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ABSTRACT

Cardiovascular diseases are the leading cause of death in modern civilization, which result from
insufficient coronary blood flow. The majority of them can be attributed to atherosclerosis,
which causes the development of plaques that protrude into the vessel lumens and either block
or partially block blood flow. The partial blockage leads to the development of collateral
coronary circulation that can eliminate any symptoms of cardiac dysfunction to some degree.
When the collateral circulation is insufficient, the heart muscle becomes severely limited in its

work output, resulting in a heart attack.

The main focus of this thesis is to simulate the nonlinear dynamics of the atherosclerotic
coronary artery as a tool to predict the occurrence of a heart attack. A three-dimensional
fluid-structure interaction (FSI) model is reconstructed based on the patient-specific
computerized tomography (CT) scans and simulated via the finite volume method using
OpenFOAM® for the determination of regions with the highest von Misses and shear stresses.
The arterial wall is assumed to be rigid, while the accumulated plaque is modeled as a
hyperelastic incompressible body. The fluid model incorporates transient isothermal and
laminar blood flow with simplified geometry and realistic hemodynamic conditions, where
blood is modeled as a Newtonian and incompressible fluid. The atherosclerotic plaque is
modeled as a homogeneous solid body with mixed material properties such as smooth muscle
cells, collagen, and lipids. These are the main constituents of the plaque body, all significantly
different in their stiffness level, which may be the main cause of plaque rupture and initiation

of myocardial infarction.

In the future, the study of arterial blood flow will lead to the prediction of individual
hemodynamic flows in any patient, the development of diagnostic tools to quantify the disease,
and the design of devices that mimic or alter blood flow. This field is rich in challenging
problems in fluid mechanics involving three-dimensional, pulsating flows at the edge of

turbulence.

Keywords: coronary artery, atherosclerosis, fluid-structure interaction, FSI, OpenFOAM
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SAZETAK

Bolesti krvozilnog sustava predstavljaju glavni uzrok smrti u suvremeno dobra, a posljedica su
nedostatnog koronarnog protoka krvi. Veéina ih se moze pripisati aterosklerozi koja uzrokuje
stvaranje aterosklerotskog plaka, koji str$i u lumen krvnih Zila i djelomi¢no ili posve prijeci
protok krvi. Djelomi¢no zacepljenje dovodi do razvoja kolateralne koronarne cirkulacije koja
u odredenoj mjeri moze ukloniti simptome sréane disfunkcije. Kada i kolateralna cirkulacija
nije dovoljna, sposobnost sr¢anog misi¢a za obavljanje rada se znacajno smanjuje, $to s

vremenom dovodi do sr¢anog udara.

Glavni cilj ovo rada je simulacija nelinearnog ponasanja ateroskleroti¢ne koronarne arterije
koja moze posluziti kao alat za predvidanje sr€anog udara. Trodimenzionalni model
medudjelovanja fluida i ¢vrstog tijela (FSI) rekonstruiran je na temelju CT skenova, specifi¢énog
za pojedinog pacijenta, i simuliran metodom kontrolnih volumena koriste¢i programski paket
OpenFOAM® za odredivanje podruéja s najveéim normalnim i posmi¢nim naprezanjima.
Pretpostavljena je kruta arterijska stijenka, dok je nakupljeni plak modeliran kao hiperelasti¢no
nestlacivo tijelo. Model fluida ukljucuje nestacionarni izotermni i laminarni protok krvi s
pojednostavljenom geometrijom i realnim hemodinamickim uvjetima, dok je krv modelirana
kao nestlaicivi i newtonski fluid. Aterosklerotski plak je modeliran kao homogeno c¢vrsto tijelo
s mijeSanim SVOjstvima materijala kao $to su glatke misSi¢ne stanice, kolagen i lipidi. Oni
predstavljaju glavne slojeve plaka, a njihova znacajna razlika u krutosti moze biti jedan od

glavnih uzroka njegova puknuca, a samim time i infarkta miokarda.

U buducnosti ¢e proucavanje arterijskog krvotoka dovesti do predvidanja pojedinacnih
hemodinamickih tokova kod pacijenata, razvoja dijagnostickih alata za kvantificiranje bolesti 1
dizajna uredaja koji oponasaju ili mijenjaju protok krvi. Ovo polje je bogato izazovnim
problemima u mehanici fluida koji ukljuuju trodimenzionalne, pulsiraju¢e tokove na rubu

turbulencije.

Kljuéne rijeci: koronarne arterije, ateroskleroza, medudjelovanje fluida i deformabilnog tijela,
FSI, OpenFOAM
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PROSIRENI SAZETAK

Uvod

Ishemijske bolesti srca i mozdani udari su prema podacima Svjetske zdravstvene organizacije
glavni uzroci smrti u cijelom svijetu. Vecina krvozilnih bolesti uzrokovana je aterosklerozom
koja predstavlja razvoj plaka na unutarnjoj stijenki arterije, poznatog kao aterom. Pocetna faza
ateroskleroze je asimptomatska, dok postupno nakupljanje plaka tijekom duljeg vremenskog
perioda uzrokuje znacajno smanjenje promjera lumena koje se naziva stenoza. Razvoj
aterosklerotskog plaka povezan je s prisutnos¢u niskog posmi¢nog naprezanja stijenke arterije.
Zone niskog posmi¢nog naprezanja povezane su s trajnom upalom endotela, stvarajuci povoljne
uvjete za stvaranje plaka. Plak predstavlja tkivo bogato kolesterolom koje uzrokuje suzenje
lumena, puknuce ili eroziju arterijske stijenke, otvrdnuce arterija i gubitak njihove elasti¢nosti,
Sto dovodi do djelomi¢nog ili potpunog smanjenja protoka krvi.

Hemodinamika, grana fizike koja proucava protok krvi, je kljuéna za razumijevanje
mehanizama koji utjeu na razvoj krvozilnih bolesti. In vivo istrazivanja, koja uklju¢uju protok
krvi, obicno je tesko izvesti zbog etickih problema, visokih troskova i tehni¢kih komplikacija.
Stoga, numeric¢ke simulacije zajedno s medicinskim snimkama mogu pruziti vrijedne
informacije o hemodinamickim uvjetima i anatomskim promjenama zbog prisutnosti stenoze
koja moze uzrokovati znacajne padove tlaka, povecano posmi¢no naprezanje stijenke,
odvajanje i puknuce plaka. Prevencija bolesti koronarnih arterija je vazna jer se njezina pojava
danas smatra jednim od najvecih ekonomskih tereta za globalno drustvo. To je razlog zasto
identificiranje ranjivog plaka, s visokim rizikom od puknuca, predstavlja najvazniji zadatak na
podru¢ju hemodinamike. U ovom radu primarna ideja je razviti pojednostavljeni dinamicki
model lijeve koronarne arterije, kojim se zeli predvidjeti ranjivi aterosklerotski plak i na taj
nacin identificirati pacijente koji su pod visokim rizikom od sréanog udara. Ovaj model bi
omogucio neinvazivnu analizu pojedinog pacijenta, a time i intervencije za stabilizaciju plaka

I prevenciju infarkta miokarda.

Cilj ovog rada je rekonstruirati pojednostavljeni geometrijski model lumena koronarne arterije
s nakupljenim plakom na temelju CT skenova i provesti numeri¢ku simulaciju medudjelovanja
fluida i c¢vrstog tijela (FSI) uz pretpostavku krute arterijske stijenke i nestlacivog

hiperelasti¢nog tijela plaka.
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Matematicki model

U ovom radu koristi se model nestacionarnog nestla¢ivog izotermnog i laminarnog strujanja,
dok se krv promatra kao newtonski fluid. Model aterosklerotskog plaka smatra se homogenim

nestlacivim 1 hiperelasti¢nim, dok se stijenka arterije smatra krutom.

Model medudjelovanja fluida 1 ¢vrstog tijela (FSI) opisan je sljede¢im zakonima u kojima kose
veliCine predstavljaju skalare, a podebljane i1 uspravne veli¢ine vektore i tenzore drugog reda.
Osnovne jednadzbe numerickog modela vezane za fluid temelje se na zakonima ocuvanja:

e Zakon oCuvanja mase:

V-v=0. (0.2)
e Zakon oCuvanja koli¢ine gibanja:
av 5 1
— + V-(vw) =VwWv - -Vp + f,
Jt —_— —— -
- konvekcija  difuzija —— masene sile (0-2)
lokalna promjena gradijent tlaka

povriinske sile
U jednadzbama (0.1) i (0.2), v predstavlja brzinu, v kinemati¢ku viskoznost i p gustocu fluida.
Model ¢vrstog tijela opisan je:
e Zakonom ocuvanja koli¢ine gibanja:

0%u
pF=V-6+pfb, (0.3)
gdje u predstavlja pomak, ¢ Cauchyjev tenzor naprezanja i f,, masene sile. Cauchy-ev
tenzor naprezanja racuna se prema hiperelasticnom neo-Hookovom materijalnom modelu:

o = —pl + ub, (0.4)

gdje b predstavlja lijevi Cauchy-Greenov tenzor, a I jedini¢nu matricu.

FSI model rjesava se odvojenim pristupom u kojem se fluid i solid domena rjeSavaju zasebno.
Na fluid-solid granici (eng. FSI interface) ih povezuje algoritam sprezanja koji osigurava
kontinuirani prijelaz sile i pomaka s jedne domene na drugu. Jedan od takvih algoritama koristi
Dirichlet-Neumannov pristup koji pri rjesavanju domene fluida koristi Dirichletov rubni uvjet

za brzinu, dok pri rjeSavanju solid domene Neumannov rubni uvjet za trakciju (silu).
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Koristen je Gauss-Seidelov algoritam sprezanja s Dirichlet-Neumannovom dekompozicijom

koji za sve vremenske korake:

Rijesi model strujanja fluida;

Prenese sile fluida na ¢vrsto tijelo preko fluid-solid granice

Rijesi model ¢vrstog tijela;

Prenese izra¢unate pomake na ¢vrstom tijelu na fluid preko zajednic¢ke granice;
AZurira mrezu;

Izracuna reziduale izmedu fluid-solid domene i ponovi postupak do konvergencije.

Takoder postoji monoliticki pristup u kojem se jednadzbe vezane za fluid 1 solid rjeSavaju

istovremeno, ali trenutno nije implementiran u solids4foam rjesavac.
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Racunalni model koronarne arterije

Valja naglasiti da je vremenski profil koronarnog protoka bitno razli¢it od profila ulaznog
protoka aorte te ostalih sistemnih arterija. To se mozZe objasniti ¢injenicom da se koronarne
arterije nalaze u misi¢noj stijenki srca. Tijekom faze kontrakcije srca dolazi do stezanja
koronarnih arterija, ¢iji rezultat je velik otpor strujanju krvi, a u fazi dijastole, kada je sréani
misi¢ relaksiran, otpor se smanjuje i protok raste. Dolazi do paradoksa, pri visokom tlaku u
korijenu aorte (za vrijeme kontrakcije srca) je koronarni protok nizak, a tijekom relaksacije
srca, koronarni protok raste. To znaci da se otpor koronarnih arterija mijenja tijekom sréanog
ciklusa (moguée da im se znacajnije mijenja i promjer), $to nije slucaj kod sistemnih arterija,
gdje se moze raCunati s konstantnim perifernim otporom. Stoga je i model strujanja u

koronarnim arterijama sloZeniji od modela strujanja u sistemnim arterijama.

Stoga je u ovom radu prvo provedena RDF (eng. Computational fluid dynamics, CFD)
simulacija s ciljem odredivanja rubnih uvjeta na izlazu. Poznati su eksperimentalni podaci za
tlak u korijenu aorte i koronarni protok, dok njihova kombinacija predstavlja realne
hemodinamicke uvjete strujanja. Pomocu njih je izracanut profil tlaka na izlazima koji su

kasnije koriSteni kao rubni uvjeti u FSI simulaciji.

CFD simulacija provedena je s geometrijom zdrave arterije tj. arterije bez plaka. Ova
pretpostavka je posljedica razvoja kolateralne cirkulacije, koja nastaje paralelno s rastom i
razvojem ateroskleroti¢énog plaka tijekom duzeg vremenskog perioda. Kolateralna cirkulacija
moze u odredenoj mjeri ukloniti simptome sréane disfunkcije. Kolateralni tok predstavlja

nepromijenjene nizvodne uvjete, dok se uzvodni tok mijenja zbog rasta plaka.
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Geometrija i rezultati CFD simulacije

Pojednostavljena geometrija napravljena je u programu SolidWorks, a izradena je na temelju
realne geometrije koja je dobivena iz CT skenova koronarnih arterija pojedinih pacijenata.
Geometrija je prikazana na slici 1. Sastoji se od ulaza, zida i tri izlaza, pri ¢emu je oznakom
LAD prikazana prednja lijeva silazna grana, s oznakom RI srednja grana te s oznakom LCx
lijeva cirkumfleksna grana.

AORTA INLET

RIOUTLET
LAD OUTLET LCx OUTLET

Slikal. Geometrija

Laminarni protok nestla¢ivog newonovskog fluida modeliran je pomocu jednadzbe oCuvanja
mase (0.1) i jednadZbe ocuvanje koli¢ine gibanja (0.2). Prostorna domena diskretizirana je
metodom kontrolnih volumena shemama drugog reda to¢nosti, dok je vremenska domena

diskretizirana implicitnom shemom, takoder drugog reda to¢nosti.

Numericka mreza napravljena je pomocu viseplatformske biblioteke otvorenog koda za
automatsko generiranje mreze cfMesh® koja se nalazi u sklopu novijih verzija OpenFOAM paketa.
Mreza se sastoji od 133 998, uglavnom heksaedarskih volumena. Dio mreze prikazan je na
slici 2.
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Slika2. Numeri¢ka mreZza u popre¢nom presjeku lijeve koronarne arterije

Proracuni su provedeni u racunalnom programu za rjeSavanje Strujanja otvorenog koda
OpenFOAM. Rezultati su dobiveni za 4 vremenska ciklusa kako bi se sa sigurnoscu postigla
periodicnost tj. kako bi i§€eznuo utjecaj pocetnih uvjeta.

Jedine relevantne rezultate predstavljaju volumni protoci, ¢ija usporedba ¢e se naknadno
analizirati s protocima iz FSI simulacije, i tlakovi na izlazima, koji ¢e se koristiti kao rubni

uvjeti u FSI simulaciji. Rezultati su dani na sljede¢im slikama:

Volume flow rate

3,5-
I Qam‘ta,in
f Q]ad_nut
3 11— Qri_uut
1 Q]c{,uu‘c
2,5 5
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? 4
2 |
J -
E 15]
=g ]
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0,5 ]
0-
T T T T
2 2,5 3 3,5 4

T [s]

Slika 3.  Volumni protoci na ulazu i izlazima koronarnih grana
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Slika4. Tlak na ulazu i izlazima koronarnih grana
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Numeri¢ka mreZa i postavke FSI simulacije

Napravljena su dva usporedna geometrijska modela pomoc¢u kojih ¢e se analizirati ucinak
razli¢itog postotka stenoze na koronarnu arteriju. Indeks 1 oznacuje model s 30 % stenoze, dok
indeks 2 s 50 % stenoze.

Numericka mreza, za oba modela, radena je pomocu biblioteke cfMesh kojim je dobivena
pretezno heksaedarska mreza s poliedarskim volumenima u prijelaznom podruc¢ju volumena

razli¢itih veli¢ina. Imena granica i detalji mreza dani su na slici 5 i tablici 1.

PLAQUE IN

et RI OUTLET

LAD OUTLET

PLAQUE WALL

PLAQUE OUT

/

AORTA INLET LCx OULET

Slika5.  Rubne granice geometrijskih modela

Regija fluida opisana je s jednakim granicama, kao u prethodnoj simulaciji, s dodatkom granice
plaque wall, koja zajedno s granicom plaque in na solid regiji ¢ini zajedni¢ku granicu
medudjelovanja fluida i ¢vrstog tijela (eng. FSI interface). Granice se moraju dobro poklapati
jer je simulacija osjetljiva na numeri¢ku mrezu. Granica plaque out predstavlja vanjsku dodirnu

povrsinu izmedu plaka 1 koronarne arterije.

Tablica 0.1: Detalji numeri¢ke mreZe

Regija Broj volumena
Fluid 1 141 366
Solid 1 4858
Fluid 2 145 229
Solid 2 8845
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L3

Slika6. Numeri¢ka mreza

Slika7. Popre¢ni presjek modela 1 i modela 2

Simulacije su provedene u racunalnom programu OpenFOAM, tj. njegovoj inadici
foam-extend 4.1. Rubni uvjet na ulazu fluida zadan je vremenski promjenjivim volumnim
protokom, dok na izlazu vremenski promjenjivim tlakom. Na granici ¢vrstog tijela zadan je
Dirichlet-Neumannov rubni uvjet koji prenosi izra¢unate sile fluida na povrsinu ¢vrstog tijela i
samim time postize medusobnu interakciju dvaju regija.

Prostorna domena obje regije diskretizirana je metodom kontrolnih volumena shemama drugog
reda to¢nosti, dok je vremenska domena diskretizirana implicitom shemom prvog reda to¢nosti.
Sheme prvog reda to¢nosti koriste se radi poboljSanja stabilnosti simulacije jer je osjetljiva na

numeri¢ku mrezu.
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Rezultati simulacija

U ovom dijelu bit ¢e prikazana usporedni analiza najbitnijih rezultata dvaju modela. Model 1

oznacuje model s 30 % stenoze, dok model 2 s 50 % stenoze.

Sljedece slike prikazuju raspodjelu tangencijalnog naprezanja na stijenki aterosklerotskog
plaka. Valja napomenuti da je tangencijalno naprezanje racunato s kinemati¢kom viskoznosti,

te je tako 1 prikazano. Stoga je potrebno pomnoziti cijelo polje s gustocom kako bi se doslo do

pravih vrijednosti naprezanja.

Wall shear stress [m?%/s?2]

0.006 0.008 0.01 0.012 1.46e-02
| | |

0.00e+00 0.002 0.004

R

aY

Slika 8.  Raspodjela tangencijalnog naprezanja, model 1

Faculty of Mechanical Engineering and Naval Architecture XX



Josip Istvanovic¢ Master's Thesis

o Wall shear stress [m?/s?]
Y l_.X 0.00e+00 0.002 0.004 0.006 O.(?OB 0.|01 O.OIIQ 0.014 1.68e-02
Slika 9.  Raspodjela tangencijalnog naprezanja, model 2
Average wall shear stress
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Slika 10. Vremenska promjena prosje¢nog tangencijalnog naprezanja
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Sljedece slike prikazuju pomake i ekvivalentna naprezanja pri maksimalnom tlaku u trenutku
t =0.34s.

Kinematic pressure [m?/s?]
213166 213167 213168 21.3169 213170 213171 213172 Kinematic pressure [m?/s’]

h ' ‘_‘ 21.3165 213168  21.3170  21.3172 21.3174
| b —

. ﬁg

Displacement [m] Displacement [m]
0.00 S5e-8 le-7 1.5e-7 2e-7  25e7 3e-7 3.61e-07 0.00 2e-8 4e-8 6e-8 B8e8 le-7 1.2e-7 14e-7 1.63e-07

——— L e —  —— | b ——

L.

Slika 11. Usporedba tlak-pomak I

Kinematic pressure [m?/s*]
21.3164 21.3170 21.3175 21.3180 21.3185

| 21.3163 21.3170 21.3175 21.3180 21.3185 21.3190
— e —— ! b o —

Kinematic pressure [m?/s®]

Displacement [m]

Displacement [m] 0.00 2e-8 4e-8 Se‘-B Ee‘-B le-7  1.2e-7  1.40e-07
0.00 Se-8 le7  15e7 207 25e7 29907 ————
| )
Lz_.x

Slika 12. Usporedba tlak-pomak 11
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Slika 13. Usporedba polja tlak-pomak, model 1
Kinematic pressure [m?/s*]
21.3138 21.3150 21.3160 21.3170 21.3180 21.3190
—— D e
Displacement [m]
0.00 5e-8 le-7 1.5e-7 1.82e-07
e
Slika 14. Usporedba polja tlak-pomak, model 2
XXII1
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Kinematic pressure [m?/s*]
213166 21.3167 21.3168 21.3169 21.3170 21.3171 21.3172 Kinematic pressure [m?/s?]
21.3165 21.3168 21.3170 21.3172 21.3174

——— o —

von Mises stress [Pa] von Mises stress [Pa]
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Slika 15. Usporedba tlak-naprezanje |

Kinematic pressure [m?/s?] Kinematic pressure [m?/s?]
21.3164 21.3170 21.3175 21.3180 21.3185 21.3163 21.3170 21.3175 21.3180 21.3185 21.3190
e e — ! !

von Mises stress [Pa]

20 50 100 150 200 250 300 350 400 450 500.0
von Mises stress [Pa] e |
4.0 50 100 150 200 250 300 350 400 450 500.0
| |

Slika 16. Usporedba tlak-naprezanje 11
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Slika 17. Usporedba polja tlak-naprezanje, model 1

Kinematic pressure [m?/s?*]
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Slika 18. Usporedba polja tlak-naprezanje, model 2
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Sljedece slike prikazuju pomake i ekvivalentna naprezanja u trenutku maksimalne brzine tj.
t =0.56s.

Velocity [m/s]

0.00 0.1 0.2 0.3 0.39 Velocity [m/s]
* | 0.00 0.1 0.2 03 04 047
| D o e—

.ﬁg . Iig
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Displacement [m]
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'&| e — ——— o o —

Slika 19. Usporedba brzina-pomak |

Velocity [m/s] Velocity [m/s]
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Slika 20. Usporedba brzina-pomak 11
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Slika 21. Usporedba polja brzina-pomak, model 1
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Slika 22. Usporedba polja brzina-pomak, model 2

Velocity [m/s]
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Velocity [m/s] Velocity [m/s]
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Slika 23. Usporedba brzina-naprezanje I
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Slika 24. Usporedba brzina-naprezanje 11
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Slika 25. Usporedba polja brzina-naprezanje, model 1

Velocity [m/s]
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Slika 26. Usporedba polja brzina-naprezanje, model 2
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1. INTRODUCTION

According to the World Health Organization, ischemic heart disease and strokes are the leading
causes of death worldwide. The majority of cardiovascular diseases are caused by atherosclerosis,
which is the formation and progression of plaque in the inner lining of the arterial wall, also known
as atheroma. The initial stage of atherosclerosis is asymptomatic; however, the progressive
evolution and accumulation of plaque over decades causes a significant reduction in lumen size
known as stenosis. The progression of atherosclerotic plaque has been correlated with the presence
of low wall shear stress (WSS) on the artery wall. The zones of low shear stress are associated
with permanent endothelium inflammation, thus providing favorable conditions for the plaque
formation. This cholesterol-rich tissue causes narrowing of the lumen, rupture or erosion of the
arterial wall, hardening of the arteries, and loss of their elasticity, which leads to an eventual or
complete reduction in the blood flow through the vessels [1].

Hemodynamics, the study of blood flow, is essential to understanding the mechanisms behind the
development of cardiovascular diseases. In vivo studies that involve blood flow are usually
difficult to perform due to ethical issues, high costs, and technical complications [2]. Therefore,
numerical simulations along with medical imaging can provide valuable information on the
hemodynamic effects and anatomic alterations due to the presence of stenosis, which can induce
significant pressure drops, increased wall shear stress, separation, and plaque rupture. The
prevention of coronary artery disease (CAD) is important as its occurrence is now seen as one of
the largest economic burdens on global society [3]. This is the reason why the identification of
vulnerable plaque, at high risk of rupturing, remains the most important task in the field. This
thesis aims to develop a simplified dynamic model for coronary arteries, which predicts the
vulnerable atherosclerotic plaque and thus identifying patients at high risk of a heart attack. This
model would allow the non-invasive analysis of the patient-specific situation and thus carry out
the necessary interventions for plaque stabilization and heart attack prevention [4].

The goal of this thesis is to reconstruct a simplified geometrical model of the coronary artery lumen
with the accumulated plaque based on the computerized tomography (CT) scans and perform a
numerical fluid-structure interaction (FSI) simulation assuming a rigid artery wall and

incompressible hyperelastic plaque body.

Faculty of Mechanical Engineering and Naval Architecture 1



Josip I§tvanovié Master's Thesis

2. MEDICAL INTRODUCTION

2.1. Anatomy and physiology of the cardiovascular system

The cardiovascular system, also called the circulatory system, maintains the distribution of blood
throughout the body and is composed of the heart and the blood vessels: arteries, capillaries, and
veins. The circulatory system is composed of two parts: pulmonary circulation and systemic
circulation. The pulmonary circulation, between the heart and lungs, transports deoxygenated
blood to the lungs to get oxygen, and then back to the heart. The systemic circulation carries
oxygenated blood away from the heart to the tissues and cells, and then back to the heart. In this

way, all the body’s cells receive blood and oxygen.

Capillary bed of lungs where
gas exchange occurs

Pulmonary arteries Pulmonary veins

— Aorta and branches

Vena cavae

Left atrium

— Left ventricle
Right atrium

Right ventricle — Systemic arteries

Systemic veins

Il Oxygen poor,
CO,-rich blood

Il Oxygen rich,
CO,-poor blood

Capillary bed
of all body
tissues where
gas exchange
occurs

Figure 2-1. A schematic of the circulatory system [5]

In addition to distributing oxygen and other nutrients, such as glucose and amino acids, the
cardiovascular system also collects waste products from the body’s cells. Carbon dioxide and other
waste products produced by the metabolic reactions are transported by the cardiovascular system

to the lungs, liver, and kidneys, where they are eliminated from the body [1].
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2.2. Heart

The human heart is a muscular organ containing four chambers that are situated just to the left of
the midline of the thoracic cavity. It is approximately the size of a man's closed fist. The upper two
chambers (atria) are divided by a wall-like structure called the interatrial septum. The lower two
chambers (ventricles) are divided by a similar structure called the interventricular septum.
Between each atrium and ventricle, valves allow blood to flow in one direction, preventing
backflow [2].

The wall of the heart is quite thick and is composed of three layers (see Fig. 2-2):

1. The endocardium is the inner layer of the heart lining the heart chambers. It is a very
smooth, thin layer that serves to reduce friction as the blood passes through the heart

chambers.

2. The myocardium is the thick, muscular middle layer of the heart. Contraction of this

muscle layer develops the pressure required to pump blood through the blood vessels.

3. The epicardium is the outer layer of the heart. The heart is enclosed within a double-
layered pleural sac, called the pericardium. The epicardium is the visceral pericardium or
the inner layer of the sac. The outer layer of the sac is the parietal pericardium. The fluid

between the two layers of the sac reduces friction as the heart beats.
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Figure 2-2. Internal view of the heart [5]

In a healthy person, the blood flow through the heart is very regular (see Fig. 2-3). It travels from

the heart to the lungs, where it receives oxygen, before returning to the heart and then to the body

tissues and parts. The normal process of blood flow is:

Deoxygenated blood from all the tissues in the body enters a relaxed right atrium

via two large veins called the superior vena cava and inferior vena cava.

The right atrium contracts and the blood flows through the tricuspid valve into the

relaxed right ventricle.

The right ventricle then contracts and the blood is pumped through the pulmonary

valve into the pulmonary artery, carrying it to the lungs for oxygenation.

The left atrium receives blood returning to the heart after being oxygenated by the
lungs. This blood enters the relaxed left atrium from the four pulmonary veins.
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e The left atrium contracts and blood flows through the mitral valve into the relaxed

left ventricle.

e When the left ventricle contracts, the blood is pumped through the aortic valve and
into the aorta, the largest artery in the body. The aorta carries blood to all parts of
the body.

It can be seen that the heart chambers alternate between relaxing, in order to fill, and contracting
to push blood forward. The period of time a chamber is relaxed is diastole. The contraction phase

is systole.
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Figure 2-3. Blood flow through the chambers of the left and right side of the heart [5]
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2.3.  The blood vessels and circulation

The function of the circulation is to serve the needs of the body tissues:
e to transport nutrients to the body tissues,
e to transport waste products away,
e to transport hormones from one part of the body to another,

e to maintain an appropriate environment in all the tissue fluids of the body for survival

and optimal function of the cells.

The blood vessels of the human body carry blood to every type of tissue and organ. There are five

general classes of blood vessels in the cardiovascular system:

e arteries

e arterioles

e capillaries

e venules

e veins
The function of the arteries is to transport blood under high pressure to the tissues. For this reason,
the arteries have strong vascular walls, and blood flows at a high velocity in the arteries.
The arterioles are the last small branches of the arterial system; they act as control conduits
through which blood is released into the capillaries. Arterioles have strong muscular walls that can

close the arterioles completely or can, by relaxing, dilate the vessels severalfold, thus having the

capability of vastly altering blood flow in each tissue in response to its needs.

The function of the capillaries is to exchange fluid, nutrients, electrolytes, hormones, and other
substances between the blood and the interstitial fluid. To serve this role, the capillary walls are
thin and have numerous minute capillary pores permeable to water and other small molecular

substances.

The venules collect blood from the capillaries and gradually coalesce into progressively larger

veins.

The veins function as conduits for the transport of the blood from the venules back to the heart.
The venous walls are thin because the pressure in the venous system is very low. Even so, they are
muscular enough to contract or expand and thereby serve as a controllable reservoir for the extra

blood, either a small or a large amount, depending on the needs of the circulation [3].
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arteries and arterioles medium veins

Figure 2-4.  The structure and diameter of blood vessels [6]

About 84 % of the entire blood volume of the body is in the systemic circulation and 16 % is in
the heart and lungs. Of the 84 % in the systemic circulation, approximately 64 % is in the veins,
13 % is in the arteries, and 7 % is in the systemic arterioles and capillaries. The heart contains 7 %
of the blood, and the pulmonary vessels, 9 %. Most surprising is the low blood volume in the
capillaries. However, the most important function of circulation occurs here - the alternating

diffusion of substances between the blood and the tissues.

Pulmonary circulation
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vena cava

Heart

7%
Inferior

vena cava

Arteries
Systemic 13%
clrculation

84% Arterioles
and
capillaries
7%

Veins, venules, and
venous sinuses
64%

Figure 2-5. Distribution of blood in the different parts of the circulatory system [7]
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2.4. Blood pressure

Blood pressure is defined as the force that blood exerts against the inner walls of blood vessels.
Arterial blood pressure rises and falls according to cardiac cycle phases. The maximum pressure
during ventricular contraction is called systolic pressure. The lowest pressure that remains in the
arteries before the next ventricular contraction is called diastolic pressure. Blood pressure is almost
always measured in millimeters of mercury (mm Hg) with a device called a sphygmomanometer.
Its results are reported as a fraction of the systolic pressure over the diastolic pressure, which for

a healthy person is 120/80 mm Hg.

The artery walls are distended as blood surges into them from the ventricles, but they recoil almost
immediately. This expansion and recoiling can be felt as a pulse in an artery near the surface of
the skin. The arterial blood pressure depends on heart rate, stroke volume, blood volume,
peripheral resistance, and bloody viscosity.

Heart action determines the amount of blood entering the arterial system with each ventricular
contraction. Stroke volume is defined as the volume of blood discharged from the ventricle with
each contraction. An average adult male's stroke volume is about 70 mL. The cardiac output is
defined as the volume discharged from the ventricle per minute. It is calculated by multiplying the
stroke volume by the heart rate, in beats per minute. The average cardiac output of an adult person
at rest is about 5000 mL/min. Blood pressure varies with cardiac output and increases or decreases

based upon similar changes in stroke volume or heart rate.

Blood volume is defined as the sum of formed elements and plasma volumes in the vascular
system. Blood volume varies with age, body size, and gender. Most adults have approximately 5 L
of blood, which makes up 8 % of the body weight in kilograms. Blood pressure and volume are

usually directly proportional. Any changes in volume can initially alter the pressure.

The resistance of arteries to blood flow is defined as peripheral resistance. The degree of peripheral
resistance is determined by the blood vessel diameter and the force of contraction exerted by
vascular smooth muscle. Therefore, peripheral resistance is a factor that accounts for blood

pressure.

The viscosity is defined as the resistance of a fluid to flow. In a biological fluid, viscosity is caused
by the attraction of molecules or cells to one another. The higher the viscosity, the greater the
resistance to flowing. As the blood viscosity is increased, the greater the force is needed to move

the blood. Blood pressure rises as blood viscosity increases and vice versa.
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2.5. Coronary circulation

About one-third of all deaths in industrialized countries of the Western world result from coronary
artery disease, and almost all elderly people have at least some impairments in coronary artery
circulation. For this reason, understanding the normal and pathological physiology of coronary

circulation is one of the most important subjects in medicine.

Figure 2-6 shows the heart and its coronary blood supply. Note that the main coronary arteries lie
on the surface of the heart and smaller arteries then penetrate from the surface into the cardiac
muscle mass. It is almost entirely through these arteries that the heart receives its nutritive blood
supply. Only the inner 1/10 millimeter of the endocardial surface can obtain significant nutrition

directly from the blood inside the cardiac chambers, so this source of muscle nutrition is minuscule.

Aorta
\\ Pulmonary

artery

Left coronary

= artery

Right coronary "}
artery Left circumflex

‘ branch

L | eft anterior
descending
/ branch

Figure 2-6.  The coronary arteries [7]

The left coronary artery supplies mainly the anterior and left lateral portions of the left ventricle,
whereas the right coronary artery supplies most of the right ventricle, as well as the posterior part
of the left ventricle in 80 to 90 % of people.

Most of the coronary venous blood flow from the left ventricular muscle returns to the right atrium
of the heart by way of the coronary sinus, which is about 75 % of the total coronary blood flow.
On the other hand, most of the coronary venous blood from the right ventricular muscle returns
through small anterior cardiac veins that flow directly into the right atrium, not by way of the
coronary sinus. A very small amount of coronary venous blood also flows back into the heart

through very minute thebesian veins, which empty directly into all chambers of the heart.
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The normal coronary blood flow in the resting human being averages 70 ml/min/100 g of heart
weight, or about 225 ml/min, which is about 4 to 5 % of the total cardiac output. During strenuous
exercise, the heart of a young adult increases its cardiac output four to sevenfold, pumping blood
against higher-than-normal arterial pressure. Consequently, the work output of the heart under
severe conditions may increase sixfold to ninefold. At the same time, the coronary blood flow
increases threefold to fourfold to supply the extra nutrients needed by the heart. This increase is
not as significant as the increase in workload, implying that the ratio of heart energy expenditure
to coronary blood flow increases. As a result, the “efficiency” of cardiac energy utilization

increases to compensate for the relative deficiency of coronary blood supply.

2.5.1. Phasic changes in coronary blood flow during systole and diastole

Figure 2-7 shows the changes in blood flow through the nutrient capillaries of the left ventricular
coronary system in ml/min in the human heart during systole and diastole, as extrapolated from
studies in experimental animals. This diagram shows that the coronary capillary blood flow in the
left ventricle muscle falls to a low value during systole, which is opposite to flow in other vascular
beds in the body. The reason for this phenomenon is the strong compression of the intramuscular

blood vessels by the left ventricular muscle during systolic contraction.

300

200 =

100 =

Coronary blood flow (ml/min)
B

Systole Diastole

Figure 2-7.  The phasic flow of blood through the coronary capillaries of the human left ventricle
during cardiac systole and diastole [7]
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During diastole, the cardiac muscle relaxes and no longer obstructs blood flow through the left
ventricular muscle capillaries, so blood flows rapidly during all of the diastole.

Blood flow through the coronary capillaries of the right ventricle also undergoes phasic changes
during the cardiac cycle. However, because the force of contraction of the right ventricular muscle
is much lower than that of the left ventricular muscle, the inverse phasic changes in the right

ventricular muscle are only partial, as opposed to those in the left ventricular muscle.

2.5.2. Control of coronary blood flow

The primary regulator of coronary blood flow is local muscle metabolism. Local arteriolar
vasodilation in response to the nutritional needs of cardiac muscle controls blood flow through the
coronary system. That is, as the vigor of cardiac contraction increases, so does the rate of coronary
blood flow. Reduced heart activity, on the other hand, is accompanied by decreased coronary flow.
This local regulation of coronary blood flow is similar to what occurs in many other body tissues,
particularly the skeletal muscles.

The oxygen demand is a major factor in the regulation of local coronary blood flow. Blood flow
in the coronary arteries is usually regulated almost exactly in proportion to the need for oxygen by
the cardiac musculature. Normally, as the blood flows through the heart muscle, about 70% of the
oxygen in the coronary arterial blood is removed. Because there isn't much oxygen left, only a
small amount of extra oxygen can be delivered to the heart musculature unless coronary blood
flow increases. Fortunately, the coronary blood flow increases almost in direct proportion to any
additional metabolic consumption of oxygen by the heart. The exact mechanism by which
increased oxygen consumption causes coronary dilation is unknown. Many researchers believe
that when the oxygen concentration in the heart drops, vasodilator substances are released from

the muscle cells and dilate the arterioles [3].

2.6. Ischemic heart disease

Ischemic heart disease, caused by insufficient coronary blood flow, is the leading cause of death
in Western culture. This causes the death of approximately 35 % of people aged 65 and older in
the United States. Some deaths occur suddenly as a result of an acute coronary occlusion or heart
fibrillation, whereas others occur gradually over weeks to years as a result of progressive

weakening of the heart pumping process.

Atherosclerosis is a frequent cause of diminished coronary blood flow. The atherosclerotic process

is discussed in detail in Chapter 2.6.3. In short, people with a genetic predisposition to

Faculty of Mechanical Engineering and Naval Architecture 11



Josip Istvanovic¢ Master's Thesis

atherosclerosis, who are overweight or obese and lead a sedentary lifestyle, or who have high blood
pressure and endothelial cell damage in the coronary blood vessels, have large amounts of
cholesterol deposited beneath the endothelium at many points in arteries throughout the body.
These deposit areas are gradually invaded by fibrous tissue and frequently become calcified. As a
result, atherosclerotic plaques form and protrude into vessel lumens, blocking or partially blocking
blood flow. The first few centimeters of the major coronary arteries are a common site for the
formation of atherosclerotic plaques.

2.6.1. Acute coronary syndrome

Acute coronary artery occlusion occurs most frequently in people with pre-existing atherosclerotic
coronary heart disease, and only rarely in people with normal coronary circulation. Acute
occlusion can result from any one of several effects, two of which are the following:
e The atherosclerotic plaque can cause a local blood clot called a thrombus that occludes the
artery.
e Many clinicians believe that local muscular spasms of a coronary artery also can occur

which may lead to secondary thrombosis of the vessel.

2.6.2. Collateral circulation in the heart

The degree of heart muscle damage caused by either slowly developing atherosclerotic constriction
of the coronary arteries or by sudden coronary occlusion is determined in large part by the degree
of collateral circulation that has already developed or that can open within minutes after the
occlusion.

There are almost no large communications between the larger coronary arteries in a healthy heart.
Many anastomoses do exist, however, among the smaller arteries ranging in diameter from 20 to

250 micrometers, as illustrated in Fig. 2-9.
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Figure 2-8. Minute anastomoses in the normal coronary arterial system [7]

When a sudden occlusion occurs in one of the larger coronary arteries, the small anastomoses
dilate within seconds. However, blood flow through these minute collaterals is typically less than
half of what is required to keep most of the cardiac muscle that they now supply alive. For the next
8 to 24 hours, the diameters of the collateral vessels do not increase significantly. However,
collateral flow begins to increase, doubling by the second or third day and frequently returning to
normal or nearly normal coronary flow within a month. Many patients recover almost completely
from various degrees of coronary occlusion due to the development of collateral channels when

the area of muscle involved is not too large.

When atherosclerosis constricts the coronary arteries gradually over time rather than suddenly,
collateral vessels can form at the same time as the atherosclerosis becomes more and more severe.
As a result, the individual may never experience an acute episode of cardiac dysfunction.
Eventually, however, the sclerotic process progresses beyond the capacity of even the collateral
blood supply to provide the required blood flow. Sometimes the collateral blood vessels
themselves develop atherosclerosis. When this occurs, the heart muscle becomes severely limited
in its work output, and the heart cannot pump even normally required amounts of blood flow. This
is one of the leading causes of cardiac failure in the elderly.
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2.6.3. Atherosclerosis

Atherosclerosis is a disease of the large and intermediate-sized arteries in which fatty lesions called
atheromatous plaques develop on the inside surfaces of the arterial walls. Arteriosclerosis, in
contrast, is a general term that refers to thickened and stiffened blood vessels of all sizes.

One abnormality that can be measured very early in blood vessels that later become atherosclerotic
Is damage to the vascular endothelium. This damage, in turn, increases the expression of adhesion
molecules on endothelial cells and decreases their ability to release nitric oxide and other
substances that help prevent the adhesion of macromolecules, platelets, and monocytes to the
endothelium. After the damage to the vascular endothelium occurs, circulating monocytes and
lipids (mostly LDLSs) begin to accumulate at the site of injury (Fig. 2-9A). The monocytes cross
the endothelium, enter the intima of the vessel wall, and differentiate to become macrophages,
which then ingest and oxidize the accumulated lipoproteins, giving the macrophages a foamlike
appearance. These macrophage foam cells then aggregate on the blood vessel and form a visible
fatty streak.

With time, the fatty streaks grow larger and coalesce, and the surrounding fibrous and smooth
muscle tissues proliferate to form larger and larger plaques (see Fig. 2-9B). Also, the macrophages
release substances that cause inflammation and further proliferation of smooth muscle and fibrous
tissue on the inside surfaces of the arterial wall. The lipid deposits plus the cellular proliferation
can become so large that the plague bulges into the lumen of the artery and greatly reduces blood
flow, sometimes completely occluding the vessel. Even without occlusion, the fibroblasts of the
plaque eventually deposit extensive amounts of dense connective tissue, and sclerosis becomes so
great that the arteries become stiff. Later, calcium salts often precipitate with the cholesterol and
other lipids of the plaques, leading to bony-hard calcifications that can make the arteries rigid
tubes. Both of these later stages of the disease are called “hardening of the arteries.”
Atherosclerotic arteries lose most of their distensibility, and because of the degenerative areas in
their walls, they are easily ruptured. Also, where the plaques protrude into the flowing blood, their
rough surfaces can cause blood clots to develop, with resultant thrombus or embolus formation
leading to a sudden blockage of all blood flow in the artery.

Almost half of all deaths in the United States and Europe are due to vascular disease. About two-
thirds of these deaths are caused by thrombosis of one or more coronary arteries. The remaining
one-third is caused by thrombosis or hemorrhage of vessels in other organs of the body, especially

the brain (causing strokes), but also the kidneys, liver, gastrointestinal tract, limbs, and so forth.

Faculty of Mechanical Engineering and Naval Architecture 14



Josip I§tvanovié Master's Thesis

Arterial lumen [\

. | Arerial intima
Blood monocyte /\ | Normal

Endothelium Intima Media

\ \// -f—Damaged endothelium

Monocyte
adhered to
epithelium

Adhesion molecule

Monocyte | /
mlgraung
into mtlma

' Thrombosis of a

) Receptor < o) —_— ruptured plaque
/ | | Llpoprotem/") o ——
. particle Y \
| 7Y |
/) Macrophage [ 2 4
,/ Yy foam cell
A/ 8/ '
id B
A 4)‘ droplets Large plaqus
Growth/inflammatory

factors

Figure 2-9. Development of atherosclerotic plaque [7]

2.6.4. Prevention of atherosclerosis

In some people with perfectly normal levels of cholesterol and lipoproteins, atherosclerosis still
develops. Some of the factors that are known to predispose to atherosclerosis are:

e physical inactivity and obesity,

e diabetes mellitus,

e hypertension,

e hyperlipidemia,

e cigarette smoking.

The most important measures to protect against the development of atherosclerosis and its
progression to serious vascular disease are:

e maintaining a healthy weight, being physically active, and eating a diet that contains
mainly unsaturated fat with a low cholesterol content;

e preventing hypertension by maintaining a healthy diet and being physically active, or
effectively controlling blood pressure with antihypertensive drugs if hypertension does
develop;

o effectively controlling blood glucose with insulin treatment or other drugs if diabetes
develops;

e avoiding cigarette smoking.
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3. MATHEMATICAL MODEL

The Finite Volume Method (FVM) is a numerical technique that transforms the partial differential
equations representing conservation laws over differential volumes into discrete algebraic
equations over finite volumes (or elements or cells). In a similar fashion to the finite difference or
finite element method, the first step in the solution process is the discretization of the geometric
domain, which, in the FVM, is discretized into non-overlapping elements or finite volumes. The
partial differential equations are then discretized into algebraic equations by integrating them over
each discrete element. The system of algebraic equations is then solved to compute the values of
the dependent variable for each of the elements.

In the finite volume method, some of the terms in the conservation equation are turned into face
fluxes and evaluated at the finite volume faces. Because the flux entering a given volume is
identical to that leaving the adjacent volume, the FVM is strictly conservative. This inherent
conservation property of the FVM makes it the preferred method in Computational Fluid
Dynamics (CFD). Another important attribute of the FVM is that it can be formulated in the
physical space on unstructured polygonal meshes. Finally, in the FVM it is quite easy to implement
a variety of boundary conditions in a non-invasive manner since the unknown variables are
evaluated at the centroids of the volume elements, not at their boundary faces.

These characteristics have made the Finite Volume Method quite suitable for the numerical
simulation of a variety of applications involving fluid flow and heat and mass transfer, and
developments in the method have been closely entwined with advances in CFD. From a limited
potential at inception confined to solving simple physics and geometry over structured grids, the

FVM is now capable of dealing with all kinds of complex physics and applications [4].

3.1. The Semi-Discretized Equation

In the first step of the finite volume discretization process, the governing equations are integrated
over the cells (or finite volumes) into which the domain has been subdivided, then the Gauss
theorem is applied to transform the volume integrals of the convection and diffusion terms into
surface integrals. Following this step, the surface and volume integrals are transformed into
discrete ones and integrated numerically through the use of integration points (ip). The

conservation equation for a general scalar variable can be expressed as:

d
T v e ¢ty
S~ convective term diffusion term source term

transient term
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Figure 3-1. Conservation in a discrete element [8]

The temporal derivative in Eqn. (3.1) represents the inertia of the system. Inertia can be described
as the potential of the system (CV) to accumulate the general property ¢. The convection term can
be presented as a coordinate transformation, on the amount of the property ¢ which is transported
into and out of the system with the convective velocity v. The diffusion term represents the
gradient transport of the property ¢, in which I'? is the diffusion coefficient. Source or sink terms

define the local production or destruction of the general property ¢ [5].

3.2.  Fluid governing equations

Eqn. (3.1) represents one of the fundamental equations in continuum mechanics. It describes how
a scalar quantity is transported through space. When the general property ¢ is replaced with some
other properties, other transport equations may be written. The fluid flow in this thesis is
considered to be isothermal and laminar, while the fluid, that is blood, is assumed to be
incompressible and Newtonian. The fluid flow is governed by the mass and the linear momentum

conservation laws.
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3.2.1. Continuity equation

The principle of conservation of mass indicates that in the absence of mass sources and sinks, a
region will conserve its mass on a local level. Considering the material volume of fluid shown in
Fig. 3-2 of mass m, density p, and velocity v, conservation of mass in the material coordinate

system can be written as:

(Z—T)W ~0. (3.2)

ds outward directed

surface normal

volume V with

enclosing surface dV

Figure 3-2.  Conservation of mass for a material volume of a fluid of mass m [8]

The equivalent expression of mass conservation in an Eulerian coordinate system is:

dp _
E+V-(pv)—0. (3.3)

In the case of incompressible flow, Eqgn. (3.2) can be further simplified, as follows:

V-v=0. (3.4)

3.2.2.  Momentum equation

The principle of conservation of linear momentum states that a body retains its total momentum
in the absence of any external force acting on it. Since momentum is a vector quantity, its
components in any direction will also be conserved.

For the material volume of a substance, Newton’s Second Law of motion asserts that the
momentum of this specific volume can change only in the presence of a net force acting on it,

which could include both surface forces and body forces. Therefore, by considering the material
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volume of fluid shown in Fig. 3-3 of mass m, density p, and velocity v, Newton’s law in

Lagrangian coordinates can be written as:

[d(zv) = Vf fav| (3.5)

MV

where f is the external force per unit volume acting on the material volume.

ds outward directed

surface normal

volume V with

enclosing surface dV

Figure 3-3.  Conservation of linear momentum for a material volume of a fluid of mass m [8]

The equivalent expression of momentum conservation in an Eulerian coordinate system is:

d(pv
((,')0 )+V-(pvv)= f, + Vo . (3.6)
t b0dy‘waorces surface forces

In the case of incompressible flow, Eqgn. (3.6) can be transformed into:

1
— + V-(vw) = Wiy — -V + f
R V(W) = W P b @
-~ convection diffusion —— body forces
local rate of change pressure gradient

where v is the fluid velocity, v is the fluid kinematic viscosity, p is the fluid pressure, and p is the
fluid density. In Eqn. (3.7) Cauchy stress tensor is written as a sum of the pressure gradient Vp
and the viscous stress tensor which exist in the diffusion term. Velocity v in Eqn. (3.7) can be a
transporting and a transported variable, thus making the convection term non-linear. The
continuity equation (3.4) and the momentum equation (3.7) represent the Navier-Stokes equations

for incompressible flow.
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3.3.  Solid governing equations

The deformation of the solid, assumed to be hyperelastic and incompressible, can be described by
the linear momentum conservation law:

0%u

PW:V'G*’be’ (38)

where o is the Cauchy stress tensor, f;, represents the body force, p is the density of the element

and u denotes the displacement vector.

(2]
z = | o,
a
X
L" ¥

s
X

Figure 3-4. Stress components on infinitesimal solid element [4]

The Cauchy stress tensor ¢ can be expressed by the following equation:

G=—pl+26—Wb—26—Wb‘1 (3.9)
al, ar, -~ '

where b = F- FT is the left Cauchy-Green tensor, F = I+ (Vu)T is the deformation gradient
tensor, I is the second-order identity tensor and p is a scalar, which has to be determined. I; and
I, represent deviatoric strain invariants, which are equal to I, = tr(F), I, = %[(trF)Z — tr(F)?]
and due to incompressibility constraint, I; = det(F) = 1. Therefore, the two principal invariants
I, and I, are the only independent deformation variables [6].

To account for finite strains, the neo-Hookean hyperelastic material model is used. The
neo-Hookean strain energy density function is perhaps the simplest model for an incompressible
isotropic rubber-like material. It is characterized by:

W =c,(I; —3), (3.10)

where ¢; = u,/2 and the shear modulus u = u,, which is then transformed into:

W= %(11 _3). (3.11)
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This strain-energy function involves a single parameter only and provides a mathematically simple
and reliable constitutive model for the nonlinear deformation behavior of isotropic rubber-like
materials. It relies on phenomenological considerations and includes typical effects known from

nonlinear elasticity within the small strain domain.
Taking Egns. (3.9) and (3.11) into account, the Cauchy stress tensor ¢ may be expressed as:

oc=—-pl+ub (3.12)

3.4. FSI coupling methods

Three different coupling procedures can be used to solve fluid-structure interaction (FSI)
problems:

a) separate analysis method, or hybrid method,

b) single analysis method,

c) single fluid-structure domain.

Analysis
method I
Interface
program

Fluid
domain

Fluid

+

Salid
domain

Analysis
method

a) b) c)

Figure 3-5. Fluid-structure coupling procedures [10]

The first two are partitioned methods, which solve the solid and fluid domains separately using
their respective mesh discretization and numerical method. The coupling is accomplished by
passing information across the fluid-solid interface. The difference between the two approaches is
in the method used to discretize the separate domains. In the former, two different methods are
used (e.g. Finite Element (FE) for the solid domain and Finite Volume (FV) for the fluid domain),
whereas in the latter the same method is used for both domains (e.g. FE or FV). The third method,
known as the monolithic approach, solves the coupled problem as one entity using a single
numerical procedure. Both partitioned and monolithic approaches have advantages and

disadvantages, and the choice may depend on the FSI problem [7].

Faculty of Mechanical Engineering and Naval Architecture 21



Josip Istvanovic¢ Master's Thesis

Currently, only the partitioned approach is implemented in OpenFOAM FSI solver solids4foam.
The solver is based on the cell-centered finite volume discretization method for both domains and
the strongly coupled partitioned solution procedure (Fig 3-5.b).

3.4.1. Conditions at the fluid-solid interface

The fluid and solid models are coupled by kinematic and dynamic conditions which must be
satisfied at the fluid-solid interface. The kinematic condition states that the velocity and
displacement must be continuous across the interface:

Vr,i = Vs,is (3.13)

Up; = Ug; (3.14)
where subscripts F and S represent the quantities corresponding to the fluid and solid regions of
the model, respectively, and subscript i represents the quantities at the fluid-solid interface.
The dynamic condition follows from the linear momentum conservation law and states that forces
are in equilibrium at the interface:

n;  0p; =N; " Og; (3.15)

where n; is the unit normal vector at the interface.
In the partitioned computational approach, force (traction) is usually calculated at the fluid side of
the interface and applied as a boundary condition on the solid side of the interface. The traction is
calculated by using the fluid stress tensor consisting of the isotropic and viscous components. The
viscous (deviatoric) component, defined by Newton’s law of viscosity, is:

T=pu[V+ (WV)T] (3.16)
where u = pv is fluid dynamic viscosity. The stress tensor for an incompressible Newtonian fluid
reads as follows:

6p; = —pl+1T=—pl+u[Vv+ (W)T] (3.17)
and the traction at the interface reads:
tp; =n;-0p; = —pn; +un; - Vv, — 2u(Vs - v)n; + uVgvy, (3.18)

where v, = (I —nn) - v is the tangential velocity component, V=V —nn-V is the surface
tangential gradient operator and v,, = n - v is the normal velocity component. The third and the
fourth term on the right-hand side of equation (3.17) can usually be omitted. Otherwise, these
terms can be calculated directly at the solid side of the interface taking that the kinematic condition

is valid.
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3.4.2. Solution procedure for fluid-structure interaction

As mentioned earlier, the partitioned approach is adopted for the fluid-structure interaction
solution procedure, where the flow model and the structural model are solved separately using
different solvers in the FV framework. The coupled fluid-structure interaction problem is
decomposed using the Dirichlet-Neumann procedure, where the flow model is solved for a given
velocity (or displacement) of the fluid-structure interface, while the structural model is solved for
a given force exerted on the interface.

The equilibrium of the force and velocity (or displacement) on the fluid-structure interface is
enforced in each time step using a strongly coupled procedure by performing iterations between
the fluid and solid solvers. To that end, the Gauss-Seidel iteration scheme with fixed relaxation or
convergence acceleration using Aitken (dynamic) relaxation and the interface quasi-Newton
procedure, with the approximation for the inverse of the Jacobian from a least-squares model
(IQN-ILS) are available. The Aitken relaxation procedure and the IQN-ILS procedure are
preceded by two fixed-relaxation iterations.

The fluid-structure interaction solution procedure is summarized in the following algorithm:

1: Switch to the next time step.

2: Predict interface displacement and calculate initial interface residual.

3: Start the FSI strongly coupled iterative procedure.

4: Switch to the next iteration.

5: Calculate the vertex-displacements of the fluid side of the interface.

6: Solve mesh motion equation.

7: Move the fluid mesh.

8: Solve the fluid model.

9: Transfer the face-center forces from the fluid to the solid side of the interface.
10: Solve the structural model.

11: Transfer the vertex-displacements from the solid to the fluid side of the interface.
12: Calculate interface residual at the fluid side of the interface.

13: if converged then

14: Go to the next time step (line 1)

15: else

16:  Go to the next iteration (line 4)

17: end if
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3.4.3. Interpolation at the fluid-structure interface

Traction (pressure and viscous forces) calculated at the boundary faces of the fluid side of the
interface must be transferred to the boundary faces of the solid side of the interface; it is applied
as the boundary condition for the solid model. In general, meshes at the solid and fluid side of the
interface are not conformal and an interpolation procedure between the models is required. To this
end, two different interpolation techniques are used:
1. face-interpolation procedure for the interpolation from the boundary cell faces of the
fluid side of the interface to the boundary cell faces of the solid side of the interface,
2. vertex-interpolation procedure for the interpolation of the vertex-displacement field
from the solid side of the interface to the vertices of the fluid side of the interface.
To map fields (e.g. traction, velocity, displacement) between the fluid and solid interfaces the
General Grid Interface (GGI) class is used. [8]
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4. THE CORONARY ARTERY MODEL DEVELOPMENT

This chapter will describe the entire parameters necessary for the numerical simulation, including
the mesh, time step discretization, boundary, and numerical setup. The first part will focus on the
CFD simulation, which was done to acquire boundary conditions at the outlet of coronary arteries.
Even though the pressure waveform is relatively the same, the coronary flow waveform differs
significantly from the aortic flow. This phenomenon makes the coronary flow model more
complex and more difficult to simulate, which will be discussed later in the chapter. The second

part will focus on the FSI setup and how the CFD results were implemented.

4.1. Geometry

The responsibility of coronary arteries is to supply oxygen-rich blood to the heart. There are two
main coronary arteries arising from the aortic root, namely the left main (LM) and the right
coronary artery (RCA), where the LM typically divides into two branches, the left anterior
descending (LAD) and the left circumflex (LCx), although occasionally it trifurcates into the LAD,
LCx and ramus intermedius (RI) arteries as seen in Fig. 4-1. The LAD is responsible for delivering
blood to the anterior wall and apex of the left ventricle, the heart's main pumping chamber.
Coronary circulation was thoroughly explained in Chapter 2.

The computerized tomography (CT) scans from which the geometry was extracted were provided
by the AZ Delta hospital in Belgium. The CT scan data is in DICOM format, and it consists of a
large number of 2D images, each representing a slice of the geometry. 3D models were obtained
by volume rendering of CT scans and subsequent editing. A detailed description of the geometry

extraction is given in [9]. The extracted geometry is shown in Fig. 4-1 and Fig. 4-2:
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Figure 4-1.  The patient-specific coronary arteries
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Figure 4-2.  The left coronary artery trifurcation
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4.1.1. The simplified geometry model

The simplified geometry was modeled in SolidWorks 2020 SP3. The diameters and lengths of
coronary arteries were measured in ParaView and averaged values were obtained for modeling.
The model consists of aortic inlet, LM, LCx, LAD, and RI coronary arteries. Geometry was made
including the aortic inlet due to the known pressure waveform in the aortic root during the heart
cycle. The CFD simulation was conducted on a simplified geometry of a healthy artery to obtain
the downstream conditions, whereas the FSI simulations were performed on a diseased geometry

affected by the atherosclerosis.

4.2. CFD numerical model
4.2.1. Introduction

As previously stated, the coronary and the aortic flow are significantly different. This is explained
by the fact that the coronary arteries are located in the muscular wall of the heart, so when the
heart is in the contracting, the coronary arteries constrict and their resistance to blood flow is high,
whereas in the diastole phase, when the heart muscle is relaxed, the flow increases. There is a
paradox, at high pressure in the aortic root (during cardiac contraction) the coronary flow is small,
and during cardiac relaxation, coronary flow increases. This means that the resistance of the
coronary arteries changes during the heartbeat (and their diameter may also change significantly),
which is not the case in systemic arteries, where we can expect constant peripheral resistance. As

a result, the flow model in coronary arteries is more complex than that in systemic arteries.

This thesis focuses on the left coronary artery due to the known experimental data for the LCA.
Another reason is that the myocardial infarction most often affects the left ventricle, whose energy
and oxygen needs are higher. Less commonly, however, it can also affect the right ventricle or
atria, usually the right [10]. The following figure describes the differences in cardiac circulation

between the left and right coronary artery, which is explained in [11]:
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Figure 4-3.

Representative simultaneous pressure and flow waveforms in the left main stem and

proximal right coronary artery [15]

The following figure shows the measured pressure and volume flow waveform through the aortic

valve for three subjects of different ages:
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Figure 4-4.  The measured pressure and flow waveform in the aortic valve for adolescents,

middle-aged, and elderly during a heartbeat [16]

It can be seen from the figure that maximal flow and diastolic pressure remain more or less
unchanged with age, while systolic pressure increases with age. This increase is due to changes in
the arterial walls, in which due to the deterioration of elastin, the walls become stiffer, and for the

same change in volume, the increase in pressure in the aorta is greater [12].

Fig. 4-5 shows the measured flow waveform through the left coronary artery for three subjects of

different ages:
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Figure 4-5. Blood flow waveform in the LCA for adolescents, middle-aged, and elderly during a
heartbeat [16]

4.2.2. Geometry

The simplified CFD geometry model of a healthy artery was designed in SolidWorks. The model

is shown in Fig 4-6:

WALL
RIOUTLET AORTA INLET

LAD OUTLET LCx OUTLET

Figure 4-6.  The left coronary artery geometry model
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4.2.3. Mesh

The computational mesh used in this work was made by an open-source cross-platform library for
automatic mesh generation that is built on top of OpenFOAM called cfMesh®. It is licensed under
GPL (General Public License), and compatible with all recent versions of OpenFOAM.

cfMesh supports a variety of 3D and 2D workflows built by using components from the main
library that are extensible and can be combined to create a variety of meshing workflows. The core
library utilizes mesh modifier concept, which enables efficient parallelization using both

shared-memory parallelization (SMP) and distributed memory parallelization (MPI). [13].

Meshing workflows implemented in cfMesh require input geometry in a form of surface
triangulation such as STL (Stereo Lithography) files. STL files are then converted into FMS (File
Management System) files because they can store patch information. The volume mesh was
created by typing the cartesianMesh command in a shell window, which generates 3D meshes
consisting of predominantly hexahedral cells with polyhedra in the transition regions between the
cells of different sizes. The checkMesh command performs basic topology and geometric checks
on the input mesh and evaluates mesh statistics and quality parameters.

The computational mesh consists of 133,998 mostly hexahedral cells. The mesh quality satisfied
quality indicator (negative cells, skewness and orthogonality) thresholds. It is shown in the

following figures:

Figure 4-7.  Surface mesh of a simplified healthy coronary artery
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Figure 4-8.  Volume mesh of a simplified healthy coronary artery

4.2.4. Boundary conditions

Each boundary condition has a physical meaning described mathematically via an equation, which
in the context of a numerical method has to be translated into an algebraic relation. The geometry
consists of six patches, whose boundary conditions are given in Table 4-1. As already mentioned,
the fluid flow is considered to be isothermal and laminar, while the blood is assumed as
incompressible and Newtonian. Therefore, it is only necessary to define boundary conditions of

the velocity U and pressure p.

Table 4-1: Boundary conditions

Boundary condition
Patch
u P

aorta_in newFlowRatelnletVelocity zeroGradient
lad_out zeroGradient flowRateOutletPressure

ri_out zeroGradient flowRateOutletPressure
Icx_out zeroGradient flowRateOutletPressure

wall noSlip zeroGradient
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The boundary condition newFlowRatelnletVelocity is a velocity inlet boundary condition either
correcting the extrapolated velocity or creating a uniform velocity field normal to the patch
adjusted to match the specified flow rate [14]. The experimental volume flow data is written in a
text file and is set to the inlet boundary. Thus, the velocity boundary condition is defined by the
volume flow rate. The new part indicates that the flow rate can be scaled with the desired factor.
In the case of a different time step of the numerical simulation and the data from the text file, the
intermediate values are linearly interpolated.

The boundary condition flowRateOutletPressure is a pressure outlet boundary condition, which
corrects the extrapolated pressure to match the specified flow rate. The flow rates in this simulation
are distributed according to the face surface ratios of the outlets.

zeroGradient boundary condition extrapolates the values from the domain to patches, whereas
noSlip indicates that there is no relative velocity between the fluid and the wall, i.e., it fixes the
velocity to zero at walls.

The coronary volume flow rate waveform at the inlet is plotted and shown in Fig. 4-9:

Measured volume flow rate
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Figure 4-9. Coronary flow rate waveform during a heartbeat

The reference pressure cell is chosen at the center of the aorta inlet, as the experimental data is

known for pressure distribution in the aortic valve during a heartbeat.
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Figure 4-10. Reference pressure cell
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The pressure profile in aortic valve is given in Fig. 4-11:
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Figure 4-11. Pressure profile in the aortic valve during a heartbeat

The combination of these two boundary conditions represent the most realistic hemodynamic

conditions in coronary artery circulation.

The following figure represents an overview of the arterial tree circulation based on experimental
data, with each physical property having its own unit of measurement to improve the visibility of
each curve. Q,, represents aortic valve flow rate, p,, is aortic valve pressure and Q.. IS coronary
flow rate.

The flow phase difference in clearly visible. In this thesis, the pressure profile from the aortic root
was used as a pressure in the reference cell. The use of the aortic pressure profile at the inlet is
justified because of the similar pressure profiles in these two vessels, as shown in Fig 4-3. These

assumptions were necessary due to the unknown experimental pressure data in coronary arteries.
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Figure 4-12.  Arterial tree circulation

4.25. Solver control

Calculations were performed using the pimpleFoam numerical solver for incompressible transient
flows. The PIMPLE algorithm is a combination of the PISO (Pressure Implicit with Splitting of
Operator) and SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithms. The
SIMPLE algorithm is used for stationary, while PISO is used for transient flows. The PIMPLE
algorithm can be thought of as SIMPLE for each time step. For this reason, better stability over
PISO is achieved, especially when it comes to large time steps in which the maximum Courant
number can be continuously above 1 or when the nature of the solution is inherently unstable. The
PIMPLE algorithm provides the pressure and velocity coupling, while the GAMG (Geometric
Agglomerated Algebraic Multigrid Solver) solver performs pressure correction.

The CFD model is discretized in space using the second-order accurate cell-centered finite volume
method and temporal discretization is performed using the second-order accurate implicit scheme.

The under-relaxation factors A4 are used to promote convergence and stabilize the iterative

solution process, whilst slowing down the changes in physical property ¢ between iterations. The
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under-relaxation factors vary between 0 and 1. A value close to 1 implies little under relaxation,
while a value close to 0 produces heavy under relaxation effects with very small changes in ¢ from
iteration to iteration. The optimum under relaxation factor is problem dependent and is not

governed by any general rule. The factors affecting A4 values include the type of problem solved,

the size of the system of equation, the grid spacing and its expansion rate, and the adopted iterative

method, among others. Usually, values of 14 are assigned based on experience or from preliminary
calculations. The under-relaxation factors used in this simulation are A, = 0.95 and 4, = 0.9,

which proved to be stable. The solution converged when the pressure residual decreased under the
10 and the momentum residual under the 107,

4.2.6. Results

The main feature of blood flow in the cardiovascular system is its pulsating and periodic nature,
which means that the flow will be repeated from cycle to cycle for the same boundary conditions.
To achieve periodic flow, it is necessary to perform the simulation sufficiently long until the
influence of the initial conditions disappears. Even though the periodic nature was achieved in the
first cycle, the results will be displayed for the last two cycles.

The goal of this simulation is to obtain a pressure waveform at the outlets during a heartbeat, which
will be used as the boundary condition in the FSI simulation later on. This assumption is based on
the development of collateral circulation, which occurs when atherosclerotic plaque gradually
constricts the artery over time. Collateral flow represents the unchanged downstream conditions,

whereas the upstream flow changes due to plaque growth.

Fig. 4-13 shows the volume flow rate waveform, which is based on the face surface ratios of the
outlets i.e., it is based on the geometry of the vessels. This means that the velocity and pressure
field at the outlets should have similar values. The small variations in values are due to the length
differences of each branch and viscous flow, but as seen in Fig. 4-14 and Fig. 4-15, they are
negligible. Approximately 52 % of the volume flow branches into the LAD outlet, 18 % into the
RI outlet, and 30 % into the LCx outlet.
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Figure 4-13.  Volume flow rate waveform at the inlet and outlets
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Figure 4-14. Outlet average velocity waveform
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Figure 4-15.  The pressure waveform at the inlet and outlets
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4.3. FSI numerical model

This part of the chapter will mostly focus on the setup of the solid body and the fluid-solid
interaction, as the fluid part was explained in the previous chapter. All existing differences between
the fluid model used in CFD simulations and the fluid model used in FSI simulations will be

emphasized.

4.3.1. Geometry

Two comparative geometry models were created to analyze the effect of different stenosis on the
atherosclerotic artery. The first model was made with the 30 % stenosis, whereas the second with
the 50 % stenosis. Plaque shoulder length is proportional to the plaque height. Geometry models

are shown in the following figures:

PLAQUE IN

RIOUTLET

PLAQUE WALL LAD OUTLET

PLAQUE OUT

7

AORTA INLET LCx OULET

Figure 4-16. Geometry boundaries in FSI simulations showing fluid domain (brown) and solid
domain (gray)
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Figure 4-17. Geometry with 30 % stenosis (left) and 50 % stenosis (right)

Figure 4-18. Schematic of different percentage stenoses
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Figure 4-19.  Atherosclerotic plague geometry

4.3.2. Mesh

All four meshes were made with cfMesh and are mostly hexahedral. The mesh quality satisfied all

the quality indicator thresholds. Index 1 will be used for the 30 % stenosis model, while index 2

for the 50 % stenosis model. Mesh information is given in the following table:

Table 4-2: Mesh properties

Region Cell count
Fluid 1 141,366
Solid 1 4,858
Fluid 2 145,229
Solid 2 8,845

Mesh comparison is shown in the following figures:
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Figure 4-20. Cross section | of LM vessel at the maximum height of the plaque. On the left,
geometry with 30 % stenosis is shown. On the right, geometry with 50 % stenosis is shown.

Figure 4-21.  Cross section Il of LM vessel at the maximum height of the plaque
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4.3.3. Boundary conditions

Figure 4-22.

Cross section of LCA vessel

As it has been said in chapter 4.2, pressure boundary conditions at the outlets of the fluid domain

are fixed using the results from the CFD simulation. As the pressure values are defined at the

outlets, the reference pressure cell is no longer required at the inlet. Fluid boundary conditions are

given in the following table:

Table 4-3: Fluid domain boundary conditions

Boundary condition
Patch
U p
aorta_in newFlowRatelnletVelocity zeroGradient
lad_out zeroGradient timeVaryingUniformFixedValue
ri_out zeroGradient timeVaryingUniformFixedValue
lcx_out zeroGradient timeVaryingUniformFixedValue
wall noSlip zeroGradient
plaque_wall newMovingWallVelocity zeroGradient
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timeVaryingUniformFixedValue boundary condition represents a general fixed value condition

with a time-varying value. newMovingWallVelocity boundary condition provides a velocity
condition for cases with moving walls. It sets the relative velocity between the fluid and the wall

to zero.

Solid domain boundary conditions are given for pressure p and displacement D.

Table 4-4: Solid domain boundary conditions

Boundary condition
Patch
p D
plague_in tractionPressure tractionExtrapolatedDisplacement
plaque_out zeroGradient fixedDisplacement

tractionPressure boundary condition transfers calculated pressure and viscous forces at the fluid
side interface to the solid side interface, whereas the boundary condition
tractionExtrapolatedDisplacement extrapolates displacement values from the center of control
volume to the centers of face surfaces. fixedDisplacement boundary condition constrains the

displacements to a fixed value.

The fluid and solid regions are solved separately. Gauss-Seidel coupling algorithm is used to
enforce  momentum and kinematic continuity at the fluid-to-solid interface with the
Dirichlet-Neumann decomposition.

The fluid domain is solved using a Dirichlet condition for velocity at the interface, and the solid

domain is solved using a Neumann condition for traction at the interface.

The coupling algorithm for all time-steps is as follows:

solve fluid domain

pass fluid interface forces to the solid interface

solve solid domain

pass solid interface velocities to the fluid interface using under-relaxation

update the fluid mesh

o a k~ w N e

repeat until convergence
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4.3.4. Solver control

Fluid domain calculations were performed using the pimpleFoam solver, while the solid domain was
calculated using stressFoam solver. Both domains are discretized in space using the second-order
accurate cell-centered finite volume method and temporal discretization is performed using the
first-order accurate implicit scheme. The first order-accurate schemes are used to improve stability.

The fluid domain residuals and under-relaxation factors are the same as in the CFD simulation.
The solution converged when the traction residual decreased under 10, while the under-relaxation

Is achieved using the IQN-ILS procedure.

4.3.5. Fluid and solid material properties

Due to simplicity, the blood has been modeled as an incompressible and Newtonian fluid. The

Kinematic viscosity is set to vy = % = 3-10"°m?/s, where u is the blood dynamic viscosity and

pr is the blood density, which is set to 1000 kg/m3.

The plaque has been modelled as an isotropic homogenous hyperelastic and incompressible body.
The homogeneous property indicates that it is made of a single material. Since the main
constituents of the plaque are collagen, smooth muscle cells and lipids, an average Young’s
modulus, based on the [15], is E = 8 - 10° Pa. An incompressible property locks Poisson’s ratio

to v; = 0.5, while the material density is set to p; = 1200 kg/m3.
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5. RESULTS AND DISCUSSION

The following chapter shows the effect of two different stenoses on the atherosclerotic artery.
Since blood flow has a pulsating nature, the dynamical system characteristics around the plaque,
such as the blood flow velocity, the pressure distribution, the wall shear stress, the wall
displacement, the von Mises stress, and the traction at the plaque root will be analyzed.

The maximum velocity occurs at a time corresponding to the maximum pulsation of volume flow
rate at the plaque location (¢t = 0.56 s), where the constriction of the artery is the greatest. As there
Is a phasic difference between the maximum volume flow rate and the maximum pressure, there
are two points of interest, the maximum pressure (t = 0.34 s) and the maximum velocity

(t = 0.56 s). Both of them will be compared and analyzed in the remainder of the chapter.

Calculations were done by parallel computing using the domain decomposition approach. Fluid
and solid meshes and fields are divided into sub-domains that are assigned to different processors,
six in this case. Solvers run in parallel on separate subdomains, and communication between

processors is accomplished through the Message Passing Interface (MPI) communication protocol.

Post-processing was done in Paraview, an open-source multiple-platform application for
interactive, scientific visualization, and QtiPlot, a cross-platform application for interactive
scientific graphing and data analysis.

Faculty of Mechanical Engineering and Naval Architecture 46



Josip Istvanovic¢ Master's Thesis
5.1.  Fluid governing results

This part of the chapter will focus on the fluid-based results, which are the volume flow, the
velocity, the pressure, and the WSS.
Firstly, the comparison between CFD and FSI volume flow rate is given at each artery branch as

the downstream pressure conditions are the same.
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Figure5-1.  The left anterior descending volume flow rate
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Figure 5-2.  The left circumflex branch volume flow rate
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Figure 5-3. The ramus intermedius branch volume flow rate
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The previous three graphs show that the volume flow changes significantly due to the plaque
growth even though the downstream conditions are unchanged. The flow through the LAD branch

decreases nearly twice, while the flow through the LCx and RI branches increases.

As the volume flow changes, so does the velocity. The maximum average velocity at outlets in the
CFD simulation reached ~ v, = 0.15 m/s. The average outlet velocity for both simulations can

be seen in Fig 5-4.

Outlet velocity
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Figure 5-4.  Average outlet velocity comparison

Due to the incompressible flow, the velocity is equal to v = Q /A, where Q represents the volume
flow and A is the surface area. This means that the velocity is proportional to the volume flow.
This is the reason why the LCx and RI branches have higher average velocity compared to the

CFD values, while the LAD branch has a lower value.

The following figures show the velocity streamlines at t = 0.56 s. The vortices are generated
behind the plaque and form the flow separation downstream. Flow separations represent a long-
term problem as they cause low wall shear stress areas, which are favorable areas for plague

formation. Vortices also obstruct the laminar flow and they extend throughout the LM branch, up
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until the beginning of the LAD. Fig 5-1 and Fig 5-4 show significantly reduced volume flow rate

and the average velocity in the LAD branch, which might be due to the vortex formation.

Velocity [m/s]
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| / \ \\ \ \ 0.00 0.1 03 0.39
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Figure 5-5.  Streamlines around the plague, model 1

4 ¢
= J Velocity [m/s]
/ F 0.00 0.1 0.2 0.3 04 047
-~ 7 | — N
- —

Figure 5-6.  Streamlines around the plague, model 2
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Fig. 5-7 shows the pressure distribution along the artery wall. Due to the viscosity, a pressure drop

is observed from upstream to downstream.

21.3186
I:21.3180
— 21.3170

— 21.3160

21.3150

Kinematic pressure [m?/s?]

21.3138

Figure 5-7.  Pressure distribution, model 1

Wall shear stress along the plaque wall is illustrated in the following figures (at t = 0.56 s). The
obtained value of WSS needs to be multiplied by the fluid density, as the current value is

calculated using the kinematic viscosity, rather than the dynamic viscosity.

Wall shear stress [m?/s?]

0.006 0.008 0.01
| | |

0.012 1.46e-02
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.

Figure 5-8.  Wall shear stress distribution I, model 1
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Figure 5-9. Wall shear stress distribution 11, model 1

o Wall shear stress [m?2/s?]
Y oX 0.00e+00 0.002 0.004 0.006 0.008 0.01 0.012 0.014 1.68e-02
4 ——— ! ' U e—

Figure 5-10. Wall shear stress distribution I, model 2
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Figure 5-11.  Wall shear stress distribution 11, model 2

The WSS in both cases follows a similar distribution. The WSS local maximum is in the vicinity
of the plaque with the 50 % stenosis model having larger values. This suggests that the higher
stenoses are subjected to higher stresses. The plaque wall failure is primarily due to the WSS. The
maximum values are in the middle area of the plaque shoulder (intersection of the outer surface of

the plaque and the artery wall), which suggests that this area might be prone to rupture.

Fig. 5-12 shows the time-varying average WSS at the plaque wall for both geometries. Model 2 is
subjected to a higher average WSS of approximately 33 %. It can be seen that the WSS waveform

has a similar shape as the velocity waveform.
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Figure 5-12. Time-varying average WSS
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5.2.  Solid governing results

This section of the chapter will put more emphasis on the solid-based results, such as the
displacement and the von Mises stress. The material failure inside the plaque is mainly related to

the maximum VMS, which represents an effective 3D stress, and is calculated as:

1 2 2
oym = |5 [(GXX — ayy) + (cryy — O'ZZ) + (0, — O'XX)Z] + 3(0% + 0f, + 0&) (5.1)
The stress components are shown in chapter 3.3 in Fig 3-4.

5.2.1. Pressure analysis

The first point of interest that will be analyzed is the maximum pressure point at t = 0.34 s. In the
following figures, the displacement field is shown on the solid domain and the kinematic pressure

field is shown on the fluid domain
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Figure 5-13.  Pressure-displacement comparison |
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Figure 5-14.  Pressure-displacement comparison Il
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Figure 5-15.  Pressure-displacement field, model 1
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The comparative analysis at the maximum pressure point shows that the displacements in model
1 are twice as large as those in model 2. It is also worth noting that the largest displacements occur
at the top of the plaque shoulder. The maximum displacements model 2 occur in the middle and
the top region of the plaque shoulder, indicating that the load area is greater than in model 1, where

they occur only in the top region. It should be noted that, given the geometry, the displacements

Kinematic pressure [m?/s*]
21.3138 21.3150 21.3160 21.3170 21.3180 21.3190

—— U e

Displacement [m]
0.00 Se-8 le-7 1.5e-7 1.82e-07

! o

Figure 5-16.  Pressure-displacement field, model 2

are very small, so the stress provides a more accurate picture of the load.
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In the next figures, the VMS field is shown on the solid domain and the kinematic pressure field

is shown on the fluid domain.
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Figure 5-17.  Pressure-VMS comparison |
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Figure 5-18.  Pressure-VMS comparison 11
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Figure 5-19. The pressure-VMS field, model 1
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Figure 5-20. The pressure-VMS field, model 2
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Figures 5-17 and 5-18 show a comparative review of stress at the same maximum stress scale to
provide a more representative comparison. Both models have very low cross-sectional stresses,
indicating that the rupture starts at the plaque shoulder. Surface VMS is the highest near the
shoulder, which can be seen in Fig. 5-19 and Fig. 5-20. The maximum values are in the middle
and the bottom region. The stress values in model 2 are nearly twice as high as in model 1, implying

that a higher stenosis level is more prone to rupture.

5.2.2. Velocity analysis

The second point of interest is the maximum velocity point at t = 0.56 s. In the following figures,

the displacement field is shown on the solid domain and the velocity field is shown on the fluid

domain.
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Figure 5-21.  Velocity-displacement comparison |
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Figure 5-22.  Velocity-displacement comparison 11
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Figure 5-23.  The velocity-displacement field, model 1
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Figure 5-24.  The velocity-displacement field, model 2

The displacement analysis shows that the maximum displacements in both models are nearly
identical. The difference is that, in model 1, displacements occur only at the top of the shoulder,
whereas, in model 2, displacements propagate from the top towards the interior, loading the plaque
by the section height. This suggests that the velocity field has a significant effect on the different
level stenoses, with a greater effect on the higher percentage stenoses.

As in the pressure analysis, displacements have low values, and thus stress analysis is necessary.
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In the next figures, the VMS field is shown on the solid domain and the velocity field is shown on

the fluid domain.
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Figure 5-25.  Velocity-VMS comparison |
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Figure 5-26.  Velocity-VMS comparison 11
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Figure 5-27.  The velocity-VMS field, model 1
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Figure 5-28.  The velocity-VMS field, model 2
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A similar conclusion can be made as in the pressure analysis. The cross-sectional stresses in both
models are low, also suggesting the plaque rupture occurs at the shoulder rather than the plaque
interior. VMSs are much higher at the surface, which implies that the shoulder is one of the most
vulnerable parts. The maximum VMS is 1.85 times higher in the second model and covers a larger
area than in the first model. This supports the claim made in the pressure analysis that higher-level

stenoses are more vulnerable to rupture.

5.2.3. Traction force
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Figure 5-29. Time-varying traction force

Since the plaque root, that is, plaque out boundary is fixed, it is interesting to monitor the forces
acting on it. Any crack at the bottom of the shoulder could lead to plaque separation and finally

rupture. This information might be helpful to analyze such phenomena.

It can be seen that the traction force follows the same time-varying trend as the pressure waveform.
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5.3.  Results discussion

As there are two points of interest, it is important to determine which is the critical one. The
evaluation of the maximum values of the WSS, the VMS, and the displacement values are given
in Table 5-1, for model 1, and in Table 5-2, for model 2.

Table 5-1: Model 1 physical property comparison

Maximum pressure Maximum velocity
Model 1 2/1
(t1=0.34s) (t2=0.565)
WSS 8.11e-04 1.46e-02 18.00
VMS 18446.0 14831.3 0.80
Displacement 2.99e-07 3.32e-07 1.11
Table 5-2: Model 2 physical property comparison
Maximum pressure | Maximum velocity
Model 2 2/1
(t1=0.34s) (t2=0.56s)
WSS 8.32e-04 1.68e-02 20.19
VMS 34947.3 27488.8 0.79
Displacement 1.82e-07 3.17e-07 1.74

Table 5-1 and Table 5-2 both show a similar pattern. The last column (2/1) represents the

maximum velocity value divided by the maximum pressure value.

The value of VMS at the time of max pressure differs from the value of VMS at the time of max
velocity by approximately 20 % in both models, which is not that significant, due to low
cross-sectional stresses. Additionally, a significant difference can be noticed between the VMS
values of model 1 and model 2. VMS for model 2 is 89 % higher at the time of maximum pressure

and 85 % higher at the time of maximum velocity.

Displacements at the time of max velocity are 11 % higher than the value of displacements at the
time of max pressure for model 1. Regarding model 2, displacements are 74 % higher at the time

of maximum velocity compared to the time of maximum pressure. It is important to mention that

Faculty of Mechanical Engineering and Naval Architecture 66



Josip Istvanovic¢ Master's Thesis

the displacements obtained at the time of maximum pressure were mostly surface displacements,
while the displacements at the time of maximum velocity were, both, surface and interior
displacements. Even though the displacements do differ, their values are still negligible. While
comparing model 1 and model 2, it can be seen that the displacements for model 2 are 4.5 % lower

at the time of maximum velocity and 40 % lower at the time of maximum pressure.

The WSS is significantly higher at the moment of the maximum velocity in both cases. The value
of WSS at the time of max velocity is 18 times higher than the value of WSS at the time of max
pressure for model 1. Regarding model 2, WSS is 20.19 times higher at the time of maximum
velocity compared to the time of maximum pressure. A comparison between the two models
suggests that WSS values for model 2 are 15 % higher at the moment of the maximum velocity

and 2.6 % higher at the moment of maximum pressure.

Considering the fact, that the plaque wall failure is primarily due to the WSS, the maximum

velocity should be the critical point to analyze in future research.
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5.4. Fatigue and plaque rupture in myocardial infarction - discussion

In this chapter, the plaque rupture will be treated as a chronic fatigue process, rather than an acute
syndrome. Even though fatigue and crack propagation were not analyzed in this thesis, they should

be mentioned and discussed.

5.4.1. Introduction

Plaque rupture causes the vast majority of acute myocardial infarctions. The primary mechanism
Is a fracture of the fibrous capsule covering the lipid core of an atheromatous plaque. According
to structural analysis, rupture is associated with stress concentrations, which are affected by plaque
lipid composition, fibrous cap thickness, plaque area, plaque shoulder histology, and
inflammation. Plaque rupture occurs when the plagque is unable to withstand the hemodynamic
blood pressure and shear stress applied to it. An excessive concentration of stress at a weak portion
of the plaque surface is thought to be an important factor in the rupture process.

In mechanics, fatigue is a chronic failure process caused by repetitive loading. It is an
asymptomatic but potentially progressive failure process that can result in sudden fracture at stress
levels that appear to be much lower than critical stress. The cardiovascular system is a fatigue
environment by nature. Each year, arterial tissues are subjected to 36,792,000 stress cycles at a

heart rate of 70 beats per minute.

5.4.2. Crack initiation

The primary biomechanical measure is likely to be stress. Blood pressure, which expands and
stretches an artery with each pulse, is the source of stress in an artery. Plaque is widely accepted
to be most vulnerable in high-stress areas, which are thought to be the most common sites for
rupture initiation. A variety of factors, including anatomy and tissue properties, influence stress
concentrations.

The maximum circumferential stress along the lumen surface is typically considered the hot spot
where the rupture is most likely to occur. It has been discovered that the maximum circumferential
stress occurs in the plaque shoulder region. This suggests that rupture occurs at the lumen and is
less likely to originate from the lipid. The failure initiation locations were found to be significantly
affected by lumen shape and cap thickness. The presence of a lipid pool was also found to increase
circumferential stress levels in the fibrous cap region because stress concentration is increased

when materials of different stiffness are placed side by side.
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5.4.3. Crack propagation

In addition to predicting rupture initiation sites, it is also important to investigate the rupture path.
A propagating crack may deviate depending on the prevailing stress environment, which changes
with each crack extension. The preferred rupture direction was discovered to be radial from the
lumen center and was unaffected by tissue properties or anatomy. This supports the assumption
that an initial stress concentration at the lumen wall is a good indication of rupture location.

The crack initially advances slowly but accelerates as it lengthens. This is due to a progressively
increasing stress concentration at the tip of the emerging crack. When a critical crack length is
reached, the final rupture will occur abruptly.

As previously stated, initial stress levels at the lumen surface are not high enough to explain acute
plaque rupture. The dynamics of a chronic injury process or fatigue mechanism, on the other hand,

may reconcile the clinical realities of relatively low-stress levels and acute rupture.

5.4.4. Fatigue

A fatigue process is an incremental failure progression caused by repetitive stresses, resulting in
acute failure at pressure levels that appear to be much lower than the tissue tear strength. One of
the unfortunate aspects of fatigue is that it is symptomatically silent. As a result, clinical symptoms
are frequently absent until the ultimate plaque rupture and myocardial infarction. Fatigue behavior
for plaque tissues is therefore still insidious. According to fatigue research, fatigue life is often
divided into three phases: crack nucleation, crack propagation, and final rupture.

The nucleation phase typically represents the longest period of fatigue life. It is the most difficult
period to predict. Likely, biological and biochemical factors such as inflammation, healing, and
sedimentation have a greater impact on it than the two subsequent fatigue stages.

The intermediate period of stable crack propagation is probably more important because
incomplete ruptures are potentially detectable. It describes a stable rupture phase, which is likely
the most predictable phase before the failure mode becomes unstable (acute rupture).

The final rupture is the shortest phase and usually happens suddenly and without warning, as in
myocardial infarction.

Since fatigue life is expressed in pulses, fatigue time is affected by heart rate. Mean and pulse

pressure were discovered to be critical independent determinants of crack growth rate.
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5.4.5. Conclusion

Anatomical variation was discovered to have a significant influence on fatigue life. A reduction in
cap thickness or an increase in lipid pool size resulted in a significant reduction in fatigue life. In
comparison to the previously used stress analysis, the fatigue model offers some possible
explanations for plaque rupture at low-stress levels in a pulsatile cardiovascular environment, and
it may be a useful tool for assessing plaque vulnerability and risk stratifying patients with luminal
stenosis. Living tissues have the ability to self-recover, which can certainly influence crack growth.
Future research must consider the crack closing rate to accurately describe fatigue crack
growth. [16, 17]
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6. CONCLUSION

The main focus of this thesis was to develop a numerical model of an atherosclerotic artery and
determine the potential areas for plaque rupture, which may lead to a heart attack. An introduction
was given in the first and the second chapter with a detailed medical overview of plaque formation
and coronary circulation. Governing equations for the fluid-structure interaction model were
concisely described in the third chapter, in which both domains were discretized with the
cell-centered finite volume method. The fourth chapter gives an overview of the geometry,
mesh-making process, and a detailed explanation of the boundary conditions used in the simulation
and how they were obtained. The discretization of the spatial domain was performed in the
open-source software cfMesh, while for conducting the numerical simulations,
OpenFOAM/solids4foam was used. Firstly, the CFD simulations were conducted to determine
downstream pressure conditions. Approximately 52 % of the volume flow branches into the LAD
outlet, 18 % into the RI outlet, and 30 % into the LCx outlet. After obtaining the pressure values
at the vessel outlets, the FSI simulations were conducted on 2 geometries: one with 50 % stenosis,
and one with 30 % stenosis in order to determine differences in velocity, pressure, and wall shear
stress fields on the fluid domain, but also the von Mises stress and displacement fields on the solid

domain. At the end of the chapter, the simulation setup was outlined.

In chapter five, the results are shown for two points of interest, the moment of maximum pressure
and the moment of maximum velocity, which were compared for the two stenosis levels. They
were outlined in form of the volume flow rate, the wall shear stress, the displacements, and the

von Mises stress.

Significant differences can be observed when comparing flow rates through branches obtained
from the FSI simulations and flow rates through branches obtained from the CFD simulation. The
flow rate in LAD is reduced in stenosis models by approximately 54 %, the flow rate in LCX is
increased in stenosis models by 88 %, and the flow rate in R1 is increased by 10 %. The reason for
that can be the generation of the vortices behind the plaque, which form downstream flow
separation. The vortices extend throughout the main branch, up until the trifurcation junction. An
additional long-term problem, that flow separations cause, is the low WSS areas, in which the

advancement of atherosclerosis, that is, growth of the plaque, is enabled.

Comparing WSS values of model 2 and model 1, the maximum values are 15 % higher for model 2
stenosis, whereas the average values are 33 % higher. The same thing can be noticed for the VMS

values, which are 85 % higher for model 2 of the stenosis. This implies that higher percentage
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stenoses are more likely to rupture. Due to the fact that maximal displacements, VMS, and WSS

can be found in the middle of plaque shoulders, this area was found to be at high risk for rupture.
The analysis suggested that the moment of maximum velocity was the critical point since the value
of the WSS is 18 times higher in model 1 and 20 times higher in model 2, which is the main cause

of the plaque wall failure, that is, the plaque rupture.

Future work, as a continuation of the thesis, would include running a simulation using a
heterogeneous solid model with two materials of significantly different mechanical properties. The
interior of the atherosclerotic plaque mainly consists of lipids, whereas the smooth muscle cells
and collagen are closer to the wall. Their stiffness levels vary up to 20 times. Therefore, a
heterogeneous solid model would enable a more accurate analysis of the plaque interior that might

be crucial to the plaque rupture phenomena.
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