al. (2009)[135] T1 Elasticityi unclear
Majdoulineet Pelvis- i DoFi unclear i
al. (2012)[30] T1 Elasticityi unclear
Martino et al. Pelvis ) DoFi 6 i
(2009)[244] T1 Elasticityi unclear
Petitet al. L5-T1 i DoF1 3 rotational i
(2004)[127] Elastcity 1 Linear
Robitailleet al. L5-T1 i DoFi 6 i
(2009)[245] Elasticityi Linear
CVJ modelled with point
; DoFi 3 rotational to point actuators
?zcg;)l)d[itzgi S1T1 - ElasticityT Non- - Musclesi MF* and ES*
linear muscles at eackertebra,
scaled CSA
Wanget al. Pelvis Yes DoFi unclear Yes
(2012)[246] T1 Elasticityi unclear
Wanget al. DoFi 6 DoFi 6 .
(2016)[247] L5-T1 Linear  Elasticityi Linear Linear
Wanget al. DoFi unclear
@o1748] T Y Eiasticityi unclear  Y€S

Wanget al. Pelvis DoFi 6 DOF .3. rq.t atioral Linear Rib cage stiffening effect
ElasticityT Non

(2017)[249] T1 Linear linear tension only included in IVD stiffness
Wanget al. L5-T1 DoFi 6 DE(I)F Iti 3itr9|.t alillog_al Linear Rib cage stiffening effect
(2020)[250] Linear as I?ngar 0 tension only included in IVD stiffness
* DoF = degrees of freedom * MF = multifidi
* CSA = crosssectional area * ES = erector spinae
* BW = Body weight * CVJ = Costovertebral joints
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Table2.4: Degree of personalisation for scoliotic MBM

Personalisation

Study Model 6s .
Geometry Materials
Abedrabbo Odet al. (2017) Corongl and lateral Yes Literature
[225] radiographs
Aubin et al. (2003)238] Radiographs Yes Unknown
Aubin et al. (2008)34] Preoper_atlve standing Yes Literature per_sonallse with sid
radiographs bending tests
Aubin et al. (2015]239] Coronz?ll and lateral Yes Literature per_sonallse with sid
radiographs bending tests
Bassankt al. (2017)121] Co”’”?" and lateral Yes Literature
radiographs
Cammaratat al. (2014)240] Coronal and lateral Yes Literature per_sonallse with sid
radiographs bending tests
Coronal and lateral Literature personalise with sid
Desrochegt al. (2007)235] radiographs Yes bending tests
Fradetet al. (2016)]136] Coronql and lateral Yes Literature pergonallse with sid
radiographs bending tests
Fradetet al. (2018)241] Coronql and lateral Yes Literature pergonallse with sid
radiographs bending tests
Jalalianet al. (2016)242] Coronal radiographs Yes NA*
Jalalianet al. (2017)111] Coronal radiographs Yes Literature per_sonallse with sid
bending tests
Jalalianet al. (2017)236] Coronal radiographs Yes Literature per_sonallse with sid
bending tests
Jalalianet al. (2017)237] Coronal radiographs Yes NA i just applieckinematics
Kamalet al. (2019)110] CT scan and_coronal an Yes Literature data
lateral radiographs
La Barberzt al. (2020)243] Corongl and lateral Yes Literature per_sonallse with sid
radiographs bending tests
Le Navéawet al. (2016)203] Coronql and lateral Yes Literature per_sonallse with sid
radiographs bending tests
. . . . Literature personalise with &d
Majdoulineet al. (2009)135] Standing radiographs Yes bending tests
Majdoulineet al. (2012)30] Corongl and lateral Yes Literature per_sonallse with sid
radiographs bending tests
Martino et al. (2009)244] Corongl and lateral Yes Literature per_sonallse with sid
radiographs bending tests
Petitet al. (2004)127] Coronal and lateral Yes Literature personalise with sid

radiographs

bending tests
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Robitailleet al. (2009)245] Corongl and lateral Yes Literature per_sonallse with sid
radiographs bending tets
Previous model adaptec

Schmidet al. (2020)123] to coronal and lateral Yes Literature
radiographs

Wanget al. (2012)246] Coronal and lateral Yes Literature per_sonallse with sid
radiographs bending tests

Wanget al. (2016)247] Coronal and lateral Yes Literature per_sonallse with sid
radiographs bending tests

Wanget al. (2017)248] Coronal and lateral Yes Literature per_sonallse with sid
radiographs bending tests

Wanget al. (2017)249] Corongl and lateral Yes Literature per_sonallse with sid
radiographs bending tests

Coronal and lateral Literature personalise with
Wanget al. (2020)250] radiographs ves fulcrum bending tests

NA = Not applicable

2.9.Validation of scoliotic spine models

Verification and validation are two very important steps in building credibility of numerical
models[251,252]Verification, not to be confused with validation, is the process of ensuring the
eqguations ofvhich the computer models comprise are being solved corf@ét93,252] Model
verification is in fact the quantification of the error daghe numerical approximations introduced

by the mathematical modg251,253] Verification can be achieved through benchmark testing
(i.e., solving problems with known solutions), comparisons against results from other software
which is known to bevalid, and by ensuring physical laws (such as mass conservation) are
respected93,251,252] In FEMs this may require convergence analysis and in MBMs ensuring
that the uncertainty falls within piefined threshold®3,252,253] Hence verification should be
implicit within published studies.

Validation of numerical models is the process of establishing that the model is representative of
reality [79,251,252] Ideally, a quantitative comparison should be performed between the model
prediction and measurements from a dedicated validation experig®h255] Validation is
especially important when the models may be used to aid clinical demsiking as the extent of
inaccuracy in the model will influence the risk the patient is subjdctass accurate predictions

may lead to poorer clinicalecisiond79]. Validation has been veghallenging in this area due to

a lack of data, validation of the surgical correction is often done by comparing the predicted
outcome to the clinical one, howey#ris limits the predictive capability of the models outside of
that particular scenario.

MSK and FE models should be validated for the specific task or activity against both load and
kinematic dat§93,256] For both modelling techniquealidation of spine models Bheen mostly
indirect due to a laclof data[50]. Indirect validation often compared model predictions to
experimentally recorded RoM, IDH) vivo compressive vertebral loads, and muscle activity
[40,42,45,49,50,52]Direct validations have been performed by comparing predictedshshgai
EMG-recorded muscle activif¢2]. FE models often include validation against HB#$. A major
limitation in the aalysis of fracture risk is the lack of validation against strains on the vertebrae.
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Many scoliotic models are validated by simulating the surgical intervention performed and then
comparing predicted curvature to the pogerative curvature
[34,70,136,181,186,187,202,203,211,212,235,238%,244]or by simulating a bending test and
comparing the predicted curvature to the measured curvature from radiographic images
[111,127,204,210,216,236,237,24PFedicted Cobb angles within five degrees of the clinically
measured values are often predicted and are considered acceptable as it corresponds to the clinical
accuracy[257].

The downside of this method is that it only offers retrospective validation of the ni2gejand

in the case of posiperative radiographs only for the procedure performed. In the simulation of
scoliotic corrections, if data on the reaction forceshat bone/instrumentation interface was
available it could be used for validatigB4,235] however the collection of this data was
challenging [211] meaning direct validation for patiespecific models using these parameters
was rarely done. Rather, predicted forces can be examined to see if theyrnaravith literature
data[34,235] although this is a much weaker validation.

In vivo, in vitro, and/orin silico literature data has been used for validation. Model predictions are
compared to the reported Rqi88,191,195,209,225nuscle activatiofiL23] or force[121], IDP
[110,121,212]screw puHout forceq212], loads on the vertebr§201], shear stresses within the

IVD [110], and IVD siffness[194]. These parameters have been compared to the values reported
in theliterature, sometimes to a single data set from literature andathéastl deviation on that

data if it is availabl¢121,188195,209] Some studies have compatkdir predictiongo multiple

data sets reported theliterature and the range represented by thes¢ldéisl 23,191]In certain

cases only a qualitative comparison was performg@dl]. Additionally, there is a lack of
standardisation in thie vivoandin vitro testing of spinef258], therefore the variability and lack

of data limits the extent of possible validation. Hence, larger sample sizes and more standardised
testing methods would enable more roltesting of the accuracy of model predictions. Ideally,

the model should be validated under the same conditions in which it is being used: therefore,
validation would be performed using data from scoliotic spjB2§]. Unfortunately, a lack ah

vivo andin vitro data from scoliotic subjects mesascoliotic models have only been validated
against normal spine dathl0,191]

Alternatively, studies have used models which have been previously valitlated45,24850]

or developed a new scoliotic spine model using methods validated previously for creating healthy
[56,188]or scoliotic spine model§246,249] While it is not ideal to use a model in a context far
from the one for which it was validated, in some cases this is unavoidable due to théradkaof

or in vitro data.

When validating against forces acting on the vertebrae and IDP (for subjects bstweed
eighteen years old) direct validation was not possible for scoliotic andantintic alike due to a
lack of literature datg40,120] Further, validation using the FJF was challenging due to the
conflicting and limited data available withiheliterature[65]. Large and conclusive data sets for
IDP and FJF would significantly aid the validation of spine mof8s149] and data sets from
scoliotic spines would greatly support the verification of scoliotic spine models.

2.10.Applications of FEM and MBM to scoliotic spine surgey

Scoliotic models have been widely applied to simulate surgical corrections and to investigate
surgical techniques and instrumentation. Some FEMs with a software platform to aid the
development of surgical devices and methods for the correction ofssdieve been developed

46



Computational modelling of the scoliotic spine: A literature review

[39,212,213] Aubin et al.developed aMBM spine surgery simulator capable of siating five
different manoeuvres and designed to be used by clinij@4dhsThis was based on a geometrically
patientspecific model which had been used to compare predicted and clinical outcomes of a
Cotrel Dubousset surgical manoeu\88] and incorporated a method to characterize patient
specific flexibility [127].

Using this simulator, Majdoulinet al. conducted a series of studi@9,135]to find the optimal
instrumentation configuration which aimed to meet the optimal outcomes recommended by several
different surgeons. La Barbeea al. expanded on this work byonsidering a greater variety of
instrumentation options such as different rod contours and screw patterns as well as a more
clinically relevant measure of mobilifg43]. These studies highlighted the lack of consensus on
the optimal outcome of shtiosis surgery as multiple optimal solutions were fo{i6,243] The
complexity of using such models to find an optimal correction method was demonstrated by
Martino et al.who varied five surgical parameters and performed a statistical analysis which found
that each parameter had a statiffiycsignificant influence on either the implanértebra force or

a geometrical parameter used to measure the degree of corf2étpn

The spine surgery simulator developed by Auwddiml. has been used to show that pedicle screws
allow larger curvature correction than hoqkg45]. More recent studies have demonstrated the
importance of screw type, with theost suitable screw type being dependent on the individual
cas€248]. Screw type influences the degree of correction and the loading, with monoaxial screws
allowing better calection but experiencing higher pagterative vertebramplant loads than
multiaxial screwg211,244]

Several studie§r4,210,211,217,244,24%jave simulated the surgical correction of scoliosis to
investigate the effect of increasing screw density, concluding that increasing the number of screws
did not necessarily improve the correction. The effect of screw density depended on the side of the
curve to which it is applief235]. Le Navéauwet al.focused on the effect of screw densitythe

case of a main thoracic curve. Examining changing densities on each sidewt¥thehey found
increased density on the concave side improved the correction while increasing density on the
convex side had littleffect [203].

Some studies have shown lower screw density could achieve [[6y203,235,244pr similar
[211] interoperative loads at the screws as higher density constructs, hgivevesults from the
study by Wanget alshowed lower screw density increased the s{@#3. The literature is more
divided over theffect of screw density on bomestrumentation stress pesperatively, with some
studies showing a reduction in stress with increasing dej2dify217]and others an increase in
stress with increasing densi03,210] Clin et al. offered an explanation for this disagreement:
while the increase in screw density might be expected to reduce tlse isitesased screw density
also increased the number of constraints between the rod and the vertebrae, potentially increasing
the stres$211]. In addition to the effedensity has, the choice of the level at which to attach the
screwq216,217,249hnd the anterieposterior positiorfi203,205]played an important role in the
stressesrad corrections. Increases in correction forareshown to lead to greater Cobb angle
correction[200], until a certain point, when adjacent end@at@me into contad74,181]

Increasing rod diameter and curvaturgdiaeen seen to increase theamperative screw forces
[214,247] It can aso improve the degree of correction in certain plgies247] while
simultaneously increasing kyphof22l7]. In another study, changes in rod shape had a significant
effect on the degree of correction for one patient but not for anf2BB}. The toice of rod
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material has influenced scoliotic correction. Rods made from shape memory materials have
achieved similar correction to conventional rods but required lower insertion forces and generated
lower postoperative Besses at the bowestrumentation interfac50].

In AlS, growing rods have been used to allow growth to continue while reducing scoliotic
curvature. This treatment requires multiple interventions to change the length of the rods, which
frequently break. More frequent distractions reduced the risk of rod failunge Wwigher
distraction forces increased the risk but resulted in greater curvature correction and greater growth
[206,207] An optimal frequency and distraction force exist which balances growth and the stresses
in the rod206], which depended on the IVD stiffness as W&i7]. Within the context of growing

rods, Rohlmanet alinvestigated the effect of screw type on the jopsrative motion, assuming

a perfect correction ie. a spine in a healthy configurdfias].

Tethers can be used to correct scoliosis. The effectiveness of anterior tethers and costovertebral
tethers has been compared, showing the anterior tethers provided bettelocoofette coronal
deformity and axial rotatiofR08]. Increasing the cable tension reduced the thoracic Cobb angle
and increased ¢hstresses in the growth pld2®5].

Fusion is used in the correction of severe scoliosis. Hagtdalsinvestigated the effect of fusion

on the RoM, the IDP and the FJF at the fused and adjacent [B8klSimilarly, Pashat al.

studied the effect of fusion in adolescents and looked at the stress distribution anuréhefce
pressure in the endplat§g01]. The levels selected for fusion had a substantial effect on the
curvature correction and the specifics of which were unique to each case and are highly dependent
onthe instrument&n strategy and curvatuf245].

Differences between the simulated correctionsthactlinically observed corrections can be due
to assumptions such as determining rod shapes frorropesitive scani216,240,244]

Scoliotic models have also been used to investigate the effect of different surgical techniques on
known postoperative complications such as proximal junctional kyph@€§8,239241]and in
cases when pectus excavatum is also pr¢2et.

2.11.Discussion

This review presented the current statéhe-art modelling techniques for the scoliotic spine and

its uses. Subjeetpecific geometries and material properéiescrucial to accurately predict spinal
behaviour especially in clinical scenarios. Personalisation of the geometigmsnon in FEM,
whereas in MBM geometry personalisation rarely extends beywalverall personalisation of

the spinal curvatureA critical component of spine models is the intervertebral joint, FEM
explicitly represergeach of the soft tissue structures, in contfd&M s represent the soft tissue
structures with a lumped parameter modékere is no consensus on the modelling ohtlagerial
properties, both linear and ndinear (typically hyperelastic) representations are used with a wide
range of properties frorthe literature being implemented. Very little work has focused on the
personalisation of material properties, especiilyscoliotic models. Many different loading
conditions have been investigated, including surgical scenarios. The use of force or kinematic
boundary conditions is tailored to the research applicafiba.suitability and potential influence

of the boundargonditions are less often considered. Validation is most often retrospective and is
limited by the availability of experimental data. This leads to the reuse of previously validated
models under conditions for which they have not been validated. Theflaggerimental data for
validation also results in models attempting validation by comparing the prediction to the
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predictions of other models. Therefore, in many cases the validation is weak. The application of
the models, in the context of scoligsies focused on the simulation of surgeries to identify
optimal instrumentation design and configurations as well as optimal surgical techniques.

2.11.1.Geometry

FEM are most often constructed from medical images and therefore represent exact geometries of
the indvidual bones and overall structure. However, accurate characterisation of the facet joint
geometry remains a challenge. Furthermore, the geometries are often limited to short spine
segments excluding the rib cagdBM have personalised the spinal curvatared a limited
number of studiebBave also included the rib cagdich can aid the stabilisatioRathological or

not the personalisation of the curvature is necessary for acducatechanicapredictions and

should be considered necessary for most egptins. Muscle geometry, in terms of muscle paths

and attachment points, has been included in models although is rarely the focus of\dBidies.

also define a joint between adjacent vertebrae with a number of degrees of freedom (typically three
rotatioral) and a centre of rotation (typically fixedflowever, the intervertebral joint has
translational degrees of freedom and studies have indicated the centre of rotation may migrate.

2.11.2.Material properties

In FEM the material properties of the bones are derived from CT scans aiématrpropertiesf

the soft tissues are most oftéaken from the literaturedespite the wide variation of these
properties across the populatidnBM s represent the bones adinitely rigid bodies, therefore

the material properties of the bones are not considered. The material properties of the soft tissues,
specifically the intervertebral joint (represented as a lumped parameter niogl@hscles, and

in some cases the ligaments are defined. The IVJ has been representedavitnd nodinear

models however, there seems to be no clear consemsu®w best to determine the material
parametersPotential differencem the materiaproperties of the muscles in scoliotic cases have

not been considered.

2.11.3.Personalisation

As already discussethe personalisation of model geometry is commBersonalisation of the
curvature is considered to be accurate if it is withinob the radiograpic measurements.
Geometric personalisation has focused on adult spines, the paéatiateéscenpopulation has
not been considered.

Personaligtion ofthe material propertieis less widely done. A limited amount of research has
personalised the propess of the individual soft tissues in the I\&hd thepersonalisation of a
lumped parameter model of the IVJ has beeme challenginglt is generally accepted thtte
personalisation of these material properties is necessary for accurate modebpiedicti

The personalisation of the material properties folistic modelshas been very rarely considered.

Most studies have to rely on literature data; this data is representative-péthatogical spines.

It should not be assumed that the material @riigs of norpathological and pathological spines

are the same; however, the lack of experimental data from pathological spines requires modellers
to make this assumption.

2.11.4.Applications

MBM and FEM have been utilised in a wide variety of applications.gémeral biomechanical
behaviour of the spine has been investigated. This includes research into load sharing across
different spinal structures, load transfer between spinal levels, and the influence of spinal curvature
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on muscle activation. Models havis@identified risk factors for the spine under various routine
activities by simulating vibrational responses which represent the forces applied during driving,
other examples include the risk of fracture for different daily activities such as bending and
carrying objects. Such studies have also demonstrated the importance of muscles for stabilising
the spine.

Scoliotic models have been used extensitelgimulate correctionandinvestigate the effect of
different correction manoeuvremstrumentationconfigurations and instrumentation design

FEM often focus on the details of the instrumentation, such as internal forces and sci@vy pull
forces. MBM are more often used to investigate the overall correction strategies such as the
influence of differeat manoeuvres and instrumentation density. Scoliotic models have also
investigatedunctional muscle asymmetries. Howeveryscles are rarely considered during the
simulation of surgeries

The validation of models in all of these applications is limiteftiei®©constrained to retrospective
validation, models will compare predicted intradiscal pressures, ranges of motion, facet joint
forces, and muscle activity with experimental data and predictions from other computational
models.

2.11.5.Future work

The vast majoty of research focuses on the adult spinbe Thiomechanical nature of the
paediatricadolescenspine (both healthy and scoliotic) has been the subject of very few studies,
despite the fact it is expected to behave quite differdnbiyn the adult spineExploring the
geometry of the paediatfadolescenspine would be a logical avenue in this afeafuture
research to pursue.

The careful construction of muscle paths is necessarnadouratepredictions from MBM.
However, this aspect has not yet been adequately considered in existing thoracolumbar spine
models, whether healthy or scoliotic. THere, based on the findings of this review, it is strongly
recommended that future research focuses on the development of thoracolumbar models that
incorporate muscle paths in a more comprehensive and accurate manner.

Healthy models have included and dewibated the important role of the rib cage in the
biomechanical nature of the spine, the same cannot be said for scoliotic models. Thus, future efforts
should look to incorporate the rib cage into scoliotic models. This could lead to an improved
understading of the biomechanical behaviour of the spine and potentially improve the treatments.

Al t hough rare, scoliosis can occur in the cer:’
has not been modelledoing so would contribute to a more compeasive knowledge of
pathological spine biomechanics.

This review found that thpersonalisatiorf the intervertebral joint material properties is often
considered necessary faccuratepredictive simulations, howevgt is rarely done due to a lack

of suitabledata. Theeffect of the location othe intervertebral joinbn predicted muscle forces

and joint loads has been demonstra@den the impact of IVJ location on these outcomes, it is
highly likely that it could also affect the properties deteed in the personalization of 1VJ
models. Despite this, it is not an aspect that has been considered, highlighting the need for further
investigation to understand the implications of 1VJ location on model properties. Additionally,
when characterizing mexial properties for these models they are typically obtained from the
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literature. Consequently, there is only a limited understanding regarding thesuhject
variability that may exist when personalising the material parameters.

Scoliotic models haveroven to be valuable tools for investigating surgical procedures and
instrumentation, yet there are still important considerations that have not been fully explored. One
such consideration is the changethievolume of the nerve canal and the assodigk of critical

strains on the nerve during scoliotic surgeries. Future works should consider including these
parameters in the outcomes of surgical simulations. Additionally, there is a need to investigate the
postoperative risks associated with sdmicurgeries, which modelling techniques can help to
address. To achieve this, the combination of instrumented scoliotic spine models and simulations
of daily activities during which instrumentation breakage occurs is recommended.

Underlying all comput@nal models of the spine is the challenge of validation. This is primarily
due to a lack of experimental data. In the case of scoliosis, this challenge is only exacéobated.
overcome this challenggjture studies should focos designingexperimental ad computational
studiesin conjunction which will work in tandem to inform each othdis would improve the
possibilities for material characterization and allow for comprehensive validation of the models.
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3.1.Introduction

Spinal pathologies, e.g. lower back and neck pain, are some of the most prevalent causes of
disability and are predicted to become increasingly widesp2&&260] in particular, lower back

pain prevalence globallincreased from approximately 386 million to 568 million cases-(age
standardized prevalence diaut 7/1000) between 1990 and 2Q299]. Spinal disorders such as
scoliosis reduce individual §£892&]band maly yequteo wor
treatment. Selecting the optimal treatment can be confy@eause of thiack of clearly defined

guidelines for optimal treatme[®43] and thehigh cost of théreatmers [261].

To better address these challenges and improve the treatment of spinal patleuogpesational
models may be a useful to@ aid surgical planning and identigptimal treatment§106,243]

This can be achieved through predictive simulations that replicate possibtabkprgcedures by
simulating the forces expected to be applied during surgery, and constraints to replicate the
instrumentation. Therefore, multiple surgical procedures and instrumentation techniques can be
simulated, and the beperforming ones selecteMultibody models (MBM) of the spine have

also been applied to investigate vertebral fracture risk and kinematics via gait analysis in non
pathological and pathological populatiof#,46,126] Fracture risks can be investigated for
different activities by simulating the kinematics of an activity and estimating the necessary muscle
forces. This information can be used, in combination with subjgetific anthropometric data, to
calculate jointoads which provide an estimate of the compressive load applied to the vertebrae.
Additionally, they may be used to determine subggecific parameters which are challenging to
measurein vivo and are necessary for the previously mentioned applicafi#2&y. A key
component for accurate models of the spine is the representation of padsigsues between
adjacent vertebrae such as intervertebral discs (IVDs) and ligarféitsfor which the
biomechanical community has not yet established a standardized appMaachs approaches

have been proposed and used. For instance, one may assign parameters from literature to the
individual passive structurg¢48,115,226,262264]. These modelbave been used to predtbe

ranges of motion, facet joint forces, and compressive forces on theThd3e same variables

have been use performlimited validation of the modelsy comparinghem tothe ranges of
motion reported in the literaturecomputationally predicted fac@int forces, and compressive
forces on the 1IVJ226,262,264]

Another approach, often used in MBM, is to represent the individual passive structures between
adjacent vertebraas a single lumped parameter model, commonly referred to as the intervertebral
joint (IVJ) [104]. The IVJ has been defined in different ways, typically as kinematic constraints.

It is either simplified to three rotational degrees of freedom (D§9,123,127,250,265pr
includes all rotational and translational D4b6,107,266which are assigned linept3,52,107]

or nonlinear stiffnespl0,265] or no stiffness at aj##1,42,218] Due to the implementation of the
stiffness at the joints, to avoid moments in neutral positions, the stiffness elements must be set
coincident and aligned with the reference system defining th¢18&]. The stiffnesses can be
defined as coupled or uncoupled. Although neither one has been shown to result in improved
kinematic prediction accuracy, the use of uncoupled stiffness parameters should not be used
interchangeably with coupled stiffness paransef#d7]. Linear and noitinear stiffnesses have
resulted in varying degrees of similarity for the predicted joint reaction forces and muscle forces
(ranging from 0.9% to 3.4% for joint forces) while omitting any stiffness resulted in lower force
predictions (>70% in some casdggp]. The similarity of the predictions depended on several
factors: the initial position of the model etimuscle being considered, the method for specifying
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the motion, and the degree of flexion at the instant being analysed. Assigning no stiffness or
generic stiffnesses results in less accurate kinematic predictions (errors up to a couple of
centimetres) tan when using carefully tuned stiffnes4@26]. Therefore,the selection of
appropriatestiffness values is important to achieve accurate predictions. Geti#friess values

have been calculated directly from literature val(¥8,50]or tuned so that the predicted range of
spinal motion fell within the rangebserved across differeit vivo or ex vivostudies[43,107]

These models can predict joint fosgemuscle activation and load sharing within the ranges
reported bytheliterature[40,43,69,114,123,224,226,263,26Ajang et aldeveloped a model that
allowedfor subject variabilityto beaccountedor by expressing a range of stiffnesfgs). Given

the sensitivity of MBM to the stiffness of the IVJ andatmsiderale variationbetween subjects

[58], personalisation of the stiffnessyenablemore accurate predion of spinal forces, muscle
activity [114,165,267)and spinal kinematic&hezelbash et al. parametrised the passive stiffness
based on body weight, body height, age and[$6%,177] Based oroptimisation forin vivo

motion, subjectpecific lumped parameters across the whole spine have been calculated as one of
three adjustment parameters applied to the 1VJ stiffnd$2&$ and as values specific to each
vertebral level[126]. Alternatively, ex vivodata from porcine experiments have been used to
optimise tfe joint stiffness and damping parameters in the infesigerior and anterigwosterior
directions for the C&2 levels[52].

Predicted joint reaction forces and muscle forces were also sensitive to the type of kinematic input
and the positin assigned to the centre of rotation (CPR2). Although studies have investigated

the migration of the CoR during moti§@68i 270], most MBMVs of the spine assume that the 1VJs
have a fixed centre of rotatigal,43,52,69,106(7,126,218] Based on two possible fixed CoR,

the sensitivity of the predicted joint reaction forces and muscle forces seemed to change with the
position of the fixed Colg72]. Similarly, other studies investigat the sensitivity of muscle forces

and joint reaction forces to the position of the CoR by repeating inverse dynamic simulations for
different fixed CoR locationg§267,271] Muscle forces increased the further the CoR was
positioned from the def#tuocation[267,271] The most extensive studyliich investigated 47
different CoR locations) supported the previous findings that as the CoR location was positioned
more anteriorly the joint reaction foreeasreduced114,267]. However, it was also shown that
these trends were highly dependent on the spine pose (upright or flekéld)

Previous methods have personalitiegl IVVJ stiffness via thgparametriation of anthropometric
details [165,177] however such an approach may not accurately represent stdgecific
parameterd272]. Another approach has been to optimise the stiffness based on kinematic
predictions. One study focused on the cervical spirechdnical properties of the humspine

are highly dependent on the spine letkus, the mechanical properties of the cervical spine do
not accurately represent the lumbar spine. Furttea fromporcine spinesvereused. Theyare

a limited representation of the human sgi&3]. While geometrically similar, porcine and human
vertebrae are characterised by IVDslifferent heights (up to four timésgherin humang274]).

In addition, the porcine spine generally has a larger rangeotibn (RoM) [275,276] lower
stiffness[277] and less coupling than the human spjaé8]. Whereas, studies which have
optimised the IVJ stiffnessdor lumbar spines wereased onin vivo motion and have been
associated with errors in vertebral positiafsup to 8.5mm andseveral degreefl26,127]
Furthermore,tothb est of t he A dheihfloend® sf thk location of thegGoR on
both the predicted kinematics and the optimised 1VJ stiffness has not yet been inveSiilgeed
studies whichnvestigate the optimisation specimerspecificstiffnessesf the human lumbar
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spine from highly accuratex vivokinematicdataare lacking. Additionally, the current literature
does not address the sensitivity of the optimised 1VJ parameters to the CoR location

The aim of this study was twofold:)(fio test the feasibility obptimisng the linear stiffnesses for

a specimesspecific lumped parameter model of the fvm a Digital Image Correlation (DIC)
datasetind (2) to investigate the sensitivity of the model toatbsgned locatioof the joirt CoR

and orientationof the joint (which determines the direction in which the IVJ stiffnesses are
applied)

3.2.Materials and methods

The experimental studj279], which the current study sought to model, was approved by the
Bioethics Committee of the University of Bologna (n. 173Z5,February2019). The human
cadaver specimen for the experimentaidg was supplied by an ethically approved donation
program (Anatomic Gifts Registry, USA). The current study simulated the flextamsion
experiment of an L4 specimen from a 7@earold female donor: total body mass 72.6 kg,
diagnosed with lung caec, and metastatic vertebri@¥9]. The presence of metastatic vertebrae
can drive spinal instality (presenting a risk of vertebral fracture), the loads applied in the
experiment did not cause fracture. Therefore, the deformation of the vertebrae is orders of
magnitude smaller than the deformation of the disc and thus should not affect theedstimat
stiffness. The effect of metastases on IVJ stiffness is unknown, hgwlesebjectives of this
study werenot to establish stiffnesses that would be widely applicable or investigate the influence
(if any) of metastases on IVJ stiffness. Rather it twasvestigate the feasibility of determining

IVJ stiffnesses from DIC data and to better understand the sensitivite ohodelto the joint

pose, to these endsis assumed the effect of metastases will be negligible.

The specimen was imageding computed tomography (CT) (AquilonOne, Toshiba, Jafjdre)
scan parametengere slice thickness, 1mm; pixel spacing, 01240.24mm; voltage, 12&Vp;
tube current, 20A.

Following theCT scan thespecimen was cleaned of soft tissue, removiegatiterior longitudinal
After the CT scan,he specimen was cleaned of soft tissue, removing the anterior longitudinal
ligaments and the periosteum, but leaving the posterior ligaments and facet jointéirdadom
speckle pattern (white on black) wpsepared on the external surface of the spine segments
through an airbrush airgy280] in order to measure the displacement via a DIC sy$2&a).

The extreme vertebrdel and L4)were embedded in acrylic bone cement inside two metal pots.
A uniaxial testing machine (Instron 8800, load cell 10kN) was uBegl.most inferior vertebra
was completely constrainéa the testing machinguring the tes For the experiment, the loading
and motion direction of interest was flexion. A flexion loading was generated by applying a
monotoniceccentric compressivimad with a displacemestiontrolled actuatorThe load was
appliedto the superiemost vertebraghrough the top metal pot via a ball joint with an assigned
anteriorposterior offsefequal to 10% of the anterigoster dimension of the middle intervertebral
disc) The individual loading cycle was repeated three tirnis. ball joint was mounted oow-
friction bearings in the anterignosterior direction to eliminate unintended anteposterior
forces.The actuator displacement was tunedeach aminimumtarget strairof ~3000 2500 to

3500 microstrain on average on the vertebral bddgrrespoded to amaximum eccentric
compressive forcef 54N, resulting in a flexion moment of ~1Nmn 1 secondThe full field
displacements across the anterior and lateral surfaces of the vertebrae were rae2SHizsing

a stateof-the-art four-camera digal image correlation (DIC) syste(dramis Adjustable 12M,
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GOM, Braunschweig, Germanydditionally, the DIC captured parts of the transverse processes
providing distinctive anatomical features which enabled the registration describelatesrs
were placed on the topnd bottompots and were used to track the motion of the top pot. For
additional details on the experimental procedure, the reader is refefgg@}o

The rigid body motion (rotations and translations) of each verteasa&alculated fronthe DIC
coordinate data using singular value decomposdlwout the adjacent inferior IMdith a custom
MatLab (MathWorks, 2021b) code. The markers on the tofFigare3.1) were used to calculate

the orientation of the pot and the position of the ball joint at each frame. The orientation of the top
pot enabled the measured uniaxial force to be decomposed into axial anbkfrigbice
componentswhile the forces in the anterigosterior direction were assumed torhdl, because

of the lowfriction linear bearings.

sl

éttached to ealéh pot (circled green) and the body

e p——— . 5y
Figure3.1: Experimental setip showing the top pot, the bottom pot, the markers
of the vertebrae (L2 outlined orange, L3 outlined blue).

Modelpreparation

To provide a roadmap for the reader of the workflow useddate the model a brief outline is

given here. The individual steps are described in detail b8lbevCT scan and experimen&d
vivodata fFigure3.1) were used to create an MBM and simulate the flexion experifaeéal To

do so, the CT datavere segmented, and a virtual palpation of anatomical landmarks was
performed. Then a registration of the CT data to the experimental data was performed. The
transformation matrix from the registration was used to move the segmentations and the virtually
palpated landmarks into the experimental pose. The MBM model was then created and simulations
with boundary conditiongeredefined from the experimental data.

The CT data were manually segmented in Mimics v24 (Materialise, Leuventvid€g. Once to
reconstruct just the vertebrad a second time to further include the surrounding soft tiseoes.
segment the vertebrae a thresholding was applied, followed by the application of the region
growing and automatic holilling tools. Finally, the segmeat! regions were manually edited to

add and remove pixels as necessary.

The rigid body parameter€0M, mass, and inertia) of the vertebra@,(L3) were calculated from
the volume of the segmented vertebral geometries, assuming a bone densitygédrit {281].
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The joint mass of the superiarost vertebra and top pot was estimated to be 1kg, while the CoM
was calculate based on the markers on the top pssigning theffsetapplied in the experiment
(50 mm).

By virtual palpation, a set of anatomical landma&(tke centre of the vertebral endplates and the
bases of the pediclegjere identified orthe 3D bony geometesthat would baused to define the

joint reference systenmeccording to ISB guidelind82]. To ensurghatthe MBM model (initially
positioned in the CT pose) was in the experimental pose balglegistration was performed to

get transformation matrices required to overlay the CT segmentations (of vertebrae with soft
tissue) onto a surface created from DZaacquired in the unloaded conditifffigure3.2) [256].

The resulting transformation matrix for each vertebra was applied to the correspondiramody
associated landmarks. Following the ISB guidelines, the experimental joint poses (position and
orientation) were then calculatggP].

DIC data surface
reconstruction

i L3 soft tissue
segmentation

D L2 soft tissue
segmentation

Original
vertebrae
positions

Transformed
vertebrae
positions

Figure 3.2: The vertebrae in the original positions. The segmentations of the vertebrae including the soft tissue are registered to
the surface created from the DIC data, and the resulting transformation matrices (one for each ventelatpined. The
transformation matrices are applied to the segmented (without soft tissue) vertebrae in the original position (left) to move them
into the experimental pose, shown in red (right, the vertebrae in the experimental pose overlayed on the original v@s&gbrae p

Using NMSbuilder 2.1[282], an OpenSim89,90] model was created from the segmented
geometriegFigure3.3). Six DoF jointsconnecting the vertebragere placed in the experimental
joint poses previously calculaté@m the transformed landmarkgo represent the IVJ mechanics

a springdamper elemant (bushing forceper DoFwas used, placed coincident and aligned with
each other and the reference frames of the jpii6]. Initial stiffness values for the elements
were estimated from the literatufBable 3.1). The transléonal stiffness in the inferiesuperior
direction was calculated from the data of Newehl.[176] as the RoM of the study by Newell

al. was of the same order of magnitude as the RoM of the present Isitedgture data reported
larger RoMs in the anterigyosterior and righlkeft translational directions compared to the RoMs

in the present study. Therefotke anterioiposterior and righteft translational stiffnessesere
calculated fromthe literature[283,284]and scaled downlo determinehe scaling factor, the
compressive stiffness calculated from the study by Nestedll, which reported a RoM of the
same order of magnitudesthe present study, was compared to the compressive stiffness utilized
in Senteleret al. [43]. This comparison was made because the compressive stiffness utilized by
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Senteleret al was calculated from literature which reported RoMs of the same of magnitude as
the literature[283,284] used to calculate the anterposterior and righleft translational
stiffnesses. This comparison found an order of magnitude difference in the compressive stiffness.
Therdore, to determine the initial stiffness in the anteposterior and righleft translational
directions a scaling factor of 0.1 was applied to the stiffnesses reported in the li{@&3,284]

The stiffnesses in the rotational DoF were taken fitoafiterature[43,285] Damping coefficients

of 1000 N/(m/s) [286] and 1.4Nm/(rad/s)[287] were assigned to all translational DoFs and
rotational DoFs, respectively.

Table 3.1: Initial stiffnesses used for the intervertebral Axial
joints. [43,176283 285].

Axial Compression
Stiffness Rotation g
DoF Translation,  Rotation, Top Pot
N/m Nm/rad
In/About X 24,600 64
In/About Y 110,000 268
Flexion- Right-Left
In/About Z 13,500 37 [285] Extension Bending

Bottom

Right-Left Pot Anterior-

Translation Posterior Shear

Figure 3.3: Multibody model of the experimental g,
showing the joint locations and orientations, the constraint
on the bottom pot and the degreesreédom.

The lowermost vertebr@L4) was completely constraine. quastistatic loading condition was
assumedTo apply a quasstatic load, he maximum axial and rigiéft component loads were
applied at the actuator position to thmparmost vertebré.1). To ensure the model reached static
equilibrium the loads were appliéor 1.5s.

Optimisation of the lumpeparameter model

The developed MBM model wassedin OpenSim v4.3 to run a forward dynamic simulation
(under the quasstatc loading conditions, ie. constant application of the maximum loads for 1.5
s) via the MatLab API and predict joint motion. The boundary conditions previously described
were introduced to replicate the experimental sefups enableddirect comparison beten
predicted and measured 1VJ motion, which was necessary to guide the routine teedip&m/g
parametergFigure3.4).
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Fmincon
Select new optimisation

[ stiffness algorithm

No

Load model > Set joint |, |Run simulation & N Compute cost Yes
stiffness extract results function (CF)

Figure 3.4: Optimisation routine

Using an interiofpoint optimisation algorithmdmincond in MatLab the rotational stiffness in
flexion-extension (FE), and the translational stiffnesses in the axial and theoaptesterior
directions were optimised to minimise the following cost funcfien.3.1):

L _ )
ar oo [

Eqn.3.1

The cost function was the sum of the weighted squared absolute error between prafliated (
measuredry) motion in anterioiposterior, axial, righteft translation, and flexioextension.

The rightleft translation wasncluded as it improved the accuracy of the predicted motion in
anteriorposterior and axial directions. The weightg) (were chosen heuristicallyl &ble 3.2)

based on two considerations: so that the em@ach DoFwasof the same order of magnitude

and to ensure that the cost function was sufficiently sensitive to the DoF of interest to optimise
them.

Table3.2: Weighting applied to the DoF included in the cost function

Anterior- Axial Right-Left Flexion/
DoF : . ) .
posterior compression  Translation Extension
Weighting 10 100 1 1

Sensitivity studies

Initial bootstrapping investigations
To check if theoptimised stiffnesses were independent of the initial stiffness valussotstrap
investigation was performed, with a parameter space defined from values found in the literature
(Table3.3).
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Table3.3: The parameter spaagsed for the initial bootstrapping stiffness investigation

Minimum stiffness Maximum stiffness
Direction (translations in N/m; rotations (translations in N/m; rotations
in Nm/rad) in Nm/rad)

Anterior-posterior translation 31,600 [288] 857,000[289]
Inferior-superior translation 108,000 [176] 3,330,000[290]
Right-left translation 53,000 [291] 584,000[284]
Right-left bending 9.0 [109,292] 249 [109,291]

Axial rotation 43 [293] 1,250 [109,292]
Flexion-extension 12 [109,292] 750 [109,294]

Additionally, an initial bootstrap investigation was performed to chet¢ke simulations were
independent of the damping parameters used. A range of values was sampled from a parameter
space which contained the values reported in the liter@itatde3.4, AppendixE) [112,287,290]

Table3.4: The parameter space used for the initial bootstrapping danipirestigation.

Direction Minimum damping Maximum damping
Translation, N/(m/s) 0 2,000
Rotation, Nm/(rad/s) 0 5

Finally, the quasstatic (constant maximum load for 1.5 s) assumption was investigated. For all
the damping and stiffness parameters used, simulations were run using dynamic boundary
conditions. As previously described, fhad measured by the uniaxial load cell was decomposed
into component loads, this was performed at each time step (corresponding to the imaging
frequency, every 0.04 s). To impose dynamic loading conditions, the component load was applied
at the correspomdg time step (ie. a ramp loading was applied). The force was applied at the
actuator position.

In the analysis of the initial bootstrapping investigations, only the results from optimisations which
were considered successful (defined as a changtfinessesby more thanl% of the initial
stiffness valueswere considered.

Sensitivity to joint pose
To test the sensitivity of the model to the joint p@Sgure3.5), the virtual palpation of the set of
anatomical landmarks used to define the joint was repeated 5 times and the average position of
each markemwas calculated. A standard deviation was assigned to each marker (maximum
resultant2.9mm) from an irhouse stdy on the interoperator variability of the virtual palpation
of the landmark set. Using MatLab, a Latin hypercube sampling technique was used to randomly
generate 500 marker sets based on a normal probability distribution. From each marker set, a joint
pose was determined separately for each 1VJ and a corresponding model was created (a total of
500 unigue models). Likewise, the rigid body motion was recalculated basedupd#iedoint
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posefor each model. The optimisation simulations were run usingeihemodelsThe optimised
stiffnesgesand erros of the predicted motion were compared to tbsults of the other models
Results were controlled for optimisation failure, defined as the optimised stiffnesses being within
1% of the initial value as thiwould indicate the optimisation being trapped in a local minimum
under the initial conditions. Results were atbeckedor outliers by identifying large predicted
stiffnesses such that they are unlikely to be physiologically realistic (an order otucleggrieater

than the initial stiffness)}ollowing these criteria, the models which were successfully optimised
were identified. This group of models will henceforth be referred to astlueed dataset

Two-factor analysig joint pose and stiffness

From thereduced datasethe 10 besperfoming models were identifie(based on kinematic
error). To conduct a twavay factor analysigFigure3.5) to investigate the influence of the joint
pose and stiffnes$or each of the modeis thereduced dataseanothetenversionsvere created
Each version used the joint pose from the corresponding model redbheed datasetnd the
stiffnes®s werechanged to the stiffnesses of the tendpestorming modeld-or each model, the
forward dynamicsimulatiors with the boundary conditionpreviously described &re re-run
(Figure3.3, Figure3.4) butwithoutthe optimisation loop.

Joint sensitivity
analysis

Create models
Generate 500 N Create joint Run optimisation L, Remove failed
markersets definitions simulation optimisations
Calculate rigid
body motions Identify 10 best
55 Y = models
) models
2-Factor Analysis — .l,

Extract optimised
stiffnesses
1230 models | i

Run simulations . 10 new models per remaining model
without optimising Stiffnesses from best models

Figure 3.5: Workflow of the joint sensitivity analysis (yellow boxes) and tfectr analysis (blue boxes). The successful models
and the stiffnesses from the 10 kestforming models are outputs from the joint sensitivity analysis that are used as inputs for the
2-factor analysis.

Metrics
The results of the sensitivity analysis were analysed in terms kirniaticerrors and predicted
stiffnessesn the optimised DoF. The kinematic errors and predicted stiffnessesanaysed in
terms of the variation of the joint pose defined byrtitational DoF andhe Euclidean distances
from the averag€oR. Specifically, for each rotational DoF, the aggaf the joint orientation in
that DoF across the three joints in the model was used. Likewise, the average Euclidean distance
across the three joints was us@hly results from simulationsf the reduced datasetvere
included in the analysis.

The initial bootstrapping investigations considered the sets of parameters (damping and the initial
stiffnesses) under two loading conditions, gisdatic loading and dynamic loading. The impact

of these parametersawanalysed in terms of kinematic errors anddpreed stiffnesses. For each
parameter set under the two loading conditions: the magnitude of the median and range of the
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prediction errors were compartednd the magnitude of the predicted stiffness ranges were
compared

Statistical analysis
The optimisation results were statistically analysed withuatom code in MatLahysing the
statistics toolbox. Chsquared goodness of fit test was used to test the null hypothesis of normal
distribution for the joint poses, optimised stiffnesses, and kitier@diction erroof thereduced
dataset Where the chgquared goodness of fit test was unsuitable tleesample Kolmogorov
Smirnov testvas used to test the null hypothesis of normality. The null hypothesis was rejected
for p<0.05Whenthenullhypp hesi s of normal ity was rejected,
used to test for correlation between the stiffness in each optimised DoF and the prediction error in
each optimised DokF. Li kewi se, Spear manrs r an
between joint pose and the kinematic prediction error, and between joint pose and the optimised
stiffness.Potential biases between the measured motion and predicted motion were investigated
using BlandAltman plots.

The results of the twéactor analyss were statistically analysed R (v4.2.1)295], usingthestats

andrpart, packagesSpear mands rank correlation tests wet
prediction error and joint poder each stiffness in theeduced datasetn cases of tied data

Kendall tau rank correlation testas usedL i k e wi s e, using either Sp
correlation tests, correlations were testedfween prediction error and stiffnésseach model

in thereduced datasefs this results in multiple correlations for the same dependent variable a
Bonferroni correction was appligd96], andsignificance is reported only when the Bonferroni
correction has been considerethe parameters describing the joint poses (defined by 18
parameters) and the stiffnesses (defined by three parameters of interest) were grouped as joint and
stiffness blocks. Friedman rank sum tests with unreplicated blocked data were used to investigate

if there were significant differences (p<0.05) in the prediction error with joint pose and stiffness.

To analyseheinfluence of the joint pose and the stiffness on the prediction error a tree regression
analysisvasperformed.

3.3.Results

Using this pipelinea lumped parameter model of the 1VJ was identified from an experimental
dataset. The experimental motion in this joint configuration was 0.34 mm for L2 and 0.33 mm for
L3 in the anterioiposterior direction; 0.14mm for L2 and 0.25 mm for L3 in axial casgion;

and 1.4° for L2 and 1.8° for L3 in flexion. The measurement uncertainty was 0.0013 mm in the
anteriorposterior direction and 8.1xfGnm in axial compression. The initial model with the
optimised stiffnesses resulted in errors in the predictedbmof 0.32 mm (maximum percentage
error 93%) in the anteriguosterior direction, 0.05 mm (maximum percentage error 37%) in axial
compression,rad 0.26° (maximum percentage error 12%) in flexéoension.

After removing failed optimisations, 124 (of 90€uccessful simulations remained. For one of the
models the optimised stiffness flexion-extensionwas 470 Nm/rad, this was identified as an
outlier and excluded from the analysis as this stiffness was an order of magnitude larger than all
other optimsed stiffnesses and the error in flexion for both vertebral levels was 97% for L2 and
L3. The following analysis was performed on the results of the remaining 123 simulations, these
form thereduceddataset
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3.3.1.Sensitivity to joint pose

The ten besperforming models, when using the optimised stiffndsg] the largest median error

in the anterioiposterior direction at L3, in the anterposterior direction the largest interquartile
range (QR) (Table3.5). This is also reflected in the range of the optimised stiffnesses, with the
IQR being 72% and the ranbeing 112% of the median value. The median, IQR, and range have
not been calculategspercentage errors of the experimental motion as the experimental motion is
unique for each model due to the unique joint configuratibns.median errors could be reduced

by selecting a smaller sample of the optimaldelsihoweverthis would result ira smaller sample

of stiffnesses for the twtactor analysis.

Table3.5: The median, interquartile range (IQR), and range of the prediction errors and the optimised stiffnesses for the ten best
performing models.

DoF Vertebra Prediction errors Optimised Stiffnesses
Level Median IQR Range Median IQR Range
ior- L2 0.075mm 0.22mm 0.31 mm

Anterlqr 12,200 8.960 N/m 13,700

Posterior L3 0.14mm 0.18 mm 0.29 mm N/m N/m
Axial L2 0.016 mm 0.026 mm 0.052mm 454000 72,000 397,000

Compression | 3 0.11mm 0.055mm 0.13 mm N/m N/m N/m

Flexion- L2 0.15° 0.062° 0.20° 14.5 2.16 4.90
Extension L3 0.095° 0.11° 0.20° Nm/rad Nm/rad Nm/rad

The besiperforming model had maximum errors of 0.033mnaimeriorposterior translation,
0.11mm in axial compression and 0.077° in flexettension Table3.6). These values could be

used as amdication of a lumped parameter model of the IVJ at small RoMs, howtbiedata

is from a single specimen. Furthermdfes purpose of this study is not to provide a final stiffness
value that can be more widely applied but rather to test the felysidilan approach and the
sensitivity of optimisation approaches to the joint pose. Thegeeiirming model is therefore a
better indication of the accuracy that can be achieved using a lumped parameter model of the 1VJ
obtained through an optimisatiop@oach.

Table3.6: Experimental vs predicted motion from the simulatbthe besperforming modelising the optimised stiffness in those
same DoB, percentage error is calculated as the

DoF Vertebra Level Motion Perlczzfrr;t? ge OSF:itflmeSsesd
Experimental Predicted

. L2 0.39 mm 0.43 mm 10%

Anterior 11,900 N/m
Posterior L3 0.40 mm 0.42 mm 5.0%
i L2 0.13 mm 0.15 mm 15%

Axial 437,000 N/m
Compression L3 0.24 mm 0.14 mm 41%
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Flexion- L2 1.50° 1.42° 5.3%

Extension L3 1.92° 1.91° 0.52% 14.9 Nm/rad

Considering the error distribution across all of the joint poses, there was a wider distribution of
errors in the anterigposterior and flexiomextension directions than in axial compression for both
vertebral levelsKigure 3.6). The median errors were largest in the antgyasterior direction,
followed by the flexiorextension direction, with the smallest median errors in awiadpression
(Figure 3.6). For the different joint poses, the median stiffness andi@® (0.250.75) of
optimised stiffnesses were 28,900 (10/4®)00) N/m in the anterieposterior direction,
365,000 (314,00@28,000) N/m in axial compression, and 13.4 (4443) Nm/rad in flexion
extensionFigure3.7). No statistically significant correlations between the average absolute errors
and the joint pose were fourfAppendixA). While a statistically significant linear correlation
between the optimised stiffness and the joint pose was only found between thedidriosion
stiffness and the average joint centneaxial torsion (p = 0.045, r = 0.18\ppendix B). A
statistically significant correlation was seen between the stiffnesses and the kinema(itadxeor

3.7, Appendix Q. However, a statistically significant correlation was not seen between all
stiffnesses and all kinematic errors. There was no statistically significant correlation between the
compressive axial stiffness and the flexion error, nor between the flextension stiffness and

the anterioposterior translation or the axial compressikeor. both L2 and L3, the error depended

on the experimental motion in anteroosterior translan and in flexiorextension, howevem

axial compression the error and experimental motion were indepeggrandixD).

Table3.7: r values of the statistically significant correlation between the different stiffnesses and the kinematic errors from the
Spearmands rank correlation test.

Stiffness in DoF

Anterior-Posterior Axial compression Flexion-extension
S Anterior- 0.33 -0.39 .
= Posterior
o= i
%9 Axial 058 0.29 .
£ .= compression
go .
~ Flexion- 0.45 : 0.42
extension
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Figure 3.6: The range of the motion error in the anteriguosterior, axial compression and flexion directions for the different joint
poses when using the optimised stiffness.
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Figure 3.7: The range of optimised stiffnessesha ainteriorposterior, axial compression and flexion directions for the different
joint poses.
3.3.2.Two-factor analysisi joint pose and stiffness

The predicted errors were
and Kendall tau rdncorrelations were used.

nonparametrically d
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The Spear manods

rank or

K

endal

| tau rank

corre

the kinematic error in eactiirection (three directions) against each of the three orientations

describing the joint pose. These testye performed for each vertebra ten tr{@nce for each

stiffness group). The correlations between the kinematic error and the stiffness were tested in each
direction against each of the three stiffnesses that were optimised. These correlations were

performed for each vertebra 123 times (corresponding to each of the mbdséts of correlations
with at least one test retung statistically significant correlatioonly the range of the correlation

coefficientsis reported due tothe numberof correlationsFurther comments otie correlation
are alsqrovided Table3.8).

Statistically significant correlations between the joint pose and the errcedousrd for most of

the stiffnesses. However, the correlations were weak to moderate, and in the case of the flexion
extension orientation in opposite directions for L2 and L3. Relatively few of the modets had
statistically significant correlation betwestiffnesses and kinematic errors. However, when the

correlations were significant, they were strong. Correlations indicated that as the -guusteoior
stiffness increased the errors in anteposterior translation and in flexieextension decreased
Increased flexiorextension stiffness was associated with decreasing arpasterior transition

errors but increasing flexieextension errors.

Table3.8: Statistical significance for the correlationsrf@med between the kinematic error and the joint orientations and between
the kinematic error and the stiffness. Statistical significance (p<0.5) is reported if at least one of the tests perfeankd in
combination of error and joint or error and stiffas was significarafter considering Bonferroni correction The t es't
or KendallTau) isindicated,and a comment is provided to describe what the correlation suggested.

Anterior- Axial Flexion-
Joint Vertebra posterior , , Comment on
. . . compression extension .
orientation level translation correlation
error error
error
L2 NA, U NA, U NA, U
Lateral bend B B B
L3 NA, U NA, U NA, U
. L2 NA, U NA, U NA, U
Axial ) -
Rotation Weak correlation.
- ” p<0.05,
L3 NA, U NA, U 0. 18<0-
L2 p<0.05, N A 0 p<0.05, Correlations are in opposite
0. 19<0U0U- ! -0 . 1 8-&12 «directions for the anterior-
Flexion- posterior. Correlations are
extension weak/moderate.
L3 p<0.05 p<0.05 p<0.05 Correlations were present
v AT < 2 e [« ‘= o 13 . for only 2 stiffnesses flexion-
0. 49647 0. 47 <U<-0. 1661, ndonfor L2 and L.
Stiffness
<0.05 .
L2 p , NA . NA, Strong negative
-0. 95« } correlations. Small numbers
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of significant correlations,

Anteri_or L3 NA . ) NA . ] NA,  <88out of 123.
posterior
Axial L2 NA, } NA, J NA, J
compression L3 NA . ) NA . ] NA. )
L2 p<0.05, N A p<0.05, Strong correlations,
. -0. 980pK7 ' 0. 67c< negative in anterior-
FIeX|O_n' b } posterior and positive in
extension p<0.05 flexion-extension. <60 out of
L3 NA, | NA, } 0.85< : 1’@0 123 significant correlations
) 3L in all directions.
JTSpearmanbdds Ran Ui Kendall tau

Althougha statistically significant correlation was not found in all cases, the Friedman test showed
statistically significant differences (p<0.G8®)the prediction error against all stiffnesses and joint
poses. This does not allow for correlationbéodeterminediowever the tree regression analysis
found the prediction accuracy to be more heavily influenced by the joint pose than the stiffness for
all directions Table3.9).

Table3.9: The variable importance reported by the tree regression analysis in the treetahs where most motion was observed
for both L2 and L3. The larger the value of the variable importance the more influence it has on the predicted kinematics.

Variable importance

Direction Vertebra level _ )
Joint pose Stiffness

_ _ L2 63.8 5.93
Anterior-posterior

L3 197 53.1

. . L2 1.23 0.41
Axial compression

L3 1.77 0.30

_ _ L2 53.3 23.8
Flexion-extension

L3 57.0 56.8

3.3.3.Joint pose

The distribution of the landmark positions was normal by definition as they were created using a
Latin Hypercube sampling technique, and a normal distribution was assumed. The standard
deviation of the landmark was 2.9 mimdicating the variability of the landmark position due to

the operatarThis resulted in a distribution of possible joint poses. Thesghared goodness of

fit test rejected the null hypothesis (normal distribution) for joint poses>(€p was not true for

all DoF at all levels) for theeduced The chisquared goodness of fit test accepted the null
hypothesis (normal distribution) for the joint poses ofdbwplete dataset

The positions of the centre of rotations of the joiftable 3.10) ) are expressed relative to the
centre of the upper surface of the bottom @agure3.3). The mediarandIQR of the position of
the CoRacrosghecomplete datasetnd thereduced datasethowed thenedianposition to differ
by less than Inm in all directions and thH&QR waswithin 02mm in alldirectiors (Table3.10).
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Table3.10: Themedianandinterquartile range (IQRof the position of the centre of rotatioelative to the centre of the upper
surface othebottom poin eachDoF for the complete and reduced set of models

odel Joint Median Position, mm IQR Positions, mm
I Level prieter pleror momien peTn Deer mgneten
L1-L2 2.40 95.82 11.48 0.88 0.92 0.97
Complete L2-L3 4.88 56.61 7.80 1.00 0.90 1.04
L3-L4 3.93 20.61 4.16 1.01 0.93 0.92
L1-L2 231 95.78 11.47 0.95 0.95 1.00
Reduced L2-L3 4.87 56.52 8.03 0.85 0.81 1.23
L3-L4 3.86 20.64 4.12 1.04 0.87 0.96

Examining the influence of using theduced datasenstead of theomplete datasethe variation

of theposition of the models in terms of the joint poses at each changed the orientation by no more
thanl® (median and1® (IQR) (Table3.11). There are two exceptions to this in flexiextension

at the LEL2 and L3L4 levels in flexionextension where the IQR of threduced dataseis
substantially smaller than for tltemplete datasewith a reduction in the IQR of 5.6° for £H12

and 4.3° folL3-L4.

Table3.11: Themedianandinterquartile rangeof the joint orientation in each DoF for the complete and reduced set of models

_ Median Orientation, ° IQR Orientation, °

Model set fg\',r; Right-Left  Axial Flexion-  Right-Left  Axial Flexion-
bending rotation  Extension  bending rotation  Extension

L1-L2 1.51 3.28 6.90 3.00 2.84 8.44

Complete L2-L3 5.13 6.10 2.63 2.90 2.96 3.60

L3-L4 6.51 8.60 -7.04 3.00 2.98 7.24

L1-L2 1.66 3.14 6.97 2.76 2.84 2.84

Reduced L2-L3 5.44 5.99 2.27 3.47 2.73 2.73

L3-L4 6.71 8.54 -6.21 3.54 2.95 2.95

3.3.4.Initial simulations

The bootstrapping investigations showed the results were not independent of the initial stiffness
nor of thedampingparameter¢AppendixE). Themedian and range dfi¢ kinematicerror of the
predicted motion across all the damping parameters and all initial stiffnesses testanrals

lower under quasstatic loading conditionghan it was under simulated dynamic loading
conditions(Table3.12, Table3.13, AppendixE).

Of the ten damping parameter sets used, four resulted in successful optimizatienstiéfiness.
Under a quasstatic load, the range of the predicted kinematic errors in antgrasterior
translation vasnegligible compared to the median prediction error. While in flegixtension the
range was negligible compared to experimental amoff he median errors were sneaih axial

compressiortompared to the other directigiowever the range was not negligibl€he range
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of the kinematic error is reflected in the range of predicted stiffnesses (12,000 N/m in anterior
posterior, 230,000N/m in axial compression, and 0.5 Nm/rad in flexextension). Using
dynamic loading conditions, the median and range of the kinematic errors were Highler (
3.12).

Of the 100 initial stiffness parameter sets tested, 66 were successful. The trends of the median and
range of the kinematic errors for the initial stiffnesses were similar to those of the damping
parameters. However, the bootstrappingtra initial stiffnesses resulted in a larger range of
predicted kinematic errors than the damping param@&edsl¢ 3.13). This is also reflected in a
higher range of the predicted stiffnesses (550,000 N/m in anperserior, 390,000 N/m in axial
compression, and 3528 Nm/rad in flexiextension). Some of ¢hpredicted stiffnesses are
unphysiological (an order of magnitude greater than the initial stiffness), if these results are
removed the range redwd@33,000 N/m in anterigposterior, 390,000 N/m in axial compression,

and 4.4 Nm/rad in flexiomextensiof however it is still larger than the range due to damping
parameters.

Table3.12: Results from the damping parameter bootstrapping Tésmedian(rangé) of the prediction errorand the maximum

median erro as a percentage of the experimental motion in each of the different directions undestgtiagQS) and dynamic
(Dyn) loading conditions

Anterior-Posterior Axial compression Flexion-extension
Load L2, L3, Max% L2, L3, Max% |, . 5. Max%
mm mm err mm mm err ’ ’ err
042  0.19 5x104 0.1 0.14 025
QS o1 ©on 9% (035 (016 ¥ 005 (0120 B
045  0.28 0.06  0.05 0.48 052
Dyn 0os) (1) M0 14 ©os P @12 a5 %

Table3.13: Results from the initial stiffness parameter bootstrapping T@®.median (range) of the prediction errors and the
maximum median error as a percentage of the experimental motion in each of the different directiogsasidtatic (QS) and
dynamic (Dyn) loading conditions.

Anterior-Posterior Axial compression Flexion-extension
Load L2, L3, Max% L2, L3, Max% |, . |g. Max%
mm mm err mm mm err ’ ! err
042 031 4x104  0.09 0.03 007
QS 024y (0241 192 (036) (0200 P (@5 (L9 4
041 031 9x10%  0.09 0.04  0.09
DYn 011) (034 192 36 (027) P (@15 (L9 5

The leastsquare error of the registration was 0.38mm for L2 and 0.22mm for L3.

3.4.Discussion

This study aimed to test the feasibility of determining a lumped parameter model of the IVJ from
a DIC dataset and to investigate the sensitivity of the model to the joint definition. The results
showed that it is possible to determine a lumped parametelof the 1VJ from a DIC dataset.

69



Experimental identiiation of a lumpegbarameter model of the intervertebral disc

However, the results showdhtthe lumped parameter model (ie. the stiffness found through the
optimisation) and the kinematic error were highly sensitive to the definition of the joint pose.

To determine a lumped panater model o specimen and test specifié] stiffnessfrom an
experimentaldataset the following data is required: @pecimerspecific geometrythe 3D
experimental pose of the vertebrae, 3D loading position relative to the vertebra, and their motion.
This study created thspecimerspecific geometry from segmentations of CT ddithe specimen
subjected to experimental testing. The methodology would still work with other approaches
provided they allow for the creation of the specirspercific, for eample biplanar Xray data

would also be suitabl@97]. In this study, DIC data of the specimen in the unloaded position was
used todetermine the 3D experimental po3&ie methodology is not limited to only DIC data,
biplanar Xrayswould be an alternative method to determine the 3D experimental388&eThe
position of the applied load wadetermined from the DIC data as the experimental study had
placed markers on the top pot whid¢bgether with the most cranial vertebnags a rigid body
connected to the actuator via a bmlldsodet joint. Finally, with the available data, the stiffnesses
were only optimised in three anterposterior shear, axial compression, and flexaatension
specifically those which had the larger RoM for the loading conditions explbhesthoicewas

due to the cost function being insensitive to the other DoF. Having more loading conditions, and
larger motion in the other DoF could overcome this. Thus, to optimise all DoF multiple loading
conditions may be required. Such considerations are relevaxferimental protocols if the data

is to be used in specimapecific and tesspecific computational studies.

This study assumetthat the stiffnesses were independent of joint le&ihough it issuggested

within the literature thahelVJ stiffness vaes between joint leve[278,285] the joints are within

the lumbar spine across a short spine segmeatage variation is not expectedowever the
experimental setup required the removal of the posterior ligaments between L3 and L4 (the
vertebra fixed \ithin the lower pot)These ligaments are known to contribute to the stiffness for
flexion-extension and anteriguosterior translatiof285,299]thus further exacerbatirthe effect

of assiming levelindependent stiffnesseBespite tiis assumption, the motion was accurately
predictedto within amedian (and IQR) 00.15 (18)mm in anteriorposterior translation, 021
(0.06)mm in axial compression andl®. (0.15)° in flexion-extensiorfor the ten best performing
models Table3.5). These erra are of the same order of magnitude as previous sibdig9]
Furthermore, the optimised stiffnesses of the ten best models were within range of the optimised
stiffness of the best performing (whicladc prediction errors in all but one DoF below 10%).
Therefore this may be a suitable method for calibrating a sulgpetific, tesspecific 1VJ
stiffness simultaneously in multiple DoF.

The optimised stiffnesses in axial compression and flegidanson were lower than most of the
literature,but they did still fall within the range reported in the literat[iré6,292] The anterior
posterior stiffness was lower than the values found in the literature but was still the same order of
magnitudg288]. Low stiffness values were expected given the experimental motions occurred in
the laxestzone of theentire range of motion (the range of motion of the experiment was less than
1mm in translation and less than 2° rotation, and the fact that the intervertebral joint is highly non
linear[273,284,299).

The second aim of this study was to investigate if the model was robuoserningthe
uncertainties affecting the joint pose. To do this, a space of possible landmark positions was
sampled and used to define di#fat joint poses. Assuming a potential standard deviation of the
landmark positions by up to 2.9mm, the joint poses showed little varig@éh<(1.25mm) in the

70



Experimental identification of a lumpgzhrameter model of the intervertebral disc

location of the CoRTable3.10). The variation in the joint orientation was largEpR< 3.6° in
lateral bending and axial rotation, and u@i® in flexion-extension). The largest variations were
seen at the joint levels adjacent to the pottexdebra, this is explained by the fact that only the
endplate of the potted vertebra adjacent to the joint could be virtually mhlphtrefore, the joint
flexion-extension orientation was based on the flex@gtension orientation of only onvertebra
rather than twoThe variationof the joint poseesults in a wide range of optimised stiffnesses.
Previous studiesupport this finding as theliave similarly demonstrated the IVJ loads are
sensitive to the joint pogé2,114,267] whichimpliesoptimised stiffnessswould besensitive to

the joint poseFurther, although the joint pose influences the optimised joint stiffness (statistically
significant differences), there was clear relationship between the joint poses and the optimised
stiffness (correlation was not statistically significafthus, when determining subjespecific
stiffnesses with optimisation approaches the precisi@vefy anatomical landmark for defug

the joints should be less than 2nén.

The combination of differerjbint poses andoptimised stiffnessesulted in aange ofkinematic

errors Figure3.7). However, there were alsoultiple combinations of joint pose and optimised
stiffnesses that accurately preéidthe kinematicsTable3.5). A similar study performedn the
cervical spinenhas showrthe predicted motioto besensitiwe to the stiffness[52]. Therefore to
investigate th influence otthe stiffness pthe joint pose, a twéactor analysis was conducted.
This showed both the joint stiffneasd the joint pose had a significant effect on the predicted
motion (Table 3.8), which is in agreement with the findings of Byraeal, that there is an
interaction between the joint pose and joint stiffng@sy. Further, the regression tree analysis
showed the joint pose (which is determined by the anatomical landmarks) to influence the
kinematic prediction more than the stiffness.

Therefore, given the sensitivity of both the optimised stiffness and the predicted kinematics to the
joint pose, and the sensitivity of the predicted kinematics to the optimised stitimesgiestion
arises, how stuld the most suitable combination be selected? Further research could investigate
how to determine the most suitable combination by investigating which particular joint pose and
stiffness combinations accurately predict the motion in conditions wheséfthesses and joints

are expected to behasanilarly.

Dynamic and quasstatic loading conditions were considered to simulate the loading conditions.
Quaststatic loading was chosen as using dynamic loading conditions did not offer any
improvement in teB accuracy of the simulations but required more computational time.
Additionally, in this case given the low loading rate (84ver 1s) the use of dynamic loading
conditions introduced an error at the start of the simulation where the gravity forcesangere

than the loading and thus induced unrealistic mot®milar behaiour (referred to as a
gravitational settling process) was observed in the studgéys z ar ostalReé2] | er

The initial bootstrapping studider both the stiffness and damping parametedicatal the
presence of local minimaThus when applyingoptimisation studies to determine stiffness
properties the damping parameters should also be considered

There were several limitations to this study. Firstly, this study was performed on a single specimen.
However, this study was explorirgmethod to determine a specimen anddpstific lumped
parameter model of the IVJ, thus as a proof of coneephgle specimen was sufficient. Secondly,
registration errors, result in position errors of the anatomical landmarks, which result snirerror

the joint pose. However, they were of the same order of magnitude as previous studies which used
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similar method$256,300,301] Additionally, these errors are an order of magnitude smaller than
the potential error introduced due to operator variability. Thirdly, a fixed centre of rotation was
assumed. Although it is well documented that the IVJ centre of rotation migrates, determining the
path is experimentally challengifitil4,302] Using a fixed centre of rotation has become the most
common approach in computational models of the spine. Such an assumption may lead to
inaccurate muscle activity and joint reaction forfEs4,267] However, under small moments
(1.5Nm) the centre of rotation has been found to remain at the centre of tH802DGiven the

offset and magnitude of the applied force in the experiment, the specimen would have been subject
to comparably small loads, thus assuming a fixed centre of rotation seemedléasanother
limitation was the modelling of the stiffnesses as linear. Given the small range of motion, this may
be a reasonable assumption and one that is used widely used in the musculoskeletal modelling of
the spind43,50,52,106,107,265]

Future studies should look to reapply the method to a larger number of specimens. Other
optimisation methods could be tested, such as neural netfg@ksiven the sensitivity to the

joint pose, futbe work should establish a more robust method for determining the joint pose or
defining a trajectory for the centre of rotation instead of using a fixed point.

In conclusionit is feasible tadentify a specimen and tespecific lumpeebarameter modeif the

IVJ. To do so requirethe 3D motion, 3D loading position, 3D experimental pose and specimen
specific geometry. To identify a lumpgadrameter model that describes a specimen in all DoF
multiple loading conditions are needed. Both the predictedomaind the optimised stiffnesses

are sensitive to the joint pose and multiple configurations of joint pose and optimised stiffnesses
can result in accurdie predicted motion. Therefore, when optimising spechsecific
stiffnesses the potential influenad joint pose should be consideremhd the precision of
anatomical landmarks should be less than 2.9 mm
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3.5.Appendix A

Plots of the errors against 4 parameters that define the joint pose (lateral bending, axial rotation,
flexion-extension orientation, ante joint CoR position).

The model has three joints, L1L2, L21e8)dL3L4. In order to have a single parameter to describe

the joint pose in each rotational DoF the average orientation across the three joints was taken each
direction. To have a single panater to describe the location of the Cdlz average CoR for

each level was calculated as the average position of all the models. Then for each model, at each
level, the Euclidean distance from the average CoR was calculated. The distance of the CoR from
the average CoR was expressed as the average distance of the three levels.

Error across the | ateral berneddiuncge do rdiaetnatsaetti on of t he
Mr o 1! v U SNA2N
- QN yatl a2
Z np- [o! V(i SINAZRINS
- N} yatteaz
% n- Bm = [H EX Lt
pd 8 /I 2YLINB&&AE
© mol ) L] [o! EAL ¢
() / 2YLINBaaAs:
*[HCfSEAQY
- = IIVSEGSYyarzy
o NPr X>{[c>Cf SEAZY
‘“| SEGSyarzy
- *
n,
(% $¥
)|
B .
Z mpr-
(e}
x
™ | | | | | | | |
n M H 0 p c T y

n
I SN} 3S f+FGESNIE O0SYRRPBIAINBRSESyGlaz2zy 2F (K

Figure 3.8: The predicted error in the three DoF of interest for L2 and L3 across the different joint orientatiates@h bending
that were tested
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Error across the average distance from mean CoR, reduced dataset
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Figure3.11: The pedicted error in the three DoF of interest for L2 and L3 across the diffdistainces of thpint CoR from the
average CoR location
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3.6.Appendix B

Plots of the optimised stiffness against the four parameters that can be used to define the joint pose.
They are the joint orientation in righegft bending Figure 3.12), the joint orientation in axial
rotation Figure3.13), the joint orientation in flexiomxtension Figure3.14), and the Euclidean
distance of the joint CoR from the averagejoCoR position Figure 3.15). Each of these
parameterss calculated as the average across the three joints.
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3.7.Appendix C

Plots of the errors in each direction against the optimised stiffness in each direction. Errors are
calculated as the average error of L2 and L3.
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3.8.Appendix D

The positive linear relationship in the antenmsterior and flexiorextension DoF for both
vertebrae indicata proportional biasHigure3.19, Figure3.20). As the translation in the anterior
posterior direction increases the error decreases until an average translation of 0.4 mm for L2 and
L3. As the rotation in flexion increase the error @éases until an average rotation of 1.5° for L2

and 1.9° for L3, after which the error starts to increase. The error in axial compression appeared
to be independent of the experimental axial compression for both vertebrae.
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Figure 3.19: Bland-Altman plots showing the dependence of the prediction error (Difference) on the average value of the predicted
motion and the experimental motion for L2 in each of the DoF for which the stiffness is optimised
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3.9.Appendix E

To test the optimisation for independence from the damping parameters ten damping parameters
were testedI(able3.14). The damping parametesgre selected by dividing the range of damping
parameters (R0O0O0ON/(m/s) in translation and¥Nm/(rad/s) in rotation) reported in the literature

into a ten evenly distributed parameters spaces and then selecting a value at random from within
each parametespace.

Table3.14: The initial translational and rotational damping parameters tested, &adue rounded to two significant figures.

Model ID 1 2 3 4 5 6 7 8 9 10

Translational .4 55, 550 780 920 1100 1300 1500 1700 1800
damping

Rowtional | 3, 594 12 19 23 26 34 37 42 49
damping
For each parametethe optimisation simulations were applied using ogséaic and dynamic
loading conditions. The optimised stiffness and the average prediction error across the three joints
were compared for the different damping parameters and loading condiignse@.21, Figure
3.22).
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Figure 3.21: The optimised stiffness in flexiextension, anterieposterior translation, and axial compression for ten different
initial damping parameters and under quasatic and dynamic loading conditions.
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Figure 3.22: Theaverageprediction erroracross the three joint® flexion-extension, anterieposterior translation, and axial
compression for ten different initial damping parameters and under -gtetst and dynamic loading cortidins.

One hundred initial stiffnesses were tested to check for independence from the starting stiffnesses.
The initial stiffnesses were selected by dividing the range of stiffnesses reported in the literature
(Table3.3) into one hundred equally distributed parameter spaces. From each parameter space
stiffness value was selected at random. For each initial stifihessptimisation simulations were
applied usingjuaststatic and dynamic loading conditions. The optimised stiffness and the average
prediction error across the three joints were compared for the different damping parameters and
loading conditionsKigure3.23, Figure3.24).
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Figure 3.23: The optimised stiffness flexion-extension, anterieposterior translation, and axial compression for 100 different
initial stiffness parameters, under quasatic and dynamic loading conditions.
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Variability of intervertebral joint stiffness between spine levels and between specimens

4.1.Introduction

Spinalinjuries and disorders carry a high societal and personal2@3} An individual may
experience intense pain, reduced quality of life, and have their ability to work and participate in
society limited[303]. Musculoskeletal mukbody models (MSK) of the human spine allow for

the investigations, such as soft tissue characterisation, which would present ethical and practical
challengesn vivo [126]. Additionally, MSK models allow investigating situations which could
present a risk to human subjects (e.g., large loads on the cervical [§@he)he study by
Silvestroset al. showed a proebf-concept application to investigate injury mechanisms cervical
spine using an MSK mod¢b2]. Beaucag&€sauvreawet al. developed a model to allow for the
norrinvasive investigation of lower bk loads during lifting activitie§42]. Other studies have
investigated ways of improving surgical treatments by simulating different instrumentation
strategies for the same pati¢®6]. Further, MSK models allow for sensitivity analyses, such as
the effect of intervertebral joint\(J) location and soft tissue properties on the compressive loads
the vertebrae experien¢43,72] They, therefore, have the potential touesl the risk of spinal
injuries and improve spinal surgery outcorf#842,104] and so reducing the cost to individuals
and society.

The passive soft tissues (the intervertebral joint, and ligaments) between adjacent vertebrae,
commonly referred to abe 1VJ, contribute to the functional behaviour of the spine and are crucial

to maintaining spinal stabilitj304]. MSK models of the spine often simplify the 1VJ to three
rotational degrees of freedom (DoF) with a fixed centre of rot@di@/127] although more recén

studies have included translational Df#©,107,266] Further, although each soft tissue has
different mechanical properties when the mechanical properties are represented they are often
simplified to a lumped parameter model and represented with a sfampger in each DoF
[51,104] Given the importance of the IVJ in the behaviour of the spine and the simplifications
made to represent it, accurate subgcific characterisation is necessary to develop reliable
models.

Although not always inclded, when the mechanical properties are modelled, the stiffness is often
based on a limited number of values found within the literdd0g3,50,106,109,139,266,305]

Yet, it has been widely reported in the literature that IVJ properties vary strongly between spine
levels, and preent high intesspecimen variability in all DoF
[112,127,176,284,288,289,291,293,8B69]. Furthermore, various studies have shown that
predicted muscle forces, intervertebral disc loads, and range of motion are highly sensitive to their
representatioi72,226,266] The role of the IVJ is additionally complicated by th&iaction
between joint pose and stiffness which influence the predicted joint loads and musclg/&#jrces
Moreover, several studies have highlighted the importance of determining sobjsgécimen
specific ancconditionspecific stiffnessefb1,69,165] Optimisedstiffnesses have been shown to
improve the accuracy of predicted kinemafit26].

Optimisationof the 1VJ stiffness has been done using hybrid mdd&8], with finite element
models and then implemented into MSK modgi8]. Another method to determine subject
specific properties has been to scale the stiffness based on anthropomefdiésjaithe meta
analysis of studies of the rotational behaviour of human cadaveric spines segments Bt Zhang
has established a regression model of the monoe¢ation behaviour of the I\M109] which could

be used to assign stiffnesses to the IVJ in MSK models. However, few studies have directly
optimisedthe stiffness within MSK models. Typicalltg represent the mechanical properties of
the IVJ in MSK models a sprindamper element, commonly referred to as a bushing force, is used
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in the relevant degrees of freedom (D4b2,126,226] Wanget al developed a generalised
stiffness model from terature data of the IVJ which was incorporated into an MSK n{68¢|

using this model they went a step furth@stimisinga subjecispecific stiffness based am vivo
motion[126]. To simulate spinal surgeries Petial developed a method using functional bending
tests taoptimisepatientspecific stiffnesse 27]. One study has used a genetic algorithm thi¢h

MSK simulations tooptimisethe 1VJ stiffness of the model fex vivoporcine specimen2].

The IVJ level dependency of the stiffness has also been accounted for at the individual IVJ levels
[52,126]and by dividing the L5 to T12 section into 3 regions, witloatimisationparameter for

each egion[127].

In the study by Wangt al,, thesubjectspecific stiffnesses of the MSK model werpgimisedwith

in vivomarker position data. However, they suggest more accurate motion tracking would enable
a stiffnessoptimisationwithout including optimisation of the joint kinemati¢s26]. Motion
capture data fronex vivoexperiments could enable this. Stiffnesses vogtemisedin flexion-
extension and lateral bending under flexetension motion and latd bending motion,
however, axial stiffnesses were not reported, nor were the stiffngssessedin axial rotation.
Previous studies have shown that 1VJ stiffness is direclependen{288,289,291) therefore
stiffnesses predictednder one loading condition cannot be assumed to be true of all loading
conditions. Silvestrost al optimised the stiffness and damping parameters of porcine cervical
spines in axial compression and antefosterior shear using motion capture dagj. However,

given the large variation of 1VJ stiffness by 1VJ level, parameters of the cervical spine may not
apply to the lumbar spinf3,69]. Additionally, porcine spines have different kinematics and
typically lower stiffnesses than the human sgi&5,277] Finally, as predicted motions appear

to be more sensitive to the stiffnesses in rotational DoF than translationfl@@Hurther study

of theoptimisedstiffnesses in rotational DoF could be beneficial. While these studies have shown
optimisationof the subject or specimespecific stiffnesses improves the accuracy of the spinal
MSK modelg52,126] the aims of the previous studies were not to investigate thespgeimen
variability or the variation between spine levelopfimisedstiffnesses. A study focusing on the
inter-specimen and spine level variability whioptimisesstiffnesses within MSK models is
lacking and would evidence the need for spechsmaific optimisationwhich accounts for the
difference between spine levels. Moreover, a study using highly accurate motion tracking in
combination with MSK models to simultaneousigtimisethe stiffnesses of the lumbar spine in

all rotational DoF for multife loading conditions would strengthen and build upon the existing
studies.

Therefore, the current study aimed to investigate the variabiligpbimisedstiffnesses across
different specimens and different spinal levels in all rotational DoF using é&cnoéion capture
data collecte@x vivoto allow for highly accurate tracking. This also included investigating these
aspects under different loading.

4.2.Materials and methods

This study reanalysed the results from the study by Volkhestnal [310]. The specimens were
acquired from the ScienceCare (USA) donation program. The experim&atg[310] provided

data for six sacruAtfl2 human cadavespecimens Table 4.1). In brief, the specimens were
cleaned of soft tissue leaving the intervertebral disc, all ligaments and facet joints intact. The
sacrum was completely constrained and pure cyclic torques were applied tsifid2a spine
tester[311]. Three loading conditions were individualpplied flexion-extension, axial torsion,
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and leftright bendingwith puremoments implemented directly with a gimbal and stepper motor
[311]. The loading cycles were applied at 1.0°/s in flexéatension and lateral bending and 0.5°/s
with pure moments of 7.5Nm. Timoment in the loaedd DoF andesulting coupled moments in

the nonloaded DoF were measurasing asix-componentoad cell mounted above the specimens
(FT 1500/40, Schunk GmbH, Lauffen/Neckar, GermgRygure4.1a). Three reflective markers
were attached tthe anterior surface @ach vertebrgFigure4.1b) [310]. The vertebralmotion

was measured with a motion tracking system (Vicon MX13+, Vicon Motion Systems Ltd., Oxford,
UK) including six infrared cameragtom this the rotation in each DoF at each joivas
calculated. These rotations were th@ovided as inputs for the current computational study
Additionally, CT data with a pixel size of 0.39x0.39mm and slice increment of 0.5mm (thickness
1mm) (obtained with a iliance 64, Philips CT device using a voltage of 120kVp and a tube
current of 356mA) and an-Kay of the experimental setup was provided for each specifhen.
experimental study was natiginally intended to be used as the input for the current cortiizd

study, therefore the CT scans were not performed with the markers attached to the vertebrae.

Reflective
markers

6 component

load cell
Stepper
motor Infrared
W Camera

Infrared
camera

Specimen

Figure4.1: a. Experimental setup showing the specimen held in fdg@ebwer fixture and the load cell above which attaches to
the stepper motors, artdio of the infrared camera®. A anterior view of a specimen with three reflective markers attached to
the anterior surface adach vertebra.

Table4.1: Specimen details

Specimen Age Sex Height (m) Mass (kg) Cause of death
1 57 Female 1.57 59 metastatic lung
cancer
2 54 Female 157 36 malignant colon
cancer
3 56 Female 1.72 48 melanoma
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lung
4 59 Female 1.65 113 carcinoma/COPL
5 44 Female 1.63 49 Cardiac arrest
6 49 Male 1.72 59 Lung cancer

4.2.1.Workflow overview

The workflow foroptimisingthe stiffnesses will be discussed in two stages, firsppreessing

and malel creation, and second optimisatiéing{ire4.2). The preprocessing mguired two steps,

first was an alignment of the CT data to the sagittal plane of the spine. This was followed by a
registration procedure. Then the models and boundary conditions could be defined and passed to
the optimisation process whicptimisedthe giffnesses.

Pr-eroce®sing Pass to Opti mi sati on
model creation optimisat. Tl ecl neblo c)ll—'orplinmri

Creatfle G
- f del . :
Al i gnmg[nRe gdfs ttrg mo q AR si mul 2
(St 3+ CT saghtexperi fent Stetfjf_gthq& ini s(E d)
pl ané¢g pose Def i nlel.St! T&%%t 7 Yes
boundgry
condi fli ons

Figure 4.2: Workflow foroptimisingthe stiffnesses starting from the experimedsdh.

4.2.2.Alignment of CT data to the sagittal plane of the spine

The specimens were imaged in different poses (both globally, and also possibly with different
inter-vertebral angles) in the CT scanner and with thayduring the experiment. To ensure the
model was in the same pose as the physical specimen, the Gledd&l to be registered to the
X-ray taken during the experimeifib do this the Xray was assumed to be aligned with the sagittal
plane of the spine. The sagittal plane of the CT data was not aligned with the sagittal plane of the
spine Figure4.3a). To align the sagittal plane of the CT data with the sagittal plane of the spine a
four-step process (ségpendixA for details) was followed:

1. In Mimics (Mimics Innovation Suite v24Materialise, Leuven, Belgium) virtual
palpation of the CT data was performed to identify landmarks on the sagit@(fpigure
4.3b).

2. Acustom script in MatLab (MatLab R2021b, The Mathworks, Natick, MA, US&plane
was fitted to these landmarks to define the sagittal plane of the spine.

3. In Mimicsi the sagittal planef the spine is defined~{gure4.3c).
4. In Mimicsi CT data is resampled along the sagittal plane of the Spigeré4.3d).

88



Variability of intervertebral joint stiffness betweenrspievels and between specimens

‘;~'~—u~M

A\

(_J\‘—‘ ¥ i

-
.
52 )

A f

<3
> @

b/

v

o

Q
2

e
D ¢
@5
S

Y

=~

— CT sagittal plane — Spine sagittal plane[] Segmentations g Virtual palpations

Figure 4.3: Realignment of the CT sagittal plane. a) original sagittal plane of the CT scan, b) virtual palpation of landmarks
defining the spine sagittal plane, c) definition of the spine sagittal plane and the original CT sagiteairpthe CT scan, d) CT
scan after realigning the CT sagittal plane to the spine sagittal plane.

4.2.3.Reqistration of CT data to X-ray

Following the alignment of the CT data, it was segmented, and two virtual palpations were
performed. One set of virtual paitions identified the landmarks necessary to define the 1VJ pose
following the ISB recommendatiofi82] (Figure4.4a). The second set enables the registration of
the CT data to the Xay (Figure4.4b).

Figure 4.4: Virtually palpated landmarks on each vertebra. a) markers for defining the joint, placed on top and bottom of the
pedicles and the centres of the vertebral endpldig markers placed for the registration of the CT scan to theyXon the most
anterior point of the endplate, and the two most superior points on the posterior of the endplate.

To register the CT data to therdy acquired during the experiment, theray was virtually
palpated with markers placed on the infenoost and superiemost anterioimost and posterier

most points of the endplates. Where this was unclear multiple markers were placed and the average
was taken.

The CT markers were projectedto the sagittal plane of the spine. The CT markers were moved
into the same reference system as theyXmarkers. The Xay markers were scalaging an
estimationfrom the Euclidean distance of the markers on the endplates.estimation was
necessargs the Xray was originally intended for grading the state of disc degeneration, therefore
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information quantitative information regarding the field of view, the pixel size and detector
element dimension was not available.

The rotational component of themsformation matrix to perform the registration on each vertebra
was calculated using the average angle of the superior and inferior endplates. The translations
needed for the registration were calculated based on the centre of the markers on eaahArertebr
transformation matrix was defined for each vertebra, which was then applied to the segmentation
of each vertebra and the associated joint markgpdndixA). The joint markers were then used

to define the joint pose following as best as possible the ISB recommend@&pride accuracy

of the resulting models was qualitatively evaluatgdnspection (comparing the curvature of the
model to the curvature on therdy). A quantitative evaluation was not possible tiuthe data
available from the Xay data.

4.2.4.Model Creation and Simulation

An OpenSim model of each specimen was created) astustom MatLab script and the OpenSim
API (code provided at OpenSim projegpecimen specific spine modgl$n the models, the
sacrum was fully constrained. A6F joint was created for each IVJ in the pose previously defined
(Figure4.5). A bushing force (sprinrdamper element) was definedaasncident with the joint in
each DoF, with generic stiffness values taken from the literature for the L3L4 1VJ Teé (
4.2)[43]. Thesestiffnesses werdifferent in each DoF but uniform across the joint levels, these
models will be referred to ddodels iwnistitr. A uniform stiffness was applied in order to reduce
the cardinality for theptimisation routin¢reducing the computational expense) as optimising the
stiffnesses at each level in all rotational DoF would require a cardinality ©hik8wvas considered
necessary as a preliminary optimisation for a single model with a cardiogBtthat lasted >8
hours.This represents an overall spine stiffné3amping parameters of 1000 N/(m/s) were used
for the translational dampers and 2.3 Nm/(rad/s) for the rotational dampers.

Table4.2: Generic stiffnesses taken from literature and used in the models befoithesation

Stiffness
Degree of freedom _ ,
Translation, N/m Rotation, Nm/rad
Anterior-Posterior Shear/
Right-Left Bending 149,000 68.8
Infenor—St_Jperlor Translatlon/ 1,890,000 291
Axial Rotation

Right-Left Translation/ 135,000 510

Flexion-Extension

The approach of a uniform stiffness across the joints represeot® el spine stiffnesslo also
investigate the representation of the variation of stiffnesses across the joints, a set of models which
incorporated levetlependent stiffnessegere also create able4.3). These models are referred

to asModels itLvipepstit (Table 4.3). To introduceleveldependenstiffnessa scaling factowas

applied tathe rotational stiffnegs The scaling factor was calculated as the ratio of the stiffnesses
based on the data usex fitting the regression models in the matealysis by Zhangt al[109].
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Table4.3: The initial stiffness in the rotational degrees of freedom for each spinaldftgethe scaling factor was applied.

Stiffness
Spinal level RightLeft Axial Rotation, Flexion-Extension,
Bending, Nm/rad Nm/rad Nm/rad
T12L1 36.4 136.8 16.3
L1L2 43.6 128.1 27.5
L2L3 19.9 291.1 36.7
L3L4 12.4 291.1 49.5
L4L5 13.8 291.1 50.0
L5S1 68.8 183.4 51.0

Quaststatic loading conditions were used to take into account the low loading rate of the
experiment, and due to the computational expense of running a fully dynamic optimisation
Preliminary simulations using fully dynamic loading conditions foasthgle iteration could take

over an hour, andnoptimisation typically required over 200 itéicans. The loading cycles were
analysed to determine the loads to apply to the model. The first cycle was excluded as the initial
recorded load in the first cycle was not always ON. The other cycles were examined to identify the
one with the smallest rangé the coupled moments. The maximum torque in that cycle and the
corresponding coupled moments were applied for the loading cycle duration to T12 to simulate
flexion, left axial rotation, and left lateral bendirfgqure4.5).

Flexion Lateral
loading bending
loading

Y

Axial
Rotation
\

Inferior-Superior
Translation

Right-Left
Bending

Anterior-
Posterior Shear

Right-Left
Translation’

Figure 4.5: Model showing constrained sacrum, the loading conditions applied, and a single joint with the allowed degrees of
freedom (others are not shown for clarity but have the same DoF)

The kinematics corresponding to the selected cycle were extracted from the joint kinematic data.
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4.2.5.0ptimisation

A custom MatLab script and the OpenSim ARkdthese boundary conditions atite malels

with stiffnesses from literatureModels itunisit and Models it vipepstir) to run forward dynamic
simulations within an interigpoint optimisation algorithm fifnincor). In each loop, the
optimisation algorithmoptimised the stiffness parameters all rotational DoF For the
optimisations usingModels unisife uniform stiffness across the jointgas maintainedthe
optimised models are referred to adlodelsopimunisif. For the optimisations using
Models iwvipepstitt theratio between the levels was maintained, the optimised models are referred
to as ModelsoptimLvipepstii. The optimiser soughto minimise the sum of the squared motion
tracking error Eqn.4.1).

T =0

Eqgn.4.1

Wherei was the DoF, and for the corresponding DpRyas the predicted motiomy was the
measured motion.

Optimisations were performearf eachloading condition(lateral bending, axial rotation, and
flexion). In all scenariosall rotational DoF stiffnesses weoptimised The cost function was
sensitive to the tracking error of different DoF depending on the loading direction. Therefore, for
each loading conditin, the cost function only included the predicted motion errors for the DoF to
which it was sensitivel(able4.4). This corresponded to the DoF in wiithe loading was applied,

as in this DoF there was the largest motion. Then the other rotational DoF were included if the
measured motion in these DoF was of the same order of magnitude as the largest motion.

Table4.4: The degrees of freedom used within the cost function for the different loading conditions

Loading Direction DoF included in the cost functio
Left lateral bending Flexion, lateral bending
_ _ Flexion, laterabending, axial
Left axial rotation rotation
Flexion Flexion, lateral bending

4.2.6.Validation and analysis of results

A crossvalidation was performed for both sets of optimised mod&delSoptimunistit and
ModelsoptimLvipepstitt) in each loading conditiofa total of sixcrossvalidatiors). In all but one case,

this was a fivefold crossvalidation the exception being in axial rotation felodelsoptimunistif

which was a thre#old crossvalidationas for two of the models the optimisation was unable to
complete.To performeachcrossvalidationthe median stiffness of the subsebpfimisedmodels

for the specific loading conditiomas found, with the subset formed from all but ohthemodesb.

The median stiffness was applied to the model excludedtlie subset. The new model was used

in the simulation of that loading condition but without the optimisation routine. This process was
repeated for each of the models under that loading condition.
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To assess the intspecimen variabilitghemedian and range of tloptimised stiffnesses for each
specimen inModelsoptimunisit and ModelsptimLvibepstitt Were evaluated The difference in the
prediction accuracy of the specimens and the corresponding-vaiadstion models were
evaluated usinghe normalisedroot mean square errdRKSE) of all joint levels in all DoF. To
test if the predictioraccuracyfor any particular model &s significantly different to the other
models aKruskaltWallis was performedby sampling from each specimerthe eror of all the
joints in the DoF in which the load was appligtie null hypothesis was rejected for p<0.0bis
test was performed fdvlodelsoptimunistit and ModelsptimLvibepstitt-

To investigate theémportance of accounting for thariation of stiffness between spine levels
KruskalWallis were performed tevaluate anstatistically significant differences in the errors
between joint levelsThe errorsn the DoF in which the load was appliegre used in the test
(e.g., under a flexion load, errorstire flexion DoF were analysed) as it was in that direction that
the largest motion occurredhe null hypothesis was rejected for p<0.0%hese tests were
performedfor Modelspimunistit and ModelspimLvipepstit. Additionally, the RMSE of the joint
levelswere compared.

To test for statistically significant improvements following the optimisation Wilcoxon sigaéd
tests were performed on the kinematicors foreach individual model preModels itunisti) and

postoptimisaion (Modelspimunisitt) and then for posbptimisation Modelsoptimunisit) and the
validation moded. The null hypothesis was rejected for p<0.85Bonferroni correction was
applied to account for the multiple te§®96]. This was repeated fdvlodels it vipepstitt and

ModelSoptimLviDepstift.

Finally, to analyse the effectiveness of using a ratio to introduce level dependency the RMSE of
each specimen in the separate DoF and the overall RMSEs (ie. across adirjdiais DoF) of

each specimen fokodelSptimunistt and ModelsptimLviperstit are reportedand the magnitudes
compared Furthermore,KruskaltWallis tests were used ttest for statistically significant
differences between the errors of the two optimised model s@&®©déloptimunistt and
ModelsoptimLvipepstif). The null hypothesis was rejected for p<0.0he samples for the tests
consisted othe RMSEin the separatBoF and for the overall RMS&f all models

4.3.Results

4.3.1.Inter -specimen variability
Optimisedstiffnesses

The optimisedstiffness (Modelsptimunistif) Showed a larger range optimisedstiffnesses in the
loading direction than in the directioms which the loading was not appliétiable4.5). Three
loading conditions were consideretd|ateral bending load, an axial rotation load, and a flexion
load. Considering theptimisedstiffnesswith respect to the initial stiffnessnder a lateral bending
load theoptimisedstiffnessin lateral bending showed a minimum change of: SNméadian
average percentage change of 2@#tder an axial rotation load tloptimisedstiffness in axial
rotation changed by a minimum4iNm/radwith an average percentage change of la8dunder

a flexion load the@ptimisedstiffness in flexion change by amnimum of11Nm/radwith an average
percentage change 51% The optimisedstiffnessin the DoFin which the load was not applied
(e.g., theoptimisedstiffness in flexion when a lateral load was appliéeyiated from the initial
stiffness less thatie optimisedstiffness in the DoF which corresponded to the loading direction
(e.g., stiffness in lateral bending when a lateral bending load was apphedargest changeom
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the initial stiffness tahe optimisedstiffnesses in the Dol which the load was not applied was
under axial rotation loadin@ able4.8, Table4.9, Table4.10).

Although the optimisation algorithm was able to converge for Specimen 5 without any level
dependency under lateral bending lo#luks optimisedstiffnesses were the same as the initial
stiffnessesUnder axial rotation loads without any level dependetiay optimisation algorithm

was unable to converge for specimens 2 and 6.

Table4.5: Median and ange of theptimisedstiffnesses without levdependency for each loading direction

Medianoptimisedstiffnesses Range obptimisedstiffnesses
(Ij_i?:(czltlircl)% Lateral Axial Flexion Lateral Axial Elexion
bending, rotation, Nm/raoi bending, rotation, Nm/raci
Nm/rad Nm/rad Nm/rad Nm/rad
Lateral 82.6 290.8 50.8 43.9 235 184
bending
Axial 96.9 303.0 52.9 8.0 1361 1258
rotation
Flexior 69.0 291.5 72.1 20.7 5.4 41.7
extension

Likewise, when level dependency was introduced to dipeimisation large changesn the
optimisedstiffnesgscompared to the initial stiffnessin the same direction as that in which the
loading was applietvereseen Figure4.10, Figure4.13, Figure4.16). In thedirection in which
theloadwas not appliethe optimisedstiffness remained similar to the initial stiffneggppendix
B).

Prediction error

When using th@ptimisedstiffness,the normalised RMSEverereduced for all specimens in all
loading conditions, however uniform improvement was not s@egure 4.6). Significant
differences inprediction accuracypetween the specimengere not present for the literature
stiffnesses or the optimised stiffnesses but were found for the-vabdation stifnesses.
Therefore suggestinghe crossvalidationstiffnesses were suitable for some specimens but even
within the small sample sizes a crasdidated stiffness is not always suitaldfegiire4.11, Figure

4.14, Figure4.17). Considering impovements due to the optimisation the Wilcoxon tests found
the optimised stiffnesses resulted in statistically significant differences in the prediction accuracy
between the literature and optimised stiffnesses for lateral bending but not in the otimgy load
directions.
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Figure 4.6: Normalised oot mean square errdnormalised against the experimental motitr)each load condition in the DoF
corresponding to the loading direction across all spine levels for each specimen when using thenifusdektiffness across all
joints for the literature, optimised, and cregalidation stiffnesses

When considering lb of the specimens, thenedian of the mean absolugsror showed
improvements of less tharf In lateral bending and axial rotatioHlowever, the errorsvere
substantially reduced with tlogtimisedstiffness in flexion Table4.6).

Table4.6: Results from the uniform stiffness modefse mediars and interquartile rangsof the mean absolute er®(MAE) of

the specimens and the median MAE a percentage of the maximum mean absolot®nsin eachdirectionwhen undetoading
in the same directian

MAE in the loading directiorf,

Loading direction Initial stiffness Optimisedstiffness
Median IQR % error  Median IQR % error
Lateral bending 1.1 0.5 75% 1.1 0.5 74%
Axial rotation 0.3 0.2 50% 0.3 0.2 50%
Flexion 3.2 16 44% 1.2 0.7 17%

A similar trend was seen with the introduction of ledependency. Considering thermalised

RMSE in the same direction as the loadimgtimisedstiffnessesresulted inmore accurately
predicted motiorfor all specimengFigure 4.7). However, the Wilcoxon test found statistical
significance was not found consistently for any specimen in any diretheptimisationof the
stiffness improved the accuracy of the predicted motion for some specimens more than for others
althoughthe KruskalWallis test found this variation to lstatistical significance in the case of
axial loading for the crosgalidation stiffnessefFigure4.12, Figure4.15, Figure4.18).
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Figure 4.7: Normalised oot mean square errdnormalised against the experimental motifr)each load condition in the DoF
corresponding to théading direction across all spine levels for each specimen when using the levadtdependenstiffness
for the literature, optimised, and cresalidation stiffnesses

Theoptimisationof the stiffnesses with level dependency resulted in a greatevverpent in the
prediction accuracy than tloptimisedof the stiffness without level dependendalle4.6, Table
4.7). However, the prediction errors of the initial stiffness were much lahger those of the
stiffnesses without level dependengyith optimised stiffnessethe median of the mean absolute
errors was larger withhe introduction of level dependency than with uniform stiffnedsetbly,

the maximum errors tended to be much higher lenklFdependenstiffness(Figure4.12, Figure
4.15, Figure4.18) than with uniform stiffnesse&igure4.11, Figure4.14, Figure4.17).

Table4.7: Results from théeveldependenstiffness modelsthe medians and interquartile ranges of the mean absolute errors

(MAE) of the specimens and the median MAEs as a percentage of the maximum mean absolute motions in each direction when
under loading in the same direction

MAE in the loading directiorf,

L_oad|_ng Initial stiffness Optimisedstiffness
direction
Median IQR % error Median IQR % error
Lateral bending 15 1.1 100 1.2 0.6 76
Axial rotation 0.3 0.3 50 0.3 0.2 51
Flexion 5.3 1.6 75 2.4 0.9 33

4.3.2.Variation between spinallevels
Optimisedstiffnesses

Under lateral bending loads and flexion loads, a generic stiffness tended to result in prediction
errors overpredicting the motion for all levels. With theptimised stiffnesses some levels
underpredicted the motion while oteeverpredicted it without any clear relationship to the spinal
level (Figure4.11, Figure4.17). Under axial rotation loading (where the motion was smaller than

in lateral bending and flexion), some specimens underpredicted the motion across most levels, and
others overpredicted at most levefsgure4.14).
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Prediction error

The prediction errors were considered in terms of the error in the DoF that corresponded to the
loading directionthechanges wersmadler between the initial stiffness agtimisedstiffness in

the DoF which were not the same as the loading direddippendix Q. The predicted error for

the moded with an optimisedstiffness without any level dependency resulted moamalised

RMSE (of the same joint across all specimens) of similar magnitudes for eackiHenek4.8).
Examining each specimen individually, the variation between spine levels in the prediction error
for the optimisedmodel without any level dependency showed some specimens had similar
prediction errors across all spine levels, whileditrers the magnitude of the error varied between

the spine levelsHigure4.11, Figure4.14, Figure4.17). However, the KruskaWallis tests did not

find these differences to be statistically significant.
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Figure 4.8: Normalised oot mean square errdnormalised against the experimental motifr)each load condition in the DoF
corresponding to the loading direction across all specimens for each joint level when using the modélevith dependency
for the literature, optimised, and cresalidation stiffnesses

For the models without theptimisedstiffness, he introduction of level dependency via the use of
a fixed scaling factor resulted in larger prediction erabmsach jointevel compared to the results
from models without level dependenélyigure 4.8, Figure 4.9). Further, with theoptimised
stiffness thenormalisedRMSE was higher with level dependency than withddbwever,for
certain specimens at certain joint levels, finediction errorwas smallercompared to models
without any level dependey, for example, BL4 for specimers in the flexion direction under a
flexion load(Figure4.12, Figure4.15, Figure4.18). The differences in the errors between levels
were also found to be statistically significant.
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Figure4.9: The normalisedoot mean square errqnormalised against the mean absolute mgtfon each load condition in the
DoF corresponding to the loading direction acrosssgecimensor eachjoint levelwhen using the model with level dependency
for the literature, optimised, and cresalidation stiffnesses

For both the intespecimen variation and the variation between spinal levels similar trends were
observed in the Dowhich did not correspond to the loading directfonthe prediction errors
(Appendix Q. Generally, changes in tloptimisedstiffness and the prediction error were smaller

in under axial rotation loading compared to lateral bending loading and flexion lo&ainge
specimens would be more accurate ailen a particular DoF under a certain loading condijtion
but they would not necessarily be more accurate in all DoF for that loading condition. The
predicted motion was nabnsistentlynore accurate in any particular DoF or for any particular
spinal lewel.

4.3.3.Results from lateral bending loads
Predicted stiffnesses

Table4.8: The first row contains the initial stiffness values taken from the literaDptmisedstiffnesses without level dependency
under a lateral bending load for each specimen in each DoF.

Specimen Lateral bending, Nm/rad Axial rotation, Nm/rad Flexion, Nm/ral
Initial 68.8 291 51.0
1 107.0 291.0 49.5
2 63.0 270.0 68.0
3 77.8 293.8 50.7
4 105.5 289.7 50.1
5 68.8 291.1 51.0
6 87.5 291.5 65.1
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Figure 4.10: The initial stiffness and theptimisedstiffness for each specimen at each level in lateral bending under a lateral
loading

Prediction errors
Lateral bending error under a lateral bending load without level dependency
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Figure4.11: Error of the predicted motion in lateral bendinnder a lateral bending loadith uniform stiffnessder theliterature
(Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too much
bending) while red indicates an underprediction & thotion.

With a uniform stiffness across all spine levels, the Kru$¥allis was used to test for significant
differences in the prediction error between specimens, significant differences (p<0.05) were only
found for the crossalidation stiffnesses. e KruskalWallis tested for differences in the
prediction error between joint levels. No significant differences (p>0a@5¢ foundfor the
literature stiffnesses, the optimised stiffnesses ocribgsvalidationstiffnesses.

With a uniform stiffness@oss all spine levels, the Wilcoxon tests found significant differences
(p<0.05) between the prediction errors of the models using literature stiffnesses and optimised
stiffness for all specimens except speciméii® specimen which remained unchangdidfang

the optimisation) Comparing the predicted erraoéthe optimised stiffnessesith those of the
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crossvaluation stiffnesses significant differences (p<0.05) were found for all specimens except
specimen 3.

Lateral bending error under a lateral bending load with level dependency
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Figure 4.12: Error of the predicted motion in lateral bending under a lateral bending leilalleveldependenstiffnessesor the
literature (Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too
much bending) while red indicates an underprediction of the motion.

With aleveldependenstiffnessthe KruskalWallis was used to test for significant differences in
the prediction error between specimens, no significant differences (p>0.05) weredoany 6f

the three groups of models (literature, optimised, and -sfalgdation stiffnesses).fie Kruskal

Wallis tested for differences in the prediction error between joint levels. Significant differences
(p<0.05) for the literature stiffnesses, theimged stiffnesses and tleeossvalidationstiffnesses

were found

With leveldependentstiffnesges the Wilcoxon tests found significant differences (p<0.05)
between the prediction errors of the models using literature stiffnesses and optimised stiffnes

for specimen 4. Comparing the predicted errors of the optimised stiffnesses with those of the cross
valuation stiffnesses significant differences (p<0.05) were found for all specimens except
specimes1 and 5.

4.3.4.Results from axial rotation loads

Predcted stiffness

Table4.9: The first row contains the initial stiffness values taken from the literaDpmisedstiffnesses without level dependency
under an axial rotation load for each specimereach DoF, optimisation failed for specimens 2 and 6.

Specimen Lateral bending, Nm/rad Axial rotation, Nm/rad Flexion, Nm/rad
Initial 68.8 291 51.0
1 93.3 295.1 58.5
2 - - -
3 99.0 282.7 47.2
4 101.3 418.7 143.8
5 94.9 310.9 18.0
6 - - -
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Figure 4.13: The initial stiffness and theptimisedstiffness for each specimen at each level in axial rotation under axial rotation
loading

Prediction errors
Axial rotation error under an axial rotation load without level dependency
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Figure4.14: Error of the predicted motion in axial rotation under an axial rotation l@adth uniform stiffnessefer theliterature
(Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overpredicticof the motion (ie too much
bending) while red indicates an underprediction of the motion.

With a uniform stiffness across all spine levels, the Kru®¥allis was used to test for significant
differences in the prediction error between specimens, sigmifitiierences (p<0.05) were only
found for the crossalidation stiffnesses. The Kruskdlallis tested for differences in the
prediction error between joint levels. No significant differences (p>0.05) for the literature
stiffnesses, the optimised stiffrses or therossvalidationstiffnesses were found.

With a uniform stiffness across all spine levels, the Wilcoxon tests found no significant differences
(p>0.05) between the prediction errds any ofthe models using literature stiffnesses and
optimised stiffness or between the optimised stiffness and-sad&fation stiffnessnodels
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Axial rotation error under an axial rotation load with level dependency
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Figure 4.15: Error of the predicted motion in axial rotation under an axial rotation ledgth leveldependenstiffnesesfor the

literature (Lit.), optimised (Optim.) and croesalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too

much bending) while red indicates an underprediction of the motion

With aleveldependenstiffness, the Krusal-Wallis was used to test for significant differences in

the prediction error between specimens, no significant differences (p>0.05) were found for any of
the three groups of models (literature, optimised, and -sfalg#ation stiffnesses). The Kruskal
Wallis tested for differences in the prediction error between joint levels. Significant differences
(p<0.05) for the literature stiffnesses, the optimised stiffnesses anfwvalidationstiffnesses

were found.

With leveldependenstiffnesses, the Wilcoxon tests found significant differences (p<0.05) in the
prediction errors only for specimen 2 when comparing the literature and optimised stiffnesses and
the optimised and crosalidation stiffnesses. No statistically significantfeliences were found

for any of the other specimens.

4 .3.5.Results from flexion loads
Predicted stiffnesses

Table 4.10: The first row contains the initial stiffness values taken from the literatDpéimised stiffnesses without level
dependency under a flexion load for each specimen in each DoF.

Specimen Lateral bending, Nm/rad Axial rotation, Nm/rad Flexion, Nm/rad
Initial 68.8 291 51.0
1 69.4 291.1 61.9
2 79.8 296.4 65.2
3 67.3 291.0 60.5
4 70.5 291.3 79.0
5 59.1 292.7 94.2
6 68.6 291.7 102.2
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Figure4.16: The initial stiffness and theptimisedstiffness for each specimen at each level in flexion under flexion loading

Prediction errors
Flexion error under a flexion load without level dependency
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Figure4.17: Error of the predicted motion in flexion undeflexion loadwith uniform stiffnessesr theliterature (Lit.), optimised
(Optim.) and croswalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too much bending) while red
indicates an underprediction of the motion.

With a wiform stiffness across all spine levels, the Krudkalllis was used to test for significant
differences in the prediction error between specimens, significant differences (p<0.05) were found
for the literature and crosalidation stiffnesses but not tlogtimised stiffnesses. The Kruskal
Wallis tested for differences in the prediction error between joint leSggificant differences
(p<0.05) for the literature stiffnessasdthe optimised stiffness&gere foundout notfor thecross
validationstiffnesses.

With a uniform stiffness across all spine levels, the Wilcoxon tests found significant differences
(p<0.05) between the prediction errors only for specimen 2 when comparing the literature and
optimised stiffness models. No other significant diffexes were found.
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Flexion error under a flexion load with level dependency
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Figure 4.18: Error of the predicted motion in flexion under a flexion lowith leveldependenstiffnessesor theliterature (Lit.),
optimised (Optim.) and crosalidation (Val.)stiffnesses Blue indicates an overprediction of the motion (ie too much bending)
while red indicates an underprediction of the motion.

With aleveldependenstiffness, the KruskalVallis was used to test for significant differences in

the prediction error between specimens, no significant differences (p>0.05) were found for any of
the three groups of models (literature, optimised, and -sfalgdation stiffnesses). The Kruskal

Wallis tested for differences in the prediction error between joint levels. Significant differences
(p<0.05) for the literature stiffnesses, the optimised stiffnesses and thealidasion stiffnesses

were found.

With leveldependentstiffnesses, the Wilcoxon tests found significant differences (p<0.05)
between the prediction errors for specimen 5 when comparing the literature and optimised stiffness
models. No other significant differences were found.
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4.3.6.Comparison of uniform and leveldependentapproaches

The introduction ofeveldependenstiffnesses with a ratio resulted in a higher optimised stiffness
across most levels compared to the optimised stiffness with a uniform stiffness across all levels
(Table4.11). ThelQR was largefor Modelsptimunistitt thanthe IQRof ModelSptimLvipepstitt at the

central levels (L2L, L3L4, and L4L5) in lateral bending, at all levels in astation and at levels

L1L2 and L2L3 in flexion(Table4.11).

Table4.11: A comparison of the median (and interquartigsmge) of the optimised stiffnesses in the same DoF as the loading

direction. A single stiffness is reported for models with a uniform stiffness across the 1VJs andefatthependeninodels the
stiffnesses atach level are reported.

Loading & Median and IQR of optimized stiffnesses, Nm/rad
Stiffness Modelsoptimev iff
direction ~ ModelSopmunsur | ) 5 L2L3 g Lats L5S1
Lateral 83 (37) 240 (62) 110 (28) 68 (17) 76 (19) 378 (97)
Axial 303 (76) 129 (7) 293 (17) 293 (17) 293(17) 185 (11)
Flexion 72 (32) 55 (22) 73 (29) 98 (40) 99 (40) 101 (41)

In all loading conditions for all specimens (except for specimen 5 under lateral bending) the RMSE
error was larger for the optimised stiffness models which included level dependency
(ModelsoptimLvibepstit)  than  for the models with uniform stiffnesses across the [VJ
(Modelsoptimunistitf) (Table4.12, Table4.13, Table4.14).
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Table4.12: The root mean square errors undateral bendingoading for each specimen (errors across all joints and in all DoF)

for the two different methods used to represent the joirmesit

RMSE for Modelsoptimunistif,

RMSE for MOdeISOptivalDepStiﬁ,

Specimen deg deg
1 1.50 1.59
2 1.97 3.32
3 1.29 1.80
4 1.35 1.85
5 161 1.48
6 1.36 1.61

Table4.13: The root mean squarrrors under axial rotation loading for each specimen (errors across all joints and in all DoF)

for the two different methods used to represent the joint stiffness.

RMSE for Modelsoptimunistiff,

RMSE for MOdeISOptivalDepStiﬁ,

Specimen deg deg
1 1.24 1.41
3 0.77 1.03
4 0.33 0.84
5 0.87 1.04

Table4.14: The root mean square errors und&xionloading for each specimen (errors across all joints and in all DoF) for the

two different methods used to represent the joint stiffness.

Specimen

RMSE for Modelsoptimunisti,

RMSE for MOdeISOptivalDepStiff,

deg deg
1 1.34 2.04
2 2.03 2.70
3 1.01 1.64
4 1.47 2.04
5 0.59 1.19
6 0.84 1.51
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As can be seen through a visual analysis of the RMSE across each specikedelss)imunistif
predicted the kinematics less accurately taalelsopimLvipepstitt (Figure4.18, Figure4.19, Figure
4.20). The RMSE is higher in the DoF in which the model was being loaded.

RMSE for the optimised stiffnesses under a lateral bending load

—_ T

uni. L. dep. Uni. Lvl. dep. Uni. Lvl. dep.
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Motion direction
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RMSE, deg
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Figure 4.19: The root mean square error of each specimsimg the optimised stiffnesseach direction using the uniform and
leveldependenstiffness under a lateral bending load.

RMSE for the optimised stiffnesses under an axial rotation load
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Figure 4.20: The root mean square error of each specimsing the optimised stiffnesseach direction using the uniform and
leveldependenstiffness undermmaxial rotationload.

RMSE for the optimised stiffnesses under a flexion load
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Figure 4.21: The root mean square error of each specimsimg the optimised stiffnesseach direction using the uniform and
leveldependenstiffness under 8exionload.

Despite the errors for both methods being substantial,itieeethces in the predicted error were
only statistically significantn axial rotation under axial rotation loading, in flexion under flexion
loading, and overall under flexion loadi(ibable4.15).
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Table4.15: Results from the tiskalWallis testcomparing the error in each direction and overall between the uniforntexed
dependenmodels under each loading condition. For p<0.05 ithealues and the critical H values (b are also reportedfor a
result to be statistically significant p<0.05 @m{>Hc.

Motion Direction

Loading
Direction Lateral Axial Flexion Overall RMSE
Lateral p>0.05 p>0.05 p>0.05 p>0.05
. p =0.04,
Axial p>0.05 p>0.05 p>0.05
H=41,H:=6.0
. p=0.04 p = 0.04,
Flexion p>0.05 p>0.05 H=43,H, =60 H=43 H.=6.0

4.4.Discussion

This study aimed to investigate the insetbject variation and the difference between spinal levels
under different loading conditions. Six specirggecific models were constructed, and for each
specimen left lateral bending, left axial rotaj and flexion experiments were simulated. The 1VJ
stiffness waoptimisedwith an optimisation algorithm which minimised the predicted motion
error. Theoptimisationwas performed for two conditions: without any level dependency, and with
level dependency (implemented as a fixed ratio between the levels).

Within the general populatigalarge variation of intervertebral joint stiffness is expected between
individuals Optimising stiffnessesising the tracking erroreflected this as a wide range of
optimisedstiffnessesvere calculatedThesestiffnessedell within the range of experimentally
reported stiffnessef288,307 309]. This implies this optimisation approach was effective at
identifying specimerspecific stiffnesseand is able to capture the iniggecimen differences

The interspecimen variationf the stiffnessewas reflectedn the uniform stiffness models and
theleveldependenstiffness modelasa wide range of stiffnessegere predicted for bot{Table

45, Table4.11, Figure 4.10, Figure 4.13, Figure 4.16). For the uniform stiffness models, the
optimisation was averaging out the errors across the spine, thus the resulting stiffness represents
an overall spinal stiffness for each specimen in each loading condinatysing the kinematic
prediction errorsresulted in similar errors across glliree levels.Despite this simplification,
substantial improvementsere seen between the literature and optimised stiffnéese=ach
specimen(Figure 4.6), with the improvement even being statistically significant for some
specimens Kigure 4.11, Figure 4.14, Figure 4.17). Similarly, when usingleveldependent
stiffnesses the optimiser was attempting to average out the errors across thédeveler a

fixed ratio defines the distribution of the stiffnesses across the joint leveldevidlelependent
models with optimised stiffnesses predicted substantially smaller tracking éfiguese@.7). This
supports the findings of the study by Waetal. [126]; that specimerspecificstiffness plays an
important role in the accuracy of pretilve spinal simulationslherefore, given the inteapecimen
stiffness variation found and the resulting effect of the specspenific on the kinematic errors,
whethereveldependenstiffnesses or uniform (overall spinal) stiffnesses are used theessts
should be specimen or subjetecific in order to accurately predict the kinematasthermore,

the crossvalidation models had higher kinematic errors than all the optimised models and also
than somef theliterature moded. This further suppds the need for specimen or subjspecific
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properties. However the kinematic accuracy varied betweapecimensfollowing the
identification of an optimised stiffnessher factors may need to be considered, such as joint pose
[72,114]and cost function sensitivity to obtain accumpéimisationsand simulations.

Considering the influence of the loading conditiadhs, predicted stiffnesses varied greatly for the
different loading coditions. The stiffnesses were optimised simultaneously in all three rotational
DoF for each loading condition. This is necessary as the spine exhibits coupled bel3aApur

The study byMeng et al. found that either coupled or uncoupled stiffnesses could represent the
spinal properties howevepuplal anduncoupled stiffnesses should not be used interchangeably
[107]. The modelling approach in the present study represented the spinal stiffness as uncoupled.
Therefore, the variation in optimised stiffness due to different loachmglitions indicates that

when modelling the IVJ stiffness as uncoupled it should not only be spespretiic but also
specific to the loading conditions.

The uncoupled representation limited the accuracy of the models in the DoF in which the load was
not applied. Although the stiffnesses were optimised in these tbey did not change much
relative to the literature value$dble4.8, Table4.9, Table4.10). This could be due to the motion

being smaller in the unloaded directiptisis redaing the sensitivity of the cost function to these
directions Consequentlythe kinematic errors in the DoF in which the load was not applied were
similar to the literature and optimised modelBherefore, future research could address this
limitation by either introducing coupling terms or by identifying a cost function that results in a
better representation of the spinal in the DoF in which the load is not applied.

The extent of the motion is largely dependent on the 1VJ stiffness, which has beesdrapoary
between spine leve[8,289] The initial stiffnesses were based on literature data for the L3L4 IVJ
level, yet the errors at the L3L4 IVJ level were comparable to the errors at the other levels when
looking at the generic stiffnesses (Modglsistiff). This suggests that using angeic but level
dependent stiffness may not offer any improvemardr a generic uniform stiffnesa the
prediction accuracy. Theoptimisation of the uniform stiffnesses across spinal levels
(Modelsoptimunistitt) Showed similar errors at all spinal levéds some specimens while for other
specimens there were low errors at some levels and high errors af atthenggh statistically
significant differences were not founthis suggests a variation in the difference of the stiffness
between spinal levelsy specimen, implying some specimens exhibit higher level dependency
than others. The presence of higher errors at some levels indicates the ragmdnisationto
account for differences in stiffnesses between spine levels.

The need to account for dififences between spine levelsighlighted by some of the optimised
leveldependeninodels resulting ihighly accurate predicted motion (errors <0.1°). Howefeer,
most cases at the individual 1VJ levelse predicted errorsverehigherfor theleveldependent
models tharfor the uniform stiffness model&xamining the average errors across all spinal levels
showed all théeveldependenmodels performed more poorly than the uniform stiffness models.
This held for both the literature stiffnesses ane diptimised stiffnessedodelsoptimunistift VS
ModelsoptimLvipepstir, Table 4.12 Table 4.13 Table 4.14). Therefore,the introduction oflevel
dependencyia a fixed scaling factor is not suitabéowever, this could also be due to #pecific
scalingfactors used. The scaling factors were calculated from data presented in tHaaahgtes

by Zhanget al. [109] (maximum rotations without a compressive preloaad the moments
reported were higher than the moments used in the experiments the current study simulated.
Therefore, if a ratio is used to describe the variation of the stiffness between levels, tbrieeds
calibrated for the loading conditions.
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The present study was limited by using a generic ratio to introduce a level dependency, this was
done to reduce computational expense. The optimisation had a cardinality of three, had subject
specific level depndency been introduced the cardinality would have increased to 18 (three DoF
per IVJ level), which would likehhaveresuledin much longer simulation times. Additionally,

the simulations were not dynamic and did not attempt to account for tHenaaiity of the disc
stiffness. Given the low loading rate and the high computational expense of running fully dynamic
simulations with noflinear stiffnesses, this seems to be a justifiable simplification. However, an
avenue for future research would be totafg more efficientoptimisationtechniques, for example
investigating the use of static optimisatidinis study did not seek tptimisethe stiffnesses in

the translational DoF as the dataset contained the rotation of the vertebrae but not thertsanslat
However doing so would allow for a more complete characterization of theRiially, the data

used was not collected with the intention of simulating the experiments, thereforedymwere

taken for qualitative purposes. Therefore, as thestregion was based on theray image, the
accuracy could only be assessed qualitatively, potentially resulting in joinepose

In conclusion, this study has shown tlogatimisationof the intervertebral joint stiffness can
characterise the expectdler-specimen variability and result in more accurate motion prediction.
Using a generic ratio taccount for the difference of stiffnesses between spine levels results in
inaccurate predicted motiptherefore specimen or subjegiecific level dependey should be
used to achieve more accurate predictions. Finally, apimised stiffnesses vary widely
depending on the loading direction, therefar@ptimisedstiffness should not only be considered
specimerspecific but also loagpecific.
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4.5. Appendix A

Theregistrationof theCT scan to the Xay can be considered two distinct steps. Firsthe pre
processing of the CT data, followed by the registration of the CT data to the experimental position.

Pre-processing of CT data
Outputs:

1. A virtual palpation marker set for definiige sagittaplaneof the CT scan
2. A virtual palpation markeset for defining intervertebral joints

3. Avirtual palpation marker set for defining the endplate angles

4. Segmented specimen

1. Perform a virtual palpation of the marker set to define the sagittal plane of the CT scan. On
the CT scan, virtually palpatéhe posterioomost part of thespinousprocess, and the
anteriormost part of the superior and inferior endplates of each vertebra and the most
inferior part of the sacrum and the process of S1, S2, S3, and apex of the (Eoguy
4.22).

Figure 4.22: Virtual palpation of the marker set to define the sagittal plane of the CT scan.

2. Fit a plane to these points based on the least squares normal distdoedculate the
necessary rotations to align the plane with the vertical.

3. Apply these rotations to the CT scan (this can be done in Mimics for example with the

Reslice tool)

Segmenthe vertebrae and sacrum in the CT S¢agure4.23).

Perform virtual palpation for the joint markers and the endplate afiitree4.23).

ok
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Superior Endplate Joint Markers Superior Endplate Angle Markers

) N
%5

Inferior Endplate Angle Markers

Figure 4.23: Lefti Segmented specimen with markers for calculating the endplate angle. Cé&xpeded view of markers for
defining the joint pose. RightExploded view of markers for defining the endplate angle.

CT data registratiorto theX-ray
1. Perform a virtual palpation on th&ray and calculate the endplate anglegure4.24).

Figure 4.24: Left- Virtual palpation of the endplate on therXy and calculation of the endplate anglé&ghti determining the
endplate angles.

2. Move the CT scan and-Ky into a common reference system based on the sacral slope.
Find the rotation to align the sacral slope of the CT to tmaynd apply to all the
markers in the CT scarfrigure4.25).

/ e

Figure 4.25: Representation of finding the rotations to align the sacruthenCT scan with the sacrum in theag.
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Scale the Xray to the CT scabased on the averageiclidean distances of each vertebra

body height and width.

Calculate the endplate angles on the CT scan and the rotation matrix to rotate the CT
endplate angketo the Xray endplate angles.

Using endplates angle markers calculate the centre of the vertebrae and the translations to
move the CT vertebrae centres onto thea)X vertebrae centres.

Form the transformation matrix for each vertebra from the traostafnd rotations and

apply to the virtual palpation markers on the CT scan and the segmented geometries.
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4.6.Appendix B

Plots of theoptimised stiffnesse®r the leveldependentmodelsin the unloaded directiongor
each of the different loading conditions.
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Figure 4.26: Optimisedstiffness in axial rotation for thieveldependeninodels under a lateral bending load.
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Figure 4.27: Optimised stiffness in flexieextension for théeveldependenmodels under a lateral bending load.

113



Variability of intervertebral joint stiffness between spine levels and between specimens

4.6.2.Axial Loading
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Figure 4.28: Optimised stiffnesm lateral bendingor theleveldependenmodels undermaxial rotation load
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Figure 4.29: Optimised stiffness in flexieextension for théeveldependentmodels under an axial rotation load.
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4.6.3.Flexion loading
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Figure 4.30: Optimised stiffness ilateral bendingor theleveldependenmodels under #exionload.
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Figure 4.31: Optimised stiffness iaxial rotationfor theleveldependeninodels under a flexion load
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4.7.Appendix C

Plots of the pediction errors in the DoRshich do not correspond to the loading directi&ach

plot shows the error at each level for the literature stiffness model, the optimised stiffness model,
and the crossalidation stiffness model.

4.7.1.Lateral bending load
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Figure 4.32: Error of the predicted motion iaxial rotationunder alateral bendingoad with uniform stiffnessder theliterature

(Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overpdiction of the motion (ie too much
bending) while red indicates an underprediction of the motion.

Flexion error under a lateral bending load without level dependency
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Figure 4.33: Error of the predicted motion ifiexion-extensionunder alateral bendingload with uniform siffnessedor the

literature (Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too
much bending) while red indicates an underprediction of the motion.
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Leveldependenstiffnesses
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Figure 4.34: Error of the predicted motion iaxial rotationunder alateral bendingoad with levetdependenstiffnessesor the
literature (Lit.), optimised (Optim.) and crosslidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie too

much bending) while red indicates an ungeediction of the motion.

Flexion error under a lateral bending load with level dependency

©
=
[}]
= L3Ls-
=
(=]
7 LdLs-
Lit. Optim. Val. Lit. Oplim. Val. Lit. Optim. Val. Lit  Oplim. Val. Lit. Optim. Val.
1 2 3 4 5

Specimen number

Lit. Optim. Val.

6

Error, deg

Figure 4.35: Error of the predicted motion ifiexion-extensiorunde a lateral bendingoad with leveldependenstiffnessegor
theliterature (Lit.), optimised (Optim.) and crosalidation (Val.)stiffnessesBlue indicates an overprediction of the motion (ie

too much bending) while red indicates an underpredictich@imotion.

4.7.2.Axial rotation loading
Uniform stiffnesses

Figure 4.36: Error of the predicted motion ilateral bendingunder an axial rotationload with uniform stiffnessesr theliterature
(Lit.), optimisel (Optim.) and crossalidation (Val.)stiffnessesBlue indicates an ovesrediction of the motion (ie too much

bending) while red indicates an unearediction of the motion.
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