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ABSTRACT 

INVESTIGATION OF HEMORHEOLOGIC EFFECTS OF FLOW DIVERTING 

STENT IMPLANTATION IN CEREBRAL ANEURYSMS 

Flow diverter stents (FDS) are one of the most effective methods in treating cerebral 

aneurysms to prevent rupture and therefore cerebral hemorrhage that can cause deteriorating 

or fatal incidents for the patients. Implanting an external medium to the human body causes 

inevitable hemodynamic changes. Even though the FDS method is quite an efficient 

treatment method, there are some studies which point out complications of delayed 

hemorrhage following FDS treatment within 30 days. These complications were found to be 

occurring in patients with inherited and acquired von Willebrand Disease (vWD). The von 

Willebrand factor (vWF) activity gets reduced as a result of supraphysiological forces acting 

on the blood flow leading to an excessive increase in shear stress and shear strain rate. The 

threshold shear stress and shear strain rate values are known to be as 10 Pascal (Pa) and 5000 

s-1, respectively. The objective of this thesis is to prove the implantation of a FDS leading to 

a pathological increase in shear stress and shear strain rate through numerical simulations. 

As FDS treatment is a once in a lifetime surgery, conducting virtual surgeries and 

simulations are of impeccable importance. The majority of the cerebral aneurysms occur on 

internal carotid artery (ICA) and middle cerebral artery (MCA). Six patients with three ICA 

and MCA aneurysms each were chosen. Digital subtraction angiography (DSA) images were 

processed through various methods to prepare patient specific cases. Before treatment cases 

were prepared for each patient and virtual stent implantation was conducted on each model, 

where every patient had received both 48 and 64 wire FDS treatments in separate cases. 

Conclusively, 18 simulations were solved with each patient having three simulations. Blood 

was modeled as a non-Newtonian fluid, patient specific Womersley velocity profile was 

generated and inserted for each patient as boundary conditions. The dramatic increase in 

both shear stress and shear strain rate values were observed with the numerical simulations 

of post FDS implantations. Shear stress and shear strain rate values were above 10 Pa and 

5000 s-1 for all patients after treatment. Supplementary parameters pointed out indications 

of FDS effect on delayed parenchymal microhemorrhages after inspecting distal of every 

patient artery through oscillatory shear index (OSI) and time-averaged wall shear stress 

(TAWSS). 
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ÖZET 

BEYİN ANEVRİZMALARINA YERLEŞTİRİLEN AKIM DEĞİŞTİRİCİ STENTİN 

HEMOREOLOJİK ETKİLERİNİN İNCELENMESİ 

Akım çevirici stentler (FDS), beyin anevrizmalarının tedavisinde hastalarda hayat kalitesini 

düşüren veya ölümcül olaylara neden olabilen yırtılma ve yırtılmanın bir sonucu olarak beyin 

kanamalarını önlemede kullanılan en etkili yöntemlerden biridir. İnsan vücuduna dışarıdan bir 

cisim yerleştirmek, kaçınılmaz hemodinamik değişikliklere neden olur. FDS oldukça etkili bir 

tedavi yöntemi olsa da, tedavi sonrası 30 gün içinde gecikmiş kanamalı komplikasyonlara işaret 

eden araştırmalar mevcuttur. Bu komplikasyonların kalıtsal ve edinilmiş von Willebrand 

hastalığı olan hastalarda ortaya çıkabilmektedir. Von Willebrand faktörü (vWF) aktivitesinin 

azalması, kan akışına etki eden suprafizyolojik kuvvetlerin kayma geriliminde ve kayma 

gerinimi hızında aşırı bir artışa yol açmasının bir sonucu olarak ortaya çıkar. Eşik kayma gerilimi 

ve kayma gerinim hızı değerleri sırasıyla 10 Pascal (Pa) ve 5000 s-1 olarak bilinmektedir. Bu 

tezin amacı, bir FDS implantasyonunun kayma gerilimi ve kayma gerinim hızında patolojik bir 

artışa yol açtığını sayısal simülasyonlarla belirleyebilmektir. FDS tedavisi ömür boyu bir kez 

yapılan bir ameliyat olduğundan, sanal ameliyatlar ve simülasyonlar gerçekleştirmek kusursuz 

bir öneme sahiptir. Serebral anevrizmaların çoğu, internal karotid arter (ICA) ve orta serebral 

arterde (MCA) meydana gelir. Bu tez, üç ICA ve üç MCA anevrizma hastası olmak üzere toplam 

altı hastayı içermektedir. Sayısal çıkarımlı anjiyografi (DSA) görüntüleri çeşitli yöntemlerle 

işlenerek her hasta için kendilerine özel vakalar hazırlanır. Başlangıçta her hasta için bir tedavi 

öncesi vakası hazırlanır ve daha sonra her hastanın ayrı vakalarda 48 ve 64 telli FDS tedavisi 

aldığı her model üzerinde sanal FDS yerleştirme gerçekleştirilir. Sonuç olarak, her hasta üç 

simülasyona sahip olacak şekilde 18 simülasyon çözülmüştür. Kan, Newtonyen olmayan bir 

akışkan olarak modellenmiş, hastaya özel Womersley hız profili oluşturulmuş ve bunlar her 

hasta için sınır koşulları olarak eklenmiştir. FDS implantasyonunun ardından hem kayma 

gerilimi hem de kayma gerinim hızı değerlerinde çarpıcı artış sayısal simülasyonlar ile 

gözlemlenmiştir. Tedavi sonrası tüm hastalarda kayma gerilmesi ve gerinim hızı değerleri 10 Pa 

ve 5000 s-1'in üzerindedir. Ek parametreler, her hasta arterinin distali incelendikten sonra 

gecikmiş parankimal mikro kanamalar üzerinde FDS etkisinin göstergelerine işaret eder. Her 

hasta arterinin distalinin osilatör kayma indeksi (OSI) ve zaman ortalamalı duvar kayma gerilimi 

(TAWSS) gibi ilave parametreler aracılığıyla incelenmesi sonrası gecikmiş parankimal mikro 

kanamalar üzerinde FDS etkisinin göstergelerine işaret etmektedir. 
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1. INTRODUCTION 

Cerebral aneurysms play a major role in cerebral hemorrhages, impacting the life of the 

patients and even resulting in fatal consequences with a not to be underestimated rate in the 

world [1–7]. The prognosis of cerebral aneurysms are not simple, and they most frequently 

occur in the ICA and MCA, in order. These arteries, especially ICA, are two of the main 

arteries in feeding the brain. Cerebral aneurysm formation can lead to symptoms which can 

cause severe pain and discomfort to the patient. The life threatening phase gets initiated by 

the rupture of the aneurysm which leads to cerebral hemorrhage with the result of leaving 

the person disabled or dead. In this thesis three ICA sidewall and three MCA bifurcation 

aneurysm patients are chosen to investigate both hemodynamics at the aneurysm region and 

effect of forces on blood flow at the struts of the FDSs.  

The occurrence of cerebral aneurysms can be caused by several different circumstances for 

the patient. Certain inherited diseases, age, lifestyle, eating habits and smoking leading to 

high blood pressure can all be a cause of cerebral aneurysm generation [8]. Gender also plays 

a huge role not only in aneurysm forming but also the characteristics of the blood flow [9,10]. 

Females have higher occurrence rates of intracranial aneurysm forming [11,12]. One of the 

main reasons for this is the different morphologies for the arteries between men and women 

where smaller artery diameters and geometry of bifurcation results in higher stresses on the 

blood flow. With post-menopause phase the estrogen levels in the women body start to 

reduce which is an essential hormone in protecting the artery health [13,14]. In the very 

physical scope, an aneurysm forms on an artery due to the existence of a fragile zone on the 

artery itself. This fragility might occur due to several reasons such as turbulence in the blood 

flow, vortex generation, magnitude and directional deviations of the wall shear stress (WSS) 

parameter. Those physical circumstances most likely lead to the weakening of the artery 

wall, forming and enlarging aneurysm and conclusively cause rupture [15]. 

Cerebral aneurysms show four different shape formation. These are called saccular, 

fusiform, mycotic and dissecting aneurysms. A substantial number of cerebral aneurysms 

are in the form of saccular aneurysms. Hence, all six patients available in this study have 

saccular aneurysms [16,17]. Diagnosis of cerebral aneurysms are challenging, where eighty 

five percent of them form and exist without any symptoms. Due to a direct symptom of the 

aneurysm or seldomly to be identified during a coincidentally undertaken scan, cerebral 
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aneurysms are diagnosed through computed tomography angiography (CTA) and Magnetic 

resonance angiography (MRA) [18]. 

More than a decade, FDS’s are seen as one of the most favorited treatment methods of 

intracranial aneurysms [19–23]. Compared to other available treatment methods alone, FDS 

implantation is considered to be a less complex and a highly safe treatment approach [24–

27]. Considerably high efficiency and prevention of large-scale skull opening surgeries make 

FDS a suitable choice in treating patients. Especially in wide necked cerebral aneurysms, 

FDS implantation is an option being widely chosen with or without coiling treatment method 

[28–30]. Some studies show results of deploying multiple stents to a single aneurysm 

geometry, where multiple stent cases lead to no significant hemodynamic change on the 

blood flow [31,32]. The main importance of an FDS treatment is hoped to be non-invasive 

placing of it into the artery and diverting the blood flow away from the aneurysm sac [33]. 

In achieving this, it is with great importance to choose the correct FDS type which will suit 

the patient specific characteristics of the parent artery [34]. In doing so, the efficiency in 

diverting the blood flow would increase and therefore the feeding of the aneurysm with 

blood would reduce which is hoped to lead to stagnation, increase in viscosity in the 

aneurysm sac, the prevention of rupture and the reduction in size of the aneurysm with 

regards to the work of macrophages [35–37]. Critical parameters in selecting the most 

suitable FDS for the patient are porosity value, wire thickness, FDS diameter and working 

length of the FDS. Depending on the morphology of the patient aneurysm, the chosen FDS 

could have a different porosity value when implanted in the artery than the catalogue porosity 

values. This example could occur due to the location of the aneurysm in which it exists on 

the curved region on the artery rather than the linear region. A bent FDS would have two 

different sides where compressed part has smaller porosity compared to the part which is 

under tension. Therefore, it is also a necessity to inspect the porosity or effective metal 

surface area (EMSA) values of the implanted FDS not only in the linear shape but in the 

state which it is existing in the artery. EMSA is a frequently used parameter in FDS 

studies[38–40]. 

Clinical trials with the recent version of FDS’s show successful obstruction figures of 62.8 

percent [41]. There are also various studies inspecting hemodynamics through 

Computational Fluid Dynamics (CFD) [42–45]. These type of studies show positive results, 

however this does not imply that FDS treatment method is purely safe. So far, the studies 
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mostly investigate the advantages of FDS treatment such as occlusion rate and diverting the 

flow away from the aneurysm sac. However, there are also a considerable amount of death 

rate exceeding eight percent in similar studies [46]. This proves the necessity to inspect and 

understand the direct and indirect effects of the FDS influence on the hemodynamics, change 

in blood characteristics and even causing or cannot preventing rupture during the treatment 

of intracranial aneurysms. 

Further consideration of the aforementioned description about FDS implantation being non-

invasive is needed. Addition of an external medium could most likely affect the 

hemodynamics and the human body has to adapt to it. This effect on hemodynamics and the 

procedure of adaptation to FDS may most possibly change the physical and chemical 

structure within the artery and the aneurysm. Those were the words which initiated the heart 

and soul of this thesis. It was found with a clinical research that there are strong points to a 

relation between FDS and vWD and that delayed intracranial hemorrhage following FDS 

treatment might be related with type 2A Acquired vWD (AvWD) [47]. Implantation of a 

foreign body within the artery causes delayed aneurysm rupture within thirty days of 

receiving the treatment.  

Bleeding of a blood vessel due to an injury is clotted as a healthy human body reaction. vWF 

protein available in the blood leads the thrombocytes to cluster and stick with each other. 

With the diminishing number of vWF multimers, clotting capability for the human body 

decreases as well and this leads to vWD [48–52]. Considering inherited bleeding diseases, 

VWD is widely accepted to be one of the main underlying situation [53]. The occurrence of 

vWD is one for every ten thousand person. That concludes to a minimum of 800.000 people 

living in the world which might be in the risk group of getting FDS treatment if needed [54]. 

For the first time, vWD was inspected and named after Professor Erik von Willebrand where 

he was investigating and trying to find a relation of family members with possibly inherited 

bleeding disorder [55]. Important characteristics of vWD are extended bleeding time (BT), 

low number of vWF overall, absence of large vWF multimers and greatly decreased vWF 

activity due to increased breakdown of the proteins in the A2 domain of vWF [56]. For vWF 

multimers to be effective in clotting the blood, it has to be available as a large multimer. 

Bleeding may occur in a case where the size and/or activity of vWF multimers are reduced 

by a direct, an indirect or an external effecting mechanism/body. There are two different 

groups residing under vWD which are the results from either congenitally mutated vWF or 
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acquired deformation of the vWF. The acquired deformation leads the vWF multimers into 

a fragile state where they undergo proteolysis in the blood plasma [57,58]. 

VWF is a multimer existing in the blood. This multimer helps platelet binding during a 

vascular damage occurrence. Being the longest protein in the body, vWF monomer is made 

up of three important domains. As explained above, the middle domain A2 gets broken 

down. vWF is severed by an enzyme called ADAMTS- 13 which is found in the blood 

circulation [59–61]. Globally within the circulation, vWF multimer exists inactively in a 

folded shape. The activation of the vWF multimer occurs due to the exertion of 

supraphysiologic shear stress and shear strain rate. An external body existing in the cerebral 

arteries disturbs the blood and its flow. This disturbance is thought to be leading to an 

unrestrained increase in shear forces. Being exposed to excessive shear forces leads to the 

elongation of the vWF multimer which is transforming into an active form [62,63]. This 

excessive shear exposition happening with each heartbeat, causes the severing of the vWF 

multimer and tearing it into smaller pieces by the effect of ADAMTS-13 enzyme, thus 

creates a situation where vWF activity being reduced in the blood [64,65]. 

Implantation of endovascular tools such as left ventricular assist devices (LVAD) generate 

high shear values in the blood, lead to type 2A acquired vWD (AvWD) [66]. Several CFD 

studies show that FDS existence produce high shear in blood due to strut widths of 

approximately 200µm [43]. The vWD is occurring due to the reduced activity in vWF. From 

a similar study it was found that in distinguishing patients with reduced vWF activity, 

parameters of aneurysm volume and morphological index are used. FDS implantation may 

reduce vWF activity in a saccular aneurysm which is larger than 8 mm in any of the 

dimension [47]. Reduction in vWF activity and cerebral hemorrhage occurrences post FDS 

treatment are found to be two most important functions of shear-inducing external body 

implantation caused type 2A AvWD [67–70]. 

The two most significant complications leading to hemorrhages following FDS treatment 

are the late rupture of the aneurysm, which mostly occurs in the first thirty days, and the 

bleeding of the brain parenchyma. Therefore, it is of the utmost importance to investigate 

the mechanical disturbance of the FDS implantation on blood flow. It is shown by studies 

that MRI results following FDS treatment display aneurysm wall injuries caused by 

intrasaccular thrombus generation [71]. Thrombi aggregation within aneurysm domain 

consequently leads to a late aneurysm rupture following FDS treatment [72]. Studies show 
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the less enlightened complication of late brain parenchyma bleedings occurring after FDS 

treatment take place as microhemorrhages and ischemic lesions. Those lesions and 

microhemorrhages are obtained through diffusion-weighted imaging (DWI) and MRI, 

respectively [73]. Reduced activity of vWF after FDS implantation transforms the brain into 

a hemorrhagic phase where in the distal of intracranial artery bleeding could occur due to 

the platelet aggregation continuation [74].  

The disturbance occurring in the blood flow due to an external body implantation, an FDS 

for intracranial aneurysm treatment in this case, changes the physical parameters existing for 

a physiological flow. The existence of FDS in the region of the intracranial aneurysm neck 

causes differences in the blood flow. Inflow and outflow starts to happen while the blood 

flow is entering the aneurysm sac through the struts of the FDS. Flow separation, change in 

velocity and viscosity also inevitably get accompanied with a supraphysiological increase in 

shear stress and shear strain rate. Pathological flow starts to occur from the threshold values 

of 10 Pa and 5000 s-1 for shear stress and shear strain rate, respectively [75]. The unfolding 

of the vWF starts to occur from those threshold values which turns the vWF to be elongated 

and activated. Once the vWF multimer gets elongated and removed from its globular form, 

it gets cleaved by ADAMTS- 13 enzyme on its A2 domain. With this vWF activity gets 

reduced as it has to exist in large size and amount within the blood. That leads to the 

dysfunction of the vWF in clustering thrombocytes when hemorrhage occurs. Before FDS 

treatment it should be remembered that an aneurysm existence already may lead to 

pathological blood flow for giant aneurysms. This should be investigated as well by running 

simulations of the non-treated patient models initially. This way the effect of the 

supraphysiological forces can be clearly distinguished for the shear values in the blood. 

Investigating shear stress and shear strain rate on the fluid is crucial in understanding the 

FDS affecting hemodynamics. As mentioned earlier, there are two complication types 

following FDS implantation: delayed aneurysm hemorrhage and delayed parenchyma 

microhemorrhages due to AvWD. Delayed parenchyma hemorrhage can be understood by 

investigating deeper into what are taking place on the distal artery wall following FDS 

treatment. It may be very likely that certain regions are more likely to already have higher 

shear forces on both proximal and distal part of the artery even before treatment. Therefore, 

it is pivotal to calculate stresses and strains occurring on the walls of the artery and the 

aneurysm for both pre- and post-FDS treatment cases. Time-averaged wall shear stress 
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(TAWSS) and oscillatory shear index (OSI) are functional in understanding the WSS values 

and directional change in WSS for the whole cycle, respectively. OSI has the upper boundary 

of 0.5 which stands for the direction of the WSS vector having the complete opposite 

direction [76]. In several researches the strength in using TAWSS and OSI for intracranial 

aneurysm fluid flow simulations are shown [77–81]. Rupture of the aneurysm is linked with 

high values of OSI parameter [82]. In another study high OSI and low WSS in the same 

region are associated with aneurysm rupture [77,83]. It may be proven useful to investigate 

TAWSS and OSI values for the distal of the artery to potentially observe and determine if 

the walls of the artery are deteriorating following FDS implantation. This may help in 

understanding the complication of delayed parenchymal hemorrhages occurring following 

FDS treatment within thirty days of implantation where a link to vWD and FDS treatment 

can be made once more for the hemorrhagic complication types.  

In this thesis, 48 and 64 wire FDS types implanted separately in order to inspect whether 

they would have any different influences on hemodynamics. The number of wires chosen in 

such a way that they would represent the most common FDS models available in the market 

where their EMSA values are depicted as thirty five for both. Having the opportunity to do 

a comparison between without FDS, 48 wire and 64 wire FDS may indicate not only shear 

inducing effect of FDS implantation but also if there can be a better option from the two 

FDS types chosen in this study. In a geometry where FDS implantation did not happen yet, 

it should be not forgotten that due to the existence of the aneurysm on an artery the flow 

there already happens pathologically. With this in mind, it could be a possibility where for 

certain patients before FDS treatment the shear values be in the vicinity of threshold values 

at certain location in the domain. However, the results from the CFD simulations may show 

the clear supraphysiological forces being exerted within the blood flow. The morphology of 

each patient makes the circumstances unique for themselves. Therefore, the importance in 

this method relies on comparing the before and after FDS treatment models for the same 

patient. There are going to be geometrical differences between 48 and 64 wire FDS types 

when they get implanted to the same patient. This is due to keeping the porosity at the same 

value but having different wire numbers. FDS struts at the neck region of the aneurysm will 

have different shapes with different angles at each corner on the struts. FDS struts with 

smaller openings could lead to higher shear forces as the fluid velocity would decrease. This 

is a typical behaviour in non-Newtonian fluids which show shear thinning characteristic [84–
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86]. Therefore, investigating the difference between 48 and 64 wire FDS which are 

implanted on the same patient can be considered while inspecting the shear stress and shear 

strain rate values results which will be obtained from the simulations. This investigation may 

be highly useful in deciding why a FDS with certain wire number or wire thickness can be 

beneficial in keeping the shear forces relatively smaller.  

Implantation of FDS is done by a catheter system where the FDS is deployed at the desired 

location by the surgeon. All FDS catalogues include several parameters such as porosity or 

EMSA, work and total length, implant and targeted artery diameter values. Most critically, 

porosity or EMSA values specified in the catalogs stand for the reference shape of linear 

tubes without any angles existing due to the patient artery geometry which is not straight. 

Depending on the location where an intracranial aneurysm takes form on the artery, the 

EMSA values can dramatically differ than the catalog values. In an instance, an aneurysm 

existing on the concave arc of the artery would have higher EMSA and lower porosity 

compared to an aneurysm being on the convex arc of the artery with the same diameter and 

neck diameter. FDS implanted in an angled artery also has difference in the strut shapes 

where blood flow passing through the FDS. Blood flow passing through relatively smaller 

and less porous FDS domain at the aneurysm neck. The region which the blood flows 

through the FDS struts turns into an inflow jet. This highly dynamic phenomenon causes the 

blood flow to have a dramatic increase in velocity while passing through towards to 

aneurysm sac and later exiting from the outflow region on the FDS at the aneurysm neck. 

Inflow and outflow regions on the FDS domain as shown in Figure 1.1 helps in 

understanding where blood enters and exits the blood flow with considerably higher 

velocities. Inflow stands for blood flow leaving FDS and entering into aneurysm where 

outflow implies blood flow leaving aneurysm and passing through FDS and entering into 

the main artery. Supraphysiologic forces occur at that very moment due to stent struts where 

shear stress and shear strain rate values expected to be increased way over physiological 

thresholds [87]. 
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Figure 1.1. Inflow and outflow zones on FDS where blood flow enters and exits the 

aneurysm sac with large velocity values 

Patient specific, real-life clinical images are used in this study. With this, it is aimed to 

achieve such circumstances in domains and conditions where simulation results presenting 

highly accurate data for a highly realistic set of domains. The importance of showing the 

effectiveness and complications generated by FDS implantation is paramount considering 

the fact that FDS treatment cannot be reversed, and it has to stay with the patient life-long. 

Therefore, many studies investigate the advantages of FDS treatment and how it helps save 

lives and prevents life quality diminishing incidents’ reduction in occurrence, this is not 

entirely correct and the negative results of this external body implementation to a cerebral 

artery has to be investigated by in-depth mathematical, physical and clinical approaches 

together. This is such a dire situation where delayed intracranial hemorrhages or delayed 

brain parenchymal bleedings occur due to the FDS treatment within a month after it is 

deployed but on the other hand the aneurysm left untreated can rupture and cause no less 

harmful than the complications might still take place. Therefore, shining a light to this 

complex and unstable aneurysm morphology to help in any way it is possible in pointing out 

also any inefficiencies and problems occurring is of great significance. 

Virtual FDS implantation can be conducted with the help of computer aided design (CAD) 

software such as Spaceclaim 2021 as in this study. Following that, generating a fluid domain 

and running fluid flow simulations are possible through CFD software. In this thesis work, 

CFX module from ANSYS is chosen to define the 3D geometry, mesh it, define boundary 
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conditions, solve the simulations and retrieve the results from those simulations. This study 

aims to be distinctive in creating highly realistic patient specific circumstances for the 

simulations. This starts with the implementation of patient specific geometry. That can be 

accomplished through MRI, CT or DSA images of real patients to be processed through 

several software and eventually obtain three-dimensional patient specific cerebral artery and 

aneurysm geometry. Virtual stent implantation with a chosen FDS which is identical to the 

actual FDS gives the flexibility to see various effects of different FDS choices on the same 

patient. Inspecting similar studies can point out the importance of defining crucial 

parameters properly such as the fluid characteristics, velocity profiles and pressure inputs or 

outputs [88–93]. Certain clinical data as heartbeat rate (HBR) and blood pressure 

measurements can serve key importance in defining boundary conditions.  

The CFD approach is an efficient way to obtain and comment on important parameters. The 

nature of immediate change in blood flow characteristics following a FDS implantation 

makes this type of investigation possible. Such as reality, in many studies with CFD 

investigations it is observed that immediately after the treatment the blood flow changes for 

the first couple of cardiac cycles already. CFD makes it possible to have a deep dive in the 

hemodynamics of a patient before and after FDS treatment. Creating a patient specific model 

and cases with the most realistic circumstances rely heavily on defining the fluid type, 

velocity profile and constructing the remaining boundary conditions physically and 

mathematically accurate. Because shear stress and shear strain rate are two of the most 

important parameters to investigate, the blood should be defined with the Bird-Carreau 

model as a non-Newtonian fluid [94,95]. The relation between shear related investigations 

and modelling the blood as non-Newtonian is the shear-thinning characteristic of the blood 

defined by Bird-Carreau model. Another highly important condition to create the most 

realistic model is implementing a velocity profile which matches the blood flow quite well. 

For this reason, Womersley velocity profile is chosen for this thesis. 

Main objective of this thesis is to inspect the relation between FDS implantation in treating 

cerebral aneurysms and reduced vWF activity caused by the shear inducing repercussion of 

the FDS treatment. Six different patients are chosen with aneurysms residing on ICA and 

MCA. The study initiated with the goal of proving the triggering of the shear stress and shear 

strain rate excessiveness following FDS treatment. Patient specific geometries are 

constructed, virtual FDS surgery is conducted and three cardiac cycles long CFD simulations 
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are solved and inspected. Various plots for each time step are constructed and numerous 

shear related contours for every peak systole and diastole of a cardiac cycle are generated 

while presenting the simulation results. Complementary investigations are also done with 

several other parameters with the motivation to understand complications of delayed 

hemorrhages following FDS treatment. Calculating shear stresses on aneurysm or artery wall 

can give further insight into comprehending rupture prone regions and can be harmonious 

with the hemorrhages caused by type 2A AvWD following FDS treatment for giant 

aneurysms. Not only instantaneous activation of vWF multimers through shear stress and 

shear strain rate exceeding over physiological threshold values are investigated, but also 

volumetric percentage of blood which contains activated vWF multimers are calculated. One 

of the novelty of this research lies in understanding if and to what extent FDS treatment may 

lead to complications of delayed hemorrhages following its deployment. Obtained results 

and driven conclusions from this thesis may heighten the awareness in choosing a treatment 

method for cerebral aneurysms where ICA and MCA aneurysms in this study represent a 

majority for the location of cerebral aneurysm occurrences with a 52 percent occurrence rate 

combined with together [18]. The risks of FDS treatment can be laid out in-depth for clinical 

use through the results obtained in this thesis which has the intention to show those risks 

with clear indications. 
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2. MATERIALS AND METHODS 

The main objective in this study is to create a real-life scenario of the blood flow occurring 

through the cerebral arteries and aneurysms of each patient in the most realistic way possible. 

To reach this objective, patient specific geometries are generated. FDS with 48 and 64 wires 

are modelled and virtually implanted into the patient specific geometry. To simulate the 

blood flow in a patient specific way, Womersley velocity profiles are created to be 

implemented in generating blood flow. Bird-Carreau blood type is introduced to be able to 

model the blood as a non-Newtonian fluid due to its shear-thinning characteristic. 

Volumetric flow rate (VFR) is also specified for each patient according to patients’ gender 

and age as well as their aneurysm location. Parameters like some important ones as wall 

shear stress, shear strain rate, TAWSS, OSI and dynamic viscosity are defined in the 

transient results in order to obtain and write the data at each time-step. Following the setup 

construction, simulations are solved by using ANSYS CFX-Solver.  

2.1. MODELLING PATIENT SPECIFIC GEOMETRIES 

The construction of the patient specific geometries is made possible with the digital 

subtraction angiography (DSA) data provided by the Ege University Medical School, 

Department of Radiology, İzmir, Turkey. These data consist of DICOM images of the 

patients’ which are taken before FDS implantation. Therefore, the DICOM images do not 

contain anything but the artery and aneurysm themselves. With the goal to convert those 

DICOM images of six patients, several steps are applied to convert these two-dimensional 

images into three-dimensional surfaces and then solid parts.  

Initially the DSA images are extracted as three-dimensional surface geometries by the use 

of Slicer 4.10.2 [96]. Following the execution DSA image processing that generated surface 

geometries further smoothening is required to construct proper mesh elements further down 

the CFD road. This is a crucial step which is taken to eliminate any geometrical issues 

existing on the surface which may lead to errors in the Mesh section of the fluid domain 

construction. Following the smoothening, which is done with the help of Meshmixer 

software (Autodesk Inc., USA), the geometries are imported to the Spaceclaim module from 
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ANSYS 19.2. After obtaining the patient specific geometry, 48 and 64 wire FDSs are 

modelled. Implantation of the FDS is achieved with Spaceclaim. 

 

Figure 2.1. Clinical patient specific images taken before the implantations of FDS 

DSA images of all six patients are shown in Figure 2.1 where aneurysms of three ICA and 

three MCA patients are visible. Each patient is female and from patient 1 to patient 6 they 

have various ages from late twenties to early sixties. Each patient’s FDS is modelled 

accordingly with their morphological dimensions which means each patient has FDSs with 

different diameters. 
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Table 2.1. Age, average artery diameter and aneurysm height for each patient 

Patient # 
Age Gender 

Average Artery 

Diameter (mm) 

Aneurysm 

Height (mm) 

Aneurysm Neck 

Diameter (mm) 

Patient 1 56 Female 4.12 19.6 8.40 

Patient 2 64 Female 4.29 18.6 8.46 

Patient 3 39 Female 3.98 17.9 8.07 

Patient 4 60 Female 3.31 5.51 4.92 

Patient 5 54 Female 2.72 4.68 3.98 

Patient 6 29 Female 3.63 5.92 6.63 

 

vWF is activated and later on reduced in activity due to several morphological parameters 

[97]. All ICA patients in this research have aneurysm height of 8 mm or above and large 

neck sizes which makes them suitable for the investigation of vWF activation due to 

supraphysiological shear stress and shear strain rate values.  

First three patients show a vertical course where the blood flows from bottom to top for the 

planes shown in Figure 2.1. For patients 1 and 2 anatomically, aneurysms are located at the 

left internal carotid artery (LICA) and patient 3’s aneurysm is located at the right internal 

carotid artery (RICA). The last three patients, MCA patients, show a horizontal course of 

blood flow. Anatomically the aneurysm is located at the right middle cerebral artery 

(RMCA) for patient 1 and for patients 2 and 3 aneurysms are located at the left middle 

cerebral artery (LMCA). Cerebral arteries exist in the brain in a symmetrical structure as 

they are mirrored for the right and left sides [97,98]. As generating the closest real-life 

scenario being the objective, the first crucial requirement of having an identical artery and 

aneurysm geometry of the patient is done using the methods and software mentioned. 

2.2. FLOW DIVERTER STENT SPECIFICATIONS AND IMPLEMENTATION 

After generating the patient specific aneurysm geometries, FDS must be modelled. One of 

the crucial phases in this thesis work is to structure FDS models in a realistic way. Certain 

parameters must be known in order to achieve the correct model of FDS. Parameters dictated 

by the patient are artery diameter and neck area. The ones depending on FDS brands and 
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models are wire thickness, wire numbers, porosity, work length, pattern of varying wire 

thicknesses are some parameters to be known. Having the values for each of those 

parameters, FDS modelling can be done. Porosity is one of the most important parameters 

to set right as it will have the most influence in diverting the flow by not allowing a certain 

volume of blood. However, the porosity of the FDS catalogues provided by the producing 

companies presents only the porosity value when FDS preserves its linear and tubular shape 

(i.e., prior to placement) contrary to the reality where an FDS can undergo bending or 

bulging (i.e., after placement into the aneurysm carrying artery). This difference can arise 

due to the exact location of the aneurysm on the artery, the angle which the artery has making 

the FDS have the same shape and discrepancy between artery diameter and FDS’s work 

diameter. 

Two different FDS types are used in this study. Each FDS has the same porosity and wire 

thickness values where the difference is relying mainly on one FDS being made of 48 wires 

and the other 64 wires. In this sense, while investigating whether FDS treatment has effects 

on altering blood flow a comparison between two different FDS types can be made in a 

possible scenario which one gives better results for the patients. For each patient the artery 

diameters are different and therefore different FDS diameters can be used for each patient. 

These diameter differences do not result in any change in the sense of effectiveness of the 

FDS for the patients, as the porosity of each FDS is set to be the same at their own work 

diameters. 

Table 2.2. Values of FDS parameters 

FDS Type Wire Thickness Porosity (%)  Number of Wires 

48 Wire 30 µm 65 48 

64 Wire 30 µm 65 64 

 

The construction of each FDS for each patient is done using SpaceClaim through ANSYS 

19.2 Academic. Initially each FDS modelled fully in their actual work length. Later, having 

each FDS at their correct alignment, FDS wires existing at the aneurysm neck area are kept 

and the rest got removed from the geometry. The main reason behind this procedure is to 

avoid having unnecessary mesh elements during meshing. This is possible to do as the 

effective area of the FDS is where the aneurysm neck is. Having less mesh elements after 
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this step lowers the mesh element number and therefore keeps the computational time at 

reasonable levels during the solution of the simulations. Having reasonably lower 

computational time during the solution is desired as there are eighteen simulations to be 

solved in total.  

Virtually implanting FDS to each patient specific geometry gives the opportunity to 

investigate and to understand the hemodynamics and the effects which are leading to vWF 

activation. Another important aspect of virtually implanting the FDS to the patients, make it 

possible to observe the differences occurring in FDS shape due to the variations in artery 

morphology for each patient. Some patients have their aneurysm at a sharp curve which 

causes a big difference in actual EMSA value. This may be one of the reasons to have 

different efficiency in FDS treatment to alter the blood flow however the outcome might be 

an unsuccessful result. 

2.3. MESH MODEL 

Following the virtual stent placement, preparation for the simulation starts with meshing the 

geometry. Here creating a proper fluid domain is initiated. Meshing is a crucial step in this 

study for various reasons. A correctly meshed geometry is the first step in getting correct 

results at the end of the simulation and will prevent unnecessary computational time. Having 

a mesh independent geometry is required to reduce the level of error in a simulation. Mesh 

independency is further explained later in this section. 

All six patients have three separate simulations, making up a total of eighteen simulations. 

Each patient has a before treatment model which does not include the implanted FDS. The 

other two simulations for each patient are done with 48 wire and 64 wire FDS implantation. 

Before treatment geometries require a much smaller number of elements as they do not 

contain an implanted FDS, as explained earlier briefly. All six patients have a number of 

elements in the vicinity of 1M. As expected, ICA patients have a greater number of elements 

than MCA patients as they have larger artery diameters and much larger aneurysms. 48 and 

64 wire models have substantially higher number of elements. The main reason behind this 

is that the volume and surface area of FDS wires are considerably smaller than artery and 

aneurysm dimensions. This requires a finer mesh construction. FDS is located at the neck 

region of aneurysm for each patient, which makes the FDS domain even more important to 
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have a finely constructed mesh. This is done through mesh sizing in the level of both surface 

area and volume. Other higher priority regions such as inlet and outlet (s) of the artery, 

aneurysm and FDS wall. All six patients have elements in the vicinity of 25M with again 

ICA patients having a greater number of elements than MCA patients due to the greater size 

of their arteries and the aneurysms. Mesh elements for each patient with all cases are shown 

on Table 2.3. 

Table 2.3. Number of elements for each patient geometry 

 Number of elements (Million) 

Patient number Before Surgery 48 Wire 64 Wire 

Patient 1 1.23M 21.3M 25.4M 

Patient 2 0.91M 24.7M 20.3M 

Patient 3 1.19M 19.3M 20.7M 

Patient 4 0.97M 20.8M 16.0M 

Patient 5 0.94M 23.8M 23.5M 

Patient 6 1.39M 19.5M 22.4M 

 

Difference in number of elements directly dependent on the size of the artery and the 

aneurysm. ICA patients having larger dimensions would lead them to have higher amount 

of mesh elements. However, comparing some ICA and MCA patients may prove otherwise. 

This is due to the existence of ophthalmic artery in MCA geometries in this case and also 

selection of fluid domain is not critical if important regions are included in it. The same 

percentage of element size fineness is selected while constructing the mesh. Initially it was 

expected to have higher number of elements for all 64 wire cases compared to their 48 wire 

correspondents. However, this was proven wrong with patients 2, 4 and 5. This is due to the 

fact that removing all the FDS wires except the ones on the neck. Therefore, the number of 

elements depend on the neck EMSA values for each patient where when EMSA gets lower, 

the number of elements should get lower as there will be less metal surface coverage existing 

in the domain. Posing as an example for all patients in Figure 2.2, full geometry and cross 

section views of patient 2 mesh structures are shown. In the cross-section view from bottom 

to up the mesh fineness and density differences can be seen for the artery, FDS region and 

aneurysm. 
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Figure 2.2. Mesh example of patient 2 with 64 wire FDS implanted 

2.4. BOUNDARY CONDITIONS 

In order to simulate the patient specific model as it is in physical life setting up the boundary 

conditions are crucial. Each parameter will shape the simulation for the specific case existing 

within the patients’ arteries. The first step in preparing a real-life circumstance to the fluid 

domain, meshing is done appropriately. Each boundary condition is specific to the patient 

which makes the simulations as close as possible to the real-life scenario. This section is the 

explanation of all related numerical relations, equations and physical laws constructing 

physical model and the patient specific circumstances. 

Womersley velocity profile is constructed for all six patients using MATLAB [99–101]. 

Being time and location dependent, Womersley velocity profile helps in constructing the 

required blood flow cycle with diastole and systole waveforms existing in it. Constructing 

the Womersley profile for each patient is done through a series of in-house built code. In 

order to obtain the profile in the patient specific way as desired, inputs for several parameters 

need to be plugged in. Those parameters are average inlet velocity that is obtained from 

VFR, mean artery diameter, pressure gradient, which is measured before surgery, dynamic 

viscosity of blood, density of blood, heartbeat rate of the patient, time step size value which 
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is eventually going to be used in the simulation solution and cardiac cycle count that is 

desired to obtain after the solution of the simulation. 

Womersley velocity profile is a derivation from periodic pressure gradient. Being time and 

location dependent, Womersley velocity profile yields much more sensitive velocity profiles 

compared to pulsatile flow [102] velocity profile. The availability of constructing patient 

specific velocity profile by considering age, gender, VFR, HBR, mean artery diameter, 

density and dynamic viscosity of the blood makes this way of constructing velocity profiles 

closer to real-life scenario [103]. 

 
𝑢𝑧(𝑟, 𝑡) = 𝑅𝑒𝑎𝑙 (

−𝑗𝛼(𝜔)

𝜔
𝑒𝑖𝜔𝑡 [1 −

𝐽0 (√−𝑗𝑊0
𝑟
𝑅)

𝐽0(√−𝑗𝑊0)
]) 

 

(2.1) 

 

Volumetric flow rate is required to calculate an average velocity as the code requires a flow 

with the unit of m/s. Each patient has different volumetric flow rate depending on their 

gender, age and the location of the aneurysm [104].  

For each patient, volumetric flow rate is taken from the literature and through that average 

inlet velocity is obtained and calculated, respectively. 

 𝑉𝐹𝑅 = 𝑄 =
𝑑𝑉

𝑑𝑡
 (

𝑚3

𝑠
) (2.2) 

 

VFR is obtained by the fluid flow of certain volume V in the duration of time t. VFR is a 

parameter that is derived from volume with respect to time. 
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VFR value taken from the literature has the units of ml/min. MATLAB code for Womersley 

requires inlet velocity value in the units of m/s. Therefore, the conversion from ml/min to 

m3/s is done and shown at (2.4). 

Table 2.4. Parameters used to obtain average velocity values for each patient 

Patient # VFR  

(ml/min) 

Artery Cross Section 

Area (m2) 

Average velocity 

(m/s) 

Patient 1 244 21.3x10-6 0.191 

Patient 2 218 19.2x10-6 0.184 

Patient 3 247 16.8x10-6 0.328 

Patient 4 110 8.58x10-6 0.214 

Patient 5 125 5.73x10-6 0.319 

Patient 6 149 10.2x10-6 0.244 

 

Pressure gradient array is taken from literature [105]. Heart rate (HR) is taken as 75 beats 

per minute, density and molar mass of the blood are taken as 1120 kg/m3 and 64458 g/mol, 

respectively on the hemodynamical properties of blood flow in patient specific carotid artery 

with stenosis [106]. 

After obtaining each parameter that are required in constructing the velocity profile, they are 

inserted in the MATLAB code which generates the Womersley velocity profile in CFX 

expression language. Womersley velocity waveform constructed in the Setup section of the 

simulation shows the physical behavior of the code. After solving the simulation, the 

maximum velocity at inlet is plotted for the entirety of the simulation. An example maximum 

inlet velocity  for patient 1 is shown with Figure 2.3. With that figure the regions of systole 

and diastole during three cardiac cycles can be seen. This serves as a check and identification 

action to investigate the integrity of the implemented code to physical relation and obtaining 

the peak systole and diastole instances. 
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Figure 2.3. Maximum velocity at inlet using Womersley velocity profile of the blood flow 

for patient 1 

Outlet pressure is implemented to each fluid domain as 80 mmHg [107]. The outlet pressure 

condition is defined as openings for each branch of the artery that are not inlet. The fluid-

solid interaction is taken as rigid due to computational limitations. Flow regime is selected 

as subsonic where flow direction is appointed as normal to the boundary condition.  

One of the most crucial boundary conditions to define in order to get a circumstance that is 

as close as possible to reality, blood is modeled as a non-Newtonian fluid. Those type of 

fluids have the shear thinning characteristic and this is made possible to implement to the 

simulations by using the Bird-Carreau model. The main importance of this blood model is 

to be able to let the fluid differ between 0.00345 Pa.s and 0.056 Pa.s [108].  

 𝜇 = 𝜇∞ + (𝜇0 − 𝜇∞)[1 + (𝜆𝛾̇)2](𝑛−1) 2⁄  (2.5) 
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Shear rate 𝛾̇ which is varying with the velocity is implemented in (2.5) to employ dynamic 

viscosity of the blood 𝜇. There, the maximum viscosity 𝜇0 and minimum viscosity 𝜇∞ are 

taken as 0.056 Pa.s and 0.00345 Pa.s, respectively. Time constant 𝜆 and the power law 

constant 𝑛 are taken as 3.313 seconds and 0.3568. 

Each patient simulations are solved for three cardiac cycles. The main reason in doing three 

cycles is to get rid of the initiation errors from the first cycle and have two relatively similar 

cycles in order to observe the functions. One cardiac cycle is set last as 0.8s with a time-step 

size of 0.005s. This sums up to a total of 480 time steps for one simulation. Constructing the 

solver for each simulation is done by defining several solving schemes. As advection scheme 

high resolution is selected. Second order backward Euler transient scheme is chosen as the 

solver with the residual target of 1E-4 defined. Transient fluid flow simulations are 

conducted within each time-step and at every mesh element where continuity (2.6) and 

momentum equations in cylindrical coordinates (2.7), (2.8) and (2.9) are governed. For the 

cylindrical coordinates the flow of the blood is accepted to be through the artery which is 

the z momentum. Assumption of fully developed flow makes it independent of time 

component and having laminar flow means no vortices caused by turbulence which means 

that there is no flow on theta (θ) axis. As the flow accepted to be fully developed and existing 

on z component, towards the artery walls which is the r momentum yields to be zero. Having 

these incorporated into the following equations yield the initial given Womersley equation 

(2.1) that is dependent on time and artery diameter and therefore the velocity profile on z 

axis. 
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2.5. MESH AND TIME STEP SIZE INDEPENDENCY 

In order to construct series of simulations independent from the number of elements during 

mesh and time step, mesh convergence and time step size analyses were run. For a randomly 

selected geometry the mesh elements are constructed for 20M, 25M, and 30M elements. The 

time step size values of 0.001s, 0.005s and 0.01s are defined to identify the time independent 

step size value. The setup of these simulations is constructed with the boundary conditions 

that are going to be used for the actual simulations as well.  

After solving those three simulations, dynamic viscosity values for each time step during the 

last cardiac cycle is listed down in an Excel (Microsoft Office 365) sheet. In order to find 

the mesh and time independent domain, relative dynamic viscosity values are compared with 

each other. Comparing all dynamic viscosity differences for each simulation showed that all 

simulations have less than five percent difference which shows that the number of elements 

and time step size values are all in the mesh independent region. To have the most optimal 

computational time during the solution of the simulations the proximity of 20M elements 

and the exact time step size of 0.005s are chosen to be defined for each patient with FDS.  

2.6. INVESTIGATED PARAMETERS WITH THE SIMULATIONS 

Various parameters are investigated in this thesis in order to have the most complete 

understanding about supraphysiologic forces occurring in blood flow which lead to vWD. 

Each parameter was investigated thoroughly from contours generated on curved planes to 

vertical contours perpendicular to neck region of the aneurysm. For some parameters their 

values were calculated for each time step in the third cardiac cycle. Investigation of different 

parameters required different approaches to calculate, observe and present. As an example, 
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investigating shear stress and shear strain rate values requires a sensitive investigating 

approach due to the possible exceeding of threshold values in these parameters would lead 

to vWF activation. Therefore, for these types of instance-important parameters, at each time 

step calculation is done to form a graph to understand the behavior of the flow. 

Shear stress and shear strain rate values are obtained at curved planes to construct visual 

contours and for each time step to form graphs. These curved planes formed in such a way 

for each patient that they are passing from the center of every FDS wire existing in the neck 

region. The behavior of those two parameters is constructed on graphs by calculating each 

value at each time step of the third cardiac cycle. Different from the shear stress parameter, 

not only on a curved plane but also on a vertical contour, shear strain rate is calculated. The 

vertical contour is perpendicular to the FDS which is generated to observe the blood flow 

being affected by the implantation of FDS. 

The effect of supraphysiological forces on blood are investigated through a special method. 

With the help of shear stress and shear strain rate contours it can already be inspected 

whether there are supraphysiological forces in act. However, the intensity of these forces, in 

other words the true impact, cannot be known by only inspecting those shear contours. Blood 

flow which gets aggravated by the FDS, has a proportion of volume which has 

supraphysiological forces. The investigation is done by calculating the amount of blood 

volume which has 10 Pa or more shear stresses and obtaining the percentage of that 

supraphysiological part of the blood volume to the total blood flow’s volume. This is 

calculated for each time step by obtaining the blood volume with supraphysiological forces 

and the total blood volume for the whole third cardiac cycle. Through this, it can be known 

that whether high shear stress and shear strain rate levels do actually affect a meaningful 

proportion of the blood flow. The results are gathered numerically for each time step and 

plotted on a graph. The aggravated blood volumes are plotted on the fluid domain as well 

for visual inspection to understand in- and outflow regions. 

Besides shear stress and shear strain rate parameters, time-averaged wall shear stress 

(TAWSS) and oscillatory shear index (OSI) are calculated for each model. TAWSS and OSI 

parameters are implemented as transient statistic parameters to the setup of the fluid domain 

as additional variables. Similar to other variables that are in the simulations, the TAWSS 

and OSI are calculated for each time step for three cardiac cycles. However, different than 

the rest of the variables they are plotted only for the last time step sizes of each simulation. 
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The understanding behind this is to show the values obtained and averaged for the whole of 

the results obtained throughout all three cardiac cycles. These results are plotted on the walls 

of the whole fluid domain. This way the high shear induced and therefore weaker and rupture 

prone regions can be identified on the artery and aneurysm. 

 𝑇𝐴𝑊𝑆𝑆 =  
1

𝑇
(∫ |𝑊𝑆𝑆(𝑠, 𝑡)| 𝑑𝑡

𝑇

0

) (2.10) 

 

As it can be seen from (2.10), TAWSS is calculated within the integral of 0 to T which is 

the period of the cardiac cycle (0.8s). From the initiation of the blood flow until the cardiac 

cycle is completed the TAWSS value can be calculated through this method. This integral 

gives the time averaged value of each WSS values existing at every time step of the cardiac 

cycle at the “s” location on the artery wall. This parameter is added to the simulation’s 

transient statistics section as an additional variable using the CFX language. Higher values 

of TAWSS starting from 25 Pa may lead to endothelial damage for the patient [109]. 
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𝑇
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|
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OSI given in equation (4.11) represents the deviation in the pre-existing axial direction of 

the WSS in a cardiac cycle. Lower OSI values are associated with less disturbance in the 

flow. High OSI values, where 0.5 can be the highest, lead to higher disturbance that is leading 

to deviations in the direction of WSS vector which is causing a disturbed alignment of 

endothelial cells [32,76]. 

Maximum WSS values on artery walls of each model are calculated for each time step. The 

results are plotted on a WSS versus time-step graph in order to understand the behavior of 

WSS pre- and post-FDS implantations. With each model, the aneurysm and FDS domains 

are subtracted from the domain, as in Figure 2.4, while calculating the resulting WSS values 

per each time-step in the third cardiac cycle. This way, the maximum WSS values are 

calculated only on the artery walls for every model. 
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Figure 2.4. Domains with and without aneurysm for patient 1 

As introduced in the introduction section, it may be important to inspect the strut differences 

on 48 and 64 wire FDS geometries for the same patient. The strut opening area and the angle 

difference of the junction point where two wires coincide are calculated for each FDS for 

each patient.  
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Table 2.5. Opening area values and FDS strut wire junction angles for each patient with 48 

and 64 wire FDS 

Patient  

# 

48 Wire Strut 

Opening Area 

(mm2) 

64 Wire Strut 

Opening Area 

(mm2) 

48 Wire Junction 

point angle 

(degrees) 

64 Wire Junction 

point angle 

(degrees) 

Patient 1 0.296 0.231 31.92 54.73 

Patient 2 0.078 0.065 36.97 63.37 

Patient 3 0.092 0.103 46.70 89.24 

Patient 4 0.315 0.311 52.29 97.45 

Patient 5 0.059 0.053 62.42 87.10 

Patient 6 0.130 0.061 61.45 100.67 

 

 

Figure 2.5. Patient 3 after virtual stent implantation model where 48 and 64 wire FDS’s are 

shown on the neck (A1), (B1) and up-close (A2), (B2) for strut shapes, respectively.  
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It can be seen from Table 2.5 that for every patient except patient 3, the strut opening areas 

are larger with 48 wire FDS type compared to 64 wire. This alone is not enough to come up 

with conclusion after obtaining the simulation results. However, looking at angles at the wire 

junction for 48 and 64 wire FDS implantation, there is a clear distinction between the two 

FDS types. For every patient FDS with 48 wires has considerably smaller degrees of angles 

compared to the 64 wire FDS. The value of the difference between junction point angle 

between two wires for two different FDS could have an influence on the shear stress and 

shear strain rate differences for 48 and 64 wire FDS as well.  

Dynamic viscosity is calculated for each time step and plotted during systole and diastole 

instances for each patient. The most effective way to visually present these results are found 

to be by plotting the dynamic viscosity on a vertical plane along the height of the aneurysm 

sac. This way it is aimed to observe the dynamic viscosity change before and after FDS 

implantation. Decrease in dynamic viscosity and therefore tendency to have stagnation is the 

desired situation in the aneurysm sac following FDS treatment. In this research it is used as 

a supplementary parameter where mesh independence is done and compared with each other 

using dynamic viscosity as aforementioned in this chapter. Also, to observe different effects 

of same 48 and 64 wire FDS’s on different patients. 
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3. RESULTS 

The investigation of blood flow characteristics is done in three ICA sidewall and three MCA 

bifurcation aneurysms. Patients 1, 2, and 3 having ICA aneurysms are at the ages of 56, 64, 

and 39, respectively. Patients 4, 5, and 6 having MCA aneurysms are at the ages of 60, 54, 

and 29, respectively. For each patient, three simulations were constructed in case of no stent 

implantation (NSI), 48-wire FDS, and 64-wire FDS implantation. Implanted FDSs have the 

same EMSA values at the non-implanted position with identical wire thicknesses. 

Simulations with no stent implantation are done to investigate the blood flow through the 

model and obtain the values of the parameters which show if the blood flow is pathological. 

By using those data, it can be comparable to the FDS implanted models whether the FDS 

implantation increases the shear levels in the blood flow. Similarly, simulations with 48 and 

64-wire FDS implantations are done to compare the effects of different wire numbers for an 

FDS on the blood flow and if one of them is more preferable with respect to the created shear 

levels. 

Detailed data is shared further in this section in order to have more in-depth knowledge about 

what is happening in a cycle with increments of 0.01 seconds where one cardiac cycle takes 

0.8 seconds [110–112]. The maximum shear stress values for each time step through the 

third heartbeat cycle, the percentage of blood volume exposed to supraphysiological forces 

compared to the total blood flow, rupture-prone areas on the artery and differences between 

48 and 64-wire FDS implantation in blood flow are the issues that are discussed in this part 

of this thesis. 

The DSA images of three ICA and three MCA patients are used in the study. The results 

gathered from all the simulations are taken in the same position and alignment with the DSA 

images for convenience and validation purposes. Dynamic viscosity, OSI, and TAWSS 

contours are taken precisely as the angiography images, whereas shear stress and shear strain 

rate contours are taken with a slight rotation to get a top view of the neck area with FDS. 

The chosen blood flow directions in each model are taken so that all of them are in the same 

axes. 
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3.1. PARAMETERS AFFECTING VON WILLEBRAND FACTOR 

Activation of the von Willebrand factor occurs due to the supraphysiological level of shear 

stress and shear strain rate in the blood flow. Every FDS modeled and implanted at each 

patient's neck region of the aneurysms. The implantation of the FDS dramatically increases 

shear stress and shear strain rate values for every patient, as expected. This activation of 

vWF increases the possibility of a cerebral hemorrhage, since FDS implantation causes 

acquired type 2a von Willebrand disease [47].  

3.1.1. Shear Stress 

Shear stress is one of the main parameters that need to be inspected in the blood flow affected 

by the FDS implantation. The results' legends range from 0 to 10 Pa due to the shear stress 

threshold being 10 Pa. From Figure 3.1 to Figure 3.3, the results are obtained for shear stress 

from the simulations with no stent implantation, 48 Wire, and 64 Wire FDS implantations. 

At each figure, the contours are taken from diastole and peak systole instances at the third 

cardiac cycle. 

In Figure 3.1, it can be seen that the shear stress values for the no stent simulations have 

values that are not supraphysiological levels. Both patients have sidewall ICA aneurysms 

with relatively large aneurysms with relatively large artery diameter, and neck area 

compared to MCA patients. After FDS implantation, even during diastole the shear stress is 

way above the 10 Pa limit for Patient 1. During peak systole, both patients have quite a larger 

region of inflow with supraphysiological shear stress values. At first glance, the shear stress 

values for both patients are higher with 48-wire FDS implantation. The increase in shear 

stress values is highly significant for both patients.  
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Figure 3.1. Shear stress contours for patients 1 and 2 

The simulation results for patient 3, in Figure 3.2, show a high increase in shear stress 

towards the outer part of the neck region. Compared to the other ICA aneurysms, the 

supraphysiological shear stress area is widest for the patient 3 Regardless the FDS wire 

number, the shear stress levels are higher than 10 Pa even during diastole.  

The contours representing the shear stress data for patient 4 reveal that supraphysiological 

levels are not reached before the stent implantation. With the implantation of both FDS, the 

critical threshold is surpassed at the peak systole instance. Even though the shear stress 

values are below 10 Pa during diastole, the activation of vWF happens during each peak 

systole. 
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Figure 3.2. Shear stress contours for patients 3 and 4 

Shear stress contours of patient 5 shows one of the widest supraphysiological region out of 

all the results. This is due to the small artery diameter and the higher EMSA value compared 

to the other two MCA patients. The wider inflow area of this patient also means that the 

blood flow passing through the neck region increased to supraphysiological levels at a higher 

volume. This will be investigated further in the following section with a detailed insight into 

the situation. Despite the fact that shear stress values seem lower than other patients, there 

is still pathological flow after FDS implantations for patient 6. 
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Figure 3.3. Shear stress contours for patients 5 and 6 

3.1.2. Shear strain rate 

Shear strain rate is the other main parameter to investigate in vWF activation. In the blood 

flow, shear strain rate values that are greater than 5000 s-1 are the signs of a pathological 

flow [75]. The increase in shear strain rate values is dramatic with the implantation of both 

FDS types. 

Shear strain rate values for each simulation result are inspected in this part of the study. 

Strain rate values in the blood results in the elongation of the vWF multimers inside the 

blood. This is crucial for blood flow and vWF multimer activation. Within a pathological 

flow, the vWF multimers start to elongate, get activated and then get cleaved by ADAMTS- 

13 enzyme. This long-standing activation leads to von Willebrand disease. Therefore, it is 

desired not to reach supraphysiological levels in the blood flow. Unfortunately, as shear 

stress contours showed and shear strain rate contours to be discussed, implantation of an 

external tool to the human body dramatically alters the hemodynamics, and as in this study 

it is mentioned, causes the vWD for aneurysms that are considered to be large [47]. 
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Figure 3.4. Shear strain rate contours for patients 1 and 2 

Similar to shear stress contours, the legend for shear strain rate is limited to the 

supraphysiological level of 5000 s-1. Each location with a higher strain rate value is depicted 

with the color red. Shear strain rate values for patients 1 and 2 are shown in Figure 3.4. Both 

patients before the treatments are not showing pathological flow. Indeed, if the aneurysm is 

left untreated, it will eventually enlarge up to a size that would result in rupture. Therefore, 

treatment for each patient with an aneurysm is necessary. As mentioned earlier, FDS is one 

of the most effective and desirable methods to treat aneurysms, making this study even more 

important to point out why cerebral hemorrhages still occur after successful treatments. 

Following the FDS implantation, for both patients each FDS affects the blood flow to 

increase the shear strain levels to a supraphysiological level.  
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Figure 3.5. Shear strain rate contours for patients 3 and 4 

Patient 3 has a non-pathological flow before an FDS implantation. Due to the morphology 

of the artery having an aneurysm, shear strain rate values are getting higher around the neck 

of the aneurysm. Nevertheless, these increased regions are well below the threshold value of 

5000 s-1, even during peak systole. After the implantations of 48 and 64 wire FDS’s, the 

threshold value is exceeded for both cases, making both flows pathological. Patient 3 has the 

highest shear strain rate compared to the other two ICA patients. An important factor for this 

situation is the smaller artery diameter of patient 3. The inflow region during peak systole is 

quite significant which is occurring due to the aneurysm being located precisely on the bend 

of the artery. 

Patient 4 also has safe shear strain rate values without stent implantation. The implantation 

of FDS however yield pathological flow. Despite the shear strain rate values being lower 

than the threshold value during diastole, threshold exceeding values exist for peak systole 

instances. This means that at every heartbeat cycle activation of vWF may occur. 
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Figure 3.6. Shear strain rate contours for patients 5 and 6 

The remaining two MCA patient results are shown in Figure 3.6. Patient 5 already has shear 

strain rate values above the threshold value of 5000 s-1. This shows the importance of the 

influence of artery and aneurysm morphology on blood flow. Having the smallest artery 

diameter and small neck diameter, the shear strain rates for patient 5 are much greater than 

the activation value for both diastole and peak systole instances with the implantations of 

both FDS types. The inflow region through the FDS is prominent for this patient.  

Patient 6 has the least problematic flow compared to the other patients. The simulation 

results obtained from the no-stent model shows that even at peak systole shear strain rate 

values are almost in normal limit. Nonetheless, pathological flow occurs after the FDS 

implantations. Compared to the rest of the patients, this patient has a lot smaller total area 

affected by high shear strain rates, but still, the threshold rate is reached in a time range of 

before and after the instance of peak systole. 
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3.1.3. Shear strain rate contours vertical to the FDS 

Investigating shear strain rate at a vertical plane which is perpendicular to the FDS is 

constructed to observe the blood flow before and after FDS. For each patient, the peak 

systole instance is taken. With this investigation, the activation of vWF depending on shear 

strain rate can be inspected. The difference of this approach is to understand and show that 

indeed only near the FDS domain the vWF is getting activated by having supraphysiological 

shear strain rate values.  

ICA patients' shear strain rate contours are shown in Figure 3.7, which contains the contours 

from NSI, 48, and 64 wire FDS models. Before this approach, it was already proven under 

the Shear strain rate section, and now it is clear that the shear strain rate is above 5000 s-1 

near FDS wires. Seeing the artery and aneurysm domains blue in these contours state that 

even during peak systole, the only supraphysiologic (vWF activating) region is near FDS 

wires.  

MCA patients have a significant increase in shear strain rate in the vicinity of the FDS wires, 

just like the ICA patients. Interestingly, among all six patients, patient 5 has the highest shear 

strain rate values already existing in the neck region of the aneurysm before any FDS 

treatment is applied. Therefore, as expected it has the most striking shear strain rates existing 

in the artery near FDS wires. 

The thickness of the increased shear strain rate region is understood to be related to the high 

shear values such as in the cases of patients 3 and 5 whose shear stress and shear strain rate 

values are two of the highest in this study. This also can lead to more blood volume exposing 

supraphysiologic forces and thus more vWF multimer activation. It is important to not mix 

this approach's intention by investigating vertical contours with diminishing the striking 

reality of supraphysiological shear levels occurring. The main goal of this section is to show 

the direct effect of FDS wires' existence in the artery leading to supraphysiological forces 

being exerted on blood flow and presenting another perspective on vWF activation. 
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Figure 3.7. Shear strain rate for ICA patients plotted on vertical contours perpendicular to 

the artery 
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Figure 3.8. Shear strain rate for MCA patients plotted on vertical contours perpendicular to 

the artery 
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3.1.4. Maximum values affecting the blood flow 

Shear stress and shear strain rate values vary highly for each patient. These differences can 

occur due to several factors, such as artery and aneurysm morphologies, patient age, and the 

features of the implanted FDS. Therefore, investigating the maximum values for each patient 

in each circumstance gives a thorough insight compared to the contour figures.  

Table 3.1. Maximum shear stress values for each patient 

Patient # 

48 Wire FDS 

(Pa) 

64 Wire FDS 

(Pa) 

No Stent 

Implantation (Pa) 

48 vs. NSI 

(%) 

64 vs. NSI 

(%) 

Patient 1 88.62 87.92 21.67 309.0% 305.8% 

Patient 2 52.66 30.35 11.93 341.3% 154.3% 

Patient 3 143.7 124.9 19.90 622.1% 528.1% 

Patient 4 36.86 32.57 6.532 464.3% 398.6% 

Patient 5 349.7 340.7 39.27 790.5% 767.6% 

Patient 6 39.18 35.68 2.673 1366% 1235% 

 

Maximum shear stress values are listed for each model with and without FDS implantation 

in Table 3.1. The patients with 48-wire FDS implanted models have higher shear stress 

values compared to 64-wire FDS implanted models. The impact of FDS implantation on the 

patient is indisputable. The values show all results of the eighteen simulations, which are for 

three per patient. Shear stress values are compared between NSI model and FDS implanted 

models. That comparison clearly points out the immense increase in exerted shear to the 

blood and therefore causes vWF activation. It is important to observe that the 

supraphysiological forces are reached for blood flow with each FDS implanted model.  
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Table 3.2. Maximum shear strain rate values for each patient 

Patient # 

48 Wire FDS 

(s-1) 

64 Wire FDS 

(s-1) 

No Stent 

Implantation (s-1) 

48 vs. NSI 

(%) 

64 vs. NSI 

(%) 

Patient 1 15359 14359 2673.7 474.5% 437.1% 

Patient 2 9197.9 8616.9 3147.2 192.3% 173.8% 

Patient 3 21516 19716.7 2403.9 795.0% 720.2% 

Patient 4 5925.8 5441.6 1583.7 274.2% 243.6% 

Patient 5 57259 51335 5437.3 953.1% 844.1% 

Patient 6 11197 9797.9 283.75 3847% 3353% 

 

Similarly, to the maximum shear stress table, maximum shear strain rate values are shown 

in Table 3.2 for FDS implanted models and no stent models for each patient. The impact of 

FDS implantation is also critical in shear strain rate values. This is clearly shown with the 

comparison columns showing the percent increases for each patient with each wired FDS 

model. The values obtained from 48-wire FDS models for each patient are higher than those 

from 64-wire FDS models. This result shows that shear stress and shear strain rate values 

are higher for each patient with 48-wire FDS implanted models. This can be due to the 

resulting effective metal surface area (EMSA) values of the implanted stents.   

Observing similarity in supraphysiological values for both shear stress and shear strain rate 

can be seen as an expected result. However, shear stress and shear strain rate parameters are 

proportional to each other for Newtonian fluids in laminar flow. For the case of non-

Newtonian fluids, which is the defined fluid for all the fluids in this study, the viscosity is 

being altered in time leads to a change in velocity and therefore resulting in a change in shear 

stress [113,114]. Therefore, it is crucial to investigate both shear stress and shear strain rate 

values for each patient with every simulation model. 

3.1.5. Average values affecting the blood flow in a cycle 

In this section, the averages of the maximum values for the whole cardiac cycle and the 

comparisons between FDSs and before FDS treatment models are shown. Averaged value 

calculations contain all 80-time steps (i.e., total simulation time of 2.4 seconds divided by 
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the time step size of 0.005 s gives 480-time steps. Half of these time steps are saved, therefore 

80 time steps are available for each cardiac cycle) for all eighteen simulations.  

Table 3.3. Average shear stress values 

Patient # 

48 Wire FDS 

(Pa) 

64 Wire FDS 

(Pa) 

No Stent 

Implantation (Pa) 

48 vs. NSI 

(%) 

64 vs. NSI 

(%) 

Patient 1 48.21 47.67 13.19 261.4% 265.5% 

Patient 2 22.71 12.06 7.253 213.1% 66.3% 

Patient 3 70.79 65.46 8.026 715.6% 782.0% 

Patient 4 11.22 9.638 2.253 327.8% 398.2% 

Patient 5 108.9 102.8 24.18 325.3% 350.4% 

Patient 6 10.96 7.457 1.268 488.3% 764.4% 

 

Similar to the maximum value tables' structures, the average of maximum shear stress and 

average of maximum shear strain rates are calculated and presented in Table 3.3, and Table 

3.4, respectively. Patients 4 and 6 with 64-wire FDS treatment have average values lower 

than 10 Pa.  

Table 3.4. Average shear strain rate values 

Patient # 

48 Wire FDS 

(s-1) 

64 Wire FDS 

(s-1) 

No Stent 

Implantation (s-1) 

48 vs. NSI 

(%) 

64 vs. NSI 

(%) 

Patient 1 8694.05 7611.20 1673.95 419.4% 354.7% 

Patient 2 3641.70 3361.50 1916.80 89.99% 75.37% 

Patient 3 10699.9 10330.4 1148.00 832.0% 799.9% 

Patient 4 1753.88 1413.41 543.008 223.0% 160.3% 

Patient 5 18388.6 16747.6 2514.22 631.4% 566.1% 

Patient 6 5641.70 4241.70 140.160 3925% 2926% 
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3.2. INVESTIGATION OF SUPRAPHYSIOLOGICAL FORCES IN A CYCLE 

The importance of investigating the flow in one full cycle is paramount to grasp the insight 

of incidents occurring for the blood flow. The behaviors of shear stress and shear strain rate 

are inspected in this section for each patient with each fluid flow model. Investigating 

whether the shear values increase and decrease linearly is important for obtaining maximum 

shear values. The main reason to investigate this is for understanding if the shear stress and 

shear strain rate values are exceeding the threshold only in the small vicinity of the peak 

systole instance or to find out that the threshold is being exceeded for more instances. More 

time spent under pathological flow may increase the activation of more vWF multimers, 

which may lead to a worse condition eventually [115–117]. 

All data retrieved through the simulations are taken from the third cardiac cycle, which lasts 

from 1.6 seconds to 2.4 seconds. The graphs are constructed in a way to be self-explanatory 

in comparing the results from 48-wire FDS, 64-wire FDS, and no stent implanted models 

with a straight line indicating the shear stress and shear strain rate thresholds in their 

respective graphs. All values were obtained at the aneurysm neck region through the volume 

domain of the stent part in the whole model. Therefore, the maximum value taken for each 

time step is the highest value in the three-dimensional domain. Investigating values for each 

time step is a more in-depth approach considering average values being not viable enough 

to help one to grasp the idea that the blood flow is being exerted to continuous 

supraphysiological shear stresses and shear strains.  

3.2.1. Shear stress values 

Investigating maximum shear stress values through a full cardiac cycle shows the exact 

behavior of fluctuating shear stresses. It is crucial to obtain supraphysiological shear stress 

values which are above 10 Pa. Next to that it should be taken into consideration the high and 

low shear stress levels alternating from physiological to supraphysiological. 
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Figure 3.9. Shear stress values for patient 1 during the third cycle 

In Figure 3.9 the graph of shear stress values for patient 1 with each model result is shown. 

The model without any implanted stent is already exceeding the 10 Pa limit during much of 

the cycle. The maximum shear stresses being above the threshold value points out the vWF 

activation without an FDS implantation. These results show the maximum shear stresses for 

each time step which means there are also below threshold value shear stresses available in 

the domain. This is already available and explained in the contour figures shown earlier. 

Important aspect at this case is that even though the threshold seems to be exceeded before 

FDS implantation, with the post FDS surgery shear stress values are increasing in value and 

the region of supraphysiological forces acting on blood flow is getting enlarged. This causes 

more multimers to be activated which makes the patient more prone to vWD [118,119]. 

Results of patient 1 show a dramatic increase with both FDS implantation. The FDS 

implanted models have pathological flow from the beginning of the cardiac cycle until the 

end of it. This proves that this patient has a continuous supraphysiological level of shear 

stress values the whole time. 
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Figure 3.10. Shear stress values for patient 2 during the third cycle 

Shear stress values for patient 2 reflect the effect of FDS implantation in turning the blood 

flow into a pathological one. Throughout the cardiac cycle, shear stress values remained 

lower than 10 Pa except just before and after peak systole instances. The fluid domain with 

48-wire FDS shows five times higher values than the threshold level. This domain also has 

shear stress values higher than 10 Pa throughout the cycle. The situation is different for 64-

wire FDS implanted model, where pathological flow exists for almost 20 percent of the 

cardiac cycle. This also shows that the wire selection in FDS implanting can have a dramatic 

role where it can lead to supraphysiological shear stress values.  
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Figure 3.11. Shear stress values for patient 3 during the third cycle 

Patient 3 has the highest maximum shear stress values compared to the other two ICA 

patients throughout the whole cardiac cycle. The artery without an implanted FDS for patient 

3 shows a similar behavior as patient 2's model without an implanted FDS. However, unlike 

patient 2, both 48-wire and 64-wire FDS implanted models have shear stress values that are 

above 10 Pa limit during the whole cycle. The difference in shear stress values in different 

FDS models for patient 3 is greater than patient 1 and less than patient 2. The difference is 

highest during peak systole and least through diastole. 
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Figure 3.12. Shear stress values for patient 4 during the third cycle 

The blood flow for patient 4 is not pathological before an FDS implantation. The maximum 

shear stress values are almost half the threshold value of 10 Pa. Therefore, this proves that 

vWF activation in the blood did not exist before FDS implantation. Post FDS implantation 

results for both 48 and 64 wire stents prove the increase in shear stress values to a point 

where the threshold value is exceeded and conclusively, vWF multimers getting activated. 

Even though patient 4 has the lowest maximum shear stress values after FDS implantations, 

the level of increase and resulting shear stresses are well-above 10 Pa for a long duration 

before and after peak systole. 
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Figure 3.13. Shear stress values for patient 5 during the third cycle 

The results of patient 5 presented in Figure 3.13, show increase in shear stresses strikingly. 

Having above threshold shear stress values before treatment, patient 5 gets exposed to a great 

amount of shear stress values post-FDS treatment with both 48 and 64 wired ones. The 

margins of systolic maximum shear stresses between FDS and after FDS implantation are 

the biggest compared to every other patient result in this study. It is important to point out 

the fact that the activation of vWF multimers starts at 10 Pa, and for that very multimer 

because the activation has already begun, it does not make a huge difference to have such a 

value of around 350 Pa. On the other hand, having such high shear stress existing on a large 

amount of region as seen on Figure 3.3 causes a larger amount of vWF activation.  
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Figure 3.14. Shear stress values for patient 6 during the third cycle 

Patient 6 has healthy blood flow before FDS implantation. During peak systole, the 

maximum shear stress value reaches 2.67 Pa, which is much less than the threshold value 

and as seen in Figure 3.14, during the full cycle, shear stress values show a stable behavior. 

Implantations of both FDSs change the healthy blood flow into a pathological one. 

Supraphysiological shear stresses are confirmed for 20 percent of the cardiac cycle. 

Activation of vWF multimers is evident.  

3.2.2. Shear strain rate values 

Shear strain values throughout the third cardiac cycle for all six patients and eighteen 

simulation models are represented in this section. Shear strain rate is the other parameter 

with shear stress where both can indicate the activation of vWF multimers and therefore 

leading to vWD. By investigating shear strain rate values, it can be understood better that 

shear stress and shear strain rate values are not behaving related with each other, and one 

patient can have supraphysiological shear stress value at a time step and at the very time step 

have a healthy shear strain rate value.  
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Figure 3.15. Shear strain rate values for patient 1 during the third cycle 

Before FDS treatment, patient 1 had no vWF activation due to shear strain rate. For each 

time step within the cardiac cycle, shear strain rate values are well below the threshold value 

of 5000 s-1 as presented in Figure 3.15. Treatment done with 48-wire FDS yields 

supraphysiological shear strain rate values during the cardiac cycle. Activation of vWF is 

positive with this FDS. Post 64-wire FDS treatment, shear strain rate values are lower 

compared to 48-wire FDS but higher than the 5000 s-1 limit. Converting the non-

supraphysiological shear strain rate values to shear strain rate values, both FDS 

implantations cause a pathological blood flow for the patient. 
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Figure 3.16. Shear strain rate values for patient 2 during the third cycle 

Healthy blood flow exists throughout the cardiac cycle for patient 2 before FDS 

implantation. Post FDS treatment multiplies the shear strain rate values during systole by 

more than three times. A striking difference between shear strain rate and shear stress values 

post 48 wire FDS implantation exists. As presented in Figure 3.10, shear stress values are 

above the critical value of 10 Pa for every time step in the cycle where shear strain rate 

values exceed the critical value of 5000 s-1 only during systole instances, as shown in Figure 

3.16. This shows two parameters being unrelated with each other when it comes to reaching 

supraphysiological levels and conclusively activating vWF. For this patient, vWF activation 

occurs also due to shear strain rate during systole. However, shear strain rate values go below 

threshold value during diastole, unlike shear stress values. 
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Figure 3.17. Shear strain rate values for patient 3 during the third cycle 

The values shown in Figure 3.17 are not exceeding the threshold for the model of no stent. 

Blood flow before FDS treatment is not pathological based solely on shear strain rate. 

However, activation of vWF is done by shear stress values during systole, shown in Figure 

3.11. Post-FDS treatments with both FDS, blood flow becomes pathological with 

supraphysiological values existing along the cardiac cycle.  
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Figure 3.18. Shear strain rate values for patient 4 during the third cycle 

Before FDS treatment, patient 4 has shear strain rate values varying from 5 to 15 percent of 

the threshold value, according to shear strain rate and shear stress, which are presented with 

Figure 3.18 and Figure 3.12 respectively. There is no activation of vWF with the no stent 

implanted model for patient 4. Post FDS treatment, for both FDS types, shear strain rate 

values are exceeding 5000 s-1. This happens only in the time frame of just before and after 

peak systole. Implantation of 48-wire FDS yields higher values of shear strain rate compared 

to the 64-wire FDS. The supraphysiological shear strain rate values prove the activation of 

vWF multimers. This patient is also the first patient to have both shear stress and shear strain 

rate values lower than threshold values of 10 Pa and 5000 s-1 for the model before the 

implantation of any FDS. 
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Figure 3.19. Shear strain rate values for patient 5 during the third cycle 

Patient 5 has the highest maximum shear strain rate values compared to all the other patients. 

Activation of vWF multimers may be possible during peak systole instance for the before 

treatment model. However, there is no doubt left with the implantations of both FDS models. 

Similar to the rest of the patients, higher maximum shear strain rate values are reached with 

the addition of 48 wire FDS to the artery. After both FDS treatments, almost whole the 

cardiac cycle, the shear strain rate values are supraphysiological and pathological flow is 

existent, activating the vWF multimers. The dramatic increase in both shear stress and shear 

strain rate with the treatments done by both FDS models for patient 5 can be related to the 

lower artery diameter compared to all other patients. 
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Figure 3.20. Shear strain rate values for patient 6 during the third cycle 

Patient 6 has the least fluctuating shear strain rate in comparison with all the other patients 

before treatment status. Even though an almost healthy flow exists for this patient, shear 

stress is well-under threshold like shear strain rate; with implantations of 48 and 64 wire 

FDSs pathological flow starts to exist. Supraphysiological levels of shear strain rate are 

reached for most of the cardiac cycle, where 48-wire FDS has greater maximum values than 

64-wire FDS. From an almost non-responsive shear strain rate value along the cardiac cycle 

to a well above threshold value proves the activation of vWF multimers for this patient. 

3.3. VOLUME PROPORTION OF SUPRAPHYSIOLOGIC FORCES IN FDS 

Investigating shear stress values and shear strain rates proved the activation of vWF for every 

patient after having an FDS implantation. All these cases, even the ones where pathological 

flow is not reached during peak systole instance, have transformed to possess pathological 

flow with FDS treatment. A highly important investigation is carried out in this section that 

focuses on the volume of the blood which has supraphysiological forces to lead to above 

threshold shear stress and shear strain rate values.  
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In previous sections, it was proven that the above threshold shear values are reached with 

FDS implantations. In this section, the scope is about how big of an impact FDS implantation 

has on blood flow. This impact is investigated by calculating the amount of blood volume 

with 10 Pa or higher shear stress values in the aneurysm neck region where the FDS domain 

exists. The calculations are done for the three-dimensional body of FDS, and conclusively a 

ratio of aggravated blood volume to the total volume available in the neck region is obtained 

for every model in this study at each time step for the whole range of the cardiac cycle. The 

volume of each implanted FDS in the neck region is calculated separately for every patient 

and every model to obtain the aforementioned comparison in percentage. These results point 

out how much of the blood volume entering through and leaving from FDSs has shear stress 

values which lead to a pathological flow.  

The importance of calculating the percentage is to have a dimensionless value. Not only the 

neck region FDS volumes are different for each model, but also ICA and MCA have 

anatomically large size differences. Therefore, calculations are made for each time step, the 

blood volume which got induced by supraphysiological forces are obtained, and the 

percentage of those volumes to total blood volumes are found. Having zero percentage 

shows that there is no amount of supraphysiological forces existing within blood for that 

instance in the cardiac cycle.  

Calculating the blood volume which has supraphysiological shear forces being exerted 

provides another aspect of understanding the importance of the activated amount of vWF 

multimers. It is logical to expect a patient to have high blood volume with supraphysiological 

forces existing if the shear stress values are also accordingly high. To have a slight truth, this 

comment is not entirely correct. This is proved in this section where results point to the 

different tendency of aggravated blood volume percentages, compared to higher shear stress 

values existing in 48-wire FDS treated models. 

A comparison between 48 and 64-wire FDS models is available for each patient, bringing a 

new discussion. So far, investigating maximum shear stress and shear strain rate values 

yielded the result that 48-wire FDS models have higher values for both parameters than the 

64-wire FDS models. Therefore, it is essential to observe the results to see whether the higher 

shear stress values and shear strain rate values existing in 48-wire FDS models also exert 

supraphysiological values to larger volumes.  
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Figure 3.21. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 1 after 48 and 64 wire FDS implantations 

The amount of blood volume for each time step that are exposed to 10 Pa above shear stress 

when the blood passes through stent struts at the neck region is calculated. Then percentages 

of blood volumes exposed to supraphysiological forces to total blood volumes are calculated. 

Plotting the results for patient 1, Figure 3.21 is obtained which shows almost 20 percent and 

over 35 percent of blood volume which are exposed to supraphysiological forces are existent 

for 48-wire and 64-wire FDS models, respectively. For both models reaching their peak at 

peak systole instance, the 64-wire FDS implanted model yielded more than 15 percent higher 

supraphysiologic force-induced volume than the 48-wire FDS model. Having the main 

differences during systole moments, 64 wire FDS model has equal or higher aggravated 

blood volume throughout the cycle. This shows that more blood volume exposed to 

supraphysiological forces exists at 64 wire FDS model, and therefore more vWF multimers 

are being activated for the same model.  
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Figure 3.22. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 2 after 48 and 64 wire FDS implantations 

Patient 2 has a higher aggravated blood volume percentage with 64-wire FDS treated model 

compared to the 48-wire FDS. The difference between the two models is observed at around 

4 percent, which makes 48-wire FDS almost 25 percent less than the 64-wire FDS model. 

Even though the shear stress and shear strain rate values are much higher with 48-wire FDS 

implantation, the blood volume exposed to supraphysiological forces is higher for 64-wire 

FDS. Having almost one-fifth of the total volume of blood being aggravated due to 

supraphysiological forces at peak systole instance shows the above threshold values 

presented in earlier sections are not merely existent in an infinitesimal region. 
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Figure 3.23. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 3 after 48 and 64 wire FDS implantations 

Patient 3 yielded the highest percentages among the other two ICA patients. Similar to the 

other two patients, 64 wire FDS model has more blood volume being exposed to 

supraphysiological forces. Reaching a 60 percent aggravation rate, patient 3 has more blood 

volume with activated vWF than inactive ones for systole instances. Implantation of 48-wire 

FDS indeed returns lower aggravated blood volume, but almost 50 percent of blood volume 

exposed to supraphysiological forces exists during peak systole. This patient also has more 

vWF-activated blood volume after the implantation of 64-wire FDS.  

After inspecting the percentages obtained for patient 3, it is clear that there tends to be a 

higher supraphysiologic shear force induced amount of volume for higher maximum shear 

stress values for ICA patients.  
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Figure 3.24. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 4 after 48 and 64 wire FDS implantations 

Patient 4 has a much lower percentage of blood volume exposed to supraphysiological forces 

than ICA patients. This is due to having much smaller neck areas for MCA patients. 

Compared to ICA, less blood with high shear stress is passing through for MCA patients, 

but also this leads to having smaller inflow regions. Therefore, percentages are dropping as 

well for MCA patients. Treatment done with 64-wire FDS causes higher blood volume 

which is being exposed to supraphysiological forces than the results of 48-wire FDS. This 

difference is largest during peak systole, as expected. Therefore with Figure 3.24, it can be 

seen that the implantation of 64-wire FDS results in more activated vWF multimers.  
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Figure 3.25. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 5 after 48 and 64 wire FDS implantations 

Having the highest shear stress and shear strain rate values in this study, patient 5 has a lower 

percentage of blood volume that is exposed to supraphysiological forces to total blood 

volume when compared with all ICA patients. This shows the importance of inspecting the 

blood volume above threshold shear stress values. By doing that, it can be understood that 

more vWF multimers are being activated for ICA patients due to a greater amount of blood 

volume above 10 Pa shear stress values. Simulation results with 64 wire FDS model show 

that more blood volume have aggravated values than 48-wire FDS treatment.  
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Figure 3.26. Percentage of blood volume exposed to supraphysiological forces to total 

blood volume at neck region for patient 6 after 48 and 64 wire FDS implantations 

Patient 6 has second to lowest shear stress values, as shown earlier. Plotting Figure 3.26 

reveals the case where patient 4 has slightly higher blood volume which is exposed to 

supraphysiological forces, meaning more vWF is being activated compared to their domain 

volumes. This proves the importance of inspecting the aggravated blood volume percentage 

and not settling to calculating the shear values solely. Because ICA patients' higher shear 

stress values align with having a higher percentage of blood volume that is exposed to 

supraphysiological forces to the total blood volume for each patient's neck region FDS 

volume. 

Overall, it can be seen that ICA aneurysm models have larger percentages of blood exposed 

to supraphysiologic forces than MCA patient models. This is caused by the larger aneurysm 

diameter, which has a wider neck for ICA patients. When a wide neck diameter exists, the 

blood volume that is exposed to supraphysiological forces is calculated to be larger in 

amount, but also the region it occupies overall in the neck domain is getting larger. Similarly, 

MCA models having smaller neck diameters yield a lower percentage of exposed blood 

volume to total blood volume. Patient 5 has the highest maximum shear stress and shear 
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strain rate values in this study; but nevertheless, it has lower percentage value compared to 

patient 2, which has the lowest shear values within ICA patients. As shown earlier, patient 

4 had the least shear stress and shear strain rate values compared to the two MCA patients. 

Nonetheless, FDS implantation for patient 4 causes a higher percentage of blood volume to 

have supraphysiologic shear values compared to patient 6. 

For all the patient models where 64-wire FDS is implanted, the percentage of blood volume 

exposed to supraphysiologic forces to total blood volume is greater than 48 wire FDS 

models. Earlier it was found that shear values are greater for the 48 wire FDS model. 

However, having more wires affects the dimensions of the region where blood can be 

exposed to supraphysiologic forces, thus increasing the percentage of blood volume exposed 

to those forces. This can be due to the EMSA values being different between 48 and 64-wire 

FDSs. With this investigation, another aspect of vWF activation is pointed out. Even though 

this margin is not huge for MCA patients, for ICA patients with larger neck diameters, the 

difference can go more than 15 percent between the two FDSs for the same patient. This 

shows the importance of wire numbers in FDS types.  

 

Figure 3.27. Blood particles exposed to supraphysiological forces for ICA patients with the 

same alignment as DSA images 
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High shear-induced regions on the stent domain are constructed and shown in Figure 3.27 

and Figure 3.28. Dark red colored volumes represent blood particles that have 10 Pa and 

higher shear stress values. These figures are taken in the same format as DSA images that 

are available in this study. For ICA patients, it can be seen that the blood volumes that are 

exposed to supraphysiological forces exist with large and distinctive inflow and outflow 

regions. Due to the greater size in ICA patients, the amount of blood particles under 

supraphysiological force exertion is higher for ICA patients. Other than having an insight on 

the inflow and outflow regions, it is important to see how high shear stress existing blood 

particles aggregate in each other's vicinity. 

 

Figure 3.28. Blood particles exposed to supraphysiological forces for MCA patients with 

the same alignment as DSA images 

As shown in the previous section, it is already known that the ratio of the blood volume 

which is exposed to supraphysiological forces to total blood volume is lower for MCA 

patients. In Figure 3.28, it can be seen how the blood particles which are being exposed to 

supraphysiological forces exist during peak systole instances for each patient.  
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Figure 3.29. Blood particles exposed to supraphysiological forces for ICA patients from a 

close-up view 

Close-up views are constructed to have an even better understanding of how the blood 

particles entering and leaving the aneurysm through the FDS struts induce high shear stresses 

in the inflow and outflow regions. For supraphysiological particles, where they are 

aggregated at some locations, struts are almost fully colored dark red. That shows that even 

away from the walls of the FDS, the shear stress values are above 10 Pa. 
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Figure 3.30. Blood particles exposed to supraphysiological forces for MCA patients from a 

close-up view 

3.4. PREDICTION OF RUPTURE-PRONE REGIONS 

3.4.1. Time-averaged wall shear stress 

TAWSS contours are taken to observe the distribution of shear stress on the walls of the 

whole model. A surface group is constructed to investigate each model's average shear stress 

globally. TAWSS provides insight into the model, which shows the locations affected by 

excessive stress levels. In each model, it can be seen that supraphysiological levels of time-

averaged shear stresses are obtained. For convenient comparison, each model's minimum 

and maximum value range is set as 0 and 10 Pa, respectively. Each contour is constructed at 

the last time step of the third cycle of the heartbeat. This way the effect of the wall shear 

stress averaged in time is obtained on the walls of the artery and aneurysm for each 

simulation. 



66 

 

 

Figure 3.31. TAWSS contours of ICA patients for each model 

In the results of patient 1 shown in Figure 3.31, the shear stress values throughout the model 

without an implanted stent are in the proximity of the supraphysiologic shear stress threshold 

of 8 to 10 Pa. Those values increase dramatically with the implantation of FDS for both 48-

wire and 64-wire FDS. The regions with excessive average shear stress values for the no-

stent model get changed slightly after an FDS implantation. High shear stress locations for 

both 48-wire and 64-wire models are impacting with much higher stress levels compared to 

the untreated model, but the affected regions seem like as if they are similar. These regions 

can be called rupture-prone regions as they do not change with the implantations of FDS, 

but the intensity of shear forces increases to pathological levels. 

Similarly, for patients 2 and 3, the distribution of high shear locations is almost the same 

regardless of FDS implantations. The elevated levels of average shear stress values are 

obtained after the blood flow encounters with FDS, which is called the distal of the artery. 

This aggravation in shear stress through distal shows the change in blood flow characteristics 

due to the existence of an aneurysm. The blood flow that leaves from the aneurysm with and 

without an FDS is altered to cause higher shear stresses. Indeed, in the FDS implanted 
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models, the dramatic increase in time-averaged shear stress locations point out the rupture 

prone zones. Wall shear stress levels on the aneurysm are never reaching supraphysiological 

shear force levels. This is valid for all ICA models with each stent variation. 

 

Figure 3.32. TAWSS contours of MCA patients for each model 

The simulation results obtained from MCA models show some differences compared to the 

ICA models (Figure 3.32). One striking difference is that the high shear stress locations are 

not only through the distal but also existing at the proximal of the artery. An important reason 

for this is the presence of branching in the middle cerebral artery next to the inlet of the 

aneurysm. The increased shear stress regions in no stent cases for each patient and the 

increase in shear stress values of those regions are showing similarity with the ICA models. 

The rupture-prone zones in MCA models exist in more locations than in the ICA models. 

3.4.2. Oscillatory shear index (OSI) 

When a disturbance in the flow exists, the OSI parameter is used to describe that disturbance. 

Ranging from 0 to 0.5, where 0 indicates a low oscillatory flow and 0.5 indicates a high 
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oscillatory one. High oscillatory flow means that the direction of the WSS vectors are almost 

180 degrees changed in direction. Any change occurring in wall shear stress magnitude and 

direction can be inspected through OSI. This is a valuable information to have, considering 

if low WSS exists in the same region where OSI is known to be high, this circumstance 

increases the occurrence of rupture by weakening the artery wall [83]. Results for each 

patient with no stent implantation, 48 and 64-wire FDS implanted models were compared to 

investigate the behavior of shear stress and oscillations in it. All calculations are made at the 

last time step of each simulation to inspect the behavior throughout three cardiac cycles. 

 

Figure 3.33. Oscillatory shear index contours of patients 1, 2, and 3 without FDS 

implantation, 48 and 64 wire FDS implantations 

The model with no stent implanted for patient 1 shows high oscillatory shear stress behavior 

on the aneurysm wall and several regions at the proximal and distal. After FDS treatments, 

high OSI values drop on aneurysm wall significantly, shown in Figure 3.33. At proximal the 

change in wall shear stress oscillations is minimal. The OSI intensity is increasing at distal 

after FDS treatments, near already high oscillatory regions before FDS treatment model. 

Patient 2 has a different case by having an increase in OSI on the aneurysm wall after the 
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implantation of 48-wire FDS. The oscillatory shear behavior existing on the aneurysm wall 

for the before treatment case decreased after 48-wire FDS implantation, leading to non-

effected areas becoming high OSI regions. 64-wire FDS treatment method lowered the OSI 

values on the aneurysm wall significantly. There is no significant change in fluctuation for 

distal with all the models of patient 2. 

OSI values on the aneurysm wall are lower following FDS treatments. The dominant area of 

oscillatory flow existing on the aneurysm wall became smaller post treatments. The 

significant influence of FDS implantations happens at the distal side of the aneurysm neck. 

Results obtained from each simulation show that for ICA patients, OSI levels drop on 

aneurysm wall after FDS treatments for most cases. The tendency of oscillatory shear 

stresses stayed similar at distal after FDS treatments were done for ICA patients. 

 

Figure 3.34. Oscillatory shear index contours of patients 4, 5, and 6 without FDS 

implantation, 48 and 64 wire FDS implantations 

Forming OSI contours for patient 4 shows a decrease in fluctuations in shear stresses on the 

aneurysm wall after FDS treatments. At proximal and distal OSI values stayed quite similar 
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for before and after treatment models. Patient 5 contours with FDS treatment show a small 

decrease in OSI on the aneurysm wall for high OSI regions, whereas an increase around the 

low OSI zones exists. There is almost no difference in oscillatory flow at the distal and 

proximal. Lastly, for patient 6 each model showed nearly identical results along the domain. 

Nevertheless, there is a slight difference in the aneurysm wall where the high OSI region 

before treatment shrunk minimally with both FDS implantations. Overall oscillatory shear 

stresses tend to stay similar for MCA patients along the domain with a slight improvement 

on the aneurysm wall, and no significant increase at distal is obtained. It is expected to have 

less oscillatory flow occurring for MCA aneurysms which are smaller than ICA aneurysms 

and tend to rupture at significantly lower rates [120].  

3.4.3. Maximum WSS values for the artery in a cycle 

Through TAWSS contours, it is explained that high shear stress regions for before FDS 

implanted models at proximal are increasing their shear stress values while slightly 

increasing in the area which affects the arterial wall. Maximum wall shear stress values are 

obtained for each time step for the third cardiac cycle for each model to show this increase 

after an FDS treatment in this study. The importance of this is to show intensifying shear 

stresses on the so-called rupture-prone regions with numerical values. In the case of vWF 

activation, the importance is not dire whether shear stress on the blood has a value slightly 

above 15 Pa or 50 Pa; for example, the main concern is that the activation occurs after 

exceeding the threshold value of 10 Pa. On the contrary, in the case of wall shear stress at 

the artery wall, higher the shear stress, greater the chance of rupture. Therefore, having 

intensified shear stresses on already high-shear existing regions cause concern with the 

implantation of FDS.  

Obtaining the maximum WSS values at artery walls throughout the third cardiac cycle is 

done by removing the aneurysm from each patient’s geometries. An example of the 

aneurysm removal for Patient 1 is presented in Figure 3.35. The location of where the 

aneurysm got removed from the domain is determined according to the FDS location at the 

neck region. This gives a clear indication in determining where aneurysm region starts to 

erupt from the artery. Remaining domain consists of only the artery which is necessary to 

obtain the maximum WSS values at artery walls of each patient. 



71 

 

 

 

Figure 3.35. Patient 1 geometry with and without aneurysm 

 

Figure 3.36. Shear stress values at the artery wall for patient 1 

Results presented in Figure 3.36 indicate the increase in maximum shear stress values on 

ICA for patient 1 following the FDS implantations. Higher shear stress values at the 
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aneurysm neck region after 48-wire FDS treatment compared to 64-wire FDS seems to be 

transmitted to the wall shear stress values at the artery wall. Implantations of both FDSs lead 

to a more than 25 percent increase in shear stress during peak systole instances.  

 

Figure 3.37. Shear stress values at the artery wall for patient 2 

Similar to patient 1, an increase in wall shear stress at the artery wall for patient 2 is evident 

after receiving FDS treatment. It is particularly important to observe the rise for patient 2 

following FDS treatments, where contours showed almost identical high TAWSS regions. 

This proves an increase in shear stress values after treatment for the same rupture-prone 

regions that existed before treatment. Another important argument can be made about 

whether the shear stress values occurring at the aneurysm neck are somehow related to the 

shear stresses at artery walls. Shear stress values obtained for the neck regions for patients 1 

and 2 are quite different, where patient 1 has over 30 Pa more shear stresses available at 

systole. However, comparing their wall shear stress values at their artery wall does not 

indicate such difference, which can be seen by looking at both Figure 3.36 and Figure 3.37.  
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Figure 3.38. Shear stress values at the artery wall for patient 3 

Wall shear stress values in Figure 3.38 show the increase with FDS implantations like the 

other ICA patients. The difference between 48 and 64-wire FDS implanted models is quite 

small compared to patients 1 and 2's cases. The maximum wall shear stress values for patient 

3 are lower for each time step in the cycle compared to patient 1 and 2. Conclusively, 

implanting FDS increases maximum wall shear stress values at artery walls for every ICA 

patient and the level of shear stresses available at aneurysm neck does not determine the 

level of wall shear stresses at artery wall. 
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Figure 3.39. Shear stress values at the artery wall for patient 4 

There is no significant increase in maximum wall shear stresses after the implantation of 

both FDSs. An increase exists, highest during peak systole; however, it is not as high as for 

ICA patients. Interestingly as plotted in Figure 3.39, the higher maximum wall shear stresses 

are available after 64-wire FDS implantation.  
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Figure 3.40. Shear stress values at the artery wall for patient 5 

Patient 5 has the highest maximum wall shear stress values at the artery wall, like for shear 

stress values at the neck of the aneurysm. Following the treatment with 48-wire FDS, 

maximum wall shear stress values are higher than the 64-wire FDS implanted model. This 

shows a similar result to the ICA patients, where maximum wall shear stresses increase 

significantly at the artery wall after FDS implantation. 
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Figure 3.41. Shear stress values at the artery wall for patient 6 

Lastly, the data plotted in Figure 3.41 shows an almost 50 percent increase after the treatment 

of 64-wire FDS when compared to 48-wire. Both FDS implantations increase maximum wall 

shear stresses at the artery wall. Similar to patient 4 and different than patient 5, higher wall 

shear stresses are reached with the implantation of 64-wire FDS. In summary, the results 

obtained for MCA patients show an increase in maximum wall shear stress values after 

receiving FDS implantations. Unlike ICA patients, the shear stress levels available at the 

aneurysm neck region may indicate the level of wall shear stress at the artery wall.  

3.5. DIFFERENT EFFECTS OF IMPLANTING 48 AND 64-WIRE FDS 

Throughout the study main importance has been proving the increase in shear values due to 

FDS implantations, and a comparison has been provided between 48 and 64 wire FDS 

models. Initially, all these patients already have pathological flow due to the existence of 

cerebral aneurysms they have, and they need a treatment where FDS is currently the most 

prominent endovascular treatment way of cerebral aneurysms (121). Therefore, it is crucial 
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to select the most effective type of FDS with the least number of complications arising after 

its implantation, such as vWF activation.  

Inspecting the maximum shear stress and shear strain rate values of the FDS with 48 wires 

resulted in higher values for both ICA and MCA patients. Later, solely focusing on this 

aspect became not enough as the activation of vWF already takes place by exceeding 10 Pa 

and 5000 s-1 for shear stress and shear strain rate, respectively, further increase after the 

threshold values does not change the situation for the very activated vWF multimers. 

However, the amount of blood volume with supraphysiological shear values is critical for 

the patient. Analyzing the percentage of blood volume that is exposed to supraphysiological 

forces to total blood volume showed that the 64-wire FDS implanted models had a higher 

volume of blood which had supraphysiological forces being exerted on in percentage 

compared to the models where 48-wire FDS implantations took place. Even though the 

EMSA values are kept at 65 percent for each model, having more wires at the neck region 

of the aneurysm resulted in more blood particles being exposed to supraphysiological forces 

compared to each patient's own total available blood volume.  

Table 3.5. Maximum shear stress values and the difference between different FDS 

implantations for each patient 

Patient # 

48 Wire FDS 

(Pa) 

64 Wire FDS 

(Pa) 

48 vs. 64 

(%) 

Patient 1 88.62 87.92 0.79% 

Patient 2 52.66 30.35 42.4% 

Patient 3 143.7 124.9 14.9% 

Patient 4 36.86 32.57 13.2% 

Patient 5 349.7 340.7 2.64% 

Patient 6 39.18 35.68 9.81% 

 

A comparison between 48 and 64-wire FDS implantations on shear stress is made in Table 

3.5. The percentage differences in maximum shear stress values with different FDS 

implantations are shown in that table. The main reason for not having a pattern to the percent 

differences between the three ICA patients and the three MCA patients is the morphology 
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difference for each patient. The angle of the artery where the aneurysm was formed plays a 

crucial role in changing the catalog porosity of the FDS.  

Table 3.6. Maximum shear strain rate values and the difference between different FDS 

implantations for each patient 

Patient # 

48 Wire FDS 

(s-1) 

64 Wire FDS 

(s-1) 

48 vs. 64 

(%) 

Patient 1 15359.40 14359.40 6.96% 

Patient 2 9197.94 8616.86 6.74% 

Patient 3 21516.70 19716.70 9.13% 

Patient 4 5925.84 5441.60 8.90% 

Patient 5 57259.40 51335.40 11.54% 

Patient 6 11197.94 9797.94 14.29% 

 

Maximum shear strain rate values are higher with the 48-wire FDS treatment method. The 

difference between the same MCA patients with different FDS models is slightly higher than 

those of ICA patients.  

3.6. FLUID FLOW CHARACTERISTICS IN THE ANEURYSM SAC 

Dynamic viscosity (µ) is an important parameter to investigate in order to observe the 

stagnant regions inside the aneurysm [38]. Stagnation occurrence in the aneurysm sac is a 

desired result following FDS implantation. Through this parameter, mesh independency is 

done in this thesis work, and the behavior of the blood flow can be inspected before and after 

the implantations of FDSs. It is expected to have low dynamic viscosity in the aneurysm due 

to the high amount of fluid flow entering and leaving the aneurysm with high velocities 

before the treatment. After the implantation of an FDS, it is desired to have higher dynamic 

viscosity inside the aneurysm sac due to the majority of the flow being diverted to the artery. 

Therefore, this parameter is used as one of the several ways to determine the effect of the 

blood flow occurring in the aneurysm sac. The reason to have these contours in this study is 

to inspect the correctness of the constructed fluid domains because even though an FDS does 
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not work efficiently enough to help cure the aneurysm, there will surely be a difference in 

the blood flow.  

Implanting different FDSs can lead to significant differences in dynamic viscosity in the 

aneurysm sac. However, in this study's case, less than a 5 percent difference is available for 

every patient between 48 and 64 wire FDS treatments. This is due to the fact that keeping 

the porosity values at 65 percent for both FDS models. Another benefit of not looking merely 

into the blood flow characteristics but inspecting what happens to blood particles themselves 

can be seen in this situation. 

 

Figure 3.42. Dynamic viscosity contours of patients 1 and 2 without FDS treatment and 48 

and 64-wire FDS implantation 

Dynamic viscosity contours of patients 1 and 2 are presented in Figure 3.42. The immediate 

effect of both FDS implantations on blood flow is prominent. The increase in dynamic 

viscosity shows the effectiveness of the implanted FDSs for both patients. The stagnations 

occurring for each model with both patients are different due to the efficiency of the same 

FDS models on different patients. This is due to the changes in EMSA values caused by 

different artery morphologies.  
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Figure 3.43. Dynamic viscosity contours of patients 3 and 4 without FDS treatment and 48 

and 64-wire FDS implantation 

A slight increase in dynamic viscosity occurs for patient 3 after FDS treatments. The level 

of improvement is less compared to the first two patients. Patient 4 has dynamic viscosity 

change after receiving treatment as well. The stagnant region starts to exist with diastole, but 

after a new cycle begins, it vanishes with systole.  
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Figure 3.44. Dynamic viscosity contours of patients 5 and 6 without FDS treatment and 48 

and 64 wire FDS implantation 

Patient 5 has the least change in dynamic viscosity after getting FDS implantations. This 

should be expected, considering this patient's excessive maximum shear stress and shear 

strain rate values. This also shows that the higher flow of the fluid in velocity is related to 

dynamic viscosity, which yields higher shear values, which are also dependent on the age of 

the patient and artery diameter.  
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4. CONCLUSION 

The influence of FDS implantation on blood passing through stent struts into the aneurysm 

after FDS implantation was investigated in ways never done before. Six patients with ICA 

and MCA aneurysms, three each, were investigated with and without FDS treatment. The 

goal was to observe a greatly impacted blood flow where dramatic increase in shear stress 

and strain rate values would exist which is known to be causing AvWD through reducing 

vWF activity. The results obtained from patient specific fluid flow domains prove the 

increase in shear stress and shear strain rate following FDS treatment for all ICA and MCA 

patients in this study. DSA images retrieved from the hospital enabled the construction of 

those patient specific geometries where highly sensitive artery diameter, aneurysm height 

and aneurysm neck diameter values are calculated. After generating the patient specific CAD 

models, virtual stent implantation of the FDS implantation made it possible to physically 

place the FDS models to each patient. With that, varying patient morphologies and their 

various geometrical effects on FDS struts and neck region porosity were observed. Building 

the fluid domain with patient specific Womersley velocity profiles, defining blood as a non-

Newtonian fluid and constructing the remaining boundary conditions realistically makes it 

possible to investigate FDS implantation with different FDS models to different artery and 

aneurysm morphologies. The power of CFD comes in comparing different treatment type 

reactions on the same patient where in reality one patient can only get once, an unchangeable 

FDS treatment with a life-lasting duration.  

Simulation results have been obtained for all three ICA and three MCA patients and 

processed. For every patient in the vicinity of the peak systole, shear stress and shear strain 

rate values exceeded their threshold values of 10 Pa and 5000 s-1, respectively. This leads to 

the conclusion that FDS implantation was directly related to supraphysiological shear force 

occurrences being exerted on blood vessels. The vWF multimer activation was proved 

numerically which causes delayed intracranial aneurysmal or parenchymal hemorrhages due 

to cleaved vWF proteins that lead to AvWD. These results are crucial for surgeons and 

radiologists to relate the FDS implantation and two complications of delayed aneurysmal or 

parenchymal hemorrhages within thirty days even for patients which had successful 

treatments initially. The results presented in several different ways for both shear stress and 

shear strain rate values. Curved planes on the FDS neck region showed inflow and outflow 
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regions clearly where shear forces became the highest. Vertical planes perpendicular to the 

aneurysm proved the effect of FDS on shear strain rate and the increasing behavior of shear 

strain rate when the fluid comes closer and merely passes through the FDS struts. Surfaces 

were generated on the fluid domain walls to investigate the WSS on artery wall, OSI and 

TAWSS on whole fluid domain walls. WSS values calculated on artery wall to inspect any 

shear stress and strain rate increase on the distal of ICA or MCA artery to comment on the 

relation of this with the parenchymal microhemorrhages. OSI and TAWSS values are 

calculated for the whole cycle on the domain walls. The existence of low WSS values and 

high OSI values in the same region are observed for every patient. This situation increases 

the likelihood of rupture.  

The percentage of blood particles exposed to supraphysiological forces for ICA and MCA 

patients compared to the total flowing blood was calculated. The importance of this 

investigation was calculating how much of the blood in the flow increased its shear stress 

and shear strain rate values to pathological levels after interacting with FDS wires. This 

proves the shear stresses and strain rates are exceeding for a large amount of blood flow and 

not barely exceeding over threshold values in only peak systole instances. This was a crucial 

result, as not only do higher shear forces affect blood vessel but also higher shear forces 

affect more blood vessels. This eventually leads to more vWF multimers getting elongated, 

cleaved and evidently getting reduced in their activity to not be able to act as the clotting 

agent for aggregated thrombi. As a future work, calculating the blood volume which was 

induced by supraphysiologic forces may lead to obtain how many vWF multimers get 

activated in a cardiac cycle. With that there can be a calculation to define a numerical 

threshold of activated vWF multimers. This can be a category in preliminary tests for patients 

before FDS treatment to reduce complications. 

Investigation of TAWSS and OSI values show the striking effect after FDS treatment where 

the walls of the whole fluid domain having high shear stresses and shear strain rates before 

treatment have much higher shear values on the same regions for each patient. These regions 

are named as rupture prone regions in this study and classify highly sensitive regions on the 

distal of the artery walls where rupture was most likely to occur. Second to the delayed 

aneurysm hemorrhage complication, delayed parenchymal microhemorrhage complication 

type following FDS treatment within thirty days may be linked with this characteristic of 

rupture prone regions on artery walls. However, the models available in this study cannot 
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specifically prove the relation between this complication type with the obtained rupture 

prone regions available on the artery distal. As another future work, the distal side of ICA or 

MCA geometries can be included in the fluid flow domain with longer branches of the artery 

system. Because this possible relation was not known before this study, the distal side of the 

artery was taken from the DSA data in a way to reduce the number of mesh elements for the 

domain and to prevent excessive computational times of the simulations. Inspecting OSI and 

TAWSS regions on the patient specific domains present an important finding where low 

shear stresses and high OSI values existing on the same places of the domain walls create a 

circumstance where rupture risk is greatly increased. This is a widely known and accepted 

case which can most likely also be a supplementary finding for delayed hemorrhages 

following FDS treatment.  

Results for giant ICA aneurysms align with the hypothesis of exceeding threshold values for 

shear stresses and shear strain rates activating vWF multimers. Significantly smaller MCA 

aneurysms with more than half the height and neck diameter of ICA aneurysms, show the 

similar behavior of having increased shear forces following FDS treatment. This was a 

highly important result testifying the supraphysiological forces being reached for MCA 

aneurysms as well at similar risk levels after FDS implantation on the contrary where it was 

thought that aneurysm neck diameters larger than 8 mm would lead to delayed bleeding due 

to vWD following FDS treatment.  

Hypothesis of having FDS treatment with different wire numbers leading to significantly 

varying effects on hemodynamics was investigated in this thesis as well. Comparisons 

between both 48 and 64 wire FDS treatments for the same patient show that there are indeed 

significant differences in hemodynamics. These differences are consequent between every 

ICA and MCA patient overall, though the 48 wire FDS model causes higher shear stresses 

and shear strain rates. Even though the porosity values are the same for both 48 and 64 wire 

FDS implanted in the same patient, different shapes of struts are formed by each patient 

morphology. The angle difference between wires with unlike strut shapes leads to a distinct 

opening area values. The value of the difference between junction angle between two wires 

for two different FDS convincingly have an influence on the shear stress and shear strain 

rate differences for 48 and 64 wire FDS as well. Smaller angles at the wire junctions most 

likely lead to higher shear stresses and strain rates due to the smaller areas existing with 

smaller angles at the wire junctions. However, comparing the percentage of blood volumes 
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which are exposed to over the threshold shear stresses and strain rates show the higher 

volume of vWF activation with 64 wire FDS for the same patient. Having higher shear stress 

and strain rate values may be less significant compared to having more blood vessels affected 

from the exceeding of the shear threshold levels. The main reason behind this was due to 

having too high of a shear stresses or shear strain rates may not have more severe effects 

compared to a lower shear stress or strain rate value, considering both values being over the 

threshold values. However, having excessive shear forces for bigger blood volume could 

mean more blood vessel undergoing supraphysiological shear forces and therefore more 

vWF multimers getting activated and cleaved, impacting the clotting effectiveness and 

capability within the blood flow. Conclusively, the 48 wire FDS choice was more beneficial 

than 64 wire FDS. Maximum shear stress rates are indeed higher at 48 wire models, but each 

patient had a larger blood volume that was exposed to supraphysiological forces with 64 

wire FDS treatments. Also, the difference in maximum shear stress and shear strain rates is 

less important than more blood volume having activated vWF multimers. Having a 

hemodynamically worse case by stents with higher wire numbers, multiple stent 

implementation may increase the shear stress and strain values even higher and may 

aggravate a greater volume of blood. Therefore, affecting less amount of blood by 48 wire 

FDS implantation, it was more beneficial to consider and choose FDS models with less wire 

numbers considering the desired porosity levels being reached. 

Conclusively, this research points out the FDS treatment’s direct effect on reducing vWF 

activity by increasing the shear stresses and shear strain rates greatly above the physiological 

levels and converting the blood flow into a pathological one leading to type 2A AvWD. Next 

to the main inspection of vWF activity, supplementary searches conducted in this thesis 

present two major outcomes. Inspecting the shear stress and strain rate changes during a full 

cardiac cycle for the total blood volume showed not only an instantaneous activation of vWF 

but also the volume percentage of how much blood had become aggravated. The other 

important finding was that shear stresses effect a similar area where in the same region the 

tendency for the directional changes of the shear stresses for each patient resulted in being 

called as rupture prone regions on the distal of the artery.  
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