


Abstract

Introduction. Atherosclerotic faque rupture may occur without warningading to severe
clinical events such dseart attack and strokelhe mechanisms causing plague rupture are not
well understood. It is hypothesized thatechanicalforces may play an important role the
plague rupture process and that imégsed computational mechani@alalysismay provide
useful information for more accurate plaque vulnerability assessment. The objectives of this
dissertation are: a) develap vivo magnetic resonance imaging (MRidsed 3D computational
models with fluidstructurelnteractions (FSI) for human atherosclerotic carotid plaques; b)
perform mechanical analysis using 3D FSI models to identify critical stress/strain conditions
which may be used for possible plaque rupture predictions.
Data, Model, and Methods. Histological,ex vivd in vivo MRI data of human carotid plagues
were provided bythe University of Washington Medical School and Washington University
Medical School. Bloodlow was assumed to be laminar, Newtonian, viscous and incompressible.
The NavierStokes equations withrbitrary Lagrangiatfculerian(ALE) formulation were used
as the governing equatiofes the flow model Thevessel and plaque componewsre assunte
to be hyperelastic, isotropic, neaifhcompressible and homogeneous. The nonlinear Meoney
Rivlin model was used to describe the nonlinear properties ofmtterialswith parameter
values chosen to matevailableexperimental data Thefully-coupledFSI models were solved
by a commercial finite element software ADINA to obtain full 3D flow and stress/strain
distributions for analysis. Validation of the computational models and Adina software were
provided by comparing computational solutions withlgi@solutions and experimental data.
Several novel methods were introduced to address some fundamental issues for construction

of in vivo MRI-based 3D FSI models: @ automated MRI segmentation technique usng



Bayestheoremwith normal probabilitydistributionwas implemented to obtain plaque geometry
with enclosed componentb) a pre-shrink process was introduced to shrink thevivo MRI
geometry to obtain the Aload shape of the plaque) aVolume ComponenFitting Method was
introduced to genatea 3D computational mesh for the plaque model with deformable complex
geometry, FSI and inclusiond) a method using MRI data obtained undervitro pressurized
conditions was introduced to determine vessel material properties.

Results. The dfects of material properties on flow and wall stress/strain behaviors were
evaluated The results indicate tha 100% siffnessincreasemay decreasenaximalvalues of
maximumprincipal stress (Stred%) and maximum principal strain (StraiR;) by about 20%

and 40%, respectivelyflow MaximumShearStress EMSS) and flow velocity did not show
noticeable changes. By comparieg vivoandin vivo data of 10 plague sample$ietaverage
axial (25%) and inner circumferential (7.9%) shrinkages of the plaques dretlvaded and
unloaded state were obtaineBffects of the shrinlstretch process on plaque stress/strain
distributions were demonstrated based on six adjusted 3D FSI models with different shrinkages.
StressP; and StrairAP; increased 349.8% and 249% respively with 33% axial stretch.The
effectsof a lipid-rich necroticcore and fibrous cap thickness structure/flow behavioraere
investigated. The mean valweof wall StressP; and StraifP; from lipid nhodesfrom aruptured
plaguewere significarly higher tharthose from anonruptured plaque(112.3 kPa, 0.235 & 80.1
kPa, 0.185), which was 40.2% and 26.8% higher, respectively (p<0.@8ifjh stress/strain
concentrations were found at the thin fibrous cap regidiese results indicate that higiness
concentrations and thin fibrous cap thickness might be critical indicators for plaque vulnerability.
Conclusion. In vivo imagebased 3D FSI models and mechaniosgeanalysis may have the

potential to provide quantitative risk indicators for plaguénerability assessment.
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Part I.

Introduction



1. Problem Statement and Objectives

1.1 ProblemStatement and Objectives

Cardiovascular diseas€CVD) is the leading cause of death in the United States and is
becoming the leading cause of death worldwitle Nearly 2400 Americans die of CVD each
day, an average of 1 death every 37 sec¢hdsAtheroscleroticplaquerupture is the primary
cause of heart attack and stroke and may occur without any wariegent diagnosis is based
on the morphological information frommedical imagesuch as magnetic resonance imaging
(MRI), computer tomography (CTyltrasoundetc However,currentscreening and diagnostic
methods are insufficient to identify the victims before the event occurs.

Atherosclerotic plague rupture is a complex procedure which involves many fatbonse
composition and morphological conditiortkii plaque caplargelipid core etc), biomechanical
forces, localization, vessel remodelling, blood conditions (cholesterol, setggr, chemical
environment (lipidlowering drugs to reduce rupture risk), lumen surface (inflammation) and
stenoses, andtructural composition 1b, 2224, 26, 28. It has been hypothesized that
mechanical forces play an important rolethie plaque rupture process and should be taken into
consideration for plaque vulnerability assessmemhe objectives of this dissertati are: a)
developin vivo magnetic resonance imaging (MRiased 3D computational models with fluid
structureinteractions (FSI) for human atherosclerotic carotid plaques; b) perform mechanical
analysis using 3D FSI models to identify critical stresaitstconditions which may be used for
possible plague rupture predictions. nGutational modal will be combinedwith Magnetic
Resonance Imaging (MRI) and pathological analysis to analyze vulnerable carotid
atherosclerotic plaques, to quantifye effectsof material properties anshrink-stretch process

on plague stress/strain distributip@sdto quantify critical blood flow and plaque stress/strain



conditions under which plaque rupture is likely to occuBpecific aims to achieve these

objectives are gven in next section

1.2 Specific Aims

Aim #1: Obtain accurate human carotid atherosclerotic plaque morphology, material

properties and shrinkage data which areneeded forcomputational model construction A
segmentation method usinBayes theoremwith normal probability distribution will be

introduced to quantify plaque morphologiR imaging for plaque samples under pressurized
conditionswill be usedto determine effective vessel/plaque material properties as well as to
provide validation for computinal models. In vivo andex vivoMRI datawill be compared to

guantify human carotidartery shrinkagéetweenn vivoandex vivostate The MRI datan this
dissertatiorwere provided by r . Yuanbés group aandabPhinghemg s

atthe University of Washington.

Aim #2: Develop 3D in vivo MRI-based omputational models with fluid -structure
interactions (FSI) to perform plaque mechanical analysis and assessmeniThe
computational model with fluidgtructure interactiors will be constructed based on patient
specificin vivoMR images. A shrink-stretch process fan vivo MRI-based human carotid artery
models will be introduced taddress the&eomputationaktartingstate issue. Thim vivo plaque
geometry wil be shrunk with obtained shrinkage data to get the georattigload condition

which will be used as the starting geometry of the model. Axial stretch and pressure conditions

will then be imposed to obtain the vivo plague morphology with proper tial conditions.



Aim #3: Perform mechanical analysidor plaque vulnerability assessment using the 3D FSI
models developed in Aim 2 Using a series of 3D FSI modealsvelopedn Aim #2 based on
patientspecific atherosclerotic plaque datagchanical analysis will be performed to identify
critical stress/strainand flow conditions which may be related to plaque venerability.
Correlations betweencritical plaque stress/strain conditions (model output variables which
include flow and plaquetiess/strain variablegind vessel mechanical properties, shestketch
procedureplaque morphologyandcompositionwill be identified.

The interconnections of the three aims are described by the following flowchart:

Aim#1: Three Groups Information Needed for Model

| ! |

Structure Material Pressure
1.Vessel, and plague | 1.VesselMaterial Properties 1.Blood Pressure
components geometfy | 2. PlagueComponentsFibrous 2. Shear Stress
2. Shrinkage rate Cap, Lipid, Calcification, and 3. Stretch

othercomponents 4. Residual Stress
5. Tethering

' } !

Aim#2: 3D In Vivo MRI -Based Computational Model

'

Aim#3: Mechanical Analysis for PlagueAssessment
1.Flow Velocity, Shear Stress
2. Plaque Stress/Strain Distributions
3. Critical Indicators
4. Critical Sites
5. Critical Stress/Strain

'

Clinical Applications (Future Work)
1. Assessing Plaque Vulnerability
2. Plaque Rupture Prediction

Diagram1.1A flowchart showing the organization this dissertation



1.30utline of the Dissertation

Thedissertation is organized intbe followingfour parts
Part I. Introduction. In this part, we begin by describing the problem and stating the objectives
and specific aims. A review of the background of cardiovascular disease (@&given
which covers carotid atherosclerosis, the progression of plague, and curremvagve
imaging methods.A literaturereview for the field of vulnerable atherosclerotarotid plaque
analysis andmagebased computational mod&y was provided
Part Il. MRI Data Preparation and 3D Geometry Reconstruction Chapter 3 focusson
multi-contrast MRI image segmentation to obtalaque morphologydata An automated
segmentation method usifayes theorerwith normal probabilitydistributionis introduced in
this chapter. Chapter presents the details 8D geometry reconstruction and mesh generation
processwhich was performed in ADINAcomputing environment. The geomettructure
consistsof points, lines, surfaces and volumes. The key here is the proper division of each
physical object intanany compaoentfitting computational volumes so thidiie propemesh can
be generated. This step has a strong influence on the element shape and convergence of the
model.
Part 1ll . FSI Models, Solution Methods and Validations In Chapter5, we introduce the3D
FSI model for carotid atherosclerotic plaques which includes solid sdoelthe arterial
material and the plaque components and fluid nsofdelthe blood flow through the arteryfhe
solution methods presentedn Chapter 6.In Chaper 7,validation for the computational models
and ADINA software were providedly comparing the numerical results with analytic solution

and experimental data.



Part IV. Resuls. In Chapter8, resultsare presentetbr human carotid artery vessel material
properties determinegsing MRI image®btainedunder in vitro pressurized conditions aeest
squaresapproximationmethod Effects of material properties on flow and wall stress/strain
behaviorswere quantifiedusing 3D MRI-based FSI models Chapter9 is dedicated to
guantifying human carotid artery shrinkage betwaewivo and ex vivostates using patient
specificex vivdin vivo MRI images and demonstrating the effectslufink-stretch procgswith
differentaxial/radial shrinkage on critical flow and plague stress/strain conditio@hapter 10,
the correlations between critical plaque stress/strain conditions and plaque comparsition
fibrous cap thicknessereidentified.

Part V. Discussiors and Conclusiors. Discussios and conclusios are given in Chapters

11&12.



2. Background and Review

2.1 Cardiovascular DiseasgCVD)

Cardiovascular diseasCVD) is the first leading cause of death in the United States,
accounting for more thadb% of all deathsor 1 of every 2.8 deaths in the United Statdsarly
2400 Americans die of CVD each dan average of 1 death every 37 secoids A large
number of victims of coronary heart disease, which accounts for the majority of CVD, who are

apparently healthy die suddenly without prior symptoms.

2.2 Carotid Atherosclerosis

The common carotid artery (CCA) is an artery that supplies thd hed neckwith
oxygenated blood; it spéitinto two branchesthe internal carotid artery (ICA), whicprovides
oxygenrich blood to the brain, artthe externatarotid arterie§ECA), which brings blood to the

face(Fig. 2.1).



Figure 2.1. Anatomy of the carotid arterylhere are four carotid arteries, with a pair located on

External carotid
artery

Internal carotid
artery

Common carotid
artery

each side of the neck. This includes the rigimd leftinternal carotid arteries (ICA), and the

right- and leftexternal carotid arteries (ECABQ].

Atherosclerosis is a general term for the thickening and hardening of arteries.

atherosclerotic plaque in the ICA may lead to narrowing, stiffening, and irregularity of the

arteryoés | umen, prevent {2hg proper

bl ood

f

The

ow

The carotid geriesare normally smooth and unobstructed on the inside, but as age increases,

a fatty substance, cholesterol, cellular waste products, calcium and fibrin (a clotting material in

the blood)can build up in thenner lining of anartey (Fig. 2.2 (b)). The buildup is called
plagueand may progress ovelang period oftime (3050 yearsor longer) At the initialization
phase, the plaques are smafld stable Whenthe plague progressioprocesscontinues,the
carotid arteries may become narrowethe sequence of events leading to plague formation is

very complex and probablywvolves many factors includinghechanicalfactors the chemical

environmentandthe interactions of several processe$e plague may develop into an unstable

plaquesuchas aplague consigtg of a large fatty lipid o’ lipid core covered by a thin fibrous

8



cap (Fig. 2.2 (d)). The focuses of wr researchare mechanical analysis andupture risk

(vulnerability) assessment fadvanced plaque

(a) Normal artery (b) A plaque builds up.

A fatty streak develops
inside the intima.

(d) Comparisons dfinstable and stable plaque

Thin fibrous
cap

Thick fibrous
cap

Small fatty /
core

3’ can develop into an unste
plaque with a thin fibrous ¢
and a fatty core.

Figure 2.2. Diagrams showingitherosclerosis and atherosclerosis plaque. ii@ymal artery
showing thredistinct layers of blood vedsdb) the plaque builds up ithe inner lining of the
artery; (c) the plaque can develop into an unstable plaque with a thin fibrouarapatty core
(d) comparisons of stable and unstable plagjube unstable plague can evolve intoumstable

plaque with a thin fibrous cap (lefgnd fatty core or a stable plaque with a thick fibrous cap

(right) [2].



2.3 Wulnerable Plaques
Atherosclerotic plagiee may rupture (Fig. 2.3) without warning and cause acute

cardiovascular syndromes such as a heart attack or $#@ke

(b) Plaque rupture occurs.

(a) An unstable plaque.

2 plaque remains unstable :
vulnerable to rupture.

Sometimes the blood clot ¢
grow and block the arte
entirely.

Figure 2.3. Diagrams showing the plaque rupture: @) unstable plague with thin fibrous cap;
(b) the plaque remains unstable and vulnerable to rupflireis usually located along the
margins of the plagye (c) plaque ruptures cause blood clo{st) sometimes the blood clot can

grow and block the blood floto the heart and brain, causing a heart attack or st{@ke
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Fuster (2002§tated he def i nition of a vulnerable plaque
high likelihood of becoming disrupted and forming a thrombogenic focus. The thrombus could
produce immediate disease onset or Theaigkiod, sy m
plague rupture is believed to depend on plague composition, morphology, biomechanical force,
localization, vessel remodelling, blood conditions (cholesterol, sugar, etc), chemical
environment, lumen surface (inflammation) and stenoses, andusalucdbmpositior{15, 2224,
26,28. Three major determinants of a pl[2bBqueds vul

a) The size and consistency of the lyidh core

b) The thickness and density of smooth muscle cells and collagen content ofdlns tibp

overlying the core

c) Active inflammatory and immunological processes within the fibrous cap.
However,the extent to how well these factors predict plaque vulnerability and risk of rupture is
unknown. The mechanism through which the plaque ruptweucsis not well understoogb,

12, 14, 25.

2.4 Non-InvasiveVisualization of Carotid Atherosclerotic Plaques

Amongimaging modalities, the two most promising riamasiveimaging methodghat have
been used to study carotid atherosclerotic plagmesmagnetic resonance imaging (MRI) and
computed tomography (CT)Both are capable of identifying the morphological features such as
luminal diameterand stenosis, wall thickness, adifferentiate different tissue typed&q, 7.
Modern CT scannershave shown high sensitivity for the detection of calcified plaques and

reliable assessmemtf vessel wall thicknes$l3, 51]. However they are not able téully
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characterize the composition of the atherosclerotic plaque in the vessel waltcamte such
detailed information on plaque composition as MRI ¢&f.|

High-resolution magnetic resonance imaging (MRI) has beemerged as the potential
leading nonrinvasivein vivo imaging modality for atherosclerotic plaque characterizafidn
55, 25,84-85]. Yuan, Cai et al. developed muttontrasttechniques to improve the quality of
MR images and to better differentiate various components of the gB6&#88]. Human carotid,
aortic, and coronary specimens were studied weithvivo multi-contrast MR (T4, proton
density and T2weighted) and copared with histology25, 46, 56, 83, 88]. The results of these
studies indicate thaIRI can characterize plaques with a high level of sensitivity and specificity

Atherosclerotic plague characterization by M&based on the signal intensities (preliminary
finds are summarized in Tabkl) and morphological appearance of the plaque on T1W, PDW,
and T2W images.Calcium deposits are defined as hypointense regions within the plague on
T1W, PDW, and T2W imagesLipid components are defined as hyperintense regions with the
plague on both T1W and PDW images, and as hypointense on T2W imé&geecellular
components are defined as hyperintense regions of the plaque on T1W, PDW, and T2W images.
Calcification andfibrocellular tissueare readily identified. Lipid cores also identifiable.

However, thrombus was the plaque component for wikigth had the lowest sensitivity25].

T1W PDW T2W
Calcium Very hypointense| Very hypointense | Very hypointense
Lipid Hyperintense Hyperintense Hypointense
Fibrocellular Very hyperintense| Very hyperintense [ Very hyperintense
thrombus Very hyperintense Hyperintense Variable

Table.2.1. Plaque characterization witklagneticResonance. T1W is Meighted; T2W i§2-

weighted; PDW is proton density weigh{&d].
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Il n addition to MRI 6s abi | and wadl,sandtharactdrieef i ne 1
atherosclerotic plague, MRI is perhaps the most powerful techawmpitblefor imaging blood
velocitiesin vivo. It has been demonstrated tphtse contrast MRI (R®IRI) can accurately
measure timaarying velocities under uniform flow conditiop$6]. However, in practice, such
an fAimaging onlyodo approach has beenvessaelscessf
owing to the implicit assumption of uniform flow that underlies mwstvivo velocimetry

techniquesg8].

2.5 Review ofImage-based mputational Modeks

Development in medical image technology has led to impressive progress inhassage
computational modeling which adds a new dimension (mechanical analysit)et@sclerotic
plague image analysis.Mechanical forces play an essential role in plaguegression and
rupture. Plaque itself would not rupture if no forces were acting on it. Howevef,r@w, he
mechanisms governing plaque progression and causing plaque rupture are not fully understood.
The computational models to perform mechanaadlysishave been proposed to investigate

plague rupture and assess plaque vulnerability

2.5.1 3D Structure -only Models

Few 3D structurenly papers for atherosclerotic plaque mechanical analysis can be found in
the current literature Holzapfel et al.developeda muti-layer anisotropic 3D modefor eight
distinct arterial component§adventitia, nordiseased media, netiseased intimadiseased
media, fibrous cap, lipid pool, calcification,and fibrotic parf) associated with specific

mechanical responsdsased on a human stenotic posb r t em art er y 4. in vi
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Mechanical tests were conducted to provide a fundamental basis for the formulation of large
strain constitutive laws. The investigated arterial components are assutoetie (nearly)
incompressible fibereinforced composites, which are strongly nonlinear anisotropic responses
and undergo large straing.he artery is fixed axially at one end, while the other end is exposed
to displacements according the axial in sitegbretch. The 3D finiteelement material model

was solved by ABAQUS V5.8 to analyze the ballaotery interactios during balloon
expansion and stent deploymenthe multilayer anisotropic model was compared with some
simplified models (neglectingxial in situ prestretch, assuming plane strain states, and isotropic
material responses), and maximum stress deviations of up to 600% were found. Their findings
suggest that model simplifications need to be carefully justified. Computational prediogns

be different from different models and should be interpreted with extreme caution.

2.5.2 3D Fluid-only Models

In a series of papers, Long et al. combigedhputational fluid dynamicsCFD) techniques
and MRI processingtogether to perform patiemspecific flow analysis based an vivo MRI
images from real patient€}4]. In addition to the realistic vascular geometry, the -tipad
measure velocity data obtained with MRNE-PC technique was necessaryhe numerical
solutions were carried out using a usmhanced commercial, finite volurbased program
CFX4.2. Their results showed that geometry of the carotid bifurcation was highly complex,
involving helical curvature and owff-plane branching. These geometrical fieas resulted in
patterns of flow and wall shear stress significantly different from those found in simplified planar
carotid bifurcation models. Comparisons between the predicted flow patterns and MR

measurement demonstrated good quantitative agreenseinman introduced novel method
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to construct a tubular model of the carotid artery using measured diameter and wall thickness
[58]. Along with timevaryinginlet/outlet flow rates measured W MRI, the lumen boundary

was used as input famomputationafluid dynamic (CFD) simulation Their results show good
agreement between simulated and measured velocities, and demonstrate a correspondence
between wall thickening and low and oscillating shear at the carotid bulb. However, a
guantitativegeneral relationship betweewall shear stressNSS and wall thickness was not
found [B9]. Frieke et alproposé a wholeblood viscosity modelling to investigate the effects of
non-Newtonian blood viscosity, variations in flow rate, and vessel diameter on wall phenomena
in a carotid bifurcation model. The flow was simulated by means of the finite element method.
The viscosity was modelled by adapted Carréasuda model, and is a function of shear rate.
The results indicate that flow increases have a large effect on the WSS. Low plasma viscosity
was associated with a low WSS, whiahplies a contradiction, becaai®oth high WSS and low
plasma viscosity are thought to be indicators for a healthy system. Maximum WSS oscillations

were found at the edges of the recirculation reggn [

2.5.3 3D Fluid-Structure I nteractions Models

Tang and his group began developfhuid-structure interactisg(FSI) models starting in the
early 199006s . swelethasednin @t expdrimentahvodels Heveloped by Ku,
Kobayashi et al41, 65]. They introducedx series oexperimerdtbasedFSI modesd of blood to
investigate the wall deformatipstress and strain distributicemd flow properties of blood flow
in carotid arteries with symmetric and asymmetric steno3é&e Navier Stokes equations were
used as the governireguations for the fluid and the elastic properties of the stenotic tubes were

determined experimentally. ADINA was selected to solve the moddisir results revealed that
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the behaviors of the 3D flow and stress/strain distributions are very diffecanttiiose of 2D

modeb. Experimental data for a silicone tube with a 78% stenosis by diameter was used to
derive the stress/strain relationship and flow propertenosis severity and asymmetry have
considerable effectsn critical flow conditionsandstress/strain distributiorf60, 66]. They also
introduced anumerical method using generalized finite different¢essolve a nonlinear
axisymmetricFSI model witha free moving boundary. This method was used to study unsteady
viscous flow in collapsible stenotic tubes simulating blood flow in stenotic carotid arteries. The
elastic properties ad tube wall are determined experimentally using a Polyvinyl AlcohoAjPV
hydrogel artery stenosis model. Their results indicate that severe stenoses cause cyclic pressure
changes between positive and negative values at the throat of the stenosis, cyclic tube
compression and expansions, and shear stress changing dirattibesegion just distal to the
stenosis under unsteady conditions. Computational and experimental results are compared and
reasonable agreement is foJed].

Many otherauthorsalso developed3D FSI models. Zhao et al. introducedmagebased
computational fluidstructure interactio; (FSI) models to quantify fluid shear stress and
mechanical wall stress in normal subjects in a clinical setting, and to define regions of low wall
shear stress and highechanicaktress. The fluid /wall modellig was solved by integrating a
fluid dynamics code CFX (CFX4, 1995) and a solid mechanics code ABAQUS (ABAQUS5.5,
1996). Their results revealed that some regions of the artery wall are exposed simultaneously to
low wall shear stress and high mechanicasstrand that these regions correspond to areas where
atherosclerotic plaque develof9]. Younis et al. use FSI models to investigate kmdividual
variations in flow dynamics and wall mechanics at the carotid artery bifurcation, and its effects

on aherogenesis, in three healthy human$he blood was treated émminar, Newtonian and
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incompressiblefluid. The arterial response is modelled using the standagcangian
formulation for large displacements and largaiss B]. The models wersolved by ADINA

[82]. KaazempwMofrad et al. used MRbased FSI models to study the correlations between
fluid dynamic parameters and histological markers of atheroscle@8is Four patients were
scanned using MRI and ultrasound, and subsequantgrwent carotid endarterectomy. For
each patient, a geometric model and a numerical mesh were constructed fiahat®lRvithout
plague components), and velocity boundary conditions established. The moddsasdved

by ADINA. Correlations attemptl between the various fluid dynamic variables and the
biological markers were interesting but inconclusive. Tendencies of maximum wall shear stress
temporal gradient and average wall shear stress to correlate negatively with macrophages and
lipid, and pogively with collagen and smooth muscle cells, as well as tendencies of oscillatory
shear index to correlate positively with macrophages and lipid and negatively with collagen and
smooth muscle cells, were observékhese trends agree with hypothesesliterature, which

are based oex vivoand in vitro experimental studies.

While fluid-structure interactianare included in the above models, investigations were
mainly focused on flow behaviorand stress/strain distributipplaqgue components wengot
included in tlese FSI models.

Il n 2003, T a n gédsa thgkwall stpnotic modeWathd aulipid core made with
PVA hydrogel whose mechanical properties are clogbdseof carotid arteries. A hyperelastic
Mooneyi Rivlin model was used to implement the experimentally measured nonlinear elastic
properties of the tube wall. A 36.5% pawial stretch is applied to make the simulation
physiological. Their results indicatkat severe stenosis leads to high velocity, high shear stress

and low or even negative pressure at the throat, flowircelation, and wall compression or
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even collapse distal to the stenosis. Lipid core affects plaque stress/strain distributions
consideably. Thin plaque cap and sharp angle of the lipid core are closely related to local
extreme stress/strain conditions and may be sites of possible plaque rupture. Critical stress/strain
conditions are affected (from 30% to more than 100%) by stenossitye eccentricity, lipid

pool size, shape and position, plaque cap thickness, axial stretch, pressure, astdutitude

Interactiong 63, 71].

2.5.4 3D MRI-BasedM ulti-Components FSIM odels

In addition to FSI models, 3Bx vivoMRI data set for a human coronary plaque with a large
calcification block and alipid i ch necrotic core was introduced
model which was usetb perform mechanical analysis for human atherosclerotic plaques and
identify critical flow and stress/strain conditions which may be related to plaque ruptiire
3D nonlinear modified MooneRivlin model was used to describe the material properties of the
vessel wall and components. The flow was assumed to be laminar, Newtosdamus, and
incompressible. The fully coupled fluid and structure models were solved by ADR&SUItS
were obtained and comparédm aseriesof 3D models which werebased orex vivoMRI and
histological imageswith different component sizes amdaque cap thickness, under different
pressure and axial stretch conditionEheseresults indicate that large lipid pools and thin plaque
caps are associated with both extreme maximum (stretch) and minimum (compression when
negative) stress/stralavels[70]. They proposed that the local stress/strain behaviors at critical
sites, such as very thin plaque cap and locations with plague cap weakness, may be closely
related to plaque rupture risk. Based on thisress-based computational plaquelnerability

index (CPVI) and critical sitetracking (CST) method were proposed to assess plague
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vulnerability  Ther initial results showed good agreement with assessment given by
histopathological analysi$T]. This is the first attempt to investigathe problem of coronary
plague rupture by integrating 3D mudtomporent FSI models, MRI images, and
histopathological analysisThe proposed CPVI value is also a first attempt to quantify plaque
vulnerability based on 3D FSI model®Vith the patient gecific geometry, the results obtained
from FSI simulation are more realistic and useful to understand the rupture mechaitisim.

work fills a gap in current literature and may have the potential for future clinical applications.
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Part Il.
MRI Data Preparation and

3D Geometry Reconstruction
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3. ImageProcessing for MRI

3.1 Introduction

Image segmentation is the technique to partit@alicalimages of biological (for this thesis)
organsinto regionsof different tissue types according to image intensitiesobtain the
morphology otthe organ (arterplaquein our case) Accurate and reliable plague morphology is
one ofthe most basielementsieeded to construct computational models.

High resoluion MRI is capable of quantiigg plaque morphology and plague components
[54]. Multi-contrast MRimages are created bythe differences in the strength of tmiclear
magnetic resonance signaDifferent contrastMR imagescharacterize tissues with different
sensitivity, for instance, TAMRI can distinguisttalcification better than other contrast images;
and GHE-weighting MRI can characterize lumen better than other contrast MRI. Theréfore, i
was hypothesized that muttontrast MR images could enhance the differentiation of various
tissue components based on their signal intensities in differentvbghtings.An automated
multi-contrast plaque segmentation methosing Bayes theoremwith normal probability
distributionis introducedin this chaptef35]. In addition to saving the time in image revidghe
proposedautomated segmentation procedure would also permit combination ofcamnitast
MR Image. Results fromex vivoMRI of a patient were obtained and validatgdhistological

data.

3.2 Probabilistic Framework
We assume t hat t diseretecahdars gariableathkend valaes in the sat of
class labelq = { 1,71 .8 . Theprior probabilities 0( =1 -, i=1, .., ¢, constitute the

probability mass function (pmf) of the variable,
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0 00 =1901 BHd| =1 q=1 (3.1)
Assume the objects, representedoby (&3, 3,8 ,&), from clasg -are distributed im "
according to thelassconditional probability density functiogpdf) 0(6]] -3, whered (0] -

n

0,} xx g, and

Lot NN =1, i=1,..,c¢ (3.2)
The likelihood ofx is given byunconditionalpdf,

P6)=B%, 51 o0(oh 4 (33
Given the prior probabilities and the clasmditional pdf, we can calculate the posterior
probability wusing faAhus Bayesd decision theo

0] @ =07 o0 03 «/0(0) (34)

3.3 SegmentationM ethod

3D multicontrastin vivdex vivoMR images and corresponding Histological images of a
patiend atherosclerotic plaguwer e provi ded by Dr. Zhengds gro
Washington University Institutional Review Board with informed consent obtained where
applicable. 3D Multcontrast MRI data includingn vivo, ex vivoMR Images were acquired on
a GE SIGNA 1.5T MR scanner. Thevivoimaging data set involved multontrast weighting
images with T4, T2- density and proton density (PD) weightings. Each contrast weighting
sessionconsistoof 14 2D slices with high resolution (FOV=18IB0 mni; matrix size: 648640:
slice thickness=3mm). Thex vivoimaging data setonsistsof T1-, T2-, gradientecho (GRE)
density and PD weighted MRI images. Each contrast weighting sessauded 32 2D slices

with high resolution (FOV=566 mnf; matrix size: 512x512; slice thickness=1mm).
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The pixels in the training set were performed to generate the probability function which was
used to determine the probability that each pixel beddngeachtissue type, and the maximum
likelihood classifier was selected to determine whidsue typethe pixel belongs to Using
clustering resultsthe segmentation can be done the Canny edge detection ithe Image
Processing Toolbox which is provided BJATLAB (MathWorks, MATLAB, Natick, MA).

The digital contour data werthen automatically acquired using a sefveloped program
developedin MATLAB. The segmentatiorprocedires are given byDiagram.3.1, thedetails

followed.

Multi-contrast MR Images

’

Preprocess to unyfthe intensity |—»

Generate training sefsing
selected images

'

Generatgorobability function

}

Determine the tissue type of the pixel and label it using maximum decision class

'

Segment and obtain digital contourddferent tissues

Diagram 3.1 Flowchart of plaque tissue segmentation.

3.3.1 Pre-processing
The intensity of each image should djusted to be relatilye uniform due to the effects of
coil inhomogeneity. The region (14mmx14mm,) which is in the center of the vesselas

selecteds the interestingne The contrast of the image was increased by linear transformation
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0 = 20 x 255 (35)

Where g is the initial intensy, u; is adjusted intensity, M is the maximum intenségd m is the

minimum intensity. K. 3.2shows the effects of pgrocessing ofinified intensity.

(a) Original T2-weighted MRI

Figure 3.1. Pre-Processing results of selected slices f@islices ofex vivoMR Images: (a)

original T2-weighted MRI (b) resultant images after contrast increase.

3.3.2 Training Set

The training set was used ¢generate the probabilitgensityfunction (3.7) which would be
usedto determine the probabilitgf that pixelin the imagedelongs to each tissue typ&rom
slices with histological images ek vivodata set, slice 14 and 26 were selected. To gertbete
training set for segmentation, images of those two slices were manually segmented based on
registered histological results and relative intensity. A total of 573 pixels (each pixel contains 4
densities representing all 4 different contrast weighjingere selected randomly for study.
From the segmentation results, each location was determined to belongissuel types
including lipid (denoted aZ;), normaltissue (denoted &%), calcification (denoted a%;) and

others (including lumen or outéssue, denoted &).
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3.3.3 Generating theProbability Density Function

The most important part of the segmentation algorithm is to determingrdbabiliies of
each pixel belongg to each tissue type These probabilities represent the likelihood that the
tissue at the location of the pixel is lipid, calcification, nortigdue or othersThe probabilities
were determined by the probabildignsityfunction which is generated based on the theorem of

section3.2.

Each pixel has associated withet intensity vector®= ("Q @ @ @ represerihg the
intensity of the pixel in one of the contrast weighting NtRages andog i =1, 2, 3, 4,
corresponds to the label of thiesue.0 (3@ was usedo represent the probabilithat thepixel
belongs tdQissue type @3. Assume thalis conditiondly independent o ('Q ’Q, that is,
the intensity of one of the contrast weigigtiMRI doesnot depend on other contrast weighting
MR images This conditional independent assumption allows for the following representation,

0 Dy = 0("AI0 (D630 (D630 ("Plcxa (3.6)

Together with these assumptions and theoreseofion3.2 qgn.(3.4), (3.5)) the posterior

probability function was obtained,

5 0 Gl (g
U = 5 ” 5 s, " 5 s, " T s, ” T s, ” 3-7
(649 Bs 1 0(630 (‘D30 ("Dl 0 ('9lcda0d ('Qlid 37

The prior probabilityd (¢3) was estimated by the frequency of each offthe tissuetypesfrom
the training set. Assume that the conditional probability density function (pdf) is a normal
distribution, denoted b¥d g~ 0 (‘ @ ., Whee' mand, wis the unbiased estimation tfe

mean value and standard deviation respectivelf} tiésue type fof" contrast weighting images.
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3.3.4 Determining the TissueType

To make the smallest possible number of mislabetingmaximum classifier was used to
determine whicltissue type the pixel belongs, tihat is the pixelwas labeledvith the class of
the highest tissue type probabilitypiagram 3.2gives the flowchart of our maximum decision
probability functional classifieiwhere®@s the intensity of the pixel imulti-contrast weighting
MR images transformed by preprocessiG§®is the decision function pdf(¢®. If ‘K Dis
the maximum value, then pixelith intensity®belongs taz; andis labeledi. The classifcation

procedure will return a matrix has the same dimension with the image and theotahes

elementwill be obtained classification lahel

— 91(1?) —

? — 9:(:'7) —> | Maximum Classification
s 9:(1) — value 5 Label

— 9-(‘?) - 5

Diagram 3.2. Flowchart of maximum decision probability functional classifier.

3.35 Obtain the Digital Contours
The proceduren section3.3.4 partitios the interested region of the MRnages into

classification regions denoted ty,8 , T,

Tom PQRO= max' RO, @ 1,84 (3.9)

bt
This meanghatT4,8 , T, divides the image into 4 regions: regionTl ) is lipid; region 2 17 ,)
is normal tissue; region 31§) is calcification; and region #(,) is lumen or outer tissueFig
3.3(a) shows the classifier results, using different color poesent different tissueTo obtain

the digital contours of plaque componensing classification resultthere are 3 steps as follows
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Step 1. Createthe contour of the components

This step is t@reatethe contous usingthefi e d g e 0 ifi thehnm@agde iPmaessing Toolbox
based on classified result3.he input is a matrigenerated byhe classifier procedure (section
3.3.4), and the output will be a new matrix with value either O (if the pixel is not at a contour), or

1 (if the pixel is at a conte).

Step 2. Label the contours

Step2 is to generate a new matrix in the same agéhe one obtained from stepiri which
if the pixel is the boundary of inner, outer, lipid, calcification, then the valubeaiew matrix
will respectively be different (i.e. 1, 2, 3, .While theothers willstill bezera This procedure
will return a matrix with only a few values (depends on how many lgnd cdcification

components

Step 3. Detect the boundary and sag the digital contour data

We seek the first point of the line frothe left lower location of the image as the starting
point on the boundary. Each identified pixel has ettifgictions numbered by D (Fig. 3.2) [53].
Since the contour is a closed arwhnected curve, at least the pixel on one of these directions
must also be a new boundary point. Hence each new @oifite boundary can be represented

by the former point and the direction.
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K

3 ) 7

Figure 3.2. Chain code0-7 represent 8 directionsom the center point33].

The following tracking rule was selected to improve the efficiency: Starting from the first
point of the boundarythe horizontal direction (numbered 0) is chosen as the beginning direction.
Here is an example for tracing a contdabeled by 1. Ithe neighbor in horizontal direction is
labeled by 1 (that means the point is on the boundary), the current tracking procedureeid finish
If not, the direction will be rotated by 45 degreetime clockwise direction (the number of
direction is added by 1) till to find the first point which is labeled by 1. After these, the X/Y
coordinate values of the finding point will be stored; the point in the matrix will be relabeled by
0, and taken as the new boundary point. The current idinewill be taken ashe new direction
for the next seeking procedure after rotation by 90 degree irclankwise direction (the
number of direction iseducedby 2). Repeat these steps to find the new point on the boundary
until going back to the firspoint. To save the storage space, we can only save the X/Y
coordinate valug of the starting point and the directions other than the coordinate values for
each new point. To simplify the problem, we saved X/Y coordinate values as the digital contour

data. The other contour data can be obtained by rimgeae above tracking procedure.
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3.4 Results
The conditional pdfd('@&g was assumed to ba normal distribution denote@do~

0(' wm »,thatis,

2

L gy 2@ (3.9)

2, m 2,%

6 "@(I)Q =

Where' gand, gare the unbiased estimation of mean value and standard deviation separately of

thei™ tissue type fothe ™ contrast weighting imagesalculated fronthe training set given in

table3.1

Eij l1 P I3 l4 Ui I P I3 l4
Zq 89 | 131 | 81 55 Z; 25 20 41 31
Z 111 | 123 | 67 | 111 | 2, 38 35 48 48
Z3 21 23 22 21 Z3 15 9 13 11
Zy 210 | 215 | 191 | 229 | Z4 15 19 40 17

Table 3.1Results of unbiased estimation of mean value staddard deviation separately of i

tissue type for'] contrast weighting images calculated from training set.

Fig. 3.3 (a) presert the classification results, with lipid in red, the calcification in yellow,
normal tissue in blue, and others (including lumen) in gréeg. 3.3 (b) gves the contour result
based on 3a). Fig 3.3 (c)-(f) presented the segmentation restibwn inall different contrast
weighting MRimages. Fig3.3 (g) showed the corresponding histological imagasreC, L
represent calcificatiomnd lipid respectively. The results match pathology wellhe image

processing results of ak vivd in vivoMR Imagesarepresentedn Fig. 3.4 & Fig. 3.5.
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@) (b) (©)

Ca Lumen Lipid

Figure 3.3. Segmentatiorresults of selected slice (Slice 24¥ patientspecific multi-contrast

MRI. (2) Automatic segmentation result dassifier procedure(b) Segmented contour result;
(c)-(f) give segmentation results on T1, PD, T2, GRE weighhtigimages respectively; (g)
shows corresponding histological images. Our contour results show excellent agreement with

histopathological data.
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(a)Ex vivoMR Images (3D Set witl30Slice3

CokRReedae
CEeLO0232000>

(b) MRI Slices with Component Contours

COCOL¥OOOD
(ONIQCIIDCHDON
DOBOCORHR DD

Figure 34. Segmented contour plots of @l vivoMRI slices showing plaque components.

Figure 35. Segmented contour plots of all wwvo MRI slices showing plague compone(as.
Segmentation results on 9 in vivo MRI (T1W) slicesS®) (b) Segmented contour plots for (a)

showing plaque components;
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3.5 Conclusion
In this chapter, a method to automatically segment MRI data set and obtain the digital
contours ofplaque componentwasintroduced. The maximum decision probability functional
classifier was applied to muitiontrast weighted MR image prosew. Histological images
were used to validate the reliability of the segmentation method for-cautrast weightingn
vivo and ex vivoMR images. The segmentation method is a simple technique while results in
high accuracy. To simplify the problemme use fACannyo esdegmentthencti o
images In the future,combiningthis classification methodith other segmentation methods

may leado improveanent
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4.3D Geometry Reconstruction and Mesh Generation

There are three main steps involve®BId geometry reconstruction and mesh generation
human carotid atherosclerotaque FSI modet: 1) acquie 3D in vivo MRI data; 2)re-
construct3D geometryand generate mesh for both structure and fluid dom@)r=onnect fluid
and structure domains and siid-structure interactiox Proper mesh is critical for the
convergence of 3D fluid-structure interaction model.However, the complex deformable
plague structure and componeiighe plaquesignificantly increasethe difficulty of the mesh
generationprocesswhich is \ery difficult to handle byavailable commercial software A
Volume GmponentFitting Method (VCFM)was introducedto generate mesh for 3bnulti-
component FSI models. The general idéshis techniques to divide the plagugeometryinto
hundredsor even thousandsf smallfivolume® to curvefit the very irregular plaqgue geometry
and all the component s whi &dchsaallelumeihasalmorei ons o
regular shap for mesh/element generatiomhe generaMCFM procedure was used generate
3D mesh fotthe followingthree geometricadomains

a) plague component in the vess8D solid body whose external surfacedefined by
the componenboundary

b) fluid domain 3D fluid body whose external surface is defined by lumen.

c) vessel gucture domain3D solid body defined bguter vessel surface arldmenwith
plague component inclusions.

The procedures presented in detailand illustratedin this chapterusing the specific data
(Fig. 4.1) provided by The geongtnyeracgnsirsictiog and mgsh generation

was made under ADINA computing environment.
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(&) InVivo MR Images (3D Set with 16 Slices)

(b) Segmented MRI Slices with Component Contours

@@@@@@%@

Lumen Lipid

@ @ @ @ECA

@”OO@@.CA(@

Lipid
Figure 4.1.In vivo 3D MRI images of a human carotid plaque anecomstructed 3D ganetry.
() 16 MRI (T1) slices (S%16), slice spacing: 3mm. Each image shown here was cut from the

whole neck imagdb) Segmented contoptots showing plaque components.

4.1 Constructing Plague ComponentDomain

The plaque sample given by Fig. 4.1 has a lipid coliesasly inclusion. Fig. 4.2(a) shows
the contours of the lipid. According to the geoneefeatures ofthe lipid component, the
geometry ofthe lipid was divided into 5 hexahedral volumes. Eachkun® was generated
followed by defining the points, lines, and surfac@&s. constructhe lipid domain the first step
is to import segmented contour détam MR imagesinto ADINA input file (Fig. 4.2(a)) pixel
by pixel. The second step is to generpteper lines based on inptwntourpoints as the edge of

surface for a volume (Fig}t.2(b) & (c)). In the same surface, there doair polylines using
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smoothingsplinemethodto fit the geometry points welgenerated tenclose an area which will
be wurther assigned to be a surface (Fdg2(b)). To generate the voluméhe surface between
two neighboredlicesshould also bereated Hence, wo polyines and two straight lines were
generated to enclose an area between two neigigosiices(Fig. 4.2(c)). The third step is to
define the surfaces by edges whwére specified irthe second stepThe next step is to define
the volumesurrounded bylefined surface A hexahedral volume was bounded by 6 facets with
two facets in neighbarg slicesand 4 surfaces between these two neigihbalices(Fig. 4.2(c))

By repeaing these steps slice by slice, the geometrghefipid can be generated (Fig.2(d)).

After the volumes were constructecglement groupwas assigned toeach volume
Information about an element grouqcludes element style, material and other information (such
as assuming larggtrain or largedisplacement for the kinematic formulation for the element
group). After specifying mesh density and mesh style for each voluméuitiedlomainnow
can be meshed in ADINA (Figt.2(e)). There ara total of 2168 elements generated fbiis
lipid core component. All proceduresdescribed abovevere written in a ADINA-in file using

the Adina infile program language
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(a) Data points used to construct  (b) Datapointsin onesliceof lipid (c) Lines creation betweetwo
the lipid. and correspondingsmoothedline neighboringslices
usingsplinefunction

(d) Geometry ofthe lipid consistingf 5 hexahedral (e) 8-node brick finite element meshing.
volumes.

Figure 4.2 Stages in th8D geometryeconstructiorand mesh generatioof the lipid component

4.2 Constructing Fluid Domain

The 1uid domaincontains the followinghree parts

1) Common carotid artery (CCA)

2) Internal carotid artery (ICA)

3) External carotidartery (ECA)

The geometries dCA and ECA were constructesgtparatelyisingthe method in section 4.1
by hexahedral volumes.Compared withlipid domain the difficulty of fluid domainis the

bifurcation. To connect with ICA and ECAthe CCA was manuallycut into two pars (Fig.
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4.3(@)) by parallel lines The center linglL;) in S, which separated CCA, was selected to
A par a&dgése bnd Ls (Fig. 4.3 (b)) and separate slice 6 by the areaqutionsof slice 7in
ECA and ICA The 3D geometryreconstruction and mesh generatairthe fluid domainwere

presented in Fig4.4.

(a) Contours of SS7showing (b) Separate CCA to 2 parts (c) Constructed Body(bifurcation)
cutting position connecting with ICA and ECA.
S7 < ICA ECA lcA D, 3 ECA va
Cu V3
S6 \4 k1
S5 il V2
CCA CCA

Figure 4.3 Showing the procedure of 3D geometry reconstructiomsffcation.

(a) Contours used to construct the (b) Geometry of Bodyconsists of (c) Geometry and 4-node
Body: hexahedral volumes. tetrahedrafinite elementmeshing
ICA ECA ICA ECA
S7
S6
S5
CCA CCA

Figure 4.4 3D geometry reconstructions and mesh generation of dloidain
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4.3 Constructing Structure Domain

In addition to the bifurcation, theaulti componentsncrease the difficulty of 3D geometry
reconstruction and mesh generation. Due to this complexity of the gearhétestructurein
addition tohexahedralvolume mode prismaticand 5faced volume modewere employed to
generate volumes tét the plaque geometry.To createsuch proper small volumes, some

artificial contours wereaddel to helpdivide each slicento a fewareagFig. 4.5(a) & (b))

(a)Created Lines connecting data points and (b)Created Lines connecting data points
dividing Slice 6. and dividing Slice 7.

Artificial Contours
Outer,Wall Contour

Lipid Contour /
\‘ \ Lumen Contour
Lumen Contour T \
/ Lipid,Contour

Artificial Contours
Outer Wall Contour

(c) Create lines between two neighbosdides (Slice 6 & 7)

ECA
ICA

Figure 4.5 Createdlines of two neighbamg slices for constructing volumes to fit plague

geometry.

Due to the thin plaque cap and components with sharp angles, fineesaashecessarily
used to get better resolution and handle high stress concentration behawiers area total of

298 small volumes and 95,296 elements generated4ia) & (b)).
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(2)Geometry ofnormal tissue (b) 8-node brick finite
consist 0f298 volumes element meshing.

ICA

CCA

Figure 4.6 3D geometry constructionstfucture domairfnormal tissue) and mesh generations.
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Part Il .
FSI Models, Solution Methods

and Validations
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5.The 3D In Vivo MRI -Based FSI Model

Fluid-structure interactio (FSI) analysis integrates both flow and structure forces and
motions together, places plague in a more realistic environment, and provides more accurate
assessment for plaque vulnatia In this chapter,a brief theoretical frame&ork for 3D FSI
plaguemodesk is presented which includes fluid part for blood flow through the artery and solid

part for the arterial wall and other plague components.

5.1 Fluid Model

Blood flow is assumed to be laminar, viscous, incompressible and Newtomarslip
conditionis applied at the fluidessel interface, i.e., flow velocity at the floxgssel interfaces
set to be the same as that of the vessel wall. FSbrcomputationamode] the fluid domain
changes while the structure deforms and that requires frequent mesh adjustments. The Arbitrary
LagrangiarEulerian (ALE) formulation of the NaviegBtokes equationss used as governing
eqguations for the blood flow:

;] (OOt uiwy) ®PJju)=-bp+nmd?u, (5.1)

p&u =0, (5.2)
whereu is the flow velocity,uq is the mesh velaty, mis the coefficient of viscosityp is the
pressureandy i s t he density ouseslhé mavidg.mesh AsltiHe referencenu | a t
frame and is especially suitable for problems with fisticicture interactiomn

As the finite element mesioves, the volume of each cell in the grid changes, and the fluid
mass is not conserved for each individual cell. Therefore, Geometry Conservation Law (GCL)
must be applied in the discrete sense,

Cell Volume jew Cell Volume §g = JBQ dV (5.3)
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Boundaryconditionsare prescribed as,
ule= viOfgt u/ Q@ bute= 0, (5.4)
Platet = Pn(),  Phutiet= Pout(t), (5.5)
where G represents the inner wall of the vessel, p is the presgusethe solid displacement

vector

5.2 SolidModel

The solid model is a set of equations that governs the behaviour bfotte vessel wall
under loads with variables of displacement, stress (measures of force per unit area), and strain
(deformation measures). The motion of the artery wall is governed by the following differential
equations,

} Vi = Oy, 1,j=1,2,3 (Equation of Motion), (5.6)

wheret stands for timei andj label spatial coordinates,is the solid displacement vectar,=(f]
is the stress tensdr,,; stands for derivative with respect to jRevariable. Hergbody force due
to gravity is ignored. Einstein summation convention is applied herdnaalll equations in
Chapter 5 & 7.

The grain-displacement relations givenby,

g =(Vij+Vi+ voMg)R i ,91,23) (5.7)
wheree=[g;] is theGreenLagrange straitensor.

To introduce the constitutive material models (stssain relations)poth artery wall and
plague componentge assumed to be hyperelastic, isotropic, incompressible, and homogeneous.
The nonlinear MooneyRivlin hyperelastic modak used as the constitutive law for all materials

[3-4, 6970]. The Strain energy density functiegiven by,
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W=QQ 3+QQP 3 +0Q[Fd 1] (5.8)
where

9= By 9= 5(® 8af) (5.9)
are the1® and 2¢ invariants of the deformation tensor C{[@(TX, X=[x;j]=[Xi/Ca] is the
deformation gradidgn where (x) is current position andaf) is the original position of the
deformation tensorand ¢, D; are the material constantate the T and 2% invariants of the
deformation, and;, D; are material constants The stressstrain relationgan be found bj3-4],

Gj= ( @w Ow)0 (5.10)
w h e rj@e thie second Picldirchhoff stresses.
Natural andraction equilibriumboundary conditionsre specifiedoy,

0 OV Jout wan= 0 i MUintertace=  5jENjfintertace (5.11)
where n is the unit normal direction, superscript and sindicate different materials. For

example, r represents lipid, s represent normal tissue.

5.3 Fluid Structure Interactions

The fluid and structure will be coupled through their interface. The conditions of traction
equilibrium and compatibility ofdisplacements/velocities along the structilue interfaces

must be satisfied,

fi=fs (Traction Eyuilibrium), (5.12)
Vi=Vs (DisplacementCompatibility) (5.13)
us= os (Velocity compatibility (Non slip conditioy) (5.14)
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wherev andf are the displacements and tractioagyscripts f and s stand for fluid and solid,

respectively.

5.4 The ShrinkStretch Process forn vivo MRI -Based FSI Models

Under physiological conditionir{ vivo state), the artery is axially stretched and pressurized
[30]. That is, the segmented contours basedhoivo MR-image represent the deformed shapes
of vessel wall and enclosed plaguemgmnents. For a nelimear computational model, the
computer starting shape should be the one at-steess state [1I8, 20]. With this
consideration, thein vivo segmented contours cannot be directly used for the 3D FSI
computational model. A shrirgtretch process was introduced to achieve the start shape of
plague morphology for the computation model. Due to the limitation of currerinuasive
technology, the residual stress [20] in the plaque is not measueaaldld, is ignored. The

procedues arepresenteds follows,

Step 1: PreShrink.

Basedon the axial and inner circumferential shrinkage rate,inhgivo geometry of
plagueiss shrunk to obtain the geometry at-lbad condition as the computer starting
geometry. The shrinkage in axial direction is achieved by shortening the distance between
MRI slices. In crossection, inner lumen contous shrunk with inner circumferential
shrinkage rate. The volume conservation law,

Plague Volume.iv= Plaque Volumesunk (5.18)
is employed to determine the shrinkage rate for the outer wall contour. The comjigonent

proportionally adjsted if present The lumen and oet boundary shrinkage rateeadjusted
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iteratively so that the computational geometry model under pressure and stretch reach best
match within vivo plague geometry.
Step 2: Construction of Model and Obtaining Loaded Plgue Geometry.

The structureonly model will be reconstructed based on the shrunk contours and solved
under ADINA environment using the methddscribe in chaptes 4, 5 and 6. The average
values of systolic and diastolic pressuraseused as the loadingpndition and axial stretch
will be applied at both ends of artery while the simulation is performed to recover\tive

length.

Step 3: Comparison and Best Match witHn Vivo Geometry.
The deformed geometrgre extracted and compared with tie vivo geometry. The
initial circumferential shrinkage rate Btep lareadjusted and the above steperepeated

until satisfied deviation between the deformed geometryradyo geometry is obtained.

According to the obtained results, skipping the shrinking procedure will intheeceptable
deviation either in 2D or in 3D computational models. The quantitative comparisittn2D
model are presented below (Fig.1). Fig 5.1(a) shosvsegmented contos based omm vivo
MRI Image. Fig 5.1(b) is the corresponding shrunk contours with 10.5%, and 5.1% shrinkage
rate for lumen and oet wall, respectively. When the inner shrunk contsupressurized with
the mean value (129mmHg) of systolic and diastpressures, thén vivo contoursis well
recovered as shown in Fi§.1(c). The deviations of lumen contour in width, height and area
2.0%, 3.3% and 2.3%, respectively. However, if the simulationestditectly fromin vivo

contours as shown inigz 5.1(e), the deformatiois largely overpredicted (10%)s shown in
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Fig. 5.1(f), and the maximum Stre$% value is overestimated by 22.1% with 129mmHg
pressure loading (Fid.1(f)). The effects of shrinlstretch process for 3BSI models will be

discussed in Chapter 9.
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Figure 5.1. Shrinkstretch process has considerable impact on precision of simulation. (a) The in

vivo 2D segmented contourls o f

patientos

pl aque;

(b)

Shrun

shape; (c) Comparison betwed#re pressurized contour start from shrunk contours (Red lines)

and in vivo contours (Black lines); (d) Band plot of Stieéssimulation starts with shrunk
contour; (e) Comparison between the pressurized co(Redr line¥start from norshrunk

contour (invivo contour)and in vivo contour (Black lines); (f) Band plot of StRskor non

shrunk contour.
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5.5 Pressure Condition

Pressure condition is one of the most important fadtordeterminingthe computational
results.We believe including wre patientspecific informationn the computational modeill
increase the accuracy of the assessmenpléique vulnerability. With this concern, patient
specific pulsating arterial pressure (Fi§2) was imposed in the numerical simulations. The
wave form wa scaled with patiergystolic pressurepf) and diastolic pressur@d from the last
hospital admissionFig. 5.2 presents the pressure profile which was specified at the inlet (CCA)
and the outlet (ICA and ECA).

180

.— InletPressure

-

(2]

o
T

—

=

o
:

120+

N

80r

e

Outlet Pressure
100

Blood Pressure (mmHg)

60 1 1 1 1
0 02 04 06 08 1

Time (s)

Figure 5.2. Patienspecific pulsatile blood pressure waveén the multicomponent plaque FSI
mode] the pressure waspecified at the inlet (CCA) and outlet (ICA and ECA), whaye

=174mmHg angyy =84mmHg.
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6. Solution Methods and ADINA Package

The FSI models proposed in Chapterviere solved by a commercial software ADINA
(Automatic Dynamic Incremental Nonlinear Analysis, ADINA R & D, Inc., Watertown, MA,
USA) which provides a finite element program system to perform comprehensive finite element
analysis of structures, he@ansfer, fluids, and their interaction§or completenes$ection 6.1
briefly introduces the solution methods whiele implemented in ADINA to solve fluid
structure interactimmodels. Section 6.2 gives a brief introductiom how to use ADINA
packag to perform the computation of fully coupled fluid flows with structure interagtitine

theoretical frame can be found in referefgd].

6.1 Solution Method for the FSIM odel
6.1.1 3D Finite Element Method for the Solid Model

Most structurepart is meshed using-f®de hexahedral elements. Therefore, theo@e
hexahedral element will be used to illustrate thiscretizationprocess.Total Lagrangian
incremental nonlinear finite element method will be used to solve solid model. The
displacemat-based method, which means all variables are expressed in terms of displacement, is
introduced to establish the governing finite element equations.

For a3D 8-nodeisoparametric displacemehased finite elemerfFig. 6.1),

0,0,1

t “
(0,0,0) r

(1,0,0)

Figure 61 3D 8-node solid elements.
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the interpolation functionk; corresponding to nodeare,

Q1,0 = "qiLig L9 Q0,09 (6.1)
Sltlh Mem 1
where O | o= 2 < | =1,i,0 (6.2)
1 ]2 M=0
andr, s, tare isoparametric coordinates.
The coordinates and displacements are interpolated as,
W= B ag@ an= B ag®do= B 6q@ (6.3)
U1o= B 010@ Urq= By U0Q U3o= By 030Q (6.4)

where G, G, Gq are the coordinates ang-g, Uy Ugp are displacementat any point of the
elementh andaguxtcare the coordinates @f nodal point, ana;qU,qUse G 1,8 ,8 are the
displacements of the element nodesFor an elementn, egn.(6.4) can be rewritten in matrix
form as,
08 =g @) (6.5)
where the superscripn denotes then™ element andV is a vector of global displacement
components at all nodal points. Based on definition of strain (egn. (5.7)), the strain vector can be
described as,
o6 o= @4 (6.6)
The columns of (@) and ||(“) consist of zero elements if they correspond to a degree of
freedom not defined for element m.
|l ncrement al general i zed Ho elikeardnsteribl araperiies, used
a= g (6.7)

where fis the incremental materiahatrix, whichis evaluated by further differentiation as,
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F= Gijs = (oad? i1 + 1 oad? -11)/2 (6.8)
For a static problem, performing assemblage process, the virtual displacement theorem gives the
equilibrium relations,

B ., EG Qb oy = o _ .5‘* Uy & +

Be,yar T W O¥) + Brg® (6.9)
where are the virtual displacements arf is external body forceff¥is external surface
tractions, and @ is concentrated load.

Using equations (6.5), (6.6), and (6.7), the governing finite element matrix equations can be
obtained [p8790, 5],

KV=R-F (6.10)
WhereR is external load vectoF; is concentrated loadnatrix K is the stiffness matrix of the
element assemblage.

In our study, the loads are tirgependent, the inertia forces need to be considered; i.e., a
truly dynamic problem needs to be solved. Ap
forces can bsimply included as part of the body forces. The dynamic equilibrium equations are
lead to[p165 3],

o+ br=d 5 (6.11)
whereR, F andV are time dependent, the mathikis the mass matrix of structure.

Applying pseudesteadystate assumption, which means that the system is in steady state at a
discrete time pointthe solution to the governing equilibrium conditions (eqnlX§.will be
obtained usingnodified NewtontRaphson iteration [88, 3], fori=1, 2, 3,...,

o+ Yol _”_("gz+ o+>“/o||__y_"_("gz: o+>“/o=| b+>“'o=| (Q1) (6.12)
(‘>+>°/o_|_|_("gz: o+90_”_("§21) + V(@ (6.13)
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The latest estimates for the nodal point displacements are used to evaluate the corresponding
element stresses and nodal point forte%5(21 . The iteration will be repeated until
convergence is obtained.

6.1.2 3D Finite Element Method for the Riid Model

The governing equations for fluid model described in Chaptan3oe rewritten as,

w1 O , , ,
T%Q+ 0m0o Om = .o (Momentum) (6.14)
where , o= 1 @t 2' -o (6.15)
O0-go= 0 (Continuity) (6.16)

The finite element equations will be obtained by establishing a weak form of the governing
equations using Galerkin method [4]. The momentum equations are weighted with the velocities,
the continuity equation is weighted with pressure. By integrating over the computational domain
V, and performing integration by parts, we obtain the following weak formqmf(6.14) & (6.16)
[p677,3],

vp 90 75 T OgaOa Odo Q*H',v(b o af Lo

10

5 ..YQc’)-'fQY‘ QQY(Momentum) (6.17)
where prescribed tractiof@ on the surface,
cadng = Y (6.18)

o NP0 = 0 (Continuity) (6.19

To employ the finite element methods for incompiiele fluid flow analysis, the ir§up
condition should be satisfie@,[6. Let R, be the finite element space of the pressures pyith
Ph, Vi be the finite element space of the velocities with V;, (the subscripth denoes the

element). Then the irdup condition is given by,
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inf supﬁlohf)—(..yhdv2 b20 (6.20)
i, | Pl Vall
wher e b -indeper@entncenstdnB][ If this condition is satiséid, the elements will be
optimal for the velocity and pressure interpolations; that is, the numerical scheme will be stable.
In this situation, 3D tetrahedral-@de) FlowConditionBasedinterpolation (FCBI) elements

will be employed. Fig6.2 shows a4-node element. All variables are defined at the corner

nodes while the center node 0 is an auxiliary node where only defines the velocity.

4(0,0, 1)

3
0,1,0)

(1,0,0)

Figure 62 3D tetrahedral (4node) FCBI elements using for Galerkin formulation.

The interpolation functionl; corresponding to noddor 4-node tetrahedral element are,

hi =1-r-st, hb=4, hs=s, hy=t, hg=h1hxhszhs (6.21)
wherer,s, andt are isoparametric coordinateskor an elemet, V;, the solution variables are
interpolated as,

o= Be1Ma (6.22)

0= Bao 0ol (6.23)

wherep; stands for the nodal pressure andenotes the nodal velocity.
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Applying proper boundary conditions and assembling all elemental contributions together,

the nonlinear finite elements equations for fluid model will be obtained [[#,78,

_ L L _ 4

—ﬁ- + L 4 ‘ﬁ_ = (6.24)
whereU denotesvectors of global velocitandP lists all pressure at all nodal points denotes
the derivative of velocity with respect to time=| is the load vector Using Euler backward
integration and NewteRaphson iteration method to perform incremental analysis to obtain the

solution iteratively by solving linearized algebraic equations, as foll8@5, 3]

+ =
L P

% A T - T

1 (*W“(;;;; ) * L1 (*y‘)'”.(iis;i , (629
(«Y3_3 («Y3_( o i
(Y310 3 H - Yo '

6.1.3 Fluid-Structure Interaction s

In FSI solving process, the fluid and solid equations will be solved individually at each time
step. At each time step, the fluid model and solid model will solve individually using the latest
information provided by the other pariVhich meanshe fluid model will be solved with the
latest displacement and velocity conditions provided by the solid part of the last time step. The
obtained stress, pressure will be employed as boundary and loading condition for structure model

for the next time stepThese two steps will be repeated until the final time step is reacheésl. Th
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iterative FSI Coupling solution method requires less memory than the Direct FSI Coupling

method. Therefore, iterative FSI coupling method is more adequate aase.

6.2 ADINA Package

ADINA system has been used widely in many fields of application, including the automotive,
aerospace, manufacturing, nuclear, and biomedical industries, civil engineering applications, and
research. Especially, in real lifBDINA system has been tested by hundreds of applications and
has been used by Tang to solve many FSI mogels 361, 63, 66, 7&71].

The ADINA system offers a orgystem program for comprehensive finite element analyses
of structures, fluids, and fldistructural interaction The system consists of the following
modules,

ADINA -AUI: The ADINA User Interface program (AUI) provides complete-prad post
processing capabilities for all the ADINA solution programs.

ADINA-M: The ADINA Modeler (ADINA-M) is an addon module to ADINAAUI that
provides solid modeling capabilities and direct integration with all other Pardmdetl CAD
systems.

ADINA: The premium finite element program for linear and highly nonlinear analyses of
solids and structures.

ADINA -F: Computational Fluid Dynamics (CFD) program for the analysis of compressible
and incompressible flow with statd-the-art capabilities for moving boundaries and automatic
remeshing.

ADINA -T: Module for the heat transfer analysis of solids and field pnadle
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ADINA-FSI: The ADINAFSI program is the leading code used by industries for fully
coupled analysis of fluid flow with structural interactsproblems.

ADINA-TMC: This module provides capabilities for therme@chanical coupled (TMC)
analysis, includig analysis of contact with heat transfer.

In this project, ADINAFSI module was selected tanalze coupled fluid flow with
structural interactioh A batch of programming commands was written into two inpus (ile
file) for the creation of structure and fluid models, respectively, and ADMUA module was
used to load these two .in files to generate .dat fileeufuming ADINA -FSI program. The detail

build up procedure are presenteifollows

6.3 Build-Up Procedure Using ADINA
6.3.1 Geometry Creation
The geometry consists of points, lines, surfaces, and volumes, wareialpenerated under

ADINA computing environment. The details of the procedmesdescribed in Chapter 4.

6.3.2 Physical Model Geeration

Physicalproperties such as material properties, initial conditions and boundary conditions

are necessary to be specified before the FSI simulation.

6.3.2.1 Material Properties Assignment

The physical properties were assigned to the geometry model directly.
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Solid Model: The artery wall and plaque components were assumed to be hyperelastic, isotropic,
incompressible and homogeneous. Different material properties can be assigned tueaeh v

to reflect the complexity of biological tissues.

Fluid model: The blood flow was assumed to be laminar, viscous, incompressible and

Newtonian.

6.3.2.2 Element GroupGeneration

Before generating elements, the element groups for solid anchibie! need to be defined.
An element group can be regarded as a container for elements which share certain common
attributes, e.g. material, kinematics formulation, numerical integration order, interpolation
formulation, results outpud].

Solid Model: The 3D solid element groups with MoorByvlin material model were used
for describing the material properties of vessel wall and all components. The following material
parameters values were chosen in this study to describe the material: Vessddrawl/Gap,
c1=36.&Pa, D;=14.4kPa, D,=2; Calcification, ¢36&Pa, D=144&Pa, D=2.0; Lipid
core/hemorrhagey=2kPa,D,;=2kPa,D,=1.5.

Fluid model: The density of the blood was assumed=ol "Qgcét 3 and the viscosity was

assumed to be.04 UE damx 2.

6.3.2.3 Mesh Generation

After selecting the 3D element types (3D Solid/3D Fluid fordéfiliid model) for the

volumes, the mesh density was assigned by specifying the proper numbers of division along the
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edges of volumes. Finer mesh were used for thin plaque cap, bifurcation and components with
sharp angles to obtain better resolution and handle high stress concentration behaviors.
Numbers of volumes and elements used for this pasgetific models & Normal
(fibrous) tissue: volumes: 298, elements: 95,296; lipid core: volumes: 5, elements: 2688; Fluid:
volumes: 30, elements: 315,648. Total volumes for the whole model: 333; total elements:

413,632.

6.3.2.4 Initial Conditions/Boundary Conditions

Solid model: Specified the inner boundary of vessel wall as the-dtuigtture boundaries
using ADI NA command AFSBOUNDARYO. The blood
tissue ain vivostate. Therefore, we should add some constraints on thel weds Prescribed
displacement, which was defined by shrinkage rate of blood vessel, was specified to the surfaces
at inlet and outlet position to apply loading

Fluid model: Specified the outer boundary of thaidfl domain as the fluidtructure
boundaries. Flow velocity at the flewessel interface was set to move with vessel wall (non slip
condition). The pressure conditions were specified at inlet (CCA) and outlet (ICA and ECA). In

this studypatientspecfic pulsating arterial pressur&edction 5.5) was imposed.

6.3.2.5 Analysis Control
Additionally, the following control data are needed for a successful FSI simulation,
1) Master degrees of freedom: In this project, we provide onlsaislation, ¥Ytranslation, Z

translation degrees of freedom, while rotation is prohibited.
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2) Time function: The time function is used for applying tidependent loads or gradually
increasing loads.

3) Time step: The time step sequence is assigned to control tieaidstep increment. The
assignment of time step should satisfy Couranedrichg Lewy condition (CFL condition).

4) Solution control variables: The iteration method, maximum nurobéerations, iteration

tolerance, and the output information are all necessary.
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7. Validation of ADINA Software and Computational Models

Computational models and software need to be validated so that they can be used to make
reliable predictios. In this chapter, validation resulfer the commercial software package
ADINA and our computational 3D FSI models are provitlydcomparing (1)the analytic
solutions withnumericalsolutionsobtainedby ADINA and (2)computationakesuls from 3D

FSI modelwith the experimental data Details are given below.

7.1 Validation of ADINA Software by Analytic Solutions
Two hydrodynamic modelBaving analytial solutionswere used to validatehe software.

Both models are simplified version$our full 3D models.

7.1.1 A Steady Flow ina Cylindrical Tube
7.1.11 Analytical Solution
Let us onsider a incompressiblesteady flowin a uniform rigid tube withength L andnner

radius ras shown in Fig7.1 (L>>r). The gravitational effect (a body forceasignored.

Ay

oO——

Figure 7.1. Laminar flow in a cylindrical tube.
In cylindrical coordinate system,onsidering thesymmetry the NavierStokes equation is

simplified asg

"The experi ment al results reported here wa$38,868e by Pr
71].
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0= ;—l” (7.1)

0= : ;_ (7.2)
_ T 11 1o
0= T—¢+ - T (7.3
wherepi s t he pressur e, u 1 s t hEhe ocorinuitycanditipn
requires,
M=o (7.4)

—a

a

Applying nonslip boundary conditions, theodelhasa solution

o (V2 2
6= %”4__') (7.5)

This is the famous parabolic velocity profile of the Hagenseuille flow[19, 47].

7.1.1.2 Comparison between Numerical and Analytical Soligion
A fluid flow through a rigid tube of lengthO cm, radius 0.3cmwas considered The flowis

assumed to be laminariscous, incompressible and Newtoniaithe viscosity of théluid is
4x10°N A & /amdthe pressur@radient% is set to bed.0625 mmHg/cm The incompressible

NavierStokes equationare used as governing equationshe simulation was performed using
ADINA.

Mesh analysis was performed firstabtainnumerical solutionsvhich aremeshindependent
and to determine mesh size to be used in the validation. The baseliment edge length in
radius and longitudinal directiongas set 80.05cm. The element edgéengtls of Mesh 2 and
Mesh 3in radial directiorweredecreasgto 0.025 and 0.0128m. Flow velocity () values(at
d = 0 5) carrespondingo different r positions for the three meshes are ligiethble 7.1. The

differences between solutions from Mesh 1 and Meshad from Mesh 2 and Mesh 3 are
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0.19% and 0.05% respectively, as measured bynorm. Therefore the solution is mesh
independent. We also tried tubes of different length (length=20 cm, 40 cm) with the same

pressure gradientNo difference in the velocity prediction was found.

Points 1 2 3 4 5 6 7
r (cm) 000 |005 010 |015 020 |0.25 |0.30
Mesh 1: Ed9€ 5 76 | 44.08 | 40.31 |34.01 | 25.19 |13.85 | 0.00
length=0.05

Mesh 2: Edge

orctho0. 02| 45:45 | 44.08 | 40.31 | 3401 | 25.19 | 13.85 | 0.00

Mesh 3: Edge

length=0.0125 45.37 | 44.08 | 40.31 | 34.01 | 25.19 | 13.85 | 0.00

Table 7.1Comparisorof solutions from three meshes.

Using the baseline mesh (Mesh tpmparison between numerical velocity and analytical
velocity v, is presented in Table Z.and Fig.7.2. The obtained,-norm ofv, andv, are18.10

and 18.66, respectively he relative error is 3.01% obtained by using the formula as follows,

Qiél = “f';ﬂﬂx 100% (7.6)

a A

The numerical solutions match analytical solutions very well.

Points 1 2 3 4 5 6 7
r (cm) 0.00 | 0.05 | 0.10 | 0.15 | 0.20 | 0.25 | 0.30
Analytical - | 4o 02| 4557 | 41.66 | 35.15 | 26.04 | 14.32 | 0.00
velocity (cm/s)
Numerical

45.76 | 44.08 | 40.31 | 34.01 | 25.19 | 13.85| 0.00

velocity (cm/s)

Table 72 Comparison of velocity profiles between numerical solution and analytical solution.

62



03
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02 ] * Adina Solution
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Figure 7.2. Numerical velocity profiles of a Poiseuille flow showing good agreement with

analytical results

7.1.2 UnsteadyFlow in Thin Elastic Cylindrical Tube

Pulsatile flow in a uniformlong and thin elastic tube was chosen to validate the precision of
computational results obtained under ADINA environmenthe analytic solution for the
velocity and wall motion can bebtainedwith Womersleytheory[47, 75, 78]. The theoretical

frameis introduced briefly in the following sections.

7.1.2.1 Fluid and SolidModebk
Assume he wall is thin and composed efastic, isotropic ancdhomogeneousnaterial
Under pulsatile loading condition, the wall deformation is small. With the ahssemptions,

the equations for wall motion are given by

wod 20 oQ LT, ro
+ Tt t2- — =
% Nt vetv "m0 0
” "O 2_+ ” 'O_—I 2 aQ i+ LT_' + — lE+ T—D = 0 (7'8)
9 1,2 142 'Ya T Ta =y
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in which 3 I s —is thedlangitudinal displgcéner& e sne Mo yngoés modul
0 andH areP o i s s o maddsthicknaswfittee wall respectivelyp is the pressurey is the
circular frequency of the oscillation

Assume the fluid is laminar, incompressible, viscous and Newtonian flow. Nsatakes
eqguations using cylindrical coordinate system was employed as the governing equations of fluid
model.

The following assmptions were added to simplify the models.

1) The translation acceleratiorééT—Z+ D;To PR

, or_a+ UTT are much smaller than translation

0

acceleratiort?% , andTT 3 respectively. Therefore, the nonlinear translation acceleratzarbe

omitted

2) The radius of/essel is much less thanlse wavelengttthat is

22 w 20\
1&2\/:4 2YI= 1 (7.9)

whereR i s radius of vesseipulsewavelengtpBased enthsave v

2 , 2\
assu mption;%, and;—dz canalsobe omitted.

The obtainedinear NavierStokes equations are as follgw

et=0 (7.10)
. 5 _ 27 ’
T oetTetin (7.12)
10 "ra " TiZ2 i
\ l 5 _ 2‘ l \ \
e T T (7.12)

10 48 R U B R I B
where u is the longitudinal velocity and v is radial velogity, s pr esdens et yjJand d
viscosity of fluid, t stands for time.

In largetube Womersleyn u mb e r  tthanls acdorainggoeassumption 2), we have
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1 22

7 L2 (7.13)

Using equatior{7. 9) & (7. 13), theblood wallmotion equations can be simplified as following,

o= L T el o (7.14)

wl12-_ 0Q 12 1, 1o o
1?2 01,2 14 YTa  O1i jy O =0 (7.15)
where0) = "0 2

Non slip conditions was employed at vessel wall, in addition, considering the symmetry of

flow at the centre of the tube (r5s@e boundary conditions were given as follows,

5= Olizy (7.16)
TT—’O = Ofi= (7.17)
Oli=¢ = O (7.18)
=0 (7.19)

7.1.2.2 Comparison oAnalytical and Numericabolutions

To validat numerical solution, velocity profile was selectede investigate. Here is an
illustration. We considered the fluid flow through an elastic tube of length 1@uter,radius
0.4 cm, thickness 0.05cnThe viscosity of théluid is 4x10°N A & /therdensity of théluid is 1

g/cnt, andthe fluid flow is governed by the given pressufig(7.3) at the ends of the tube.
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Figure 7.3. Pressure conditions specified at the inlet and outlet used in the FSI mbdehlet

pressurds given by R=(1.33+0.1cos?" t)) kPa The outlet pressure is given by,R1.33kPa.

The analytical solution of flow velocity in longitudinal direction in this problefiv g,

, 872 by | &2
0= b Grer (29

whergl =Y ]% is Womersley number; y is fractional radius, y=r/Rrjsla Bessel function of

the first kind oforder zero and complex argument; i& defined in;—z = §7qRo:; 5@ is the

anguar frequency in radian/sec of the oscillatory motion, with T the peribde comparison

between analytical and numerical solution is given in Fig, and the average value of relative

error is less than 10%.
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Figure 7.4. Numerical velocity profiles of geriodically pulsatile blood flow in an elastic

cylindrical tube matches analytical results well.
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7.2 Validation of Computational FSI Model by Experimental Data [38-39, 63, 71]

Prof .

Tangos

group has i

ntroduced

a

Profiles are plotted for phase angle steps of

series

investigate blood flow in stenotic arteried8{39]. The experimental data has been compared

with numerical results for validatiof63, 71]. Straight PVAhydrogeltubes whose mechanical

properties are close to human carotid artergh stenosiswere used to simulate the

atherosclerotic carotid arteffrig. 7.5. Steady flow wagerfusedthrough the stenosigibe
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Two constant head reservoirs were settled for the upstream and downstream pressures. The
working fluid used was water at room temperatui®@agittaland cross section images were

recorded by duplex ultrasod scanning for comparison.

(a) The Asymmetric Stenotic Tube, S0=7E6c=50% (b) Ultrasound Image of the Deformed Stenotic
Tube

0.8cm | 1.0cm \—I
-

z=0cm

Figure 7.5 The asynmetric stenotic tube geomef§3, 71].

7.2.1 Determination of Material Parameters

Uniaxial stretch test and compression testing were conducted to measuneattréal
properties of the PVA hydrogelA solid cylindrical rod (80mm long with 10 mm diametemade
of the same PVA hydrogel was used for 4tretch
wher e o i sandsrelaxes witdthe speeddf 83anm/min. In the compression tedhe
cylindrical PVA hydroger od was compressed fr omthespdedot o a=0
9.2 mm/min. Test was repeated several sirmad datawere averaged for better accuracy.
Stress/stretch relations fboth positive and negative strgssrtionsare presented in Fig.6. To
describe the material, the 3D MoorRwlin model is seleted Section 5.2). The parameters
c1=4.6 kPa ¢,=0, D,;=3 kPa D,=2.0 were choserthe agreement witexperimental stress/strain
relationsis good (Fig. 7.6). This agreement indicates that MoorRWlin model with the

selected parameters are good choices for wall material.
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Figure 7.6 MooneyRivlin material curvanatches experimental stress/strain relations well.

7.2.2 Comparison for Wall Deformation

In vitro experiments were conductagsing PVA tube with a 70% stenosisand 50%
eccentricity under 100 mmHg upstream pressurel@downstream pressudecreaseftom 90
to 0 mmHg to observe and quantify wall deformatidgitrasound images were digitized be
compared with numerical results. Comparison of numerodl experimentatesultsof tube

inner shape under three different pressure conditrggven by Fig 7.7. The agreement is

good.
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Pin=100 mmHg, St=70%cc= 50%

Z=1.6cm Z=6.4cm
+: experiment, Pout=10mmHg 0: experiment, Pout=70mmH
X: experiment, Pout=90mmHg - numerical results

Figure 7.7 Validation: Comparison of numerical and experimental restdtswall deformation.

7.2.3 Comparison of Flow Rate

Flow rates were measured experimentally under two sets of pressure conditions with two
stenosis severities: the inlet pressure is 70 mmHg and 100 mntHidpex outlet pressunaries
from 70to 0 and 100 to O mmHg with increments of 10 mmHg. The stenosis is 70% and 75%
respectively with 50% eccentricity. Numerical simulations were performed and compared with
experimental datahownin Fig. 7.8. The difference between numerical data and experimental

results for flow rate were less than 5%.

w
o
1

N
=
T

--=: Numerical datas

+ Experimental data, Pin=100mmHg, St=70%,Ecc=50%
0. Experimental data, Pin= 70mmHg, St=70%,Ecc=50%
*. Experimental data, Pin=100mmHg, St=75%,Ecc=50%
x. Experimental data, Pin=70mmHg, St=75%,E¢c=50%

0 20 40 60 80 100
Pressure Drob (mmHa)

—
=
T

Flow Rate (ml/s)

Figure 7.8 Validation: Computational flow rate (4 sets of data) show very good agreement with

experimental measurements.
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7.3 Conclusion

In this chaptera steady and lamar flow through a rigid tube, a pulsatile flow through an
elastic tubeandexperimental results of wall deformation and flow rate with stenosis tube were
introduced to validatproposed FSI modelsolved usingADINA package. The resultsindicate
that ADINA package is capable of dealing with FSI problewitt acceptableerrorscompared

with analytic solutions and experimental measurements
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Part IV. Results
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8. Quantifying VesseM aterial Properties

8.1 Introduction

It should be noted that in order for a computatiomaiman carotid plaquenodel to be
physiologically realistic and its results to bear biological relevance and signifjcance
necessary to useeal human carotid plaquenaterial properties56]. Dr. Tangos st udi ¢
demonstrate that stiffness variations of plaque components (50% reduction or 100% increase)
may affect maximal stress values by-2W% [69]. Therefore, raterial propery of an
atherosclerotic artery isritical for the accuracy afomputational modelsHoweverfew can be
found from the current literatuie which provide sufficient information that can be employed in
the 3D FSI computational modeln this chapter a method using MRI images undaer vitro
pressurized conditions dnLeast Squares Approximation Method is introduced to determine
vessel material parameter8D MRI-based FSI computational models were used to evaluate the
effects of material properties on flow and wall stress/strain behavldrs.results in this chagt
have been reported in [334].

Using MRI will minimize thetrauma to thespecimen To our knowledge, this is the first
attempt to quantify vessel mechanical properties using MRI images and incorporate that with 3D
FSI modeling to perform mechanical analysis. The procedure has the potential to be
implemented undein vivo condition for mn-invasive measurement of material properties and

assessment of plaque vulnerabilities.
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8.2 MRI data acquisition, M ethod andM odel
8.2.1 Data Acquisition under PressurizedCondition

MRI data was obtainethy Dr . Z h eusirgy psotocgl rapgproyed by Washington
University Institutional Review Board with informed consent obtained where applicable. Fresh
specimens were obtained from the autopsy division of the Department of PathwlB¢wtudy
was conducted immediately aftebtaining the specimend he specimen was connected to both
the insertion catheters of the newly assembled pressure phantorB.{frignd tied with suture
thread The artery was not stretched along the vessel axis, or along the radial direction. A flow
circulation was added to allow blood mimicking fluid (Model 046, CIRS Tissue Simulation &
Phantom Technology, Norfolk, Virginia) to circulate the artery specimEne inner pressure,

which can be changed, was induced by air compression through a syringe.

(a) Thein vitro setup of plagu@hantom, side view. (b) Closer detailed view.

Volume Coil  Theymonmeier

Pressure Monitor

[} Flow i -

. -— Media  Specimen
‘m Monitor o

Figure 8.1. View of the MR compatible specimen chamber. The vessel specimen was mounted on
cannulas and pressurized to desired pressure. The cannula on each side was connected to an end
cap that can be connected to adoplastic tube with fluid flow. (a) side view; (b) closketailed

view;

MRI study was performed by using a small volume coil with a diameter of 3.5 cm in a 3
Tesla clinical MR system (Algrea, Siemens Medical Solution, Erlangen, Germ&ig. MR

imaging sessions under different pressure conditiars flow) were obtained. Each imaging
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session involved multtontrast(T1, T2, and PDMRI imaging that included conventional spin
echo data acquisition along the cross sections of the afiagh 3D MRI dat set consisted of
24 2D slices with high resolution (FOV=28x28 fmnmatrix size: 512x512; resolution:
0.055x0.055 mm slice thickness = 1 mm). Fi®.2 gives the MR images of a selected slice

(slice 12) under 5 pressure conditions agcbnstructe@D geometryof the specimen

(a) MR image (slice 12) of a coronary artery segment under 5 pressure condi

OmmHg ~ 36mmHg 52mmHg 89 mmHg 134

* .,“ AL

(b) Reconstructed 3D geometry of tbeample vessel

Figure 8.2. Ex vivo 2D MRI image of human carotid artery and 3D reconstructi@) MR
images (slice 12) of a coronary artery segment under 5 pressure =0, 36, 52, 89, 134 mmHg; (b)

Reconstructed 3D geometry of the sample vessel.

Segmentation was dore get the lengths of inner and outer boundanies selfdeveloped
software packge Atherosclerotic Plaque Imaging Analysis (APIA) written in Matlab

(MathWorks, MATLAB, Natick, MA)

8.2.2 Parameter Determination of Mooney-Rivlin M odel
The 3D non linear modified MooneRivlin (M-R) model was selected to describe the

material properties of the vessel wall and plague compon&his strain energy density function
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was given byeqgn. (5.8), where ¢ D; are material parameters to be chosen to match MR
measurements.

The LeastSquares Approximation Method is used to find the proper parameters-Rr M
model to fit the MRI data obtained under 5 pressure conditions. The relationship between the

circumfeential wall stress and the flow pressure can be derived from the Léglaf20],

p=T/r, 81 (
G =pr/h, (8.3

o

where T is tensiom the arterial wall U e mesncitcumferential stresq is pressure, h is the
tube wall thickness, r is the average vessel radius. Based on MR image8.Z)ignder
different pressure (slice 12 was selected), vessel radii were obtained approximately by using

inner and outergrimeters since the vessel was not-@yisimetric,

[=Cin/ 2 ° 8.4)
Fou=Cout 2 (8.5)
Fav=(Tin*rou)/2 8.6) (
h= Tout- Tin (87)
=3r/r (8.8)

Circumfereiftii=dl, 2st BessS)0 corr es po mpdvanoptaigdo e ac h
usingegn (8.3), vessel radius and wall thicknessredeterminedisingeqn.(8.4)-(8.7).
The untaxial stress/stretch relation for an isotropic material is obtained fopn{®8) [3-4,

20],
=12=§22 2.t +G2. 2.2+002?% 2 1P (89

” T= —

wher e U -aixsi atlheCawncihy stress, & Is the stretch
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A parametereduction procedure was ustddetermine the four parametersegn. (8.9) so
that the predicted stresst r et ch cur ve wo thte dRHheaa U rae di bigeastta g e
&) i =.1Acabrdibg)to our past experience, was set to zero. Then for each fixed D
value, the Leasbquares Approximation Method was used to determia@d D. Let,

X;=2_2 2_1 (8.10)
X, =0, 2.2 2_ 12t 3 (8.11)
eqgn. (8.9) leads to
O = Xy + DiXo (8.12)
Define the error function,
Q¢;,D; = ;1 v w° = ;1 CriXy + DXy A 2 (8.13)
wh e r; @as @alculated froragn. (8.3). Least Squares Approximation Method is used to find

the parameters to minimize the functibn The minimum value of occurs when all partial

derivatives are simultaneously zero, that is,

é .
Ii :2_a Xy (6, Xy + DX, - 5,)=0
! " (8.14)
llﬁ: 2|a:.1 X2i(c.l.xli +D, X, - si):0
Hence, the best parameters were chosen by solving the equations,
e .0 . .
Icl_a Xy +D1_a Xy Xy :_a X3S
ll |;l i=1 i |:nl (815)
%Qé Xy X, +D@ X3 =@ Xy,
i=1 i=1 i=1

For D, values from 0.5 to 12 with 0.1 increments, we goDg parameters from each,Dalue
Fig. 8.3(a) shows the errors have no significant change with differentvbichindicates that

for different D, values, g and D can be chosen to get about the same approximation level as
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measured by the error&.parameter value set was choseix(@7.1 kPg D;=40.9 kPa D,=2.0)
which givest he be st ;,f)idata setorhetoltaned(parameter will be further used for
3D FSI model based on the MRnages The predicted deformation will be compared with the
MR Imagewith the same pressufeadingand the values of parameters will be adjusted until the
best match is obtainedFinally, the parameters were chosen tocpe31.8kPa,D1=27.6 kPa
D,=2.0. Fig. 8.3(b) shows the stresdretch curve fitting MRI data and errors from the BSI

model. Tube radii and errors are given in Table

(a) Curve of errors (b)Stressstrain curve
18} 100

7 Max=14.35

16+
15+

2]
[=]

—_
@
o
o X 60
utJM- /v ©
13l % 40
12k Min=14.20 =
W 20 %
11r ]
10— 4 5 P 10 12 O 405 11 115 12 125 13
D2 Extension ratio

Figure 8.3. The Curve of errors from Least Squares Methods under differenmalDes and
Stressstretch curve derived from the-Rl model using 3D FSI model has good agreement with

MRI data.

Pressure P1 P2 P3 P4 P5

Ruri (cm) 0.2957 [ 0.3061 [ 0.3267 | 0.3422 | 0.3565

Resi(cm) 0.2957 0.317 0.3256 0.342 0.3567
Rel Error % 0 3.54 -0.33 -0.04 0.05

Table8.1. Radii and errors from the 3D FSI model using adjusted material curyg,isRhe

averageradius; R is the radius obtained using the 3D FSI model.
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8.3 Effects of M aterial Stiffness

Simulations were conducted using 3D Mbdsed FSI model to investigatiee effects of
material properties on flow and stress/strain characteristias.essential tgperformsensitivity
analysisof the material parametsiincluded in theMooneyRivlin model. Starting from baseline
model, ¢ and D values were doubled from Case @818 kPa D,=27.6 kPa D,=2.0) to Case
10 (g= -634 kPg D;=55.2 kPa D,=2.0)in 10 even steps with about 100% stiffness ine@eas
The pressure conditions faill cases were set as follows: upstream pressyrdI® mmHg,
downstream pressurgp=109mmHg. The corresponding flow rate was 17.53 ml/s for Case 0.
Band pbts of flow maxshearstress (MSS) and structure maximum principal stress/strain
distributions (Stres®i/StrainP;) are shown in Fig 8.4. When stiffness increased 100%,
maximum values of Stredy decreased by 22.2%; maximum values of StRaidecreased by
40.8%. While changes in flow characteristics were much less noticeable: MSS was decreased by
2.3®6, maximum flow velocity was decreased by 8.18% due to higher resistance from a

narrower vessel.
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(a) Stress,

T ——
Min=31.35kPa

Max=97.35 kPa
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T e — =

Min=0.137
Max=0.336
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(e) MaxShearStress (MSS)

(b) StressP,, Stiffer case

Min=30.08kP.
Max=75.75kPa
..
(d) StrainPy, Stiffer case
——— —
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(f) MSS, Stiffer case
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Figure 8.4. Plots of StresP,, StrainP;, MaxShearStress distribution from 2 cases (Casé& 0

Case 10. (a)-(b) StressP; ; (c)-(d) StrainP;(e)-(f) Max-ShearStress.

Fig. 8.5 shows StresB;, StrainP; and MSS tracked at a site on slice 12; Was chosen for
tracking StressP,/StrainP; and TR was chosen for tracking MSS. Stréisdecreased by
12.5%, StrairP; decreased by 48%, and MSS was almost unchaagechaterial stiffness

increased 100%
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(a) Tracking Points (b) StrainP; from TP1
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Figure 8.5. Flow and stress/strain values at tracking points vary with material stiffness
parameter changes. Horizontal label indicates 11 cases (from Case 0 to Case 10). (e:Stress
and position of tracking points on slice 12; (b) Str&ntracked at TR, (c) StressP; at TP;; (d)

MSS at TR.

This quantitative study shows that structure Stress/Strain variations are sensitive to
material stiffness. The findings suggest that iing accurate material properties is very
important for the accuracy of computational simulations and predictions, especially for structure

stress/stain analysis. Flow variables are less sensitive to material stiffness variations.
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8.4 Discussionand Conclusion

Vessel material property is an importanht egr at ed part of FSI mo d ¢
computational results and risk analysis for plague vulnerability assessmiém. method
presented in this chapter is the first attempt combining blRA obtained under pressurized
conditions and 3D computational modeling to determine parameter values in material models so
that the 3D vessel deformation has the best fit with MRl measurement. It may have the potential
to be extended tm vivo applicatons. In addition efects of material properties on flow and
wall stress/strain behaviors were evaluatéte resultindicates that accurate material properties
measurement wilimprove the accuracy and reliability of computational assessments and

predctions.
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9. Quantify Artery Shrinkage and Effect of Shrink-Stretch Process

9.1 Introduction

In this chapter, a method using patigspecific in vivdex vivo MRI images to quantify
human carotid artery shrinkage in axial and radial directions betweavo (loaded) anex vivo
(unloaded) statés presented. To our knowledge, this is the first report demonstrating human
carotid artery shrinkage using vivo andex vivoMRI images, although it has been recognized
for many years thain vivo arteries gbjected to significant axial stretchThe results in this
chapter have been published 32].

The shrinkstretch procedure described in section Wwa$ used to process the vivo MRI
contour to obtain the computing start shape for 3D d&ded FSI mdel. Six multicomponent
3D FSI models of carotid atherosclerotic plagues were developed to quantify the effects of

axial/radial shrinkage on critical flow and plaque stress/strain conditions.

9.2 Data Acquisition andArtery Shrinkage
9.2.1 Multi-Contrast MRI Acquisition

3D in vivdex vivo MR images of human carotid atherosclerotic plaques from ten (10)
patients (age: 58 2 , average: 65; 9 mal e; 1 femal e) W €
patients) at University of Washington (UW) using protocol approved by University of
WashingtonInstiut i onal Review Boar d, and by Dr. Wood
at Washington University (WU) using protocol approved by Washington University Institutional
Review Board, with informed consent obtained at both locations. High resolution- Multi
contrast in T1, T2, proton density (PD), thogfight (TOF), and contrastnhanced (CE) T1

weighed MRI images of carotid arteries were obtained to characterize plaque tissue composition,
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luminal and vessel wall morphology. A segmentation package CASCEDEputerAided

System for Cardiovascular Disease Evaluation) developed by the Vascular Imaging Laboratory
(viL) at UW was used by Yuandés group’l. Fip perfo
9.1 gives a screen shot of a CASCADE display showindiptelicontrast weighting MR images

with contours generated by CASCADE.
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Figure 9.1. Contour plots of plague components shown were generated by CASCADE and
digitized for 3D geometry reconstructiomhe CASCADE interface permits multjgentrast
weightirg display, interactive delineation of plaque features, and concise reporting of

guantitative lesion indexes among other functions.

CASCADE provides manual and automatic analysis tools for accurate lumen and wall boundary

identification, and image registration. It is able to accurately identify specific plaque features,
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including the lumen, wall boundary, lipid rich necrotic core, iiakltions and other components.

The segmented results have been validated by histological studies. MRI data acquired at WU
site was segmented by Wo odadewlopadnsdftwatehpackapd, s gr
Atherosclerotic Plaque Imaging AnalysisRB), written in Matlab (Math Works, MATLAB,

Natick, MA), and the results also have been validated by histological analysis.

9.2.2 Artery Shrinkage in Axial/CrossSection Direction

In vivdex vivo MRI Images of carotid atherosclerotic plagues were used to construct
vivo/ex vivo geometries. Both 3D geometries and 2D slices were carefully examined and
compared to identify fAcor r e s-gpechicdarterngshrinkageat i on
The bifurcation point is a natural choice for registration. Other plaque morphological features
such as lumen narrowing and shape change, plaque component size, shape and location were all
considered. Thex vivoandin vivo images might be very differemntue to:a) different image
resolution;b) plague sample changes once it was taken out of human body (loss of blood, water,
lipid leakageetc); c) deformation caused by manual handling. Among various morphological
features, lumen size and shape are mneliable and easier to compagg vivoimages within
vivo images. Therefore using lumen size to register became our preferred choice. The luminal
bifurcation and narrowest location were selected as marking points for registration9.2ig

gives the egistration results using both 2D slices and the matching 3D view.
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(a)In vivo MRI and Segmented Contours

Bifurcation

Starts \
(b) Ex vivoMRI and Segmented Contours Lumen
. . Narrowest
Location
'
e
é
—
’t/,_z-) Los
Blfurcatlon
Starts

(c) In vivo/Ex vivo3D Comparison

Corresponding Locations
Figure 9.2. In vivo and ex vivo MR images and 3D geometries of a human carotid plaque were
compared to quantify axial and inner circumferential shrinkages. (a) In vivo MRI images and
segmented contour plqgxample #1)(b) Ex vivo MRI images and segmented contour plots; (c)
3D geometries and identified corresponding locatioBkie: Calcification; Yellow: Lipierich

necroticcore Red: Lumen; Light blue: Artery wall.
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In Fig. 9.2(c), locations A1, A2 mark the corresponding lumen narrowest location and B1, B2
indicate the corresponding beginning position of luminal bifurcatian aivo andex vivostate,
respectively. There are 7 slices of MRI imagénativo state (Fig 9.2(a)) and slices of MRI
image atex vivostate (Fig9.2(b)) between these two locations, respectively. The slice thickness
of in vivoMRI data set is 2 mm, so the length of the two marking points\avo state is 12 mm.
The slice thickness @x vivoMRI images is 1.5 mm Thereforehe distance of the two marking
points is 10.5 mm a¢x vivostate. Assuming the shrinkage of the artery in the axial direction
was uniform and defining the axial shrinkage as

| = (Lin-Lex)/Linx100% (9.1)
where L, and Lex are the distance between the two marking poinia &tvo andex vivostate,
respectively. For the case shown in.Fg, the axial shrinkage is 12.5%. F&33 gives 3 rare

examples showing site registrations using lumen and plaque component features.
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(a) Example #2: Matching result by components (lipid,=25%

(b) Example #3: Matching result by lumen slzgz25%

Correspondi

Location -Smm

(c) Example #4: Matching result by lumen sizg=25%

Figure 9.3. Three more examples showing plaque registration results, 3D view.

To quantify the shrinkage in cressction, the circumference of plaque lumen contour was
chosen for the following reasons: a) lumen contour can be relatively more precisely captured by
MRI; b) most plaque cross sections are of very irregular shape acaaqudar. It is not possible
to define Aradiuso for those cross sections.

easily and used to measure circumferential shrinkage; c) when plaque is taken out of human
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body during endarterectomy surgerletmedia and adventitia layers of the artery are kept in
patient 6s bodyinvivoMRhmeages ihctludeehe arteri with &l its layeeg, vivo
samples and MR images do not enclose the media and adventitia layers of the vessel. So the
outer lundary is not suitable for use in determining circumferential shrinkage. The
circumferential shrinkage is definedlag

| = (Cin- Cex)/ Cinx100%, (9.2)
where G, and Gyare the lumen circumfenee atin vivo andex vivostate, respectively. When
thein vivoandex vivoMRI images were not matched slice by slice, linear interpolation was used
to calculate the inner circumference of corresponding slicexavivo state. The average
shrinkage values from all slices of a plaque sample were used as the circumferential shrinkage

for each plaque.

9.3 Results

In this section, the results of human carotid artery axial and inner circumferential shrinkages
were preseaed. Using the modéhg and solution methods presented in Chapter 6, &x 3D
FSI multtcomponentmodelswere obtainedto investigate the effects of different axial stretch
ratio and circumferential shrinkage/expansion on critical flow and plague/strassconditions:
Case 1 (base model) & @% axial stretch, with/without circumferential shrinkage; Cases 3 & 4:
10% axial stretch, with/without circumferential shrinkage; Cases 5 & 6: 33% axial stretch,

with/without circumferential shrinkage.
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9.3.1 Artery Axial and Circumferential Shrinkage
Table 9.1 gives axial and circumferential shrinkage results from 10 patients who participated
in this study. From this 10 patient data set, it was found that the average value of axial shrinkage

was 24.6% mad inner circumferential shrinkage was 7.9%.

Patient Circgmferential Axial Shrinkage

Shrinkage (%) (%)
Patient 1 3.3 25.0
Patient 2 9.2 25.0
Patient 3 12.3 25.0
Patient 4 11.9 25.0
Patient 5 5.7 25.0
Patient 6 -5.3 12.5
Patient 7 10.3 25.0
Patient 8 5.7 25.0
Patient 9 16.7 25.0
Patient 10 9.1 33.3
Average 7.9 24.6

Table 9.1. Theesults of axial and circumferential shrinkage for carotid artery determined from
comparisons ofn vivo and ex vivoMR images and reonstructed 3D geometries. Data was

obtained from 10 participating patients.

9.3.2 Overview of PlaqueBehaviors
Fig. 9.4 shows the plague sample (MRI & Segmented data were shown #h Bigvith one
MRI slice, the corresponding histological data indicating the site of rupture, and -3D re

constructed geometry of the plaque.
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(@) MRI and Histology for Slic& (S7) Showing Site of Rupture

[ Gradient-echo

(b) Re-ConstructedPlaque #1 30>eometry
Lipid Core

CCA—>-"' #..._-;—- -

Figure 9.4. A human carotid plaque sample with histological data showing rupture. a) An MRI
slice with matchig histological slide showing site of rupture; b) 3D-aenstructed plague

geometry.

An overview of solution features from our 3D FSI models (Case 3) were presenteddrbFig
StressP; on stacked crossection slices, Stredy and StraipP; distributions on a bifurcation
cut (B-cut) surfaceand StrairP;, flow velocity, pressure, and FMSS on thelt are shown.
Fig. 9.5(a) & (c) shows that maximum Stre3sand StraipP; value located at the site of rupture.
Fig. 9.5(d}(g) give the band plots ofoth structure and flow features oncut surface which
shows lipid pool and cap thickness much clearer than the bifurcation cut. Fig. 9.5(d) presents
distribution of StrairP; showing maximum value located at the lipid cap position. Flow velocity

is higher at the stenosis narrowing of internal carotid artery (ICA). A maximum value of
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MaximumShear Stress (MSS) was also found at the plaque throat (narrowing). 3D FSI results

contain rich information which can serve as the basis for many further investgyat

(a)StressP;, Stack View (b) StressP;, Bifurcation Cut (c) StrainP; 7
‘ Max=135:0kPal ! M—— -
Max=0.332
. . Min=11.9kPa e
» (d) StrainrP,, L-cut Surface (e)Flow Velocity
[ SV
179.1kPa ol E— 7"
'“Site of e -
. Rupture Azo.%l = Vmax=39.1cm/s
S—
(f) Pressure (9) Max-Shear Stress

R ; ) - =
. ,\ "
' Pmax167.1 mmHg Pmin=163.3 mmHg Max=48.52dyn/cn?

. ' i z . E—
Min Universal Scale Max

Figure 9.5. Overview of 3D FSI solution (Case 3, 10% axial stretch, 7.8% inner circumferential
shrinkage) behaviors using plaque sample shown in&ig Pin=174 mmHg. a)Plot of Stress

P, distribution on stack view; b) Plot of StreBsdistribution on Bcut surface; c) Plot of Strain

P, distribution on Bcut surface; d) Straii; on L-cut surface; e) Flow velocity reaching its
maximum in the stenotic region; f) Pressure band plot-cntlsurface; g) Flow maximum shear

stress band plot on-tut surface showing a maximum at the stenosis throat.

9.3.3. Effects of Axial Stretch
Fig. 9.6 presents band plots of Strdgsand fluid maximum shear stress (MSS) for the
baseline case and Case 5 (0%, and 33% axial stretch, both with circumferential shrinkage)

corresponding to 100 mmHg inlet pressure conditiofise L-cut surfaces chosen to present the
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results for the compatigie case studies because it has simpler geometry and shows the lipid core
and plague cap bette¥When axial stretch increased from 0% to 33%, maximum SEegslue
increased from 62.6 to 281.6 kPa (349.8% increase). Stress distribution pattermtsaoasi@f
maxima were different, greater axial stretch moved the location of maximum stress values to the
healthy part of the vessel where the vessel wall is thin. On the other hand, when axial stretch
increased from 0% to 33%, the maximum value of M&Seased from 37.3 to 39.9 dgnf

(6.97% increase). Thehanges in flow characteristic were much less noticeableerefore, to
demonstrate the effects of shrisleetch process, we mainly addressed on stress/strain behaviors
in the structure part.

(a) Based Case, 0% Stretch, Stiess (b) Case 5, 33% Stretch, Stré3s

Max:62\.6‘k|'fa Min=.0.2KPa Max:{SASkPa Max:281.g\wa

(c) Based Case, 0% Stretch, MSS (d) Case 5, 33% Stretch, MSS

la\x:37.3dyn/cm2 - ! l!ax=39.9dyn/crn2 —

Figure. 9.6 Plots of Stredd;, and Fluid MSS distributions showing the effects of axial stretch by

comparing the baseline case and Case 5.

Cases 1, 3, and 5 (with 0%, 10%, and 33% axial stretch, all with circumferential shrinkage)
were compared to invagate the stress/strain variation with axial stretch.. i@ & 9.8 give
band plots of StresB,/StrainP; distributions for all six cases corresponding to 100 mmHg inlet
pressure conditions. Maximum Strdgsand StraipP; values were summarized in Tal®.2.
Using stress and strain values of Model 1 as the reference, maximumPstvagses increased

from 62.6 to 78.7 kPa (Case 3, 25.7% increase) and 281.6 kPa (Case 5, 349.8% increase), and
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maximum StrairP; values increased from 0.147 to 0.175 (Ca8s€l9% increase) and 0.513
(Case 5, 249% increase), when axial stretch increased from 0% to 10% and 33%, respectively.
Stress/Straidistribution patterns and locations of maxima were different for the 3 cases. Greater

axial stretch moved the locatiorf maximum stresses to healthy part of the vessel where the

vessel wall is thin.

(a) Case 1, 0% Stretch, with Cir_Shrinkage

Max=62.6kPa
~

Min=-0.2kPa

(c) Case 3, 10% Stretch, wiltir_Shrinkage

Max=78.7kPa Min=1.7kPa
\

(e) Case 5, 33% Stretch, with Cir_Shrinkage

Min=9.58kPa

N

Max=281.6kPa

(b) Case 2, 0% Stretch, no Cir_Shrinkage

Max=77.9kPa
s

Min=-0.5kPa
/

(d) Case 4, 10% Stretch, no Cir_Shrinkage

Max=89.9kPa

— Min=1.6kPa

(f) Case 6, 33% Stretch, no Cir_Shrinkage

Min=10.8kPa

~.

Max=284.3kPa

hN

Figure 9.7. Plots of Stredd, distribution on l-cut surface from 6 case studies showing effects of

axial stretch and circumferential shrinkage.
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