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RUPTURE STATUS INVESTIGATION OF PATIENT SPECIFIC CEREBRAL
ANEURYSMS BY ANALYSING HEMODYNAMIC FACTORS
USING COMPUTATIONAL FLUID DYNAMICS

SUMMARY

Cerebral aneurysms are rather common considering the worldwide scale of population
and associated with high morbidity and mortality rate. In order to prevent disability
problems and deaths caused by cerebral aneurysms, the researchers from both
medical side and engineering side have been performing intensive studies. Although
the intensive researches, cerebral aneurysms, particularly hemodynamic effects on
cerebral aneurysms are not quite well understood. Hence, as long as the researches
proceed, the studies in terms of aneurysm status might enlighten the mystery of
hemodynamic effects on the cerebral aneurysms.

Essentially, the aneurysms are pathologic and abnormal structures of the blood vessel
walls. Cerebral aneurysms arise from the weakness of the cerebral artery caused
by various factors such as genetics and hypertension. These structures are abnormal
dilations of the arterial wall that mostly localized in the Circle of Willis (CoW). There
are three phases for the cerebral aneurysms: formation, growth and eventually rupture.
The rupture of the cerebral aneurysm might lead to serious disability problems for
the patient or even worse, might be end up with the death of the patient. When the
rupture is occured within the cerebral aneurysm, it might lead to the bleeding into the
subarachnoid space in the brain. This phenomenon is called subarachnoid hemorrhage
(SAH) and SAH is occured by cerebral aneurysms with a remarkably rate of 85%. As
a consequence, it is significantly crucial to investigate rupture status of the cerebral
aneurysms in order to predict the rupture risk.

For a long time, over the centuries, circulatory system had been examined in behalf of
discovering the organisms. Blood vessel remodeling with the flow conditions had been
studied a long time ago in 1800s by Virchow. Thenceforward, the blood vessels and
blood flow studies have been extensively performed in order to examine circulatory
system. Before the computational-based investigations in the sense of the cerebral
aneurysms and blood flow in arteries, animal-based experiments had been performed
considerably to explore this secret world of the blood flow complexity in circulatory
and cardiovascular system. The development of technology gives computer-based
studies an opportunity in order to examine blood flow simulations that is unfeasible to
perform by means of in-vivo methods. Particularly, with the increasing techniques and
technologies with regard to imaging, it has become possible to perform computational
fluid dynamics (CFD) within patient-specific cerebral aneurysms instead of performing
simulations within the artificial straight pipe geometries that are not realistic and
reliable.

It has been demonstrated that the examination based on CFD and hemodynamic
factors play a significant role in order to investigate cerebral aneurysm steps which
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are initiation, growth and rupture, respectively. However, there are still contradictory
studies with regards to the rupture risk examinations of the cerebral aneurysms under
hemodynamic factors and these factors are not completely understood. For this
purpose, within this study, the rupture status of the patient-specific cerebral aneurysms
have been examined with regards to hemodynamic factors by means of CFD. The CFD
simulations have been performed by means of an open source CFD software based on
C++ which is OpenFOAM (Open-source Field Operation And Manipulation).

CFD techniques have been used extensively by researchers and become inspiring
methods in terms of analyzing the effects of the hemodynamic factors on the
image-based patient-specific cerebral aneurysms. However, the simulation results
might be misleading if the grid resolution is not properly fit in with the abnormal
and complex aneurysm geometry. In order to overcome this issue, there is a need for
estimating the discretization errors in CFD studies. The error analysis studies have
been performed extensively in CFD researches for decades, therefore, also within
this thesis, grid convergence index (GCI) method based on generalized Richardson
Extrapolation has been performed in order to estimate the discretization errors.

Due to its non-Newtonian shear-thinning viscoelastic nature and wave-like Womersley
velocity profile, mathematical modeling of blood flow is a challenging phenomenon,
more particularly in complex and abnormal patient-specific vessels such as cerebral
aneurysms. Moreover, the aneurysm sac region is an abnormal area and within
this area blood flow tends to exhibit from transient to turbulence nature with the
increasing numbers of Reynolds. Therefore, within this study, under the Navier-Stokes
equations, the blood has been modeled as unsteady, incompressible, pulsatile flow
with its non-Newtonian shear-thinning characteristic by taking the advantage of
Carreau-Yasuda viscosity model. Regarding to the turbulence nature within the
aneurysm sac, it has been examined turbulence effects by means of dynamic k-equation
for large eddy simulations (LES). Regarding to the patient-specific cerebral aneurysm
geometries, due to the lack of the vascular wall information in the sense of thickness
and elasticity in the Ameurisk dataset repository, the vascular walls have been
modeled as rigid with no-slip boundary conditions. All the simulations have been
performed with the pisoFoam solver based on PISO (Pressure-Implicit with Splitting
of Operators) algorithm under finite volume method (FVM) by using OpenFOAM.

The original patient-specific cerebral aneurysm data have been clipped in order to
examine the region of interests, added flow extensions in order to have proper
inflow and outflow boundaries by using the Vascular Modeling Toolkit (VMTK),
an open source software. In order to perform CFD simulations, triangular surface
meshes and tetrahedral volume meshes have been generated by using ICEM CFD
19.2 (ANSYS, Inc., Canonsburg, PA, USA). The simulation results obtained have
been visualized in terms of hemodynamic factors such as WSS, oscillatory shear
index (OSI), time-averaged WSS (TAWSS), spatial WSS gradient (SWSSG) and
time-averaged SWSSG (TASWSSG) by using ParaView, an open source visualization
software. This thesis has been written by using IXTEX.

Within this study, the rupture status of one ruptured which belongs to a female patient
aged 26 and one unruptured which belongs to a female patient aged 48, patient-specific
cerebral aneurysm data from the Aneurisk dataset repository have been investigated
in terms of hemodynamic factors by using CFD in order to observe the similarities
and differences of rupture status with non-Newtonian shear-thinning characteristic of
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blood flow by implementing Carreau-Yasuda viscosity model with the pulsatile nature
of blood flow. Moreover, it has been investigated turbulent flow nature of blood with
dynamic k-equation for LES turbulence model in order to observe the non-Newtonian
characteristic with turbulence effects, particularly in the aneurysm sac region.

Within both ruptured and unruptured cerebral aneurysm data, the streamlines exhibit
smoothly in the inlet area and tend to exhibit transient behavior within the curvature
regions. The streamlines behave chaotic and exhibit turbulent nature when the flow
arrives in the aneurysm sac area.

The simulation results demonstrated that within the patient specific cerebral aneurysm
data, particularly in the aneurysm sac, with the increasing Reynolds numbers especially
at the peak systole, the mild turbulence effects have been observed. The WSS vectors
exhibit different directions under the turbulence effects with the turbulence blood flow
model, and as a consequence, OSI values increase.

From the simulations results, considering the WSS values for both non-Newtonian
Carreau-Yasuda (CY) and non-Newtonian CY with LES turbulence models, lower
WSS has been observed for aneurysm sac region than parent vessel within ruptured
cerebral aneurysm R — ICA while higher WSS has been observed for aneurysm sac
region than parent vessel within unruptured cerebral aneurysm U — ICA. These results
have similarities with other studies in the literature (e.g. Shojima et al.).

In opposition to the literature, within this study, OSI values have been observed higher
for the unruptured cerebral aneurysm U — ICA than the ruptured cerebral aneurysm
R —ICA. In a major of the studies, high OSI values are associated with the ruptured
cerebral aneurysms. Moreover, high OSI values are associated with endothelial cell
dysfunctions and vascular remodeling of the cerebral arteries. As a consequence, since
unruptured cerebral aneurysm U — ICA has high OSI values, it could be interpreted
that there might be a high rupture risk within U — ICA geometry. However, in order
to examine rupture status within cerebral aneurysms, there is a strong need for further
series of analysis by researchers around the world.

Moreover, since low WSS and high SWSSG are associated with disturbed flow, it
might be interpreted that, ruptured cerebral aneurysm R — ICA has more disturbed flow
regions than unruptured cerebral aneurysm U — ICA.
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HESAPLAMALI AKISKANLAR DINAMIGI KULLANARAK
HEMODINAMIK FAKTORLERIN ANALIZI ILE HASTAYA OZGU BEYIN
ANEVRIZMALARININ YIRTILMA DURUMU INCELEMESI

OZET

Beyin anevrizmalari, diinya capindaki populasyon diisiiniildiigiinde ¢ok sik goriilen
bir durum olmakla beraber, ciddi anlamda yiiksek hastalik ve ©liim oranlariyla
iligkilidir. Temelde, anevrizmalar kan damar1 duvarlarindaki patolojik ve anormal
yapilardir. Anevrizma cesitleri, i8si ve sakkiiler olmak {iizere sekil bakimindan
ikiye ayrilir. Igsi anevrizmalar, daha ¢ok viicudun karin aortu bolgesinde lokalize
olurken, sakkiiler anevrizmalar cogunlukla beyin bolgesindeki Willis cemberi etrafinda
lokalize olurlar. Sakkiiler anevrizmalar, Willis ¢cemberi etrafindaki lokalize oldugu
damarm admm alarak, isimlendirilmesi yapilir. Ornegin, internal karotid arterde
bulunan bir anevrizma ICA anevrizmasi (internal carotid artery aneurysm) olarak
adlandirilir. Bunun yani sira, sakkiiler anevrizmalar lokalize olduklar1 damarlardaki
konumuna gore de siniflandirilir ve ikiye ayrilir. Anevrizma olusumunun gerceklestigi
bolgede aferent kan akisinin catallanan kan damarlariyla en az iki eferent akig
yoluna ayrilmasiyla c¢atallanan bolgenin ortasinda olusan anevrizmaya bifiirkasyon
veya terminal anevrizma ad1 verilir. Bu tip anevrizmalara Willis cemberindeki baziler
arter anevrizmasi ornek verilebilir. Bir diger cesidinde de anevrizma olusumunun
gerceklestigi bolgede aferent ve eferent akis aym kan damari iizerinde bulunursa,
anevrizma kan damarinin yanal duvarinda meydana gelir ve bu anevrizma c¢esidine yan
ceper anevrizmasi veya lateral anevrizma adi verilir. Bu cesit anevrizmalara internal
karotid arter anevrizmasi 6rnek olarak verilebilir. Bu c¢alismada biri riiptiir olan ve
biri riiptiir olmayan toplam iki adet sakkiiler, lateral anevrizma ¢esidine sahip internal
karotid arter anevrizmalarinda, Newton uyumlu olmayan, diizensiz zamana bagh
pulsatil kan akis1t modellemesi gerceklestirilmistir. Bunun yani sira, bu 6zelliklere bir
de tiirbiilans akis altinda bakilip inceleme gerceklestirilmistir.

Intrakraniyal anevrizmalar, bir diger deyisle, beyin anevrizmalari, beyin arterinin
zayiflamasiyla meydana gelir ve onceden de belirtildigi iizere, genellikle Willis
cemberinde lokalize olan arteryel duvarin anormal genlesmeleridir. Intrakranial
anevrizmalar {ic adet evreden meydana gelir. Bu evreler, sirasiyla, anevrizma
olusumu, anevrizma biiylimesi ve son olarak da anevrizma yirtilmasidir. Anevrizma
yirtilmast tip diinyasinda anevrizma riiptiirii olarak adlandirilir. Beyin anevrizmasinin
riiptiir olmas1 halinde, hasta ¢ok ciddi saglik problemleriyle karsilagabilir, hatta
en kotli senaryoyu diisiinecek olursak, bu yirtilma durumu, hastanin Oliimiiyle
sonuglanabilir. Beyin anevrizmalarinin riiptiir olmasi, beyinde bulunan subaraknoid
bosluga dogru olan kanamaya sebep olabilir. Bu durum, subaraknoid kanama veya tip
diinyasindaki ismiyle subaraknoid hemoraji olarak adlandirilir. Subaraknoid kanama
beyin anevrizmalarinin en ciddi problemlerinden biridir ve yiiksek oranda hastalik ve
Olime sebebiyet verir. Bilim diinyasindaki istatistiklerden yola cikarak, subaraknoid
kanamaya %85 gibi biiyiik bir oranla beyin anevrizmalarinin sebep oldugunun alt1
dikkatle cizilmistir. Anevrizma riiptiiri geciren hastalar, ne yazik ki, ya bir ay

XXVil



icerisinde Oliir ya da yasam kalitelerini ciddi anlamda diisiirecek yetersizliklere sahip
olurlar. Tiim bu nedenlerden dolayi, beyin anevrizmalarimin yirtilma durumunun
incelenmesi, riiptiir riskinin dnceden bilinip dogru tedavi uygulanabilmesi i¢in, onemli
Olciide elzemdir.

Kan damarlarinin akis kosullariyla yeniden sekillenmesi ile ilgili ilk c¢aligmalar
Virchow tarafindan yapilmis olup asirlar oncesine, 1800’1 yillara dayanmaktadir.
O zamanlardan beri, bilim insanlar1 kan dolasim sistemini incelemek i¢in yogun
bir sekilde kan damarlar1 ve kan akislariyla ilgili caligmalarini siirdiirmektedirler.
Intrakranial anevrizmalar ve arterlerde kan akisimi incelemek acgisindan, bilgisayar
ve hesaplamali akiskanlar dinamigi tabanli ¢aligmalarin olmadig1 eski zamanlarda,
kan dolasim sistemindeki kan akist karmasikliginin gizemli diinyasini kesfetmek
adina, bilim insanlar1 hayvan deneylerini gerceklestiriyorlardi. Teknolojinin hizla
yiikselmesiyle birlikte, hem goriintii tekniklerinin kalitelilesmesi hem de bilgisayar
yazilimlarimin gelismesi, hastaya 0zgii beyin anevrizmalarinin hesapli akigkanlar
dinamigi kullanilarak arastirilmasi ortaya umut vaadedici sonuclar ¢ikardi. Bilgisayar
sistemlerinin hizla giiclenmesi, in-vivo ortamlarda, diger bir deyisle, yasayan
organizmalarda yapilmasi imkansiz sayilabilecek arastirmalari, bilgisayar tabanli kan
akis1 ¢calismalarinda miimkiin kildu.

Onceki yillarda, bu kan akis modellemeleri, basit bir yapay boru geometrisi igerisinde
gerceklestiriliyordu. Bu tip ¢calismalarin, gerceklikten uzak bir modelleme ortaminin
yaratilmasinin yani sira, giivenilir ve kaliteli sonuclar vermemesi biiyiik olciide
olasidir.  Ozellikle, beyin anevrizmalar1 gibi karmasik yapilar diisiiniildiigiinde,
yapay diiz bir boru geometrisinin, yine yapay Kkiiresel bir yap:r ile birlestirilip
simiilasyon yapilmasi, ciddi anlamda yaniltic1 sonuglara sebebiyet verir. Son yillardaki
goriintiileme tekniklerinin ve teknolojilerinin gelismesiyle birlikte, hastaya 6zgii beyin
damarlar1 ve beyin anevrizmalarinin geometrileri elde edilebilmekte, ve hesaplamali
akigkanlar dinamigi tabanli ii¢c boyutlu kan akigi simiilasyonlar1 hastaya 6zgii beyin
anevrizmalar1 icerisinde gerceklestirilebilmektedir.

Kan akiginin beyin anevrizmalarinda gergcek¢i modellenebilmesi i¢in, hastaya 0zgii
geometrilerin kullanilmasinin yani sira, yapt bakimindan ¢ok karmagik olan kanin
da gercege uygun modellenmesi gerekmektedir. Temelde, kan, hiicrelere oksijen ve
besin saglayan, ve metabolik atiklarin bu hiicrelerden uzaklastirilmasina yardim eden
bir viicut sivist olmasinin yani sira, aynt zamanda sivi bag dokusu olma 6zelligini
de tagir. Kan, bilesenlerinden dolay1 karmasik bir olusumdur. Bu bilesenlerden ilki,
icerisinde glukoz ve protein gibi ¢dziinmiis maddeler barindiran ve Newton uyumlu
ozellik gosteren, homojen yapida bir s1vi soliisyon olan plazmadir. Ikinci bilesen ise,
plazma igerisinde askida duran, tam kan yapisina sadece bir siispansiyon 6zelligi degil,
ayni zamanda Newton uyumlu olmayan bir 6zellik katan, basta kirmiz1 kan hiicreleri
olmak iizere, beyaz kan hiicreleri ve trombositlerden olusan hiicresel elementlerden
olugmaktadr.

Kirmiz1 kan hiicreleri, diger hiicrelere oranla, kan icerisinde en ¢ok bulunan hiicre
olma 6zelligini tasir. Bu hiicreler, yapilarinda mitokondri ve niikleus, diger bir adiyla
hiicre ¢ekirdegi, bulundurmamalariyla, diger hiicrelerden farklilik gosterip 6zellesmis
yapidadirlar. Bu 6zellikleri, kirmizi kan hiicrelerinin, hemoglobin proteinine daha
cok yer ayirmalarimi saglamaktadir. Kirmizi kan hiicrelerinin temel gorevi, biitiin
hiicrelere oksijen tasimaktir. Bu hiicrelerin kalinliklar1 yaklasik olarak 2um olup,
yaklagik 8uum ¢aplar1 vardir. Bu boyutsal yapiya ragmen, viicudumuzda bulunan en
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kiiciik kan damarlart olan capt 6um ’den az olan kilcal damarlardan bile gecerek
biitiin hiicrelere oksijen dagitimini gerceklestirir. Bu gecisi gerceklestirmek igin,
sitkisma davramigt sergilenmektedir ve bu davramig kanin viskozite karakteristigini
etkiler. Viskozite, reoloji ile ilgili oldugu i¢in, kanin kilcal damarlarda Newton uyumlu
olmayan davranig gosterdigini, 1931 yilinda Fahreus and Lindqvist yaptiklar1 bir
deneyle kamitlamiglardir. 1966 yilinda, Chien ve ekibi tam kanda kayma gerilmesi
ve kayma hizi arasinda dogrusal bir iliski olmadigin1 gosterip, normal hematokrit
diizeyine sahip tam kanda Newton uyumlu olmayan ozellik gozlemlediler. 1972
yilinda Thurston, kanin Newton uyumlu olmayan 6zellige sahip olmasinin yani sira,
ayni zamanda viskoelastik davranis gosterdigini de kanitladi.

Kirmizi kan hiicrelerinin kanin reolojik yapisina olan etkisiyle, tam kanin, Newton
uyumlu olmayan kayma incelmesi 6zelligi ve bunun disinda sahip oldugu viskoelastik
yapisi, kan akigini, Ozellikle hastaya ©0zgii beyin anevrizmalar1 gibi kompleks
geometrilerde, matematiksel olarak modelleyip c¢oziillecek olan problemi karmasik
kilar. Kan akiginin karmagikli§1 sadece kanin yapisal 6zellikleriyle sinirli kalmaz,
bunun diginda, kanin dalgasal hareketi de, hastaya 6zgii beyin anevrizmalarinda kan
akisinin matematiksel modellenmesi ve simiilasyonu icin olan calismalar1 daha da
karmagik hale getirmektedir. Kan, pulsatil olarak adlandirdigimiz, dalga hareketine
benzer bir sekilde kalp tarafindan periyodik olarak pompalanip kan damarlar1 yolu ile
biitiin viicuda dagilmaktadir. Kanin bu hareketi, bir hayvansal deney ile 1955 yilinda
McDonald tarafindan ¢alisilmis olup, ayni1 yillarda da bu hareketin matematiksel olarak
ifadeleri Womersley tarafindan calisilmistir. Kanin, periyodiksel olarak kalp tarafindan
pompalanip ritmik olarak sistol ve diyastol zamaninda degisiklik gosteren pulsatil
hareketi matematiksel olarak Womersley profili ile ifade edilmektedir. Kanin hem
yapisal hem de hareketsel davraniglari, hastaya 6zgii geometrilerde, ozellikle beyin
anevrizmalar1 gibi anormal geometrilerde, matematiksel olarak modellenmesini ve
simulasyonunu giiclestirmektedir. Kanin damardaki pulsatil hareketini géz ardi edip,
bu yapiy1 zamandan bagimsiz olarak modellemek, yapilan caligmay1 gerceklikten uzak
kildig1 ve problemi basitlestirdigi gibi bir de elde edilen sonuglarin yaniltict olmasina
sebebiyet verebilir. Bu problemlerden kaginmak ve kan akis hareketini gercekei
modellemek amacli, bu calismada kan, Womersley profil kabuliiyle, zamana bagh
diizensiz pulsatil akis olarak modellenmistir. Aymi sekilde, kanin yapisal 6zelligini
ihmal ederek modelleme yapmak, bu karmasik yapiyr basitlestirip, gerceklikten
uzaklagmaya ve bunun sonucunda elde edilen bilgilerin arastirmacilar1 yaniltici
yorumlara itebilecegi gercegi olasidir. Yaniltict sonuglardan kacinabilmek adina, bu
calismada kan, Newton uyumlu olmayan kayma incelmesi 6zelligi ile modellenip,
bu viskozite modeli i¢in de deneysel verilere oturtulan, gergekcilige ¢ok yakin olan
Carreau-Yasuda viskozite modeli kullanilmistir.

Hastaya 6zgii beyin anevrizmalarinin incelenmesi ¢alismalarinda, hesapl akigkanlar
dinamigi tabanli arastirmalarin ve hemodinamik faktorlerin, anevrizma fazlar
olan anevrizma olusumu, anevrizma bilylimesi ve anevrizma yirtilmasi iizerinde
onemli Olgiide rol oynadigi gosterilmistir. ~ Akabinde, bir cok arastirmaci bu
alandaki calismalar i¢cin hesaplamali akigkanlar dinamigi ile hemodinamik faktorleri
analiz ederek yogun olarak incelemeler yapmaktadirlar. Bununla birlikte, beyin
anevrizmalarinin riiptiir riski bakimindan olan ¢aligmalarda hemodinamik faktorler
acisindan karsit goriisler hala varligini siirdiirmektedir. Bu sebepten dolayi, hala
tam olarak anlasilmayan hemodinamik faktorlerin beyin anevrizmalar iizerindeki
etkilerini anlasilir kilmak i¢in, hesaplamali akigkanlar dinamigi tabanli ¢aligmalarin
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stirdiirilmesine biiyiik 0Ol¢iide ihtiyag duyulmaktadir. Bu c¢alismada, beyin
anevrizmalarinin riiptiir durumlari, hemodinamik faktorlere dayali olarak incelenmis,
bu amaci gergeklestirmek icin, hastaya 6zgii beyin anevrizma geometrileri kullanilip,
hesaplamali akiskanlar dinamigi calismalarin1 gergeklestirmek icin de C++ tabanli agik
kaynak bir yazilim olan OpenFOAM yazilimi kullanilmustir.

Hesaplamali akigkanlar dinamiginin popiileritesi teknolojinin gelismesiyle birlikte
yayginlasmig, ve bu teknoloji beyin anevrizmalarindaki kan akisi modellemeleri
icin umut kayna8i olmugstur. Bununla birlikte, eger ag ayirma duyarlilifi karmagsik
anevrizma geometrisi ile Ortiismez ise simiilasyon sonuglart yaniltict olabilir.
Bunun iistesinden gelebilmek adina, hesaplamali akiskanlar dinamigi ¢alismalarinda
ayriklastirma hatalar1 degerlendirilmesine giiclii bir ihtiya¢ vardir. Hata analizleri
calismalar1 Roache tarafindan Onerilip, daha sonra genis Olciide arastirmacilar
tarafindan hesaplamali akigkanlar dinamigi caligmalarinda kullanimi yayginlagmustir.
Hata analizlerinin 6nemi dikkate alinip, yaniltic1 sonuglardan kaginabilmek icin
bu calismada, genellestirilmis Richardson Ekstrapolasyonu tabanli ag yakinsama
indeksi metodu ayriklagtirma hatalarinin degerlendirilmesi adina uygulanmistir. A§
yakinsama indeksi calismasi icin, bes farkli ag eleman sayisina sahip geometrilerde
analiz yapilmig, bunlar arasindan en hassas {i¢ tanesinin arasinda ag yakinsama indeksi
degerleri tablolar halinde verilmistir. Elde edilen sonuclar yakinsama arali§ina uyum
saglamis olup, Richardson Ekstrapolasyonu sonucuyla da birebir ortiismektedir.

Kan damarlar1 yasayan canli organlar oldugundan dolayi, hem viicut i¢indeki kimyasal
ve fiziksel degisikliklere hem de disaridan gelen uyariya kendi i¢ dengesini korumak
icin tepki gosterirler. Dolayist ile, farklilik gosteren hemodinamik sartlar altinda,
uyum saglama amacli olarak biiziilme ve genisleme hareketleri yapmaktadirlar.
Viicutta anormal hemodinamik etkiler oldugu zaman, bu etkilere tepki vermek
icin ya molekiil sentezleme yoluna giderler ya da kan damar1 duvarlarini yeniden
sekillendirirler. Beyin anevrizmalar1 da, beyindeki Willis cemberinde lokalize olmus
kan damarlarinin patolojik genislemesi bir baska deyisle kan damarlarinin yeniden
sekillenmesinin bir iiriinii oldugu i¢in hemodinamik faktorlerin anevrizma olusumuna,
biiylimesine ve yirtilmasina olan etkileri énemli olciide biiyiiktiir. Bu calismada,
anevrizma riiptiirii durumu incelemesi, hesaplamali akigkanlar dinamigi yardimiyla
hemodinamik faktorler analiz edilerek yapilmistir. Kullanilan hemodinamik faktorler,
anevrizma c¢alismalarinda yogunlukla kullanilan duvar kayma gerilmesi, damarin
yeniden sekillenmesinde biiylik rol alan salinimli kayma indeksi, zamana gore
ortalamast alinmis duvar kayma gerilmesi, i¢ zar gozesi tarafindan gen ekspresyonu
yaparak ve damar duvan sekillendirmede rol alarak anevrizma olusumuna sebep
olundugu bilinen, bunun yani sira iltihaba neden olan etkilerde de rol alan konumsal
duvar kayma gerilmesi gradyani, zamana gore ortalamasi alinmig konumsal duvar
kayma gerilmesi gradyani, hiz ve basing olarak ¢alismada yer almaktadir.

Bu c¢alismada, daha once belirtildigi lizere, biri riiptir olup 26 yasinda kadin
bir hasataya aittir ve digeri riiptir olmayan 48 yasinda kadin bir hastaya ait
olmak {iizere toplam iki adet hastaya 6zgii beyin anevrizma modelleri kullanilmistir.
Orijinal geometriler, ilgi bolgesine gore kesilip, diizgiin akisin giris ¢ikist i¢in
her ekstremite bolgesine uygun Olciide uzantilar eklenmigtir.  Geometrilerde
hacim ag1 iretmek igin, sistem kapali bir hale getirilip giris c¢ikis bolgeleri
kapatilmistir. Hastaya 6zgii beyin anevrizma datalarina yapilan bu islemler acgik
kaynakli the Vascular Modeling Toolkit (VMTK) kullanilarak gerceklestirilmistir.
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Geometrilerde yiizeysel ve hacimsel ag iiretimi i¢cin ICEM CFD 19.2 (ANSYS,
Inc., Canonsburg, PA, USA) ag iireticisi yazilimi kullanilmig olunup, ag cesidi
dortyiizlii ag olarak Uretilmistir.  Biitlin simiilasyonlar, OpenFOAM yazilimina
ait kapali metod kullanan pisoFOAM coziiciisiinde sonlu hacim yontemi altinda
OpenFOAM yazilimi kullanilarak gerceklestirilmistir. ~ Kullanilan hemodinamik
faktorlerin gorsellestirmeleri, agik kaynakli bir yazilim olan ParaView kullanilarak
yapilmistir. Bu tezin yaziminda ATEX kullaniimistir.

Hastaya 0Ozgii beyin anevrizmalarindaki kan akist modellemesi, Navier-Stokes
denklemleri altinda, diizensiz zamana baglh pulsatil davranis1 ile modellenip ayrica
kanin Newton uyumlu olmayan, kayma incelmesi 6zelligini hesaba katarak bu 6zelligi
vermek icin Carreau-Yasuda viskozite modeli kullanilmis olunup sikistirllamaz akis
olarak gerceklestirilmistir. Kan damarlari, kaymaz sinir kosullar ile sabit olarak
modellenmisgtir. Simiilasyonlar hem riiptiir model hem de riiptiir olmayan model i¢in,
gecigli ve tiirbiilans akis modellemesi yapilarak ayri ayri hesaplanmistir. Tiirbiilans
modeli yaratmak i¢in, pisoFOAM c¢oziiciisii kullanilarak, dinamik k-denklemi biiyiik
girdap benzesim yontemi icin OpenFOAM kullanilarak ¢oziilmiistiir.

Bu calismada, simiilasyon sonuglari ile elde edilen hemodinamik faktorler, liter-
atlirdeki data ile kiyaslanarak niimerik dogrulugu yapilmistir. Simulasyon sonuglari,
hastaya Ozgii beyin anevrizmalarinda, oOzellikle anevrizma kesecigi bolgesinde,
bilhassa sistol zamaninda artan Reynolds sayilarinin da etkisiyle tiirbiilans etkilerin
yogun olarak hissedildigini gostermistir. Tiirbiilans etkileri, gecisli simulasyonlara
nazaran, salinimli kayma indeksini de deger olarak arttirmistir. Riiptiir modelde riiptiir
olamayan modele gore duvar kayma gerilmesi degerleri daha diisiik gdzlemlenip,
literatiir ile desteklenmigtir. Riiptiir olmayan geometride gozlemlenen, salimimli
kayma indeksinin yiiksek degerleri, bu model icin riiptiir riskinin yiiksek olabilecegine
isaret etmektedir. Her iki geometride de akis cizgileri, giris bolgesinde diizgiin
davranmig sergilerken, kivrimlara gectikce gecisli bir davranis sergileyip, anevrizma
kesesi icinde de biiyiikk Olgiide kaotik bir davranis sergilemistir. Duvar kayma
gerilmesi vektorleri tiirbiilans etkiler altinda farkli yon davraniglari yaparak salinim
kayma indeksinin degerini arttirip, canli organ olan damari yeniden sekillendirmeye
zorlamigtir. Ayrica, riiptiir geometrinin sahip oldugu diisiikk duvar kayma gerilmesi
ve yiikksek konumsal duvar kayma gerilmesi gradyani, bu anevrizmada 6énemli dlciide
dengesiz akis bolgelerinin fazlaligina isaret etmektedir.
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1. INTRODUCTION

Cerebral aneurysms are quite common on a worldwide scale of population [1-5] and
related to high morbidity and mortality rate [2, 6, 7]. Especially, the rupture of an
intracranial aneurysm might lead to the bleeding into the subarachnoid space, this
phenomenon is called subarachnoid hemorrhage (SAH). SAH is the most serious
problem of brain aneurysms and causes high risk of death and disability [8-14]. It
is remarked that cerebral aneurysms are the reason of SAH with a rate of 85% [15].
People who have aneurysm rupture, either die within one month or have serious
disabilities [2,4, 11]. Therefore, it is very important to make an accurate prediction

for rupture risk of intracranial aneurysms.

Cerebral aneurysms arise from the weakness of the cerebral artery and they are
abnormal dilations of the arterial wall that usually localized in the Circle of Willis
(CoW) [8,16-18]. There are three steps for intracranial aneurysms and these steps
are called formation, growth and rupture, respectively [19-21]. A large number
of different risk factors and sometimes combination of them cause the initiation,
growth and rupture of the aneurysm [22]. Some risk factors such as smoking,
cocaine consumption, hypertension, high alcohol consumption and so forth are under
consideration to cause to each steps of the aneurysm by increasing blood pressure of
the patient [4, 23, 24]. Cebral et al. [25] published a comprehensive review article
about connection between risk factors which are grouped as location, peri-aneurysmal
environment, multiplicity, geometry, hemodynamics, vascular wall, genetics and
clinical factors. In [25], some groups were investigated into sub-groups e.g. aneurysm
location: posterior circulation, anterior circulation and CoW. The risk factors of

cerebral aneurysms and their interactions from Cebral et al. [25] can be seen in Figure

1.1.

Aneurysm location and its morphological features are the most frequently used
parameters to predict aneurysm rupture in clinical practice [2, 21, 26,27]. However,

the investigation based only on the location and the morphological features make
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Figure 1.1 : Intracranial aneurysm risk factors and their relations [25].

the rupture risk assessment oversimplify and less reliable [14, 21, 28]. It has been
demonstrated that assessment based on computational fluid dynamics (CFD) and
hemodynamic factors play a fundamental role to investigate intracranial aneurysm
stages (initiation, growth and rupture) [19,29-32]. In order to estimate rupture status,
these promising techniques are getting more realistic and reliable tools [31, 33, 34].
Therefore, there is a strong need for computational methods and numerical analysis

for an accurate rupture risk prediction [5, 19].

After demonstrating that hemodynamic factors have a significant role on aneurysms,
a large number of studies for intracranial aneurysms have been examined in details
by using CFD techniques [5, 19,20, 34, 35]. Although these tools provide remarkable
improvements, there are some contradictions about low wall shear stress (WSS) and
high WSS theories in terms of hemodynamics in brain aneurysms [29, 30]. However,
Meng et al. [19] reported that both theories have significant effects on aneurysm growth
and rupture as seen in Figure 1.2 clearly. It can be found a comprehensive literature
review respecting brain aneurysms, low and high WSS theories about growth and
rupture with hemodynamic factors by using fluid dynamics in Section 1.2 within this

Chapter.

Modeling and simulation of the blood flow in an artificial straight pipe geometry

instead of a patient specific geometry is a very primitive method and considering
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the complexity of human vessels, using a pipe geometry as a vessel is not realistic
and reliable. With the developments of imaging technologies such as magnetic
resonance imaging (MRI), computed tomography angiography (CTA) and imaging
techniques such as acquisition, segmentation and processing, the quality of the images
is becoming significantly high. With a combination of imaging techniques and
CFD methods, patient specific models of cerebral aneurysms have been examined
extensively [8, 35-37]. Patient specific geometry-based CFD simulations provide
more reliable and realistic results to study hemodynamic factors, blood flow modeling
and rupture status within intracranial aneurysms. [30, 35-39]. Also, it is notable to
emphasize that hemodynamic factors have a major effect on brain aneurysms thus,
investigations of rupture risk by using CFD on patient-specific geometries provide
a precise prediction for diagnosis and treatment by individually in clinical practices

[40-43].



Considering the importance of CFD listed above, in this thesis, patient-specific
intracranial aneurysms have been studied regarding to blood flow modeling and

simulation to investigate rupture status.

1.1 Literature Review

Blood vessel remodeling with flow conditions was studied long time ago by Virchow
in 1800s. Thenceforward, a large number of researches have been performed in order
to reveal the complexities of blood flow modeling in circulatory system. Particularly,
development of technology provides computational-based researches an opportunity
to investigate blood flow simulations that is unfeasible to perform by means of in-vivo
methods. Before computer-based examinations in the sense of cerebral aneurysms
and blood flow in arteries, animal-based experiments had been performed notably to
discover this secret world of blood flow complexity in circulatory system. Since blood
is pumped by the heart with a periodic wave-like motion, this phenomenon is defined
as pulsatile flow [44]. In 1955, McDonald [45] performed an animal-based experiment
using the femoral artery of a dog and demonstrated the phasic changes of blood flow
throughout each cardiac cycle, and this type of flow formed by pressure oscillations.
McDonald [45] took the advantage of the equations derived from Womersley [46] to
calculate flow curves, and showed that the similarity of flow patterns between rabbit
aorta [47] and dog femoral artery [45], the velocity of flow against one cardiac cycle

duration can be found in Figure 1.3.

The complexity of flow patterns and Womersley profile [44] of blood flow are not the
only challenges. As discussed extensively in Chapter 2, the features of blood make this
liquid to act like shear-thinning non-Newtonian and viscoelastic in terms of rheological
properties [48-50]. In 1969, Merrill [49] published a very comprehensive paper with
regards to non-Newtonian rheology of blood including theory and equations. Due to its
rheologic nature and wave-like inlet profile, mathematical modeling of blood flow is a
challenging study, more particularly in complex and abnormal patient-specific vessels

such as intracranial aneurysms.

In 1971, one of the earliest researches regarding to mathematical modeling of
intracranial aneurysms located in the CoW was studied via Duffing Equation and

electrical circuit by Austin [51]. Subsequently, in 1974, Cronin [52] analyzed
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Figure 1.3 : The flow velocity in the femoral artery of the dog during one cardiac
cycle [45].

the differential equation derived from Austin [51] by using qualitative method and
concluded high and lowered pulse rate might be dangerous for aneurysm. In 1989,
Perktold et al. [53] analyzed blood flow in an idealized arterial bifurcation based-on
computer simulation with pulsatile inlet profile by solving the governing equations
numerically using finite element method (FEM). Due to the rheology of blood, they
examined the difference between non-Newtonian and Newtonian flow, afterwards they

concluded that considering large arteries, no significant difference has been observed.

The mostly used parameters in terms of hemodynamics are WSS and oscillatory shear
index (OSI) in cerebral aneurysms [8, 19, 30, 54, 55]. In 1985, OSI was proposed
by Ku et al. [56] to quantify the shear stress acting on the vessel wall with pulsatile
flow. After realizing that OSI has a significant role in order to analyze aneurysm steps,
this parameter has been used numerously in addition to WSS in cerebral aneurysm

studies [8,14,19,30,57].

In order to explain in more detail how these hemodynamic parameters have been used
in cerebral aneurysm studies, in 2004 Shojima et al. [54] published a paper about WSS
from the point of view of magnitude and the role on middle cerebral artery (MCA)
aneurysms (See Figure 1.4). The data they analyzed were acquired by using three

dimensional computed tomographic angiography (3D-CTA) from 19 patients with
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Figure 1.4 : Velocity field, WSS distribution and streamline visualizations of two
unruptured aneurysms, the arrows indicate the sites of maximum WSS,
Shojima et al. [54].
a total amount of 20 aneurysms. Due to the WSS assessments, CFD calculations
were examined for 5 cardiac cycles with their original finite-element solver described
by Navier-Stokes equations. They assumed the blood as incompressible, pulsatile,
Newtonian with a dynamic viscosity of 4x10~3N/m? per second and the vessel wall as
rigid with no-slip boundary condition. They deduced that low WSS might lead to the
growth and the rupture steps of an aneurysm as a consequence of abnormal changes
in the vessel wall. They also noted that WSS might be a strong parameter to enable

rupture risk prediction.

Shojima and his colleagues [54] were not the only ones to consider the association
between low WSS and aneurysm rupture. Xiang et al. [30] examined various
morphological parameters such as aspect ratio (AR), size ratio (SR) and hemodynamic
parameters such as WSS, OSI, relative residence time (RRT) to differentiate rupture
status within intracranial aneurysms. They [30] analyzed 38 ruptured and 81
unruptured patient specific data acquired from three dimensional (3D) angiography.
They [30] modeled blood flow as incompressible, Newtonian fluid with rigid vessel

wall during 3 cardiac cycles under pulsatile flow profile using CFD. They [30] analyzed



morphological parameters, hemodynamic parameters one by one and a combination of
them with a total amount of three different models experimenting upon ruptured and
unruptured aneurysms. And they deduced that hemodynamics has a significant role to

differentiate rupture status of intracranial aneurysms.

There are a number of discrepancies in consensus whether low WSS [30, 54, 58] or
high WSS [59-62] might be associated with aneurysm rupture among the studies.
In contrast to Shojima et al. [54] and Xiang et al. [30], Castro et al. [61] found an
association between high level of maximum WSS and cerebral aneurysm rupture. They
[61] had performed CFD simulations of blood flow with pulsatile, incompressible,
Newtonian properties under three dimensional unsteady Navier-Stokes equations
within the patient specific data acquired from 3D rotational angiography. They [61]
had characterized varied flow types and examined peak WSS, impaction zone area
and flow patterns of the blood in order to investigate the correlations among these
parameters and aneurysm rupture. The results they [61] obtained demonstrated that
high flow rates and maximum WSS have strong correlations with aneurysm rupture.
They [61] noted that aneurysms which have small impaction zones are associated with

rupture as well.

Likewise, Cebral et al. [59] had similar findings in terms of high WSS theory just
as Castro et al. [61]. They [59] conducted a comprehensive image-based CFD
study including both ruptured and unruptured 210 patient-specific cerebral aneurysm
geometries from 128 patients that acquired from 3D rotational angiography. Their aim
was to indicate quantitative evaluations correlated with their previous study [29][30]
regarding to qualitative observations and to examine whether these quantitative
measurements are associated with aneurysm rupture. Some of the parameters they [59]
examined were: inflow concentration index (ICI), shear concentration index (SCI),
kinetic energy ratio (KER) as aneurysm hemodynamic variables. As a consequence,
there was a strong correlation between high level of maximum WSS and aneurysm
rupture whereas low WSS did not have that correlation. They [59] also emphasized
the importance of image-based CFD analysis in clinical practice to assess cerebral

aneurysm risks. The hemodynamic reduction figure can be found in Figure 1.5.

As mentioned before, there are a large number of contradictory thoughts in consensus

with regards to low and high WSS theories [30, 54, 59, 62]. Therewith, Meng et
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Figure 1.5 : Hemodynamic effects on the aneurysms by Cebral et al. [59].

al. [19] has published a review article about the role of low and high WSS effects over
the intracranial aneurysms and proposed two different biologic-hemodynamic models
that drive an aneurysm growth and rupture: A combination of low WSS and high
OSI may cause inflammatory-cell-mediated vessel wall deterioration and thrombus
formation and eventually rupture of the aneurysm while a combination of high WSS
and a positive WSS gradient may cause mural-cell-mediated vessel wall deterioration
and as a consequence, the vessel wall might be thinner and eventually rupture might
be occurred. Since both low and high hemodynamic conditions are abnormal, they
both might change the balance of the vessel wall and might cause aneurysm rupture.
Moreover, they [19] noted that these two different models might be associated with
two aneurysm phenotypes: atherosclerotic aneurysms with thicker wall and translucent

aneurysms with thinner wall. An explanatory schema can be found in Figure 1.6.

Another significant cerebral aneurysm study with regards to WSS, various viscosity
models and flow profiles belongs to Evju et al. [5]. Their study [5] involved 12 MCA
aneurysm geometries from CTA images. They performed mesh generation with a range
of 800.000-1.200.000 tetrahedral elements and image segmentation to CTA images by
using the Vascular Modeling Toolkit (VMTK) [63]. CFD calculations were run during
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four cycles under Navier-Stokes equations within 12 MCA aneurysm geometries for a
total amount of 72 simulations. The various parameters were investigated among the
simulations. The comparisons of the effects of various viscosity models such as Casson
model, inlet and outlet conditions were examined with respect to three different WSS
models. Thereafter, the results they obtained demonstrated that there is a significant

relation between the viscosity models and the boundary conditions, on the contrary

there is no significant relation between the different WSS models and classifications.

By means of increasing technologies and techniques of medical imaging,
patient-specific computational hemodynamic methods are getting more realistic,
accurate and reliable to investigate cerebral aneurysms and have been performed
extensively by researchers [5, 8,35-37, 64]. In 2003, Steinman et al. [35] published
a paper addressing to combination of CFD and medical imaging techniques. Due
to the lack of capabilities of in-vivo techniques, they [35] aimed to demonstrate
that the combination of CFD and computed rotational angiography enables to
get hemodynamic information. They [35] performed CFD calculations within
patient-specific cerebral aneurysm model assuming rigid vessel walls during 3 cardiac

cycles under pulsatile flow conditions with a Womersley number of 3 and Reynolds
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Figure 1.7 : The figure provided by Cebral et al. [36]: "Maximum intensity
projections (MIP) of intracranial aneurysms from CTA and 3DRA."
number of 336. Their study provided the first analysis of patient-specific hemodynamic
information of the aneurysm based on CFD methods and in-vivo 3D angiography thus
enlightened the significancy of the combination of CFD and imaging techniques in

clinical practice.

Similarly to Steinman et al. [35], Cebral et. al [36] agreed that image-based
CFD methods might aid the diagnosis and the treatment of the cerebral aneurysms.
Thus, they [36] also performed the combination of finite element methods within
patient-specific cerebral aneurysms and medical imaging techniques. They [36]
modelled the blood as incompressible, unsteady, Newtonian fluid under the
Navier-Stokes equations. They [36] assumed no-slip boundary conditions for the
vessel walls and used fully developed pulsatile inlet velocity profile for the inflow
conditions. CFD calculations were performed within six patient specific geometries
acquired by CTA (4 geometries) and 3D rotational angiography (2 geometries) (See
Figure 1.7). The results they obtained indicated that when the flow impinges on the
aneurysm vessel walls with a high speed, WSS increases as a consequence. They
[36] also noted that CFD methods based on patient-specific geometries might be

advantageous tools in clinical practice.

Intracranial aneurysms have quite complex structures with curvatures and connectiv-

ities between parent and daughter vessels. 3D rotational angiography is the most
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frequently used technique to obtain high quality images of CoW. Nevertheless, this
technique has limitations to obtain whole 3D model to examine patient-specific CFD
when it comes to aneurysms with two sources of the blood inflow. Some of the
cerebral aneurysms localized in the CoW such as basilar tip aneurysms have two
sources of the blood inflow and examinations without obtaining a complete model
of these aneurysms reduce the accuracy of the patient-specific CFD calculations. In
order to come through this issue, Castro et al. [64] presented a novel method that
combines image co-registration and surface-merging techniques together to construct
patient-specific cerebral aneurysms with two source of blood inflow from rotational

angiography images.

Despite the fact that acquiring the high resolution images of cerebral aneurysms,
the investigations are not quite accurate due to the lack of patient-specific flow
informations in a major part of the studies [8, 14, 65]. Besides these limitations,
it is remarkable to emphasize that the majority of the image data of the ruptured
cerebral aneurysms are acquired after rupture occurred. Nevertheless, the shape of
the cerebral aneurysms might change after rupture. Generally, it is assumed that the
changes are small enough to neglect the difference between before and after rupture
of an aneurysm. Thereupon, Rahman et al. [66] examined the image data of the
cerebral aneurysms before and after rupture from 13 patients. They [66] evaluated
the patients with some parameters such as neck diameter and maximal width. The
results they obtained demonstrated that there was no remarkable difference in terms
of the size of the aneurysms. Six ruptured aneurysms were detected with an increase
of the size around 2 millimeters (mm) comparing their unruptured status. They [66]
concluded that the unruptured aneurysms do not decrease in terms of size after the

rupture occurred.

The blood could be modeled either Newtonian or non-Newtonian properties of the fluid
according to the assumptions. With regards to Newtonian and non-Newtonian models
for blood flow that the researchers assumed, Campo-Deano et al. [67] presented very

explanatory tables with boundary conditions metrics.

Notwithstanding a great majority of the image-based CFD within the cerebral
aneurysm studies neglect the non-Newtonian shear-thinning features of the blood and

assume the blood as Newtonian fluid, Valencia et al. [68] studied fluid dynamics
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Figure 1.8 : In the figure (a) shows the velocity magnitude in the centre of the
aneurysm; and (b) shows the WSS in one point of the aneurysm dome by
Valencia et al. [68].

in a patient-specific saccular aneurysm image data obtained from 3D rotational
angiography, with assumptions of the blood as Newtonian and non-Newtonian fluids
under a wave-like inlet profile. CFD calculations for blood flow were performed under
incompressible, unsteady laminar flow and they [68] used a fine mesh with 283.115
elements. They [68] investigated WSS and flow characteristics under non-Newtonian
blood properties. The results they obtained demonstrated that non-Newtonian features
on the WSS was significant only in the arterial zones with high velocity gradients, on
the other hand, Newtonian and non-Newtonian fluids were similar on the aneurysmal

wall (Fig 1.8).

The contradictions about the theories of high or low WSS, limitations of imaging
techniques, modeling the blood with Newtonian or non-Newtonian properties, the
change of the aneurysm geometry after rupture are not the only challenging parts of
the CFD with patient-specific intracranial aneurysms. The another challenging part
of modeling blood flow within an intracranial aneurysm is to count on the structure
metrics of the vessel walls. A majority of the studies of the cerebral aneurysms
with regards to hemodynamics are under assumption that vessel walls are rigid. A
fluid-structure interaction (FSI) study with regards to cerebral aneurysms was carried
out by Torii et al [69]. They [69] performed two linearly elastic and one hyper-elastic
constitutive models of cerebral aneurysms. They [69] concluded that although the
hyper-elastic model is theoretically more preferred, the linearly elastic models might

be used as an alternative due to the simple implementation. They noted that both
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Figure 1.9 : Energy loss (EL) calculation method by Qian et al. [31].

linearly elastic and hyper-elastic models could be performed to investigate cerebral

aneurysms in terms of FSI.

Rupture risk analysis of the cerebral aneurysms by means of CFD techniques are quite
significant for diagnosis and treatment in clinical practice so as to take precaution for
the health of the patient. Apart from the hemodynamic factors such as WWS and
OSI to analyze rupture risk of intracranial aneurysms, Qian et al. [31] proposed an
additional quantitative hemodynamic parameter called energy loss (EL) (See Figure

1.9).

EL parameter was used as an alternative method to WSS and OSI to estimate the
effects of the stable unruptured intracranial aneurysms. The blood fluid model they
assumed was an incompressible, laminar and Newtonian fluid. They [31] performed
CFD calculations with pulsatile flow conditions within aneurysm geometries during 3
cardiac cycles and with a time step of 500 for each cardiac cycle. The CFD calculations
took for an hour on a PC with 2 CPU, 32 Gb RAM and 3.3 GHz processor for 3 cardiac
cycles. They [31] used a mesh size with a range of 700.000 - 800.000 for tetrahedral
cells of intracranial aneurysm geometries. They [31] compared the results between
four coincidentally ruptured aneurysms and another 26 stable unruptured aneurysms in
terms of WSS and EL and showed that in the ruptured aneurysms, EL factor was found
considerably higher than the stable unruptured aneurysms. Their results demonstrated

that blood flow patterns are more complex and unstable in ruptured aneurysm than
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the unruptured ones. They also noted that there was no significant difference between

ruptured and unruptured aneurysms in terms of time average WSS.

One of the most recently studies with respect to cerebral aneurysms hemodynamics
belongs to Doddasomayajula et al. [70]. In 2017, they [70] investigated mirror
aneurysms and ipsilateral multiple aneurysms in order to analyze if hemodynamic
characteristics of the ruptured aneurysms differs from the unruptured ones within
the same patient. They [70] used and mirror-pair model which means two
aneurysms localized at the same anatomic zone, assessing 24 ruptured aneurysms and
corresponding them, 24 unruptured aneurysms with a total amount of 48 aneurysms
in 24 patients. CFD simulations were run putatively rigid vessel walls, Newtonian
viscosity and pulsatile flow profile during 2 cardiac cycle. The results they obtained
showed that the ruptured aneurysms have larger oscillatory WSS and aspect ratios than
the unruptured ones. Also, they noted that the ruptured aneurysms had complex and

unstable flows comparing to unruptured aneurysms.

Another recent study has been performed by Berg et al. [14] in 2018. They [14]
analyzed multiple intracranial aneurysms instead of one aneurysm geometry. They
studied 17 intracranial aneurysms from 4 female and 2 male patients. They analyzed
morphologic features such as SR and AS besides hemodynamic features. The
blood was modeled as incompressible, Newtonian fluid and CFD calculations have
been performed during 3 cardiac cycles with a time step of 1 millisecond (ms).
The hemodynamic parameters they analyzed were spatially mean and maximum
time-averaged wall shear stresses, OSI, RRT and oscillatory velocity index (OVI)
to compare between ruptured and unruptured cerebral aneurysms. The results they
obtained showed that SR and AS were noteworthily higher in the ruptured aneurysms
regarding to the geometrical parameters. As regards to hemodynamic factors, with a
combination of high OSI and low averaged WSS were seen in the ruptured aneurysms.
They [14] also mentioned that the ruptured aneurysms had complex and unstable flow
patterns. The ruptured aneurysms also had the highest RRT values according to Berg
et al. [14].
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2. BIOLOGICAL CHARACTERISTICS

2.1 Purpose

Since the intracranial aneurysms might cause to serious health problems or even worse,
might be end up with the death of the patient [6,7, 10, 12], it is considerably crucial
to investigate rupture status in order to estimate the rupture risks of the cerebral
aneurysms. At the point where the in-vivo techniques are inadequate and when
CFD techniques step in, the improvements of the researches increase the demands
for computational methods. However, an accurate blood flow modeling within
patient-specific cerebral aneurysms by means of computational methods requires
profound knowledge of the biological structures and characteristics of the blood as
well as cerebral aneurysms. The comprehension of the biological structures and
characteristics of the blood such as density and velocity provides to obtain accurate
results in this field. Therewithal, considering the types, morphological properties and
locations of the aneurysms in order to model blood flow realistically provides more
reliable results. Therefore, the purpose of this Chapter is to express the biological
characteristics of the current study since it is significantly crucial to comprehend the
properties of the blood as well as the structures of the blood vessels in order to model

accurately blood flow within the patient-specific cerebral aneurysms.

2.2 The Characteristics of the Blood and Vessels

Essentially, blood is a body fluid as well as a fluid connective tissue which is
responsible for supplying oxygen and nutrients to the cells of the body and removing

metabolic wastes away from the cells.

In principle, blood is a complex composition due to its constitutions: the liquid solution
of the plasma which is a homogeneous liquid with dissolved components such as
glucose, proteins in and exhibits as Newtonian nature; and the cellular elements -

erythrocytes also known as red blood cells (RBCs), leukocytes also known as white
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blood cells (WBCs) and platelets - suspended in the plasma that make the whole blood
not only a suspension but also exhibits as non-Newtonian nature [48,50,71-74]. The
plasma approximately comprises 55% of the blood volume [72] with the components
such as ions, enzymes and other proteins dissolved in. The rest of the blood volume
is the cellular elements - predominately RBCs - which comprise approximately 45%.
RBCs comprise 97% of the cellular element volume [72] and the volume percentage
of the RBCs in the whole blood is approximately 42% in women and 45% in men [75],
this phenomenon is called hematocrit. The density of the blood is varies from 1040 to

1060 kg/m> [72]. Within this study, the density of the blood is taken as 1060 kg/m?.

Flowing through the living organs, namely vessels, with living cells, plasma
and dissolved components in the plasma, the blood has various functions from
transportations oxygen - by means of RBCs -, nutrients and wastes throughout the
body, regulations of osmotic pressure and pH to protections against the infections by
means of the WBCs and in due course of injury, formation of thrombus that prevents

blood loss, by means of platelets.

RBCs are the most numerous cellular elements in the blood. They are significantly
specialized comparing to the other cells that own neither the cell nucleus nor
mitochondria, herewith, they possess enormously space for hemoglobin proteins which
are responsible for transporting oxygen to the cells and carrying carbon dioxide back
to the lungs flowing through the vessels as well as responsible for the characteristic
of red color of the blood. Without any nucleus inside and with owning a discoidal
biconcave shape, in spite of their thicknesses are approximately 2um (micrometre) and
diameters are around 8uum, RBCs achieve to carry the oxygen by squeezing throughout
the smallest capillaries with the diameters of less than 6um [72]. This squeezing
behavior of RBCs within the small capillaries effects the viscosity characteristic of
the blood. In capillaries, the viscosity of the blood decreases due to the significantly
small diameter less than 0.3mm, by the reason of RBCs move in the fast axial stream
while plasma moves in the slow marginal stream, hereat, the velocity of RBCs becomes
greater than the velocity of plasma and this phenomenon is called Fahraus—Lindqvist
effect [76]. Also, the non-Newtonian nature of blood shows itself particularly at low

shear rates.
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Figure 2.1 : RBCs flowing within glass tubes for three different diameters [77]. This
figure is a modification of [78].
Since the viscosity of the blood is associated with the rheology, blood exhibits as
non-Newtonian within the capillaries that had been demonstrated by the experiment
of Fahreus and Lindqvist [76] with regard to the viscosity of the blood within
capillary tubes. In 1966, Chien et al. [79] demonstrated that in the whole blood,
there is no linear relation between the shear stress and the shear rate. They observed
non-Newtonian behavior in the whole blood with normal hematocrit. In 1972,
Thurston [80] demonstrated that the blood has not only non-Newtonian behavior
but also has viscoelastic nature. In 1979, Thurston [50] investigated the rheological

parameters of the blood with regards to viscosity, viscoelasticity and thixotropy.

Non-Newtonian, shear-thinning, viscoelastic nature of the whole blood arise from
the cellular elements, predominantly RBCs - which have a remarkable effect on
the blood viscosity in terms of rheology - in a Newtonian liquid, plasma [72, 74].
Moreover, the blood is pumped by the heart periodically with a wave-like motion which
this phenomenon is called pulsatile flow. Considering all these features, modeling
blood flow is a challenging problem, particularly, in the abnormal geometries such as

image-based patient-specific cerebral aneurysms.

The blood is pumped by the heart through the arteries with a heart rate, range from 60
to 100 beats per minute (bpm). The pumping behavior of the heart creates pulsatile
conditions within the arteries. The heart has systole and diastole periods, which means

the heart pumps the blood during systole while rests during the diastole period. The
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Figure 2.2 : Cellular elements of the blood (2006 Encyclopaedia Britannica, Inc.).

arteries and capillaries have a sophisticated branching system, thus, the blood could be
distributed to each part of the body. The vessels of the blood are living organs, hence,
they could adjust to and behave according to the varying hemodynamic conditions by
enlarging or shrinking behaviors [74]. Basically, there are three types of blood vessels:
arteries distribute the blood pumped by the heart to the organs in order to supply
nutrients and oxygen, capillaries which are the smallest blood vessels, transport the
products by means of osmotic gradient, and veins carry carbon dioxide and waste back
to the lungs. The arteries and veins comprise of three layers. The internal lumen layer
is called tunica intima, which is the thinnest layer and consists of endothelial cells.
The middle layer, thickest layer in arteries, is called tunica media which consists of
smooth muscle cells, collagen and elastic fiber. The external layer is tunica adventitia,
consists of predominantly loose connective tissue with some smooth muscle cells. This

external layer also includes nerves and vasa vasorum in large vessels (See Figure 2.3).
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Figure 2.3 : Layers of artery, vein and capillary [81].

2.3 Cerebral Aneurysms

The blood vessels are living organs, hence, under physical conditions they react to the
stimuli. In order to respond to the abnormal hemodynamic effects, the vessel walls
could synthesize molecules or re-model the vessel walls. Basically, aneurysms are
the pathologic, re-modeled, abnormal structures of the blood vessel walls. Aneurysms
could be categorized in terms of their locations such as coronary artery aneurysms are
localized at the heart while cerebral aneurysms are localized at the brain. In terms
of their shape, aneurysms could be classified into two main types: fusiform and
saccular. Fusiform aneurysms with their spindle shapes are mostly localized in the
abdominal aorta while berrylike-shaped saccular aneurysms are usually localized in
the brain area, most particularly, in the CoW. Withal, there are two fundamental types
of saccular aneurysms: side — wall, also known as lateral and terminal, also known
as bifurcation. A major of the intracranial aneurysms are the saccular aneurysms
which are localized apex of bifurcation arteries and on the side-wall of the curved

arteries [82].
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Figure 2.4 : Aneurysm types in terms of their shapes. Saccular aneurysm on the top
(a) and fusiform aneurysm on the bottom (b) by Campo-Deano et
al. [67].
Cerebral aneurysms arise from the weakness of the cerebral artery, in particular, under

abnormal hemodynamic conditions that cause to pathologic dilations of the cerebral

artery walls that commonly localized in the CoW [8, 16-18, 82].

Basically, there are three steps with regards to cerebral aneurysms: formation, growth,
and eventually rupture, respectively [19, 20]. The reasons underlying formation,
growth and rupture steps of the intracranial aneurysms might be some risk factors such
as hypertension, high alcohol consumption, smoking, heredity and so forth [4, 23].
These reasons might change the homeostasis and cause to result some problems
such as high blood pressure. These abnormal conditions might cause to change the
hemodynamic factors of the CoW and as a consequence intracranial aneurysms might
occur. Moreover, destabilizing conditions cause to lead not only aneurysms but also

atherosclerosis (See Figure 2.6) within CoW.

The rupture of an aneurysm cause to bleed within subarachnoid space and this
phenomenon is called SAH. Considering bleeding is a serious problem, high rates
of mortality and morbidity are occured due to the SAH [8—10]. The prevalence of the

intracranial aneurysms are quite common in population [1, 3].

The CoW is supplied 80% by the two carotid arteries and approximately 20% by the
basilar artery. The anterior zone of the CoW is supplied by the two carotid arteries and
more than 85% of the cerebral aneurysms occur in this zone [17]. Particularly, cerebral
aneurysms could be found in the arteries of ACoA, PCoA, MCA, ICA, BA with high

percentages as seen in Figure 2.7.
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Figure 2.5 : (A) shows side-wall aneurysm with P; afferent vessel and P> efferent
vessel while (B) shows terminal aneurysm with P; afferent vessel and P,
P efferent vessels by Munarriz et. al [21].

Figure 2.6 : The figure shows both aneurysm and atherosclerosis in the CoW.
Locations in CoW could be summarized as follows: ACA (Anterior
Cerebral Artery), ACoA (Anterior Communicating Artery), AICA
(Anterior Inferior Cerebellar Artery), BA (Basilar Artery), ICA (Internal
Carotid Artery), MCA (Middle Cerebral Artery), PCA (Posterior
Cerebral Artery), PCoA (Posterior Communicating Artery), PICA
(Posterior Inferior Cerebellar Artery), SCA (Superior Cerebellar Artery),
VA (Vertebral Artery). Darker color in (A) indicates saccular aneurysms,
while indicates atherosclerosis in (B) by Nixon et al. [83].
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Figure 2.7 : The arteries and the corresponding aneurysms with their prevalences in
the CoW by Brisman et al. [2].
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3. MATHEMATICAL MODELING OF BLOOD FLOW

3.1 Purpose

Cerebral aneurysms are rather common considering the world population [1-5]. The
rupture of an aneurysm might cause to serious disability problems for the patient or
when thinking the worst-case scenario, might cause to death of the patient [2, 6, 7,
9,10, 12]. Consequently, it is remarkably crucial to predict the rupture risk of the
cerebral aneurysms. Unfortunately, the prediction of the rupture risk only by means
of in-vivo techniques is not sufficient. It has been demonstrated that the analysis of
the rupture status by means of CFD techniques and numerical simulations are getting
more reliable and with the increasing technology of imaging techniques and CFD,
the researchers have been extensively examined the rupture status of the intracranial
aneurysms [19,29, 30, 34]. Hence, there is a vast scale of need for imaging methods,
computational techniques and mathematical models to analyze the rupture status of the

cerebral aneurysms.

As mentioned comprehensively in Chapter 2, the blood exhibits a shear-thinning
non-Newtonian fluid owning to the cells such as RBCs suspended in the plasma which
exhibits a Newtonian fluid [72]. Since the blood is a viscoelastic, shear-thinning,
non-Newtonian fluid, the mathematical modeling of this liquid becomes a challenging
problem. Taking into account all of these reasons, the purpose of this section is to
express the blood flow within patient-specific cerebral aneurysms from the point of

view of the mathematical modeling.

3.2 The Governing Equations

Considering the fluid is isothermal, the governing equations - also known as the
Navier-Stokes equations - are the conservation of mass and momentum and could be

described mathematically for a time-dependent incompressible fluid as follows:
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0 3.1

and

0
p(8—?+u-Vu)=—vp+v-r+pG 3.2)

where p is the fluid density, u is the velocity vector field, ¢ is the time, p is the pressure,

7 is the stress tensor, V is the nabla operator and G is the external field such as gravity.

Since p is constant for an incompressible fluid, the conservation of mass equation

which is the equation of (3.1) might be simplified as follows:

Vu=0 (3.3)

For a compressible fluid V - u # 0 while for an incompressible fluid V - u = 0.

The conservation of momentum equation which is (3.2) has a stress tensor T which

could be described mathematically as follows:

T=2UE (3.4

for a better understanding, the term € is:

g=(Vu+vu')/2 (3.5)

where 7 is the stress tensor and u is the velocity vector field as expressed before, U is
the dynamic viscosity, € is the strain rate tensor - also known as rate of deformation
tensor - and u” is the transpose of the velocity vector. Considering the equations above,

stress tensor could be re-written as follows:

T =2u(Vu+Vvu’)/2 = pu(Vu+Vvul) (3.6)

Thus, the divergence of the stress tensor is:

V.t=uViu (3.7)
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Since V2F =V - V F = A F, the conservation of momentum equation could be written

for a time-dependent incompressible Newtonian fluid as:

9
P(a—l; +u-Vu) = —Vp+ uAu+pG (3.8)

When taken into account the blood flow as a non-Newtonian fluid, the dynamic
viscosity term ( ought to be written as a function, depends on the shear rate term
¥ which looks like = p(y). Within this study, Carreau-Yasuda viscosity model
has been performed in terms of non-Newtonian nature of the blood. Considering
this model, the conservation of momentum equation could be re-written for a

time-dependent viscous shear-thinning non-Newtonian fluid as follows:

9
p(a—ltl+u-Vu) — _Vp+u(P)AutpG (3.9)

where p(7) could be written for Carreau-Yasuda model as:

. apin=b
P(7) = Moo + (o — peo) [+ (A7)] @ (3.10)
where A is the time constant, n is the power constant, a is the parameter used to fit

experimental data.

The shear rate term ¥, which is a scalar measure of the strain rate tensor, could be

expressed mathematically as follows:

7=/ 2tr(e?). (3.11)

3.3 Rheology of Blood

Rheology is a specific study apropos of fluid mechanics and dynamics. Substantially,
the word of "rheology" connotates the non-Newtonian and viscoelastic fluids [49].
Since this Chapter is related to mathematical modeling of blood flow and the study
of rheology is a very comprehensive area as well as a complex phenomenon, in
this section, it will be examined primary differences amidst Newtonian and various

non-Newtonian fluids with their mathematical expressions.
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Figure 3.1 : Rheology diagram of the flow behaviors [84].

The main difference between a Newtonian and a non-Newtonian fluid is the dynamic
viscosity ¢ which is constant and independent from the shear rate ¥ in a Newtonian

fluid while it is a function depends on the shear rate as () in a non-Newtonian fluid.

Essentially, the blood consists of the liquid solution of plasma with proteins -
which exhibits as a Newtonian behavior - and cellular elements such as erythrocytes,
leukocytes and platelets suspended in the plasma that make this liquid a suspension
[48, 50, 71-73]. The non-Newtonian nature of whole blood arise from the cellular
elements, particularly, from erythrocytes - also known as RBCs which have a
significant effect on blood viscosity [72,73,85]. Although non-Newtonian effects could
be neglected in large arteries such as aorta due to the large shear rates, the whole blood
exhibits shear-thinning nature at low shear rates as well as in capillaries and small
arteries less than 1 mm [72] and these shear-thinning effects ought to be taken into
account in order to perform the blood flow modeling under the accurate assumptions

particularly in capillaries.

Thus far, blood has been described in multifarious ways taking the advantage of various

non-Newtonian models in a major of the CFD studies by researchers (See Table 3.1).
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Since, non-Newtonian nature of the whole blood is associated with the shear stress and

rate, it could be described mathematically in the general formula as follows:

U(Y) = Moo+ (Lo — Ueo)F (7) (3.12)

where o and U, are the asymptotic viscosities at zero and infinity shear rates

respectively,

Ho = limy 0 () , Heo = limyeo p1(7)

and F(7) is the shear dependent function such that,

lim F(7) = 1, lim F(}) = 0. (3.13)

7—0 Yoo
Hence, at the point of varying F(y) function as shear-thinning characteristic addresses

different non-Newtonian models of the blood flow (See Table 3.1).

In order to model blood flow with its shear-thinning nature, a variety of viscosity
models have been used by the researchers. The viscosity model has a strong effect
on the hemodynamic results [5]. Therefore, it is crucial to choose an accurate and
realistic viscosity model that harmonize with the experimental blood viscosity. The
Herschel-Bulkley viscosity model harmonize experimental blood viscosity at middle
and high shear rates while at low shear rates this model is not realistic to model
blood flow with its shear-thinning nature. On the other side, another viscosity model,
Power-Law, represents a linear relation between viscosity and shear rate and this
characteristic is disharmonious with experimental blood viscosity. Carreau-Yasuda
viscosity model is more realistic and accurate model with its parameter used to fit

experimental data, a.

In this current study, Carreau-Yasuda viscosity model is implemented in order to
perform CFD simulations to express non-Newtonian shear-thinning flow behavior of
the whole blood within image-based patient specific intracranial aneurysms. This
viscosity model has been extensively used in a wide range of studies in order to model

blood flow with shear-thinning characteristic of the fluid [86, 87,90-92].
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Table 3.1 : Some non-Newtonian viscosity models for blood flow. The parameters are
the time constant A, power constant 7, parameter used to fit experimental

data a, model constant k and yield stress 7.

Model Name Constitutive Equation Parameters
Carreau u(y) = [vLoo—l-([.Lo—[,Lw)[l-i—(?L}'/)z]% A =3.313s
n=0.3568

Carreau — Yasuda

Cross

Herschel — Bulkley

Power — Law

K(7) = Moo+ (Mo — Hoo) [1+ (A7)7] "

w(7) = k)" "+ (0/7)

(n=1)

U(Y) = Moo+ (Mo — Hoo) /(14 (A7)")

Uo = 0.56poise
Uoo = 0.0345poise
Cho et al. 1991 [86]

A =0.110s
n=0.392
Uo =22x10"3Pa s
Uoo =2.2x103Pa s
a=0.644
Gijsen et al. 1999 [87]

A =1.007s
n=1.028
Uo = 0.56poise
U = 0.0345poise
Cho et al. 1991 [86]

k=8.9721x1073 Ns" /m?
n=0.8601
7o = 0.0175N /m?
Valencia et al. 2008 [88]

k =14.67x1073Ns" /m?
n=0.7755
Molla et al. 2012 [89]
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Figure 3.2 : The turbulence regime sketches by Leonardo da Vinci (Nature).

3.4 Blood as a Turbulent Flow

In principle, there are two fundamental regimes of the motion of fluids, laminar flow
which is smooth and has no disruptions or eddies and turbulent flow which is a complex
phenomenon with chaotic behavior and contrary to laminar flow, it has disruptions,

eddies and significant fluctuation rates.

The turbulence regime of fluids has been aroused curiosity among the artists and
scientists from far in the past. Leonardo da Vinci studied fluid mechanics and drew
sketches of turbulent flows (See Figure 3.2). However, the major study of turbulent
flow had been performed by Osborne Reynolds, a British scientist and mathematician
in the 19th century [93]. He observed the fluid motion regime changes with the ratio
of internal forces to viscous forces and this dimensionless ratio is called Reynolds

number, Re described mathematically as:

_pUD
i

Re (3.14)

where U is the mean velocity of the fluid (m/s) in a pipe and D is the characteristic
diameter (m) of the pipe. Since there is a relation among dynamic viscosity u, fluid
density p and kinematic viscosity v such that v = u/p, the Reynolds equation could

be re-written as follows:

Re=—. (3.15)
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Figure 3.3 : From laminar to turbulent flow [94].

The characteristic of the fluid motion regime could be identified according to Reynolds
number Re. The flow is laminar if the Re is less than approximately 2100 while
turbulent regime could be observed if the Re is greater than approximately 4000 [94].
The numbers between these two cases, the flow regime might change between laminar

and turbulent which is called transitional flow [94].

Blood flow is generally modeled with laminar regime among the scientists. However,
considering abnormal formations in the blood vessels such as atherosclerosis and
aneurysms, the blood flow acts in a particular manner of chaotic and complex regimes.
In 1972, Roach et al. [95] performed a study about bifurcations localized in CoW, and
observed turbulent flow at Re = 1200 under steady conditions and also they observed

lowest Re with a value of less than 500 in the aneurysm bifurcation.

In order to perform turbulence simulations, there are three major methods which are
called Reynolds Averaged Navier Stokes (RANS), Large Eddy Simulation (LES) and
Direct Numerical Simulation (DNS). Since RANS model is based on time averaging,
this model is less accurate and less expensive than LES and DNS. DNS model solves
the flow field directly using Navier Stokes equations without modeling and time
averaging, hence, this makes DNS the most accurate method in order to model flow
with turbulence nature. However, DNS model requires very fine grids comparing to
RANS and LES and also requires large computational resources. When considered

from these aspects, DNS model is not only expensive but also time-consuming. LES
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model has advantages and disadvantages comparing to RANS and DNS. Although it
is less expensive and less time-consuming, it is less accurate than DNS. In spite of
requiring finer grids, time and more computational resources, it is more accurate than
RANS. Essentially LES model is based on spatial filtering system. It solves the flow
field larger than the filter size directly with Navier Stokes equations and models the
rest of flow scales smaller than the filter. Considering the filter size approaches to zero,

the solution approaches to DNS model.

Within the current study, considering the abnormal geometries of the patient specific
cerebral aneurysm data, the blood flow is modeled with the nature of turbulent flow
regime as well as unsteady and pulsatile flow. The turbulence model used in this study
is dynamic k equation model, namely, dynamic one equation subgrid-scale model for

Large Eddy Simulation (LES) within OpenFOAM [96].

As mentioned before, LES method is based on a filtering system. The mathematical

equation [97] could be written as follows:

Fy= / Glx—x) f(x')dx (3.16)

where f(x) includes all the scales that defined and G(x) is the filter function. The

filtered governing equations for LES [98] could be written as follows:
ou;
— =0 3.17
Ix; (3.17)
the equation 3.17 is the continuity equation for LES and,
ou; a(ﬁ,‘ﬁ j) 1 dp 0

5t Ty T Tpam ax,

—rij+2v§ij) (3.18)

the equation 3.18 is the momentum equation for LES. The term v indicates kinematic

viscosity. Grid-scale strain rate tensor could be written [98]:

_ 1 (du; 8ﬁj
&j=7 (a?ﬁ ax,.> G149

and subgrid scale stress could be written [98]:
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Figure 3.4 : CFD methodology flowchart [94].
Tij = Wilj — U;jU;j. (3.20)

3.5 Numerical Discretization

Numerical techniques and methods based on computers provides an opportunity for
the scientists to solve a wide range of computational problems. With an increasing
technology of high-performance-computing, it has become possible to solve partial
differential equations (PDEs) related to fluid problems using CFD, which is a branch
of fluid mechanics, with numerical approaches. This process requires replacing the
partial differential equations with discretized algebraic equations which approach to
the PDEs [94]. CFD process involves various complex phenomenon from governing
equations, model assumptions to discretization techniques, developing algorithms,
post-processing and visualizations (See Figure 3.4) thus, this process has to be

performed precisely.

The most known discretization techniques are Finite Difference Method (FDM), Finite
Element Method (FEM) and Finite Volume Method (FVM), respectively. Within
this study, FVM is implemented to obtain approximate numerical solutions for

Navier-Stokes equations and PDEs for CFD calculations.
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4. MATERIALS AND METHODS

CFD methodology is a very comprehensive process due to the combination of the
various areas such as physics and fluid mechanics. CFD analysis process generally
consists of three stages: 1)Pre — processing stage involves preparing the geometry
for the CFD simulations such as adding flow extensions and generating mesh for the
geometry; 2)Processing stage involves numerical techniques and CFD simulations
which they are usually performed by means of high-performance-computing; 3)Post —
processing stage involves extracting the needed flow properties and visualizing the data
after applying the numerical methods. Taking account of all these stages listed, it is
very crucial to perform each step precisely in order to analyze CFD results accurately.
Within this Chapter, each step will be discussed extensively from the very beginning
of the aneurysm data before pre — processing to the end of the scientific visualizations,
and the process between them with the materials used such as mesh generator, CFD

software and the methods used such as FVM.

4.1 Cerebral Aneurysm Data

Cerebral aneurysms are related to high morbidity and mortality rate as mentioned
before in the previous Chapters. More particularly, the rupture of an intracranial
aneurysm might lead to SAH which is the most serious problem of the cerebral
aneurysms. Consequently, it is remarkably essential to study the rupture status of
the cerebral aneurysms for diagnosis and treatment. With the increasing technology
of the CFD and imaging techniques, it has become possible to examine blood flow

simulations that is unfeasible to perform using in-vivo techniques in clinical practice.

In order to investigate the rupture status of intracranial aneurysms by means of
modeling blood flow and simulations using CFD techniques within an artificial
balloon-like geometry might cause to misleading results and interpretations. To

overcome this issue, it is significantly crucial to use patient-specific cerebral aneurysm
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geometries instead of artificial straight pipe geometries with the balloon-shaped

structures.

The researches based-on patient-specific cerebral aneurysm geometries in terms of
CFD simulations require image data. However, there are limited image data in the
online platforms to perform scientific experiments. In order to provide an opportunity
to perform experiments using patient-specific cerebral aneurysm data in terms of better
understanding of the cerebral aneurysms, The Aneurisk Pro ject [99] shares the data in

a downloadable form via the online platform.

The image-based patient-specific cerebral aneurysm data set of The Aneurisk Pro ject
[99] are DICOM images acquired from 3D rotational angiographies and the cerebral
aneurysm model geometries are ready for the simulations of the blood flow dynamics

after reconstruction, characterization and segmentation process.

The repository of the project comprises various cerebral aneurysm models in terms of
the aneurysm location such as ICA, MCA, the rupture status and the aneurysm type
such as terminal or side-wall. Use of the data in the AneuriskWeb repository has been

authorized by the Ethical Committee of the Ca’ Granda Niguarda Hospital.

In order to investigate the effects of the hemodynamic factors with non-Newtonian and
turbulent flow characteristics on the rupture status of the intracranial aneurysms, the
CFD calculations have been performed within the data from The Aneurisk Pro ject
repository: one ruptured aneurysm located on ICA, named as R — ICA and one

unruptured aneurysm located on ICA, named as U — ICA (See Figures 4.1 and 4.2).

Both models are the side-wall type ICA geometries with the saccular aneurysms. The
original geometries have been clipped in order to examine the region of interest which
is close to the aneurysm zone and added flow extensions in order to have accurate

inflow and outflow boundaries.

4.2 Cerebral Aneurysm Data Preparation for CFD Processing

The patient-specific data-set in the Aneurisk repository have various aneurysm types
and models. The original stereolithography (STL) geometries used in this current
study have been clipped in order to focus on the region of interest which is around

the aneurysm zone by using the VMTK [63] software. Using the same software,
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Figure 4.3 : The STL geometry images after clipping, adding flow extentions, closing

the gaps and scaling applied to the original STL data.
after clipping process, the flow extensions have been added to each extremity of the
surface to have cylindrical prolongations in order to have accurate inflow and outflow
boundaries. In order to generate a volume mesh, the gaps corresponding to the inlet
and outlet boundaries have been closed by using VMTK. Since in this thesis, the
blood flow simulations within patient-specific cerebral aneurysm geometries have been
performed by means of OpenFOAM (Open-source Field Operation And Manipulation)
software [96], an opensource C++ toolbox for CFD which performs calculations within
the geometries for dimensions in terms of meter (m), the length of the geometries of
the original data have been scaled to meter by using OpenFOAM [96] software (See
Figure 4.3).

Subsequent to the treatments within the original STL data by means of VMTK [63],
the modified STL data are ready for the mesh generation in order to perform 3D
blood flow simulations using OpenFOAM [96] software with FVM. For the purpose
of generating both triangular surface meshes and tetrahedral volume meshes from the
3D surface geometries in order to perform grid convergence index (GCI) method, an

open-source mesh generator software Netgen [100] has been used within this thesis
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(Netgen Version 6.2.1803). It has been generated a wide range of tetrahedral elements
from approximately 400.000 to 3.500.000 in order to perform the discretization error
analysis by means of GCI (See Figure 4.4). In the furtherance of generating triangular
surface meshes and tetrahedral volume meshes from the 3D surface geometries - which
are R — ICA geometry and U — ICA geometry - for the CFD simulations in terms
of non-Newtonian shear-thinning Carreau-Yasuda model cases and non-Newtonian
shear-thinning Carreau-Yasuda with large eddy simulation (LES) turbulence flow
model cases, octree mesh method has been used for the mesh generations by means
of ICEM CFD 19.2 (ANSYS, Inc., Canonsburg, PA, USA). Since LES model requires
finer grids as discussed before within Chapter 3, it has been used 595129 elements for
Carreau-Yasuda (CY) model case and 1048397 for CY with LES turbulence blood flow
model case for the U —ICA geometry while R — ICA geometry has 522295 elements for
CY blood flow model case and 1050456 elements for CY with LES turbulence blood
flow model case - these meshes have been generated by means of ICEM CFD 19.2
(ANSYS, Inc., Canonsburg, PA, USA). Post-processing and visualization applications

have been performed using an open-source software, ParaView [101].

4.3 Numerical Methods for CFD Processing

CFD methods have been extensively performed with the increasing technology
of high-performance-computing in order to examine blood flow modeling within
patient-specific geometries. Also, in the current study, it has been taken the advantages
of these promising techniques as well as open-source softwares such as OpenFOAM

[96] and ParaView [101].

OpenFOAM is a finite volume-based open-source C++ toolbox for CFD calculations
by means of solving the PDEs, most particularly, in order to examine fluid dynamics.
OpenFOAM also provides pre — processing and post — processing utilities such as
blockMesh and paraFoam besides the solvers that solve PDEs. Since OpenFOAM is
an open-source software, it could be easily customized with regards to demands of the

specific problems.

OpenFOAM uses FVM which is a numerical method putting the PDEs into discretized
algebraic equations which approach to the PDEs over finite volumes. With a basis of

FVM, OpenFOAM provides ready solvers for the specific problems. Within this thesis,
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Figure 4.4 : Mesh generations have been performed using Netgen [100].
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it has been taken the advantage of pisoFoam solver for unsteady incompressible flow.
The solver of pisoFoam uses the PISO (Pressure-Implicit with Splitting of Operators)
algorithm behind in order to solve Navier-Stokes equations. In the current study, both
non-Newtonian Carreau-Yasuda and non-Newtonian Carreau-Yasuda with turbulence
effects blood flow simulations had been performed by means of pisoFoam solver within

OpenFOAM.

In the current study, the non-Newtonian Carreau-Yasuda with turbulence effects
simulations had been performed in order to examine the unsteady pulsatile flow
behavior in complex 3D patient-specific cerebral aneurysm geometries with LES
which is a mathematical method for turbulence in CFD. Within OpenFOAM, there
are various LES models such as Smagorinsky and Dynamic k-equation. Within this
thesis, it had been taken the advantage of dynamicKEqgn also known as dynamic one
equation eddy-viscosity for LES subgrid-scale (SGS) model by using OpenFOAM.
Subsequent to the CFD simulations, ParaView [101] software had been used for the

visualizations.

4.4 Hemodynamic Indices for Post Processing Analyzes

Hemodynamic indices are the parameters which provide particular indicators for
morphological and functional changes of arteries and veins. Subsequent to the
CFD calculations, hemodynamic effects have been analyzed for the image-based
patient-specific cerebral aneurysms. WSS has been calculated by means of the
post processing utility which is wallShearStress within OpenFOAM software for
all the simulations. Other hemodynamic indices could be calculated from WSS
parameter. Within this current study, in order to observe hemodynamic effects
on the patient-specific cerebral aneurysms, the hemodynamic parameters which are
WSS, OSI, time-averaged WSS (TAWSS), spatial WSS gradient (SWSSG) and
time-averaged SWSSG (TASWSSG) have been calculated within U —ICA and R—ICA
geometries for both non-Newtonian shear-thinning Carreau-Yasuda (CY) model case
and non-Newtonian shear-thinning CY with LES turbulence effects model case (CY +

LES).
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4.4.1 Wall shear stress

WSS is the foremost parameter in terms of hemodynamic assessments and extensively
examined within rupture status investigations of cerebral aneurysms by researchers
[8, 19, 30, 54, 59, 62]. Basically, WSS 1, is a tangential force generated by blood

flowing along vessel wall and could be described mathematically as follows:

Ju
weu(3)

where 7,, is the WSS, u is dynamic viscosity, u is the velocity along wall tangential

4.1

y=0

direction, y is the distance to the wall.

In terms of rupture status investigation of the cerebral aneurysms, WSS parameter is
significantly effective among the hemodynamic factors. Circulatory system consists
of living elements - such as organs and cells - and these living structures react
to the hemodynamic stimuli in order to protect the homeostasis by means of their
reactions such as gene expression and vascular remodeling. Particularly, abnormal
WSS conditions might lead to the vascular remodeling [102], hence, blood vessels
might change their structures and with the weakening of the cerebral arteries, aneurysm
might be occurred under these abnormal hemodynamic conditions. As discussed
before within Literature Review section in Chapter 1, Meng et al. [19] proposed
two types of aneurysms: small with thin-walled aneurysms which arise from high
WSS effect and large with thick-walled aneurysms which arise from low WSS effect.
Besides, Malek et al. [55] demonstrated that low shear stress areas might tend to have
atherosclerosis. Since both low and high WSS have the abnormal effects on the blood
vessels, they might lead to cause aneurysm growth and rupture. Moreover, abnormal

WSS might cause endothelial cell degeneration and dysfunction.

4.4.2 Oscillatory shear index

Oscillatory shear index (OSI) is the major parameter just like WSS in order to
investigate rupture status of the cerebral aneurysms in terms of hemodynamic factors.
OSI was proposed for the first time by Ku et al. [56] in 1985 with the following

definition: "an index which describes the shear stress acting in directions other than
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the direction of the temporal mean shear stress vector.". Subsequent to demonstration
of the significant effects of OSI on rupture status of cerebral aneurysms, this parameter
has been extensively used within CFD-based cerebral aneurysm studies in terms of
hemodynamic factors [19, 30, 54]. OSI factor could be expressed mathematically as

follows:

T
/rwdt
1 0
051:5{1— = } (4.2)
/|rW|dt
0

where 7,, is WSS and T is the cardiac cycle time.

OSI is a non-dimensional parameter and its values vary from 0 to 0,5 where the value
of 0 addresses that there is no cyclic variation (0°) of WSS vector while the value of

0,5 addresses that there is 180° deflection of WSS vector direction.

High OSI values might lead to vascular remodeling within blood vessels [103],
therefore, this hemodynamic parameter is strongly associated with cerebral aneurysm
growth and rupture. High OSI also might effect endothelial cell response and
dysfunction. Furthermore, OSI parameter might be associated with plaque formation

[104].

4.4.3 Time averaged wall shear stress

Time averaged wall shear stress (TAWSS) is the classic time average of each WSS
vector magnitude at the wall and could be described mathematically as follows:
1 /T
TAWSS = —/ |ty | dt 4.3)
T Jo

where 7, 1s the WSS vector and T is the cardiac cycle period.

TAWSS could provide an insight in order to observe the overall cardiac cycle averaged

WSS at the cerebral aneurysm wall.
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4.4.4 Spatial wall shear stress gradient

One of the most analyzed hemodynamic index is the spatial WSS gradient (SWSSG)
- the spatial derivative of WSS - in terms of hemodynamic effects within cerebral

aneurysms. SWSSG could be expressed as follows:

(D055 e

The positive WSS gradient and high WSS might lead to small with thin-walled

o7,

SWSSG = —_—
0z

aneurysms according to Meng et al. [19]. The fluctuations and oscillations in SWSSG
might be associated with cerebral aneurysm initiation and for this purpose Shimogonya
et al. [105] proposed a new hemodynamic parameter which is called gradient
oscillatory number (GON). Moreover, SWSSG might be effective on endothelial
cells and remodeling, and consequently might be associated with aneurysm growth
[106, 107]. Dilations and the weakening of the cerebral arteries might be occurred
due to the SWSSG. This parameter has been also thought to be associated with gene
expression. Furthermore, DePaola et al. [108] had been performed an experiment
and observed within disturbed flow regions WSS was low and SWSSG was high.
They [108] observed cell migration, and surmised that high SWSSG might lead to

morphological changes for endothelial structures under disturbed flow areas.

4.4.5 Time averaged spatial wall shear stress gradient

Time averaged spatial wall shear stress gradient (TASWSSG) could provide an insight
for overall SWSSG in cardiac cycle averaged. This parameter could be expressed as

follows:

T

1
TASWSSG = 7/ (SWSSG)dt 4.5)
0

where 7 is the cardiac cycle time and SW SSG is the spatial wall shear stress gradient.

42



5. NUMERICAL RESULTS

Cerebral aneurysms are sizably common in the worldwide population [1,4]. With
the increasing techniques and technologies of imaging, CFD and high performance
computing, cerebral aneurysms have been examined extensively by means of computer
based researches and it has been demonstrated that hemodynamics play a significant
role in order to investigate intracranial aneurysm stages and status by using these

promising techniques [19,29, 30].

Similarly, in this study, it has been taken the advantages of these techniques
and technologies. The effects of hemodynamic factors on the imaged-based
patient-specific cerebral aneurysms have been examined by means of CFD and
high-performance-computing. Furthermore, grid convergence index method has been

implemented in order to estimate the discretization errors in the simulations.

The foremost hemodynamic factors analyzed in this study are WSS, a tangential force
generated by blood flowing along vessel wall; and OSI, proposed by Ku et al. [56]
with the purpose: “specifically to provide an index which describes the shear stress
acting in directions other than the direction of the temporal mean shear stress vector.”.
The other parameters analyzed in this study are time-averaged WSS (TAWSS), spatial
WSS gradient (SWSSG), time-averaged SWSSG (TASWSSG), velocity and pressure.
The hemodynamic parameters have been expressed mathematically within the section

of Hemodynamic Indices for Post Processing Analyzes under Chapter 4.

5.1 Grid Convergence Index Method and Results

CFD techniques have become promising methods in terms of investigating the effects
of the hemodynamic factors on the patient-specific cerebral aneurysms. However, the
simulation results might be misleading if the grid resolution is not accurately fit in
with the complex aneurysm geometry. To overcome this issue, there is a need for
estimating the discretization errors in CFD studies. The error analysis studies have

been performed extensively in CFD researches [109-111], hence, also within this

43



Table 5.1 : Different maximum velocity values f; corresponding to different number
of elements N;. The values are obtained from nearby outflow area.

1 N; fi
(1) 3.335.224 2.27708
2) 2.036.136 2.27704
3) 1.482.896 2.24064

thesis, grid convergence index method based on generalized Richardson Extrapolation

has been performed in order to estimate the discretization errors.

GCI method requires CFD simulations within a geometry for at least three different
grid sizes in terms of refinement; coarse-grid, moderate-grid, fine-grid, respectively.

The required steps could be written as follows:

(1) Defining refinement ratio, (r); in a majority of the studies, refinement ratio r
between 3 grids is set to 2 and the meshes are generated according to this constant
number. However, in a number of studies [112], r is defined by means of the element

numbers with the following formula:

N\ N\
) (%) o

where Ni, N, and N3 are the number of elements of the grids; fine, moderate and coarse,

=

1
2

respectively. In this study, refinement ratio is defined with the Equation 5.1 [112].

(2) Determining a parameter indicating the grid convergence related to the study. In
the current study, this parameter is the maximum velocity which has been calculated
after the simulations, along the center line of the cross section whereabout nearby the
outlet boundary at the peak systolic time (See Figure 5.1). The Womersley velocity

inlet profile [113] used within the GCI analysis could be seen in the Figure 5.2.

The parameter of the maximum velocity has been calculated for five different element
sizes from the coarsest to the finest 416.903, 803.976, 1.482.896, 2.036.136, 3.335.224
cells respectively and GCI has been performed for the five of them. However, only the
finest three grids have been taken into account since obtaining more reasonable GCI
values between the grids, as seen in the Figure 5.3. The parameter of the maximum
velocity has been assigned as f; for the fine, f, for the moderate and f3 for the coarse

grid as seen in the Table 5.1.

44



(A) (B)

Figure 5.1 : The cross section, nearby the outlet boundary (A). The line onto the
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cross section indicates where maximum velocity has been calculated
along (B).

Womersley Inlet Profile
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Figure 5.2 : Womersley Inlet profile used in GCI analysis.
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Figure 5.3 : Velocity magnitude values on the line of the cross section nearby the

outflow area for the 5 different grids in terms of cell numbers. Axis x
indicates the length of the line and axis y indicates velocity magnitude.
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Table 5.2 : GCI method parameters and corresponding values regarding to the nearby
outflow area.

Parameter Value
GCI » 2.4156156371658483¢e-06 %
GCh 3 0.0021982488450303164 %
Jex 2.27708
Control —Value 1.0000176

(3) Calculating order of convergence, p with the following equation:

fo—fi) In(r)

(4) Performing Richardson Extrapolation method in order to obtain extrapolated

p:m<ﬁ—ﬁ> 1 52)

solution by means of fine and moderate grids with the following formula:

fi—hH

rP—1

fex:f1+ (5.3)

where f,, is the extrapolated solution, r is the refinement ratio and p is the order of

convergence.

(5) Calculating GCI (%) between the grids with the following equations:

- 1
GCh3 = F, x PN % 100 (5.4)

2 rP—1

- 1
GCly 5 = Fy % hofa), x 100 (5.5)

fi rP—1

where Fj is the safety factor in order to have more accurate error estimations. In the

current study, this factor is set to 1.25, same as the wide range of grid convergence

studies.

(6) Validating the asymptotic range of convergence. In order to be in the range of the

asymptotic convergence, following equation ought to be approximately equal to one:

GCh 3
r? x GCI

12

1 (5.6)

Control —Value =

The results obtained from the GCI method applied nearby the outflow area could

be seen in Table 5.2. GCI 3 value is the discretization error difference between
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Table 5.3 : Different maximum velocity values f; corresponding to different number
of elements ;. The values are obtained from nearby before aneurysm
neck area.

i N; fi
(1) 3.335.224 2.68693
2) 2.036.136 2.68528
3) 1.482.896 2.67908

/

(A) (8)

Figure 5.4 : The arrow indicates the cross section, nearby before aneurysm neck area
(A). The line onto the cross section indicates where maximum velocity
has been calculated along (B).
Grid — 2 (moderate) and Grid — 3 (coarse). The results obtained from GCI indicate
that there is only margin error of 0.0021982488450303164 %, which is significantly
small, between the results obtained after simulations performed with moderate and
coarse grids. Likewise, the value of GCI > is the error difference between Grid — 1
(fine) and Grid — 2 (moderate). This value indicates that there is only margin error of
2.4156156371658483e-06 %, which is quite small that it might be negligible, between

the results obtained after simulations performed with fine and moderate grids.

The value of f,, , which is obtained by performing Richardson Extrapolation, is
exactly the same with the calculated value of f;. Furthermore, the calculated
Control —Value, which is 1.0000176, demonstrates that GCI validates the asymptotic

range of convergence.

Althought applying GCI method by using maximum velocity values along the center
line of the cross section whereabout nearby the outlet flow area at peak systole provides

high quality results, in order to ensure if the grid resolution is accurately fit in with the
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Figure 5.5 : Velocity magnitude values on the line of the cross section nearby before
aneurysm neck for the 3 different grids in terms of cell numbers. Axis x
indicates the length of the line and axis y indicates velocity magnitude.

Table 5.4 : GCI method parameters and corresponding values regarding to the area of
before aneurysm neck.

Parameter Value
GCI » 0.027836213 %
GCh 3 0.10466095 %

Sex 2.68752
Control — Value 1.000614

complex aneurysm geometry, another discretization error analysis has been performed
by using the same determining parameter which is the maximum velocity, along the
center line of the cross section whereabout nearby the area of before aneurysm neck
(See Figure 5.4). The same procedure regarding to GCI method has been repeated and

obtained results could be seen in Table 5.4.

As seen from the Figure 5.5, for the three different element sizes, the velocity behaviors

along the line onto the cross section nearby before aneurysm neck are almost the same.

The results obtained from the GCI method applied nearby before aneurysm neck area
could be seen in Table 5.4. GCI, 3 value is the discretization error difference between
Grid — 2 (moderate) and Grid — 3 (coarse). The results obtained from GCI indicate
that there is only margin error of 0.10466095 %, which is in the acceptable range,
between the results obtained after simulations performed with moderate and coarse
grids. Likewise, the value of GCI > is the error difference between Grid — 1 (fine)

and Grid — 2 (moderate). This value indicates that there is only margin error of
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0.027836213 %, which is quite small, between the results obtained after simulations
performed with fine and moderate grids. The results obtained after applying GCI
method before aneurysm neck area infer, although the values are higher from the GCI
method applied for nearby outflow area, the three different grids provide approximately
same results. Indeed, as expected, in the critical regions, mesh elements need smaller
grids in order to fit in with the complex aneurysm geometries. Within this study the
GClI results demonstrate that the three different grid elements give approximately the

same results.

Additionally, the value of f,, which is obtained by performing Richardson
Extrapolation for before aneurysm neck, is approximately the same with the calculated
value of fj;. Furthermore, the calculated Control — Value, which is 1.000614,
demonstrates that GCI validates the asymptotic range of convergence for before

aneurysm neck area.

In order to analyze GCI, CFD simulations have been performed by means of
OpenFOAM [96] (Version: v6), on the Amazon Elastic Compute Cloud (Amazon
EC2), Amazon Web Services (AWS) [114,115].

5.2 Patient-Specific Model Case Setups and Boundary Conditions

In order to investigate the rupture status within image-based patient-specific cerebral
aneurysms in terms of hemodynamic factors, CFD simulations have been performed by
using OpenFOAM [96] software. The patient-specific geometries have been provided
from Aneurisk Project repository [99]. It has been investigated two internal carotid
arteries; an unruptured internal carotid artery (ICA) which is named as U — ICA and a
ruptured internal carotid artery (ICA) which is named as R — ICA. The blood flow has
been modeled as unsteady, pulsatile, incompressible, non-Newtonian shear-thinning,
with a density value of 1060 kg/m> for both non-Newtonian and non-Newtonian
with LES turbulence effects simulations. In order to investigate the non-Newtonian
properties of blood, Carreau-Yasuda viscosity model has been used with the parameters

from Gijsen et al. [87] as seen in the Table 5.5.

In order to ensure the stability, the CFD simulations with regards to U — ICA and

R — ICA geometries, have been performed during 5 cardiac cycles with the time-step
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Table 5.5 : Parameters and corresponding values of Carreau-Yasuda viscosity

model [87].
Parameter Value
A 0.110 s
n 0.392
Uo 22x1073 Pa s
Uoo 2.2x1073 Pa s
a 0.644

Womersley Inlet Profile (5 Cardiac Cycles)

000 025 050 0.75 100 125 150 175 200 225 250 275 300 325 350
time (s)

Figure 5.6 : Womersley velocity profile during five cardiac cycles. One cardiac cycle
takes 0,743 seconds to complete and five cardiac cycles last 3,715

seconds.

of 107>, The simulation results have been compared and interpreted with regards to the
last cardiac cycle which is fifth. Since the information with regards to the flow rates and
velocities of the patient-specific geometries are not available in the Aneurisk repository,
Womersley inlet profile has been taken from Piskin et al. [113] and modified according
to cerebral aneurysms then modified Womersley inlet profile has been implemented to
the U — ICA and R — ICA geometries. The Womersley inlet profile that implemented

to both patient-specific cerebral aneurysm geometries could be seen in the Figure 5.6.

The CFD simulations within the patient-specific geometries of U — ICA and R —
ICA have been performed for an unsteady laminar blood flow with non-Newtonian
Carreau-Yasuda viscosity model and an unsteady mild turbulent flow with
non-Newtonian Carreau-Yasuda viscosity model. The patient-specific cerebral
aneurysm model cases could be seen in Figure 5.7. In order to simplify the case
names, non-Newtonian Carreau-Yasuda blood flow model has been named as shear —
thinning model and non-Newtonian Carreau-Yasuda mild turbulence blood flow model

has been named as turbulence flow model within this thesis. Within tables and
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Patient-Specific Cerebral Aneurysm Model Cases

Non-Newtonian Carreau-Yasuda Non-Newtonian Carreau-Yasuda
Blood Flow Model Mild Turbulence Blood Flow Model

I I
R-ICA U-ICA R-ICA
Aneurysm Aneurysm Aneurysm

Figure 5.7 : Patient-specific cerebral aneurysm model cases.

figures, non-Newtonian Carreau-Yasuda blood flow model could be seen as CY while
non-Newtonian Carreau-Yasuda mild turbulence blood flow model could be seen as

CY + LES.

The inlet boundary conditions are Womersley inlet velocity profile while the outlet
boundary conditions are Neumann boundary conditions for shear-thinning model

simulations and turbulence flow model simulations in terms of velocity.

Due to the lack of the information with regards to the vascular wall thickness and
elasticity of the patient-specific cerebral aneurysm geometries, the vascular walls have
been modeled as rigid with no-slip boundary conditions for both shear-thinning model

and turbulence flow model simulations.

In order to investigate the turbulence effects within cerebral aneurysm geometries,
dynamic k equation model, namely, dynamic one-equation subgrid scale model for

LES has been implemented.

The simulations have been carried out by using OpenFOAM (Version: v6) software
[96] with pisoFoam solver based on PISO algorithm under FVM. ParaView software
[101] has been used in order to visualize hemodynamic effects upon the imaged-based
patient-specific cerebral aneurysms. WSS has been calculated by means of the post —
processing utility of OpenFOAM. Since OpenFOAM uses p (density) — normalized

WSS and pressure, the units are m?> / s* within the corresponding plots.
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It has been taken the advantage of high-performance-computing for CFD calculations.
In the current study, the simulations had been carried out within the server
system Sartyer under UHeM (Ulusal Yiiksek Basarimli Hesaplama Merkezi, English:

National Center for High Performance Computing) [116].

5.3 Numerical Simulation Results for U-ICA

The unruptured cerebral aneurysm data localized in ICA has been investigated in order
to examine the effects of hemodynamic factors such as WSS and OSI on the aneurysm.
CFD simulations have been performed during five cardiac cycles to ensure the stability

and the last cardiac cycle has been analyzed and visualized.

In order to investigate pressure and WSS behavior along the last cardiac cycle for
shear-thinning Carreau-Yasuda (CY) model, one region has been selected on before
aneurysm neck while another region has been selected after aneurysm neck. Moreover,
two regions have been analyzed on aneurysm sac area in terms of WSS and pressure.
Each region has been taken in the areas of high values of the parameters. Pressure
and WSS have been analyzed for the same regions. Since OpenFOAM uses density —

normalized WSS and pressure, the units are m? / 52,

Figure 5.8 represents WSS visualizations (top) and WSS plot (bottom) for CY and CY
with LES models. As seen from the Figure 5.8, although CY with LES model has
relatively high WSS values than the CY model, both cases have approximately same

WSS values for the region of before aneurysm neck area within U — ICA geometry.

Figure 5.9 indicates WSS visualizations (top) and pressure plot (bottom) since both
WSS and pressure have been analyzed for same areas. Pressure behavior for the region
of before aneurysm neck area is almost the same for both CY model and CY with LES

model within U — ICA geometry as seen from the Figure 5.9.

Velocity behavior has been analyzed by taking one cross section before aneurysm neck
and the other cross section after aneurysm neck. Moreover, two more cross sections
have been taken from aneurysm sac area. Within the slices, velocity profile has been
observed for shear-thinning CY blood flow model and shear-thinning CY with LES

turbulence flow model. Also, the streamlines have been visualized in order to observe
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Figure 5.8 : WSS behavior has been observed during last cardiac cycle within
U — ICA geometry for the selected region before aneurysm neck which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Figure 5.9 : Pressure behavior has been observed during last cardiac cycle within
U — ICA geometry for the selected region before aneurysm neck which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Figure 5.10 : Velocity behavior has been observed during last cardiac cycle within
U — ICA geometry for the whole slice before aneurysm neck. CY
indicates shear-thinning Carreau-Yasuda viscosity model and LES

indicates Large Eddy Simulation.

chaotic behavior of the flow within the aneurysm, particularly in the sac area, for

shear-thinning CY and shear-thinning CY with LES turbulence blood flow models.

Figure 5.10 represents cross section regarding to before aneurysm neck area and
corresponding slices for that cross section in terms of CY and CY with LES models
(top) and velocity plot (bottom). As seen from the Figure 5.10, velocity behavior for
both CY and CY with LES turbulence model within U — ICA geometry for the slice of

before aneurysm neck area is almost the same.

Aneurysm sac area is the most critical region since it is the abnormal part of the
cerebral artery. Therefore, in order to observe WSS and pressure behavior along
the cardiac cycle, two regions have been selected with relatively high WSS area.
The analyses have been performed on the exact same regions for WSS and pressure
observations. Also, velocity behavior have been analyzed during the cardiac cycle

within aneurysm sac for two slices.
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Figure 5.11 : WSS behavior has been observed during last cardiac cycle within
U — ICA geometry for the region-1 on the aneurysm sac area which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Wall Shear Stress Values Along 5th Cardiac Cycle for U-ICA Model at Aneurysm Sac Area on Region-2
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Figure 5.12 : WSS behavior has been observed during last cardiac cycle within
U — ICA geometry for the region-2 on the aneurysm sac area which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
Figure represents WSS visualizations for CY and CY with LES models and selected
regions with white circles in order to analyze WSS behavior for those regions and at
the bottom of the figure WSS plot could be seen regarding to CY and CY with LES
models. The Figure 5.11 shows that for both CY and CY with LES turbulence flow
models, WSS exhibits almost the same within U — ICA geometry for first region of the

aneurysm sac area.

As seen from the Figure 5.12, although CY with LES turbulence model has relatively
high values of WSS, the values of WSS for CY and CY with LES model are close to

each other within U — ICA geometry for second region of aneurysm sac area.

Although the values of pressure are relatively higher for CY with LES model at peak
systole as seen in Figure 5.13, the pressure values go parallel for CY and CY with LES

models within U — ICA geometry for the first region of the aneurysm sac area.

57



wolShearStres: (Pa) Mogntude
waShearStress (Pa) Magnitude

Pressure Values Along 5th Cardiac Cycle for U-ICA Model at Aneurysm Sac Area on Region-1

—— Pressure for Region-1 at aneurysm sac area - CY

—— Pressure for Region-1 at aneurysm sac area - CY+LES
0.7

0.6

0.5

0.4

p magnitude (m?/s?)

0.3

0.2

0.1

2.972 3.072 3172 3272 . 3.(3;2 3.472 3572 3672 3772
Figure 5.13 : Pressure behavior has been observed during last cardiac cycle within
U — ICA geometry for the region-1 on the aneurysm sac area which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Figure 5.14 : Pressure behavior has been observed during last cardiac cycle within
U — ICA geometry for the region-2 on the aneurysm sac area which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Figure 5.15 : Velocity behavior has been observed during last cardiac cycle within
U — ICA geometry for the slice-1 on the aneurysm sac area. CY
indicates shear-thinning Carreau-Yasuda viscosity model and LES
indicates Large Eddy Simulation.
Figure 5.14 represents pressure plot and WSS visualizations at peak systole since both
WSS and pressure behaviors have been analyzed for the same areas within U — ICA
geometry. As seen from the Figure 5.14, pressure exhibits approximately the same for

CY and CY with LES model within U — ICA geometry for the second region of the

aneurysm sac area.

Figure 5.15 indicates velocity plot and cross section of the aneurysm sac area and
corresponding slices of CY and CY with LES models regarding to that cross section.
Although it could be seen differences between CY model slice and CY with LES
model slice from the Figure 5.15 for first region of aneurysm sac area, the behavior

of averaged velocity values go parallel with each other within U — ICA geometry.

As seen from the Figure 5.16, just same as previous plots, velocity behavior for the
second region of the aneurysm sac area within U — ICA geometry has been observed

approximately the same for CY and CY with LES models.
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Figure 5.16 : Velocity behavior has been observed during last cardiac cycle within
U — ICA geometry for the slice-2 on the aneurysm sac area. CY
indicates shear-thinning Carreau-Yasuda viscosity model and LES
indicates Large Eddy Simulation.

61



CY + LES

Wall Shear Stress Values After Aneurysm Neck Along 5th Cardiac Cycle for U-ICA Model

— Wall Shear Stress Magnitude for area after aneurysm neck - CY
—— Wall Shear Stress Magnitude for area after aneurysm neck - CY-+LES

0.035{

0.030{

0.0251

0.0201

0.0151

WSS magnitude (m?/s2)

0.010{

0.005 |

2972 3072 3172 32712 3372 3472 3572 3672 3172
time (s)

Figure 5.17 : WSS behavior has been observed during last cardiac cycle within
U — ICA geometry for the selected region after aneurysm neck which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
The blood flow comes in from the aneurysm inlet and through the parent vessel it
reaches to the aneurysm sac area and the area of after aneurysm neck. Therefore, this
region is very critical in terms of hemodynamic factors. Hence, the analyses during the

cardiac cycle have been also performed for the region of after aneurysm neck in terms

of WSS, pressure and velocity within U — ICA geometry.

Although the values of WSS for the CY model are relatively higher than the WSS
values for CY with LES model as seen from the Figure 5.17, WSS behavior is
approximately the same for both cases within U — ICA geometry for the region of

after aneurysm neck.

As seen from the Figure 5.18, although there are some differences between the
pressure behaviors of CY model and CY with LES model, the values of pressure are
approximately the same for both cases within U — ICA geometry for the after aneurysm

neck area.
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Figure 5.18 : Pressure behavior has been observed during last cardiac cycle within
U — ICA geometry for the selected region after aneurysm neck which is
indicated with white circle. CY indicates Carreau-Yasuda viscosity
model and LES indicates Large Eddy Simulation.
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Figure 5.19 : Velocity behavior has been observed during last cardiac cycle within
U — ICA geometry for the whole slice after aneurysm neck. CY
indicates shear-thinning Carreau-Yasuda viscosity model and LES
indicates Large Eddy Simulation.
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Figure 5.20 : First row indicates velocity (m/s) streamlines for non-Newtonian
Carreau-Yasuda (CY) model while second row indicates velocity
streamlines for non-Newtonian Carreau-Yasuda (CY) with LES
turbulence effects model for the last cardiac cycle within U — ICA
geometry. The figures have been visualized at peak systole.
As seen from the Figure 5.19, velocity behavior for the slices of the after aneurysm

neck area exhibits approximately the same for CY and CY with LES turbulence blood

flow models within U — ICA geometry.

In respect of velocity profile, the streamlines and velocity vector field have been
visualized at peak systole of the last cardiac cycle within U — ICA model for both
shear-thinning CY blood flow model and shear-thinning CY with LES turbulence
blood flow model. (See Figure 5.20). Velocity profile exhibits smoothly within the

inlet area as seen from the Figure 5.20.

It could be inferred from the streamlines and velocity vector field in the Figures
5.20 and 5.21 that, velocity profile tends to behave as transient flow when it comes

to curvature region of the geometry for both CY and CY with LES models. The
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Figure 5.21 : First row indicates velocity (m/s) vector field for non-Newtonian
Carreau-Yasuda (CY) model while second row indicates velocity vector
field for non-Newtonian CY with LES turbulence effects model for the

last cardiac cycle within U — ICA geometry. The figures have been
visualized at peak systole.
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Figure 5.22 : From left to right, WSS, TAWSS and OSI visualizations for the last
cardiac cycle within U — ICA model. (A) indicates non-Newtonian
shear-thinning Carreau-Yasuda flow model (CY) while (B) indicates
CY with LES turbulence effects. WSS has been visualized at peak
systolic time, TAWSS has been visualized as time-averaged.
streamlines and velocity vector fields show the chaotic and complex behavior of blood

flow within U — ICA model particularly in the sac area.

Figure 5.22 addresses WSS, TAWSS and OSI visualizations for CY and CY with
LES model within U — ICA geometry. WSS has been visualized at peak systole and
TAWSS has been visualized as time-averaged. As seen from this figure, the WSS
difference between CY model and CY with LES model shows itself aneurysm sac area
and daughter vessels of U — ICA geometry. WSS values for these regions have been
observed higher for CY with LES model than the values of WSS for CY model. When
it comes to TAWSS for CY model and CY with LES model within U — ICA geometry,

no significant difference has been observed. On the other hand OSI visualization
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for CY with LES model has been observed relatively higher than CY model within
U — ICA geometry.

Figure 5.23 represents SWSSG and TASWSSG visualizations for CY model and CY
with LES model within U — ICA geometry. SWSSG has been visualized at peak
systole while TASWSSG has been visualized as time-averaged. As seen from this
figure, SWSSG has been observed higher for CY with LES model, particularly in
the aneurysm sac area and bifurcation region. Since high SWSSG is associated with
vascular re-modeling, these regions might be critical. TASWSSG has been observed

almost the same for CY model and CY with LES model.

The Figure 5.24 represents hemodynamic factor values as well as WSS visualizations
with regard to CY and CY with LES models in terms of whole geometry and aneurysm
sac area of U — ICA. WSS has been visualized at peak systole. As seen from the WSS
visualizations in the Figure 5.24, in terms of whole geometry of U — ICA, CY with
LES model has higher WSS particularly in the daughter vessels. When considering
aneurysm sac region, it could be seen that WSS has been observed significantly higher

for the CY with LES model as seen from the WSS visualizations.

When considering the values of the hemodynamic factors, area-averaged WSS at
peak systole has been observed almost the same for CY and CY with LES models.
However, the WSS values for both CY and CY with LES model, aneurysm sac areas
are approximately 2 Pa higher than the overall whole geometries which provides the
insight that the parent vessel has significantly lower WSS values and aneurysm sac
region has higher WSS values for both CY and CY with LES models within U — ICA
geometry. This behavior also could be seen clearly from the values of TAWSS in the

Figure 5.24.

Aneurysm sac region of U — ICA geometry has not only high WSS values but also
has high SWSSG and TASWSSG values. The area-averaged SWSSG values at peak
systole have been observed higher in terms of CY with LES model for both whole
geometry and aneurysm sac area. When considering whole geometry and aneurysm
sac area, as seen from the Figure 5.24, aneurysm sac area has significantly higher
values for both CY and CY with LES models. Since high SWSSG values might be

associated with endothelial dysfunction and vascular remodeling, aneurysm sac area
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Figure 5.23
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: SWSSG and TASWSSG visualizations for the last cardiac cycle within
U — ICA model. (A) indicates non-Newtonian shear-thinning
Carreau-Yasuda flow model (CY) while (B) indicates CY with LES
turbulence effects. SWSSG has been visualized at peak systolic time,
TASWSSG has been visualized as time-averaged.
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Figure 5.24 : The figure represents the values of hemodynamic factors and WSS
visualizations for whole geometry and aneurysm sac area within
U — ICA model. CY indicates Carreau-Yasuda and LES indicates Large
Eddy Simulation. WSS has been visualized at peak systole.
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of U — ICA geometry might have high risk of rupture. Also it could be seen that
TASWSSG values regarding to whole geometry and aneurysm sac areas provide an
insight that parent vessel has significantly lower SWSSG values than aneurysm sac

area.

As seen from the Figure 5.24, mean OSI values are higher for the CY with LES
model within both whole geometry and aneurysm sac area. When considering whole
geometry and aneurysm sac area for U — ICA geometry, mean OSI values are higher
within aneurysm sac region. Since high OSI values are associated with vascular
remodeling and aneurysm rupture, aneurysm sac region might have a critical zone
in terms of high rupture risk area within U — ICA geometry. When considering
maximum OSI values, for CY model, the maximum OSI value could be observed
within aneurysm sac area, however, for CY with LES model has not only the higher
values of maximum OSI but also has higher OSI value within the region other than
the aneurysm sac area. From these results, it has been observed that CY with LES
model has effect the WSS direction and consequently OSI values increase under the
turbulence effects. High rupture risk has been observed within U — ICA geometry,

particularly for CY with LES turbulence blood flow model case.

Hemodynamic parameters in terms of mean WSS, mean OSI and maximum OSI for
U — ICA geometry have been observed within the ranges of the corresponding ranges
of the values of the study including over 1600 ruptured and unruptured patient-specific

cerebral aneurysm data, published recently by Detmer et al. [117].

Within the current study, lower WSS values have been observed in the ruptured
cerebral aneurysm R — ICA than the unruptured cerebral aneurysm U — ICA (See
Figure 5.41). From the literature, Shojima et al. [54] had been concluded that low
WSS might be associated with the ruptured cerebral aneurysms. Xiang et al. [30],
had been observed lower WSS and higher OSI in the ruptured cerebral aneurysms.
Within this current study, lower WSS values have been observed for ruptured cerebral
aneurysm R — ICA - similar with the literature - while higher OSI values have been
observed for unruptured cerebral aneurysm U — ICA (see Figures 5.24 and 5.41).
Within the literature, higher OSI values are usually associated with ruptured cerebral

aneurysms, however, within the current study, the findings regarding to OSI are
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opposite. Therefore, since high OSI values are strongly associated with the aneurysm

rupture, U — ICA aneurysm might have a high risk of rupture.

5.4 Numerical Simulation Results for R-ICA

The ruptured cerebral aneurysm data localized in ICA has been investigated in order to
examine the effects of hemodynamic factors such as WSS and OSI on the aneurysm.
CFD simulations have been carried out during five cardiac cycles to ensure the stability

and the last cardiac cycle has been analyzed and visualized.

WSS and pressure factors have been analyzed along the last cardiac cycle for
the simulations of shear-thinning Carreau-Yasuda (CY) blood flow model and
shear-thinning CY with LES blood flow model. The assessment requires to select one
circular region and perform the analysis during the time within that region. Regarding
to the WSS and pressure factors, they have been analyzed on the same regions, one
circular area from the location of before aneurysm neck and the other circular area
from after aneurysm neck. The circular regions have been selected with regards to the

higher value regions of the factors.

The results obtained subsequent to the blood flow simulations for the non-Newtonian
with Carreau-Yasuda (CY) viscosity model and CY with LES blood flow model have

been investigated in terms of hemodynamic factors within R — ICA.

WSS and pressure have been observed along the last cardiac cycle on the same regions

for both shear-thinning CY model and CY with LES turbulence blood flow model.

The Figure 5.25 infers that WSS values at the peak systolic time for shear-thinning CY
model are relatively higher than the values for shear-thinning CY with LES turbulence
blood flow model. After peak systolic time, the values go parallel with each other

within R — ICA geometry for the region of before aneurysm neck.

As seen from the Figure 5.26, although the pressure values for shear-thinning CY
model in the location before aneurysm neck are relatively higher than the values for
CY with LES turbulence blood flow model at peak systole within R — ICA model, after

peak systole, the values are almost the same.

Velocity profile during last cardiac cycle has been analyzed for both shear-thinning

CY model and CY with LES turbulence flow model. In order to examine velocity
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Figure 5.25 : The white circles indicate where WSS behaviors have been observed
before aneurysm neck area within R — /CA model (top). WSS plot
indicates the comparison of CY model and CY with LES blood flow
model for the indicated region (bottom).
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Figure 5.26 : Pressure and WSS have been observed for the same regions. White
circles indicate where pressure behaviors have been observed (top).
The plot indicates pressure values during the last cardiac cycle for the
area before aneurysm neck within R — ICA for shear-thinning CY
model and CY with LES turbulence blood flow model (bottom).
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Figure 5.27 : Velocity profile has been observed on the selected region (m/s) within
R — ICA model during last cardiac cycle. One slice has been taken

before aneurysm neck (top) and the plot indicates the velocity behavior

for the whole slice within the R — ICA geometry for CY and CY with

LES blood flow model (bottom).

behavior, one slice has been taken from the location of before aneurysm neck and
the whole slice has been analyzed. The same process has been implemented to the
location of after aneurysm neck. Velocity profile has been observed during the time
on the selected regions. Moreover, the streamlines have been visualized in order to
observe chaotic behavior of the flow within the aneurysm, particularly in the sac area,

for both shear-thinning CY model and CY with turbulence flow model within R — ICA

geometry.

As seen from the Figure 5.27, the velocity behavior is exactly the same on the slice
before aneurysm neck area for shear-thinning CY model and shear-thinning CY with

LES turbulence blood flow model within R — ICA geometry.

WSS values have been analyzed also for the aneurysm sac area within R — ICA
geometry for both shear-thinning CY model and shear-thinning CY with LES

turbulence blood flow model.
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Figure 5.28 : The white circle indicates where WSS behavior has been observed on
the aneurysm sac area for region-1 within R — ICA model (top). WSS
plot indicates the comparison of CY model and CY with LES blood
flow model for the indicated region (bottom).

76



walshearstress (Pa) Magnitude
walShearstress (P) Magnitude

- CcY CY + LES

Wall Shear Stress Values Along 5th Cardiac Cycle for R-ICA Model at Aneurysm Sac Area on Region-2

—— Wall Shear Stress Magnitude for Region-2 at aneurysm sac area - CY

0010 —— Wall Shear Stress Magnitude for Region-2 at aneurysm sac area - CY+LES

0.008

0.006

0.004

WSS magnitude (m?/s2)

0.002

0.000

2972 3072 3172 32712 3372 3472 3572 3672 3772
time (s)

Figure 5.29 : The white circles indicate where WSS behaviors have been observed on
the aneurysm sac area for region-2 within R — ICA model (top). WSS
plot indicates the comparison of CY model and CY with LES
turbulence blood flow model for the indicated region (bottom).
Figure 5.28 indicates selected region on the aneurysm sac area and WSS plot during
the last cardiac cycle for the indicated region. The values in terms of WSS with regard

to CY and CY with LES turbulence blood flow models go parallel with each other
within R — ICA geometry.

Within the Figure 5.29, the circle indicates the selected region for the aneurysm sac
area. The WSS values have been observed with regard to shear-thinning CY and
shear-thinning CY with LES turbulence blood flow models during the last cardiac cycle
within R — /CA model. The WSS values with regard to CY with LES blood flow model
are relatively higher than shear-thinning CY blood flow model. However, both plots

go parallel with each other during the cardiac cycle.

In the aneurysm sac area, pressure behavior has been observed for the exactly same

region where WSS behavior has been observed.
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Figure 5.30 : Pressure and WSS have been observed for the same regions. White
circles indicate where pressure behaviors have been observed (top).
The plot indicates pressure values during the last cardiac cycle in the
aneurysm sac area for region-1 within R — ICA geometry for
shear-thinning CY model and CY with LES turbulence blood flow
model (bottom).
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As seen in the Figure 5.30, the values in terms of pressure with regard to CY and CY
with LES turbulence blood flow models are almost the same for the region-1 on the

aneurysm sac area within R — ICA geometry.

As seen from the Figure 5.31, pressure values on the aneurysm sac area for region-2
within R — ICA geometry are the same for CY and CY with LES turbulence blood flow

models.

Within aneurysm sac area, also the velocity behavior has been observed for
shear-thinning CY blood flow model and shear-thinning CY with LES turbulence

blood flow model on two slices within R — ICA geometry.

The Figure 5.32 indicates first slice on the aneurysm sac area within R — ICA model.
Although the velocity values for CY with LES turbulence model are relatively higher
at peak systole than the values for CY blood flow model, the plots go parallel with each

other after peak systole.

The Figure 5.33 indicates second selected slice on the aneurysm sac area within R —
ICA model and the velocity analysis for that slice with regard to CY and CY with LES
turbulence blood flow model. The velocity behavior exhibits approximately same as

the plot in the Figure 5.32.

The WSS, pressure and velocity behaviors have been observed for the area after
aneurysm neck within R — ICA geometry for both CY and CY with LES turbulence

blood flow models.

Figure 5.34 indicates WSS analysis with regard to CY and CY with LES turbulence
blood flow models for the region after aneurysm neck within R — ICA geometry. The
WSS values for CY model have been observed higher than the values of CY with LES

model for the selected region of after aneurysm neck within R — ICA geometry.

In spite of the pressure values at peak systole have been observed relatively higher
for the shear-thinning CY blood flow model, the values for both cases during the last

cardiac cycle are almost the same (See Figure 5.35).

As seen from the Figure 5.36, within the slice after aneurysm neck area, the values in
terms of velocity regarding CY and CY with LES blood flow model are exactly the

same within R — ICA geometry.
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Figure 5.31 : Pressure and WSS have been observed for the same regions. White
circles indicate where pressure behaviors have been observed (top).
The plot indicates pressure values during the last cardiac cycle in the
aneurysm sac area for region-2 within R — ICA geometry for
shear-thinning CY model and CY with LES turbulence blood flow
model (bottom).
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Figure 5.32 : Velocity profile has been observed on the selected zone within R — ICA
model during last cardiac cycle. One slice has been taken from
aneurysm sac area as slice-1 (top) and the plot indicates the velocity
behavior for the whole slice within the R — ICA geometry for CY and
CY with LES blood flow model (bottom).
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Figure 5.33 : Velocity profile has been observed on the selected zone within R — ICA
model during last cardiac cycle. One slice has been taken from
aneurysm sac area as slice-2 (top) and the plot indicates the velocity
behavior for the whole slice within the R — ICA geometry for CY and
CY with LES blood flow model (bottom).
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: WSS behavior has been observed on the selected zone after aneurysm
neck within R — ICA model during last cardiac cycle (top) and the plot
indicates the WSS behavior for the selected area within the R — ICA
geometry for CY and CY with LES blood flow model (bottom).
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Figure 5.35 : Pressure behavior has been observed on the selected zone after
aneurysm neck within R — ICA model during last cardiac cycle (top)
and the plot indicates the pressure behavior for the selected area within
the R — ICA geometry for CY and CY with LES blood flow model
(bottom).
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Velocity Values After Aneurysm Neck Aleng 5th Cardiac Cycle for R-ICA Model

0.7 —— Velocity Magnitude for area after aneurysm neck - CY
—— Velocity Magnitude for area after aneurysm neck - CY+LES

U magnitude (m/s)
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Figure 5.36 : Velocity profile has been observed on the selected zone within R — ICA
model during last cardiac cycle. One slice has been taken after
aneurysm sac area (top) and the plot indicates the velocity behavior for
the whole slice within the R — ICA geometry for CY and CY with LES
blood flow model (bottom).
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Figure 5.37 : Velocity (m/s) streamlines at peak systolic time of the last cardiac cycle
within R — ICA model. First row, CY indicates shear-thinning
Carreau-Yasuda model while second row, CY + LES indicates
shear-thinning CY with LES turbulence flow model.
Regarding to the velocity profile within ruptured patient-specific cerebral aneurysm
model at peak systolic time in the last cardiac cycle, the streamlines and velocity
vector fields have been visualized for both shear-thinning and turbulence flow models
by using ParaView [101] software (See Figures 5.37 and 5.38). As seen from the
Figure 5.37, in the both shear-thinning and turbulence flow models, the velocity profile
exhibits smoothly in the inlet and when the velocity comes across the curvature region,
the streamlines demonstrate that the velocity tends to exhibit ¢transient behavior for
both shear-thinning model and turbulence flow model. The difference between the
streamlines of shear-thinning model and turbulence flow model shows itself most
particularly in the aneurysm sac area. Higher velocity values could be observed in the
aneurysm sac area for turbulence flow model on the other hand the streamlines could
be observed more complex in the sac area for shear-thinning model. Notwithstanding,
the streamlines demonstrate the chaotic and complex behavior of the blood flow within

R — ICA model for both shear-thinning and turbulence flow models.
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Figure 5.38 : Velocity vector field at peak systole of the last cardiac cycle within
R — ICA model. First row, CY indicates shear-thinning Carreau-Yasuda
model while second row, CY + LES indicates Carreau-Yasuda with
LES turbulence flow model.
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Figure 5.39 : From left to right, WSS, TAWSS and OSI visualizations for the last
cardiac cycle within R — /CA model. WSS has been visualized at peak
systolic time, TAWSS has been visualized as time-averaged. First row
(A) indicates shear-thinning CY model while second row (B) indicates

shear-thinning CY with LES turbulence flow model.
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Subsequent to the comparisons between shear-thinning CY model and shear-thinning
CY with LES turbulence blood flow model regarding to the hemodynamic factors
within R — ICA geometry, the hemodynamic factors such as WSS, OSI, SWSSG have

been visualized, analyzed and compared for both simulation models.

As seen from the Figure 5.39, the visualizations between shear-thinning model and
turbulence flow model have been observed almost the same in terms of WSS and

WSS-related parameters which are TAWSS and OSI.

Figure 5.40 indicates SWSSG and TASWSSG visualizations for CY model and CY
with LES model within R — ICA geometry. SWSSG has been visualized at peak
systole and TASWSSG has been visualized as time-averaged. As seen from this figure,

SWSSG has been observed relatively higher for CY with LES model, particularly after
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Figure 5.40 : SWSSG and TASWSSG visualizations within R — ICA model. SWSSG
has been visualized at peak systole. First row, (A) indicates
shear-thinning Carreau-Yasuda (CY) model while second row, (B)
indicates shear-thinning Carreau-Yasuda (CY) with LES turbulence
flow model.
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Whole Geometry Aneurysm Sac

CY + LES

Carreau-Yasuda Model CY with LES Turbulence Model
Hemodynamic (CY) (CY + LES)

Parameters
Whole Geometry Aneurysm Sac Whole Geometry Aneurysm Sac

11,221 Pa 8,032 Pa 11,262 Pa 8,472 Pa
TAWSS 3,890 Pa 2,233 Pa 3,838 Pa 2,286 Pa
SV EELER R UEY 15277,106 Pa/m 17065,382 Pa/m 16716,869 Pa/m 18181,411 Pa/m

4645,415 Pa/m 4527,092 Pa/m 4772,124 Pa/m 4555,471 Pa/m

0,010 0,021 0,011 0,021
0,475 0,435 0,454 0,454
0 0,00002 0 0,00002

Figure 5.41 : The figure represents the values of hemodynamic factors and WSS
visualizations for whole geometry and aneurysm sac area within
R — ICA model. CY indicates Carreau-Yasuda and LES indicates Large
Eddy Simulation. WSS has been visualized at peak systole.

aneurysm neck area through bifurcation region. TASWSSG has been observed almost

the same for both CY model and CY with LES model within R — ICA geometry.

The Figure 5.41 represents hemodynamic values and WSS visualizations at peak
systole for both CY and CY with LES models in terms of whole geometry and
aneurysm sac area of R —ICA geometry. It could be seen from the visualizations
that there is no significant difference between CY model and CY with LES model for

R — ICA geometry.

Considering the values of the hemodynamic factors, mean WSS, mean OSI and

maximum OSI values are in the range of the recent study of Detmer et al. [117]. As
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seen from the Figure 5.41, although area-averaged WSS values are relatively higher
for CY with LES model, this difference could be negligible. In terms of area-averaged
WSS values at peak systole for both CY and CY with LES models, there is a significant
difference between the whole geometry and aneurysm sac area for R — ICA geometry.
WSS has been observed higher in the whole aneurysm than aneurysm sac area. This
could be provide an insight that within parent vessel, WSS values are significantly
higher than the aneurysm sac area. As a result, R — ICA has a reverse situation from
U — ICA in terms of WSS values. TAWSS provides the same outcome just as WSS.
Within this study, lower WSS has been observed for ruptured cerebral aneurysm like

in the studies of Shojima et al. [54] and Xiang et al. [30].

Area-averaged SWSSG at peak systole and TASWSSG have been observed higher
for the CY with LES model within R — ICA geometry. When comparing the whole
geometry and aneurysm sac area of R — ICA, it could be seen that aneurysm sac area
has higher SWSSG values than whole geometry while considering TASWSSG the
whole geometry of R — ICA has higher values than aneurysm sac region. Moreover,
within the whole geometry of R —ICA for both CY and CY with LES models, SWSSG
values have been observed higher than the corresponding region and values of U — ICA
geometry (See Figures 5.24 and 5.41). Since low WSS and high SWSSG are associated
with disturbed flow according to DePaola et al. [108], it might be interpreted that,
R — ICA has more disturbed flow regions than U — ICA. In terms of TASWSSG, whole
geometry has higher values than aneurysm sac regions within R — ICA geometry for

both CY and CY with LES models.

Mean OSI values of R — ICA geometry are almost the same for CY and CY with LES
models. Considering the whole geometry and aneurysm sac area of R — ICA, OSI
values are approximately 2 times higher within the aneurysm sac area for both CY and
CY with LES models. This might make the aneurysm sac area a critical region than
parent vessel within R —ICA. When comparing unruptered cerebral aneurysm U — ICA
and ruptured cerebral aneurysm R — ICA, mean OSI values are approximately 2 times
higher within unruptured cerebral aneurysm U — ICA. In a majority of studies, higher
OSI values are associated with ruptured cerebral aneurysms, however, within this
current study, higher OSI values have been observed for unruptured cerebral aneurysm

with a rate of 2 times. This result might provide an insight that the unruptured cerebral
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aneurysm U — ICA used within this study might have a high risk of rupture since it has
2 times higher OSI values than ruptured cerebral aneurysm R —ICA. When considering
maximum OSI values, for CY model, maximum OSI value has been observed within
the region other than the aneurysm sac area while for CY with LES model, maximum

OSI value has been observed within aneurysm sac area (See Figure 5.41).
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6. DISCUSSIONS AND CONCLUSIONS

It has been demonstrated by the researches in terms of cerebral aneurysms that
the assessment based on CFD and hemodynamic factors play a fundamental role
to investigate cerebral aneurysm phases which are initiation, growth and rupture,
respectively. However, there are still contradictory studies with regards to the rupture
risk examinations of the cerebral aneurysms under hemodynamic factors and these
factors are not completely understood. For this purpose, within this study, the rupture
status of the patient-specific cerebral aneurysms have been examined with regards to
hemodynamic factors such as WSS, OSI, TAWSS, SWSSG and TASWSSG by means
of CFD.

Within this thesis, the rupture status of one ruptured which belongs to a female patient
aged 26 and one unruptured which belongs to a female patient aged 48, patient-specific
cerebral aneurysm data have been investigated in terms of hemodynamic factors by

using CFD in order to observe the similarities and differences of the rupture status.

Within the both ruptured and unruptured cerebral aneurysm data, the streamlines
exhibit smoothly in the inlet area and tend to exhibit transient behavior within the
curvature regions. The streamlines behave chaotic and exhibit turbulent nature when

the flow arrives in the aneurysm sac area.

The simulation results demonstrated that within the patient specific cerebral aneurysm
data, particularly in the aneurysm sac, with the increasing Reynolds numbers especially

at the peak systole, the mild turbulence effects have been observed.

Within the current study, the simulation results in terms of WSS values have been
observed lower for aneurysm sac area than the parent vessel within the ruptured
cerebral aneurysm model, and higher WSS for aneurysm sac area than the parent vessel
within the unruptured cerebral aneurysm model, shared the similarity of the significant

studies in the literature, e.g. Shojima et al. [54].
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The WSS vectors exhibit different directions under the turbulence effects with the
turbulence blood flow model, and as a consequence, OSI values increase. High OSI
values effect endothelial cells and the vascular wall re-modeling. Within the current
study, higher OSI values have been observed for the unruptured cerebral aneurysm
U — ICA than R — ICA with a rate of two times. In a majority of the studies, higher OSI
values are observed within ruptured cerebral aneurysms. Since high OSI values are
associated with the ruptured cerebral aneurysms, the unruptured cerebral aneurysm
U — ICA used in this study might have a high risk of rupture. However, in order to
examine rupture status within cerebral aneurysms, there is a strong need for further

series of analysis by researchers around the world.

Accoring to DePaola et al. [108], low WSS and high SWSSG are associated with
disturbed flow. Within this current study, since ruptured cerebral aneurysm R — ICA has
low WSS and high SWSSG values, R — ICA might have more disturbed flow regions

than unruptured cerebral aneurysm U — ICA.

High SWSSG values have been observed for both unruptured cerebral aneurysm
U — ICA and ruptured cerebral aneurysm R — ICA. Since high SWSSG is associated
with endothelial dysfunction and vascular remodeling, the abnormal values effect these

cerebral arteries and aneurysms.

There are a couple of limitations in this study. Within this thesis, only one ruptured
and one unruptured cerebral aneurysms have been analyzed in terms of hemodynamic
factors by means of CFD. In order to have more reliable interpretations, more ruptured
and unruptured patient-specific cerebral aneurysm data could be used for further

analyses.

The information with regards to the flow rates and velocities of the patient-specific
geometries are not available in the Aneurisk repository [99]. Without information
of patient-specific measurements, Womersley inlet profile from the literature studies
has been implemented for both geometry models. This condition is one of the major

limitation for the researchers who study CFD-based cerebral aneurysms.

Large Eddy Simulation (LES) is significantly accurate method comparing to RANS
method for turbulence models. Within this study, although there are difference between

non-Newtonian Carreau-Yasuda (CY) model and CY with LES turbulence model,

94



the results are close to each other between these cases. This could arise from the
requirements of finer grids for LES models. Due to the lack of the computational
resource, within this study, approximately 1,000,000 grids have been used for LES
models. As a consequence, no significant difference has been observed between
non-Newtonian CY and non-Newtonian CY with LES turbulence model cases. It could

be perceivable LES effects significantly when finer grids used.

The blood vessels are living organs. They react to the stimuli comes from the inside or
outside of the body. Particularly, under abnormal hemodynamic conditions, vascular
walls tend to re-model their structures. In order to investigate blood flow within
patient-specific cerebral aneurysms in terms of hemodynamic factors, there is a strong
need for fluid-structure interaction. By implementing FSI modeling, both vascular
wall structure and blood flow could be observed together and as a consequence, FSI
might aid the studies to avoid misleading results. However, the majority of the studies
have not been taken into account FSI and modeled the vascular walls as rigid. Also,
within this thesis, FSI has not been taken into account due to the lack of vascular wall
thickness information. Nevertheless, there is a strong need for FSI in order to have

more realistic simulations.
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