Biomechanical Modeling and Hemorheological Assessment of Ascending Thoracic Aortic

Aneurysm, Aortic Heart Valve, and Blood Clot

by

Han Hung Yeh

B.A.Sc, The University of British Columbia, 2Q

M.A.Sc, The University of BritistColumbia, 2013

A THESISSUBMITTED IN PARTIAL FULFILLMENT OF

THE REQUIREMENTS FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY
in
THE FACULTY OF GRADUATEAND POSTDOCTORALSTUDIES
(Biomedical Engineering)
THE UNIVERSITY OF BRITISH COLUMBIA

(Vancouvey

October2019

© Han Hung Yeh2019



The following individuals certify that they have read, and recommend to the Faculty of Graduate
and Postdoctoral Studies for acceptance, the dissertation entitled:

Biomechanical Modeling and Hemorheological AssessmenAsaiending Thoracic Aortic
Aneurysm Aortic Heart Valve, and Blood Clot

submitted by Han Hung Yeh in partial fulfilment of the requirements foi

the degree of Doctor of Philosophy

in Biomedical Engineering

Examining Committee:

Dr. Dana GrecovDepartment of Mechanical Engineering
Supevisor

Dr. Simon Rabkin, Department of Medicine (Cardiology)
Supervisory Committee Member

Dr. Mu Chiag Department of Mechanical Engineering
University Examiner

Dr. York Hsiang Department of Surgery (Vascular Surgery)
University Examiner

Dr. Rosdre Mongrain, Department of Mechanidahgineering, McGill University
External Examiner

Additional Supervisory Committee Members:

Dr. Peter Cripton, Department of Mechanical Engineering
SupervisoryCommittee Member

Dr. Boris Stoeber, Department of M&nical Engineering
Supervisory Committee Member




Abstract

Cardiovascular diseases account for the most cause of death over the globe annually,
summarized by the WorlHealth Organization. An aortic aneurysm is one of the cardiovascular
diseases with ladized abnormal growth of a blood vessel with the primaiy eisaneurysm
ruptureor aortic disseatin. The precise pathological pathway for disease progression inyameur
formation is not completely understood; however, biomechanically, disrupted fldaotfom a
diseased heart valve and thrombus formation potential in the dissection could contribute to the
increasedisk. The current ascending thoracic aortic aneurfSFAA ) management rely heavily
onATAA diameter and blood pressure rather than bitvaeical and hemodynamical parameters
including arterial wall deformation or wall shear stress (WSS). Therefore, this thesis firstly
evaluated the biomechanical contriloms toATAA progression under the influence of anatomy,
hypertension, and hematocrging fully coupled fluidstructure interaction (FSI) with arterial wall
anisotropy to provide additional informatiam patientevaluations. The investigation was then
extended to study the effect of blood rheology on the hemodynamicbitdadlet mechaircal
heart valve with particle image velocimetry (PIV) validation. Finally, the rheological
experimentations were conducted to analyze the coagulation process anerfotiams between
heparinized blood and the anticoagulation reversal agent®TiA& analysis showed significant
variations in the maximum WSS despite minimal differences in flow velocity between
normotension and hypertension. The three diffe®RAA mocels identified different aortic
expansions that were not uniform under pulsatile presand a geometigepended oelevated
wall stress under hypertension. The investigation on the heart valve revealed the hematocrit

influenced the shear stress distribns over a cardiac cycle. The structural stresses in the
iii



mechanical valve were affext by the shear stress distributions in the blood flow. Parameter
dependencies study indicated that the hematocrit is influential when conducting-gaeiafic
modelirg of prosthetic heart valves. Finally, the use of small amplitude oscillatory sWe€as}S
rheometry for studying blood coagulation provided a comprehensive assessment with the
combination of multiple rheological parameters for untreated and heparinlizedttzsiood. The
coagulation characterization could be used towards the existingdefelsiio account fgrotential

blood clot formations in future studies.



Lay Summary

When an artery abnormally enlarges locally, the disease is typically identified as a
aneurysm. An ascending thoracic aortic aneury&mA@ ) is an aneurysm at the ascerglpart
of the thoracic aorta, which is the largest artery bridging the heart and the rest of the body. The
current clinicalATAA managements rely mostly on aneurysm ditan blood pressure, and
lifestyle; however, other mechanical and biological factase also contribute to aneurysm
progression. To investigate the biomechanical influencATo®RA s, computer models were built
to simulate blood flow througlA\TAA and a melanical heart valve. It was found that the
aneur ysmbés geomet rriemsiarl, and Hematoarit dareatl affect the enechamigap e
load and fluidinduced stress o ATAA and heart valve. Furthermore, experiments and
characterizations on tHalood coagulation process were conducted for future integration to the
existing computer maals for simulating blood flow throughTAA and heart valve with potential

blood coagulation.
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Chapter 1: Introduction

Cardiovascular mortality accounts for a major proportion of total deaths in industrialized
soceties.According to the data released by the Centers for Disease Control and Preiregtion
1.1), there is an overall decrease in the total number of people who lost their battle to the diseases
of arteries, arteriolesand caplaries. However, the mortality for aneurysm and dissection
remained relatively constant ovitle past decade. In fact, in 2017, there was approximately 39%
of the death associated with aortic aneurysm and dissdadimrthe category of arteries diseases
[1]. An aortic aneurysm occurs when an aorta gelsuiabnormally at a localized region. When the
enlargement occurs arouncetthoracic aorta, it is classified as thoracic aortic aneurysm (TAA).
By the same token, when the enlargement occurs around the abdominal aorta, it is classified as

abdominal aorti@neurysm (AAA). The illustration of aortic aneurysm can be seEigurel.2.
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Figure 1.1 Total number of deaths in the US by disease of arteries, arterioles, and capillaries
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Figure 1.2: lllustration of aortic aneurysm with (a) healthy thoracic and abdominal aorta, (b) thoracic aortic

aneurysm, and (c) abdominal aortic aneurysnf2]

The complications of aortic aneurysm are significant and are of considerable concern as
the prevalence of the condition is increasj8g6]. Blood pressure is a critical parameter that
predicts aortic enlargements in conjunction with other factors such as the imbalance between
protein synthesis and degradation of matrix protgin8]. While severabtherwell known risk
factors, such as age, gender, smoking and genetics, may lead to the developim&At of

formation, the precise causes, physical or biochemical, of aneurysm formationknown in

most casefl0,11]



The arrent standard practices for patients, who have aortic aneurysrdssactions, are
primarily managed by evaluating the size of
pressures. More specifically, the assessments and manageniels ascending thoracic aortic
aneurysmATAA), andAAA relies heavily on tediameter of an aneurysm and blood pressure
rather than biomechanical and hemodynamic parameters such as arterial wall deformation or wall
shear stressHowever, insome circumstances, the patients with smaller vessel diameter may
developanaortic dissetion before blood vessel diameter reaches the recommended threshold for
surgery[5]. Once a surgical option is deemed to be suitable, an open procedure remains the gold
standard for a treatment. Given an approximately 30% of the patient population are not suitable
for open procedures due to potential complications, the risk of surgery is preferred over the risk of
further developments of aneurysms and dissectjt@s16]. One of the potential alternative
treatment option of aortic aneurysm would be endovascular aortic repair (EVAR), which avoid the
need of introducing open surgical proceduréhhe increased rigd2,13] However EVAR is
not riskfreeas the stent graft relies on the outward expansion force generated from the stent frame,
the imperfections from the repaiwould introduce further series complimas including
endovascular leakages and retrograde dissedtiGns3].

Ascending aortic curvatufd9,20], aortic stiffnesg21i 23], peak wall stress (PW®4i
26], as well as wall shear stress (W33Ji 29] are biomechanicaffactors that may provide
information forthediseasgrogressionUnfortunately, besides the aortic geometriesst of these
factors cannot easily be directly measuredivo. A method for calculation of arterial wall stress,
blood flow velocity, and WSS would be of considerable ediir disease assessments.

Although the size of the aorta has been studied in 284 the impact of increasing aortic

arch curvature has recet/dess attentionThe curvaturanight dramatically increase the force
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experience by ascending aorta even if under the conditions of lower systole pressure and smaller
vesseldiameter[19]. Data suggest thahe aorta and aortic aneurysmight be influenced
considerably by its geometrical miguration [11,12] but this has not been studied in detalil. It is
reasonable to begin an investigation on aortic aneurysm fromreebi@anicaperspeadte and to
consider blood vessel displacement under pulsatile blood pressure. Since arterial weadisstiffn
increase with aging especially in patient with hypertenf2din23], investigatio of aortic wall

stress should provide important insights on how the stress is distributed. In addition, evaluation of
PWS, or overall arterial wall &ss, should assist in identifying regions of the aorta that are subject

to high stress rendering them kagh risk for aneurysm rupture and/or dissectiddditional
attention should also be focused on the localized strain and aortic wall thinning foysameu

rupture assessmej30].

1.1 ATAA Pathogenesis

Therewerejustapproximatelyover one hundred and ten thousand patients diagnosed with
thoracic aneurysmor dissection in 2016 based on Agency for Healthcare Research and Quality
data from Healthcare Cost and Utilization Proj@dt]. While the exact diseasethaay for the
progression of an aneurysm is still unclear, there are several key factors identifiedriytthe
aneurysm development8s proposed by Shimizet al for the progression of aneurysms, there
should be a twatep process where the normal healthy blood vessel undergoes initial aortic wall
damage after the first trigger due to environmental oetje event$32]. A second trigger, which
is caused by environmental factors, would be followed suchttlegbrogression of an aneurysm
is continued32]. Although their work is limited to the investigation of AAA, the same process

for TAA andATAA may apply{33]. The primary cause &TAA progression is the degradation
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of the media layer, which tsedecreased elastin concentration and reduced smooth muscle cells.
Since the environmental factoese the second trigger, it can be argued that biochemical or
biomechanical factors are the main factorAIPAA progression. As ascending thoracic aorta
recaves the highest amount of the blood flow from the hed#éne investigation ofATAA
progression from theiomechanicgoint of view could providdurther clinical insights for the
patients

Additionally, it was found that one or more characteristicicéinfactors can be linked to
each of the three pathological pathways, degeneration, arteriosclerosis, and inflammation,
contributing to the progression of an ATAR4]. More specifically, each pathway could be
associated to different risk factors affecting anemrgsvelopment. A degenerative ATAA can be
associated with BAV[34] with medial layer degeneration over time, which lead to aneurysm
formation with advancing disease progression by high blood prd8&jré-or younger patients,
genetics, such as Mar f anos [35]yAndrteriosclerptic pTRA Y a
can be associated with older patient with history of hypsiten hypercholesterolemia, diabetes,
smoking, and coronary arterieBsease[34]; however, atherosclerotic hypertensive smoking
patients are more likely to have a descending thoracic aortic aneurysm than[3d]AWhile an
inflammatory ATAA can be associated with older female with larger ascending aorta diameter
[34], vascular inflammation could be triggered by adverse-fhidiced stress and WSER7,38].

It is known that fluid shear stress wouitiate the remodeling of blood vessels as well as
create damage tolood cell; however, talirectly calculatefluid shear stress without influencing
fluid flow in reakttime can be very challengifi§9,40] Due to the shear stress genedatinder
pulsatile blood flow, it was shown that the endothelial cells and the adhesion of the neutrophils to

endothelial cells responded to the gradients of WSS aratpalty influencedthe stability of the
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atherosclerotic plaqu¢41,42] Given the main components of blood are red blood cells
(erythrocytes), white bloodcells (leukocytes), platelets (thrombocytes), and plasma, the
biomechanial factors should have majority effects on these four components. Combining the
evidence of blod damage under high shear stress andhittenbusgeneration under shear flow
[43i 46], one can argue that platelets initiate thragformation due to abnormal hemodynamics
under pathological conditions.

A further investigation reveals that there is a close biophysical connection between the
interaction of platelets and fluid shear strgbd 51]. Briefly, the increase in blood shear stress
would cause platets to release and upregulate tissue growth faf4arg8,50] Specifically,
human aortic smooth muscle cell (SMC) apoptf2$ has been observed with the overexpression
of connective tissue growth factor (CTGF), which is released by pla{él@fts Additionally,
CTGF has been shown to increase the riska acardiovascular event amutoposed as an
independent risk predictor fdhe atherosclerotic diseagb4]. 4D magnetic resonance imaging
(MRI) study has revealealpotential linkage by concludintpat thebicuspid aortic valvéBAV)
patients with aortic dilation are experiencing higher shear stresshtbpatients with tricuspid

aortic valve(TAV) [55].

1.2 The Disease of the Aortic Valve
BAV is the most common congenital defect affecting up to 2% of the popu[atighi7]
with complications associated to aortic stenosis, regurgitation, and the dilation of the ascending
thoracic aortawhich is the most relevant to the current studfth severe aortic stenosite
aortic valve would typically have to be replaced with an artificial heart valve, either with a

mechanical heart valve or a bioprosthetic tissue vAlpproximately 49% (458 out of 932) of the
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patientreceivinganaortic valve replacememiad a BAV[58]. When BAV is associated with the
dilation of the ascending thoracic aorta, the growth rate of the aorta for BAV patients is higher
than aeurysm patients withBAV [59,60]. As the arterial wall stresses and thued shear stresses
contribute to the pathogenesis of BARemodynamical iftuence in both BAV and ATAA is
identified as one of the key factors for the disease progrefsighil] The use of 4D MRhas
concludedhatBAYV patients had aignificant difference in thehear stress at the arterial wall and

the genaation of helical flow across the aortic arch from the ascending thoracida®6a 65].

The earlier study concludes the curvature of the aortic arch would play an important ree in th
generation of secondaflow patternssuch ashelical flows[66]. Therefore,the formation and
progression of an ATAA could not only be caused by altered hemodynamics with a defective BAV
but also due to the geometrical curvatures of the aorta generating helicalXlovgherdegree

of thoracic arta curvature could reduh higher amount of normal force the aortic wall received,

which may increase the risk of a patient developing aortic dissgdtin

1.3 Biomechanial Characterizationsof Aortic Wall
As the heart mechanically pumps the bldlmugh the aorta and distributes the blood to
all parts of the body, a deeper understanding in the biomechanical interactions lieénsatic
wall and the blood would further bridge the gap between the progression of an aneurysm and the
management of patient. With a better understanding of an aneurysm development, it is possible
to better predict the outcome of the patients by tagéing the knowledge to clinical settings.
Mechanical loadings including forces, stresses, and deformations are sothe of
bi omechani cal factors that woul d have a mor e

account for the force transfer, theamal wall stress, as well as the structural deformation for
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biological soft tissue, it is essential to consider hownthgerial composition of tissue would affect

the overall tissue properties under various loading conditions. For the case aafrtipet is
understood that each layer consists of various portion of elastin and collagen that provide overall
structural supprt as shown irFigure 1.3 [67]. The arterial wall consists of three main layers:
intima, media and adventitia. Each layer, separated by eldatnina, has its own characteristic
that provides the overall structural function of @iréerialwall. For example, intima primarily
provides internal protection of the blood vessel with a smooth enddtbeli layer, elastin, and
fibre-reinforced laye Media, which is considered as transversely isotropic, provides the flexibility
to expand and contract under pulsatile blood flow with smooth muscle. Adventitia provides
external structural support for tH#ood vessel with amnisotropiccollagenfibre layer. The
distribution of microstructures, such as elafbnes and collagefibres has been shown to be one

of the main contributors that affect the macroscopic biomechanics of arterigwall ].
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transversely isotropic fibre-
reinforced medial unit

helically arranged fibre-
reinforced intimal layer

collagen fibres
elastic lamina externa
collagen fibril
smooth muscle cell

elastic fibril ‘
elastic lamina interna
endothelial cell

Figure 1.3: Cross sectional presentation for an idealized arterial wall (reprint with copyright permission)67]

It is well summarized in Tsamist d. and Backet al that elastin and collagen content
would be affected by age, diseases, genetic or developmental defects including, hypertension,
aneurysm, dissection, atherosclerosis, bicuspid aortic valve, Marfan syndrome, and other factors
[68,72) Specifically for the aortic aneurysm cases, the overall elastin content would decrease with
fragmented, disrupted, and irregular elastin while the overall collagen tevaatd remain tk
same with thin scattered collagBbres [68]. The change in elastin and collagen content would

result in a less anisotropic aoff@8,72] Similarly, for the aortic dissection cases, elastin and

coll agen concentration also decrease and t hus
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pressure. It was also shown teauctureintegiity would be advesely affected by elastin removal
[71] and aneurysm remodelifig3] in the media layer. The tissue toughness of the media layer of
the ATAA was shown to be independaritdifferent regions of the aneurysm but depended on
both the collagen and elasfibres[73].

To further understand the progression of arterial diseases and construct physical models
from a biomechans perspctive, it would be necessary to determine the macroscopic material
properties of tharterialwall. Recently, many research groups have used uniaxial or biaxial tensile
measurements to model the properties of the aortic wall using constituligoeg hat account
for hyperelasticity[74,75] or anisotropy[70,76,77] The characterization of the arterial wall can,
therefore, be categorized into isotropic linear elastic material, isotropic-bBlgstic material, and
anisotropichyperelastic materiahs discussed in the following sections.

1.3.1 Isotropic linear elastic material

The constitutive equatioaf an isotropic elastic materig@d a simple linear relatighip
between stress and straasshown inEq 1.1 [78]. This relationshiw is kI
where the given materi al i s characterized by
in Eq 1.2, assuming isothermal condition. Since the strain, or more specifically the engineering
strain, used in lineaglastic relationship is only valid when deformation is small and within linear
range,Eq 1.1 will not be sufficient to account for material with large Aorear deformation such
as biological soft tissue, which dduhave a strain ranging between-B0% [79]. Therefore,
depending on various s®strain definitions, it is recommended to apply the true (instantaneous

changes) stress and true strain relationship for sofetessperiment§30].
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Fluid-structure interaction (FSI) methods has been used for investigating the artdrial wal
stress under pulsatile blood flow with an assumption of a linear elastic arterial Tiall.
assumption of applying isotropic linear elastic materighéarterial wall was made to compensate
more relevant global evaluation on aneurysm rupture, asymmaetr wall thickness, stent graft
implantation, and multiple arterial layd@li 84]. Additionally, auniform aortic wallthickness of
asingle arterial walldyercould be assumeg@&1,83] Torii et al. comparedhesingle layer linear
elasticand hypetelastic cerebral aneurysrmodel and concludedhat the hypeelastic model
resulted in a 36% smaller maximum displacement, but with similar displacement patterns, compare
with the linear elastic mod@81]. To address the rupture risk dughearterial wall thickness and
asymmetry, Scottet al. found thatthe nonuniform wall thcknessmodelwould result inup to
four timesgreater vall stressthus increasg AAA rupture risk based othe von Misedailure
stress criteri@82]. It is thereforerecommended to accurately reprodtleeaortic geometry when
predicting the biomechanics of aortic aneurysm. Similarly, Li &heistreuer numerically
investigatel thebiomechanics of AAA before and after endovascular gfeaft implantation and
analyzedthe wall stress and aneurysm sac pres$88¢. The use of fully coupled FSI for both

AAA and endovascular stent graft resultedaisignificant decrease in maximum wall stress fo
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stented AAA when compare with natented AAA. The ahors also discussed that from their
preliminary studies, aneurysm sac pressure and wall stress might increase by 60% with an increase
of only 3% endoleak volume as well as a greater endograft dreg fimm aortic geometrical
factors[83].

Nevertheless, since tharterial wall structure consists of three layers and most
biomechanics investigation on aortic aneurysmodeled as an equivalent single wall layer, Gao
et al. considered the multilayer mechanicsaoferial wall and analyze stress distribution across
each arterial laydiB4]. The authors presardan idealized aortdfom theascending aortto the
descending aorta(without the aortic brancheswith a threelayered aorticwall with a
corresponding thickness ratio of I36(media thickness of 1.2mnand isotropic linear elastic
propertiegEintima= 2.98 MPa, Eedia= 8.95 MPa, Eivenitie= 2.98 MPa)84]. The circumferential
stresswas concluded tdbe directly relatel to blood pressureesulting inhigh composite stress
around ascending aortadhighest stress at the media lageiggestinghe formation of amortic
dissectior{84].

Applying isotropic linear elastic properties tbe aorticwall reduced themodeling
complexity while provideénoverallmacroscopic evaluation dhe progression of an aneurysm
Howe\er, giventhe linear elasticity would only be valid withihe linearproportional limit, the
estimation otherupture stress for aortic aneurysm wonéd be accuratas the failure strengib
beyondthelinear region.

1.3.2 Isotropic hyper-elastic material

There are several wedlstablished constitutive equations for isotropic hyglastic

relationship. The main difference between different relationships, besides the material constants,

is the méhod ofmaterial propertiefittings: exponential or polynomiglisted belowfrom Eq 1.3
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to Eq 1.7. Note that all constitutive equations are for solving strain energy déasdton,w in

[J m®], which will be used to relate theCauchy stress tensor for further streakulation

1 NeoHookean85]

p . p. Eq 1.3
- ® o =10
W c C p

where> is the shear modulus [Pa], ‘®arethe invarians, ¢ is the bulk modulus

in [Pa], Jis the volume ratio

1 Fung[74,86]
- w
w o 29 Eq 14
G

where
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1 MooneyRivlin [87,88]

Two-parameter model:

Eq15
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Where Goin [Pa]and Gz in [Pa]are material parameters
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Five-parameter model:
wy 6 ® ¢ 6 ® o 6 ® o d o Eq 16

6 ® o 6 ® o gllf)p

where G in [Pa]are material parameteasd‘®are the invariants

1 Ogden[89]

. Eq1.7
p. .
W — _ _ _ o E" L p

where > in [Pa] and h; are phenomenological physical constants fi

experimentsand_ are principal stretches

The material constants used in each constitutive equation are determined experimentally
with uniaxial and biaxial tension test using cadavegsgectedor animal tissue specimens. The
collected data from tensional experiments aseally fitted using multivariable least square
analysis. Although thanisotropiamaterial relationship would provide better experimental fit, the
use of theneoHookeanmodelwould be sufficient for describing the material behavior of the
media layer[71]. The characterization of the aortic wall model can be extended to the solid
mechanics modeling for multilayer stenotic artery modeling with stent deploy@&80] or
modeling the devicavall interaction in coronary siny91]. More specifically, Schiavonet al.
conducted a finite element simulation on the stent deployment istémeticartery using a
combination of constitutive equations to mbdee transcatheteballoon (MooneyRivlin 2-
parameter), three arterial wallylxs, and plaque (Ogden, based[®®,92]) [88]. Their artery

plaquestentsimulationswould result insignificantly different stress distribution with different
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stent designs. Furthermore, Zahedmanesh and Lally numerically investigatbtbtd vessel is
more likely to get restenosis if the wall stress is grg@@). Studies havenodded the arterial
wall as a composite of isotropic hyperelastic materials with the material properties derived from
experimental studie$93i 96]. However, given that the elastin, collagébres and other
components in the media and adventitia layer of the adféat the deformation and stress
distribution of the arterial wal[67,68], considering material anisotropy dtee collagenfibres
whenmodelingthe arterial wall could result in better predictions.
1.3.3 Anisotropic hyper-elastic material

To further improvehe biomechanics model for arterial wall, anisotropy can be added to
the isotropic hypetelastic model. Sucln addtion will account forthe different fibre groups
embedded within each arterial wall layer in ordercapture the effect ofibre-reinforced
deformation in biological soft tissué&everal keystudieson the constitutive equatienfor
modeling the anisotmic hyperelastic arterial wall has been conductedntensively
[67,70,76,77,97,98] The strain energy density functiag in [J ni®] is proposed as the

superposition of the isotropic portion and the anisotropic portion shown bebBg/1.8.

w 6Fcd id w  o6fF  w ok Eq18

whereélis CauchyGreendeformationtensor andiare directionvectors

Eq 1.8 can be further simplified to
w 6k o w ® D o Eq 19

where'®are the invariats
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The isotropic portion can be written using fiéookean model similar tBq 1.3

w
w ..6 E ..6 o Eq 1.10

And finally, the anisotropic portiols modeled using exponential function for representing arterial

wall behaviol[76,99]

Q Eq1.11

cQ

w & b Q P

where kare the material parametevdth ki in [Pa] and k unitless

Substituing Eq1.10andEq 1.11into Eq 1.9 givesthe full expression of anisotropic hypelastic

constitutive equatioshownin Eq1.12.

Q Eq1.12

(50ch
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To characterize the material constantsjesal experimental efforts weoarried for the
modding of human aorta arttieatherosclerotic plaqU&3,77,98 101]. Labrosset al.conducted
biaxial and pressurized vessel test for modeling the anisotropic-bigs@c constitutive egation
for human ascending, descending, and abdominal gftarhe human aorta was found to have
directional preference for the case of aortic dissecfid@0] and the damage of tissue is
accumulated in collagdibre network[98]. Additionally, Choudhuret al. concludedhatamong
the diseased human aorta, the patients with dilated BAV could have the thinnest aortic wall with

greatest collagen composition and significantly leastiel[101].
16



1.4 In Silico Investigation of Aneurysm Biomechanics

As discussed previously, it would be necessary to investigate the hemodynai¥Tiéshin
in additional to the biomechanics of aortic wall given that shear stress due to the pulsatile blood
flow playsan important role in the disease progressiban aneurysm. High shear stress could
lead to aroverexpression of CTGF released by platelets@h@F overexpression would lead to
aortic smooth muscle cell apoptosis, which is the signature of media layer degradAfigxAin
Finite element simulatits have focused on the investigation of aneurysm wall stress in patient
specific modeling using datither from computed tomography (CT) imaging or MR2,24
26,97,102] Studies focused on the analysis of the aortic wall stress vétlhiga ofanisotropic
hyperelastic arterial wall modelifg2,97), geometrical correction for zero blood pressjia4],

aortic root displacemeii25], and aneurysm expansion predictjgf].
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Table 1.1: Summary of Recent BiomechanicaModeling and Analysison Stents and Aorta

Aortic wall Previous work Authors
model
Single layer cerebral aneurysm model with isotropic hy Torii et al[81]
elastic model resulted in smaller maximum displacem
Non-uniform aortic wall resulted in greater wall stress | Scott et al[82]
Isotropic
1 AAA analysis before and after endovascular stent ¢ Li and
inear
_ implantdion Kleistreue[83]
Elastic : : _ :
Multi-layer arterial wall stress distribution analysis Gaoet al[84]
Turbulent pulsatile flow in multiayer aorta Khanafer ano
Berguef103]
Stent deployment in a stenotic artery using MoeRextin | Schiavone et
model al.[88]
Influence of stent struct thickness using Ogden modell Zahedmanesh an
Lally[90]
Stentaortic wall interaction in amnary sinus using Ogde Phamet al[91]
~ | model
Isotropic _ — . -
TAA laminarturbulent transition modeling with Moone] Tanet al[104]
Hyper -
. Rivlin model
Elastic :
Aneurysm rupture potential Raghavan an
Vorp[105]
Blood flow characteristics and thoracic aortic geom¢ Suitoet al[106]
using FSI with negHookean model
ATAA comparing bicuspid and tricuspid aortic valve | Pastaet al[107]
Local stiffening of an aorti coarctation Taelmaret al[108]
_ | Axisymmetric thick wél aorta for ascending thoraci{ Labrosseet al[77]
Anisotropic _ _ _
descending thoracic and abdominal aorta
Hyper . . .
Elasti AAA fluid -solid-growth remodeling model Grytsanet al[97]
astic
AAA rupture risk Risslandet al[109]
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The accurate hemodynandoalysis in the cardiovascular system is healégendenbn
the appropriate interactianodelingbetween blood and blood vessels; therefore, accurate models
for blood rheology and vess&tuctures are necessary to account for blood flow distributions and
aortic wall stressesSeveral key previous woskare summarized ifiable 1.1. Although debates
are ongoing regarding the effectiveness of different computatiapgkoaches between
computational fluid dynamics (CFD) and FSI methods for the investigations of aortic
biomechanic4110], the motions of blood vessel induced under physiologia&datile blood
pressure by FSI approach would have different flow distributions than predicted by CFD
approachefl11,112] The prediction from CFD would capture important hemodynamic features,
including flow velocity and shear stresghich are significant to pathological evaluatidh43i
116]. Specifically, these CFD investigations focusedtun effect of nofiNewtonian models on
patientspecific geometry113], hemodynamis of patierdspecific dissectiofll14], geometrical
influence on hemodynamid&15], as well a theflow in aortic arch[116]. Their analysis has
concluded with findings pointed to patiespecific flow patterns thateve affected by geometries
as well as blood pressure. The effects of differentMewtonian models applied to patient
specific geometry were investigat and it was concluded that theNewtonian model
underestimates WSS predictifiri3].

Given the importance in WSS, the FSI approach that couples CFD and structural mechanics
for modeling blood vessel expansion (Windkessafect) should be used toward accurate
hemodynamic predictions. Both FEFD comparison studies by Reymoetdal. and Crosettet
al. concludedhat there was WSS overestimation from ttemulatiors without the incluson of
theaorticwall [112,117] Therewere multiple FSI studies conducted farodelingcardiovascular

system in the past decadeachof them had slightlydifferent approach in hemorheologiadd
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structuralmodeling Earlier FSI studies focused on the assessment of multilayer aortic wall
biomechanicg103,118,119] Gaoet al, constructed idealized 3D N&wian models foithe
hemodynamics comparison between H4ameurysm and aneurysm model with aortic wall
properties assumed as three isotropic linear elastic layers (intima, media, and ad{Eh@iia)
Similarly, K h a n a f -layeredaisotdopicBirearcelastic abrda modelrpeoeded
insightsinto peak wall stress in the media layj@03]. The FSI method has also bagsed recently

in themodelingin ATAA geometrical characteristi¢$06], ATAA with BAV and TAV [107],
abdominal aortic aneurysm growth evoluti@®7], and local stiffening108]. While the studies
utilized the advanced material model for the aortic wall (isotropic hypere[a®c 108] and
anisotropic hyperelastic mode]87]), the blood was assumead be a Newtonia fluid. As
mentioned earlier, WSS prediction is one of the mosbmapt biomechanics predictorsATAA ,

ard an FSI model with Newtonian fluid would result in a WSS underestimafibis].
Interestingly, as all the results implied a geomatradtependence in hemodynamic distributions
and helical flow development, the quantitative relationship between geometry and hemodynamics
is to be further developed for better model praditd and correlations such that the analysis can
be translated towdrto clinical practice. Nevertheless, for an R#ideling the boundary velocity
conditions (3D MRI, 1D MR, fully developed, and plug flow) prescribed in the model would also
have a sigricantinfluencein time-averaged WSS distributions and illatory shear index, which
would affect the predicted outcorfi20].

The hyperelastic models for characterizing the aorticavalisedto determine the biomechanical
response under physiologickbading conditions. Taret al. investigated the mechanics and
hemodynamics of TAA using thengle layetisotropichyperelastidMooneyRivlin model[104],

with material constants taken from the experimental work on AB2L]. The use of laminar
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turbulent transition modelonicluded a 13% lower tiri@veraged WSS and sifjnantly higher
turbulence intensity in the FSI model than the rigid wall m{i2]. On the other hand,gghavan
and Vorp conducted another study on the rupture potential of AAA with freshly excised tissue
[105]. Theyconcludedhat AAA wall stress would only vary 4% if theaterial parameters used
from MooneyRivlin constitutive equation were within 95% confidence interJa5]. This
suggestshat the use of mean value from sample pomranight be sufficient for patierdpecific
modeling[105]. For advanced numerical simulation, Grytsaml have modifiel the anisotropic
arterial wall model and accoted for AAA remodeling under the additional consideration of
elastin degradation and adaptation of collaif@es[97]. The model considered the hemodynamic
changes with the progression of AAA enlargement but without the connéetiaeen WSS and
AAA remodeling[97]. The timeaveraged WSS was not meagiiully influenced by the arterial
wall motion due to pulsatile blood flow unless the investigation of instantaneous WSS
considered29]. Sincethe magnitude of WSS would affect endotheligl alignment[123] and
potentially cause blood cell damaf#)], a coupledfluid and structurestudy on WSS is of
considerable valugiven thatthe local blood recitulation or unbalanced homeostasis could also

leadto aneurysm rupturi28] [124].

1.5 Investigations on Artificial Aortic Valve and Bicuspid Aortic Valve

FSI analysishas also been used for therestigations of aortibieart valved125i 130].
While CFD study can be used to stumlieafletmechanical heart valve (BMHV) with prescribed
particle image vecimetry (PIV)}measured leaflet motigi31] and localized flow features in a
patientspecific aortd132], the FSI method can provide further analysis in the simulation of heart

valve wherehe blood flow would influence leaflet motion and vice veEsaly FSI works related
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to the current study include a 2D hemodynamic investigation @ r@ficial heart valve with
subaortic stenosigl33], an FSI model using a 2D dynamic mesith experimental validation
[134], a 2D FSI model investigating vortices generation oktective mechanical heart valve
[135], a 3D FSI BMHV simulation over a range Beynolds number§l36], as well as 3D
symmetric BMHYV analysi§l37]. Recent BMHVmodelingin 3D using FSI methodasachieved
by several groups including the integration of anatomical ascending [A883 assessing
thrombus potential with shear strefl39], and the assessnienf BMHV hemodynamics
[140,141] Additionall vy, an FSI study focusing on
dependency on the blood flg@42], and the use of tHattice-Boltzmannmethod could provide
detaied hemodynamic analysigl27,143. The accuracy of th&SI method in a 3D BMHV
simulation was validated with PIV measurements by Gu@ierienet al.[144].

It was discussed previously that the hemodynamics studie&T&fA have shown
developmenbf secondary flow structures in ascending thoracic aorta using 4D MRI, especially
for the case where BAV were presenfg#,65,66,145] Kimuraet al. conducted CFDnodeling
on patientspecific BAV hemodynamics evaluations under various diseased valve configurations
[145]. Their study focuses on the distributions of WSS in the enla@éd\ with BAV using the
combhnation of MRI data and CFD. The patients with BAV had abnormal helicaldlstributed
in ATAA while TAV patients had no such abnormalj6b]. Additionally, Kimuraet al CFD
results showed a clear streamline distributed helictibyn across the thoracic aorta with
concentrated WSS distributions loaaten the superiasideof ATAA [145]. Similar comparative
studies conducted by Shahal and Meierhofeet al.also confirmed TAV cases would result in
different WSS distributiongyeain BAV casefb5,65] The three 4D MRI studies provide significant

insights toward to the hemodynamic distributions for diseased aorta coupled with diseased valve
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and suggest hemodynamics parter® be used as risk indicators for patiemanagement
[55,65,145] However, even with the rich evidence regarding the effect of WBSAA patients,
a well proposed hemodynamic rifkctor for patient assessments am@nagemenis yet to be
developed. By utilizing the similar FSI approach usethodelingBMHYV, it would be possible

to extend the study &TAA and couple the investigation with BAV.

1.6 Blood Rheology and Blood Clot Formation
1.6.1 The use ofrheological modekin numerical investigationson aortic flow

The Newtonian and noiNewtonian rheological models are used in @€D and FSI
hemodynamical modeling @irteriesaneurysms and heart valveand the current FDA (Food and
Drug Administraiton) guideline on CFD simulations for a medical device does not specify the
requirement for the hemorheological model6]. As t he red bl ood cell def
volume fractionand hematocrjtand the concentration of cholesterol and triglycerides could all
affect the blood viscosity147i 149], the shear thinning behavior of blood plays key role in
hemodynamics assessment in cardiovascular system.

The Newtonian model, which assumes a constant blood viscesityd result in an
underestimated WS%alue. Mejia et al concluded that the use thfe non-Newtonian Carreau
Yasuda model yielded in higher WSS distributions than the Newtonian approximation in the
stented section of the artery, resulting in differenoestress and velocity distributiorj$50].

There are different neNewtonian fluid models for characterizing complex fluids that have flow
behavior depending on shear rate and other physical influembeswidely adopted non
Newtonian relationships fanodelingthe hemodynamics of ATAA arthe Carreau[113,151

154], the Cassonthe Quemadd83,155] andthe powerlaw models. These rheological models
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predict blood viscosity based on shear rate and the Quemada model has included the hematocrit as
an additionalmodeling variable. Two comparativeCFD analy®s on patienspecific aortic
modelng with multiple rheological mode (including Newtonian, Carreau, Carre@toss,
Casson, Cross, Power Law, andLKmodel) concludedalthough hemodynamics similarities
existed between different néewtonian models, the nddewtonian models would significantly
affect the results and theeMitonian model would not be sufficient for predicting shear stress
[113,156] The use of noiNewtonian modeling of blood flow was also conducted on BMHV for
hemolysis prediction, and diastolic flow in coronary arteries andhiagemicroflow [157,158]
1.6.2 Rheological characterizations of blood coagulation andlot formation

Heparin anticoagulation is commoniged to prevent blood dting during surgeries and
to treat thromboembolic disead&$9,160] One of the common adverse siéffects associated
with heparintherapy is bleedinfl59]. Reversal of heparin anticoagulation activity is needed after
surgical procedures such the cardiopulmonary bypato prevent excessive bleedja§li 163].
Currently, protamine is the only clinically available heparin antidote, however, d@ssowgidh
severe limitatios and adverse effedts61,164] Protamine has a very narrow therapeutic window;
excess protamine has an inherent anticoagulant §¢f@&s166] Protamine activates complenten
induces fibrinolysig167], causes lungnjury after heparin reversfl68], and is only partially
effective against low molecular weight heparins (LWMHSs) and other heparin derivatives such as
fondaparinuX164]. To circumvent the limitations of protamine, researchers are in active search
for alternate antidotes with amprovedsafety profile thatvorks against all the clinically used
heparins[169 171].

The dynamics of blood clot formation during heparin neutralization could provide

important information regarding the clot stabilization and effectiveness of the neutralization
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strategy. This may also provide information regarding the potentiatloeegling afteheparin
reversal. Thromboelastography (TEG) and rotational thromboelastometry TEM) are
conventionally used for providing such information. However, the fixed low oscillatory frequency
and oscillatory displacement used by TEG and ROTEM only supply a limited range of conditions
to study the clot formation dynamics during anticoagulaviersal. As TEG provides less
sensitivity at the beginning of the measurement, a more accurate and generalized evaluation under
physiologically relevant conditions could provide additional insights regarding the clot formation
dynamics during aanticoagilationreversal and may provide important clues for more accurate
and precise management of this therapy. The rheological characterization of the blood clot
formation with a higher sensitivity and additional measurement parameters could unravel such
information to aid the current practice.

Rheologicakcharacterizatioms one of the widely usatethodologieso analyzethe global
static and dynamibehaviorof the noaNewtonian, viscoelastic fluids, including blood and blood
clot[172i 178]. Although steady viscometry measurement has been used to determine the viscosity
of the coagulating blood under different shear rft&9], the use of small amplitude oscillatory
shear (SAOSyheometry provides additional viscoelastic properties measurement by describing
thegdation poinfl172,177], t he st or age and t [lé5] dndtleechange dul us
in complex modulus (G*)1L76]. The advantage of rheometry using a standard rotational rheometer
is that an adjustable oscillatory frequenicyler a controlled oscillatory anitpide within the linear
viscoelastic range can be used. Providing an oscillatory shear within the linear viscoelastic range
would be one of theritical control parametersince fibrin gel is known to experience strain
hardening under nonlinear oscillatida80i 182]. Additionally, shear stress and n@l force

measurements can be made to provide further detailse physical characteristics of the testing
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material. The normal force measurements lwardirectly linkedto the contraction of the blood
clot, which was correlated to different cardiovasculiseases and could be used as a potential
bleeding disorder biomark¢t83,184] The ti me evaluation of the
was captured for westigating the coagulation dynamics andrttierostructureof the blood clot
under a constant oscillatory frequency and within the linear viscoelastic fhAngd76,185]
Other method$or assessing blood coagulation and the viscoelasticity of blood clot including the
dynamic ultrasound elastograpliB6] for assessing storage and loss moduli, and the laser speckle
rheology for corglating activated partial thromboplastin time, prothrombin time, and functional
fibrinogen levels to the conventional coagulation asses§h&at

The use of rheology has also been extended in extensive investigations on fibrin
crosslinking in platelets storage conditiq@88], clot formation with zing189], and mechanical
structure of fibrin polymerizatiofi190]. Additionally, arheologicalstudy on the structure of
biological gels and polymers revealed the generation of negative normal force under oscillatory
shear[180,181,191] The contractile force generated by the fibrin gel under oscillation was
suggested to be related to the crosslinking structure of the clot under nonlinear deformation, which
led to strain hardening on ld clots[180i 182]. To relate the rheologicaheasurements to the
structure of biological gels, it was shown that the storage modulus had a significant increase with
an oscillatoryamplitude above 15% under a constant small oscillatory frequency of 0.16 Hz (1
rad/s), which suggested strain hardeningjile the storage modulus remained relatively
independent of oscillatory frequencid82].
1.6.3 Blood coagulation in aortic aneurysm

Although rare, intravascular coagulation in thoracic and abdominal aortic aneurysms could

occur as firstly reported by Finet al [192]. Typically related to disseminated intravascular
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coagulaion (DIC), aneurysrinduced DIC was reported in the literatyd®3i 197]. As DIC
progresses, the consumption of the coagulation factors increases and leads to an increase in clotting
time and excesve bleeding. In addition to chronic bleeding disorder and a consumptive
coagulopathy, the aneurysmduced DIC should return and maintain mat coagulation
characteristics after aneurysm repair as suggested by Siebert and NEHt8&omue to the
abnormalities on blood clotting and excessive bleeding, DIC was sug¢estedreated with an
anticoagulansuch as heparin prior to the aneurysm refd&v]. However, contradicting findings

on the use of heparin to treat DIC were summarized iritdrature [199]. An in-depthand

accurate method on the assessment of blood coagulation and blood clot formation would further
assist in thescreening of DIC for preoperatiteeatmentsince only 4% (three out of 76) of the

aortic aneurysm patients reled their clinical relevancfl94]. Blood coagulation and thrombus
formation also occur during the EVR[200i 202] and aortic dissectioj203,204] With
thrombocytopenia as a potential riskttacfor EVAR, Nienabeget al reported the development

of DIC due to endovascular leakaf#9)0]. On the other hand, AR was shown to enhance
thrombin activation comparing with open surgical repair, potentially due to the contact between
blood and endovasculatent graft material201]. The blood coagulation and partial thrombus
formation in the false lumen of aortic dissection also played a criticale int he pati ent
mortality rate and aneurysm growfp03,204] Furthermore it was shown that a high, none
physiological, shear stress could induce platelet activasomell as receptor shedding; therefore,

adverse event of thrombosis and bleediogld occur at the same tirfi205].
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1.7 Research Motivations

The motivations for the current study was initiated from the lack-dépth biomechanical
and hemodynamical understandings of aneurysm progression unaéluttieceof hypertension.

Given that the hemodynamics, aside from other known biological factors such as genetics, plays a
key role in aortic wall degradations and thrombus formation, it is critical to investigate the
interactions between the blood flow and theuayem structure. Thealanceor the imbalance,
between the blood pressure and the arterial wall steesmfluencehe disease progression.

In addition to how blood pressures affect the distributions of stress experienced by the
aneurysm, thdicuspidaortic valve is another key factor for ascending thoracic aortic aneurysm
due to the abnormal blood flow generated by the diseased aortic valve. It is also important to
investigate the impact of varying hemorheological characteristics on the fldeothrough the
aortic valve and aortic valve dynamics, which would result isigmificant change in the
downstream hemodynamics within the aortic sinus and the ascending thoracic aorta. The studying
on the complex interactions between the aortic valllemodynanics and the hemodynamits
ascending thoracic aortic aneurysm would offer substantial values not only to engineering the
artificial heart valves and the endovascussent graftsbut also to patient monitoring and
management

Furthermore, any change inoold flow hemodynamics would result inchangein flow
shear stress distributions. It is understood that an abnormal high shear stress distribution would
lead to further development and progression of an ascending thoracie aoreurysm and
thrombus formation. On the other hand, low shear endothelial stress could also trigger
inflammatory response resulting atherosclerfZ9§]. More importantly, thrombosis would form

during the surgical treatments &TAA, either traditionalopen surgeries or endovascular
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deployment of stent grafts, and cowldoform during the event of aortic dissection. To account

for the dynamics of thrombus formation in the biomechanical investigatidmAA , it would be

critical to first study the prass of blood coagulation fromelnitialization to propagation and to
stabilization. The characterization of the process of blood coagulation would, therefore, be able to
be integrated into the established biomechanical investigations on the ascendinig thortic

aneurysm and the dix heart valve.
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1.8 Research Objective and Thesis Outline

The overall roadmap for this dissertation was to first establish an accurate biomechanical
model for the ascending thoracic aortic aneurysm. Following clegétyregards to the leading
risk factas for thoracic aortic aneurysm, the influences of blood pressure under hypertension, the
changes in arterial wall stress, and the effects of hematocrits on the wall shear stress distribution
werestudied.Next, as thebicuspid aortic valve is also considd as an important risk factor for
the progressiorof ascending thoracic aortic aneurysm, a realistic aortic valve nrtdgrated
with thesinus of Valsalva was thus developed. Finally, to account for the fornwtitbrombus
potentially due to surgitarepair, blood cell damage under excessive shear rate, or aortic
dissection, hemorheological investigations were conducted to establish the foundation of blood
coagulation dynamicg.his leads to the specific reseanttfjectives listed as follows:

The first objectivewasto evaluate the biomechanical response of the ascending thoracic
aortic aneurysm under the influence of various hemodynamic conditisqsesented in Chapter
2. Specifically, the current study:

1 providesrelevant insights to clinically@minationby constructing an accurate and
robust fully coupled FSI numerical model based on the physiological
hemodynamics conditions and anisotropic hyperelastic arterial wall.

1 assesssthe influence of aortic &arial wall stress, hemodynamics of blotbalv,
and wall shear stress with patigetevant geometriedue to the change in blood

pressures and hematocrits
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The second objective was to extetige fully coupled FSI approach to analyze the
hemodynamics ofa bileaflet mechanical heart valve and tbleange in hemorheological
characteristics due to the variation in hematocrit, as presented in Chafyeec#ically, the
current study:

1 construcs the fully coupled FSI numerical modelising physiological
hemodyamics conditions for bileaflet mechanidaart valvevalidated using
particle image velocimetry

1 evaluats the influence of noewtonian shear thinning blood rheology in the
biomechanics of the artificial heart valve and extended the investigation under
different hematocrit values

The third objetive was to study the dynamicstdbod clotformation and the interactions
of the anticoagulation reversal agents using small amplitude oscillatmgrrheometry, as
presented itChapterd. Specifically, the auent study:

1 characterizethe time evolubn of the measured storage modulus and the complex
viscosity values such that the relationship could be used toward to the existing
numerical model fomodelingthe blood clot formation iIATAA and heart valve

1 investigats the dynamics of blood clot forrtian emphasized omnfractionated
heparin (UFH) reversal by protamine and recently reportedtaaa universal
heparin reversal agent UHRAIn human whole blabunder different oscillatory

frequencies and antidote concentrations
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Chapter 2: Hemodynamics Assessment®f the Ascending Thoracic Aorta

Aneurysm

2.1 Introduction

To operate or not to operate, thatodos the
aortic aneurys) recommends a surgical treatment for an aneurysm based on the diameter of the
aneurysm sac, iaddition to other risk factors such as gender, genetics, smoking, and history of
hypertensiori5,9]. However, each aneurysm bebkawifferently and could potentially evolve into
an aortic dissection @n aneurysmupture béore the aneurysm reaches the surgical threshold.
Studies from @, MRI, and CFD have revealed that the anatomy of a spasifiendinghoracic
aortic aneurysm ould alter the flow pattern frorma smooth laminar flowfrom the hearinto a
helical flow. On he other hand, a high velocity blood flow discharging from the heart into
ascending aorta due to a pathological aortic valve, such as bicuspid aorti&ga8%e145] could
induce a concenttad high wall shear stress distribution generated by the blood flow against the
aortic wall, which leads to further tissue degradation and aneurysm progrétigh blood flow
velocity generated by a diseased aortic valve would also result in hightfesd sreating further
complications.

Therefore, there is a needftother study the fundamental biomechanics of an ascending
thoracic aortic aneurysm regarding the mechanical interactions between the hemodynamics of the
blood flow and the structural memhics of the aneurysnespecially under hypertensiofhe
additiona insights from the currenbiomechanicainvestigations could potentially be further

developed fopredicing the progression of a thoracic aortic aneurysm
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2.2 Method

2.2.1 Patient-specific geometries

Anonymous patient data exemplifying different geometricalratteristic ofATAA and

measured blood flow velocity were examined in detail. Data extraction from these cases was

approv

selected: case 1 with similar ascending thoracic aorta dilationtheaortic sinus and the
brachiocephaliartery (BCA), case 2 with a greater dilation ndad BCA and case 3 with a
greater dilation near thaortic sinus. Each case wavaluated with a normal blood pressure
(120/80 mmHg) and a hypertensive blood pues$160/90 mmHg) for a total of six simulations.
The measurements f&TAA geometries and blood flow velocities were conducted with Philips

IE33 xMatrix-DS ultrasound systn with Philips S&L broadband sector array transducer.

ed by the

nstitutdi

onods R dentecasexcviere Et h i

Table 2.1: Measured key geometrical factors from the echocardiogram in three cases

Inlet Diameter [mm]

Outlet Diameter [mm]

Inlet Velocity [cm/s]

Casel 45 44 160
Case 2 42 53 436
Case 3 48 40 389.3

Three idealized ascendirgrtae(Figure2.1) were constructed using data collected from
the echocardiograms after the aortic valve and before @@Ble2.1). The radius of curvature of
the modeledATAA was approximated to be 55 mm from the center of vessel baggfiGinThe
modekd outlet was assumed to be @yreesrom the horizontal, or 1@egreesff the vertical
axis, prior to BCA for all three cases. The-pfan curvature of the current models was neglected

due to small vertical distaacThe aortic wall was modeled as a single, 2.59 mm, intact arterial
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layer based on the study of Weisbecgeal.[98]. Given thatATAA dimensions were measat

directly from patients, the geometrical model wasgaikbrated and the final model dimensions
would match the measured values. The calibrations of the models were necessary mainly to comply
with the measured aortic diametersistitat the expansion afodded outlet would be accounted

for.

Case 1 Case 2 Case 3

Figure 2.1: Computational models of idealized ascending aorta based on patiespecific parameters

A simple optimizatiorprocedure was utilized for calibratingetifinal geometry described
as follows. A model was firstly computed with normal physiological conditions using minimum
blood pressure of 80 mmHg and peak patsg¥cific flow velocity over kec or 125% of one
cadiac cycle. The computational model wolld calculated based on minimum blood pressure
and provide a conservative estimate for arterial wall expansion when exposed to hypertension
condition. The difference in aortic diameter at the model outlet betweeméasured and
computed values was calatéd. The model outlet was modified according to the difference

calculated from previous step. Finally, a second model was constructed and recomputed using the
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identical procedure and reiterated if necessary. Theetgen of final geometry was determined
when the diameter of model outlet was within
2.2.2 Constitutive model

ATAA was modeled with constitutive equations based on the work of HolzatHE[76]
and Weisbeckegt al [98]. The strain energy density function (Eq2.1) for evaluating the strain
energy stored for material deformationtie summation of the isotropic (nétbokean) and
anisotropic (collagerfibres) component. The anisotropic portion of the strain energy density

function accounts for two symmetrical collagiiore groups that reinforcing the vessel under

blood pressure. Wha the invariantsl_4 and |_6 are the quares of stretches along the tiilore

directions, the material parameters were prescribed based on experimeri@d]|dataere |_I are
the invariants and;lare material parameters in Bq.. Furthermore, in order to compute the aortic
wall deformation Cauchy stress ten§bwas calculated based &u 2.2 by Piola transformation.
Q

— o F p

I Eq2.1

W O o

'?’Q !
C
a v =|-||=| Eq2.2

WhereUis the volume ratio (02 Q4 ), 5 is deformation gradient, adfl ¢ —: is the second

Piola-Kirchhoff stress tensor, angis CauchyGreen deformation tensor
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Basedon the constitutive mod§r6,98], currentATAA models wee ako assumed to have
two symmetrical collagefibre groups aligned under a predefined crossing angle folilires 6
directions. A curvilinear system was firstly calculating the main path of the colfdges along
ATAA. The crossing angle for tlibres was secondly imposed due to the radius of curvature after
the calculation of the main patRigure2.2). During the timedependent analysithe mainfibre
path would change due to arterial deformation; thereforeseurfully coupled approach
recomputed the direction éibres for each time step to account for cyclic loadiRm(re 2.2).
The anisotropic hyperelast&TAA was modeled with a density of 1100 k¢ nan initial buk
modulus of 1000MPa, i sotropic mat er i avPa gnaatrepim enaterial o f
parameters ofik= 0.56MPaand k= 16.21, andibrec r 0 s s i n g98JoSincecturentABARA
models were modetl with single unified aortic wall, the median values of the single intact thoracic
aorta properties were applied to current constitutive equations as reported by Weisbatker
The median values of the teaial properties focharacterizing the aorta model was use as the fifty

percentile to account for the physiological variations between different individuals.

Figure 2.2: Schematic representation of the allagenfibre s distribution at initial condition (left) and at peak

systolic blood pressure (right)
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The dynamics of blood flow was moeédl with incompressible Navi&tokes equations
with the equations for fluid contirity (Eq2.3) and momentumEg 2.4) shown below. Blood flow
was assumed to be within laminar region with a density of 1060%aah a constant viscosity of
0.0035Pas. Finally, to compute the interaction betwethe deformation and stress normal the
boundaries where fluid and structureeiracted, Cauchy stress was equated to the pressure and

viscous terms in NavieBtokes Eq2.5)

n N Eq2.3
” ,O'ﬂ_ ) b4 ”
— n -n Eq24
o5 M i q
az LU TR N T | Eq 25

WhereV is blood velocityin [m/s], P is pressuria [Pa], } is blood densitykg m3]," is viscosity

in [Pa s] g is gravityin [m s?], and n is the normal vector.

As the Newtonian model assumes the bloodumafrm viscosity independent from the
shear rate generated by the bldlodv, the Carreau mod€Eq 2.6) for blood viscosity was used
to assess the impact on the biomechanical characterizations when thehisiméiag behavior of
blood was includedl'he constants used in Carreau modelveell established widely accepted for
themodelingofnormalb ood at body t e mper abdelingparamétéreareCar r e
viscosity at zershear rate' o (0.056 Pas), the viscosityat infinite shear rate, p, (0.0035 Pa),

the relaxation timez-(3.313s) and thpowerlaw index, rtarreau(0.3568).
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-7 - — - p T - Eq 2.6

The use of theCarreau modeprovides a realistic shear thinning behaviour of blood for
hemodynamienodeling however, the model lacks the portability to translate into clinical settings.
As an alternative modelh¢ Quemada mod€Eq 2.7) characteriesb | oodds shear
properties by incorporating the haematocrit as one ofddelingvariables The degree of shear
thinning can therefore be easily adjusted by changing the haematdugsvAdditionally, the

Quemada model accounts for red blood cell sbo

- 5 andQ — Eq 2.7

Where' piasmalS the viscosity of blood plasmia [Pa s] Htc is the hematocrih [%], ko and lp are

the maximum volume fraction at zero and infinite shear ratissthe shear ratie [sY], and’ is

the criticd shear ratén [s}] for erythrocytes agglomeration

2.2.3 Numerical methods

A finite element model of idealized humATAA using patienspecific data was created
with COMSOL Multiphysics® (V5.2, Stockholm, Sweden). BIAA model utilized a fully
coupled flud-structure interaction method with laminar Newtonian blood and an teopso
hyperelastic nearly incompressible aortic wall. The current FSI methochadelingprocedures
were developed and upgraded from our previously FSI JtL@h]. Fully coupled method was
necessary to account for the close interactions between pulsatile blood floviTaA

deformations. The simulations were conducted in 3D using/lpbsparse direct solver MUMPS
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(MUIltifrontal Massively Parallel Sparse direct Solver) with a relative error less than Tiee
model inlet ofATAA was applied with a relative motion fix@dile the model outlet was applied
with a free sliding boundary where only normal displacements were constrained alorusthe
sectionaplane.

The internal aortic wall was the interaction boundaries for conmgustructure
displacement due to fluid pmse and vice versa. The model inlet and outleABAA were
applied with measured velocity and pressure conditions. Peak velocities measured from the
echocardiograms and a normotensive pressure of 120/80 mmHy tanmkrtensive pressure of
160/90 mmHg wer applied. The velocity boundary was imposed with ttapended fully
developed velocity profile. The boundary profiles were firstly normalized according to the profile
published by Blirlet al[27] and Vasavat al.[116] and then scaled to the measured peak values
from the echocardiogranfrigure2.3 andFigure2.4). Finally, five cardiac cycles (0.8a€h or 75
beats per minute) were simulated and the 148t §&able cycle, from 3.2s to 4.0s, was taken for

analysis to account for numerical instability and errors from initial conditions.

1.6}

160 = —120/80 mmHg |
1.4} _ : ~160/90 mmHg
(=)} \
O W £ 140 Yoo
g : ,-
z Y o
S 0.8 > 1200
o o '
> 0.6 & .
[]
T 04 8 100/
0.2 @
o | . | 80f | . |
0 0.2 0.4 0.6 0 0.2 0.4 0.6
Time (s) Time (s)

Figure 2.3: Velocity profile at the aortic inlet Figure 2.4: Blood pressure profile at the aortic outlet

boundary with peak velocity of 1.6 m/s with normal and hypertensive distribution

39



2.2.4 Meshconvergencestudy

Mesh conergence studies were carried out to verify current sinounlstvere independent
from domain discretization. Blood flow velocity magnitude at three temporal instances at peak
systole (at 3.3s), mid systole (at 3.4s), and end systole (at 3.5s) during uketegdrfifth cardiac
cycle were analyzed using the hypadiwe scenario for conservative analysis. The averargs
sectionalvelocities were taken at tmeidpointbetween inlet and outlet. Four mesh configurations
were iterated for to conclude a configtion with solution convergence within 1%. The
combinatia of tetrahedral and brick elements was employed in order to account for boundary
layer and radius of curvature. A predefined variable, Degree of Freedom (DOF), was used for
correlating mesh elementand the computational requirement. DOF is defined by the
mul tiplication of the total number o f el emen
required to be solved for.

The velocity magnitude verse total DOF (the product of dependent variabldseaotal
numberof mesh elements) per mesh configunatid three time steps during the systolic phase was
determined Figure 2.5). This ensured that not only the solutiwwas meshndependent spatially
but also émporally. The computed velocity magnitude showed insignificant variation with a DOF
above 1.8e5HKigure 2.5). All subsequent models constructed inherited the identical mesh

configuration and treatment used in meshwersion study to maintain consistgnc
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Figure 2.5: Velocity magnitude vs degree of freedom for different time step. Theotted linesndicated +1%

in averaged solution from the last two meshes

2.3 Results
2.3.1 Ascendingthoracic aorta hemodynamics

To visualize the hemodynamics ATAA, 3D velocity streamline plots were created for
investigating the flow pattern, especially at peak sysfmitod of 3.3sKigure2.6). Half of the
aortic wall was masked to display blood flow distribution. Briefly, cadedu¢e2.6(a, d)) had an
approximately equivale®TAA dilation at the inlet, after the aortic sinus, and outlet, before BCA.
Case 2(Figure2.6(b, €)) had a greater dilation at the outlet and cadeidi(e 2.6(c, f)) had a
greater dildon at the inlet. Blood flow hemodynamics were affected by the urggometrical as
each of the case presented a certain degree of helical flow and vortices due to the anatomical

curvature.

41



120/80 mmHg 160/90 mmHg

(b) Case 2 (e) Case 2

(c) Case 3 (f) Case3

Figure 2.6: 3D velocity streamline at peak systolic phase of 3.3s for normotensive @,c) and hypertensive

blood pressure (d.e,f) for the modeed cases
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