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ABSTRACT

The overall objective of this thesis is to provide a mederstanding of the degree of
biomechanical heterogeneity thexists along the human aorta, against the backdrop
of clinical literature reporting that patient outcomes depend on the distance of aortic
repair from the heart.

Spatialvariance in human aactbioarchitecture responsible for the elasticity
of the vesseis poorly understood. We present a quantification of the constituents
responsible for aortic compliance, namely, elastin, collagen and smooth muscle cells,
using histological and stereologid¢athniques along the vessel length. Using donated
cadaveric issue, a series of samples were excised between the proximal ascending
aorta and the distal abdominal aorta, for five cadavers, each of which underwent
various staining procedures to enhancec#ige constituents of the wall. Using
polarised light microsquy techniques, the orientation of collagen fibres was studied
for each location and each tunical layer of the aorta. Significant transmural and
longitudinal heterogeneity in collagen fibre otigtons were uncovered throughout
the vessel. It is shown thatvon Mises mixture model is required accurately to fit the
complex collagen fibre distributions that exist along the aorta. Additionally, collagen
and smooth muscle cell density was obsergeddrease with increasing distance from
the heart, whereasadtin density decreased. Evidence clearly demonstrates that the
aorta is highly heterogeneous in terms of bioarchitecture along its length, providing a
microstructural basis for varying biomecizal propertiespatially.

Several limitations exist with thexvivo approach to aortic mechanical
property characterization including; (i) sample dimensions are generally, small
presenting difficulty in terms of tensile testjn@i) medical legislationprevents
extension of the operative field for the purposesodit ai ni ng o&éhealt hy
essentially renderingll tissue excised surgically to be either diseased or dead,

(i) samples are generally from isolated segments of the aorta which dentaken

to represent the properties of the entire vessedrAalternative, we adopt amvivo
approach to investigate thepatial variance ibiomechanics of the healthy human
aorta. Accurate measurement of the kinematics and haemodynaimilcs aorta
however, presents a considerable challenge. We present¥EN& 4D Flow MRI

protocol capable of capturing the unsteady-noiform blood flow throughout the

entire vessel and cardiac cycle, in addition to measurement of the dynamically
changing geometry of the aortic wall. Cross sectional area change, volumhairic

rate, and compliance are observed to decrease with increasing distance from the heart,
while pulse wave velocity is observed to increase. Alirgar aortic lumen pressure

area relationship is observed throughout the aorta, such that a high veapéhoce

occurs at low pressures, and a low vessel compliance occurs at high pressures. Results
show that the biomechanical behaviour of the aorta is highly dependent on the time
point of the cardiac cycle and on the spatial location relative to the heart.



We then turn our focus to characterizing smatially varyingnonlinear
compliance of the aorta-vivo using a combined MRI/FEA framework and a novel
physically motivated conistitive law. It is shown that in order to accurately capture
the biomechamws of the aorta, the contractile elements of the vessel wall must be
incorporated in the material model. The-gteetch of elastin and the contraction of
smooth muscle cells (SMCsye applied, resulting in a reduction in the reference
lumen area to a neaquilibrium area. The novel constitutive law is also demonstrated
to capture the key features of both elastin and SMC knockout experidesuiisject
specific FE model is generatditectly from the MRI data presented in Chapter 5, and
the volume fractios of the constituent components of the aortic material model (i.e.
nortlinear elastic collagen, pigretched elastin, and contracti@MCg were
computed so that then-silico presurearea curves accurately predict the
corresponding MRI data at each lboa. This leads to the prediction that collagen
and smooth muscle volume fractions increase distally, while elastin volume fraction
decreases distally. This finding is supportedh®y histological analyses presented in
Chapter 4The current study valides the inaccuracy in the assumption that the aorta
exhibits a spatially uniform compliance along its length and a temporally uniform
stiffness throughout the cardiac cycle.

The efect of repair techniques on the biomechanics of the human aorta has not
been rigorously investigated to date, resulting in significant levels of postoperative
complications for patients worldwide. Furthermore, several studies show that cardiac
death is dpendent on the location of the aortic repair. We show using our combined
MRI/FEA framework, that botkendovascularaorticrepair (EVAR) and open surgical
repair (OSR) significantly alter the biomechanics of the human aorta. Following an
EVAR, the aorta rezhes a new equilibrium configuration due to the outward force of
the implan being balanced by increased tension in the vessel wall. This additional
strain being imparted on the aortic wall results in the material transition from the high
compliance regiméHCR) into the low compliance regim@CR). The stenigraft
unloads from lte crimped configuration during deployment and operates along the
unloading plateau between diastole and systole. The direct effective stiffness of the
implant is negligible compadeto the higkstiffness of the artery wall in the LCR. As
a result, the pssurearea relationship postenting between diastole and systole
follows that of the local LCR slope of the aorféue stentedsection follows the local
LCR slope for the entireatdiac cycle, and as a result the effective change in diastole
is more proounced proximally versus distally where thdibearity of the pressure
area curve is more pronouncédhally, we alsashow thatOSRresults in a profound
change in both the HCRhd LCR slope, where a near zero compliance is observed
throughout the entr cardiac cycleThe link between aortic heterogeneity and
compliance mismatch uncovered may significantly advance the current understanding
of the efficacy of aortic devices ancethimpact on the cardiovascular system.
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Chapter 1

CHAPTER 1

INTRODUCTION

1.1 Introduction to Thesis and Structure

The aorta was first baptised by Aristotle in th& 4entury BC, a term which derives

from the Greek form ¢ ' 11, meaning 6to | iftdéd. The fir:
was simply to hang the he@&ntoniouet al, 2011) It is now known that its function

is far more complex, and it represents an integral part of the cardiovascular system.
Not only does the aorta serve as a conduit for blood transfer from the heart to the entire
systemicvasculature, it also acts as aastic chamber resulting in a reductioreft
ventricular afterloadand arimprovement in coronary blood flow and left ventricular
relaxation(Belz, 1995) Otto Frank used thenalogy of an oldashioned firehosein

1899to formulate the Windkessel theory and illustrate the buffering effect of the aorta
(Kassab, 2006)

In recent yeardjigh levels of cardiac failure haween reported in patients that have
undergone aortic repair close to the héktartin et al, 2008; Beactet al, 2017;
Conradet al, 2017) irrespective of the device used or the disease being treated.
Patients who undergo repair of the distal aorta however, seldom suffeisfrdm
postoperative complicatior(8arakatet al, 2015; Attiet al, 2018) These findings
warrantan investigation into the fundamental differences in the biomechanic® of th
aorta that could result in suatrastic location dependent postoperative outcomes
within the same vessel.

The spatial variance itbiomechanics of the aorta today remains poorly understood.
Testing of surgically excised tissue is limited due to both sammpe and legal
constraints suaunding multiple excision sites. Testing of cadaveric tissue provides
an alternative in the form of histological analyses, however tensile testing of the same
is subject to questions regarding the effects of fixative emtbchanical properties.

1



Chapter 1

In-vivo characterization through advanced medical imaging platforms and finite
element analysiFEA) provides the best possible platform for patigpécific
characterization and preoperative planning. To date no clinically défizenodel of

the entire humanaata has been developed atsdmechanical propertieharacterised
using a physically motivated constitutive law. In order to develop next generation
devices for the treatment of aortic disease that minimise cardiac catigys; an
understanding of theegional biomechanics of the aorta must first be established.

1.1.1 Objectives

The overall objective of this thesis is to provide advance on the current understanding
of aortic biomechanics, with particular focus on the ingoace of mechanical
heterogengy of the system. Novel complex diagnostic and computational
methodologies are developed that ultimately combine to result in a framewank for
vivo material characterization and preoperative planning capabilities. Thiicspec
aims are as follows:

1 Charaterize thespatial variation irarea fractions of the constituents of the
aortic wall responsible for compliancethre human cadaveric aorta.

1 Develop and implement a novel nowvasive MRI framework for
characterizing theagional biomechanics of the humaortain-vivo.

1 Develop a framework for generating patispecificFE models of the human
aorta directly from thaforementioned/RI dataset.

1 Develop and implement a novel physically based anisotropic hyperelastic
constitdive law and calibrate the medatieal properties of the aortssing the
in-vivo deformation of the system.

1 Investigate the regional effects of stent deployment and Dacron repair on the
mechanical properties of the patieptecific aorta.

1.1.2 Thesis Structure
Four studies form the backbone of the thesis. A brief outline of each chapter is outlined
below.

1.12.1Chapter 1
The remaining sections of the current chapter provide an outline of each chapter in the
thesis.

1.1.2.2Chapter 2

Chapter 2 presents awverview of the relevant literature to the proceeding work.
Section 2.1 describes the form and function of the aorta, providing detail on the
microarchitecture and wall layers of the vessel in addition to disease states, treatment
options and postoperagvcomplications. Section 2.2 provides detail on the literature

to date on the regional biomechanics of the aorta, including histological studies,
experimental testingin-vivo imaging studies using 4D Flow MRI and existing
computationamodels of the humaaorta, providing insights and motivation for the
work to follow in this thesis. In addition to the broad review of the literature provided
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in Chapter 2, a more detailed analysis of the literature is also provided within each
technicalchapter (Chapters-4).

1.1.2.3Chapter 3

Chapter 3 outlines the relevant theory that encompasses this thesis. An introduction to
continuum mechanics is provided in Section 3.1, the principles of which are used to
solve the simulations performed in thiesis. Section 3.2 deribes the finite element
method (FEM) in general, in addition to common integration schemes which are used
in solving the boundary value problems outlined in Chapters 6 and 7. In Section 3.3,
the theory surrounding optimization metlsois discussed to rtieate the work
performed in Chapter 6. Finally, Section 3.4 details both the classical and quantum
magnetic resonance theory required in order to provide a foundation for the work
undertaken in Chapter 5.

1.1.2.4Chapter 4

The spatial variance inbioarchtectural components of the wall responsible for
compliance are quantified in 5 adult human cadavers with no previous history of aortic
diseasein order to investigate whether or not microstructural heterogeneity exists
along the humaaorta. Elastin is #indominant protein in the wall proximally, whereas
collagen dominates distally. With increasing distance from the heart elastin content
decreases while both collagen and smooth muscle(8MIC) content increases.
Additionally, significant heterogeneity icollagen fiber orientation density is evident
along the length of the aorta, with two families of perfectly symmetric fibers absent as
commonly assumed in the majority lBE models to date.

1.1.2.5Chapter 5

A novel dualVENC 4D FlowMRI framework is devieped and implemented in a
commercial scanner, whereby the regiokimematicsand haemodynamics of the
entire aorta is characterised throughout the entire cardiac cycle. The aorta is most
compliant proximally and stiffness increasaghwincreasing distare from the heart.

The pulse wave velocity forms an inverse relationship with compliance and increases
distally. Furthermore, by plotting instantaneous pressure versus area;liaeaon
compliance is uncovereth-vivo, whereby the ada is highly compliah at low
pressures and stiffens at high pressures. The framework developed provides both a
novel methodology for characterising aortic biomechanics and new insights into the
in-vivo behaviour of the healthy human aorta.

1.1.2.6Chapter 6

A novel physicallybased constitutive law is developed that is capable of capturing the
true biomechanics of the aoitavivo. It is shown that in order to accurately capture
themechanical behaviowf the aorta, the contractile elements of the vaga#imust

be incorpoated in the material model. The gsteetch of elastin and the contraction

of SMCs are applied, resulting in a reduction in the reference lumen area to a new
equilibrium area. The novel constitutive law is also demonstrated to caiptukey
features oboth elastin and SMC knockout experiments. A sukgpecific FE model

is generated directly from the MRI dataset presented in Chapter 5 and the novel

3
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constitutive law is used to calibrate the regional material properties along gfile len

of the aorta ovea full cardiac cycleFinally, in order to simulate the spatially varying
heterogeneous presstagea relationships uncovered in Chapter 5, our modelling
framework predicts that the volume fraction of collagen and Siksases while the
volume fractionof elastin decreases with distance from the hd@&ese computed
spatial variations in collagen, elastin and SMC are strongly supported by histological
analyses from Chapter 4.

1.1.2.7 Chapter 7

It is shown inthe subject-specific finite element modeleeloped in Chapter,@hat
bothendovascular aortic repdiEVAR) andopen surgical repa{OSR) significantly

alter the biomechanics of the aorkollowing an EVAR, the aorta reaches a new
equilibrium configuration duéo the outward force of the implabeing balanced by
increased tension in the vessel wall. This additional strain being imparted on the aortic
wall results in the material transition from the high compliance regime (HCR) into the
low compliance regime (LR). The stengraft unloads from thecrimped
configuration during deployment and operates along the unloading plateau between
diastole and systole. The direct effective stiffness of the implant is negligible
compared to the hightiffness of the artery wlah the LCR. As a result, the press-

area relationship postenting between diastole and systole follows that of the local
LCR slope of the aortd he stented section follows the local LCR slope for the entire
cardiac cycle, and as a result the effectchange in diastole is more pronoad
proximally versus distally where the-lmearity of the pressurarea curve is more
pronounced. Finally, we also show that OSR results in a profound change in both the
HCR and LCR slope, where a near zero compéasobserved throughout the entire
cardiac cycle

1.1.2.8Chapter 8
A discussion of key thesis contributions and future perspectives is provided
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CHAPTER?2

BACKGROUND TO THE LITERATURE

::Q %" @ D:
2.1 The Aorta

The aorta is the largest artery in the body and playsaleeof connecting the left
ventricle of the heart to the entire systemic vasculaireries can generally be
subdivided into two categorie&lastid@anddnusculag based on theimorphology,
location and composition (Rhodih980). Elastic arteriesclude the aorta, carotid

and pulmonary arteries, and are closer to the heart. Muscular arteries include femoral,
plantarand coronary arterie@nd are closer to the capillaries (Humgj 1995).
Significantvariancein terms of the underlying tissuestructureis evident in Table

2.1, where elastic arteries exhibit a higher content of elastin and muscular arteries a
higher density of smooth muscl€his architectural heterogeneityassociated with

the distinct roles of both types of arteBlastic ateriesdilate and recoilwhereas
muscular arteries undergo vasoconstriction to coptedsure antlood flow. In this

section a detailed introduction to the aorta is descrjbedluding details 6 its
morphology,its wall layers, common diseases tladfect the vessel and common
complications that follow the repair such diseases
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Figure 2.1: Schematic of major structural characteristics of principal segments of blood vessels
in mammals (Rhodin, 1980)Permissiongranted by John Wiley and Sons.

Table 2.1:Breakdown of medial layer of thoradc aorta and plantar artery (Fung, 1993)

Thoracic Aorta Plantar Artery
Smoothmuscle(%) 33.5+10.4 60.5+6.5
Ground substang@b) 56+6.7 26.4+6.4
Elastin(%) 243+ 7.7 13+1.1
Collagen(%) 27.4+£13.2 11.9+8.4
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2.1.1 Aortic Morphology

The canly cane shape of the aolfleigure 22) facilitates both cranial and caudal
perfusion of oxygenated blood following ventricular ejection. Its compliant nature
allows for a portion of the kinetic energy associated with systole to be stored within
the wallsduring extensionThis is then releaseduring diastoleforming a pressure
wave transmission and converting the pulsatile flow profile of the left ventricular
outflow tract (LVOT) to a steady flow downstream. The microarchitectural
components of the walhat goverrthis complianceareoutlined below.

ContentRemovedDue toCopyright

Figure 2.2: Morphology of human aorta. Real Anatomy, M. Nielsen, S. Miller, Wiley (2008).

2.1.2 Tissue Microarchitecture

2.1.2.1Connective Tissue

The primary function of connective tissue is to provide stimattand mechanical
support for other tyes of tissug Young, O 6 Dadford, 2GLB) it alstvo
mediates the exchange of nutrients and waste products between {Osaés,
Nahirney and Netter,(.3), however this is outside the scope of the current work as
we focus here only on the kinematics of the wall. In the context of the aortic wall
there are two main connective tissue components which contribute teethamcal
behaviour of the tisgj (i) extracellular matrix (ECM) components, and (ii) cellular
componentgGasser, 2017)The ECM includes protein fibg such as elastin and
collagen and a surrounding amorphous component known as the ground matrix which
consists of proteoglycans, glycoproteins and glycosagtycangRoss and Pawla

2015) The cellular componés consist of endothelial cells, smooth muscle cells,
macrophages and fibroblasts among others, each of which play highly specialised roles
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within the vessel wall. The wall can be regarded as having passive (elastin and
collagen) and active (smooth musctdl) systems which contribute to its mechanical
properties. The passive components provide elasticity and tensile strength
respectively, while the active component is concerned with the production of ECM
components and vessone(Ross, 1971)

Elastin, collagen and smooth muscédlscanconstitutebetweerb0%and 90%of the
material of the wall, the rest is largely water, which governs the compressibility of the
tissug(Y. Fung, 1993; Pedley, 2003 number of studies have held ECM components
responsible for changes in arteri@iffeess(Brozovichet al, 2016) however SMCs

are also accountable, in that they have been shown to play a major role in the overall
arterial stiffness (Xu and $i, 2014) We provide afocused summary belowof the
primary structural components of the ECMpllagen andelastin as well asthe
primary cellular component that contributes to arterial stiffn€84Cs in order to
understand their roles in the kinetica of the system.

2.1.2.2Collagen

Collagen is the most abundant protein in the human body and the maitodibein

most supporting tissug®valle, Nahirney and Netter, 2013; Yaqupn, OO0 Dowd an ¢
Woodford, 2013) Its primary function is to provide tensile strength to connective
tissues and resipulling, stretching or tearing. In blood vessels and specifically in the

aorta its function is to limit distensiqXu and Shi2014) Collagen consists of three

pol ypeptide (or U) chains bound together
long and 1.5 nm imdiameter which make up collagen fibrils. Collagen fibrils then

bundle together to form collagen. There are over Zferént types of collagen,

however collagen types I, Il and Ill are arranged as-liépdibrils and are the main

forms of fibrillar collagen found in the arterial wdllrelstad, 1974; Ross diPawlina,

2015) Fibes typically form a helical bundle around the elaSMC unit (Rhodin,

1980; Shadwick, 1999; Agrawadt al, 2013a) and appear wavy under light
microscopy The unfolding of their naturally crimped configuration during extension
describestte material nottinearity observed duringxvivo tensile testingClark and

Glagov, 1985)

2.1.2.3Elastin

Elastin, like collagen, is also a protéut is responsible for the elasticity of vessels
i.e., the passive return to their reference configuration following distension. The
random distribution of gycines make elastin hydrophobic and allows for random
coiling of its fibas. This permits elastfibers to slide over one another in both loading
and unbading(Xu and Shi, 2014)Microscopy studies also indicate thatstia is
made up of repeating sedimilar structures at marlength scale¢Gasser, 2017)n
arteries, elastin is arranged itiioers (100-500nm) and sheets-@.2um) interspersed
about the ECM, together comprising to50% of the ECM dry weightXu and Shi,
2014) Elastin is a critical component of blood vessels (and of the cardiovascular
system as a whole) in the regulation of blood pressure and flow, particularly in the
aorta. During systole (ventricular ejecti, the aorta dilates to accommodate the
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ejected blood column and elastin harnesses this kinetic energy as it distends. In
diastole, the recoil of elastin is responsible for the continuation of blood flow and
diastolic Bood pressurea processvhich is cucial for coronary perfusiof\Wu et al,

2015)

2.1.2.4Smooth Muscle Cells

Vascular smooth muscle cells (SMCs) are the main constitutive stromal celks of th
vascular wall(Lacolley et al, 2012) These cells, generally found in situations
requiring sustained slow or rhythmic contractighewe andAnderson, 2015)are
involuntarily regulated by the autonomic nervous system and serve to regulate both
ECM component synthesis and vessel tone. Here we are focused oriethedat
their active role. SMCs, through contraction and relaxation of |Hsticontractile
units (Milewicz et al, 2017) regulate blood flow and localized pressure in arteries, a
mechanism responsible for the redistribntaf blood to target areas within the body
(Ovalle and Netter, 2013)SMCs are tyically spindle shaped and depending on the
site, vary in size from 20 um to 500 pfinowe and Anderson, 2015y hin filaments
(actin), thick flaments (myosin), and intermediate filaments (desmin and vimentin)
together with a single nucleus malke the structure of SMCs, where contraction of
thin and thick filaments cause the uniform contraction of the entirg@kdmley
Campbell and Ross, 19798MCs may enter a latch state and rentantracted for
long periods of time without fatiguingurthermoregcontraction may occur along the
entire muscle producing extrusive movements, ey timay contract in a wave like
manner producing peristaltic moveme(f®ss and Pawlina, 2015)

2.1.3 Aortic Wall Layers

The walls ofarteries are composed of three distinct layers known as tunics. Together
from the lumen outward, they make the Tunica Intima, Tunica Media, and Tunica
Adventitia. Each layer consists of different types of cells and matrix prqtémse

2.3) and serves specific mechanical or mechanobiological function.
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Figure 2.3: Layers of the Aortic wall (Gasser, Ogden and Holzapfel, 2006fPermissiongranted
by the Journal of Royal Society Interface

2.1.3.1Tunica Intima

Thetunicaintima is generally referred to as the innermost layer of arteries and can be
further split into three subegments; (i) thendothelium (ii) the basal laminaand

(iii) the subendothelial lay€l.-C. Fung, 1993)The endothelium, or luminal surface,

is a monolayer of flattened epithelial cells that are aligned paralleétdirection of
flow (Ovalle and Netter, 2013[ach epithelial cell is 15 pm wadand 2530 pum long
providing a smooth wall which is selectively permeability to water, electrolytes,
sugars and other substances passing betiliedsiood and the tissugShandrarand
Yoganathan, 2012)These epithelial cells are anchored on the basal &maithin
sheetlike membraneof connective tissue including collagen, proteoglycans and
glycoproteins(Ross and Pawlina, 2015Jhe subendothelial layer is usually only
present in large elastic anes such as the aorta, and is comprised of network of
interlaced collagen, elastin and SMC®we ard Anderson, 2015)Combined, the
adult aorta has an intima that is 10050 pm thickwhich acts mainly in a sensoy
manney andoffers anegligible contribution tahe mechanical properties of the wall
(Chandran and Yoganathan, 2012)

2.1.3.2Tunica Media

Thetunicamedia is generallyhe most pronounced layer of the arterial wall ranging
from 0.5 2 mm in thicknes§Ovalle and Netter, 2013and that which gives elasticity

to the vesse{Pedley, 2003)The inner boundary dfinicamedia is bounded by the
Internal Elastic Lamina (IEL), or a membrane that is not always distinguishable as an
individual entiyy but represents the first layer of the many concentric elastic laminae
(27 3 um wide) in the media of the vesgRbss and Barnash, 2008eginning at the
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IEL, concentric layers of elastic sheets radiate outwards which are sepayated b
interlaminar SMCs, collagenand ground substanc@edley, 2003; Lowe and
Anderson, 2015)In this case SMCs are respilnhs for both the production of
extracellular constituents and the regulation of vessel tone. The medial layer is for the
mod part, an avascular tissieacolley et al, 2012)and it is the fenestrations in the
elastic laminae that allows for the diffusion of nutrients throtnghwall (Ross and
Pawlima, 2015) The external boundary of thenicamedia is the outermost elastic
layeralso known ashe External Elastic Lmina (EEL)(Y.-C. Fung, 1993; Ross and
Pawlina, 2015)

2.1.3.3Tunica Adventitia

The outermost portion of the arterial wall, thenica adventitia is composed of
collagenous fibres and ground substance that form a network of loose and disorganised
connective tissue. Ithis regard, it is hypothesized that this layer is not as important
mechanically, as theéunica media (Pedley, 2003) Additionally, from a cellular
standpointfibroblasts and macrophages are dispersed througRoss and Pawlina,

2015) As the lumen suppligbe intima and inner media through diffusion of nutrients

and other substances, in thick walled vessels small blood vessels candafthen
adventitia known as the vasa vasorum. These vessels supply the outer portions of the
arterial wall where radiadtiffusion is no longer possible due to excessive wall
thickness(Ross, Pawlina and Barnash, 2008 exception to this is the abdominal
aorta. Lastly, thetunica adventitia also contain nerwasorum, or a system of
autonomic nerves that control contraction of smooth muscle and hence,rtrghth
constriction and dilation of the vessel. In elastic arteries the adventitia is usually less
than half the thickness oféhmediaRoss and Pawlin2015)

2.1.4 Aortic Disease

Aortic diseasels among the leading causes of morbidity, mortalitgd medical
expenss in the United Statd€aglayaret al.,2009) A summary of the twgrimary
aortic diseasesneurysm and dissectias provided below.

2.1.4.1Aortic Aneurysm

An aortic aneurysniFigure 24) is defined as a localized dilation or bulge of the aorta
resulting in decreased wall strength and subsequently increased ruptkéarigii
2016) Conventionally, an aneurysm is considered a idiabf 50% larger than the
original vessel diameter (approximately 8dm for the aorta), however, aortic
aneurysms are known to rupture at various sizes which poses a significant challenge
to vascular interrteonalists worldwide regarding the optimum intention time
(McGloughlin and Doyle, 2010 urrently the threshold for intervention stands at a
diameter of 6.5 cm for the descending thoracic aorta and 5.®rcthef abdominal
aorta(Balakhovsky & Volokh, 2014; Fordet Gasser, 2013; Martufi & Di Martino,
2014)

This maximum diametaariterion,however, fails to quantify aneurysm rupture risk on
a patientspecific basis. Several studies have reported aneurysm rugaiong this
threshold with one study reporting 24% of aneurysms rupturing below 5.0 cm

12



Chapter2

(Fillinger & Kennedy, 2002)These indications wa been developed according to the
point at which aneurysm rupture risk outweighs the risk of the interventiongpenit
surgicalrepair (OSR)endovasculaeortic repair (EVAR) or éhybrid approach. It has
been well documented, however, that small aatieurysms can rupture and large
aneurysms can remain stabfellinger et al, (2002 andHumphrey and Holzapfel,
(2012 report a 24% rupture rate below 5.0 cm and a 57%ruapture rate over 7.0
cm respectively.

Important factors other than the maximdm amet er cr i terion i nf/l
decision to intervene, such as aortic tortuosity, patient age, preoperasiveinetion,

ability to withstand proximal aortic clampingnd involvement of visceral branches
(Debakey & Morris, 1956; Orr & Bobadil| 2014) In patients with aortic aneurysms

greater than 5.5 cm, more than 50% of these aneurysms will rupture when surgery is
defered because of such operative rigkdlinger et al, 2002) With an associated

mortality rate following rupture of over 90%, this disease has so been termed the
0Si | e n(Elefieriades 2015

() (b)

Figure 24: 5.5cm Abdominal Aortic Aneurysm (a) axial CTA (b) 3D Reconstruction using
3Mensio Software(3 Mensio Medical Imaging BV, Nethetands).

2.1.4.2Ao0rtic Dissection

An aortic dissection occurs when a tear develops iadhtc wall, allowing the entry

of blood into a secondary channel within the wall known as the false I(fFigure

2.5). The intramural haemorrhage leads to propegatr further tearing of the aortic

wall, generally away from the heart, in addition to significant aortic dilatation
(FernandezMoure, 2011) A common complication exists whereby the true lumen
becomes compressed by the false lumen, leading to ischaemic complications distally
(malperfusion of renal, coeliac, mesenteric andcilessels). The International
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Registry for Aotic Dissection (IRAD) have identified several risk factors for the
development of acute aortic dissection which include; male sex, hypertension and
previous medical history of Marfan Syndroifievangelisteet al, 2016; Beauforet

al., 2017)

Two main classifications exist to describe aortic dissectiime Debakey
Classification and the Stanford Classification. In the Debakey Classification
dissections originating in the ascending aadnsist of those which propagate to the
arch(Type I) and those that are confined to the ascending aorta (Type Il). Dissections
that originate in the descending aorta, regardlessnofrdegradeor retrograde
dissection path are known as Type lll teafBe Stanford Classification denotes
dissectios that involve the ascending aorta as Type A, and the descending aorta as
Type B, regardless of the point of origin. The immediate goal in the treatment of
patients with an aortic dissection is to reduce blo@$sure and lower the likelihood

of further popagation and rupture. Emergency or elective interventions can be
performed to alleviate complications using @SR EVAR, or hybrid approach
however each with variable results. A-2% per hour mortality ra¢ has been
associated with acute unoperategh@A aortic dissectiofGoldfinge et al, 2014)

(@) (b)

Figure 25: Type B Aortic Dissection with distal propagation (a) true and false lumen on axial
CTA and (b) 3D reconstruction using 3Mensiosoftware (3 Mensio Medical Imaging BV,
Netherlands).
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2.1.5 Aortic Repair

There are two main treatment options for patients who present with aortic disease
which warrants interventignopen surgical repair (OSR) andendovascularaortic

repair (EVAR). Abrief outline of each treatment method is given beland a
schematic is provided in Figureg2.

2.1.5.10pen Surgical Repair

Open surgical repair (OSR) of the aorta is considered one of the most technically
challenging and complex procedures performed by vascular sur@®igbsrget al,

2006) OSR of the thoracoabdominal aorta inesvopening both the chest and
abdomen through a long incision beginning at midpoint between the spinal processes
and the scapula, down to the umbilicus, and then to the pubis, if theedlaorta
requires repair. The upper abdominal aortic segmenipissed via a transperitoneal
approach which allows for direct visualization of the abdominal organs and a
comprehensive evaluation of the efficacy of revascularization after compleéng th
aortic repair(Gloviczki, 2002; Chiesat al, 2012)

The proximalend of the aortic graft is sutured to the descending thoracic aorta using
a 2/0 monofilament polypropylene in a running fashion. The clamp is then removed
and reapplied onto the distal thoic aorta above the coeliac axis and the aneurysm is
opened. Findy, an endto-end anastomosis with the distal aorta is performed and the
last clamps thenremoved(Chiesaet al, 2012) Due to the clamping and excision of
the diseased section of the aorta, distal reperfusion is required to offer protection from
visceral, lower extremity and spinal cord ischaemia. Conventional OSR of the
thoracoabdominal aorta has been the gold stansiace its introduction in 1955
(Kheirelseidet al, 2014) Various centres havpublished mortality rates as high as
48.4% and postoperative spinal cord ischaemia rates up to(Rig®erget al, 2006;
Greenberget al, 2008) Modern advances in surgical techniques for OSR including
distal reperfusion and hypothermic circulatory arrest have helped reduce
complications; however, issues relating to respiratory comgrrain, spinal cord,
cardiac and viseral ischaemia continue to pose significant con@@rambauet al,

2017)

2.1.5.2Endovascular Repair

The introduction of endovascular aortic repair (EVAR) was fuelled by the need for a
less invasive approach to treating aortic disease, whisled in the early 1990s. The
procedue remotely tracks a delivery system to the disease site and deploys a stent
graft to relieve the diseased aortic wall and reduce the risk of rupture. Routine
preoperative Computed Tomography Angiography (CTA) withtrest shouldoe
performed ensuring tanclude the aortic arch, chest, abdomen, and pelvis, to fully
evaluate the size of the vessels in question along with the degree of aortic angulation,
length of landing zones and viability of access vessels. Subsegaastrements of
aortic diameter, accessessel diameter, and length of proximal/distal landing zones
are essential to determine the feasibility of the procedure and to ensure the selection
of appropriately sized aortic endograf@ngh and Makaroun, 2014)
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Following definition of the entry side based on preoperative imagingpsilateral
Common Femoral Artery (CFA) is generally exposed by standard surgical cut down
(Henryet al.,2015)and the stengraft is introduced through a delivery sheath under
fluoroscopc guidance. Strategies for accurate placement are device specific, but the
majority of patients benefit from a temporary reduction in mean arterial pressure and
shortterm cessationf ventilation. Once the delivery system is in position, the outer
sheaths retracted, and the sadkpanding stengraft is deployed into the aortic wall.
Finally, completion imaging often in the form of Digital Subtraction Angiography
(DSA), is used t@onfirm both accurate endograft placement as well as the absence of
endokaks(Singh and Makaroun, 2014)

Wl

Figure 2.6: Open surgical (left) versus endovascular (right) repair techniques for abdominal
aortic aneurysms(Figueroa and Zarins, 2011)Permissiongranted by Springer.

2.1.6 Postopetive Complications

Several postoperative complications remain following both OSR and EVAR. Stroke,
paraplegia and myocardial infarction remain a concern following OSR, in addition to
30-day mortality rates of up to 48@@erhoeveret al, 2008) Intensive care unit (ICU)
stay, and general recovery is extensive due to the invasive nature of the Stingery.
introduction of endovascular aortic repair (EVAR) for the aorta in the early 1990s has
had a positive impact on postoperative outcomes ssi@@day mortality(Roselliet

al., 2007) however, rates ofspinal cord ischaemia, renal failynd endoleak are

still being reported as high as 23.5%, 45, And 44% respectively in certain centres
(Rigbeg et al, 2006; Cloughet al, 2012; Nayeemuddin and Asquith, 2012)
Furthermore, up to 36% of patients u@e a reintervention after endovascular repair,
with limb thrombosis (40%) and aneurysm enlargement (40%) necessitating
immediate attentio(Maleux,& Heye, 2009)
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It has not been establisheti@ther EVARor OSRis the superior treatment option for
patients with aortic aneurysm or dissecti®he endovascular versus open repair of
abdominal aortic aneurysms (EVAR 1) trial concluded that EVAR has dy ear
survival benefit but an inferior late survival compared to open répaitelet al,
2016) resulting in a lack of consensus regarding the agtineatment modality
throughout the vascular and endovascular surgical community. Furtheennoets
analysis of 42 nomandomised studies evaluating EVAR versus OSR for descending
thoracic aortic disease reported no significant difference between irttervgroups

in relation to stroke, reinterventipand mortality beyond 12 months (Cheeigal.,
2010).

Several recent studies have shown higher levels of cardiac death post thoracic
compared to abdominal aortic stenting, independent of diseaséMgptn et al,

2008; Barakatet al, 2015; Bischoffet al, 2016; Attiet al, 2018) A study by
Concannoret al, (2017)also founda dependence of stent position on cardiachdeat

in a multicentre cohort of 151 patients treated for thoracoabdominal aortic aneurysms
with a CoCr stentwhere an increased risk of cardiac death was associated with
proximal stenting. Recent clinical trials have been initiated to investigate the effects
of thoracicEVAR (TEVAR) on cardiac failure including the CORE triplauta et al,

2016) while van Bakel& Figueroa (2017 show a 33% increase in lafentricular
massat 12 months postop following proximal stenting of the affigure 27).

Pre-TEVAR | year FU

Figure 2.7: Outline of left ventricular wall pre -TEVAR (thoracic endovascular aortic repair) (left)
versus 1 year follow up (right) (van Bakel, Patel and Figueroa, 2017)Permission granted by
Wolters Kluwer .

It is believed that postoperative cardiac complications exist due to the lack of
understanding of thespatially varying biomedanics of the aorta, and hence,
uncertainty surroursltheregional efects of endovascular repair on the ventrieulo
aortic system as a whole. The following sections provide an outline of the work
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conducted to date on the regional mechanics of the aoralfoth an experimental
and computational point of view.

2.2 Background and Literature

It has been shown that during embryogenesis the aorta is developed segmentally, each
section of which are derived from different regions (Figu®.2Specifically, in

relation to the thoracic aorta, it does not develop asumriteor even ira single stage.

The descending thoracic aorta is the first segment developed during embryogenesis,
followed by the aortic arch, proximal ascending aorta and finally, the aortic root
(Sherif, 2014) Additionally, each of these four segments are independently derived
from different cellline ages, be they neural crest or mesodermal in ofRggional
differences in biochemical, phenotypicptotease and cetignalling pathways have

also been reported along the length of the g&taldy et al., 2008)

ContentRemovedDue toCopyright

Figure 2.8: Embryological development of the aoré (Schoenwolf et al., 2009)

2.2.1 Histological analysis of Aortic Tissue

Particular focus has been directed towards the effects of ageing on the microstructure
of the aorta(Feldman and (agov, 1971; Cattell and Hasleton, 1996; Fritteal,

2012) Hosodaet al. (1984) investigated the human thoracic @oand found that
elastin decreased with age, whereas collagen remained theFadaeand Moller

Hou (2009) also found that elastin decreased with age; however, thmd fthat
collagen increased.
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Much less emphasis, however, has been placed ogptit&l heterogeneity in the
microarchitectureof the aorta in health and disease. Doeboth the ethics and
accessibility of human tissu#)e number ofinimal studieexceels that of human
studies in the literatureDavidsonet al, (1985) investigated the regional elastin
contentin the porcineaortaand found that elastic fibers were reduced in the abdominal
compared to thoracic groups, whaeyetal., (2015)report, for an equine population,

a greater concentration of collagen in the distal thoracic aorta compared with proximal;
however, there were no significaregonal differences in elastin content.

ContentRemovedDue toCopyright

Figure 2.9: Normal histological features of the aortic wall (a) H&E staining of a rabbit aortic wall

with cell nuclei stained dark purple (Xiao et al, 2015) (b) Verhoeff Van Gieson stained murine
aorticwallwi t h el astin stained bl ack, and (c) Massonbo
with collagen stained blug(Bersi et al, 2016).

Others have focused on characterising the orientation of collagen fibers in the aorta in
order to provide advance on the anisotropy of aortic tisS@e.C o nehat, I(2D08)
Schrieflet al, (2012) Chowet al, (2014) andSugita & Matsumoto, (2018gport

that a single family of fibres was evident; however, others have reported ksari

et al, 2016) three(Schriefl et al, 2012)and even foufRezakhanihat al, 2012)
families. The vast majority of publishestudieson the orientation of colggen fibers

in the aorta are animal studies, due to ethical and logistical constraints. Although
varying numbers of collagen fiber families have been cited, in geféahodels of

the aora to date assume a homogend®ey et al, 2014)and symmetridistribution
(Grytsan and Holzapfel, 2016j fibres in the wH.

ContentRemovedDue toCopyright
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Figure 2.10: Polarized light micrographs of Picrosirius Red stained tissue samples from (a)
intimal, (b) medial, and (c) adventitial layers of theaorta (Schriefl et al., 2012)

2.2.2 Experimental Testing of Aortic Tissue

The vast majority of data that exists in therhterre surrounding aortic properties is
that of tensile tests performed on excised tissue. Of this data, naturadise either
diseased or dead. Here we review the body of work performedetonlaxperimental
testing of aortic tissue, with particular focus on heterogeneityutlining the key
features learned.

Charl es Roy st at e das thdextensianuso the feraelniok edisc
Law) does noapplyin animal tissues 1880 It is now well established that the stress
strain cuve for the aorta is nelinear. Many others have described the microstructural
basis for this stiffening as the progressive straightening and alignment of collagen
fibers(Wolinsky and Glagov, 1964)

Significant heterogeneity in terms of the shape of the s$tesis response of aortic
tissue to tension has been shown experimentally between young and oldvaortize.
Geest& Vorp, (2004) investigated the age dependency of biaxial mechanical
behaviour of the abdominal aorta and found that, specimens from the younger gro
exhibited far greater extensibility than older groups who exhibited an exponential
shape response (p<0.001). The awthgo on to model young tissue using a
polynomial strain energy function and older groups using a & exponential
strain energy udnction, highlighting significant age dependency in the mechanical
response.

Haskettet al, (2010 subjected samples ofiman aortic tissue following autopsy to
biaxial mechanical testing and found that the abdominal aorta is statistically different
from all other aortic regions both in terms of its microstructure and mechanical
response. The authors also showreat theabdominal aorta was significantly stiffer
than proximal region&Veisbeckeet al.,(2012 conducted layer specific experiments

on 14 theacic and 9 abdominal aortic samples with {adimerosclerotic intimal
thickening and report a statisticalhglevant diffeence between the thoracic and
abdominal aorta for several paramef@uesof the constitutive lawsed to fit the data

in the intimg media and adventitia.

Pierceet al., (2015)wasthe first to publish on the varying collagen fiber angles and
material constutive law parameterdetween thoracic aortic aneurysm (TAA) and
abdominal aortic aneurysm (AAA) tissues. The authors report a median collagren fib
angle for the TAA samples af = 44.81°, indicating a nearly isotropic behaviour. In
contrast, a medianalue of = = 41.91° for the AAA samples was found, thus
abdominal aneurysmal tissues show a higher stiffness circumfere(figiye 2.1).

The auhors also report a statistically significant difference in the parametehnikh

was larger in the abdomihaorta, indicating that the fibers contribute more to the
mechanical response.

20

Vv



Chapter2

0.35 : : . - . 0.35 . .
03 1 0.3
0.25 1 0.25
© ©
o 0.2r o 0.2
=3 =3
172} 12
w w
L o151 £ 015
» »
0.1F ] 01l
0.05 1 0.05
0 ; . . . 0 : . . . .
1 1.05 1.1 1.15 1.2 1.25 1.3 1 1.05 1.1 1.15 1.2 1.25 1.3
Stretch Stretch

Figure 2.11: Stress strain plot for human circumferential TAA (thoracic) and AAA (abdominal)
tissue samples subjected to uniaxial extension, adapted frafierceet al, 2015) The mechanical
response of the tissue to loading is notably different between thoracic and abdominal groups.

The pressurarea relationship of the aomeas first characterised by Roy in 1880, with
anexpeme nt al set up Aporidn ofarteny,sa asranged that if couldf

be distended by any desired internal pressure, was inclosed in a small vessel,
containing olive oil, and the variations whose contents were recorded by means of
alever,wt i ng on t he bl ac k e.nThedautmoushdwedahatthe f a
aorta was most extensible at pressures nearing normotension and at higher pressures
the extensibility was considerably impairéche nonlinearity of this pressuegea
relationship wa subsequently attributed to an increasing number of collagen fibers
being drawn taufClark andGlagov, 1985)

Hallock & Benson(1937), investigaed the effect of various age profiles on the
pressuresolume response of aortic tissue and show that in younger gtbepsirves
are sshaped exhibiting a high degree of extensibility even at high pregsugese
2.12). In older groups this-shape idost, and the relationship becomes monotonic,
where at high pressures the curve becomes alntasizontalline.
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Figure 2.12: Evolution of the aortic pressurevolume relationship with age(Hallock and Benson,
1937) Younger subjects exhibit a more shaped curve whereas older subjects exhibit a
monotonic relationship.

Langewouter® Goedhard(1984)investigated the regional variance in the human
aortic pressurgliameter relatioghip by subjecting segments of thoracic and
abdominal tisge to incrementally increasing pressures. Following the experimental
protocol, the authors fit an atangent model to the data and observe a simdaaped
curve in the thoracic segment, however thikess evident distallfFigure 2.B). The
authors B0 report that compliance values at 1@@nHg range from 1.9 to 16.6
cm?/mmHg? in the thoracic aorta and from 0.6 to 4.4%tnmHg? in the abdominal
aorta.
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Figure 2.13: Thoracic versus abdominal presure-area relation for a 30year-old subject fitted
with the arc-tangent model (R=0.998, R=0.999). Adapted fromLangewouters & Goedhard,
1984

22



Chapter2

It should be noted at this point that significantrkvbas been published that indicates
that even when the aorta is at O6zero pre
Bergel statd iWhen an artery is split open longitudinally it will unraitelf to a
varying degree to the form of a flat ribloT his surely indicates some degree of stress
even when there is no distending pressyBergel, 1960)Some years lateChuong

and Fung(1983)andVaishnav and Vossough(1983) independently observed that
slicing an artery along the radial dimension results in the springing open of the vessel
(by what is now known as the opening anglepplying the existence of
circumferential residual strains and therefore stre$®eserly, Sokoliset al., (2017)
published the regional heterogeneitycircumferential residual straifgigure 2.4)

along the human aorta, providing further evidence of the significant heterogeneity that
existswithin the vessel wall
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Figure 2.14: Regional variation in opening angle along the length of the humanaorfaor &6y oungd,
O6mi ddl ed and 0 o ldidod to sagation g igemdep(Sokolisietral, 2047) Permission
granted by Springer Nature.

2.2.3 4D Flow MRI in the Aorta

Magnetic resonance imaging (MRI) techniques provideineasive and noiionising
methods for the highly accurate anatomical depiction of the heart and vessels
throughout the cardiac cyclMarkl et al, 2016) In the early 150QsLeonardo
DaVinci proposed that vortices existed in the proximal ascending aorta that would aid
in the closure of the aortic valve, today with the use of 4D Flow MRI it is possible to
quantify such vortices on a patiespecific basigFigure 2.5).
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Figure 2.15: (left) Sketches of aortic flow patterns in the proximal aorta by Leonardo DaVinci
circa. 1512(Gharib et al., 2002) (right) 4D Flow MRI of ascending aorta illustrating vorticity in
the aortic root (Bissell and Choudhury, 2014)Permisdon granted by Springer Nature.

The majority of 4D Flow MRI studies to date have focused on differences in
haemodynamics between ¢ groups and aneurysgthlopeet al, 2007) dissection
(Francoiset al, 2013) bicuspid artic valve (BAV) (van Ooijet al, 2015) and
coarctation(Hopeet al, 2010) 4D Flow MRI oherwise known as 3D CINE phase
contrast (PC) MRI with @lirectional velocity encodin{Dyverfeldtet al, 2015)has
several advantages over standard 2D PC MRI including the ability tacthase
time-resolved flow in all 3 dimensions addition to equivalent accuracy in flow and
velocity quantification(Feneiset al, 2018) A further advantage 04D Flow MRI
exists in the ability to retrospectively place planes of analysis at any location within
the acquisition volume during pegtocessindDyverfeldtet al, 2015)
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Figure 2.16: Comparison of phase contrast MRI techniques (2D -tlir, 2D 3-dir, 4D Flow) in the

calculation of pe& velocity and flow within the aorta (Markl et al., 2016). Permission granted by
Elsevier.
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T h D fiow cardiovascular magnetic resamce consensus statem@entp u bl i s hed
Dyverfeldtet al.,(2015),outlines the acquisition and analysis methods required for a
sutable scanA summary of the main imaging parameters tailored to the human aorta
include a spatial resolution of 2205 mm, atemporal resolution of 460 ms, a
velocity encoding coefficienMENC) of 150200 cm/s, and a total scan time of2@
minutes(Markl et al, 2012) Figure 2.¥ below shows the workflow of a typical 4D
Flow MRI scan from acquisition to peptocessing and data visualization. Fitee
volume of interest must be aben to encompass all vessels for which quantification

is required. ECG gating is required to symttise scanning to particular phases within
each cardiac cycle, while 3D velocity encoding is used to obtain velocity sensitive
phase images along the thpenciple cartesian axes (antgwosterior, foothead, and
right-left). Data preprocessing consistd correction techniques for noiaadvelocity
aliasing (if required) and the velocity magnitude can be calculated as the root of the
squared sum of thedividual componentéw, w, w). Time resolved flow rates can
then be calculated as the igtal of the velocity magnitude within the boundary of the
fluid domain(Stankovicet al, 2014).

ContentRemovedDue toCopyright

Figure 2.16: Data acquisition and analysis for 4D flow MRI(Stankovic et al., 2014)
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In a standard 4D Flow acquisition with a single VENC, in order to avoid velocity
aliasing, the VENC mudbe set sufficientlyhigh to capture the highest velocity in
systole, a level that is not optimal for measuring low flow. VENC is defined as the
vel ocity that gives a phase shift of
shifts g r e aan® mesultt it weloty aliasimgaod wrapping, which if
uncorrected will result in significant errors in the calculation of f(@&ikins et al,
2003; Marklet al, 2012) Recently, issues regarding the use of a single VENC have
been brought to light in that the fluid velocity within the aorta is temporally varying
and hence, mulVENC acquisiions have been proposed to accurately calculate the
flow throughout the entire cdiac cycle. As the velocity to noise ratio (VNR) is
linearly related to the VENC, the accuracy declines when the true fluid velocity
becomes low in comparison to the VENCuahbssigne(Callagharet al, 2016) The
approach proposed llye authorsresulted in 81% improvement in spatial and 53%
improvement in temporal precision of velocigctor measurement{gigure 2.B)
during the midiate diastolic period wheftuid velocity was slow in comparison to a
single (mone) VENC acquisition.

ContentRemovedDue toCopyright

Figure 2.18: Comparison of mone versus mult-VENC acquisition by Callaghan et al., (2015).
The multi-VENC acquisition resulted in a 31%improvementin spatial and 53% improvement in
temporal precision of velocity vector measurements compared to the moiMENC scan.
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The use of phaseelocity unwrappingechniqueshowever muststill be accounted

for in each scan where the VENC parameseset below @y true velocity. Such
techniques add significant time to the ppsicessing portion of the 4D Flow MRI
workflow, in addition to the fact that they are prone to efroendering them
unpractical for use in most real life applicatidRgewska and Szkulmowski, 2019)

An alternative approach is described in the current thesis in Chapter 5, ensuring
accurate quantification of flow at each phase of the cardiac cycle and at each plane of
interest along the aorta.

2.2.4 Computational Modelling of the Aorta

The integration of computational models in recent yeaoshe field of solid and fluid
biomechanics has resultedsignificant advance in terms of deepening understanding,
generating new insights, and validating estmental investigations. Thellowing
section provides a general overview of the current state of the art in computational
models of the human aorta, with a more focused literature review available in Chapter
6.

To date, the majority of models assumead e al i s ed O c ayriBklieretc an e 6
al., 2004; Faret al, 201Q Vasaveet al, 2012; Ben Ahmed and Figueroa, 2QIR)is

is mostly due to difficulties in(i) obtaining patienspecific scan dataand (ii)
generating a robustE mesh of such a complex geometry. Plomtlkal., (2017),
investigatedn an idealised atic geometrythe effect of diameter, blood pressure and
longitudinal systolic stretching on the stress of the aortic wall, and found that
stretching had the greate$fieet on the stress distributioRatientspecificity in terms

of geometry however, will evidently have a significant role in localised stress
distribution and so should be taken into account when generating computational
models of the aorta.

Beller et al., (2004) Fan et al., (2010) Vasava et al., (2012
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Figure 2.19: Previously published geometrically idealised models of the aort®ermission granted
by Elsevier and Hindawi.
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Others have published patiesiecific models of the human aorta (in a geometrical
sense)Pasteet al, 2013; Martin and Elefteriades, 2015; Marteffial, 2018; Emerel

et al, 2019) although the majority tend to focus on an isolated segment of the aorta
such as the ascending thoracic, or an aneurysmal pottayte and McGloughlin,
(2007)found that modelling the aorta as an idealised geometry resulted in marked
differences in peak wall stress results compared to models with increasedrgadmet
patientspecificity, highlighting the importance of taking into account the true
geometry of each patientods vessel

Martin et al., (20.5) Pasteet al., (2A.3) Martufi et al., (208)
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Figure 2.20: Previously published patient-specific models of the aortaPermission granted by
Elsevier.

Studies that incorporate heterogeneous material properties along the length of the aorta
are few in the literature. The majority of studies assume the aorta to be homogeneous
(Kato et al, 2000; Kimet al, 2009; Georgakarakast al, 2010; Di Achilleet al,

2011) Martufi et al, (2015 showed that using homogeneous versus heterogeneous
material properties lead to a significantly different (p<0.001) stress res(iigaee

2.21) in patien-specific abdominal aortic aneurysm moddartufi et al, 2015)
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Homogeneous Material Properties Heterogeneous Material Properties
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Figure 2.21. Effect of homogeneous versus heterogeneous material properties on the stress
distribution in the abdominal aortic aneurysm (Martufi et al, 2015) Permission granted by
Springer Nature.

Significant work has been published on the importanéecoirporating the unkded
configuration into computational modelgarteries (Speelman & Gijsen, 2014ost

FEA models of the aorta are generated from CT/MRI scaagjaten cardiac phase

and hence do not correspond to tikbadedyeometry. Severaéthniques have been
developed to estimate an unloaded configurat®wis and Vierendeels, 2013; Riveros

et al, 2013) however this is truly never known. Not accounting for the unloaded
configuration results in an overestimation the displacement of the AAA wall and an
underestimatiorf peakwall stress byip t020%. (Raut et al 2013)
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Figure 2.21: Importance of incorporating the zero-pressure geometry (ZPG) on the stressin
coronary plaque models (A) Histological geometries, (B) Sstole with ZPG (C) Systole without
ZPG, (D) ZPG (Speelman & Gijsen, 2011)Permission granted by Journalof Biomechanics.
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A limited number of studies haveomputationallysimulated aortic stent graft
deployment in the literature. The majority investigate bending and compression
(Demangett al, 20123, Demangeet al, 2012; De Bock, 2018 Demangett al.,
compared eight marketed aortic stgmafts using finite element analysis by
simulating 180° bending and pressurizataod showthat iral and circular stents
provide greater flexibility, as well as lower stress values thatedts(Demanget et

al., 2aL3). De Bocket al.,details the virtual deploymetf a bifurcated stent graft in

an Abdominal Aortic Aneurysm model, using the finite element method. The finite
element results are validated in vitro with placement of the device in a silicone mock
aneungm, confirming the capability of the finite elememithod to predict the
deformed configuration following device deploymébe Bock et al., 2013Perrin et

al., developeda numerical methodology to predict stgmaft final deployed shapes
after surgeryn three clinical cases, howeuBesestudies nelgct the effects of arterial
pre-stresgPerrin et al2015)

Case #1 Case #2 Case #3

Figure 2.22: Finite element smulation results for three clinical AAA cases (Perrin et al., 2015.
Permission granted by Hsevier.
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CHAPTERS

THEORY

3.1 Continuum Mechanics

3.1.1 Deformation and motion

The fundamental principles of continuum mechanics that are relevant to this work are
presented herd:igure 3.1 shows an arbitrary body in spaog, which undergoes

kinematic deformation.to becomeny. An i nf i nitemi mal dmatei i
by dx in the reference configuration and dhyin the current configuration.

A Reference Current
Configuration X Configuration

Figure 3.1: Schematic of a body undergoing motion from the reference tarrent configuration.
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The motion ofm) tom is described by the deformation gradieéntwhere

TO
3 — 3.01
¢ = (3.01)

where the determinant of the deformation gradient is also known as the Ja&pbian (
which denotes the ratio of volume change from tkérenceto the current
configuration.

3.1.2 Strain and strain rate measures
The Green strain tensor depicts strain with respect to the reference (Lagrangian)
configuration and is defined as

A géﬁé g (3.02)

where¢ 1 is the transpose @f and£ is the identity tensor. The Eulerian strain tensor
depicts strain with respect to the current configuration and is defined as

8o ¢ (3.03)

Yol o)

The left and right Cauch¢éreen deformation tensoisand’Acan be obtained from
the debrmation gradient and are defined according to

A gén (3.04)
A gig (3.05)

Decomposition of into an orthogonal rotation tensgr and symmetric left (spatial)
and right (material) stretch tensofisandf, gives

€ NA AN (3.06)

which allows stretching followed by rotatiog ( 1 r) or viceversa§ 1 1) which
may be related to tHeft and right Cauchysreen tensors via
n A (3.07)

AOA (3.08)
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Defining strainenergy density functions using strain invariants iguls@he first
three invariants oA and’A are equivalent for both of the tensors and are defined as
follows

0 601A _  _  _ (3.09)

— P e
OEO 0iA _ _ _ _ _ _ (3.10)
0 QQa AAD L (3.11)

3.1.3 Stress measures

Taking a slice through a body in the current configuration allows definition of a
traction tensofland a normal vector to the surface lné slice i . At a point P, the
Cauchy stress is a second order symmetric tensor denoting the force per unit surface
areaA 3jiven by:

~

T (3.12)

Current
Configuration

A

A\

Figure 3.2: Schematic of the traction vector<n an internal surface of a body cut by a plan&ith
normal i in the current configuration.

The Kirchhoff stress is defined as:

* (3.13)

Such that for an incompressible matetia¢ Kirchhoff stress equals the Cauchy stress.

The First PiolaKirchhoff stress’E is defined as the force pemit area in the
undeformed configuration andisamrery mmet ri ¢ tensor . Nanson
used to map the Picldirchhoff stress in theeference configuration to the Cauchy

stress in the current configuration
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"Eox ¢ N (3.14)

The Second PialKirchhoff stress), is symmetric and can also be expressed in terms
of the Cauchy or First Pioldirchhoff stress as:

n % &0 ; n CEf (3.15a, 3.15D)

3.1.4 Forms of Strain Energy Density Functions for Soft Tissue
Hyperelasticityrefers to a constitutive material response that is derivable from an
elastic strain energy potentiaj. It is particularly useful for describing materials that
undergo large deformation and is hence oftadun the realm of soft biological tissue
behavour. In the case of material isotropy, the strain energy during deformation is a
function of the first three principal invariant®('Q O

WA W digio (3.16)

Assuming inconpressibility yields the deformation of the system to be purely
isocloric and hence there is no volume change, ensuringQtat k p and so the
strain energy becomes a function@fo

WA  wao (3.17)

An example of an incomprabge isotropic strain energy function is the Ogden model
where:

W -— T I [ o (3.18)

For all incompressible hyperelastic materials

d ne ¢7 A ¢7 A (3.19)
where 7 —, 7 — andn is the Lagrangian multiplier. Howevep, is
unknown and can only be determined by imposing equilibrium and boundary

conditions. Consider a cubwadeof isotropic hyperelastic material under uniaxial
tension in the z direction, where the x and y faces are free to contract in response to
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the load.The stress on such faces must be zero, hence it is trivial to solve for p the
Lagrange multiplier.

Undertaking a simple tension experiment of an incompressii®pic hyperelastic
material ensures, on the faces free of prescribed deformation, tisttetod (

_ _ ) and that the boundaries are stiss, i.e. (, . ). Imposing

equilibrium on these boundaries allows us to calculate the Lagrangian multiplier (p)
through:

" . nOoqw_ GCw_ T (3.20

n cw _ Cw _ (3.21)

Substituting p into equatid®19gives Cauchy stress along the direction of loading

G )

" W _ Ccw_0 ¢ _ cw (3.22)

Incompressible forms asotropicstrain energydensity functions such as the Ogden
model have beensed extensively in the literature to model soft biological tissues
including arteries (Ogden, 2003keletal muscle tissue (Bosboa@tal.,2001) skin
(Groveset al., (2012), and brain tissuesarciaGonzalezet al., 2018. In truth,
biological tissue is not fully incompressibldolan and McGarry, 2016; Wang and
Liu, 2018)and so some form of compressibility is required in order to accurately
model the material behaviomthenA A©  p, the deformation of the systerauses

a volumetric change and so the strain energy becomes a function of both the shear and
the bulk modulus of the material. As materials behave quite differently in bulk and
shear it is useful to split the defornmatilocally into an isochoric and volutric part.
Multiplicative decomposition of the deformation gradient ¢omes in the form

& *g (3.23)

while a decoupled representation of the strain energy funatipar(d Cauchy stress
(Q) is givenby

wA w * w A (3.24)
by

* 3.25

a c H]—H (3.25)
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where™H €&, The compressible form of the Ogdetrain energy functioris
therefore

p
= 3.26
= _ _ oY P (3.26)

The mechanical response oteaxial tissue isalsodirectionally variable (anisotropic)
due to the presence of collagen fib@fgyure 3.3)and so must be modelled using an
appropriate stiin energy function that takes material anisotropy into account.

G

aF

Collagen Fibres

{
h |

Artery Wall

Figure 3.3: Schematic of a typical artery with dispersed collagen fibers with mean fiber directions
described by=" and =" . When fiber symmetry is assumed the mean fiber véar acts at an
angle of » gto the circumferential direction (P) of the vessel.

The HolzapfelGassetOgden HGO) modelproposed in 2000 provides a means of
modelling incompressiblearterial tissue as an anisotropic hyperelastic material
whereby thestrain energy is additively split into volumetric, isochoric isotropic and
isochoric anisotropic terms

w AH hH w * w A oy AH RH (3.27)
where’A  * “"Ais the isochoric right Cauch@reendeformation tensoin numerical

implementations of the model such as Abaqus, ADINA, etc, the volumetric and
isochoric isotropic terms are represented byNe@Hookean hyperelastic free energy

TR ?" * b (3.28)
TTR g‘ ‘® o (3.29)
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Wherell and’ are the bulk and shear moduli respectively. The isochoric anisotropic
free-energy term is prescribed as
ALt e TQ i o,
w AH AH —  Agbd p p (3.30)

Q.

Where 'Q and 'Q are positive material constants that may be determined from
experiments. For the Cauchy stress we also have

a (3.31)

Forcompressiblanisotropic hyperelastic tissue, the inbABAQUS HGO modeis

often usedwhereby the bulk modulus term is used to introduce slight compressibility
into the model. The issue pertaining to this however exists in the form that the
anisotropic energy described above is isochoric and so with slight coibpitggte

full representation of the anisotropic contributions to the stress tensor is lost. To
overcome this, the Modified Anisotropic (MA) modsn beused to model arterial
tissue where the total strain energy is a function of the full right Ca@Gobsn tensor

‘A the anisotropic strain energy is a function of the full forfi®ahdOinvariants and

the anisotropic stress component is a function of the total and not isochoric Cauchy
stress

w AH hH w * w A W AH RAH (3.32)
o paLE e TQ i o,
W AH hH —= A@® 0O p p (3.33)
cQ
a a (3.34)

Anisotropic formulations such as the HGOvl&een used in numerous soft tissue
applcations includingarteries (Royet al.,2014;Gajewskiet al.,2013; Famaewgt al.,
2012; Tascat al.,2017), brain tissue (Madouh & Ramesh, 2019), intervertebral disks
(Shahraket al.,2015),cornea Pandolfi & Holzapfel (2008), skin ([(Mnnaidhet al,
2012),ligaments andendons (Shearer, 2015)

Evidently it is trivial to calculate the stress along the direction of loading for a uniaxial
tension experiment as described above in a single repregerabe elementThe
geometriesloads and boundgarconditions however used in the following work are
far more complex and so we rely upon the Finite Element Method for calculation of
the Cauchy stress going forwaibr further detail on the principlesf continuum
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mechanics and hyperelasticity the raatereferred toHolzapfel, (2000) Ogden,
(1997) Spencer (2004), Cowin (2013), and Eisenberg & Malvern (1973).

3.2 Finite Element Method (FEM)

The numerical solution of continuum mechanics problems in this work is achieved
using the FEM, implementethrough the commercially available ABAQUS FE
platform (DS SIMULUA, USA). In the FEM, the body of interest is divided or
discretized into volumes knawaselementghat are connected via pointsrardes.

Nodes Elements
- - - L ]
Solid Body Finite Element Mesh Nodes & Elements

Figure 3.4: The finite element method entails dicretizing the body into a known number of
elements, where each element is connected to its neighbours by nodes.

The application of loads and boundary conditions to the system facilitates the
calculation of stress and strain in each elentemérgy goingnto the structure due to
deformation is stored in the body in the form of strain eneatgg to the principle of
conservation of energyrhe FEM is built upon the Principle of Virtual Wo(RVW)

which enforces such conservation throgglresented in Voighotation)

117 A6 171171A 3 (3.35)

Where 6 is the reference volume on which equilibrium is enforced, bounded by
surface3; and’lare the stress and surface traction vectors respectively; aaat
171 are the virtual straiand virtual displacement vectors such that

1T N (3.36)

1 A (3.37)
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whereE is the global shape function matri¥; is a vector of the displacement of
each node that bounds the element;’ant the shapeuinction gradient. Substituting
these into our equation for PVW gives

VAl T Ae JIAEIA 3 (3.38)

The FEM requires constitutive equations to be calculated for each element which are
subsguently assembled to form a system of algebraic equations that describe the
behaviour of the body as a whole. Summing over each eteime¢he mesh and
removing arbitrary virtual quantities yields the global expression

1710 A T A6 EIA3 T (3.39)

Mo A6 CEMA3 m (3.40)

The out of balance force vectbrcan be calculated as the difference between
internal and external forces acting on the system

€ "l AT A6 CHMAZ (3.41)

Following each increment of displacement, the nonlinear set of equations above must
be solved for convergence to ensure an equilibrium stress state in théhboalgh
the residual force vectauch that

S (3.42)

The solutionof € 1 is usually obtained by incremental methods, whereby an
increment in time from®® O 30 s solved using either implicit or explicit methods.
All simulations in this thesis use the implicit integration scheme.
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3.2.1 Implicit Integration Scheme

Once the problem being addressed involves-imogarities (material ogeometrical),

i.e. the stiffness matrj>€ and/or external load€ are varying, an incremental

approach is required to break the system into a series of linear problems itoorder

achieve a solutiorin the following work quaststatic problems arsolved using the

Abaqus/Standard Implicit solver. Boundary conditions i.e. force, displacement,
pressure etc. are generally applied to the system through the use of a time step where
Ox rteHp . Consider a state where we have solved for @ared wish to solve for

timeO® 3Qwe require that

£l T (3.43)

For static structural analysis a form of the NewRaphson iterative solution solves
for the condition abov@-igure3.5). With each incremental step in time, the algorithm
defines the adal displacements as

" T I
T = % (3.44)

whereQis the time at the beginning of the incremexiyepresents the value ofeth
time increment in use; ardis the iteration count. The Newtdtaphson method uses
“I as the initial estimate of the nodal displacement ahd is the improved
estimate after iteratioh. By reorganising and introducing tishangein the estimate
of nodal displacementsl;y  in addition to the tangent stiffness matgéxwe have

oot - & 3.45
17k | | = €l (3.45)
Tl gl ¢ "l (3.46)
£ Tk ¢ "l (3.47)
Finally, € may be expressed as
. . Te "l h PO ,
€l —_— = Al 1 A6 € (3.48)
1
n Al A6 (3.49)
Tl '
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Al h A6 Al h1h A6 (3.50)
i h o '
RO
Al A A6 (3.51)
gl AAAA 6 (3.52)

where’Ais theconsistent tangent matrix, equal to the Jacobian of the constitutive
law — . & must be solved for each iteration in the pssci order to minimize the
out of balance force vecter.

£

L J

Uz U3z Upyact u

Figure 3.5: Schematic of Newton Raphson integration schenused by the finite element method.

The implicit integration scheme is unconditionally stable due to this iterative process,
whereby eqilibrium is enforced upon each successive increment in load and hence is
extremely robust and highly accurate in itcoédtions of field variables such as stress
and strain. For further detail on the principles of the finite element method the reader
is referred taFagan (1992) and Bathe (2006)

3.2.2 User defined material subroutines

In addition to the irbuilt library of constitutve laws, Abaqus caters for the use of
novel material formulations through user defined material subroliidaTs). At

each iteration of each time increment, the UMAT is called and the material
deformation is passed into the subroutine. The purpose &Nt is to calculate

the stress and pass it out to the main program. In order to do this, the mateiainJaco
(FeaX Fe+ , defined as the change in stress at the end of a given increment caused by
an infinitesimal perturbation of the strain, must be computed. A numerical
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approximation of the material Jacobian can be attained through the perturbation
method dscribed by Miehe (1996) The aforementioned approach has been used
previously in nodinear hyperelatic implementationsSunet al.,2008 Nolanet al,

2014, and is employed in subsequent chapters of this thesis. The method makes use
of a linearised incremental form of the Jaumann rate of the Kirchhoff stress:

> 3 3 1 EWEA (3.59)
where is the Kirchhoff stress) and’Aare the spin and rate of deformation tensors,

ande"'s the tangent modulus tensor for the Jaumann rate of the Kirchhoff sfjess.
and3’Amay be stated in terms of the deformation gradfesuch that

2 g o8 &£ 3% & (3.60)
2 A g 26 & 2k ¢ (3.61)

Through a perturbation of the deformation gradient, the tangent moduli may be
approximated by a forward difference scheme. Thaugeation is performed on each
degree of freedom in an analysis. [B@&2analysis, this requires a perturbatioaix

times (once for each independent componera-8j:

—r

3¢ 08 Q¢ Q& Q¢ (3.62)

13
where] is a small perturbation parameter, adds the basis vector in the spatia
description. The total perturbed deformation gradient is giveh by 3¢ €.

The Kirchhoff stress is then calculated from this perturbed deformation gradient.
Finally, the material Jacobianis approximated with:

Pe ﬁB WE we (3.63)

For each perturbation of equation 3.63 above, six independent componemsllof
be attained in a 3D simulation, with six perturbations required to construct the 6x6
tangent matrix.
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3.3 Optimization Methods

Optimization generally describes the maochfion of design variables in order to
identify the optimum performance of a part. As the derivat@edescribes the slope
of a 1D function (whether it increases or decreases in a given direction)]tiplenu
directions or dimensions this is knownthe gradient£Q. This can be described by
the problem outlinedh Figure 3.6 below where the goal is; for a given value of x
bound by the parabolazyx? what is the minimum value of y?

3 Err Error 4

i

-

v
=
v
-
v

Figure 3.6: Exanple of optimization problems, whereby the goal is to find the local minimum.

Optimization problems are commonly written in the form

a Qs Qd "W'Q (3.64)
@

where’Qs the objective functiorDecision variables are the inputs to the peabthat

the optimizer is allowed to change in order to improve the objective function value. In
the above examplevis the only decision variable. It is of course possible to have a
problem with multiple decision variables such that @ho B o , which
increases the difficulty in solving the optimization problem. The solution of the
optimization problem is a sef values of the dimensional vectot (where n is the
number of design variables) which gives a minimum value of the olgeftinction

"Qw while satisfying a set of constrairif3w Q6

QO Qo6 n o o ® (3.65)

wherew andw are the lower and upper bounds applied to the optimization indicating
the constraints inside whiakalues ofocan fluctuateThe optimizatiorapproach used

in this work involves determining the optimum material parameters for a given
constitutive law that when applied to a continuum model, provide an accurate estimate
of experimental data. In order tompute the optimal scalar or vectiif is necessary

to minimizea function,’Qw , by systematically choosing input values from within an
allowed boundary setf  @who )and computing the value of the function. The two
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optimization algorithms used in the following work are the Neltad and
LevenbergMarquadt algorithms.

NelderMead

The NelderMead Algorithm (NMA) usesthe conceptof a simplexor polytope
consistingof €  p verticesin € dimensionsThe initial simplexis corstructedby
generating  p verticesaboutthegiveninputguessoint(w ). During each iteration,

a series of test points bound by the simplex vertices are evaluated with respect to the
objective function and are ordered based on accuracy from leavésghest. The

worst point is then replaced by a new vertex defined by the oiflesflection,
expansion, contraction and shrinkage. The simplest approach involves replacing the
worst point with a point reflected through the centroid of the remamimgints. The

NMA subsequently generates a sequence of simplices which converges to a minimiser.
Convergence is achieved when the working simplex is sufficiently small, or the
function value is sufficiently clos® another.

LevenbergMarquardt
The Levenbeg-MarquardtAlgorithm (LMA) is a compositeapproactthatusesboth
the GaussNewtonalgorithmwhenparameterarefar from the optimalvalueandthe
methodof gradientdescentvhenparameterarecloseto theoptimalvalue. TheLMA
is iterative and produce (once given an initial starting point) a seriesof vectors

n M B thatconvergeowardsa minimumf). thatbestsatisfiesthe functional
relation”Q For a given iteratiog, the goal is to find the next iterade¢ p hsuch
tha the functon value is smaller than for iteration To choosew¢ p it is
necessary to define a direction frome and a step size. The LMA computes a linear
approximation tdQat w ¢ based on the Jacobian ( Y Fo) and a step sizg |.
The algorithm evaluates the approximating function by taking a step in the prescribed
direction and comparing the decrease in the linear approximati@with the actual
decrease in the functio@

Figure 3.7: (a) Nelder Mead: Visualize a small triangle on an elevation map fligflopping its way
down a valley to a local bottom at (0,0)tb) Levenberg-Marquardt: Gradient based approach to
determine path to minimum.
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To introduce the concept of optimization of paréeng for material characterization,

a simple example is outlined below. Consider a uniaxial tension experiment Figure 3.8
(a) performed on a sample etcised arterial tissue with the nominal stress vs stretch
response WEXBO eds by heidBrc). A RE nfodebirutime form of

a unit cube can be created to simulate the experiment, whereby a vertical displacement
(6 ) of 0.5mm is appliedo the top face while lateral faces are free to contract. By
recording the reaction forcér('Q due too , the nominal stress can be calculated as
the force per unit cross sectional area in the reference configuration. The material
behaviour of thewbe is governed by thecompressible’eohmodelwhere the strain
energy densityu)) is a functimm of three parameters, which form the individual
components of our decision variabtes # ¥ ¥ , The3 component of the

stress tensor is output for each strain point and the error function is calculated against
the objective functiofQuw , until the tolerance is met.

Initial Guess at Parameter Set

yi = {Cm':”_ qu“".cngm} Li=1

.
N

Evaluate Objective Function f(x)

"

o

‘E 015
3 J
- 01
E 005
-]
\- Stretch /
YES NO
(c}
0.2
= 041
=3 04 Terminate Mew Parameters
. .1 i _ yopt =
3 xt=x I=i4+1
A

1 11 12 1.3 1.4 15

Stretch

Figure 3.8: Outline of experimental/computationaloptimization solution scheme(a) Isolatetissue
from arterial wall and subjecttissueto uniaxial tensiletest; (b) Schematicof boundary conditions
applied to continuum model to replicate uniaxial tension experiment; (c) StressStrain
relationship for experimental test; (d) Optimization scheme: make initial guessat material
parameters, compare experimental vs computational stressstrain curves and iterate through
parameter variations until toleranceis achieved.
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3.4 Magnetic Resonance Imaging

Hydrogen(( ) is the most abundé element in the universe. The human body (in
addition to oxygen and carbon) is made ug of which has an atomic number of 1
and a nuaus that consists of a single prot@he rotating electrical charge causes a
magnetic field or momentg] about whit the( proton eternally spins. Outside of
an external magnetic field ea@his randomly aligned and so their s@amounts to
zera

An intrinsic property of exists where it can only exist in two primary energy states.

Once subject to a spatially uniform magnetic fild this propertyensures that the
element iitherin a low ( ) or high { ) energyconfiguration Syppose we apply a

static and spatiallyniform magnetic field? along the alirection such that

Tt TT
® nm 5 B ® T (3.66)
0 p

@ results inZeeman splittinga process whereby the longitudinal compur(e ) of
‘pis quantized
‘ ol ‘ Pl
a Q- N -"Q— (3.67)
C ¢ q

whereQ s Pl an k (66267004 s I¥anhkg / s) and is a particle specific
constant known as the gyromagnetic ratio that incatesrsize, mass and spin (43.58
MHz/Tesla for( ). In the case of whered pZ¢, we have the two allowed
values of energyOfor a free nucleus with an energy differende of:

[6 . 1670
13 r] ()\'O T
q q

Oa (3.68a, 3.68b)

The number of protons that align parallel (low energy state) otpardilel (high

energy state) t® is governed by a Bolzmann distribution. There are always a larger
number ofprotons aligned parallel to the primary magnagtdf For every 1,000,000

nuclei in the high energy state there are 1,000,006 in the low energy €bate pt.
At this point the net longitudinal magnetization is rparo and the system is in
thermodynanic equilibrium. At absolute zero, all nucleiould occupy the lower
energy (parallel) state, however, thermal agitation greatly exc&s The
equilibrium ratio of antparallel .  to parallel .  nuclei is governed by

<

A (3.69)

where kis the Boltzmann constafp® xp m1 JJ0 and T is temperature in
degrees Kelvin.
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The equilibrium spatial distribution of the magnetization is proportional to the local

spin density per unit volume” of (  where 0P denotes the equilibrium
magnetization

11
3] ” _
0 Gn 0 @ n 0 Qr T'Q"9 (3.70a, 3.70b)

In truth the magnetic moment vec{@) of each protoims not directly aligned with the
k-axis in the presence @& due to thermal agationand so it must have a transverse
component,’® . This transverse componels subject to a torqueb acting
perpendicular to both the field and tthieection of angular momentum which causes

the proton to precessatate of aboutthe drection of the applied field (axis &.
P 9 0P n e (3.71a, 3.71b)

This precession in the transverse plane however, is not yet observable because
neighbouring spins have random phase about teeepsional path and so the net
magnetization{{ ) remains along the-axis as the net magnetization in the transverse
plane 0 )isO.

Figure 3.9: (a) magnetic moment vectorsh for hydrogen atoms outside a magnetic field are
randomly oriented; (b) Zeeman splitting of energy levels into parallel andnti-parallel.

In order to produce an image, it is necessary to record the net magnetizatiorhe
receiver coils of the scanner, and as signal is proportional to the lengthitas
desrable to minimis&) and maximis& .Tosend) tozero, energy is transferred
into the system in the form of a radiofrequency (RF) péise . If the frequency or
energy of® O matches the Larmor precession J, erergy can be transferred to the
lower energy state protons, which enables them todbenpy the high energy state.
Noting thatadO @ 3 "0OQ, which is exactly the formula for the energy in the
quanta of an electromagnetic field with frequef@ywheres r7¢ A an RF field
tuned to'Qwill resonate with protons. If half the difference between parallel and anti
parallel protons can be excitedto the higher energy state, the net longitudinal
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magnetization will sum to zeroror excitation arRF Fieldis applied perpendicular
to @, usually as an amplitude modulated sinusoid

AT 100 %o
®o 600 OEN 6 % (3.72)
Tt

wherew 0 is the pulse envelop#.enough energy is transferredarthe systenthe
spins will begin to precess in phase, as they synchronise with the RF pulse frequency

and therefore each other. Ultimately, this results in azgawa0P which cannow be
easily detected as signal in the receiver aallere itdargest possible magnitude is

VY > (3.73)

Signal acquisition utilises Faradayods La
as it induces a voltage) across @onductor by

=, (3.74)

where%.dis the phase of the netagnetization vector)() in the transversex doplane.

Figure 3.10: (a) Resonance forcing phase coherence of precession; (b) Flipping of net
magnetization vector from longitudinal into transverse plane; (c¢) Recording rotating
magnetization vectoras voltage through receiver coil.

Application of the RF pulse is limited to a short time period, long enough only to tip
the net magnetization vectar | into the transversglane. Once turned off, the system
returns towards thermal equilibrium througélaxation. Longitudinal relaxation
occurs as previously excited protons return to the lower energy state following
removal of the RF energy, thusgeowing the longitudinal ngnetization vectoriP )

as
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0o P p Q  PmQ (3.75)

where"Y is thespin-lattice time constant that governs the exchange of energy between
protons and surrounding environmeftansverserelaxation occurs due to the
repulsion of positively charged protons that weredd to precess in phase coherence
with the energy provided by the RF pulse. Net Transverse magnetization therefore
tends towards zero as the spins disperse aboutakis mthe » ¢plane

0P O 0P Q (3.76)

where"Y is thespinspintime constant that describes the loss of phase coherence due
to interactions between spinghe RF signal measured thus reduces in intensity with
time following the removal of the Rpulse (known as a free induction decay (FID))
and comists of the superposition of the individual signals from all excited spins.

Transverse Relaxation
1 1 ! |
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Figure 3.11: (a) Longitudinal relaxation due to removal of RF pulse; (b) Transverse relaxation
due to positively charged pradons repelling against phase coherence of precessiarce RF energy
is removed; (c) Free Induction Decay due to rotating and relaxing net magnetization vector in the

transverse plane.

As the energy applied fro® excitesall spins precessingt that specific frequency,
at this point the signal in tifeee induction decay is a composite of the total number
of ( protons in the body and so provides no spatial information regarding the
specimen being scanned. To overcome this, excitation ofrtairceslice of the

specimen (e.g. axial) is achieveddqyplying a gradient magnetic fiel@®) along the
foot-head direction of the patient.
L1

@i & mt ® 0 B
® O

(3.77)

In order to excite a single plansglective excitatiotechniques are used where the

Larmor (precessionalydéquency is now spatially variant along thexts. Thus, to
excite just the spins in slica, in principle an RF signal whose spectrum is
concentrated at'Qis applied. Application of an RF Pulse in the presence of a slice
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selective gradient ngmetic field (®) ensures upon sampling that signal is now
confined to protons within the slic@

Qi Qo ([ d® NQ [[® a© (3.78a, 3.78h)

The next step involvg inplane signal localisation along the frequency direction
(horizontal direction in Figure 3.12 below). Applying a gradient magnetic field from
left to right (®) results in spinsn theleft-handside precessing slower than spins on
the right had side of the image. By turning on tfiisquency encoding gradiei® at

the sampling time, protons precess at a range of frequencies alabdithension of

the imageThe FID is a smmation of a series of component signals, each of which
has adifferent frequency corresponding to a discrete column in the image matrix.

AR AN AN ¢ |5 o o
LA oo
i wlslw| " (]85 e
AW AN AN ¢ 5 oo

Figure 3.12: (a) Slice selection gradient results in each proton precessing with same frequency
and phase; (b) LeftRight gradient results in spins on éft-hand side to precess slower than those
on the right-hand side, hence frequency can be encoded aldiirgt in -plane dimension.

Signal is localised by utilizing the Fourier Transform, which is based on the principle
that any shape can replicated by shenmation of smaller sine and cosine curves with
specific amplitudes and frequencies (Figure 3.13(a))MRI the inverse Fourier
Transform is used where individual components are determined from the summation.
Each component frequency has a specific aomqgi that combine together to give the

net summation result. Since each frequency is related to thmtoabonga it is then

trivial to map the frequency to the position according to the frequency encoding

gradient ®). A schematic is shown in Figure 3.13(b) representing an axial slice at the
knees of a human subject. This image is somewhat repm&senf the local anatomy

with maximal signal intensity visiblat two peakgeach kneg however, there is no
information regarding the individual components that make up each column in the
matrix. The image merely shows that there is signal intensityhetivo peaks
corresponding to the location of the left and right knee but cannot distinguish between
what is bone, muscle or cartilage.
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/ 'I'lme i=)

Signal Intensity

Amplitude

frequency

Figure 3.13: (a) Example of summation of individual frequency and amplitude data (red and

green) results in blue curve; (b) Resultant image of axial slice through human knees, peaks in
signal amplitude can be seen at each knee but no information exists regarding the individual
components making up signal peaks.

The final step in signal localisationviolves a hird gradient magnetic field along the
wdimension of the image, in order to detect the individual components of each column

in Figure 3.18b). This gradient is known as the phase encoding grad@nthich
is performed between the sliceles# gradient '®) and the frequencyneoding

gradient ®) in the pulse sequence. By applying an RF pulse in the presei@albf
spins in the slice of interest are excited. Once the RF pulse ends, all spins within the

slice precess at the Larmftequency corresponding t® . By turning on'® at this

point a phase shift is induced along thdimension. Once this is turned off, all the
protons once again precess at the Larmor frequency but there exists a phase shift that
is irrecoverable along each column. Figalampling of the signal in the presence of

"® encodes spatial information alpthe xdimension. Signal is now generated from
each pixel, and Fourier Transform in multiple directions is employed to obtain final
image(Figure 3.14)For further @tail on the principles of nuclear magnetic resonance
and spin theorythe reader is ferred toMcRobbieet al, (2006) Ansorge & Graves
(2016) andLevitt (2008)

ContentRemovedDue toCopyright

Figure 3.14: Final image following phase encoding gradient allows visualization of individual
components of the knee, including bone, muscle and arteries.
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CHAPTERA4

QUANTIFICATION OF THE REGIONAL
BIOARCHITECTURE IN THE HUMAN AORTA

Abstract

Spatialvariance in human aortic bioarchitecture sgble for the elasticity of the
vessel is poorly understood. The current study quantifies the elements responsible for
aortic compliance, namely elastin, llegen and smooth muscle cells, using
histological and stereological techniques on human tisstieaviocus on regional
heterogeneity. Using donated cadaveric tissue, a series of samples were excised
between the proximal ascending aorta and the distabnaipel aorta, for five
cadavers, each of which underwent various staining procedures to enhacifie sp
constituents of the wall. Using polarized light microscopy techniques, the orientation
of collagen fibers were studied for each location and eachaluaiger of the aorta.
Significant transmural and longitudinal heterogeneity in collagen fibentations is
uncovered throughout the vessel. It is shown that aMiges mixture model is
required to accurately fit the complex collagen fiber distributithrat exist along the
aorta. Additionally, collagen and smooth muscle cell density is observadréase

with increasing distance from the heart while elastin density decreases. Evidence
clearly demonstrates that the aorta is a highly heterogeneows wssh cannot be
simplistically represented by a single compliance valte.quantification anfitting

of the spatial aortic bioarchitectural data, although not without its limitations,
including mean cohort age of 77.6 years, facilitates the develdpuoienext
generation finite element models that can potentially simulate the influence of tegiona
aortic composition and microstructure on vessel biomechanics
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4.1 Introduction

Heterogeneity in regional mechanical properties along the aorta is a widely accepted
phenomenon. The degree of heterogeneity, however, remains poorly characterised,
and theunderlying cause remains poorly understood, particularly in humans. In
general, digh level of elastic compliance is required in the proximal aorta, so that the
kinetic energy expelled during systole can be stored as elastic strain energy in the
vessel wh, leading to subsequent augmentation of pressure pulse propagation during
diastde due to elastic recoil of the wall. The distal aorta, however, takes an alternative
approach to blood transfer with a higher smooth muscle cell (SMC) content and a
reducedrequirement for elastin. In the absence of a robust study investighéng
spatiad variance ofbioarchitecture of the human aorta using stereological techniques,
this study focuses on quantifying the variation in orientations and densities of the main
load bearing constituents along the entire vessel length, in an attempt to understand
regional heterogeneity observed bottvitro andin-vivo.

Significant literature on characterisation of the constituents of arteries to better
understand their form andrfation exists, particularly with reference to the effects of
ageing on the microsictural components of the aortic w@ifeldman & Glagov,

1971; Tomaszewskiet al, 1976; Cattell & Hasleton, 1996; Fritzg al, 2012;
Taghizadeh & Tafazzelshadpour, 2017)Hosodaet al, (1984)investigated the
human thoracic aorta and found that elastin decreased with age, while collagen
remained the same. Faber et al. also found that elastieades with age however
collagen increasg$aber & MollerHou, 2009) Others havéocused on pathological
states such as hypertensi@erry and Greenwald, 1978ylarfan Synlrome(Halme

et al, 1985)dissection(Yamadaet al, 2015)and aneurysmal tissu8axteret al,

1992; Choudbry & Leask, 2009)and found significant differences compared to
control groups. For further detail regarding elastin and collagen microstructure in the
human aorta in both ageing and disease, the reader is directed to the comprehensive
review paper by Tamis and colleagug3 samis & Vorp, 2013)

Much less emphasis, however, has been placed osphigal heterogendy in the
biomechanics of the aorta in either health or disease. Due to both the ethics and
accessibility of human tissue, animal studies surpass human studies. Harkness et al.
investigatedhe regional elastin and collagen proportiondogs and founthat in the
intrathoracic aorta there was approximately twice as much elastin as collagen in the
wall; in all other vessels this relationship was reve(steatknes & McDonald, 1957)

Saey et al. report for an equine population, a greater concentration of collagen in the
distal thoracic aorta compared to proximal, however there were no signiggaonal
differences in elastin conte(@aeyet al, 2015) Results by Davidson et al. show that
elastic fibers were reduced in the abdominal compared to thoracic aorta in a porcine
group(Davidsoret al,, 1985) while Shadwick reported higher compliance proximally
than distally in whale€Shadwick, 1999)Despite the wealth of knowledge for animal
populations, thespatial variance irbiomechanics of the human aorta in terms of
bioarchitecture remains relatively unknown.
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This work quantifies the ori¢ations of collagen fibers, in addition to the regibn
density of elastin, collagen and SMCs along the length of the human aorta.
Stereologicahnd polarised light microscopy (PLM) techniques provide evidence that
a vonMises mixture model is required fd the complex axially and transmurally
varying fibe distributions of the vessel. Previous finite element models of the aorta
assume a homogeneo(Roy et al, 2014)and symmetridGrytsan and Holzapfel,
2015)orientation of collagen fibers, which cannot capture the true anisotropy of the
vessel. The populatiaensities of elastin, collagen and SMCs along thgtheaof the
human aorta are quantified using high spatial resolution, intended to further advance
the understanding of regional aortic biomechanics. Results are presented for eight sites
from the proximalascending aorta to immediately proximal to the comni@ac
bifurcation for five cadavers. Histological and stereological techniques reveal
significant spatial variations in constituent densities along the aorta, while
morphological analyses show markearigtion in wall layer thicknesses between
intimal, medial and adventitial layers with increasing distance from the.lesults
presented on thepatialheterogeneity of the aorta may aid in the understanding of the
underlying causes for the differendesmortality following proximal compared to
distal artic stenting(Martin et al, 2008; Bischoffet al, 2016; Beactet al, 2017;
Concannoret al, 2017; Conracet al, 2017) Additionally, the quantification and
fitting of regional aortic microstructural data facilitates the development of next
geneation finite element modelsdahcan potentially simulate the influence of regional
aortic composition and microstructure on vessel biomechanics.

4.2 Methodology

In thischapter the regional aortic microstructure responsible for vessel compliance is
quantfied using histological andtereological techniques. Localized anterior tissue
fractions of elastin, collagen and SMCs are quantified by taking samples at eight sites
along the aorta. The dissection procedure is outlined in SekBdnand illustratech
Figure4.1(a). Additionally circumferential distribution of collagen and elastin in the
ascending thoracic aorta is quantified, results of which can be found in the
supplementary material section. Regional wall layer thicknesses are presented for each
cadaver, while SMC content atayer specific collagen fiber orientations (intima,
media and adventitia) are also investigated in a single cadaver for each of the eight
sample sitesAs endothelial cells and SMCs are considered the two major cellular
compaents within the vessel wall which play a role in stiffné@s et al, 2011;
Kaeberlein & Martin, 2016; Lacollegt al, 2017)and endothelial cells contribute

more in a mechanotransducive nature and néxdyigo the actual stiffness of the wall
themselves( Wi | | i a ms & Wi ck, 2005; Kar gaj &
Holzapfel, 2016pur celldar focus herein concentrates on SMCs.

42.1 Tissue Harvesting

Aortic sanples were harvested from 5 adult human cadavers (age rain@26§ears,

mean 77.6 years) with no reported history of aortic disease. Table 4.1 outlines the
details of the donors. All cadaveric material used was bequeathed to Anatomy, School
of Medicine, National University of Ireland Galway in accordance with legislation
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governing the practice of Anatomy in the Republic of Ireland (Medical Practitioners
Act 2007). Three of the 5 cadavers were female. Cadavers were embalmed using a
standard mixtre contaimg formalin, glycerine, phenol, and methanol (1®&ater +

2.4L of a 3741% formalin solution + 2 phenol + 6L glycerine + 6L methanol).

Table 4.1: Details of donor cohort.
Donor | Gender | Age at Death| Reported Cause of Death

1 Female 83years | Carcinona of urinary bladder

2 Male 67 years | Carcinoma of sigmoid colon metastatic to liver &
lung
3 Male 76 years | Squamous cell carcinoma of parietal scalp with

intracranial extension
4 Female 70 years | Heart failure secondary to valvulaeart disease

5 Femaé 92 years | Cerebrovascular accident; ischaemic heart diseast

Approximately 1 criarea of the aorta was excised at each of the following levgls: (i
ascending thoracic aorta (distal to sinus of Valsalva); (ii) ascending thoracic aorta
(proximal to great v&sels); (iii) thoracic aorta (distal to great vessels); (iv) thoracic
aorta (start of descending); (v) thoracic aorta (mid); (vi) abdominal goda=aithal to
coeliac trunk); (vii) abdominal aorta (distal to superior mesenteric artery), and (viii)
abdomin& aorta (proximal to common iliac bifurcation). Anterior sample excision
sites are illustrated in Figukel(a). Due to anatomical variance betwemadavers,
including length, curvature and tortuosity, histological results are presented as a
function of 8anatomical sites rather than as a function of physical distance from the
aortic root. Following dissection, specimens are dehydrated though a gexdes of
ethanol (50% 100%), before being embedded in paraffin wax and sectioned at a
thickness of & min order to maximize collagen to tissue contrast and limit tissue
scatteringYanget al, 2018) For area fraction (AF) analyses, sectioning is performed

in the kc (radiatcircumferential) plane to enable investigation through the thickness
of the aortic wall, while for fiber orientation (FO) analyses sectioning is performed in
thea-c (axiatcircumferential) plane on a separate sample obtained from the same site
(Figure 4.1(b,c)).
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(a) S (b) (d)  verhoeff's

a-c plane

Figure 4.1: (a) Excision sites along the aorta (black squares), where the diaphragm is indicated

by the dashed black line. (b) Sample orient&ns for Area fraction (AF) in the r-c (radial-
circumferential) plane. (c) Sample orientations for fiber orientaton (FO) in the ac (axial
circumferential) plane. (d) Sectionsposst ai ni ng for AF with Verhoeffd
poststaining for FO with Picrosirius Red.

4.2.2 Staining Procedures

In each case, the petaining procedure involved wax removalfreach sample using

xylene and sample rehydration through a series of ethanol solutions of decreasing
concentration$100%- 50%). Separate atning procedures are performed on separate

slides for quantification of each tissue constituent. For AF analyses, elastin is stained
dark blue [/ Dbl ack (dugun and Ladfamiosra @fmer) 2013net h o
coll agen is stained gr e eMorkapicdtal, l@l6)and i ng M:
nuclei are stained dark blue using HaematoxylifE&sin (Lo Vascoet al, 2011)

protocols. For FO alyses, slides are stained using PicroSirius Red in order to
attenuate the birefringence of collagen fibghsnqueira & Brentani, 1979yhich
subsequently appear red on a black backgraDathpletion of each staining protocol

involves dehydration through alcohols of increasing concentrations followed by
xylene clearing and slide mountimgth D.P.X.

42.3 Postprocessing

4.2.3.1Stereological Analysis

Sections were obtained from the tissue blocks of eight regions from the proximal
ascending to distal abdominal aof@s outlined in Section 4.3.1All AF slideswere
examined usinga Leica DM500 light microscap with an ICC50 HD camera
attachment (Leica Microsystems Limited, Switzerland) and a 40x objective lens.
Systematic random sampling procedures were employed and simple point counting
methods (using a 12x12 grid generated by TMAB (R2017b, MathWorks Inc.,
Natick, MA, USA) were used to estimate the local area fraction of collagen, elastin
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and SMCgqElias & Schwartz, 1971; Mayhew, 1991; Wreford, 1995; Evagikal,
2018) Given that there are no cells present in the media apant $MCs(Rhodin,
1980) , random sampling during SMC quantification is confined to this layer as
Haemotoxylin & Eosin stainingrovides no specific distinction between cell types.
The approach involves calculation of the area fractiopndf each tissue component
by expressinghe proportion of points hitting a tissue componeén} és a fraction of

the total number of points hitting any tisste)(

C

B
B

o (4.01)

CH

Thew was calculated foraeh image in each triplet and the average was recorded for
each location. &r elastin and collagen, the averagdor each location across the 5
cadavers is shown in Figure 488d Figure 4.4 respectively, while SMC content is
shown in Figure 4.8.

4.2.3.2Wall Layer Thickness

The individual thickness values for each layer of the aortic wall (intima, media,
adventitia) are measured at each site for all five cadavers using ImageJ following
calibration with the scale bar. The average thickness valeegrasented in Figure

45. The intima/media (IM) border is defined along the Internal Elastic Lamina while
the media/adventitia (MA) border is defined by the External Elastic Lamella.

4.2.3.3Polarized Light Microscopy

PLM techniques were employed at edmtation and wall layer foa single donor to
investigate both axial and radial heterogeneity in collagen fiber orientations. Each FO
slide was reviewed using a Nikon Eclipse E200 transmitted polarised light microscope
with an epifluorescence attachmemhalges were captured throughNikon DSFil,
6-megapixel camera equipped with NIS Elements softwalhe circumferential
direction of each tissue sample was oriented along the long axis of the slide to ensure
consistency in determining fiber orientationktiee to a universal horizdal plane.

Each slide was then placed on the rotating stage with the long axis parallel with the
polarizer (East/West) and the centre of the sample at the crosshairs of the polarizer
and analyzer (filters).

A detailed review bthe principles surroundingLM are outside the scope of this work

but can be found in the literature, for examptEok et al. (1998), Murphy (2002),
Chayen (1983), and Carlton (2Q1In brief, a birefringent material, such as collagen,
changes the parization state of light, which results in a degree of altered light
intensity that depends on the angle between the sample and the filters. Maximum
intensity is achieved when fiberseaaligned at +45°.

For each wall layer at each site, such that thlespgctrum of fiber orientations is
mapped, rotation of the stage and acquisition of 0° and 45° images resulted in the
inputs of the composite image (Fig4r2(a))(Gaul& Lally, 2017)which was formed
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using ImageJ. This image was then analys#ag the OrientationJ plugiKnowledge

of the mean fiber thicknes, =~ ¢ T @) is required for accurate quantification of fiber
orientation, which was obtained from the images via the scale bar. The ahge (
defined relative to the horizontal (0°) according to:

P A oA Al FORQO (4.02)

where'Qand"Qare the spatial partial derivatives of the image funcuid along

the wand wdirections respectively, angled brackets indicate the inner product, and
0 i is the Gaudan weighting function that specifies the area of interest. Further
detal on thetheory surrounding OrientationJ can be foundRezakhanihat al,

2012; Puspoket al, 2016) Figure 4.2(b) shows the result of the input composite
image Figuret.2(a), where horizontal and vertical directions iadgiccircumferential

and axial sample axes respectively. The corresponding probability density histogram
is shown in Figureé.2(c), where MATLAB(R2017b, MathWorks Inc., Natick, MA,
USA) basedvon-Mises mixture models are fit to the individual datasetsstormate

the number of fiber families present based on thdikaihood function(Hung and
Yang, 2012; Schymura, 2019)he wavelengths of the individual collagen fibrils
observed in(Krasny et al., 2018) which are in the range of2 times the fibril
thickness, 60nntHansenret al, 2009) are not observed at the magnification used in
this study, where the pixel resolution is 50. Therefore, the individual fibril
undulations do not affectéhvonrMises distributions measured.

(a) (b) (c)
ek Cos(@—k)
D) K)=——
p(@ | px) 2710 ()
0.05
0.04
s 0003
K=
2 o
0.01
0
-1/2 + /4 0 + /4 +7/2 -ml2 + /4 0 + /4 +7/2

Figure 4.2: (a) Raw composite image used as input into Orientation J plugin. (b) Result following

input image where 0° indicatesthe i r cumf er enti al axis of the sampl e
axis. (c) Correspondirg probability density histogram with fitted von Mises mixture model to raw

data in red.
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4.2.3.4 Statistical Analysis
Statistical analysis of this research was perform@&dATLAB (R2017b, MathWorks
Inc., Natick, MA, USA). After collecting the data, it was entered into a workspace for

organi sation. Data was an a-test orecontinacusd t est
variables. Statistical significance was accepted withvalpe of less than 0.05.
4.3 Results

We employ histological and stereological techniques to investigate the orientations
and densities of aortic wall constituents which contribute to the compliance of the
vessel. Stereological analyses allow for quardifan of thespatially varyingarea
fractions of elastin, collagen and SMCs within the aortic wall at each location outlined
in Section 4.3.1, while PLM techniques allow for the quantification of fiber orientation
distributions.

43.1 Elastin

Figure 4.3shows the spatial change in elastin content from proximal to distal Aorta.
downward trend for elastin content is observed with increasing distance from the heatrt,
however statistical significance is not observed when splitting the aorta based on
thoracic and abdominal subgroups (p=0.G-0r example, in the ascending aorta
elastin contributes; x 1& b of the area, while in the distal abdominal aorta
(immediately proximal to the common iliac bifurcation) the area made up of elastin
dropstop X o@ob . Additionally, significant circumferential heterogeneity in elastin
content is observed in the ascendthgracic aorta, with the highest area fraction
observed on the lateral segment of the wall (see Supplementary Material (Figure
S1(a))).
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Figure 4.3: Elastin as a function of location along the aorta; (b,c)horacic aorta (Sites 14), (d,e)

abdominal aorta (Sites 58). A 36.5% decrease in elastin content is observed between the

ascending thoracic and distal abdominal portions of the vessel following stamig by Ver hoef f ¢
method. Error bars show the range ateach site from min to max.

43.2 Collagen

Figure 4.4shows thespatialvariance in collagen content along the aorta from proximal
to distal. In contrast to elastin, the area fraction of collagen iseseaith increasing
distance from the heart. At thevid of the proximal ascending aorta, collagen
constitute; ¢ p& b of the vessel wall, while in the distal abdominal portion this
is markedly increased to ¢ v® P . Making use of thoracic and abdomina
subgroups, split by the diaphragm, a statisticaliyiicant difference in collagen
content is observed (p=0.006). Additionally, significant circumferential heterogeneity
in collagen content is observed in the ascending thoracic aorta, with the laigleest
fraction observed on the medial segment of tla#l {see Supplementary Material
(Figure S1(c))).
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Figure 4.4: Collagen as a function of location along the aorta; (b,c) thoracic aorta (Sites4], (d,e)

abdominal aorta (Sites 58). A 133% increase in collagencontent is observed between the
ascending thoracic and distal abdominal portions
stain. Error bars show the range at each site from min to max, while * indicates a statistically

significant difference between thoacic and abdominal aorta subgroups (p < 0.05).

43.3 Layer Thickness

Individual layer (intima, media and adventitia) thicknesses are presented for each
location in Figure 4.5. The intimal thickness (defined by the internal elastic lamina)
increases with increasing distance from the heart frommt ¥ I at the proximal
ascenling top o ¢ 11l at the distal abdominal aorta. The media, bound by the
internal and external elastic laminae markedly decreases @omy p ¢ ol
proximally too @ wao q i distally. Finally, the adventitia defined as outside the
extenal elastic lamina inceses front, ¢ p x @i nearestthe hearttoc op ¢l
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immedialy proximal to the common iliac bifurcation. Mean layer thickness values for
the thoracic and abdominal aorta are presented in Table 4.2.

Thoracic Abdominal

e A A

A Intima
0.8
B Media

® Adventitia

Wall Thickness (mm)

0.6
+ Total

0.4

0.2

Site

Figure 4.5: Intima/Media/Adventiti a layer thickness breakewn according to location along the
aorta. The overall aortic wall thickness changes from 1.2 mm to 0.83 mm from proximal to distal
portions. Error bars show the range at each site from min to max.

Table 4.2: Wall layer thickness poportions, where (*) and (**) indicate p<0.1 and p<0.05
respectively.

Thoracic Abdominal

Site 1 2 3 4 5 6 7 8
Intima 0.10 0.08 0.11 0.12 0.12 0.12 0.11 0.13
Mean 0.10 0.12

Media 0.88 0.65 0.60 0.62 0.46 0.53 0.53 0.37
Mean (**) 0.69 0.47

Adventitia 0.22 0.17 0.28 0.28 0.25 0.30 0.34 0.32
Mean (*) 0.24 0.30

4.4.4 Collagen Fiber Orientations

PLM techniques are employed in order to quantify the regional heterogeneity in
collagen fiber orientations along both the axial and radial dimensions of the &®r
outlined in Section 4.3.1, eight samples were analysed along the length of the aorta
from proximal ascending to distal abdominal. For each sample, the orientation of the
blocks is set to allow sectioning through the thickness of the wall layets tisaic
samples could be taken from the intima, media and adventitia at each axial location.
Figure 4.6illustrates the probability density histograms (dotted) for each aortic layer
for each location along the vessel in ascending order from proximal . dist
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Significant heterogeneity is evident both radially and axially. Wtiees mixture
models (solid) fit to the data allow quantification of the mean and standard deviation
(inversely related to Kappa) of each wilises ditribution which are taken to repeat
anindividual fiber family. Parameters pertaining to eaebn-Mises mixture model

can be found in Table 4.3.
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Figure 4.6: Probability Density Histograms (dotted) for each site along the axial dimension of the aorta, with Vaviises mixture model fis overlaid (solid).
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sample respectively.
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Table 4.3:Von-Mises mixture model parameters for each sitand wall layer.

Location n Mean Covariance Proportion
Site1_Intima 2 (-33.7), (59.9) (3.8), (10.5) (0.61), (0.39)
Sitel_Media 3 | (14.9), (24.8), €19.7)  (3.5), (5.8), (100.6) | (0.1), (0.57), (0.32)
Sitel_Adventitia| 2 (-30.5), (69.4) (2.3), (19.7) (0.37),(0.63)
Site2_Intima 2 (-77.0), (57.5) (32.0), (8.5) (0.11), (0.89)
Site2_Media 2 (-37.9), (42.1) (5.1), (9.8) (0.35), (0.65)
Site2_Adventitia| 3 | (23.2), £39.0), ¢76.5)|  (17.9), (51.7)(77.4) | (0.02), (0.96), (0.02,
Site3_Intima 3 | (52.8), (26.6), (260) = (565.8), (12.4), (10.3) | (0.02), (0.75), (0.2)
Site3_Media 3 | (-80.1), (26.3),4561.3)|  (65.5), (7.3), (11.5) | (0.08), (0.75), (0.17
Site3_Adventitia| 3 | (61.7), (41.5), €11.9)  (8.9), (19.0), (44.4) | (0.06), (0.48), (0.46
Site4_Intima 2 (18.9), €11.9) (4.2), (5.3) (0.54), (0.46)
Site4_Media 2 (52.9), (23.7) (11.8), (10.7) (0.06), (0.94)
Site4_Adventitia| 2 (-47.9), (2.2) (58.2), (3.6) (0.24), (0.76)
Site5_Intima 2 (-77.9), (55.1) (37.5), (10.5) (0.07), (0.93)
Site5_Media 2 (-31.2), (54.1) (5.0), (D.4) (0.16), (0.84)
Site5_Adventitia| 2 (34.9), £69.8) (6.0), (12.0) (0.97), (0.03)
Site6_Intima 2 (-36.2), €11.9) (81.8), (52.3) (0.12), (0.88)
Site6_Media 3 | (-38.9), (26.9), (43.9) (4.3), (304.9), (11.9) | (0.1), (0.18), (0.71)
Site6_Adventitia| 3 | (846), (-65.4), (78.9) (224.8), (231), (97.4) | (0.06), (0.68), (0.26)
Site7_Intima 2 (-75.8), (62.3) (26.7), (10.8) (0.18), (0.82)
Site7_Media 3 | (-84.7), (77.9), (13.9)  (193.5), (72.3), (3.4) | (0.15), (0.33), (0.52,

Site7_Adventitia| 4 | (-5.0), (19.3), {14.1), | (0.02), (0.001), (0.0006) (0.3), (0.19), (0.16),

(8.7) (0.0062) (0.35)
Site8_Intima 5 | (-37.4), (0.3), (46.2), (10.2), (37.8), (11.3), | (0.2), (0.39), (0.02),
(-19.7), £39.4) (386.6), (356.2) (0.23), (0.16)
Site8_Media 2 (-84.4), (66.9) (279.7), (56.2 (0.05), (0.95)
Site8_Adventitia| 3 | (-68.4), (54.1),44.6) | (23.4), (11.9), (11.0) | (0.20), (0.23), (0.56,

Figure 4.7 highlights the evolution of fiber peaks along the length of the aorta for each
tunical layer. Significant heterogeneity is evident ia thean angle and its standard
deviation for each peak. At the majority of sites (intima (6/8 sites); metfisigs);
adventitia (6/8 sites)) peaks are observed at both a positive and negative angle to the
circumferential axis. However, in general, thagnitude and standard deviation of
each of the peaks at a given site are not symmetric about the circurafexeist In

the adventitial layer at sites 4,7 and 8 strong peaks are observed near to the
circumferential axis, whereas in the media no stror@k e observed in on the
circumferential axis. In the media the mean angle at a site becomes more positive
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distally, whereas in the adventitia the mean angle at a site becomes more negative
distally.

Intima Media Adventitia
+7/2 - +7/2 +7/2 B
. . * - ‘e S
o _ : o e : :
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Figure 4.7: Evolution of fiber peaks along the aorta ér each layer (intima, media, adventitia).
For each site, from proximal to distal aorta, the size of the filled circle represents the proportion
of the von-Mises mixture model captured by the given mean angle and spread of each peak
each case, the statard deviation about each mean is represented by the solid vertical bars.

Finally, SMC content is investigated as a function of position along the aorta, results
of which are presented in Figure 4.8. The proximal aorta exhibiwer Idensity of

SMCs tha the distal abdominal portion with an area fraction of 22.4% vs 27.0%
respectively. Categorising the sample sites into thoracic and abdominal subgroups, a
statistically significant difference in SMéntent (Figurel.8(a))is obseved between

the two grops split by the diaphragm (p=0.009). Additionally, a highember of

SMC nuclei/mm (Figure4.8(b)) are observed distally compared to proximally.

(a) , - (b)

30 2000

T
25 [

1500

—r—

20

15 1000

SMC (%2)
SMC nucleifmm?

Thoracic Abdominal Thoracic Abdominal

Figure 4.8: (a) SMC area fraction (%). (b) Number of SMCnuclei/mm2. Error bars show the
range at each ge from min to max, while * indicates a statistically significant difference between
thoracic (Sites t4) and abdominal (Sites 8) aorta subgroups (p<0.05).
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4.4 Discussion

The focus of thichapteris to investigate the regional bioarchitecture of thanan

aorta, specifically, the constituents which contribute to the compliance of the vessel.
The study quantifies the orientation and density of the main load bearing constituents
of the wall at a number afiscrete points along the aorta from proximstending to

distal abdominal portions. It is shown that the organisation of collagen fibers is highly
complex, while the quantification and fitting of the orientation distributions raises
questions regardinghé accuracy of models that assume collagenrdilie be
homogeneouslyRoy et al, 20149 and symmetricallyGrytsan and Holzapfel, 2015
distributed throughout. The quantificationspfatial variance iaortic bioarchitecture

will provide advance through integration with advanced finite element models,
incorporating the true regional microstructure of the aorta to levels of unprecedented
detail. To the auth@ knowledge, no previous study to date has quantified, using
histolagical and stereological methods, the regional variations in elastin, codagen
SMC distributions in human cadaveric aortae.

The regional density of elastin within the aortic wall from the proximal ascending to
distal abdominal segments was examined. fAiga levels of elastin in the proximal
ascending aorta¢(x t& P) render itthe dominant protein within the wall
proximally. Additionally, significant circumferential heterogeneity in elastin content
is observed in the ascending thoracic aorta, witlnidpeest area fraction observed on
the lateral segment of the wall (see Sup@etary Material (Figure S1(a))). From a
biomechanical point of view, high levels of elasticity within the vessel wall proximally
are crucial for maintenance of the Windkessegd(fleft ventricular function and
diastolic flow (Belz, 1995; Daviest al, 2008; Jodo L Cavalcanet al, 2011)
Distally, a reduction in elastin concentration of 36.5% is observed at the level
immeditely proximal to the common iliac bifurcatiom § o®obP ). This is in broad
agreement withHalloran et al, (1995) who observed a decrease in elastin
concentration using biochemical analysis between the thoracic and abdominal
segments. As the Windkessel effect resultenfithe compliance of aortic tissue, a
decrease in elastin and increase in collagen and SMCs yisatigests a
microstructural mechanism for heterogeneous aortic compliance observed previously
in-vitro. An inverse relationship between elastin and SMCste&xvhereby SMC
content is higher distally which dictates vascular tbfeskettet al, (2010)subjected
human aorticissue samples to biaxial tension and found that the abdominal aorta was
significantly stiffer tha proximal regions whil&im et al., (2013) observed under
bulge inflation tests of thoracic aortic rings, that disafjments were stiffer than
proximal segments. Without the implementation of histological andosbgieal
techniques however, the components of aortic tissue contributing to this increased
stiffness cannot be determined.

Investigation of the regional dsity of collagen within the aortic wall provides insight
into both its importance at specific anaioal locations and its role in the deformation
of the system. In the proximal ascending aorta collagen content is logvest (
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p® P ) but becomes far moregrounced with increasing distance from the heart, and
distally becomes the dominant protein withire wall 0 ¢ v® P ). Additionally,
significant circumferential heterogeneity in collagen content is observed in the
ascending thoracic aorta, with the higharea fraction observed on the medial
segment of the wall (see Supplementary Material (Figure S1(c))). The increased
density of collagen distally observed here is also in agreement with work published on
various specieqGrant, 1967)although in Grant, (1967), the authors rely on
biochemical methods for the quantification of collagen through hydroxyproline, which
Is also present in elastin. The inverse relationship between elastin and collagen
observed in this study is in agreement witlevious work stating that the ratio of
elastin to collagen decreases markedly between the aorta and femoral arteries in both
porcine andnurine populationgSokolis and Karagnnacos, 2008; Bast al, 2010)

With collagen reported to exhibit 5,000 times the tensile stiffness of e{defio L
Cavalcanteet al, 2011) results presented here also prowudierostructural insight

into the increased stiffness seen in the distal aorta ibetiiro (Moriwaki et al,
2011a; Kriugeet al, 2016)andin-vivo (Mohiaddinet al, 1989; Saoutet al, 2012)
Moreover, these findings suggest that the common description of aortic compliance
by a single coefficient may be inaccuraeehmannet al, 1998; Vyaset al, 2007;
Lalandeet al, 2008a)

Due to the nature of collagen fibdysing orders of magnitude stiffer than the other
constituents of aortic tissue, the vessel walls behave like a fiber reinforced composite,
in that the orientation of the fibeptays a role in the structural anisotropy of the vessel
wall. Thus, fiber deriy alone cannot fully describe the compliance of the vessel, and
hence an investigation of the orientation of collagen fibers within the aortic wall at
each location was perfoled as outlined previously. Significant dispersion is evident

in each probabily density histogram, in addition to notable transmural variation in
mean fiber angles between the intima, media and adventitia. Interestingly, the presence
of two equally dominat, and symmetric fiber families is absent.

Although two families (peaks irrpbability density histogram) are frequently apparent
in the present data, in each case one constitutes significantly more area fraction than
the otherO 6 C o nehag, (2008), Hornyet al, (2010), Schriefet al, (2012), Chow

et al, (2014), Sassamt al, (2015),Weisbecker & Holzapfel, (2015), and Sugita &
Matsumoto, (2018j)eport that a single family of fibers was evident, however others
have reported tw@Schrief et al, 2012b; Laksaret al, 2016) three(Schrieflet al,
2012)and even fou(R. Rezakhanihat al, 2012; Schriefet al, 2012)fiber families,

all of which are evident here, further emphasizing aortic raaichitectural
heterogeneity at a local level. It is shown that a Mises mixture model is required

to accurately fit the complexity of collagen fiber orientations that exists along the
aorta, which suggests that common constitutive laws implementedgtinrfinite
element analysi@Holzapfel, Gasser and Ogden, 2000; Nadaal, 2014)may not be
capable of fully capturing the full anisotropy of the vessel.
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Significant variance in layer thicknesses is observed dlmngortic length within the
intima, media anédventitia. Results show that intimal thickness increases from the
proximal @ Tttt ¥ 1 ) to distal aortag{ o Tt ¢ 111 ). Similarly, adventitial layer
thickness increases from the proximald p X @i )todistal 6 ¢ o p ¢l ) aorta.

The medial layer however, deases from the proximal(x x p ¢ ol ) to distal

(0 @ wo gl ) aorta. The overall wall tbkness reduces frop ¢ T ofi to

P ¢ vp wil with increasing distance from the heart. Results shown here are in
agreement with work published IRhodin, (1980) and Schrieét al, (2012)where
these authors report an increase in both intimal and adventitiahésiegs in addition

to a decrease in medial thickness distally.

We also examine SMC content in order to investigate the spatial distribution of active
constituents withirthe aortic wall. Results show that SMC content increases with
increasing distance fromime heart with 22.4% of the proximal ascending aortic wall
comprising of SMCs, while this increases to 27.0% in the distal abdominal aorta.
Although the aorta is considsl to be, relative to smaller calibre vessels which are
termed muscular, an elastidexy (Lacolleyet al, 2017) a significant difference is
observed regionally between thwximal thoracic and distal abdominal portions that
follows the tapering of the aartvith increased SMC density distally. This result is in
agreement with reports lyacolleyet al, (2017)and the findings oArnaud, (2000)
where the abdominal aorta éibed a higher basal requirement for oxygen
consumption and mitochondrial activity than its thoracic counterpart in the porcine
aorta. The same authors hypothesize that more passive elastic nature of the
proximal aorta overrides the requirement fatease active component whereas the
abdominal aorta may be subject to a more pronounced vasoactive regulation. Future
work should investigate thepatialvariance in thehreedimensional morphology of
SMCs and nuclei, including detailed quantification gect ratio and cell volume.

Due to legislative constraints cell content and collagen fiber orientation analyses were
only conducted on one of the donors. Further workasranted here to increase the
sample size to gain a better insight into the trueabdity of such parameters.
However, considerable differences are apparent even within each constituent of the
cohort studied here, and so care should be taken wheagawgralues across donors

not to lose important intesample variances due to agéstyle and medical history.
Finally, it should be noted that the average age of the donors in this study is 77.6 years
which is entirely due to availability, and as suefiects an elderly population. Further
scope exists in extending this framework tpoanger comparative cohort in order to
characterise the effects of ageing on the regional bioarchitecture.

The detailed insights into thepatially varyingbioarchitectue of the human aorta
revealed in thischapterare critical for the development of aome complete
understanding of aortic anatomy and physiology and its complex changes throughout
its length.The individual component densities and orientations of elastilagen and
SMCs, all contribute to the complex local mechanical behaviour of thi, ao
ultimately governing the nelinear elasticity and contractility of the vessel. Follow
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on 4D Flow MRI/finite element investigations are being performed to parse the
individual contributions of the components of the aortic wall to $patial
heterogenity in aortic biomechanicSignificant heterogeneity between the thoracic
and abdominal aorta in terms of embryology, atherosclerotic plague deposition,
protease profiles and cell signalling pathways has been reported previously (see
review by(Ruddyet al, 2008) in addition to heterogeneous changes in mechanical
behaviour for prcine tissue, Kinet al.,(2013). Results presented in the current study
provide new information on the complex distributions of fibres at each section along
the aorta, in addition to detailed quantification of the spatial heterogeneity of the aortic
microstructure

All values of wall thickness and fibre orientation reported in this study are for
unloaded tissue. Therefore, such data can be directly input to a finite element model
in the unloaded reference configuration. Simulation of the artery respmagglied
physiological bading (e.g. diastolic/systolic lumen pressure profiles) could readily
predict heterogeneous changes in wall thickness and fibre orientation during a cardiac
cycle. A followon study will be performed in which the heterogeneous
microstructural and geomaetridata will be input into a finite element framework
Finally, the data presented can facilitate the generation of the most advanced
anisotropic finite element models of the human aorta available to date, highlighting
the importace of integrating histoldgal and stereological data with the field of
computational science.

4.5 Conclusion

The spatial variance irbioarchitectureof the human aorta was quantified using
histological and stereological techniques. Significant heterogyeisegvident in the
orientation of collagen fibers both axially and transmurally within the aortic wall.
Heterogeneity in elastin, collagen, and Skightent is also observed along the axial
dimension of the aorta. In the proximal ascending portion, el&éstihe dominant
protein whereas collagen is the dominant protein within the wall distally, rendering
this area naturally less compliant. Morphotmjianalyses show the thickness of each
tunical layer to also vary significantly with increasing distamomfthe heart. Finally,

the quantification and fitting of regional aortic bioarchitectural data can serve as a
directinput into the development okrt-generation finite element models, that can
potentially simulate the influence of regional aortic conipms and microstructure

on vessel biomechanics.
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CHAPTERS

A DUAL-VENC 4D FLOW MRI FRAMEWORK TO
UNCOVER SPATIOTEMPORAL COMPLIANCE AND
PULSE WAVE VELOCITY IN THE HUMAN AORTA

Abstract

Accurate measurement of the highly heterogeneous compliance and pulse wave
velocity throughout the entire aorta and cardiac cycle presents a considerable
challenge. Thisstudy focuses on the development of a du&NC 4D Flow MRI
protocol to capturéhespatial variation in thdéviomechanics of the entire human aorta.
The generation of a composite dataset ensures accurate quantification of unsteady non
uniform blood flow throughout the entire vessel and cardiac cycle, in addition to
measurement of thdynamcally changing geometry of the aortic wall. The protocol
provides high sensitivity to all blood flow velocities throughout the entire cardiac
cycle, overcoming the challenge of accurately measuring the highly unsteady non
uniform flow field in the arta. Goss sectional area change, volumetric flow rate, and
compliance are observed to decrease with distance from the heart, while pulse wave
velocity is observed to increase. A Rlamear aortic lumerpressurearea relationship

is observed throughout @éhaorta such that a high vessel compliance occurs at low
pressures, and a low vessel compliance occurs at high pressures. This clearly
demonstrates that vessel compliance during a cardiac cycle cannot be simplistically
represented by a single value. Thenbechaical behaviour of the aorta is highly
dependent on the tim@oint of the cardiac cycle and on the spatial location relative to
the heart. This dua!lENC methodology potentially provides a framework for-pre
operative evaluation of stent positioning venticulo-aortic mechanics, for post
operative surveillance, and for design of rg&heration patiergpecific endografts.
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5.1 Introduction

Of the 97,000 km of blood vessels in the human body, themetie long segment
connecting the left ventricte theperiphery, known as the aorta, is the most important.
Diseases affecting the aorta such as aneurysm and dissection have long been
documented, but still today remain difficult to treat. According to the Centre for
Disease Control and Prevention, aerageof 47,000 deaths each year in the United
States are attributed to diseases of the aorta and its branches (excluding carotid and
coronary disease). This exceeds the number of annual deaths due to breast cancer,
pancreatic cancer, colon cancer andsfate cancefSvensson and Rodriguez, 2005)
Patients undergoing surgery of the aorta have two main treatment options: open
surgical repair (OSR); or endovascular aortic repair (EVARJ introdudbon of

EVAR in the early 1990s was fuelled by the need for a less invasive treatment option
for comorbid patients and poor outcomes following OSR. In the queet@ury since

its introduction, EVAR has shown superiority over OSR in the gieom, where
studies continue to report mortality rates from 14% to 45% in the first 30 days post
OSR (Hicks et al, 2015; IMPROVE Trial Investigatoy2014) but no significant
benefits are apparent for EVAR matis in thdong-term (Patelet al, 2016)

As the first thoracic endovascular aortic repair (TEVAR) graft only received FDA
approval in 200%Bhamidipatiet al, 2011) long-term results ee only now coming to

light. A number of studies have reported high levels of cardiac complications
following TEVAR, whereConradet al. (2017)reports 34% mortality due to cardiac
events in thoracic aortic aneurysms (TAA), while a stud\Blschoff et al. (2016)

reports 30% cardiac mortality for a larger TAA cohort. A recent studgdmcannon

et al. (2017)reports that, from a cohort of 151 patients with thoracoabdominal aortic
aneurysms (TAAA), 39% of total deaths wereedo cardiac failure. Notably, all
deaths due to new onset cardiac complications were in patients who underwent
stenting of the supradiaphragmatic aorfstogether, these results suggest a
dependence of paesperative cardiac outcomes on the locationt@ftgleployment in

the aorta.

A detailed biomechanical investigation of the influence of stent deployment on aortic
deformation, haemodynamics, and pulse wave velocity (PWV) is required to uncover
the mechanisms that cause cardiac complicationsTE)AR. As an important first

step in this process, we propose a-imasive 4D Flow MRI protocol to accurately
characterisspatialvariations in biomechanical behaviour throughout the entire aorta,
in addition to dynamic variations throughout a cardiac cydlee ability to
characterisespatially dependentvessel geometry and deformation, blood flow
patterns, and PWV will potentially guide the selection of sggaftt design and
position in EVAR procedures in order to minimise the risk of cardiac complications
postintervention. An increased PWV has been established as a strong risk factor for
cardiac events, independent of traditional risk factors such as smoking, hypertension
and diabetes mellituBenShlomoet al, 2014) The ability to accurately determine

the spatially noruniform PWV throughout the entire aorta, both -pa@d post
intervention, could potentially provide new insights.
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The increas in clinical acceptance of EVAR has resulted in a reduction in the number
of primary OSR casd®uaet al, 2014) and aconsequent reduction in the availability

of tissue samples fan-vitro biomechanical testing. Moreover, surgically excised
tissue often consists of a small portion (approximately 3 ofithe aorta, presenting
significant challenges in termg bi-axial mechanical testingNolan am McGarry,
2016) Therefore,in-vitro testing of excised tissue does not present a viable
methodology to accurately determine the detailed spatial variations in compliance and
PVW in a patienspecific aorta. Alternative approaches of combimedlical im@ing

and computational analysis (finite element (FE) and computational fluid dynamics
(CFD) modelling) to determine biomechanical properties-ingasively are highly
promising, particularly in light of recent advances in medical imaging teatinaind
computational capability.

Of the few studies that attempt to investigate the biomechanics of the aorta, its
heterogeneity has been reasonably well established in animals tlevevigh testing

of the excised vessé@Voriwaki et al, 2011b; Krigeet al, 2016) Previousin-vivo
analy®es of the human aorta have focused on limited isolated segments, such as the
thoracic(Mohiaddinet al, 1989)or abdominal aort@_édnneet al, 1992) which fail

to provide the neessary artamical coverage to capture the true heterogeneity and
therefore cannot be taken to represent the entire vessel. Due to the lack of reliable and
detailed information on the heterogeneity of the aorta, computational models have
typically assumedhat the wé stiffness is spatially uniform throughout the vessel
(Kim et al. 2009; Morbiducciet al 2013; Crosettaet al. 2011; Gohean and Zhang
2009) An improved robust methodology to novasively characterise patient
specific spatial variation in aortic PWV and compliance throughout the cardiac cycle
has the potential toprovide accurate heteragesous material properties for
computational models, leading to significant improvements in EVAR device design,
and subsequently, postoperative outcomes.

The current study presents a framework using 4D Flow MRI to characterise the
biomechanics of the entireuman aorta. A dualENC protocol is developed to
achieve accurate measurement of the dynamically changing flow velocity field and
lumen area throughout the entire cardiac cycle. This methodology uncovers highly
detailed measuremss on the deformation dfe aorta during the cardiac cycle. For

the first time, a nonlinear relationship between lumen area and pressure is uncovered
in-vivo over the duration of a cardiac cycle throughout the entire aorta, providing key
evidence that atic biomechanics cannobe characterised by a single value
compliance coefficient, as commonly assun{&ekerney and McGloughlin 2011;
Lalande et al, 2008; Musa et al. 2016) Furthermore, or detailed in-vivo
measurements reveal that the lunpeessurearea relationship, andwyV are highly
heterogeneous throughout the aorta. The capability of the proposed/ENEl
protocol to generate high spatial and temporal resolution measurementepfithe

aorta throughout an entire cardiac cycle has the potential to significantly ienprov
disease diagnosis (e.g. dissection, coarctation or aneurysm rupture risk) and provide
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guidance for patient specific intervention (e.g. choice of stent designfantic#fstent
position).

5.2 Methodology

In thischaptera protocol is proposed to evalegatientspecific haemodynamics and
lumen deformation along the entire human aorta, and throughout the entire cardiac
cycle, using phaseontrast magnetic resonan@C-MRI) principles (specifically, 4D

Flow MRI). Further details of the applications gratential uses of 4D Flow MRian

be found in Cibis et al.,(2014),Potterset al.,(2014),Markl et al. (2012, Stankovic

et al. (2014, Markl et al. (2016, andHa et al. (2016) Generally, with the aim of
assessing anatomical structures, it is the magnitude of the local spin magnetization
vector that is used in the creatiof typical MR images. However, important
information regarding the movement of hgden protons is encoded in the phase of
this vector. In the field of PRI, such information is exploited to determine the flow
velocity of targeted protons. A brief surany of the theoretical background to PC

MRI is presented in Sectidh2 1 to motivateghe protocol proposed in thihapter

5.2.1 Theoretical Background

In this section we provide a brief overview of the key theory and equations that
motivate the duaVVENC protocol proposed in Section 5.2.2. The theoretical physics
underlying MRI is extesively outlined in literature, e.dRidgway 2010;Biglands

and Ridgway 2012; Bernstein and Zhou 2004 summary, MRI is a phasersitive
modality that encodes information regarding the velocity of the targeted protons into
the detected signal. The velocity is proportional to the phase of the lacaVérse
magnetization vector. In the remainder of timpterthe termspinsis used to refer

to a finite group of protons within a given volume.

The phase of spins is governed by the local Larmor or precessional freguency

1 BD | 6ED (5.01)

~

17 BD 6 Y6 [®obo (5.02)

where! is the gyromagnetic ratid) is the primary magnetic field/6 relates to

field imperfections or inhomogeneiti®is the magetic field gradient; ané is the
location of the spindf spin acceleration is constant betweerand the time at which
we sample our signal or echo tim@), (thenig(t) can be represented by & drder
displacement, expressed through a dagkpansiorfBernstein and Zhou 2004)

bO B B O 0 gé o o E (5.03)
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wherebp is the initial positionp is the velocity,0 is the initial tinre, andé is the
accelerationSubstituting $.03) into 6.02) and neglecting higher order terms gives:

1 BHO 16 (Y6 [®Ob [®DODO (5.04)

Making use of the rotating frame of reference sets the érst on the lefhand side
in equation5.04 to zero, and integration of the frequemcy with respect to timet,
yields the phase shift,, of the fluid, such that

Yy Y
ned T Y6 Q0o | VO b BOQO (5.05)

Decomposing our equation for phase shift into a moment expansion yields:

noorYe Yy (5.06)

Defining the #' gradient moment as

Yy
0 o Vo 0 Qb (5.07)

the phase shifBernstein and Zhou 2004 then expressed as
ned o 0 ol [0 oW (5.08)

In order to extract information regarding the velocity of spins, all other components
contributing to the phasd the precessing magnetization vector must be eliminated,
I.e. the first term on the rigiitand side oéquation5.08 (due to inhomogeneitieand

the second term on the righand side ofequation5.08 (due to static protons).
Employing a Bipolar Gradier{t®) removes phase accrual due to static spins. Turning
on a magnetic field gradient augmentsto a degree that is related to position in
space. Spins at the isocenti® ¢f the scanner precess at the Larmor frequency and
adjacent spins precesshat faster or slower depending on their position relativ® to
Therefore, at a certain spin position relativéQturning on'®for a givenincrement

in time will invoke a phase shift ofstatic protorof ¥n . By inverting the polarization

of "‘®and leaving it on for the same period of time, this same spin packet will recover
its original phase. By removing phase accrual due to static spétetdl phase is now
only made up of contributions from background (inhomogeneities) and velocity terms
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~

P ED N e (5.09)

Phase offset due to background is constant so toggling the order by ‘®hsch
employed yields:

~ ~

TN '> 0 oSN L o> § B LI > o B LI ) D (5.10)

Subtraction of the above tesmemoves phase accumulation due to background, giving
Yn , which isnow only dependent omandY) (the shape of the bipolar gradient):

yo non @Y (5.11)

Fluid velocity along the direction 8®can therefore be determineddhgh:

i —— (5.12)

ChangingYd determines the velocity encoding sensitivity (VENC), defined as the
velocity that causes a phase shift psuch that

9

[ YO 500 & (5.13)
giving the local fluid velocityd (Bernstein an&hou 2004)as

R,

® —wOL o (5.14)

By performing this procedure along the three orthogonal directions a scanner can be
sensitized to calculate, of each voxel, the component of the velocity vedierfoot

head (FH), anterposterior (AP) and righieft (RL) directions Figure5.1). Combined

with a CINE acquisition, time provides the fourth dimension for a so called 4D Flow

MR or formally A3D CIl NE -dirchtiamalevelo€itg nt r a s
encod ngo Ssequence.

In Figureb5.1, cranial flow (inthe positive alirection) is indicated in red on the FH
image in the ascending thoracic aorta. The flow direction is in the negatixection

in the descending aorta, as indicated by blue in the FH imagiel AP image,
posterior flow can be seen texging the apex of the aortic arch while anterior flow is
indicated by blue as blood leaves the left ventricle into the ascending thoracic aorta.
Similarly, flow sensitization is seen with the RL image altHouglocity encoding is

less obvious in the RLiction upon viewing a sagittal plane.
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Figure 5.1: Sensitization along the three principle orthogonal directions, where FH, AP and RL

indicate FootHead, Antero-Posterior and Right-Left, respectively (alsoreferred to as the z, vy,
and x components of &artesian coordinate system).

Due to the orthogonality of the chosen velocity encoding directions, the velocity
magnitude of a given voxel is simply given as:

W b B B (5.15)

Defining ¥"Yas the period for whic®i s s wi tregdrdéeds ofoits polarization,
the first momenbd of the bipolar gradient can be calculated directly as:

y y
0 VA0 VOQO DYYY (5.16)

Recognising tha®y"Yis equal to the area of an individual gradient |6band T is
the time from™Y to the time at the beginning of the second gradient Tobhen

instantaneous flip of the polarization@{Berrstein and Zhou 2004jives:

0 0"Y Y : YO oY (5.17)

The velocity sensitization is therefore dependent upon the strenfaaofd t he t i m
Tover w$i & d¢gsudhtha i

yn
¢ oY

(5.18)
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Equation5.17 dictates how the scanner can sensitize to specific fluid velocities. For
example, reducing the velocity sensitization from VENC = 200 cm/s to VENC = 50

cm/s requires a fotfold increase inthe strengthd or an i ncrease in
whi chaadtti viast ed. Thus, it I's preferabl e t
gradi ent be increased to achieve a redu

i ncreasi ng ulnfneasisksliyt altdmg scan ti mes.

5.2.2 Proposed duaVENC protocol for complete characterisation of aortic flow
Maximal sensitivity is obtained for spins moving at a velocity equal to the specified
VENC value. This presents a particular challenge for detetimmaf blood flow
patterns in the aorta where flow is highly unste@gynporally varying) and nen
uniform (spatially varying). For example, a VENC of 200 cm/s, may provide a suitable
level of sensitivity to determine the high velocity blood flow pattérrike aortic arch
during systole. However, such a VENC value is ndable during the diastolic phase,
where the fluid velocity is considerably lower. In fact, in using a VENC of 200 cm/s,
low velocity blood flow during diastole cannot be distinguisfreth static tissue and

the lumen of the aorta cannot be reliably idfead. A reduced VENC is required to
achieve sufficient resolution of the flow field during diastole.

Of course, such a low VENC is not suitable for systolic flow velocities; any fluid
velocity greater than VENC will be misrepresented and aliased, asibaescr
elsewhergSu and Chen, 2004; mat al, 2008; Loecheet al, 2016) In an attempt

to overcome this issue, previous studies have proposed phase unwrapping algorithms
to estimate velocities higher than VENC. Howevsignificant errors have been
reported for such techniques, in adiitto increased pogirocessing timgCusack

and Papadakis, 2002; BioueBsas and Valadao, 2007; Cheepal, 2018).

The dualVENC protocol proposed in this study generates a composite dataset, with a
high-VENC of 200 cm/s targeted to systole and a-MBNC of 50 cm/s targeted to
diastole. As the only difference between our two datasets is the velocity sensitizatio
acarate velocity field measurement and lumen boundary isolation can be performed
for each phase and plane throughout the entire cardiac cycle, all the while keeping
acquisition parameters within the bounds specified in the most ébelRlow MRI

expet conensusstatemen{Dyverfeldtet al, 2015) If the velocity of any pixel in an
arbitrary plane of interest is greater than our-MBNC value (50 cm/s) we use the
high-VENC matrix to calcdate the crossectionalarea and volumetric flow rate;
otherwise, we use the corresponding /&wNC matrix. This approach negates the
need for phase unwrapping techniques and provides greater accuracy in flow
guantification in areas where the fluiklocity is low than single higiVENC
acquisitions.

5.2.3 Imaging Parameters

The current study was approved by the institutional review board (Research
Assessment Group (RAGp), Galway Clinic) amas conducted on a healthy-¢&ar

old male with a normoteng blood pressure measurement of 117/73 mmHg and a
heart rate of 60 bpm. The subject was placed in a Philips Ingenia 3T MRI scanner
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(Philips Medical Systems, Best, Netherlands) andesad ECG system was placed on

the chest with retrospective synchrotiiza to the scanner to image according to
specific phases of t hecorrasbRFepoiledsGradienr di ac
Echo pulse sequence was employed in order to capture a sufficient number of heart
phases under frdareathing conditions. The fielof view was set to encompass the
entire aorta. The longitudinal (FH) boundaries spanned from above the level of the
aortic arch to distal to the common iliac bifurcation, while the lateral (AP) and (RL)
bounds enclosed the breadth and width of the subgsgtetively. The frequency
encoding direction was set to AP to reduce artefact from respiratory motion. Important
scan parameters are as follows: repetition time (TR) = 3.1 ms, echo time (TE) = 1.9
ms, Flip Angle = 8, cardiac phases = 20, temporal reioh = 50 ms, isotropic in

plane resolution = 1 mm, slice thickness = 4 mm, VENC = 200 cm/s and 50 cm/s.
VENC scouts were ran to obtain the minimum RJENC value to prevent aliasing

and optimize Signal to Noise Ratio (SNR), while a 4 mm slice thickness wddas

limit scanning time. The scan time for a VENC of 200 cm/s was 4 minutes, and 8
minutes for a VENC of 50 cm/s. In the case of the latter, the TR was increased to 10
ms to allow sufficient dowstime for the gradient coils to prevent excessive
overheatng. A balanced foupoint encoding scheme was used, further details of
which can be found ifPelcet al, 1991)

5.2.4 Postprocessing

All data was pocessed using thouse developed C++, Python and MATLAB code.
Data processing was performed on an Intel Core i7 CPU with 16GB DDR3 RAM.
Postprocessing time for the dudIENC dataset was approximately 20 minutes. Raw
MRI data files were sorted according tieeir encoding direction using RadiAnt
DICOM Viewer (v4.2.1, Medixant, Poznan, Polarah)d subsequently organised
according to the timpoint in the cardiac cycle using a custom Image J plkgu(e
5.2(a)). ParaView (5.4.1www.paraview.or{ visualisaion software served as the
platform for reading the image data for each encoding direction, developing voxel
associativity and subsequent calculation of local velocity magniasgesuhoid as
illustrated inFigure 5.2(b). It is necessary to ensure that observational planes are
orthogonal to the mean direction of blood flow when attempting to characterize lumen
deformations and volumetric flow rates due to the onset of sspre pulse. A
centreline detection algorithm wawkloped to ensure such requirements were
fulfilled as shown inFigure5.2(c), where the centreline is defined as the centroid of
the aortic flow domain.

Analyses were performed at 10 planes along thadéigure5.2(d)), ranging from
Plane 1 distal to the sinus of Valsalva to Plane 10 immediately proximal to the
common iliac bifurcation, with an average section spacing along the centreline of 50
mm. Each timgooint for each plane in both VENC datasets ween exportetor all
further postprocessing in MATLAB (R2013b, MathWorks Inc., Natick, MA, USA).

A bicubic interpolation algorithm is employed in order to attain further clarity for
aortic lumen edge detection. A series of cubic splines were fit totémesity values

of individual pixels along both the x and y dimensions in a given pkigare5.2(e))
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and the grid density was increased to 0.5 x 0.5 mpiane spatial resolutiofrigure
5.2(f) (i) and (ii) highlight inplane pixel data preand posinterpolation.

At this point, each velocity magnitude image is masked by the square of the
corresponding magnitude (anatomical) imagigre5.2(f) (iii)) in order to create a
PC-MRA matrix according to methods describedBustamantet al, 2017) Using

each PGMRA image, a ellipse isfit to the boundary of the fluid domain for each
plane and phase of interest to determine the lumen area as a function of space and time
based on a custobuilt segmentation algorithm. Using the MYENC velocity
matrix, if the velocity of ay pixel is geater than the IoWENC value (50 cm/s) we

use this matrix to calculate the cressctionalarea and volumetric flow rate.
Otherwise, the corresponding I6MENC matrix is used. The composite data set
generated by the du®IENC protocol eliminges the neetbr any phase unwrapping
techniques.

For each of the 10 planes analysed, the percentageserctisnalarea changes@) is
defined according to0 0 T0 ,where s s cadiadp tse por e s e n 't
systole and idstole respectively. Aér isolating the aortic lumen from surrounding
structures, streamlines and flow vectors can be plotted as shéigune5.2(g). The
integral of the velocity within the boundary of the aortic lumen provides the
instantaneous voluetric flow rate(Q) as shown irFigure5.2(h). Finally, the local
PWV at each plane is calculated according to the QA method descripadliémoz

and Meuli 2002and shown irFigure5.2(i), where PWV is defined as the coefficient
of proportionality between Q (blue) add"Y ¢red) bound by the systolic upstroke of
the cardiac cycle. Additionallygpatial variance iPWYV is catulated using the time
to-peak (TTP) method described(Wentland and Wieben 2014)here in this case
the wave speed is defined ¥&¥Yo, whereYa is the distance along the vessel
centreline between regions of interest aids the time lag between flonepks for

the thoracic and abdominal aortic segments in this case.
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Figure 5.2: Basic overview of postprocessing steps. (apR MRI volume of interest (b) velocity
maghnitude calculation using equation (14) from each encoding direction. (€entreline detection
algorithm and (d) centreline highlighted in red with 10 orthogonal observational planes created
normal to the mean diredion of flow along entire aorta. (e) Bicubic interpolation process to
increase inplane spatial resolution. (f) Pre () and Post (Il) interpolation, final matrix is
multiplied by magnitude data (lll) to form a PC-MRA image. (g) Streamlines plotted at 206s
into cardiac cycle. (h) Volumetric flow rate through an observational plane in the descending
thoracic aorta during the systolic upstroke. (i) Flow (blue) and CSA (red) as a function of time in
cardiac cycle, where the constant of proportionality can besed to calculate pulse wave velocity.
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5.2.5 Compliance

To estimate local vessel compliance, the pressurs briestimated throughout the
cardiac cycle at the location in question. The clinical definition of vessel compliance
is typically given a¥6 "YA0 during a cardiac cycldypically, vessel compliance is
reported as a single val(lealandeet al, 2008b; Jodo L. Cavalcargeal, 2011; Musa

et al, 2016)as only he systolic (SBP) and diastolic pressures (DBP) are recorded
However, it is trivial to demonstrate that, even for the simplisticwahed linear
elastic cylindrical vessel undergoing infinitesimal deformation, a linear relationship
does not exist betvea Y0 and¥Y® "Yénd therefore a single value of local q@iance
cannot be identified. Moreover, the weltablished nofinear material behaviour of
arterial tissue, e.gZhou and Fung, 1997; Ogden, 2003; Agraetal, 2013) further
invalidates the concept of a single value of compkarRRy considering the entire
blood pressure waveform, we investigate the {tlependence in local compliance
along the length of the aorta

As local variations in pressure are not directly measuvesl, consider three
methodologies for estimation of tintependent blood pressure throughout the aorta:
Firstly, a generic central aortic blood g
cycle time, SBP and DBHFigure5.3(a)). This pressuréime rehtionship is applied

to each plane in the aorta.

Secondly setting the central aortic blood pressure waveform to Plane 5, we employ
the unsteady Bernoulli equation to calculate the blood pressure waveform at discrete
proximal and distal planesFigure 5.3(b)). Beginning with the NavieBtokes
equation;

®A® 0 "R ‘b (5.19)

3l &

and assuming viscous effects contribute little to pressure differential compared to
transient and convective terms as shown(llgmataet al, 2014) the last term in
equation 5.19 goes to zero and we obtain the Euler equation. Multiplying by an
infinitesimal incremeniQ dalong a streamline, such th@tdis parallel to the mean
velocity direction®d gives

To .
"= BB MG G AN (5.20)

Integrating between two arbitrary point8oint 1 and Point 2 along a streamline
yields

" -F.‘D'Q(’J(
o ¢

alkel

"0 0 0 0 "®a « (5.21)
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where the first term on the left iquation5.21 contains the integral of the local
acceleration of #8uid particle along a streamline betwdeoint 1andPoint2.” is the

fluid density,0 is the pressure, anlis the fluid velocity. We neglect the last term on

the righthand side as the subject is in the supine position in the scanner and hence the
change in elevation along the ves¥élcan be taken a®m.

Thirdly, we investigate a piecewise approach of determining the aortic blood pressure
waveform from PEMRI data and notinvasive brachial blood pressure measurements
(Figureb5.3(c)). The approach is described in detaiMienninet al, (2015) Briefly,

the method makes use of the water hammer equationd@ystolic upstroke phase

of the cardiac cycle according to:

w0 " Do L (5.22)

whereD is pressure’ is density and is blood velocity A diastolic decay function

driven by time constaritis utilized for the phase between aortic valve closure and re
opening where:

0o 0 m- (5.23)

Finally, the systolic peak is approximated by a seeorter polynomial which
satisfies continuity and produces the prescribed mean arterial pressuR). (e
corresponding area versus pressure graphs are shown for each metgote9(a),
Figure5.9(b) andFigure5.9(c) respectively.
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Figure 5.3: Pressure boundary conditions applied to calculate local aortic compliance. (a)
Uniform; (b) Unsteady Bernoulli; (¢) Piecewise.

106



Chapterb

5.3 Results

5.3.1 DualVENC protocol for complete characterisation of aortic flow

We employ PEMRI principles to capture both the deformation and haemodynamics
of the entire aorta. The proposed dW&INC protocol proides high sensitivity to all
blood flow velocities throughout the entire cardiac cycle, overcoming the challenge of
accuately measuring the highly unsteady noniform flow field in the aorta. A single
high-VENC approach, while providing accurate measumeis of high velocities
during systole, was found to have insufficient resolution at low velocities to
differentiate blod flow during diastole from the surrounding static tissue; this
observation has been previously report€dllaghanet al, 2016; Nettet al, 2012;
Markl et al, 2016) Consequently, the lumen geometry cannot be accurately
determined in any region of the aorta during diastole, as clearltralled inFigure
5.4(a) (only the high velocity flow in thoracic aorta at a thpeint of 200 ms (systole)

is accurately measurgdin inability to accurately determine the lumen geometry and
velocity field in the entire aorta for the entire cardiac cpeténibits the determination

of clinically relevant quantities such as cres&stionalarea, aortic compliance,
volumetric flow rae and PWV. As discussed in Sect®R. 2, a single acquisition low
VENC will not provide accurate measurement of high velesitiuring systole due to
phase wrapping. This is evidentkigure5.4(a), where the high velocities at 200 ms
are significantlyunderpredicted by the lowWENC acquisition, compared to the high
VENC that is specifically sensitized for accurate measurerdening systole.
However, flow velocities and the flow domain are accurately determined at all other
time-points (0, 500, 700 arlD0 ms) using a lowENC, in contrast to the highENC
measurements where flow is indistinguishable from the noise associgied
surrounding static tissu€igure5.4(b), further highlights this motivation for a dual
VENC approach. At 200 ms (top row)igh-VENC accurately represents the fluid
domain for the thoracic plane (indicated in red), whereas velocity aliasing is teviden
in low-VENC. In fact, some velocity vectors over 50 cm/s are misrepresented as
negative velocities travelling towards the hdartlow-VENC at this thoracic plane
during systole. At 900 ms (bottom row), HYEENC is incapable of distinguishing the
fluid domain from static tissue in the abdominal plane (indicated in blue), while the
low-VENC accurately represents the flow fielddaaortic lumen boundary.
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Figure 5.4: (a) Sagittal view of velocity magnitude vectors. The higVENC (top row) captures
sysble, as shown at the 200 ms timgoint. However, during diastole, lowvelocity blood flow is
not distinguishable from surrounding static tissue. The lowWENC provides accurate data on the
region of bloodflow (and thus the lumen boundary) throughout the etire cardiac cycle.
However, velocity aliasing is evident in loaWENC during systole. (b) Further emphasis of the
requirement for dual-VENC approach, where top row irdicates systole (200ms) in the thoracic
plane (red), where highVENC accurately illustrates the flow profile but velocity aliasing is
evident in low-VENC (vectors above 50 cm/s travelling towards the heart). The bottom row
illustrates how high-VENC cannotdistinguish low velocity vectors from static tissue clearly in the
abdominal plane (blue),while low-VENC can. By combining both datasets in our duatVENC
approach, we obtain accurate measurements of the region of flow (and thus the lumen boundary)
in addition to accurate measurement of the velocity vectors throughout the entire-R interval in
the entire aorta.

00

5.3.2 Spatial Deformation
Figure 5.5 shows the spatial and temporal change in lumen Ses$onalarea

throughout a cardiac cycle. Clearly thenen crossectionrarea (CSA) decreases
with increasing distance from the heart at aiweig timepoint in the cardiac cycle.

For example, at time t=250 ms, the CSA at Plane 2 in the ascending aorta is $44 mm
compared to 295 mfat Plane 5 and 158 nfrat Plane 10.
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Figure 5.5: Area as a function of cardiac cycle time for a series of dis¢eeplanes along the vessel
from proximal to distal aorta. Filled markers indicate phases where lowWWENC data were used
and unfilled markers indicate wherehigh-VENC were used.

Figureb5.6(a) shows the lumen area at the end of diastolg, for all 10 plaes. The
well-known tapering of the aorta is also evident, with a decreasg.with increasing
distance from the heart. The percentage change in-sestisnalarea, Yo, due to the
onset of the pressure pulse is presented for eacte praFigure 5.6(b), where

Yo 0 & T0 . Firstly, it should be noted th¥ ranges from 15% for
Plane 10 up to 65% for Plane 1, providing an indicatid the extremely large
deformation of the aortic wall during a cardiac cycle. ddjet should be noted that
the circumferential strains in the aortic tissue will be significantly larger than the
values of¥d reported, given that the undeformed refere area (at zero pressure) is
significantly lower thard  (clearly thetrue undeformed reference area cannot be

determined in a #fAl i Wéds instend presentedsere tohe m
demonstrate the high aortic deformations during diaarcycle).Categorising the
pl anes i nto two theracldg r a abdosnidad n a me I syt ad i st

significant difference it¥o is observed between the two gro(ps0.005).
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(a) (b)

Figure 5.6: (a) Diastolic crosssectionalarea for each planehighlighting the tapering of the aorta
distally. (b) Crosssectionatarea change for each plane along the aorta. ** indicates a statistically
significant difference between thoracic and abdominal aorta subgroups (p<0.005).

5.3.3 Spatial Haemodynamics

Theintegral of the velocity matrix within the boundarytbe fluid domain yields the
volumetric flow ratep (Figure5.7). The reduction ob with increasing distance from

the heart can be attributed, in part, to-thodv to visceral arteries including the supra
aortic, mesenteric and renal vessels. For g@nthe large drop in flow between Plane

1 and Plaa 5 is associated with aflow to the innominate, left common carotid, and

left subclavian arteries supplying the head, neck, and upper body with a large
volumetric blood flow. The opening of the aon@lve occurs at approximately 50 ms
and closes at ®0ms, while the time lag between the flow peaks of each plane is related
to the speed of the ejected pulse wave propagating through the aortic tree. Peak systolic
blood flow ranges from 196 ml/s at Plahén the ascending aorta to 28 ml/s at Plane
10 in he abdominal aorta, while diastolic flow at timepoint 600 ms ranges from 53ml/s
at Plane 1 to 2ml/s in Plane 10. The +z@mo flow during diastole, illustrates the well
known Windkessel effect. The measnorents presented here demonstrate that the
diastolic flow due to the Windkessel effect is highest in the ascending aorta and
reduces with increasing distance from the heart.
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Figure 5.7: Aortic volumetric flow rate, Q throughout the cardiac cycle for a seies of discrete
planes along the vessel from proximl to distal aorta. Filled markers indicate phases where low
VENC was used and clear markers where higiVENC was used.

The coefficient of proportionality betwe@nand® Y provides the wave propagation
speed (i.e. the speed of a blood column as wetsathrough the aorta following
ventricular ejection), formally known as the pulse wave velocity (PWigure5.8(a)
shows a higher wave velocity in the distal aorta than in the proximal aorta. Again,
categorising the planes into two subgroupsracic and abdomina) a statistically
significant difference in PWV between the two groups is foynd0(005. The
implementéion of the TTP method to determine the PWV also provides a similar
result, as shown iRkigure5.8(b); the PWV in the abdominal aorta (81#s) is found

to be approximately 28% higher than in the thoracic aorta (6.4 m/s). The increased
PWV in the abdominahorta is due, in part, to the tapered geometry, as shown in
Figure5.6(a). However, spatial changes in vessel compliance also conttibtie
observed increase in PWV.
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Figure 5.8: (a) PWV determined using the QA method. A gradient in wave speed ivident,
increasing with distance from the heart. (b) PWV determined using the TTP method from Plane
1 to Plane 5 (thoracic) and Plane 5 td’lane 10 (abdominal). Thoracic and abdominal aortic
segments exhibit a wave velocity of 6.36 m/s and 8.21 m/s respey.

5.3.4 Spatial and Temporal Compliance
Spatial and temporal changes in vessel compliance are next investigated using the

three bloa pressure waveforms ((i) uniform brachial pressure wave, (ii) spatially
varying pressure wave computed using theaawst Bernoulli approach, (iii) spatially
varying pressure wave determined using the piecewise approach) determined in
Section5.2.5. InFigureb.9, the instantaneous lumen cresectionalarea is plotted as

a function of blood pressure. Results are presented for the three aforementioned
pressure waveforms #te proximalascending aortand the distahbdominal aorta.

The instantaneous conigahce ata given lumen pressure is given by the slope of the
pressurearea graph. In all cases two distinct linear regions are observed, such that a
high vessel compliance occurs at low pressures, and a low vessel compliance occurs
at high pressures. Thidearly cemonstrates that vessel compliance during a cardiac
cycle cannot be simplistically represented by a single value. The decrease in
compliance at higher lumen pressures is due to strain stiffening constitutive behaviour

of the aortic wall.
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Figure 5.9: Area versus Pressure for the three pressure waveforms: (a,d) uniform brachial

pressure wave; (b,e) spatially varying pressure wave computed using unsteady Bernoulli

approach; (c,f) spatially varying pressure wave determined using piecewise approachir€lilar

markers represent Plane 2 (proximal ascending thoracic aorta) and square markers represent

Plane 10 (distal infrarenal abdominal aorta). Twaedistinctive linear compliance regimes are

evident in each case. The values of the-liear compliance aredetermined from the slope of the

bestf i t l'ines. High compliance regimes | abelled w
compliance regimes |l abelled with blue | ines and
compliance regime of plane 10. Resultsighlight a strong dependence of compliance on transient

lumen pressure and on spatial location.

For each case presentedFigure 5.9, the value of compliance is determined using
linear regression fits for the two distinct regions (red and blue) ofréssyrearea
graphs (values are presented ableb.1). Clear evidence of strain stiffening is visible

in each subplot oFigure5.9, where significantly higher aortic dilation for a given
change in pressure are observed in the high compliance (redgregmpared to the

low compliance (blue) regime. As an example, for Plariedlife5.9a(uniform blood
pressure waveform)) the compliance at low pressure£@2.94 mmMymmHg) is over

eight times higher than the compliance at high pressure<C28 mn/mmHg). For

Plane 2 the high compliance regime occurs for pressures below 85 mmHg. While a
broadly similar bilinear behaviour is also observed at Plane 10 (abdominal aorta),
compliance values are an order of magnitude lower than those at Plane 2 (ascendi
aorta). As an example, for Plane Higlure5.9d (uniform blood pressure waveform))

a high compliance value of Ci1& 0.67 mm/mmHg is determined, with a low
compliance value of C16- 0.11 mn/mmHg. Furthermore, at Plane 10 the change in
compliance regne is observed to occur at a pressure of ~100 mmHg (compared to
~85 mmHg at Plane 2). These results highlight the dramatic differencesvivo
material behaviour between the thoracic and abdominal aorta. Despite the fact that
higher material strainsceu in the thoracic aorta, as evident frdfigure 5.6, the
instantaneous material stiffness is significantly higher in the abdominal aorta. The
higher stiffness of the abdominal aorta explains, in part, the higher PWV in this region,
as observed iRkigure5.8.

113



Chapterb

Table 5.1: Compliance values based on linear regression bdis to the low and high compliance
regime data presented in Figure5.9. C2 represents Plane 2 and C10 Plane 10 with subscripts 1
and 2 representing high and low compliance regimesespecively.

Uniform Bernoulli Piecewise

Compliance (R?)  Compliance (R?»  Compliance (R?

(mm?/mmHg) (mm?/mmHg) (mm?/mmHg)
C2 11.94  (0.973)] 1064  (0.961) 17.1 (0.998)
C2 1.48 (0.974) 1.32 (0.976) 1.40 (0.944)
C10, 0.67 (0.892) 0.70 (0.933) 0.56 (0.919)
C10 0.11 (0.619) 0.04 (0.523) 0.12 (0.649)

5.4 Discussion

The focus of thichapters to employ 4D Flow MRI techniques to investigate,non
invasively, the spatiotemporal heterogeneity of the entire human aorta. The study aims
to create a framework cdpa of developing a map of the aorta with respect to eross
sectionalarea change, votoetric flow rate, pulse wave velocity and compliance
throughout both the spatial and temporal domain. Novel contributions include: (i)
implementation of a dUAIENC compaite dataset approach to imaging the entire
aorta, which ensures accuracy in both aed flow quantification throughout the
unsteady velocity profile of the cardiac cycle, providing an alternative approach to
phase unwrapping; (iijguantification of lochk PWV along the entire aorta, and
demonstration that PWV increases with increasingadce from the heart; (iii)
guantification of local compliance throughout the cardiac cycle, and demonstration
that aortic compliance is characterised by -#int@ar relaionship, with significantly
higher compliance values at low pressures.

To the authds knowledge, thistudy presents the most comprehensive dataset of
patientspecific aortic measurements to date, highlighting several key points that have
the potentiala guide clinical practice and aortic device design. The motivation for the
work stemsfrom the scarcity of data published on the regional variance of
biomechanical properties of the aorta and the persistence ebpamsitive cardiac
complications followilg TEVAR.

5.4.1 Spatial Deformation

We examine the deformation of the human aorta duthe entire cardiac cycle at 10
planes, ranging from the sinus of Valsalva to immediately proximal to the common
iliac bifurcation. The high levels of crosgctionalarea changeYd during a cardiac
cycle, ranging from 15% in the abdominal aorta to 66%he ascending aorta,
highlight the extremely large deformations of the aortic wall. Accurate
characterisation of such large deformations requires detailed imagiig @ntire
aorta throughout the entire cardiac cydihile the observed trend that ation
reduces with distance from the heart is in broad agreement with previcus/asive
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imaging studies bivohiaddinet al, (1989)andSaoutiet al, (2012, the current study
provides further insights by measuring dilation oargé number of planes spanning

the entire aorta. A number ekvivo studies also suggest that compliance decreases
with distance from the hegi¥oriwaki et al, 2011b; Krigeet al, 2016) A study by
Tsamis and Vorp (2013gports that the ascenditigpracic aorta contains 80 elastin
lamellar units while e infrarenal abdominal aorta contains 3khe decrease in
elastin and increase in collagen observed in Chapter 4 of this (inestilition to the
tapering of the aorta and the spatially depensieain at which collagen fibers become
taught Zeinali-Davarani et al., 20)% provides a microstructural explanation for the
decrease in complianodserved hereith distance from the heaMoreover,Tsamis

and Vorp (2013plso report a 50% decrease in elastin units between the descending
thoracicand supraceliac aorta, possibly providiran explanatiorfor locally varying
crosssectionalarea changebserved in the current studi review paper bysherif

(2014) reports that the aorta, from a developmental point of view, is not a
homogeneous structure nor one contiguous anatomical entity. Rather, it is suggested
that the vessel can be split into discrete segmesatsh of which develops and
differentiates nder a distinct set of genetic and transcriptional factors. It is
hypothesized that the regional differences in biomechanical behaviour may be due to
the development of the ascending thoracic from neural cedist and descending
thoracic aortafromtheens oder m. Wi t h distinct connect.i
such segments, this may be the cause for local differences insexigmalarea
change and PWV measured between adjacent planes in the current study

5.42 Spatial Haemodynamics

A notable outcme of this study is the spatial variance in PWV along the aorta. Results
show that the PWV increases with increasing distance from the heart. This finding is
reinforced using the TTP method, uncovering a 28%ease in PWV between the
thoracic and abdomah aorta (6.4 m/s versus 8.2 m/s). Generally, PWV is defined in
the literature as a single value for the agwtalson et al, 1998; Blacheet al, 1999;
McEniery et al, 2005; BerShlomo et al, 2014; McDonnellet al, 2017) The
assumption of a uniform single valued PVW is primarily due to the method of clinical
measurement, where the pressure pulse between two distinct sites, most commonly
the carotid and femoral artes (cfPWV) is recorded. ThReference Viaes for
Arterial Sti ff ne srepdrt arednlPWY valuadf 6.2m/s fgra 0 1 0 )
cohort of 1455 normal subjects < 30 year of age. However, the pathway over which
cfPWV is defined does not includée highly compliant ascending aorta. The
utilization of MRI techniques to quantify aortic PWV has the ability to quantify
changes at a local level, producing an accurate patpetific spatial map of PVW.

A study byQuinaglia et al. (2018eported PWV readings targeted to the ascending
aorta and found velocities of between 4 and 5.8 m/s, vidukedman et al. (2017)
investigated the brachi@moral pathway in 152 young adults and found mean PWV
values of 8.7 m/s. Such measnents are comparable with the data present¢éhe

current study for the thoracic and abdominal aorta respectively.
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5.43 Spatial and Temporal Compliance

Compliance is generally presented as a single value, by taking the difference in area
betweendiast| e and syst ol e a nsdchadge in blabd pragsure.h i s
Aortic tissue is not a simple linear elastic material. Rather it exhibits a significant
increase in stiffness when it is stretched to a high level of deform@fimian and
McGarry, 2016) Such mechanical behaviour occurs due to the structural contribution
of collagen fbres. At low arterial strains collagen filsrare wavy, and an incremental
increase in applied force will result in a significant increase in the length of the fibre,
I.e. the fibre exhibits a low structural stiffness at low levels of deformation. Aefurth
incremental increase in force applied ti@ightened collagen fibre will not result in

a large increase in the length of the fibre. This is because the straightening of the fibre
at high levels of deformation results in an increase of the strucstifiless
(Holzapfel, Gasser and Ogden, 2Q00)

The structural contribution of collagen results in the v@stiablished nofinearstress

strain relationship for arterial tissue, whereby the material exhibits low stiffness at low
strains and high stiffness at high strains. The transition from the iidmess regime

to the high stiffness regime is commonly modelled using exponsirigah stiffening
material lawgHolzapfel, Gasser and Ogden, 2000; Nataal, 2014) To date such
models have been motivated and calibrated usingtro tests of excised arterial
tissue. Our studprovides evidence, for the first time, that significant strain stiffening

of the asta occurgn-vivo over the deformation range of a cardiac cycle. Our results
suggest that clinical compliance (defined as a change in lumen area with respect to a
change inpressure) should not be characterised by a single value. Rather, a high
complianceregime is observed for low pressures during diastole, followed by a
transition to a low compliance regime for high pressures during systoleinf\nis
observation is caistent with strain stiffening observedimvitro testing, and it calls

into quesion the accuracy of the common assumption fthativo lumen area
increases linearly with lumen pressure during a cardiac cycle (inherent in the
description of complianceyta single coefficient, e.g.ehmannet al. 1998; Bogreret

al. 1989; Mitéranet al. 2018; van Herwaardeat al. 2006; loannouet al. 2009;
Lalandeet al.2008;Vyaset al.2007). Furthermore, our study quantifies the values of
high and low compliance during a cardiac cycle, and demonstrates that these values,
and theassociated transition pressures, are spatially heterogeneous. Such detailed
insights into vesselcompliance are critical for development of an enhanced
understanding of the relationship between pressure, blood flow, and PWV in the aorta,
and will potentidly lead to improved interventional procedures and device designs.

5.44 Limitations

A number oflimitations should be noted for the current study, providing motivation
for follow-on studies. The purpose of this study was to develop avkdC imaging
protocol to generate high resolution subjspecific data on heterogeneous +ioear

aortic complance and pulse wave velocity in a clinically feasible timeframe. While
the data generated in the current study is limited to a single subject, the demanstratio
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of this capability of our methodology provides a platform for extensive tagblution
charaterisation of aortic biomechanics for populations of healthy and diseased
subjects. It should be noted that increased temporal resolution, spatial resolution,
coverage and signal to noise ratio all incur the cost of higher scan time and gradient
coil capaltities in every MRI system. Hence, in order to maintain clinical feasibility
temporal resolution was sacrificed in this study. In the ideal situation eachwwbalsl

span a segment shorter than 50 ms, which may lead to greater accuracy in the
guantificaton of area, flow and hence PWV, and so, more work may be justified in
this area to see if any further optimization of parameters is possible for imaging the
aarta in its entirety, while maintaining a short scan time.

In terms of determining aortic compfhiee, a challenge remains to accurately measure

a continuous locatiespecific blood pressure waveform throughout the aorta without
resorting to an invasive cadterization procedure. In the absence of a clearly defined

best strategy to compute a continupusssure waveform noninvasivgRyverfeldt

et al, 2015; Adj i a hwe impléniemtad thkee sepatate vakgform
generation methods, namely; &é6Uniformé, oOUr
case, the current study demonstrates that tfiadarity of the measured cqimlnce

is not strongly affected by the method of approximating the lumen pressure waveform.

5.4.5 Implications

The results of this study have a number of potential implications for the fields of aortic
biomechanics and cardiovascular surgery. The studgepts a protocol that can
provide accurate spatial and temporal measurements of complianB&\andh the

aorta. This may provide an incremental step in understanding why cardiac events occur
postTEVAR, through a better understanding of the relationsbtgreen PWV, aortic
stiffness and cardiac function. Stenting may hawpatially varyingeffect on the

bi omechani cs of t he aorta byacceletadledci ng
arter i o orcthesystens. This dn turn effects cardiac function, asmeated
elsewhere for arteriosclerosis developed during the ageing p(dsessis and Vorp

2013; Kohn and ReinhaKing 2015; Wohlfahret al.2015) During EVAR however,

a significant reduction in compliance may occur instantaneously due to stent
deployment, in contrast to arteriosclerosis, whereptiamce gradually reduces over

a period of decades. The current study shows that aortic compliancet dan
captured by a single value, and that the vessel is significantly less compliant in systole
than diastole. Incorporating such detailed informatioto ithe design of EVAR
devices with the aim of replicating the natural +ioear compliance of the gsel may
reduce the prevalence of the aforementioned complications.
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5.5 Conclusions

A dualtVENC 4D Flow MRI protocol is developed and implemented @ommercial
scanner for characterising the biomechanics of the entire human aorta. A composite
datasetapproach is employed to maximally attenuate fluid contrast throughout the
unsteady velocity profile of the cardiac cycle, providing an alternative madtpidhse
unwrapping techniques. Pulse wave velocity increases from proximal to distal aorta,
while cresssectionalarea change, volumetric flow rate and compliance all reduce
with distance from the heart. Finally, compliance is shown to alter significduntiyg

the cardiac cycle, with significantly higher compliance being observed during periods
of low blood pressure.
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CHAPTERG

CHARACTERIZATION OF THE IN -VIVO
BIOMECHANICS OF THE HUMAN AORTA

Abstract

This chapterdevelops a novel subjespecific finite element modelling approach
based on the duMENC 4D Flow MRI measurements presented @hapter 5
Simulations reveal that internal vessel contractility, due tespyetched elastin fibres

and actively generatedm®oth muscle stress, must be incorporated into the artery
constitutive law, along with collagen ain stiffening, in order to accurately predict

the nonlinear pressurarea relationship uncovered by our MRI investigation.
Modelling of elastin and smootiuscle contractility allows for the identification of

the reference vessel configuration at zemen pressure, in addition to accurately
predicting high and lowcompliance regimes under a physiological range of
pressures. This modelling approach is alsown to capture the key features of elastin
and SMC knockout experiments. A subjepecific FE nodel is generated directly
from the MRI data presented in Chapter 5, and the volume fractions of the constituent
components of the aortic material model. (nentlinear elastic collagen, prgretched
elastin, and contractile smooth muscle cells) werepted so that thén-silico
pressurearea curves accurately predict the corresponding MRI data at each location.
This leads to the prediction that collagead amooth muscle volume fractions increase
distally, while elastin volume fraction decreases digtdlhis finding is supported by

the histological analyses presented in Chapter 4. Furthermore, the strain at which
collagen transitions from low to high fétiess is lower in the abdominal aorta, again
supporting the histological finding that collagen wegs is lower in thidistally. The
analyses presented in this chapter provides new insights into the heterogeneous
structurefunction relationship that werlies aortic biomechanics. This novel subject
specific MRIFEA methodology provides a foundatidar personalisedn-silico
clinical analysis and tailored aortic device development.
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6.1 Introduction

Regional heterogeneity in the biomechanics of the a®iakey feature that ensures
optimal function of the cardiovascular system. In general, a higl t&f elastic
compliance is required in the proximal aorta, so that the kinetic energy expelled during
systole can be stored as elastic strain energy irvébsel, leading to subsequent
augmentation of pressure pulse propagation during diastole daestic et¢coil of the

wall. The distal aorta, however, takes an alternative approach to blood transfer with a
higher smooth muscle cell (SMC) content and aiced requirement for elastin.

A significant body of literature exists on the experimental tesifngportic tissue, in
particular material characterization through uniaxial and biaxial tensile tests (Vande
Geest, & Vorp, 2006; Matsumott al., 2009; Forsll & Gasser, 2013; Gundiah &
Pruitt, 2013; Reepst al.,2013; Weisbeckeet al.,2013; Piercestal., 2015; Tenget

al., 2015; Laksariet al., 2016). Due to both the ethical and logistical constraints
surrounding the destructive testing of human tissue, animal data exceeds that of
humans in the literature. The majority of material characterizatittimediuman aorta

is performed on surgically eised samples, for example during the open surgical
repair of an abdominal or thoracic aortic aneurysm (Vande Geest & Vorp, 2006;
Choudhuryet al.,2009; Iliopouloset al.,2009; Pastat al.,2015; Sassani & %olis,

2015). The tissue obtained is in tie@se however, is (i) too localised to capture the
spatially varying biomechanics of the aorta, and (ii) diseased. An alternative approach
exists in the testing of aortic tissue pastopsy; however, further étlal and logistical
difficulties exist hereand as such, few studies with this design exist in the literature
(Mohan and Melvin, 1982; Vande Geest & Vorp, 2004; Raghavah,2011). The
limitation of this approach is that the tissue is dead, raisimgezas about the
applicability of suchresdt whi ch ul ti mately cannot be
tissue properties.

In characterizing the mechanical properties of the aorta experimentally, particular
focus has been directed towards the effects of ggélallock and Benson, (1937)
found that youg aortic tissue exhibits a high degree of extensibility through a bi
concave shaped pressuielume relationship, while in older tissue the total increase
in volume is lower and at high pressures the sloplkeopressur@olume relationship
tends toward a straight horizontal linédditionally, Vande Geest, & Vorp, (2004)
found that an older cohort exhibited a much stiffer exponential shapeddteess
response compared to the younger cohort, with suckeble difference that different
forms of stain energy functions were used for younger and older cohorts (polynomial
and exponential forms, respectively). Investigation of aortic heterogeneity has
typically relied onexvivo testing of excised porcine/dae tissue (Moriwaket al.,

2011; Krigeretal., 2016). A biomechanical study of excised canine adiyal anaka

and Fung (1974) reports that proximal samples exhibit a higher compliance than
distal samples. A study on the equibiaxial tension behawibliuman aortic samples
following autopsy byHaskettet al., (2010) report that the overall compliance
decreases with distance from the heart in a cohort less than 30 years of age.
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Investigation of the volume fractions of individual wall constituents geovide
insight into the local behaviour afe arterial tissue (He & Roach, 1994; Laksri

al., 2016). Harknesst al., (1957) report that the volume fraction of elastin is
approximately twice as high as that of collagen in intrathoracic canine aodd. |
other arteries the volume fraction afllagen was found to exceed that of elastin. Saey
et al.,(2015) report a greater concentration of collagen in the distal thoracic equine
aorta than in proximal sections. Davidsaral. (1985) report lower commtrations of
elastin fibres in the abdominakgions of porcine aorta than in thoracic regions.
Recently, Concannoet al.,(2019) found that elastin volume fraction decreases, and
collagen increases with distance from the heart in the human aorta.

Despie extensivein-vitro mechanical testing andshtological analysis of excised
tissue, few studies to date have attempted to characterige-hv® biomechanical
behaviour of the aorta using norwasive methodologies. Previous-vivo MRI
analyses of thbuman aorta have focused on limited isolataegments, such as the
thoracic (Mohiaddiret al.,1989) or abdominal aorta (Lanetal.,1992). Such a focus

on a single region does not provide insight into the significant spatial variation in aortic
biomechaical behaviour. This limitation is addressadChapter 5, whereby a dual
VENC 4D Flow MRI sequence is developed and implemented in a commercial
scanner, providing high resolution measurements of aortic deformation at all locations
throughout the entireacdiac cycle.

This chapter develops a subjsgtecific MRI/FEA framework to uncover the
biomechanisms underlying the spatially varying 4fiopar aortic compliance
measuredn-vivo in Chapter 5. A constitutive law is developed to incorporate the
biomechargal contributions of prstretched elastin,ontractile SMCs, and strain
stiffening collagen. Firstly, the role of pstretched elastin is investigated. In
particular, analyses are performed to identify an equilibrium vessel configuration at
zero appliedumen pressure, which is observed to beaaitstep required in order to
predict the key features of the pressarea relationship observadvivo. The role of
elastin prestretch on the lumen pressure at which the aorta transitions flogha
compliance to a low compliance regime due to collagen strain stiffenimgalso
investigated. A subjeetpecific FE model is generated directly from the MRI data
presented in Chapter 5 and timevivo pressurearea curves are fit using the
constitutive law. Finlly, the volume fractions of the constituent components of the
aortic wall (elastin, collagen and SMCs) are computed throughout the ssibpedic

aortic FE model and excellent agreement is found with the histological analyses
presented in Chapter 4
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6.2 Methodology

In this chapter the biomechanical properties of the entire human aorta are
characterizeth-vivo, using an MRI/FEA framework. A novel anisotropic hyperelastic
constitutive law is presented, that accounts for the individual contributiceiastin,
collagen and SMCs within the arterial wall, while making use of a constrained
mixture-based approach. Additionally, a framework for generating subpesttific FE
models directly from MRI/CT scans is presented. The presseie relationship
(derived in Chapter 5) throughout the entire cardiac cycle is captured at 10 planes from
the proximal ascending to distal abdominal aorta using the novel constitutive law.

6.2.1Novel Constitutive Law

In this section we outline the key equations that desofitiee stress response of the
material to deformation. The constitutive model is decomposed into isotropic and
anisotropic parts; the isotropic portion is used to model the arterial groundmatrix,
while the anisotropic part is further divided into separdtess components that
describe elastin, collagen and SMCs. Additionally, we model the aortic wall as
compressibléD. R. Nolan and McGatrry, 26).

We employ a rule of mixtures approach where each component of the wall undergoes
the same strain, but the stresses are additive, and the sum of constituent d@njyities (
equals unity, which yields
a a a a a (6.01)
o p (6.02)

We employ a bilinear strain energy function to capture the strain stiffening behaviour
of fibrillar collagen under tension

N Tt om - (6.03)
a G 2 Q- z =|= S =|= om - -
- Q- - z$ 54+ om - -

wherethe strain- 'O p, ® isthe volume fraction of collagen inettwall,

Q is the initial stiffness of collager is the secondary stiffness of collagenis the
transition strain angk  denotes the direction of collagen fibres in the reference
configuration with respect to the circumferentals of the artery.

Elastin fibores may also contribute to the anisotropy of the vessel with a mean
directionality defined by . The elastin fibres also exhibit a constantgtretch and
stiffness and to allow contraction of the vessel suchtkigastress is

a &z ©O p_zQz4+ 5+ 38 (6.4)
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The model parameter is the prestretch of the elastin component in the initial

undeformed configurationo is the volume faction of elastin in the wall, an@ is
the stiffness of ektin.

We also incorporate the active component of the wall as represented byThe
contractile stress generated by a single SMC ) is held constant at 25kPelcGarry
et al, 2009) SMCs also contribute to the anisotropy of the vessahg‘hr#

a w z, zZ+ §=F (6.5)

wherew is the volume fraction of SMCs in the wall, is the active stress of an
individual SMC and#$  denotes the direction of SMCs in theference
configuration.

Finally, the stress in the isotropic groundmatrix can be defised

(6.6)

a w z — A
i

alo
&
e
c
©

Wherew is the volume fraction of matrix in the wall is the shear modulus and
O is related to the bulk modulus of the groundmatrix.

6.2.2 Experimental/clinical motivation for constitutive model
The following three experimental/clinical observations are used to motivate the
bespoke arterial cotitutive law presented in the previous section:

As illustrated in the schematic in Figuéel, our MRI measurements presented in
Chapter 5 reveal atinear pressur@area curve in the physiological pressure range
(PPR), with a high compliance regime (HC&ansitioning to a low compliance
regime (LCR) at an identifiable transition pressure and afeadfP
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Figure 6.1 Schematic of modelling framework for simulation of in-vivo aorta behaviour. 1. A
reference stresdree configuration is constructel with an area =,. 2. An equilibrium zero-
pressure configuration is computed, whereby the crossectional area of the vessel deices to=,
such that the internal tensile circumferential stress due to elastin prstretch and SMC
contractility is in equilibrium with the compressive circumferential stress generated in the
matrix. 3.) The lumen pressure is increased from zero up tthe end systolic value (117 mmHg).
The pressure increases through a suphysiological pressure regime (SPPR). At the ste-diastolic
pressure, ||- (73 mmHg) the computed lumen area is denotecm. The pressure is then increased
through the physiologicd pressure range (PPR) up to the endystolic value,||-,(117 mmHg), at
which point the computed area is denotee=y As illustrated in the pressurearea curve above,
based on the MRI measurements of Chapter 5, the PPR is characterised by a high comptia
regime (HCR) up to a transition |oressure,||-< followed by a low compliance regime (LCR) up to
the end of systole.

Furthernore, a study byswarson and Clark, (1974¢veals that the aortic lumen area
at zero pressuré ) is ~30% lower tharthe enddiastolic lumen area! (). A
computational model must predict the deformation from the-pe¥ssure aortic
configuration [ ) up to the maxnum systolic pressure configuration J, including
the transition from HCR to LCR in the PPR. To consttierability of purely elastic
models to capture such behaviouwve simulate the expansion of an idealised
cylindrical artery with undeformed luenm ared  with the lumen pressure increasing
from zero to 120 mmHg. Firstlyve consider a standard Yeoh hyglastic model. As
shown in Figure5.2(a) a good fit for the expected pressarea curve is obtained.
However, the required sigmoidal shapetlod associated strestain curve (Figure
6.2(b)) is not representative of the expectedin@ar strain stiffemg that has been
widely reported for the aorta. In Figuée2(c) we consider the behaviour of our bi
linear collagen and Nedookean matrix mdel (equation$.03 and6.06) without the
inclusion of elastin or SMCs. A reasonable fit is achieved for thesyrearea curve
only if an extremely high transition strajp @ 1 Jis specified for the collagen
model. As shown in Figuré.2(d), thisrequires the specification of a stresfgin
relationship that is not representative of the aorta. In summary, Fig@sd)
demonstrate that nerontractile elastic models can only predict the presatea
behaviour of the aorta if an ingect straesstrain relationship is used. We next
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consider aortic contractility through the addition of-pteetched elastin to the model
(equation6.04). In this case, we choose a starting reference lumen Garea

T @bl . A preliminary analysis step implemented in which the artery contracts
until the tensile stress of the ps#etched elastin is in equilibrium with the
compressive stress of the groundmatrix (collagen fibres shorten in such a deformati
and therefore do not contribute to the stisgage at this point of the analysis). Elastin
and matrix properties (, Q and‘ ) are chosen so that this equilibrium lumen area is
close to the expected zepoessure aread( O ). Next starting from this
equilibrium configurationd ), the lunmen pressure is then increased from zero to 120
mmHg and the resultant pressamea curve is computed (Figu8&(e)). This model
provides an accurate representation of clinical/experimpreakurearea data while
the corresponding stresfrain behavior is in the experimentally reported range. The
contractility due to the elastin results in a collagen induced stiffness increase at a
nominal strain of ~0.4, as reported in the literaturealy, inclusion of the SMC
contribution (equatior6.05) adds futher internal contractility. Again, an accurate
representation of the presstaea curve is achieved (Figu&2(g)) while the
corresponding stresstrain curve is within the expected expegntal range (Figure
6.2(h)).
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Figure 6.2: Assessment of modelling strategies teimulate the bilinear pressure-area curve
measured in the PPRn-vivousing duatVENC 4D Flow MRI framework (Chapter 5). (a) Internal
contractility is ignored, and the vesel is simply inflated from the reference stres free
configuration (=, . A sigmoidal shaped biconcave Yeoh hyperelastic material model can be used
to fit the pressure-area curve. However, as shown in (b), the tensile streswain relationship of
this model does not resemble reported experimentaita for arterial tis sue(dashed£Kochova et
al., 2008) dotted=(Khanafer et al.,, 2013} dashed/doted=Azadani et al, 2013). (c) shows he
pressurearea curve computed using thebi-linear collagen (equation 6.3) and Neo-Hookean
matrix (equation 6.6) components of the proposedodel without the inclusion of internal
contractility due to elasin or smooth muscle. A reasonable fitan be achievedor the pressure
area curve. However, as shown in (d)an extremely high transition strain & (> 60%) must be
specified for the collagen modeland as such, the corresponding stresstrain relationship is not
representative of reported experimental data(e) Internal contractility is next implemented by
addition of elastin pre-stretch (equation 6.4) to the model. A reasonable prediction for the
pressue-area curve is obtained, and, as shown in (fthe corresponding tensile stresstrain
relationship is now within the experimentally reported range. (g & h) show that similarly accurate
and physiologically relevant predictions can also be achieved by tHarther addition of SMC
contractility (equation 6.5) to the model.

Further evidence of the importance of the elastirspnietch component of our model

is provided by the recent experiments@brielaEspinosaet al, (2018) (Figure

6.3(a)) whereby presswaiameter curves for excised rat arteries are measured. The
contribution of elasti is then removed by treatment with elastaseclwhesults in an
increase in the zefpressure diameter from 379um to 473um, and an increase in
compliance across the range of applied lumen pressures. Others have also observed
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this phenomenon in both cari(Dobrin & Gley, 1984) and murine arterigs-auryet

al., 2003; Belliniet al, 2017) As shown in Figur&.3(b), our computatinal model
accurately predicts the experimentally observed alteration in the prekaoreter
curve upon the removal of the gstretched elastin contribution from the model. This
demonstrates that the proposed mechanism of elastin generated interon| s
its relative contribution to observed nbnear arterial compliance, is psiplogically
appropriate. Regarding the influence of SMC contractility on aortic biomechanics,
Figure 6.3(c) reproduces the results of an experimental study performednamec
aortae byBarraet al.,(1993) The measured circumferentialedsstrain relationship
for untreated excised tissue is compared to the sitesig relationship following
SMC activation by phenylephrine. SMC activation results i2&40% increase in
stress over the applied strain range. Similar trends have alsodpeted for middle
cerebral arteries of ra{€oulsonet al, 2004) As shown in Figur&.3(d), ou model
replicates the experimentally observed contribution of SMC active contsaetid
suggests that the value of in the range from 250 kPa (McGarnet al.,2009) is
physiologically appropriate for aortic tissue
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Figure 6.3 (a) Experimental data reported by Gabriela-Espinosaet al., (2018)are reproduced,
demonstrating that the digestion of elastin fron excised aortae (using elastase treatment) leads to
an increase in the observed diameter at zero pressure. Subsequent increaselsiinen pressure
demonstrate a significant difference between the presswarea curve between untreated aortae
and elastase teated aortae. (b) Computational prediction of the experimental data oBabriela-
Espinosaet al. (2018) using our novel constitutie law (equations 6.46.6). Here we simulate
elastase treatment by removing the contribution of the prestretched elastin (equéion 6.4). (c)
Experimental data reported by Barra et al.,(1993 are reproduced, demonstrating that activation
of SMCs in excisedaortae (using phenylephrine)leads toa ~2540% increase in stress over the
applied strain range (d) Computational prediction of the experimental data of Barraet al.(1993)
using our novel constitutive law (equations 6-5.6). An active SMC stress ofly 1=2550 kPa
provides a reasonably accurate prediction of the experimental data.
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6.2.3 Model Parameter Sensitivity Study

As outlined in the previous section, our model is physically hasgtth each
component motivated by physiological observagid artery pressurarea and stress
strain curves. This allows for a physiologically based calibration of the model, rather
than a blackox fitting of model parameters. For example, the increased collagen
stiffness parametef() is determined thragh observation of the LCR region of the
pressurearea curve (see Figul), whereas the equilibrium zeprvessure lumen
area 0 is governed by the values of elastin stiffné®y and prestretch ( ) relative

to the value ofthe matrix #ffness (). Notwithstanding the physiological
interpretation of each model parameter, it is useful to consider the sensitivity of the
artery pressurarea curve to each parameter, as presented in FBguri terms of
collagen parameter®) andQ influence the HCR and LCR region, respectively, as
expected, while strongly influences the transition pressure from HCR to LCR.
Collagen parameters do not influence the behaviour in thelsggological pressure
range (SPPR), as in itsghily wavy shortened state the mechanical contribution of
collagen is assumed to be negligiholzapfel, Gasser and Ogden, 2Q00)e elastin
parametersQ and_ , and the matrix stiffness, influence the presswarea curve in

the SPPR and in the HCR (with the collagen contribution dominating the slope of the
pressurearea curve in the LCR). and® strongly inflencesthe zerepressure
equilibrium aread . The bulk modulus of the matrix is assumed to be slightly
compressiblgD. R. Nolan and McGarry2016)and does not strongly influence the
pressurearea curve. Finallyas expected, an increase in SMC contractility (
results in a reduction in the zepoessure equilibrium arga and an increase in the
transition area .
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Figure 6.4: Parametric study to investigate the sensitivity of the computed pressurareacurve to
model parameters. Unless otherwise indicated, the following baseline parameter values are used:
(Collagen componentfQ = 0.01 MPa,Q = 0.8 MPa,- =0.37; (Elastin compornt) 'Q = 0.12 MPa,

= 0.4; (Matrix component)‘ =0.01 MPa,ll = 0.08 MPa; (SMC component), =0 kPa.
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We dedicate the remainder of tloisapterto the analysis of the subjespecific MRI
dataset uncoved in Chapter 5. In keepingith the physiological motivation and
interpretation of our model, we assume that fundamental material properties that
describe collagen®, Q) and elastinQ, _ ) do not change as a function of location

in the aorta. Rather, we assume that volfiraetions of collagend ), elastin (@ ),
smooth muscled§y ) and matrix @ ) may spatially varfHarkness & McDonald,
1957; Daidsonet al, 1985; Concannoet al, 2019) Therefore, the subjespecific
model is primarily calibrated by altering ,® andw

In Figure6.5 we illustrde the sensitivity of the pressuseea curve to changes in artery
composition. As expected, an increasein increases the stiffness of the aorta in the
LCR but does not affect the stiffness in the HCR, as the collagen here isctritsmpe
increase inw also results in a decrease in thethrough the volume conservation

relationship described in equati6i®2 (asw increasesw must decrease and the
elastin contraction leads to a greater matrix casgon Note: collagen does not
contribute mechanically in compression). An increase inalso results in a decrease
in 0 , due to a greater volume of contractile elastin compressing within a lesser

volume of matrix. Increasing alters the sffness of the aorta in both the SPPR and
the HCR but has no effect on the stiffness in the LCR as onieexceeded the
secondary collagen stiffness dominates the behaviour of the material. Increasing the

@ does notnfluence the stiffnessieither the HCR or the LCR, as effectively the
same material behaviour is achieved as decreasing the matrix stiffhegse¢ Figure

6.4). As a result, an increasedn , results in a decreasean, and an inaase i .

In addition tospatial variation in volume fractions of the constituent components, we
also consider spatial variation in the collagen transition strainThis assumption is
based on the reported histological observations that #wness of collagen in the
aortadecreases distallgZeinalirDavaraniet al, 2015) The waviness of collagen
fibers directly effects the strain at which increased stiffness occurs. We also consider
spatial variations in the stiffness of the matrix based on reportethdathe makeup

of GAGs in the arta differs proximally versus distaljHumphrey, 2012)
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Figure 6.5: Parametric study to investigate the sensitivity of computed PA curves to the volume
fractions of collagen (T#D)_ elastin (n!_)+and smooth muscle ceIIsﬂ@VD QF

6.2.4 Construction of SubjectSpecificfinite elementmodel

The following section describes the methodology surrounding the generation of a
subjectspecific FE model, directly from the MRI data obtained in Chapter 5 using a
custombuilt MATLAB framework.

Firstly, the aortic centreline (Figur&.6(a)) and the lumen boundary points
corresponding to the diastolic timepoint in the cardiac cycle, for each of the 10 planes
analysed (Figuré.6(b)), were used to sweep a surface mesh along thetraakof

the aorta. Al major branch vessels were added to the main trunk including the
innominate artery, left common carotid artery, left subclavian artery, coeliac artery,
superior and inferior mesenteric arteries, left and right renal arteries aaddefght
common ilix arteries, to form the full aortic internal and external surface models
(Figure6.6(c)). Cadaveric aortic wall thickness data frGoncannoret al, (2019)is
highlighted as a function of aortic location in Fig@é(d), which can be used to
specify the element specific offset distance from the internal surface elements (green)
to theexternal surface elements (red) in Figarg(e). Finally, the transformation of

both sets of surface elements into 3D continuum aksngields the final aortic model
shown in Figures.6(f).
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Figure 6.6. Finite element mesh generation. (a) aortic cenéline and (b) plane profiles used for
sweepingthe internal surface mesh, (c) major brancling vessels along the aod (d), spatially
varying aortic wall thickness, (e) offset of internal surface elements bghe wall thickness to
generate the external surface mesh (red), and (f) hexahedral splitting to generate C3D8
continuum elements.

6.25 Simulation of subject specific aorta biomechanical behaviour

A discrete fiber orientation based on the aortic centreline and internal lumen surface
of the aorta was pseribed to ensure the circumferential orientation of each element
was defined. The prstretded elastin is incorporated in the subjsgécific FE model

in the same manner described previously, through an initial contraction step resulting
in a new equilbrium configuration in this case for the entire aorta. The subject
specific diastolic pressure load of #W8nHg was then applied to the internal lumen
surface, followed by tabularpulse pressure wawong the length of the aorased

on the measurememntoutlined in Chapte5. A linear interpolation of material
parameters is assumed between each of the 10 calibrated sections. The final simulated
versus experiment@ressurearea curve fits are shown in Figug&.
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6.3 Results
Figure 7 shows the computpressurearea curve at the 10 planes along the length of
the subjecspecific aorta. At each sectiothe volume fractions of collagefw ),

elastin (w ), and SMCs(w ) within the wall, in addition to the isotropic
groundmatrix shear modulus)(and the transition straim ( are adjusted so that the
MRI measured data at each section is accuratetiiqteel. Furthermore, at each plane,
the contraction of the aorta due to the-gh@tch of elastin results in a-39%
reduction from the referenceomfiguration to the new equilibrated configuration,
accurately reflectinghe range reported by the expeemts ofGabrielaEspinosaet
al., (2018), Belliniet al.,(2017), and Dobriret al, (1984).
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Figure 6.7 Comparison of computed pressurearea curves (SIM) with MRI measurements at 10
planes along the length of the aorta. Computed data in the SPPR (incling the contracted area
"Ayat zero pressure) is shown, in addition to the binear pressure-area predictions in the PPR.
The model is shown to accurately capture the spatially varying MRI data simply by calibrating
the spatially varying volume fractions of the constituent phasesﬂ#n, _,,F”lm% the transition
strain of the collagen (refecting the waviness of the collagen), and t11e matrix shear modulus

(reflecting spatially varying GAG content). All other model parameters are uniform throughout
the aorta.

The time dependence in circumferential tangent stiffiessf( - due to he
pressure wave of a single cardiac cycle is shown in Fig8rand reflects the high
and low compliance regimes in the prggsarea relationship along the entire aorta.
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Figure 6.8 Computed effective circumferential angentstiffness, K (MPa) throughout the aorta
at four different time -points during the cardiac cycle (t=0 ms, t=100 ms, t=200 ms, and t=500 ms)
The complex spatial and temporal changes in effective material tangestiffness are clearly
illustrated.

Figure6.9 shows the FE model predictions of elastin volume fraction) @longthe

length of the aorta. The model predicts that decreases from a maximum value of
35% at Plane 1 (proximal aorta) tonenimum value of 19% at Plane 10 (distal aorta).
This finding is strongly supported by the histological data uncovar€thapter 4 and
superimposed in Figu@9 for comparison.
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Figure 6.9 Computed dastin volume fractions (-"! _)+as a function of position (anatomical sité
see Figure 5.5) in the aortic wall (red squares). Corresponding elastin content measdrin the
experimental histology study (Chapter 4, (Concannon et al., 2019)) are superimposed for
comparison (black circles.
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Figure6.10 shows the FE model predictions of collagen volume fraction) @long

the length of the aorta. The mogekdicts thaty increases from a minimum value

of 20% at Plane 1 (proximal aorta) to a maximum value of 50% at Rufeistal
aorta). This finding is strongly supported by the histological data uncovered in Chapter
4 and superimposed in kigg6.10 for comparison.
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Figure 6.10 Computed collagenvolume fractions (-n!T .)As a function of position (anatomical site

i see Figure 5.5) in the aortic wall (red squares). Corresponding collagen content measured in the
experimental histology study (Chapter 4, (Concannon et al., 2019)) are superimposed for
comparison (black circles).

The transition strains plotted as aunction of aortic location in Figuré.11. It is
observed that in order to fit the regiomalivo pressurearea curvethat the transition

strain decreases from 0.38 in the proximal ascending aorta to 0.15 in the distal
abdominal segment. This result is in agreement withirthétro work of Zeinalr
Davaraniet al, (2015)who foundthat the degree of collagen undulation observed
under multiphoton microscopy also decreased between the proximal and distal aorta
in pigs. The waviness (S) is defined as the direct distance between the end points of a
fiber (L) divided by the actual letig of fiber (1) (i.e. S=1 for a perfectly straight fiber,
whereas S<1 for a wavy fibre). A statistically significant difference was found in the
waviness of collagen fibers between the thoracic (S=0.77+0.09) and abdominal
(S=0.37+0.02aorta.
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Figure 6.11: Computed collagentransition strain (£ ) as a function of position (anatomical sité
see Figure 5.5) in the aortic wall (red squares). The parametér represents the waviness of the
collagen, with a high transition strain indicating a high level of waviness. Experimental
histological measurenents of collagen waviness (characterised by the waviness factor S) in
thoracic and abdominal porcine aortas are shown for comparison. The statistically significant
difference (p < 0.05)between the two experimental groups is also evident in owomputational
results.

Finally, in Figure6.12 we show the FE model predictions of SMC volume fraction

(w ) along the length of the aorta. The model predicts dhat increases from a
minimum value of 20% at Plane 1 (proximal aorta) to a maximumevalll27% at
Plane 10 (distal aorta). This finding is strongly supported by the histalodata
uncovered in Chapter 4 and superimposed in Fi§izfor comparison.
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Figure 6.12 Computed SMC volume fractions (—nlVD %as a function of position (aatomical sitei
see Figure 5.5) in the aortic wall (red squares). Corresponding SM€ontent measured in the
experimental histology study (Chapter 4, (Concannon et al., 2019)) are superimposed for
comparison (black circles).
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6.4 Discussion

This chapter develops a subjedpecific MRI/FEA framework to uncover the
biomechanisms underlyinghe spatially varying noctinear aortic compliance
measuredn-vivoin Chapter 5. Several key findings emerge from the work:

() Internal vessel contractility, due torepstretched elastin fibres and actively
generated smooth muscle cell stress, musidmporated into the arterial constitutive
law, along with collagen strain stiffening, in order to accurately predict thédimear
pressurearea relationship uncoverégt our MRI investigation.

(i) Modelling of elastin and smooth muscle contractilitpwas for the identification
of the reference vessel configuration at Zewraen pressure. This modelling approach
is also shown to capture the key features of elastinfSMC knockout experiments.

(i) Incorporation of elastin and SMC contractility isit@al for the accurate
prediction of the physiological lumen pressure at which the aorta tranditoona
high-compliance regime to a leaompliance regime due to tajen strain stiffening.

(iv) Volume fractions of the constituent components of thé@material model (i.e.
nornlinear elastic collagen, pigretched elastin, and contractile smooth muscle cells)
were computed throughout the subjspecific aortic E model so that than-silico
pressurearea curves accurately predict the corresponMiR} data at 10 separate
anatomical locations. This leads to the prediction that collagen and smooth muscle
volume fractions increase distally, while elastin volumetifoacdecreases distally.

This finding is supported by the histological analyses predantChapter 4.

(v) The model parameter that sets the strain at which collagen transitions frota low
high-stiffness is computed to be lower in the abdominal adties model prediction
supports the histological finding that collagen waviness is lawgnis region.

It has been shown that the digestion of elastin significamthpagsthe zerepressure
vessel diameteand alters the presswa@ea relationship inrgeriesover a range of
applied physiological lumen pressuf@ellini et al, 2017; Galiela Espinosat al,

2018) The inclusion of a prstretched linear elastic elastin component in our model
accurately replicatabeexperimentabbservationsf Gabriela Espinosat al, (2018)

In our modelling approackhe artery configuration at zepressure iscomputed
whereby theore-strained elastin reduces the vessel diameter until the elastin tensile
stress is in equilibrium with theompressive stresses the groundmatrix. The
subsequent application of a lumen pressure within the physiologige leads to the
accurate prediction of thexperimentally measuregatessureareacurve Our model

also includes active contractility 8 Cs component. The aste SMC stress,(

¢ UQO Yaletermined by McGarrgt al. (2009) for single SMCs seeded on arrays of
micro-pillars leads to a reasonable prediction of the experimentally observed increase
in aortic wall stresslue tophenylephrineanduced SMC contrdidity (Barraet al,

1993; Coulsort al, 2004) Future developments of the SMC component of the model
should includalescriptions of the active contractility of SMCs in the aortic wall could
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include Hilktype tensiorstrain rate formulations na kinetic formulations for
dynamic intracellular remodelling of stress fibres (McEveyal.,(2019), Reynolds
et al.,(2014), Reynoldset al.,(2015)).

The computation of the contracted zgr@ssure artery configuration with a lumen
area that is~30-50% lower than the undeformestressfree configuration due to
elastin prestrain and SMC active contractility is a key componenbur subject
specific modelling strategy. This approach is physiologically basezkperimental
observations of lumen areadange following the digestion of elastin using elastase
and measured stress changes following SMC activdtabrielaEspinosaet al.,
(2018) Bellini et al.,(2017) Dobrinet al.,(1984) Barraet al, 1993; Coulsort al,
2004. We demonstrate th#te identification of theontracted configuration prior to
the application of the lumen pressure (up to a physiological loadigg))&na critical
stepin order toaccuratéy predictMRI measurements afi-vivo nonlinear pressure
area relationshifpresated in Chaptes). If elastin and SMC contractility are ignored
and the vessel istressfiresd ed ¢ f ¢ 0@ @sidogialime a a
stressstrain relationship (e.g. a-boncave sigmoidal Yeoh hyperelastic formulation
or a nonphysblogical collagen model that does not strain stiffen until 60% tensile
strain must beused for the artery walln contrast, if elastin and SMC contractility
are included, then-vivo pressurearea relationship is accurately predicieging a
physiologicdly realistic stressstrain relationshipwith collagen strain stiffening at 30
35% tensile straifkKochovaet al, 2008; Azadanet al, 2013; Khanafer & Berguer,
2013) A previous artery modelling strategy by Bads al., (2013), ignoreghe key
contribution ofvessel contractility and assumes a polynomial hyastie material
law. An iterative numerical backwards displacement algorithm was usestitnate
zeropressure stredsee configuration and lumen pressure was directly applied
without considering the contracted configuratioA similar approach was
implemented by Krishnagtal., (2015), with the added simplification of linear elastic
material behaviourlndeed it should be noted thtite majority of patienrspecific
aortic FE models in the literature incorrectly assume that the observed geometry (from
MRI or CT imaging) repgsents a zerstress state configuration (Margnal.,(2015),
Martufi et al.,(2018), Pastat al.,(2013), Erharet al.,(2014), Finotellcet al.,(2017),
Dumenilet al.,(2013), Stevent al.,(2017), Burkhardet al.,(2018), ad Emereket

al., (2019)), despite the significaappliedlumen pressure loading of the vessel during
in-vivoimaging.

The incorporation of @i-linear strainstiffening collagenconstitutive lawenables
accurate fitting to both the dinear in-vivo presurearea datawhile providing
physiologically realistic uniaxial tensi@tressstrainbehaviourWithin the SPPR and

HCR, collagen is crimped, and its mechanical contributidovier thanthat ofthe

elastin and groundmatriX his physical interpretatn is validated by the experimental
study of Schriefet al. (2015) in which the effects of elastase and collagenase on the
mechanical response of aortic tissue is investigated. Elastin is demonstrated to
contribute primarily tahe effectivematerialstiffnessin the low stiffness regime. The
removal of elastin using elastassl®wnto significantly reduce the material stiffness
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in the low strain regimeHowever, removal of elastimoes not significantly alter the
tangent mods in the high strain regiey with pronounced (and similar) strain
stiffening observed for both treated and untreated sambi@sever, pronounced
strain stiffening is still observed following elastin removal, and the tangent modulus
in the highstiffnessregime at high strains isoh strongly influenced by elastin
removal. Removal of collagen using collagenase does not strongly influence the
material stifness in the low strain regimelowever, collagen removal dramatically
alters material behaviour in géhhigh strain regime, withtrain stiffening being
completely eliminatedOur strain stiffening collagemodel is supported by reported
experimental imaging of collagen deformation in arteries under physiological loading
conditions. @llagen fibres are obsved to reach a straightehguncrimped)
configuration at an applied lumen pressure of 100r(Blgksgaarcet al, 2017) and

at an applied strain of 0(&how et al, 2014; Mattson & Zhang, 2017Jhese data
strongly support the range of values of transition strains ( ¢ T ) and
resultant transition pressure8 ( Y0 wo | | ] dgtermined by our MRI/FEA
framework.

In order to simulate the spatially varying heterogeneous preaseaerelationships
uncovered at 10 aortic planesthe in-vivo MRI studyin Chager 5 our modelling
framework predicts that the volume fraction oflagen increases with distance from

the heart (from 20% in the most proximal Plane 1 to 50% in the most distal Plane 10).
We alsocompute that the volume fraction of elastin decreast#sdistance from the
heart (35% proximally to 19% distally), and t8®C volume fraction increases with
distance from the heart (20% proximally to 27% distally). These computed spatial
variations in collagen, elastin and SMC are strongly supported byogstal data. In
Chapter 4 Concannoret al, 2019)histological analyses of excised cadaveric aorta
sanples reveals that the area fraction of collagen increased from 224 tth 53 +

5.1%, elastin decreased from 27 + 4.7% to 17 + 3.9%, and SMC density increased
from 22 £ 2.2% to 27 £ 1.0%. Other studies have also observed that cqEzgpyet

al., 2015; Zhangt al, 2016aand SMC cacentrations increase distally, while elastin
concentration decreases distdDavidsonret al, 1985; Zhangt al, 2016b)in horses,

pigs and monkeys. Our modelling frawak also omputes that the transition strain

(- ) decreases from 0.38 in the proximal aorta to 0.15 in the abdominal aorta. This
finding is supported by the experimental studyeialiDavaraniet al, (2015)who

repot that collagen in the proximal aorta was more crimped than collagen in the distal
aorta in pigs. Furthermore, the experimental biaxial mechanical test data reported
Kamenskiyet al, (2014) and Pefet al, (2018)demonstrate that the transition strain

is lower in samples extractefrom the distal aorta compared to samples from the
proximal aorta.

Several computational studies have used the simplifying assumptiotihéhadrta
exhibits a single spatially uniform stiffnefisnardet al, 1989; Blacheet al, 1999;
Vyaset al, 2007; Lalandest al, 2008b; loannowt al, 2009; Dupreyet al, 2010;
Behkamet al, 2017; Schéafeet al, 2018) Using our novel MRI/FEA framework, we
highlight the inaccuracy of this assumption, and our constitutive law provides a new
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insight into the link between spatially varying tissuanpaosition and resultan
biomechanical function. Furthermore, our framework provides a detailed
characterisation of a high compliance regime at low physiological lumen pressures
and a low compliance regime at high physiological pressures within a sindiaccar
cycle. This findng is supported by severakvivo studies that demonstrate a ron
linear compliance over the physiological pressure regime&hales(Lillie et al,

2013) octopugShadwick and Gosline, 1989igs(Vychytil et al, 2010)and humans
(Langewouters & Goedhard, 1984; Waetel, 2006)

The generation of a framework for building subjspecific FE models directly from
medical imaging data iof significant value @ the field of computational
biomechanics. Typically, FE meshes are generated through manual segmentation
techniques in commercially available software packages such as Mimics (Materialise,
Belgium). Such approaches, however, requsignificant pos{rocessing time,
hindering their feasibility as reéime clinical diagnostic toolsRobust alternative
approaches tm-vivo geometry construction include IVUS and Multislice CT (Gijsen

et al., 2007, Gijsen et al, 2014) as well as pyFormex software
(http://www.pyformex.ory) (Bols et al., 2013) The custorrbuilt framework
developed in this study is open source (now freely available on the MATLAB
GIBBON toolbox) and can serve as amsilico testbed for the testing of neV
synthetic materials and stent designs

This study did not consider the effect of adrcumferentially aligned elastin,
collagen and SMC6 C o n et all (R008)showed in rats that all three primary
medial constituents (elastic lamina, collagen bundles, and smooth muscle cells) have
a predominately circumferential orientation. However, collagen fibers have been
reported to align at +27.7%thd-27.19° to the cinamferential direction{Schriefl et

al., 2012b) and in norsymmetric complex distributions which require a von Mises
mixture model to capture (Concannetral.,(2019)). Elastin fibers have beeaported

to align at-40° (Bostanet al, 2016) and +75°(Yu & Zhang, 2018)to the
circumferentialaxis, while SMCs have been reported to align betw&&i and-20°
(Horny et al, 2010)with respect to the circumferential axis. The constitutive law
implemerted in the current studycan readily be extended toinclude nor
circumferential fibre alignments and naniform fibre dispersiordistributions. The
bi-linear form used in this study to describe the strain stiffening collagen contribution
can also readilype extended to include a smooth transition region between the low
and highstiffness regimes. However, the results of the castrdy demonstrate that
such an additional feature is not required to simulate the distinelilyelair shape of

the pressureareacurves measured-vivo using our duaVENC protocolin Chapter

5. Future implementations could also consider the simulatiosollagen strain
stiffening using exponential strain stiffening hyperelastic formulations (Holzapfel,
Gasser and Ogden, (ADO Nolan et al., (2014), Mansouri & Darijani, (2014)).
Additionally, our study did not consider the effect of anatomical coimgan aortic
deformation, such as the spinal column or lungs. Such additional features can readily
be identified from MRI imges and incorporated into future model implementations.
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In summary, his computational investigatioprovides new insights inttné spatially
varying nonlinear compliance of the aorta, uncovering kleg role of prestretched
elastin, contractile SMCs argtrain stiffening collageron in vivo biomechanical
behaviourWe demonstrate that osubjectspecific MRI/FEA frameworlcan pedict

the spatial vairiation of collagen, elastin and SMC throughout the aorta and can
accurately predict the complex spatialhgrying pressur@rea relationship under
physiological loadingThe subjectpecific MRI/FEAframework carpotentially be

used 0 guide preoperative planning of aortic surgery, e.g. endovascular or open
surgical repairand aid in the design of next geaton patientspecificaortic devices.
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CHAPTERY

AN INVESTIGATION OF REPAIR TECHNIQUES ON
THE BIOMECHANICS OF THE HUMAN AORT A

Abstract

The effect of repair techniques on the biomechanics of the aorta is poorly understood
resulting in significant levels of postoperative complications for patients worldwide.
This study presnts a computational analysis of the influence of Nitrased devices

on the biomechanical performance of a subgpetcific human aorta. Simulations
reveal that Nitinol stengrafts stretch the artery wall so that collagen is stretched to a
straightenedhigh stiffness configuration. The higlompliance regne (HCR)
associated with low diastolic lumen pressure is eliminated, and the artery operates in
a low compliance regime (LCR) throughtout the entire cardiac cycle. The slope of the
lumen pressurareacurve for the LCR posimplantation is almost identic& that of

the native vessel during systole. This negligible change from the native systole slope
occurs because the stagraft increases its diameter from the crimped configuration
during deploymenso that it reaches a low stiffness unloading platéha.effective

radial stiffness of the implant along this unloading plateau is negligible compared to
the stiffness of the artery wall. Provided the Nitinol device unloads sufficiently during
deploymento the unloading plateau, the degree of oversizirsgahaegligible effect

on the pressurarea response of the vessel, as each device exerts approximately the
same radial force, the slope of which is negligible compared to the LCR slope of the
native atery. We show that 10% oversizing based on the obseliastblic diameter

in the mid descending thoracic aorta results in a complete loss of contact between the
device and the wall during systole, which could lead to an endoleak and stent
migration. 20% wersizing reaches the dacron enforced area limit (DERAILng the

pulse pressure and results in an effective -zerapliance in the latter portion of
systole. Finally, we show that open surgical repair (OSR) results in a profound change
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in both the HCR athLCR slope, where a near zero compliance is obseinvedghout
the entire cardiac cycle.

7.1 Introduction

Aortic disease is responsible for 47,000 deaths annually in the United &tdtes
mortality ratefollowing ruptureof over90% (Zimmermanet al.,2016 Kent, 2014)

In cases of surgical interventidhge 30 daypostoperative mortalityate can be as high
as53%for endovascular aortic repair (EVARBlinchliffe et al.,2006) and 48% for
open surgical repa (OSR) (Greenberget al., 2008) Several aderse events and
postoperative complications associated with compkamismatch have been reported
in the literature including thrombogi8bbottet al, 1987) false aneurysm formation
(Mehiganet al, 1985)and cardiovascular complicatiottsat result indeath of the
patient(Nautaet al, 2017) To date, the effect of aortic repair techniques on the
biomechanial behaviouof the aota is not well understood.

In the case of EVARa stenigraft (Nitinol frame awl a polytetrafluoroethylene or
woven polyester grafts deployed intravascularly with the aim of (i) reducing of stress
in anaortaAneurysm wall, or (ii) preventing further propagatdmnaortic dissection
and removing the false lumelm.the case 0©OSRthe diseasedection of the aorts
removed and replaced with a synthepioosthéic vessel The graft, generally
fabricated frompolyethylene terephthalate or Dacyeompriseof tightly woven or
knitted fibreswith high tensile strengt{Barkaret al., 2006)andis sutured (proximally
and distally) to the remainingative aortic tissue.

ContentRemovedDue toCopyright

Figure 7.1: Available treatment options for aortic disease. (A, B) Endovascular Aortic Repair
(EVAR); (C, D) Open Surgical Repair (OSR). (A) shows a schematic of the EVAR procedure
where a stentgraft is deployed intravascularly tothe diseasesite (Figueroa and Zarins, 2011)(B)
Postoperative CT scan showing proximal aortic and distal aortic sten{Sultan and Hynes, 2014)

(C) shows a schematic of the OSR procedure where the healthy aorta proximal and distal to the
diseased site are clamped, the diseased portion is cut open and a synthetic graft is sutured into
the native vessels proximally and distall (Figueroa and Zarins, 2011) (D) Perioperative image

of OSR of infrarenal aorta with Dacron graft (Baila et al, 2016.
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It has not been establishetieher EVARor OSRIis the superior treatment option for
patients with aortic aneurysm or dissectioh.metaanalysis of 42 nomandomised
studies evaluating EVAR versus OSR for descending thoracic aortic disease reported
no significant difference between intervention groups in relation to stroke,
reintervention and mortality beyond 12 mon{henget al, 2010) A multi-centre
prospective study comparing EVAR to OSR for a cohort of 341 thoracoabdominal
aortic aneurysm patients and found no statistical differeneesbatgroups in relation

to 30day mortality or paraplegi@f'shombaet al, 2017) Most recently,a study by
Salataet al., (2019)reportsno statistically significant difference between outcomes
after EVAR and OSR to repair abdorairaortic aneurysms in loAgrm mortality
during more than 13 years of follewp.

Experimentalflat-plate compression and radial crimpiogcommercially availale
grafts has been reportdry De Bocket al. (2013) Biaxial tension test®f graft
materialsdemamstratethat sterdgrafts araup to 25 times stiffer than the healthy aorta
(Tremblayet al,, 2009) Pressure inflation testdsoreveal that Dacron is significantly
stiffer circumferentially than native aortic tiss{ierrariet al, 2019) while Bustos &
Celentano(2016) report a circumferential strain of less tha% for dacrongrafts
subjectedio a pressure 0240 mmHg.Singh & Wang,(2015) suggest that current
commercially available stengraftsact as a rigid nowlistensible conduit and fail to
replicate the natural deformation of the aorta.

This chapter presents a cputational investigation of the effects of EVAR and OSR
on the biomechanical behaviour of the aorta. $hlejectspecific MRI/FEA aortic
model generated in Chapter 6, including elastingbrain, SMC contractility and
collagen strain stiffening, is used a platform to assess the alterations in the pressure
lumen area relationship due to clinical interventiThe study uncovers a number of
fundamentally important, and previously unreported, insights that should be of critical
concern for device design @nclinical practice. Our simulations reveal that
deployment of the stemgraft deforms the artery intopstimplantation equilibrium
configuration with an expanded circumference. In this expanded configuration our
model predicts that collagen is stretdh@eyond its transition strain (i.e. it is in a
straightened high stiffness state) for the entirety efdardiac cycle. Therefore the
high compliance regime exhibited by the native aorta during diastole is eliminated by
EVAR device deployment and thewecompliance systolic compliance occurs at all
physiological pressres. Importantly, the device itselisdu& contribute to the vessel
compliance because following deployment it operates on thezeeastiffness nitinol
unloading plateau. It merly stoftes the artery, resulting in collagen strain stiffening
during diastole. Similarly, we uncover that osicing an EVAR device by 20%, 40%
and 60% results in similar presstaeea curves, with all devices operating on the
nitinol unloading plateau throught the cardiac cyle following deployment. This
result suggests that significantly ox@zing a device des not significantly affect the
postdeployment effective compliance, while una&zing a device can result loss of
contact with the vessel duringsdgle, potentially leading to catastrophic failure due
to device migration or endeaks. Finally, we gbw that open surgical repair results
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in a dramatic change in aortic biomechanical behaviour, resulting in effective zero
compliance behaviour throughtaihe entire cardiac cycle.

7.2 Model Development

7.2.1Mechanical behaviour ofAortic Stent-Grafts

Homogenised effective Stent Membrane (ESM) modelling apprdaeling to the
considerable computational cost of modelling full stent geometries, we begin this
study by assessing the feasibility of using a homogenisedGteafit(SG) model that

can be calibrateduch that the radial force (RF) versus displacementdldjionship

is identical to that of a full stent model. Firstly, we simulate the crimp and deploy of a
commercially available SG ring and record the RIFelationship (Figure 7.2(a)). A
nitinol-type constitutive law ismplemented in a user material sultina (UMAT) so

that the following features of a full device are accurately replicated: initial high
stiffness regime during loading; the lestiffness loading plateau; the initial unloading
regime;the low stiffness unloading plateau. Details of this hgemised device model

are provided in Appendix D, and the effective material properties are presented in
Table 7.1.For the remainder of this chapter we refer to this homogenised device
modelling appoach as th&ffective Stent Membrane (ESM)

Identifying he reference stredsee device configurationRemoval of the stitching
which ties the Nitinol frame to the graft materabeals that the stent is not isteess
freeconfiguration when attached a fully expanded aaon graft. Rathememoval of

the graft results in a 24% increase in the effective diameter of therisigFigure
7.2(b)) This expandedaitinol stent geometrys taken to be thestressfree reference
configuration of thestent.To accurately simulate such devicigss importantto base

all calculatiors on this streséree reference state. The device diameter indicated in the
product catalogues is not the strfree configuration; rather, it is the diameter that is
enforced bythe stiff graft material to which the stent is stédhThroughout this
chapterwe refer to this configuration as the Dacron Enforced Area Limit (DEAL) or
the Dacron Enforced Diameter Limit (DEDL).

The graft material only contributes mechanically onceDBAL is reachedduring

the crimp and deploymentup until the DEAL is reachédthe graft isin a
wrinkledbuckledstate betweethe stent struts. The purpose of the graft in the case of

aortic aneurysm/dissection repair is to relieve the stress froartéreal wall due to

blood pressure. Due to the extrely high stiffness of the graft material (2.9 GPa
(Santoset al, 2012), negligible axial deformation is incurred over the crimp/deploy
step and hence we prescribe anheESMACcti ve
cylindrical orientation defines the circumferential, axial and normal direction of each
M3D4 membrane efaent.
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Figure 7.2: (a) Computational approach to modelling a BRANDNMAE aortic stent-graft, where
the RF-U response of the stengraft (SG) is fit using the Effective Stent Membrane (ESM) model.
The ESM model results in an identical RFU response throughat the crimp and deployment
steps. The reference configuration (1.) (circle) is the configuration of the stent once it has been
removed fromthe Dacron graft. Both the SG and ESM are then crimped to the internal diameter
of the delivery sheath (2.Xsquare). During the deployment step, the implant expands until the
Dacron Enforced Area Limit (DEAL) is reached, after which the implant has esseidlly a zero-
compliance due to the stiffness of the Dacron. (b) By removing the stitches that attach the NiTi
stentrings to the graft material we can observe that the diameter of the stent expands by a further
24%, to the true stressfree reference configiration. In-vivo, the DEAL prevents the implant from
returning to this reference configuration.

Table 7.1: Parameters for ESM model. Each parameter is outlined in the schematic shown in
Figure 7.2(a).

Parameter Description

0O Austenite Elasticity

(0] Martensite Elasticity

O Transformation Loading Elasticity
0O Transformation Unloading Elasticity

Start of Transformation Loading

Start of Transformation Unloading

- Transformation Strain
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7.2.2Comparison of ESM and StentGraft on Artery Compliance

The solution procedure for the FE simulations is as follows. As described in Chapter
6, the equilibrium zer@ressure configuration due to elastin-pteetch and smooth
muscle cell (SMC) contractility is comped. The internal lumen surface is then loaded

to a diastolic pressure of 73mmHg. The SG and ESM are then crimped to the internal
diameter of the delivery sheath. Deployment of the SG and ESM is simulated by
simply removing the crimp boundary conditiors the implant expands it comes into
contact wih the vessel wall, leading to a further increase in the vessel diameter until
an equilibrium deployed configuration is achieved, whereby the outwards radial force
of the device and the lumen pressure is inldgiwm with the inwards force due to

the ciraamferential tensile stress in the stretched contractile artery wall. Finally, the
lumen pressure is increased to the systolic value of 117 mmHg. As shown in Figure
7.3, results for the SG and ESM models amagared in terms of the max. Principal
stress (Pdistribution in the artery wall, and in terms of the pressuea relationship
postdeployment. The ESM simulation exhibits an approximately uniform distribution
of stress in the permplant artery wall. e SG simulation exhibits a similar stress
stak, but with higher stress concentrations in the regions where the struts directly
contact theartery The pressurarea curves computed for the SG and ESM are
extremely similar. Both models predict that then&n area is ~53% higher than the
untreated arty at diastolic pressure, and ~24% higher than the untreated artery at
peak systolic pressure. This indicates that the ESM model provides sufficient accuracy
for assessment of a device induced complianceatiber However, the ESM
approach does not prala a detailed description of stress concentrations in the vessel
wall due to complex geometries of stent struts. It should be noted, that in theedipen
stent design considered here, a low percentage afvigrall device area consists of
stent struts, gnerating high concentrations of stress in the regions ofvsssel
contact. In contrast, braided stent designs, or @tefialesigns, such as those shown

in Figure 7.1(a, b) are commonly used for aosjgair. The high area fraction of strut
coveragefor such designs suggests that the ESM modelling strategy will provide a
very accurate description of the stress distribution in the vessel wall, in addition to
accuratly predictng of the effective vessebenpliance.
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Figure 7.3: (a) Flowchart for solution procedure. (1.) The unloaded reference configuration of the
artery. (2.) The contractile elements within the arterial wall result in a reduction in area and a
new equilibrium configuration. (3.) Diastdic pressure of 73 mmHgis applied to the internal
lumen surface. (4.) The SG/ESM is crimped to the inner sheath diameter of the delivery device.
(5.) The SG/ESM is deployed into the artery, which remains under the diastolic pressure load,
and a new equilbrium area is reached.(6.) The system is pressurised with a pulse pressure to
bring the total applied lumen pressure to 117 mmHg. (b) Circumferential Stress versus strain
plot for the ESM model shows that the device come in contact with the arterial wadit (1) along
the d&@dmlgoapl at eaud, which results in an increase
applying the pulse pressure, the NiTi behaviour follows the high compliance stiffness of the
unloading plateau, which is significantly less than ta LCR stiffness of theaorta. (c) Both models
(ESM and SG) predict that the lumen area is ~53% higher than the untreated artery at diastolic
pressure, and ~24% higher than the untreated artery at peak systolic pressure. As the effective
compliance of the mplant is negligible canpared to the high stiffness of the low compliance
regime (LCR) of the aorta, a similar slope is observed in the pressuaea relationship between
the untreated LCR and the area increase due to the pressure pulse pastplantation.

Both the SG and the ESM models predict thatctieracteristidi-linear shape of the
pressureareaof the untreated aorta is eliminated following to deployment of the
device Insteada linearmpressurearea curvés obtainedollowing device deployment

the slope of whichs similar to theslope ofthelow compliance regime (LCR)f the
untreated arterin the systole pressure randaalyses revedhat the primary effect
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of deployment othe nitinolstentis to expand the artery so that collagen fitaesin

the high stiffness regime throughout the entire cardiac cycle. The fact that the device
does not significantly alter the pressarea slope from the native LCR slope can be
explained by considering the circumferential strgtsain path computedluring the
crimp-deployment history of the device, as shown in Figure 7.3(b). As the device is
deployed (from its crimped state) it initially reduces its strain at a high modulus (the
value of which is primarily governed by the martensite modulus of the Stht).
However, when the device reaches its equilibrium configuration at the diastolic
pressure it deformmal ong the Aunl oading plateauo,
effective circumferential tangent stiffness~® 07 MPa. The device unloading profile
remains on this plateau up to the point of maximum systolic pressure. Given that the
effective tangent modulus of the artery in the LCR is ~1 MPa, the insertion of the
device does not significantly change the effective compliance from the native vessel
LCR. Rather, the only significant effect of the device is elimination of the native vessel
high compliance regime (HCR) during diastdBnce again, we emphasithat his

occurs simply because the device stretches the collagen in the vessel wall into a high
stiffness regime for the entire cardiac cycle. The stiffness of the device becomes
significant only if the DEAL is reached during physiological loading, in whicle cas
the device becomes extremely stiff compared to the native vessel, and the effective
compliance of the treated section becomes zero for part of the cardiac cycle. In Section
7.2.3 below we investigate the critical issue of device-sizng and the seléon of

an appropriate DEAL.

In Figure 7.4 we present a comparison of the SG and EStklsaleployed in a
subjectspecific FE model of the aorta. In this case a longer stent graft, consisting of
four stent rings, is considered. Figure 7.4(a, c) shtbesnax. Principal logarithmic
stress(S) plotted along the aorta for both the SG and ESkufations, respectively.

The ESM model provides a reasonable approximation of the stress state in the vessel
wall, compared to the SG model. Once again, as showigume 7.3(c), both devices
provide similar predictions of the altered pressamea relatnship following
implantation. As was the case in the idealised cylinder models described above, the
device is found to stretch the subjspecific artery wall inthe circumferential
direction so that the collagen is stretched beyond the transition &naat all times

during the cardiac cycle. This results in the elimination of the HCR of the pressure
area curve. Once again, the effective compliance of théedteection is extremely
similar to that of the native vessel during systole becauseldtiee follows the
relatively low unloading plateau during the increase of the lumen pressure from
diastole to systole. The comparisons presented in Figures 7.3asutgest that the

ESM modelling approach provides a reasonable approximation to tdectpde
behaviour of a full stent modél even for the low density opesell geometry
considered here.
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Figure 7.4: Comparison of SG and ESM models in a subjedpecifc aorta. (a) Deployment of the
SG results in stress concentrations in the regions whetiee struts directly contact the artery wall.
(b) Both the SG and ESM models show a similar prediction of the implant induced compliance
alteration on the pressurearea relationship. (¢) The ESM simulation exhibits more uniform
distribution of stress in the peri-implant artery wall, however the level of stress is similar to that
of the SG model.

7.2.3Effect of Implant Oversizing and Positioning on Compliance

We next use the validated ESM modelling approach to investigate the influence of
device oversizing device positioning, and native vessel stiffness on the- post
implantation changes in the aortic pressarea relationship.

Influence of Oversizing ModeldevelopmentThe effect of EVAR device ovedizing on

the pressurarea relationship at Plane @nid descending thoracic aorta}
investigated using the subjesppecific aortic model. Clinical guidelines recommend
10-20% oversizing for aortic stegtrafts (van Prehret al, 2009; Sher and Tadros,
2017. Here we consider three device designs in which the Dacron enforced diameter
limit (DEDL) exceeds the diastolic vessel diameter by 20%, 40% and 60%, as
illustrated in Figure 7.5. Based on commercially available designs, in all cases the
diameter of thestent stresfree configuration is taken to be 24% greater than the
dacron graft (i.e. the DEDL). Tablé2 shows the diameter of the strésse stent
configuration, the DEDL and the crimped diameter for the three device designs under
consideration. Theronp diameter is based on the use of a standard commercially
available22F delivery systenfRamanaret al, 2015) In all cases the crimped device

is deployed at Section 6 tife subjectpecific aortic model, where the vessel diameter

is 184 mm at the diastolic pressufe7@ mmHg and 247 mm at the peak systolic
pressure of 117 mmHg. For each of the three stent designs, FE simulations of crimping
and deployment are performéal determine the RE relationship. Corresponding
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ESM models are then calibrated to replicate taatdRFU relationship and deployed
in thesubjectspecific artery.

Table 7.2: Geometrical parameters for the 20%, 40% and 60% oversized implants.

Reference DEDL Crimp Post Post-
Configuration (mm) Diameter Operative Operative
Diameter (mm) (mm) Diastolic  Systolic
Area Area
(mn) (mny)
20% 22.8 18.4 7.1 248 273
40% 26.6 21.4 7.1 250 275
60% 30.4 24.5 7.1 252 276

Influence of Oversizing Results Figure 7.6(a)shows thepostimplantation pressure

area curves at Sectidh of the subjeespecific aortafor the 20%, 40% and 60%
oversized devices. The DEAL for each case is also indicated on the figure. Nearly
identical pressurarea curves are computed for all three desitpespnly difference
being that the 20% design reaches the DEAL at a pressuBerofrfHg, after which

the compliance is effectively zero. Pasiplantation areas at the start of diastole and
end of systole are listed in Tabl2 for all three devices. The finding that the
biomechanical outcome is essentially independent of the defydexioe oversizing

can be understood by considering the device effective circumferential-sass
history during crimping and deployment, stsown in Figure 7.6(d). While the 60%
oversized device reaches the highest compressive strain during criagpapected,

all three devices are compressed to a strain that extends beyond the loading plateau.
Therefore, all three devices follow the samméoading curve during deployment in the
vessel. Furthermore, at the new diastolic equilibrium state, &é tbevices have
reached the unloading platedinerefore, while the device diastolic strain is sensitive

to the degree of oversizing (i.e. positialong unloading curve), the circumferential
stress of each device is similar, so therefore the effectiva facce and the diastolic
vessel diameter is similar for all three casesalfy, all three devices remain on the
unloading plateau as the psesge is increased to the esgstolic value. Therefore, the
effective stiffness of the device is extremely lowmpared to the vessel, and the slope

of the pressurarea curve throughout the cardiac cycle is essentially equal to the native
vessel LCR slopéor all three device designs.
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The influence of the DEAL should be considered. As described above, the 20%
oversized device reaches the DEAL at a lumen pressure of 93 mmHg, so the device
becomes infinitely stiff and the vessel area remains constant agreéksure is
increased to the ergystolic value (i.e. the compliance is zero in this regime). We
recommend tat the device should be sufficiently oversized so that the DEAL is not
reached during physiological loading and a zssmpliance regime does notcur,

as is the case for the 40% and 60% oversized devices. Excessive oversizing (>60%)
may have two negativdrawbacks; (i) the device may not reach the unloading plateau
when deployed, in which case it will exhibit a higher tangent stiffness and ot \edf

vessel compliance will be lower than the native LCR; (ii) the device may not fit in a
standard delivergatheter, or it may fracture during crimping. However, insufficient
oversizing may be catastrophic. As an example, we illustrate in Figureal.thénh
DEAL associated with a 10% oversized device is lower than the lumen area during
systole. This presengssignificant risk of endoleak and device migration.
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Figure 7.6: (a) The effects of ESM oversizing on theressurearea relationship in Plane 6 of the
human aorta. In each case the 20% (red), 40% (green) and 60%(blue) oversizing resultsany
area gain due to pulse pressure to follow the secondary stiffness slope of the aorta. (b) In the case
of 20% oversizing, the DEAL is indicated by the dashed red line, below which the pressugrea
response follows the secondary stiffness of the aor@nce the DEAL is reached no further area
gain is incurred for any further increase in pressure (as indicated by the change slope of solid
red line at ~93 mmHQ). (c) Finite element contour plot of max. Principal logarithmic strain (LE),
highlighting similar strain levels at the deployment site for each degree of oversizing. This can be
explained by considering the device &ctive circumferential stressstrain history during
crimping and deployment (d). In each case the diastolic equilibrium configuratiodies on the
unloading plateau where the stiffness of the nitinol is negligible compared to that of the secondary
stiffness of the native aorta. With the application of the pulse pressure, each degree of oversizing
remains on the unloading plateau and thezfore exert approximately the same radial force on the
arterial wall.

Figure 7.7 shows the effect of implant deploymentte pressurarea relationship in

the human aorta proximally (7(a)) versus distally (7(b)). At the proximal section the
effective canpliance of the vessel peshplantation is similar to the LCR of the native
vessel. It should be noted that the nativese¢ at this proximal section is the most
compliant in the aorta. Therefore, the elimination of the extremely high compliance
diastolic regime following device implantation results in a significant reduction in

|l umen area change d@Q2mntéprthe native vesselaversus y ¢ | e
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A = 2 8 ? postimplantation, representing an 86% reduction). Simulations also
reveal the criticaimportance of device oversizing in highly compliant proximal
sections: As shown in Figure 7.7, the DEAL for a 20% oxetkdevice is lower than

the endsystolic area of the native vessel, indicating a high risk of endoleak and
migration. A 40% oversizmis required for this compliant proximal section.

Figure 7.7(b) shows the simulated behaviour for the distal sectidre agiarta. The
compliance of the native vessel at this section is the lowest in the aorta. In this case a
20% oversized device does nefach the DEAL and the stented vessel exhibits a

compliance similar in value to the native LCR for the entire duraticdheotardiac

cycle. In this case the reduction in area change during the cardiac cycle is not as
significant as the effect proximally pA =3 8f arm t h e
mm? postimplantation, representing an 65% reduction).
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Figure 7.7: 20% oversized stentgraft in the (a) proximal aorta (Plane 2) and (b) distal aorta
(Plane 9). Preoperative pressurearea relationship is ndicated by open circles and dashed line
(fitted). Dotted line indicates the DIAL when the stenigraft is fully expanded, and no further

area increase can be incurred for a given increase in pressure.
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The relationship between vessel compliance and ddeisign is further elucidated in
Figure 7.8, in which we simulate age related arteriosclerotic stiffening of the aorta by
reducing the volume fraction of elastin by 10% throughout the entire vessel (see
equation6.04 in our constitutive law in Chapter 6)ased on the histological study of
Hosodeet al, (1984) We also reduce the transition strain at which collagenrstifje
occurs (see equatio®(3 in our constitutive law in Chapter 6), based on reported
biomechanical testing of agaed young aortic tissu@g/andeGeest& Vorp, 2004)

The stiffened aortic pressuagea relationship for Plane 6 is shown in Figure 7.8(a
Compared to a healthy young tissue the arteriosclerotic aorta does not exhibit a bi
linear pressur@area curve under the physiologicahge of lumen pressure due to the
reduction of the collagen transition strain, i.e. an HigBe regime occurs throught

the entire cardiac cycle. The reduction of elastin also increases theressore
reference area, further adding to the linear sludpgbe pressurarea curve and the
overall reduction in vessel compliance. For such a stiffened artery, the inggréion
stentgraft does not significantly alter the pressarea curve of the vessel. The stiff
vessel is already in the high stiffnesslagén regime, so the area change and
compliance change effected by device insertion is negligible, again because the
deployed devices operate on the unloading plateau of tHg &Fve. In this case a
20% oversizing is sufficient as the DEAL is not readhduring the cardiac cycle.
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Figure 7.8 (a) Healthy pressurearea relationship for Plane 6 as indicated by blue open circles,
and FE fit (dashed black line) compared to Stiffened (solid black line). The stiffened aortic
properties were achieved by reducig both the elastin volume fraction withih the wall and the
transition strain. (b) The effect of implant oversizing on the pressur@area relationship in a
Stiffened aorta. 20%, 40% and 60% oversizing are indicated by the solid red, green and blue lines
respectively. The DIAL for each percentage wersizing is indicated by the dashed red, green and
blue lines respectively. (c) Finite element mesh of subjespecific aorta comparing healthy and
pathologically stiffened properties in terms of max. Principal logrithmic strain (LE).

172



Chapter 8

7.2.4 Investigation of Open Surgical Repair on Vessel Compliance

Finally, we investigate the effect of OSR on the biomechanics of the human aorta.
Computationally, this is achieved by assigning separate material properties pgrtainin

to a commercially available Dacron graft
between the spinal levels of T11 and TAe modulus oélasticity of Dacron waset

as 1000 MPaand the material was assigned@iPs s on 60 s (Demanged& of 0.
Favre, 2013)The thickness of the Dacrgmosthesis was chosen to be the same as the

wall thickness of the aorta, 1mrfGawendaet al, 2003) Plane 6 and Plane 7 are

within the bounds of the Dacroegment, while all other plas are assigned healthy

fitted material parameters (Figure 7.9).

Figure7.9shows the deformation of the aorta throughout the cardiac cyae fworta

that has undergone a segmental replacement with a Dacron prosthesigure

highlights the increaskstiffness of the Dacron relative to thetima aortic material
properties, where the replaced segmeadirs a negligiblencreasean max. Principal
logarithmic strain (LEwith the application of thpulsepressurdetween dastole and

systole Figure7.9(b) shows theressureareaplot fora series of planedong the aorta

analysed previously in Chapter 6. In Segments 6 and 7, the effect of the Dacron is
evidentin the effectivezerccompliance presswarea relationship

Figure 7.9: (a) Max. Principal logarithmic strain (LE) along the aorta at diastolic and systolic
pressures following OSR of the aorta. When the segment between T11 and L2 is replaced with
Dacron, the strain is significantly reduced compared to that whichs observed invivo. (b) The
area versus pressure curves for a series of locations along the aortic length adjacent to the Dacron
region. When Segments 6 and 7 are replaced by Dacron the aorta exhibits an effecthezo-
compliance pressurearea relationship between diastole and syste.
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