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ABSTRACT 
The r upture of  a  c erebral a neurysm can ha ve de vastating effects, with hi gh rates of  

morbidity a nd mo rtality a ssociated w ith th e event. A pproximately 1 2% o f p atients 

who s uffer a  s ubarachnoid ha emorrhage due  t o t he r upture of  a n a neurysm di e 

immediately, a further 40% die within one month and one third of those that survive 

are l eft w ith n eurological d efects. Although t he e xact m echanisms behind t he 

formation, growth and rupture of  a neurysms a re unknow n, i t i s b elieved t hat a  

combination of  geometric, morphological an d haemodynamic f actors may p lay an  

important role. The primary aim of this research was to investigate the links between 

geometric features and the mass transport of blood-borne species, and their combined 

relationship with cerebral aneurysm growth and rupture potential.  

Improved imaging techniques have allowed for better detection of unruptured cerebral 

aneurysms. However, the management of unruptured aneurysms, which are estimated 

to af fect 5 -8% of  t he po pulation, is di sputed and current i ntervention methods carry 

substantial risks for the patient. Currently, the decision to treat patients is based on the 

likelihood of  a neurysm rupture, thus i dentifying f actors t hat can  ad equately i ndicate 

aneurysm rupture potential is paramount to distinguishing patients at need of surgical 

or endovascular i ntervention f rom those who can undergo observation. However, a n 

issue w ith m any of  t he pa rameters pr eviously shown t o ha ve a  r elationship w ith 

rupture i s t hat t hey c annot be  di rectly m easured u sing t ypical i maging t echniques. 

Consequently, t his s tudy investigated t he i nfluence of  r adiologically r elevant a nd 

measurable pa rameters on a neurysm r upture i n or der t o de termine i f g eometric 

features could be used to predict aneurysm rupture potential. A study of 168 pa tient-

specific c erebral an eurysms s uggested t hat aneurysm r upture r isk i s i ncreased f or 

aneurysms of the posterior circulation, bifurcating in shape, with increasing tilt angle 

and with increasing aspect ratio.  

Computational fluid dynamics has become a popular tool for haemodynamic studies of 

cerebral a neurysms. C urrent s tudies f ocus m ainly on f actors s uch a s i nflow j ets, 

impingement sites, wall shear stress and oscillatory shear index: however, few studies 

address t he i nfluence of  t he m ass transport of  bl ood-borne s pecies o n a neurysm 

rupture. C omputational a nalysis of  m ass t ransport of  t he bl ood-borne s pecies 

adenosine triphosphate carried out on a sample set of 12 patient-specific aneurysms of 

both l ateral and b ifurcating s hape. A s pecies concentration t hreshold i s introduced, 

which indicates the amount of the aneurysm dome that is exposed to concentrations at 
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1%, 5% , 10%  a nd 20 % l ess t han t he i nlet c oncentration, s uggesting a n unde r-

expression of  vi tal bl ood-borne s pecies. T he c omputational a nalysis id entified 

aneurysms t hat d emonstrated ar eas o f r educed co ncentration as a r esult o f t heir 

geometric configuration. Statistical analysis was carried out on the results and rupture 

probability equations were developed based on t he species threshold values, allowing 

for t he pr ediction of  t he r upture s tatus of  a n a neurysm t o be  m ade ba sed on t he 

concentration distribution seen within the dome.  

Results from the geometric and mass transport studies were tested on a n independent 

cohort of ten patient-specific aneurysms, where the rupture status of 8/10 (80%) of the 

cohort were correctly predicted by the rupture probability equation based on a species 

threshold of  1% . F urthermore, a c ombined r upture pr obability equation, de veloped 

based o n g eometric f eatures a nd t he 1%  s pecies c oncentration t hreshold l ed t o t he 

rupture status of 7/10 (70%) of the aneurysms being correctly predicted.  

In pr evious C FD s tudies, i dealised m odels were i nitially us ed t o i dentify general 

trends in aneurysm haemodynamics. Idealised models can neglect s ignificant aspects 

of the geometry such as aneurysmal blebs and irregularities of the aneurysm wall, and 

so i n r ecent years a s hift has been m ade t owards t he u se o f patient-specific models. 

Patient-specific s imulations can  b e computationally expensive a nd require l arge 

amounts of medical imaging and flow data, and so in this study it was investigated if 

representative m odels a re a v iable alternative. T hese r epresentative models w ere 

developed based on key geometric measurements taken from patient-specific models, 

and w ere ba sed on t wo l ocations w ithin t he C oW: t he oph thalmic s egment of  t he 

internal carotid artery, representing typical lateral shaped aneurysms, and the sylvian 

bifurcation, r epresenting bi furcation/terminal t ype a neurysms. R esults from ma ss 

transport a nalyses w ithin i dealised, pa tient-specific an d r epresentative m odels 

demonstrated th at while r epresentative mo dels may neglect a spects o f the p atient-

specific geometry such as aneurysmal blebs o r undulations, improved information is  

gained compared to simplified, idealised models in the mass transport of blood-borne 

species within cerebral aneurysms.  

Overall, t his s tudy i ndicates t hat aneurysm rupture r isk m ay b e i nfluenced b y t he 

amount of the aneurysm dome that is exposed to a species concentration less than 1% 

of the inlet concentration. The results and conclusions presented throughout this thesis 

contribute a dvancements t o r esearch i n bot h e xperimental a nd c omputational 
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approaches, increasing our knowledge of the factors that influence cerebral aneurysm 

rupture potential and may aid in the development of improved aneurysm rupture risk 

assessment me thods, u ltimately imp roving c linical ma nagement o f th is d evastating 

disease. 
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Cerebral aneurysms are defined as a swelling or dilation of the arterial wall within the 

cerebral v asculature. T ypically s accular i n s hape, c erebral an eurysms are u sually 

found w ithin t he c ircle of  W illis. T he r upture of  a  c erebral a neurysm c an ha ve 

devastating effects, with up to 12% of patients dying immediately, while a further 40% 

die w ithin one  m onth of  r upture. Of t hose t hat s urvive, up t o 30%  s uffer s evere 

neurological defects. Although techniques such as clipping, coiling, and more recently 

flow di verting s tents h ave b een s uccessful i n t he t reatment o f an eurysms, t he r isks 

associated with interventional treatments is significant. As a result, the importance of 

aneurysm rupture r isk analysis i s cl ear, with recent research into cerebral aneurysms 

focusing on the determination of factors that indicate whether an aneurysm is at risk of 

growth or rupture.  

This s tudy be gins w ith a n e xtensive r eview of  e xisting l iterature a nd r esearch i nto 

cerebral aneurysms and their rupture. F irstly, the l iterature review describes cerebral 

aneurysms a nd t he s urrounding c erebral va sculature. C urrent f ormation, growth a nd 

rupture t heories of  c erebral aneurysms are o utlined, a nd t he classification of  

aneurysms i n p revious studies i s pr esented. C urrent i nterventional t echniques ar e 

compared and contrasted. Results from previous computational analyses investigating 

the f low w ithin c erebral a neurysms a re out lined, a nd a  d escription of  pr evious 

experimental studies and the development of experimental models, flow systems and 

investigation of mass transport are presented. Chapter 2 concludes with a description 

of the overall aims and objectives of the study.  

Chapter 3 i ntroduces t he da tabase o f pa tient-specific a neurysms u sed in  th is s tudy, 

followed b y a  de scription of  t he c lassification o f th e aneurysms in to d ifferent 

categories based on their geometric and morphological features. The technique used to 

extract key geometric measurements is described, before the development of idealised 

and representative versions of patient-specific geometries for computational analysis is 

discussed.  

In Chapter 4, the concept of numerically modelling the mass transport of blood-borne 

species w ithin c erebral aneurysms i s i ntroduced. Initially, t he m ethods d eveloped t o 

present the unwrapped WSS and concentration plots are out lined, and the governing 
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equations applied to this s tudy are presented. Subsequently, a  detailed review of  the 

assumptions, boundary conditions and flow parameters adopted in the fluid flow and 

mass t ransport analyses is provided. The chapter concludes with a  description of  the 

process of mesh generation and a grid independency study.  

In order to ensure the computational methods employed in this study are appropriate, 

an e xperimental va lidation of  t he m ass t ransport of  bl ood-borne s pecies within tw o 

lateral cerebral aneurysms was carried out, which i s presented in Chapter 5 . Using a  

dye density technique, the distribution of species within two experimental models was 

investigated and compared to computational results.  

The s tudy described i n C hapter 6 out lines a n i nvestigation i nto t he relationship 

between geometric parameters and ce rebral aneurysm growth and rupture. S tatistical 

analysis of the relationship between key geometric and morphological features of 168 

patient-specific a neurysms i s c arried out , be fore t he r esults a nd t he i mplication on 

current rupture risk techniques are discussed.  

Computational analysis into the mass transport of blood-borne species within cerebral 

aneurysms, and the relationship between results and aneurysm rupture is investigated 

in C hapter 7.  A  s tudy is c arried out  t o e stablish i f t he r epresentative ge ometries 

developed i n C hapter 3  c an a ccurately pr edict the m ass t ransport di stribution s een 

within p atient-specific a neurysm geometries. T he i nfluence o f di fferent blood-borne 

species on m ass t ransport i s s imulated. Lastly, r upture pr ediction models a re 

developed that indicate whether an aneurysm is at risk of rupture based on the amount 

of the aneurysm dome that is exposed to an under-expression of blood-borne species. 

Chapter 8 introduces a cohort of 10 patient-specific cerebral aneurysms that have their 

rupture s tatus bl inded i n or der t o carry out  a  test of  t he vi ability of  the r upture 

prediction m odels de veloped i n C hapters 6 a nd 7. E ach r upture pr ediction m odel i s 

tested on the blind cohort, and the ability of the prediction model to accurately predict 

the growth or rupture status of the blind study geometries is investigated.  

Although e ach c hapter includes a  di scussion o f t he m ethods us ed a nd t he r esults 

gained from the different aspects of the study, an overview of the results and the effect 

that t hey m ay ha ve on  g rowth a nd r upture pr ediction is pr esented i n C hapter 9. 

Limitations of the study are also discussed, and recommendations for future work are 

made.
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2.1 Introduction 

The f ollowing lite rature r eview is  d ivided in to th ree ma in s ections. F irst, the 

background and motivation for the study are supplied, with an introduction to arteries, 

the cerebral vasculature and cerebral aneurysms given. Theories behind the formation, 

growth a nd r upture o f a neurysms a re di scussed, a nd c ommon i nterventional 

procedures a re p resented. T he s econd s ection out lines pr evious studies of  

computational mo delling o f c erebral aneurysms, w ith f low h aemodynamics, th e 

representation o f t he arterial w all and m ass t ransport s tudies di scussed. T he final 

section de scribes pr evious e xperimental s tudies of  a neurysms, with m odel 

development, f low s ystems a nd m ass t ransport s imulations a re di scussed. T he 

literature review concludes with a description of the aims and objectives of the current 

study.  

 

2.2 Biological Study  

2.2.1 Structure of the Artery Wall 

Arteries are cylindrical tubes that transport oxygenated blood away from the heart to 

deliver essential nutrients t o or gans a round t he bod y. D ense i n s tructure, a rteries 

contain a hollow lumen that allows a pathway for blood to flow through. As illustrated 

in Figure 2.1, healthy arteries are composed of three distinct layers – the tunica intima, 

the tunica media and the tunica adventitia, each of which has a s eparate and specific 

function. 
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Figure 2.1: Structure of an elastic artery (Holzapfel and Gasser 2000) 

 

The innermost la yer o f t he a rtery is  called th e tu nica in tima o r in timal layer, and is  

composed of a single layer of endothelial cells and a sub-endothelial layer containing 

connective tissue, elastic fibrils and bundles of collagen. The endothelial layer acts as 

a protective barrier, limiting some blood-borne species from entering the arterial wall. 

The intima is  separated from the medial layer by the internal elastic lamina ( IEL), a  

layer o f e lastic f ibres. T he tu nica me dia o r me dial la yer is  the mid dle la yer o f th e 

artery and i s c omposed of  l ayers of  s mooth muscle c ells, e lastin a nd bundl es o f 

collagen fibrils. The medial layer is the thickest layer and determines the mechanical 

properties, giving strength, resilience and load-bearing ability to the artery. The medial 

and ad ventitial l ayers a re s eparated b y another l ayer o f el astic fibres k nown as  t he 

external elastic lamina (EEL). The outermost layer of the artery, the tunica adventitia 

or a dventitial l ayer, i s c omprised of  f ibroblasts, f ibrocytes a nd c ollagen fibres. It i s 

surrounded b y l oose c onnective t issue, s tabilising t he artery within t he bod y 

(Holzapfel and Gasser 2000, Lasheras 2007).  

Vital nutrients and oxygen are supplied to the artery wall via diffusion from luminal 

blood flow to the intimal layer and the inner layers of the media, while the outer layers 

of the media and the adventitial layers are supplied by the vasa vasorum. This complex 

network of small blood vessels delivers nutrients to the walls of larger arteries, while 

removing waste products that have either been produced by cells or diffused through 

the main vessel wall (Ritman and Lerman 2007).  
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Arteries a re t ypically s ubdivided i nto t wo m ain t ypes – elastic and m uscular. I n 

general, elastic arteries are found closer to the heart and have a larger lumen than their 

muscular counterparts. Further di fferences are found within t he medial l ayer: e lastic 

arteries tend to have a thick, highly developed medial layer with a main component of 

elastin, w hile th e me dial la yer o f mu scular a rteries is  c omposed a lmost e ntirely o f 

smooth muscle cells (Gussenhoven et al. 1989). Although the walls of cerebral arteries 

are s imilar in  their organisation and composition to  muscular arteries throughout the 

body, they differ in their s tructure and elasticity. Arteries of the cerebral vasculature 

possess lo wer le vels o f e lastin in  th eir medial layer, ha ve t hinner a dventitial l ayers, 

have m edial d efects o r discontinuities an d can  l ack an  i nternal o r ex ternal el astic 

lamina, al l features which are believed to make cerebral ar teries more susceptible to 

the f ormation of  a neurysms (Bacigaluppi et al. 2014, Holzapfel a nd G asser 2000 , 

Lasheras 2007, Mehra et al. 2011).  

 

2.2.2 Cerebral Vasculature and the Circle of Willis 

The human brain, while accounting for only approximately 1.5% of total body mass, 

accounts f or almost one  f ifth of  t he bod y’s ox ygen consumption (Levick 2010 ). An 

adequate blood supply t o t he brain i s essential i n order t o a llow i t t o function a t i ts 

maximum c apacity and to a void c erebral i njury. S ufficient bl ood flow i s pr ovided 

through an intricate network of arteries that sits at the base of the brain, known as the 

circle of Willis (see Figure 2.2).  

 
Figure 2.2: Location and geometry of the circle of Willis 
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As discussed by Alastruey et al. (2007), in an anatomically complete circle of Willis 

(CoW) blood is supplied from th ree ma in in lets – the le ft a nd r ight in ternal carotid 

arteries (ICA) and the anastomosis of the left and right vertebral arteries (VA) into the 

basilar ar tery ( BA). T he ICAs b ifurcate t o f orm t he l eft an d r ight m iddle cer ebral 

(MCA) a nd a nterior cerebral ( ACA) a rteries, which s upply bl ood t o the a nterior 

circulation within the cerebral vasculature. The posterior circulation is supplied by the 

bifurcation of the basilar artery into the left and right posterior cerebral arteries (PCA). 

The a nterior and pos terior c irculations a re connected t hrough t hree communicating 

arteries: the single anterior (ACoA) and left and right posterior communicating arteries 

(PCoA). Several minor efferent vessels are also found within the CoW, including the 

anterior choroidal a rtery (AChA), t he s uperior c erebellar artery (SCbA) a nd t he 

anterior inferior cerebellar artery (AICbA). The anterior and posterior cerebral arteries 

are often further subdivided into the A1 and A2, and P1 and P2 segments respectively. 

The A1 segment represents the section of the artery proximal to the ACoA, while the 

A2 segment refers to the artery distal to the ACoA. Similarly, the P1 segment is found 

proximal t o the PCoA while t he P2 segment i s found di stal t o t he PCoA. The main 

arteries of the circle of Willis are illustrated in Figure 2.3.  

 
Figure 2.3: Main arteries of the circle of Willis 

 

One of the main advantages of the ring-like structure of the CoW is that in the event of 

an obs truction oc curring i n one  or  m ore bl ood ve ssels i n t he c erebral c irculation, i t 

supplies c ollateral bl ood flow to the ef ferent vessels on t he de prived s ide, e nsuring 
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adequate blood flow to the brain. However, studies have demonstrated the high level 

of m orphological v ariation i n t he C oW, w ith a pproximately 50%  of  t he popul ation 

possessing a  c omplete CoW. T he r emaining 5 0% pos sess a t l east on e a bsent o r 

hypoplastic artery (Alastruey et al. 2007).  

 

2.2.3 Cerebral Aneurysms 

Cerebral o r i ntracranial an eurysms ar e b alloon-like s wellings o r d ilations o f th e 

arterial w all, f ound w ithin t he cer ebral v asculature. T hey are common l esions, 

occurring i n 1 -5% o f a ll a dults in  th e U nited S tates. A lthough th e ma jority o f 

aneurysms a re s mall a nd do not  r upture, rupture c an l ead t o a s ubarachnoid 

haemorrhage ( SAH), w hich i s a n e xtremely s erious c ondition. T he m ortality r ate 

associated with SAH following aneurysm rupture is 50%, with a 50% morbidity rate 

for those that survive (Ma et al. 2004). It is believed that less than 1% of aneurysms 

rupture a nnually, yet t he de mand for i mproved r upture p rediction a nd preventative 

intervention t echniques i s i ncreasing (Jeong a nd Rhee 2012 ). T he f ollowing section 

describes the theories behind the formation of cerebral aneurysms, their classification 

based on l ocation, t ype, s ize, m orphology a nd s hape, t he m echanisms be hind 

aneurysm rupture, and the current treatment techniques in use. 

 

2.2.3.1 Formation Theories 

The p athogenesis o f cerebral aneurysms h as l ong b een d ebated. A lthough t he ex act 

mechanisms behind their formation remains unknown, recognised risk factors for the 

development of cerebral aneurysms include hypertension, smoking and family history 

(Meng et al. 2007), along with congenital risk factors associated with diseases of the 

connective t issue, a dult pol ycystic ki dney di sease, f ibromuscular d ysplasia, M arfan 

syndrome, E hlers-Danlos s yndrome a nd pi tuitary gland tumours (Bacigaluppi et al. 

2014, Schievink 1997, Wiebers et al. 2004). Cerebral aneurysm formation is thought 

to b e a  mu ltifactorial p rocess in volving f low h aemodynamics, w all b iomechanics, 

mechanobiology and the intracranial environment (Sforza et al. 2009).  

Cerebral f low haemodynamics i s one o f t he most r ecognised f actors as sociated w ith 

aneurysm f ormation w ith t he i nteraction be tween ha emodynamic forces, bi ology o f 

the v essel w all a nd th e imp act o n th e me chanics o f th e w all a ll h ypothesised to  
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contribute t o t he f ormation, g rowth a nd r upture of c erebral a neurysms (Meng et al. 

2011, Sforza et al. 2009). A neurysms a re t ypically f ound a long a rterial cu rves, 

branching poi nts a nd a t bi furcations - all ar eas t hat ar e ex posed t o i ncreased 

haemodynamic s tress. Although i t ha s be en s uggested t hat t he i mpacting f orce of  

blood f low i nduces a  l ocal pr essure e levation t hat m ay contribute t o a neurysm 

development (Foutrakis et al. 1999), studies have shown that the increased pressure at 

flow imp ingement s ites is  in significant (Hashimoto et al. 2006). Instead, w all s hear 

stress (WSS), the frictional force created by the flow of blood tangential to the vessel 

wall, is considered to be an important factor in cerebral aneurysm initiation (Boussel et 

al. 2008, Mantha et al. 2006, Meng et al. 2011).  

Although ph ysiologically normal levels of  W SS ha ve be en s hown to pr omote 

endothelial c ell s urvival, va sodilation a nd a nticoagulation (Paszkowiak a nd D ardik 

2003), h igh l evels o f W SS ar e as sociated w ith ex tracellular m atrix (E CM) 

degradation, IEL damage, cell death and vascular remodelling (Meng et al. 2013). Due 

to t he c omplexity of  t he g eometry o f a rterial br anch poi nts a nd b ifurcations, 

asymmetric va scular r emodelling c an o ccur, l eading t o a n out ward bu lging of  t he 

artery wall or the formation of a pre-aneurysmal bleb. Once this bleb starts to develop, 

the distal neck of the growing aneurysm is under continuous high pressure and shear 

stress, one of the main elements of vascular remodelling. This increased stress causes 

endothelial cells to be either activated or damaged, further causing the accumulation of 

inflammatory cells at the site. When this inflammation becomes more intense, some of 

the main structural components of the arterial wall can become damaged or destroyed, 

leading to  a neurysm r upture. T his imp lies th at a n important as pect o f an eurysm 

formation is a prolonged concentrated area of outward vascular remodelling, coupled 

with inflammation (Hashimoto et al. 2006).  

It h as a lso be en s uggested t hat t he pr esence of  bl ood-borne s pecies s uch a s l ow-

density l ipoproteins ( LDLs) m ay pl ay a  role in t he g enesis a nd de velopment of  

aneurysms. A  c omputational s tudy w as unde rtaken b y Wada a nd Karino ( 2000) in 

which the flow and mass t ransport o f LDLs in arterial segments was examined. The 

vascular endothelium has been shown to be a semi-permeable membrane which only 

allows t he p assage o f water an d water-dissolved i ons, r estricting t he transport of  

certain l arger m olecules s uch a s l ipoproteins. A s a  r esult, a f low de pendent 

concentration or  de pletion of  pr oteins c an oc cur a t t he bounda ry b etween t he 

endothelium a nd bl ood flow, w hich i n t urn a ffects t he t ransport of  l ipoproteins. In 
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areas of h igh shear s tress, i t i s suggested that a  depletion of  these molecules occurs, 

leading to the formation of cerebral aneurysms.  

Hypertension ha s be en pr oposed a s a  c ontributing f actor t o c erebral a neurysm 

formation due to its influence on the endothelium, the vasa vasorum and the balance of 

collagen an d elastin i n t he ar terial w all. T he as sociation b etween t hese f actors an d 

their r elationship w ith a neurysm f ormation is  ill ustrated in  Figure 2.4. It i s e vident 

from pr evious s tudies t hat t he f ormation of  c erebral a neurysms i s c omplex, w ith 

several different factors contributing to the intricate process.  

 

Figure 2.4: Proposed mechanisms of development for cerebral aneurysms (Inci and Spetzler 2000) 

 

2.2.3.2 Classification 

Cerebral an eurysms ca n b e cl assified b ased o n m any v ariables, b ut t ypical 

characteristics us ed i nclude t heir l ocation, t ype, s ize, an atomical ch aracteristics an d 

shape. T he f ollowing s ection de scribes t he di fferent c lassifications us ed w ithin e ach 

characteristic category. 

 

Location 

Cerebral an eurysms t end t o d evelop i n ar eas s uch as  at  b ifurcations, ar terial b ranch 

points and along curved arteries, rather than along straight arterial segments (Brisman 
9 
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et al. 2006, Schievink 1997). It has been reported that the majority of aneurysms are 

found in the anterior circulation, particularly at the junction of the ICA and the PCoA, 

the ACoA and along branching points of  the MCA. Within the posterior circulation, 

aneurysms a re t ypically f ound a t t he ba silar bi furcation or  at t he pos terior i nferior 

cerebellar artery. M ultiple an eurysms are f ound i n 2 0-30% of  pa tients (Schievink 

1997).  

In 1998, r esults f rom t he International S tudy of U nruptured Intracranial A neurysms 

(ISUIA), a study assessing the natural history of unruptured aneurysms, indicated that 

of the overall 1937 aneurysms analysed, the majority could be found at the MCA and 

the ICA. For ruptured lesions, the International Subarachnoid Aneurysm Trial (ISAT) 

investigated the efficacy of treatments on 2143 ruptured aneurysms, with the ACA and 

ICA being the most prevalent locations of aneurysms. The distribution of aneurysms 

from these studies is illustrated in Table 2.1. 

Table 2.1: Distribution of  un ruptured a nd r uptured c erebral a neurysm (ISAT C ollaborative G roup 
2002)   

Location 
Distribution of Aneurysms 

ISUIA (n = 1937, unruptured) ISAT (n = 2143, ruptured) 
Cavernous Carotid Artery 256 (13.22%)  
ICA 413 (21.32%) 698 (32.57%) 
ACoA/ ACA 177 (9.14%) 1084 (50.58%) 
MCA 585 (30.20%) 303 (14.14%) 
PCoA 299 (15.44%)  
Vertebrobasilar/ PCA 120 (6.20%)  
Tip of BA 87 (4.49%)  
Posterior Circulation  58 (2.71%) 
 

Type 

Cerebral an eurysms ar e typically s eparated i nto t hree t ypes – saccular, fusiform and 

dissecting. S accular or  berry a neurysms a re di stinguished b y a ba lloon-like out -

pouching of  the artery wall with a  defined neck or  opening. Saccular aneurysms are 

the most c ommon, r esponsible f or 80 -90% o f a ll cer ebral an eurysms (Mehra et al. 

2011). Fusiform aneurysms are described as spindle shaped, with a swelling occurring 

on both sides of the artery, and lacking a distinct neck. Dissecting aneurysms, which 

occur m ore r arely, h ave a  s plit or  di ssection of  t he i nner l ayer of  t he vessel w all 

causing blood to leak into the outer layers of the artery (Lasheras 2007, Mehra et al. 

2011). 
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Size 

Aneurysms can also be classified according to their size dimensions. When classifying 

with respect to size, results are typically reported in millimetres and refer to the largest 

diameter w ithin th e a neurysm d ome (Mehra et al. 2011). T here exists s ome 

inconsistency w ith r egards t o t he g rouping of  a neurysms w ith r espect t o s ize, w ith 

studies reporting different group categories. Similarly, when reporting the neck size of 

aneurysms, s ome i nconsistency i s f ound b etween a uthors w ith regards to t he s ize 

groupings. Reported size categories are presented in Table 2.2.   

Table 2.2: Aneurysm size classification. All units in mm. 

Study Size Classification Neck Size Classification 

Hademenos et al. (1998) 

Small (<12) 
Large (≤25) 
Giant (>25) 

Small (≤4) 
Wide (>4) 

Parlea et al. (1999)  
Small (≤4) 
Large (≥4) 

Jou et al. (2003) 

Large (10-25) 
Giant (>25)  

Choi and David (2003) 

Small (<10) 
Large (<25) 
Giant (>25)  

J. R. Cebral et al. (2005b) 

Small (≤5) 
Medium (>5 and ≤15) 
Large (>15)  

Campi et al. (2007) 

Small (≤5) 
Medium (6-10) 
Large (≥11) 

Wide (>4) 

Baumann et al. (2008) 

Small (≤10) 
Large (11-25) 
Giant (≥25)  

Meyers et al. (2009) 

Small (≤5) 
Medium (5<x<15) 
Large (15≤x<25) 
Giant (≥25) 

Small (≤4) 
Wide (>4) 

Mehra et al. (2011) 

Small (<10) 
Large (10-25) 
Giant (>25) 

Wide (>4 or Dome-to-Neck Ratio of  
≤2) 

Ujiie et al. (1999) Small (<5) 
Large (>5)  

 

Anatomical Classification 

Further c lassification of  a neurysms can be  c arried out  ba sed on t heir anatomical 

characteristics, n amely t heir mo rphology, lo cation w ith r espect to  th e p arent a rtery, 
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and t he a ngle m ade w ith t he pa rent a rtery. T he m orphology of  a n a neurysm i s 

described as  the relationship b etween t he an eurysm and t he parent artery an d i ts 

branches; Juan R . C ebral et al. (2005) categorise an eurysms i nto f our d ifferent 

morphology types – lateral, bifurcating, terminal and fusiform - while Liou and Liou 

(1999) include the terminal-shaped aneurysms in the bifurcating category.  

The location of the aneurysm with respect to the parent vessel e.g. inner, outer, side, 

inline, is  a lso in cluded in  th e a natomical d escription of  a neurysms. F urthermore, 

aneurysms can be classified based on the angle made between the aneurysm dome and 

the parent artery vessel, with three categories described – acute, orthogonal and obtuse 

(Juan R. Cebral et al. 2005). These classifications are illustrated in Figure 2.5.  

 
Figure 2.5: Aneurysm C haracterisation ( A) morphology ( B) i nclination o f a neurysm with r espect t o 
parent artery and (C) angle of aneurysm with respect to parent artery (Juan R. Cebral et al. 2005) 
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Shape 

The aneurysm sac can be divided into different regions. Ujiie et al. (1999) subdivided 

the aneurysm into the orifice (the opening at the entrance to the aneurysm), neck (the 

area within 30% of the aneurysm’s length from the orifice) and dome (the main body 

of the aneurysm, more than 70% of the aneurysm’s length from the orifice). Similarly, 

J. R. Cebral et al. (2005a) subdivided the regions within an aneurysm into the neck, 

body and dome. Dividing the overall aneurysm sac into regions, such as illustrated in 

Figure 2.6, a llows f or m ore concise a nalysis of f low i mpingement l ocations a nd 

rupture sites.   

 
Figure 2.6: Regions within an aneurysm (J. R. Cebral et al. 2005a) 

 

The a neurysm s ac can c ontain l obulations, a lso know n a s bl ebs o r da ughter 

aneurysms, w hich c an be  us ed w hen de scribing t he s hape o f t he a neurysm. 

Hademenos et al. (1998) define t he s hape a s either uni lobular ( circular or ova l) or  

multilobular, while Parlea et al. (1999) classified their database of saccular aneurysms 

into s imple-lobed, l obulated a nd c omplex.  S imple-lobed r efers t o p ear-shaped, 

spherical an d b eehive-shaped a neurysms w ith or  w ithout a  l obulation, w hile a  

description of  l obulated i ndicates t he pr esence of  a t l east one  bl eb w ith a  s ize 

comparable t o t he ove rall a neurysm a nd c omplex indicated a  pa rtially t hrombosed 

aneurysm.  

Many studies have described the aneurysm sac based on shape parameters. One of the 

main parameters used to describe the shape of an aneurysm is the aspect ratio, defined 

as the ratio of the height of the aneurysm to the neck diameter (Baharoglu et al. 2010, 

Dhar et al. 2008, Ma et al. 2004). It has been suggested that aspect ratio may correlate 

with aneurysm rupture, a theory that will be discussed in Section 2.2.3.3. Raghavan et 

al. (2005) de fine s everal pa rameters t o de scribe t he s hape of  t he a neurysm. T he 
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undulation index, a description of the degree of surface concavity, is determined using 

the c onvex hul l, w hich r epresents t he s mallest vol ume t hat i ncludes t he e ntire 

aneurysm v olume w hile s till r emaining c onvex a t a ll p oints. T he e llipticity in dex, 

determined using the volume and convex hull surface area, describes the deviation of 

the c onvex hul l f rom a perfect he misphere. T he non -sphericity i ndex r epresents t he 

deviation of  t he aneurysm f rom a  s phere w hile t he aneurysm w all c onicity i s a  

measure o f t he l ocation of  t he l argest bul ge in t he a neurysm. Additionally, t he 

bottleneck factor defines how much the neck acts as an obstruction to incoming blood 

flow an d t he w all cu rvature d efines ar eas o f t he w all as  concave, co nvex o r s addle 

(convex from one plane and concave from another).  

 

2.2.3.3 Rupture 

The ru pture o f a  c erebral aneurysm can  l ead to a  s ubarachnoid ha emorrhage, a 

devastating e vent w ith h igh mo rtality r ates (Lall et al. 2009). It is  b elieved th at 

approximately 12% of patients who suffer a SAH due to the rupture of an aneurysm 

die instantly, before receiving medical attention. A further 40% die within one month, 

and of those that survive, more than 30% suffer severe neurological defects (Schievink 

1997). As  a r esult of  t he hi gh m orbidity and m ortality associated w ith a neurysm 

rupture, de termining t he f actors t hat c ause a nd contribute t o r upture ha s be come a n 

important focus of cerebral aneurysm research. 

It is generally believed that the rupture of an aneurysm is found at areas of localised 

wall weakness and is caused by the wall tension or stress exceeding the wall strength 

(Cebral and Raschi 2013, Costalat et al. 2011, Jeong and Rhee 2012, Lu et al. 2008). 

However, t he m echanisms be hind t he weakening o f t he a neurysmal wall a nd t he 

changes f ound w ithin t he e nvironment of  t he a neurysm t hat c ontribute t o r upture i s 

unknown. As with aneurysm formation, several mechanisms have been suggested to 

play a r ole i n a neurysm g rowth a nd rupture, including ha emodynamics, a neurysm 

location and geometric and morphological parameters. 
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Flow Haemodynamics 

It is widely accepted that the environment created due to flow haemodynamics within 

an a neurysm c ontributes s ignificantly t o growth a nd r upture (Cebral et al. 2011b, 

Sforza et al. 2009, Steinman et al. 2003). Improvements i n i maging t echniques ha s 

allowed for image-based computational fluid dynamics (CFD) studies to be carried out 

using pa tient-specific a neurysm m odels f or i nvestigation i nto t he r ole of  

haemodynamics in aneurysm rupture (Taylor and Figueroa 2009). In particular, wall 

shear stress (WSS) has been proposed as an important mechanism. However, there is 

contention regarding whether it is high or low WSS that triggers the events associated 

with rupture.  

Recently, Meng et al. (2013) proposed that rather than aneurysm growth and rupture 

being i nfluenced b y e ither hi gh o r l ow W SS, i t m ay b e i nfluenced by bot h, a s 

illustrated in Figure 2.7. It is suggested that low WSS combined with low oscillating 

shear stress, caused by slow-moving recirculation zones within the aneurysm sac, can 

prompt an i nflammatory response b y the endothelial cells, leading to  degradation o f 

the extracellular matrix and eventually causing negative wall remodelling, growth and 

rupture. High WSS and positive WSS gradient, on the other hand, may be caused by 

impinging flow within the aneurysm, resulting in a mural rather than an inflammatory 

cell-mediated negative wall remodelling pathway.   

 

Figure 2.7: Role of high and low wall shear stress in aneurysm formation, growth and rupture (Meng et 
al. 2013) 
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Numerous ot her ha emodynamic f actors ha ve a lso be en s uggested t o c ontribute to  

rupture. In a qua litative ha emodynamic analysis s tudy o f 210 pa tient-specific 

aneurysms, Cebral et al. (2011c) classified the blood flow within the aneurysms based 

on (1) flow complexity: simple or complex, (2) f low stability: stable or unstable, (3) 

inflow concentration: concentrated or diffuse and (4) flow impingement zone: small or 

large w ith r espect t o t he ar ea o f the aneurysm. Results showed s tatistically d ifferent 

haemodynamic characteristics be tween r uptured a nd un ruptured aneurysms, with 

ruptured l esions m ore l ikely t o ha ve complex f low, uns table f low pa tterns, 

concentrated inflow jets and small impingement regions. Further studies on the same 

sample s et s howed th at a  c oncentrated in flow je t a nd  W SS d istributions w ith 

maximum WSS and low aneurysmal vi scous di ssipation can also be  associated with 

rupture (Cebral et al. 2011b).  

Also associated with a  higher r isk of  rupture i s the presence of  blebs or  lobulations, 

and i rregularly s haped aneurysms (Cebral a nd R aschi 2013 ). In a  s tudy of  110  

paraclinoid aneurysms, irregular-shaped aneurysms (i.e. containing blebs) were found 

to be s ignificantly correlated with increased rupture r isk (Liu et al. 2014). Similarly, 

Beck et al. (2003) found that multilobular aneurysms are significantly more common 

in ruptured than unruptured aneurysms, while Raghavan et al. (2005) postulated that 

the undulation index, a measure of the degree of surface concavity due to the presence 

of l obulations, m ay be  a g ood pr edictor of  r upture r isk.  T his i s r eported t o be  

attributed t o t he l ow va lues of  W SS f ound w ithin t he bl ebs of  r uptured a neurysms 

(Shojima et al. 2004), although Tateshima et al. (2003) observed high WSS within or 

adjacent t o t he an eurysmal b lebs ex amined in t heir s tudy. N evertheless, a neurysms 

that ha ve i rregular s urfaces c ontaining undul ations a nd bl ebs ha ve r epeatedly be en 

found to be at higher risk of rupture.  

 

Location 

The most common locations of cerebral aneurysm rupture within the CoW have been 

investigated by numerous previous s tudies, with disagreements arising as to whether 

ruptured aneurysms more frequently occur within the anterior or posterior circulation 

(Beck et al. 2006, Cebral a nd R aschi 2013 , Hademenos et al. 1998, Rinkel et al. 

1998). Beck et al. (2006) analysed t he di stribution of  155  saccular r uptured an d 

unruptured aneurysms throughout the cerebral vasculature and found that the majority 
16 

 



Chapter 2  Literature Review 
 
of ruptured aneurysms of <7mm in size were found within the anterior circulation. The 

site of  a neurysm r upture w ithin t he anterior c irculation ha s also b een i nvestigated, 

with an increased risk of rupture associated with the ACA and the ACoA (Cebral and 

Raschi 2013).   

In contrast t o t he r esults of  Beck et al. (2006), Hademenos et al. (1998) found t hat 

posteriorly l ocated aneurysms were more prone t o rupture t han those i n t he anterior 

circulation. Similarly, it has been reported that although aneurysms are less commonly 

found w ithin t he pos terior c irculation, t he r isk of r upture a ssociated w ith pos terior 

circulation a neurysms i s m uch hi gher t han ot her l ocations (Rinkel et al. 1998). 

Furthermore, i n a  r eview o f t he r isk f actors associated w ith cerebral an eurysms 

conducted b y Cebral a nd R aschi ( 2013), i t w as r eported t hat pos terior c irculation 

aneurysms a re a t hi gher r isk of  rupture, w ith t he most common l ocations as sociated 

with r upture s uggested t o be  t he b asilar t ip a nd t he or igin of  t he pos terior i nferior 

cerebellar artery. 

 

Geometric and Morphological Parameters 

The i nfluence of  geometric a nd m orphological parameters on a neurysm r upture ha s 

been investigated extensively (Dhar et al. 2008, Raghavan et al. 2005, J. Xiang et al. 

2011). U ntil r ecently, i t w as be lieved t hat a neurysm s ize c ould b e us ed t o pr edict 

rupture risk, with large aneurysms (>10 mm) reported to be at higher risk of rupture 

(Cebral et al. 2011b, ISUIA Investigators 1998 , Lall et al. 2009). However, more 

recent s tudies h ave es tablished t hat s ize al one i s n ot a r eliable p redictor, w ith small 

aneurysms <10mm found to rupture (Beck et al. 2006, Ohashi et al. 2004, Orz et al. 

1997, Rinkel et al. 1998, Ujiie et al. 2001) while large aneurysms remain unruptured. 

As a result, the importance of investigations into the influence of other geometric and 

morphological parameters on rupture risk has become more prevalent.  

One parameter that has consistently shown strong correlation with aneurysm rupture is 

the aspect r atio (Raghavan et al. 2005), t he r atio of  t he aneurysm he ight t o i ts neck 

width (see Figure 2.8). Ujiie et al. (2001) found s ignificant di fferences be tween t he 

aspect r atios of  r uptured a nd unr uptured a neurysms, w ith a pproximately 80%  of  

ruptured aneurysms having an AR >1.6 and almost 90% of unruptured lesions with an 

aspect ratio <1.6.  Lall et al. (2009) published results of  a  review of anatomical and 

morphological f eatures of a neurysms r eported i n l iterature a nd f ound t hat a lthough 
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differences i n aspect r atio values for r uptured a nd unr uptured aneurysms w ere 

statistically s ignificant in  several s tudies, there i s some disagreement with regards to  

the t hreshold v alue f or rupture pot ential. R esults i ndicate t hat a neurysms w ith a n 

aspect ratio AR >3 are at significant risk of rupture, while those with an aspect ratio 

<1.4 a less likely to rupture.  

 
Figure 2.8: Definition of aspect ratio 

 

Numerous other parameters have shown s trong correlation with rupture r isk, such as 

aneurysm size ratio, aneurysm angle, undulation index (UI), ellipticity index (EI), non-

sphericity index (NSI), and shape (Baharoglu et al. 2010, Dhar et al. 2008, Liu et al. 

2014, Raghavan et al. 2005, J. Xiang et al. 2011). A definition of the main parameters 

shown to be associated with rupture is presented in Table 2.3.  

Table 2.3: Non-exhaustive list of geometric and morphological parameters found to be associated with 
aneurysm rupture (EI = ellipticity index, NSI = non-sphericity index, UI = undulation index) 

Parameter Description 

EI Deviation of aneurysm c onvex hull ( smallest volume that fully e ncloses the 
aneurysm volume, convex to all points) from a hemisphere  

Inclination 
angle Angle at which the aneurysm tilts with respect to the incoming flow 

Inflow angle Angle between flow in the parent vessel and the axis of the aneurysm dome 
Irregular shape Aneurysms containing multiple irregularities due to the formation of blebs 
NSI Deviation of the aneurysm shape from a perfect hemisphere 
Size ratio Ratio of the maximum height of the aneurysm to the average vessel diameter 
UI Measure of the degree of aneurysm surface concavity 
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2.2.3.4 Interventional Procedures 

Aneurysms are unique to each patient, and so the choice of treatment varies depending 

on factors such as t ype, size, location and r isk of  rupture. There are several imaging 

techniques us ed t o de tect t he pr esence of  an a neurysm: c omputed t omography ( CT) 

angiography, m agnetic r esonance an giogram ( MRA) an d i ntra-arterial d igital 

subtraction angiography (Bederson et al. 2000, Brisman et al. 2006, Mehra et al. 2011, 

Vega et al. 2002) 

In the case of cerebral aneurysms, there are four main treatment options – observation, 

clipping, c oiling a nd f low di verting s tents. O bservation, or  m onitoring, i s t he us ual 

choice o f t reatment i n cas es w here t he r isks as sociated w ith s urgical tr eatment a re 

significantly hi gher t han t he r isk of  r upture of  t he a neurysm. O bservation, w hich 

involves regular physician visits and follow-up imaging, is often employed in the case 

of small aneurysms at low risk of rupture, in elderly people or in those with short life 

expectancies (Geyer and Gomez 2009). 

For aneurysms t hat pos e a  t hreat of  rupture, microsurgery with c lipping i s o ften 

employed. Under general anaesthetic, a cr aniotomy i s performed and a metal cl ip i s 

placed across t he ne ck of  t he a neurysm, r estricting t he f low of  bl ood i nto t he 

aneurysmal b ulge a nd excluding i t from th e ma in c irculation ( see Figure 2.9). T his 

immediately limits the growth of the aneurysm, reducing the risk of rupture, bleeding 

and regrowth. In 1990, a less-invasive alternative to clipping was introduced (Johnston 

et al. 2000). This method, known as endovascular coiling, involves small detachable 

coils, us ually m ade o f platinum, b eing in serted th rough a  mic ro c atheter u ntil th e 

aneurysm is densely packed. This aims to reduce or prevent the flow of blood into the 

aneurysm, t hus r emoving i t f rom t he c irculation. M ore r ecently, bi ologically a ctive 

coils have been introduced to induce thrombosis within the aneurysm, further ensuring 

occlusion from the parent artery blood flow (Brisman et al. 2006). 
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Figure 2.9: (A) Clipping and (B) Coiling of an Aneurysm (Johnston et al. 2000) 

 

The efficacy of clipping versus coiling has long been debated, with the risks associated 

with bot h di scussed. Although c lipping t ends t o ha ve l ow r ates o f r eoccurrence a nd 

rebleeding, it is seen as invasive, having the typical risks of surgery associated with it 

along with r isk of  i ncomplete oc clusion, a neurysm r ecurrence and haemorrhage. 

Furthermore, clipping of aneurysms of the posterior circulation poses difficulties due 

to t he n arrow a rteries and p resence o f p erforators (Mehra et al. 2011). While 

endovascular coiling is a less-invasive option, it is not always suitable, in particular for 

wide-necked an eurysms (Schievink 1997 ). T he c oiling pr ocess carries se rious r isks, 

including i ntra-procedural r upture, a rterial di ssection a nd pa rent-artery o cclusion. 

However, coiling also tends to have a lower rate of inpatient mortality, is a less costly 

treatment a nd in volves a  s horter hos pital s tay (Brisman et al. 2006). Studies ha ve 

suggested that endovascular coiling is significantly safer, less physiologically stressful 

and m ore e ffective t han s urgical c lipping (Brisman et al. 2006, ISAT C ollaborative 

Group 2002, Johnston et al. 2000, Johnston et al. 2001). 

However, endovascular treatment is not always suitable for the treatment of aneurysms 

such as fusiform, wide-necked, large or giant aneurysms due to their susceptibility for 

recurrence o r r ecanalization(Cebral et al. 2011a). As a  r esult, f low d iverting s tents 

have be en i ntroduced w ith t he a im of  redirecting t he f low of  bl ood a way f rom t he 

aneurysm, removing t he a neurysm f rom t he c irculation a nd p romoting t hrombosis 

within the aneurysm sac. An example of a flow diverting stent can be seen in Figure 

2.10.  

20 
 



Chapter 2  Literature Review 
 

 

Figure 2.10: Flow diverting stent device (Kallmes et al. 2007) 

 

2.3 Computational Studies 

The f ollowing s ection pr esents a r eview of  pr evious s tudies t hat ha ve us ed 

computational m ethods in t he a nalysis of  f low w ithin c erebral a neurysms. F irst, 

differences in haemodynamics as a r esult of the aneurysm geometric configuration is 

discussed, followed by characterisation of flow patterns found within aneurysms. The 

influence of the parent artery geometry on intra-aneurysmal flow is discussed, before 

previous s tudies of  t he m ass t ransport of  bl ood-borne s pecies w ithin the cer ebral 

vasculature are presented.     

 

2.3.1 Flow Haemodynamics 

As pr eviously di scussed, i t i s be lieved t hat flow ha emodynamics pl ay a n i mportant 

role i n c erebral a neurysm f ormation, gr owth and r upture r isk. A neurysms are 

commonly found along curved arteries and a t a rterial branch points and bi furcations 

(Lasheras 2007); thus, it is  believed that the curvature of the parent artery may play a 

role in the formation, growth and rupture of an aneurysm.  

Liou and Liao (1997) noted a lack of published information regarding the relationship 

between the curvature of the parent artery and cerebral aneurysm flow characteristics.  

Using particle track velocimetry (PTV) and flow visualisation, the authors investigated 
21 

 



Chapter 2  Literature Review 
 
pulsatile an d s teady f low f ields i n a l ateral an eurysm m odel, v arying t he v essel 

curvature to vessel diameter ratio. It was found from this study that the flow vorticity, 

velocity an d t he w all s hear s tresses al l i ncreased as  t he r adius o f cu rvature o f t he 

parent vessel was increased. Furthermore, it was suggested that a lateral aneurysm that 

forms on a straight vessel or one with a small degree of curvature tends to have intimal 

thickening a nd unde rgoes t hrombosis a s a  r esult of  t he l ow w all s hear s tress a nd 

velocities found within the sac, in contrast to aneurysms that form on a  more curved 

artery, w hich t end t o ha ve h igher v elocities and h igher w all s hear s tresses. R esults 

from th is s tudy s uggest that aneurysms th at f orm o n a rteries w ith a  la rger r adius o f 

curvature are more likely to become damaged, increasing risk of rupture.  

A computational investigation was carried out  b y Foutrakis et al. (1999) in order t o 

investigate t he h igh p ressures an d s hear s tresses t hat ar e as sociated with cu rved 

arteries a nd a rterial bi furcation, a nd t o e xamine t heir r elationship w ith a neurysm 

formation and growth. T wo main geometries were examined – a curved 90° arterial 

segment an d an ar terial b ifurcation. For th e curved a rterial s egment, th e first mo del 

involved the addition of  a  small aneurysmal bleb to the curved 90º arterial segment. 

Within the aneurysmal bleb, the fluid particles are initially aligned across the lumen at 

the pr oximal ne ck. It i s e vident f rom t he flow i mages ( see Figure 2.11) th at f low 

impinges on t he di stal ne ck be fore e ntering t he a neurysm. F ollowing c irculation 

through the bleb, the outer fluid particles re-enter the main arterial flow, while a small 

local r ecirculation r egion f orms w ithin th e b leb. T he lo cal p ressure in creases a t th e 

bend, an d a s econdary pressure i ncrease i s d etected at  t he d istal an eurysm n eck, 

suggesting th e d istal n eck is  s ubjected to  greater h aemodynamic s tress th an its  

proximal counterpart.  
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Figure 2.11: Velocity vector plot ( left) and particle paths (right) for curved arterial segment with (A) 
aneurysmal bleb and (B) saccular aneurysm (Foutrakis et al. 1999) 

 

The addition of a saccular aneurysm illustrated similar results to the aneurysmal bleb, 

with flow impinging on the distal aneurysm neck (see Figure 2.11). Flow recirculation 

occurs within the aneurysm dome, flowing in a direction retrograde to the flow in the 

main p arent ar tery. S low-moving f low recirculates t hrough t he a neurysm be fore r e-

entering th e ma in arterial f low. S imilar to  th e previous mo del, a n in crease in  lo cal 

pressure is found at the bend of the artery. However, a secondary pressure increase is 

not found a t the di stal neck, with a  constant pressure seen a long the aneurysm wall. 

Throughout t he c ardiac cycle, t he di stal ne ck i s e xposed t o i ncreased s hear, a gain 

suggesting th at th e d istal n eck is  s ubjected to  g reater h aemodynamic s tresses th an 

other locations within the aneurysm.  

An arterial bifurcation was altered to include an aneurysmal bleb in order to elucidate 

the haemodynamics du ring the formation of  an aneurysm. As can be  seen in Figure 

2.12, th e f luid p articles a re in itially a ligned a cross th e lu men o f th e p arent a rtery 

proximal to the location of the bifurcation. Flow impingement occurs at the side of the 
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larger daughter artery, w ith a  s tagnation point evident a t the dome of  the bleb.  T he 

side of the larger daughter vessel is the site of high-impact pressures of twice that of 

the luminal pressure in the parent vessel, with the aneurysm neck on t he s ide of  the 

smaller daughter branch being the location of the highest shear rates. Therefore, both 

sides ar e s ubjected t o i ncreased s tates o f h aemodynamic s tress – one a rising f rom 

pressure, the other arising from shear. 

 
Figure 2.12: Velocity vector plot ( left) and particle paths ( right) for curved arterial segment with (A) 
aneurysmal bleb and (B) saccular aneurysm and (C) saccular aneurysm with wide neck (Foutrakis et al. 
1999) 

 

The second bifurcation model incorporated a saccular aneurysm at the tip, in which a 

slow-moving a nti-clockwise r otating v ortex ca n b e s een w ithin t he an eurysm s ac. 

Virtually a ll o f th e f luid th at e nters th e s maller daughter ar tery first r ecirculates 
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throughout t he a neurysm. Little flow pe netrates de eply i nto t he aneurysm dom e, 

indicating an  i ncreased ch ance f or i ntra-aneurysmal t hrombus de velopment. H igh 

haemodynamic stresses are found at the aneurysm neck, suggesting the possibility of 

an increase in the aneurysm neck size over time.  

The f inal bi furcation model i ncreased the neck s ize of  t he aneurysm. S imilar r esults 

are seen in the previous bifurcation models, with flow entering the aneurysm close to 

the l arger d aughter a rtery a nd th e ma jority o f f low th at p asses in to the s maller 

daughter aneurysm first recirculating throughout the aneurysm dome. An increase in 

pressure is seen at the aneurysm neck on the side of the larger daughter artery, while 

higher shear rates are seen at the opposite side. It can also be seen that the amount of 

intra-aneurysmal f low i s i ncreased d ramatically when compared t o t he p revious 

narrow necked aneurysm, reducing the risk of thrombus formation.  

Further analysis has been carried out into the effects of aneurysm neck size and vessel 

curvature on t he ha emodynamics w ithin a n a neurysm i n a n attempt t o f urther 

knowledge on these parameters and their links to aneurysm growth and rupture (Hoi et 

al. 2004). During the course of the study, anatomically realistic aneurysm geometries 

were developed, and the range of  curvature of  the parent vessel and the neck size of  

the aneurysm were varied, while o ther p arameters were kept s table. The ten m odels 

developed were split into two groups – the first kept the neck size at 7.5mm with the 

curvature of the parent artery ranging from 0 t o 0.167 m m-1, while the second group 

varied the neck size from 6 to 9.56mm, with the curvature fixed at 0.083mm-1. It was 

found from this study that flow impingement tended to intensify with increasing parent 

artery curvature (see Figure 2.13).  
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Figure 2.13: Velocity ve ctors s een within a neurysms o f varying p arent a rtery c urvature (Hoi et al. 
2004) 

 

When the curvature of the parent artery was low or zero, f low was weakly entrained 

into the aneurysm, but as the curvature increased, the velocity profiles shifted towards 

the outer wall of the aneurysm, with a larger volume of blood impacting on the distal 

side of the aneurysm neck. A vortex formed within the aneurysm sac, with the distal 

neck acting as  a flow d ivider. Increasing t he arterial cu rvature i ncreased t he i mpact 

zone l inearly; t herefore more act ive v ascular r emodelling m ay b e s een, i ncreasing 

further growth of the aneurysm. Increasing the neck size caused the flow impingement 

to e nlarge t he i mpact z one, i ncreasing t he r isk of  a neurysm gr owth. T he s tudy 

concludes t hat a  l arge n eck s ize c oupled w ith a  hi gh de gree i n c urvature l eads t o a  

higher risk of continuous aneurysm growth.  

 

2.3.2 Flow Characterisation 

Through the use of 3D rotational angiography images, a database of over 200 patient-

specific m odels o f ce rebral an eurysms w as c reated w ith t he ai m o f s tudying an d 

characterising t he h aemodynamic en vironment of  a neurysms, i n or der t o f urther 

investigate t heir growth a nd r upture (Cebral et al. 2010). T he h aemodynamic 

environment of  t he a neurysms w ere c haracterised qua litatively t hrough t he vi sual 

inspection of blood flow visualisation using set properties: 
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(1) Flow complexity: simple flows contain only a single recirculation zone or 

vortex, while complex flows contain more than one vortex, along with flow divisions 

or separations within the aneurysm sac. 

(2) Flow stability: s table f low patterns are those that do not  move or  change 

during the cardiac cycle, while uns table f low p atterns have f low divisions or  vor tex 

structures that move, are created and/or are destroyed during the cycle. 

(3) Inflow Concentration: concentrated inflow jets tend to be thin or narrow 

and penetrate deep into the aneurysm sac, while diffuse jets are thicker and disperse 

once they enter the aneurysm. 

 (4) Flow impingement: a small flow impingement region is one in which the 

region where the inflow jet impacts on the aneurysm wall is small (<50%) compared 

to the overall aneurysm area, or large if it is large (>50%) compared to the aneurysm 

area. 

The results, which correlate well with previously published data, showed that ruptured 

aneurysms m ore c ommonly di splay c omplex f lows, uns table f low pa tterns, 

concentrated i nflows a nd s mall i mpingement regions w hen c ompared t o unr uptured 

aneurysms. Furthermore, it was found that ruptured aneurysms are typically larger in 

size and have larger aspect ratios than unruptured aneurysms.  

 

2.3.3 Influence of Parent Artery Geometry 

It h as b een s uggested t hat cu rvatures i n t he u pstream s egment o f t he parent artery 

vessel o f an eurysm g eometries i n C FD m odels p lay a r ole i n t he h aemodynamics 

within the aneurysm itself, due to the influence that the curvature might have on the 

inflow jet and zone of impaction on the aneurysm wall. As a result, the influence that 

the upstream parent ar tery has on the haemodynamics of intracranial aneurysms was 

investigated. In a  s tudy c onducted b y Castro et al. (2006), f our pa tient s pecific 

aneurysms (two of  t he ICA, one of  t he MCA and one  of  t he ACoA) were analysed 

using C FD. Models o f b oth th e o riginal a neurysm a long w ith th e p arent a rtery 

geometry, and a truncated model version were created and compared.  
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Figure 2.14: Visualisation of haemodynamics in a cer ebral artery aneurysm with (A) wall shear stress 
distribution i n t he o riginal model ( B) wall s hear s tress d istribution i n t he tr uncated m odel ( C) 
streamlines in the original model and (D) streamlines in the truncated model (Castro et al. 2006) 

 

It is evident from this study that the exclusion of the upstream parent artery geometry 

in CFD simulations tends to result in lower WSS values in the aneurysm wall, and the 

shifting of the flow impingement site away from the dome and towards the aneurysm 

neck. A n example of t his c an be  seen i n Figure 2.14. F urthermore, l ess co mplex, 

simplified flow patterns are seen in the truncated models, with arteries of more curved 

upstream g eometries showing s ignificant di fferences. Although it i s a cknowledged 

that the study does not define how much of the parent artery should be included, it is 

concluded by Castro et al. (2006) that it is necessary to include the upstream anatomy 

in a ny c omputational models i n or der t o a void i naccurate non -physiologic ne ar 

laminar inflow, such as that seen in the truncated models. 

 

2.3.4 Mass Transport 

Mass transport is the movement of species i.e. fluid, gas or solids, from an area of high 

concentration to an area of low concentration within a defined system, and can be as a 

result of  bot h di ffusion a nd c onvection. This m ovement c an be  p rovoked b y 

concentration g radients, but  t ypically i t i s due  t o c omplex f low d ynamics, s uch a s 
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within the vasculature. Mass t ransport can be broken into two main types within the 

cerebral vasculature – blood side mass transport (BSMT), and wall side mass transport 

(WSMT). Blood side mass transport refers to the transport of species within the lumen 

of the blood vessel, and i s dr iven b y the blood flow i tself. Wall s ide mass t ransport 

refers to transport within the wall of the artery or blood vessel itself and is governed 

by two t ransport forces, the f irst being a  pressure driven convection force, while the 

second is a diffusive force (O'Connell 2009). 

 

2.3.4.1 Arterial Wall Representation 

Computational studies of the mass transport of species within the arterial network can 

be c lassified b ased on  t heir de scription of  t he a rterial w all a nd t he unde rlying 

assumptions associated with the wall t ype (Khakpour and Vafai 2008b). Three main 

types o f a rterial w all r epresentation h ave b een established b y Prosi et al. (2005), 

namely t he w all-free m odel, f luid-wall or  hom ogeneous w all m odel a nd f inally t he 

multi-layer model.  

Wall-free m odels ar e t he s implest w ay o f co mputationally representing t he ar terial 

wall i n m ass t ransport s tudies. T hese m odels s olve f or t he bl ood f low i n t he a rtery 

while t he ar terial w all i s r epresented b y a s imple s et o f ap propriate b oundary 

conditions. T herefore, t he s olution i s i ndependent of  t he m ass t ransport t hat oc curs 

within the arterial wall (Khakpour and Vafai 2008b). The main advantage of wall-free 

models over the more complex fluid-wall or multi-layer models is that a small number 

of parameters is required, typically the diffusivity of the species in blood, the overall 

mass tr ansfer c oefficient o f th e a rterial w all to  th e s pecies and th e wall f iltration 

velocity (Prosi et al. 2005). An example of the use of a wall-free model is found in the 

work of Wada and Karino (2002), who studied the concentration polarisation of LDL 

at the surface of an artery with a multiple bend. In this study, the wall was assumed to 

be rigid and uniformly permeable to water. A mass conservation boundary condition 

was set at the wall, which stated that the amount of LDL passing through the wall was 

equal to  th e d ifference between th e amount tr ansported to  th e w all b y the f iltration 

flow, a nd t he amount di ffused ba ck i nto the m ain l uminal f low. S imilar bounda ry 

conditions a re f ound i n t he w all-free m odels o f Imai et al. (2010), Rappitsch a nd 
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Perktold (1996) and Soulis et al. (2008), in the s tudy of  mass transport of adenosine 

triphosphate (ATP), oxygen and LDLs respectively.  

The second type of arterial wall model is the fluid-wall or homogeneous model. Used 

in m any pr evious s tudies, s uch a s b y Stangeby a nd E thier ( 2002) and  Sun et al. 

(2006), hom ogenous m odels us e a s imple ho mogeneous l ayer t o account f or t he 

arterial wall, in an attempt to compromise between the complex amount of input data 

required f or t he s imulation a nd t he a ccuracy o f t he s olutions (Prosi et al. 2005). 

According to Khakpour and Vafai (2008b), these models typically assume the arterial 

wall i s a  hom ogenous por ous m edium, a nd a re e ffective i n c ases w here i t i s no t 

necessary to elucidate on the distribution of species concentration within the wall. In a 

study c arried out  b y Sun et al. (2006) into t he ef fects o f w all s hear s tress o n t he 

transport of species such as oxygen and LDL from blood to and across the arterial wall 

within a  s tenosed a rtery ge ometry, t he a rterial wall w as t reated as  a s ingle l ayered 

porous medium. The flow across the wall was modelled using Darcy’s Law, with the 

flow an d m ass t ransport r epresented b y N avier-Stokes a nd c onvection-diffusion 

equations.  

Multi-layer models are the final arterial wall models described by Prosi et al. (2005), 

and are the most complex proposed, as they incorporate several heterogeneous layers 

to describe the wall, such as the endothelium, th e in tima, the in ternal e lastic lamina 

and the medial layer. The main advantage of the multi-layer models over the wall-free 

and hom ogenous t ypes i s that i t p rovides mo re r ealistic in formation r egarding th e 

transport of  species within the arterial wall. However, a l arge number of  parameters 

are required t o d escribe t he p roperties o f e ach l ayer, w hich cannot b e m easured 

directly f rom p atients. T herefore, m any s tudies have at tempted t o ch aracterise t hese 

parameters so as  t o i mprove t he accu racy o f m ulti-layer models. An example of  t he 

implementation of a multi-layer model is seen in a study by Ai and Vafai (2006), who 

used fundamental porous media equations and individual parameters for each layer for 

a coupled analysis of the transport of LDLs in the main arterial blood flow and within 

the arterial wall for a f our-layer model.  S imilar analysis of mass transport across the 

arterial wall in  multi-layer models can be  found in s tudies conducted by Karner and 

Perktold (2000),  Khakpour and Vafai (2008a) and Prosi et al. (2005). 
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2.3.4.2 Transport of Blood-Borne Species 

Adenosine Triphosphate 

Adenosine t riphosphate is a  bl ood-borne nu cleotide t hat i s know n t o i nfluence t he 

modulation of  va scular t one a nd pl ay a n i mportant r ole i n pl atelet aggregation, 

neurotransmission, c ardiac f unction a nd m uscle c ontraction (Gordon 1 986). AT P 

reacts w ith receptors on  t he e ndothelial c ells, c ontrolling va sodilation t hrough t he 

production of  ni tric ox ide, w hich ha s b een s uggested t o pl ay a role i n e ndothelial 

regulation (Imai et al. 2010). At the arterial wall, ATP is degraded by enzymes to form 

adenosine diphosphate ( ADP)  (Tarbell a nd Qiu 2000 ), w hich i s catabolised t o 

adenosine monophosphate (AMP) and then finally to adenosine (Shen et al. 1993). It  

has also been suggested that flow induces ATP release in endothelial cells (Choi et al. 

2007). In order to regulate responses by the endothelium, ATP needs to be transported 

continuously via convective and diffusive forces to the endothelial surface (Comerford 

et al. 2006). The concentration of ATP at the endothelial surface is determined by the 

balance b etween t he c onvection a nd di ffusion, as w ell a s t he consumption of  A TP 

during i ts h ydrolysis t o A DP (John a nd B arakat 2001 ). T he de livery of  ATP t o t he 

arterial w all, and m ore recently within ce rebral an eurysms, h as b een t he f ocus o f 

numerous mass transport studies.  

The t ransport of  A TP to t he a rterial w all ha s be en i nvestigated f or links w ith 

atherosclerosis. The mass t ransport of  blood-borne species in a  realistic human r ight 

coronary artery w as i nvestigated b y Kaazempur-Mofrad a nd Ethier ( 2001), us ing a 

steady, i ncompressible, Newtonian f luid t o r epresent bl ood. It w as r eported that th e 

geometry o f t he m odel s trongly a ffected t he m ass t ransport of  s pecies, w ith hi gh 

concentrations f ound i n a reas of  i ncreased a xial m omentum, w hile l ower 

concentrations c orresponded w ith s low-moving f low. S imilarly, Comerford et al. 

(2006) investigated t he i nfluence of  di fferent a rterial bi furcation ge ometry 

configurations on t he c oncentration of  A TP a nd A DP a t t he e ndothelium, r eporting 

that t he g eometry h as a significant i nfluence o n the co ncentration at  t he endothelial 

surface. For an arterial configuration with a large bifurcation angle (>90º), a stagnation 

point evolves surrounded by a region of low WSS. Within this region, low convection 

takes place and the hydrolysis of ATP to ADP at the arterial wall dominates the mass 

transport, l eading to a  decrease in ATP concentration a t the wall. This i s in contrast 

with bifurcations with small angles (<90º), where high WSS is found and convection 
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dominates t he t ransport m echanisms. A s a  r esult, t he di fference i n concentration 

between ATP at the wall and within the main arterial blood flow is smaller than that of 

the geometry with a large bifurcation angle.   

The influence of fluid flow and shear stress on t he concentration of ATP and ADP at 

the en dothelial s urface was i nvestigated b y John a nd B arakat ( 2001), i n w hich a  

parallel-plate flow chamber containing a monolayer of endothelial cells was exposed 

to ATP nucleotides under both s teady and pulsatile conditions. Results indicate that, 

for steady flow neglecting flow-induced release of ATP, the concentration of ATP at 

the endothelial surface decreases and the ADP levels increase in the flow direction as a 

diffusion bounda ry l ayer de velops. Choi et al. (2007) applied t he af orementioned 

model of  John a nd Barakat ( 2001) to s teady and pul satile f low ov er a ba ckwards 

facing step, with the aim of elucidating the effect of flow separation and recirculation 

regions on nuc leotide concentration at the endothelial surface. It is demonstrated that 

the c oncentration of  A TP w ithin a  f low s eparation z one f ound c lose t o the s tep i s 

much l ower t han t he c oncentration dow nstream of  t he s tep. T he l ow A TP 

concentration in t he r ecirculation region i s a ttributed both t o l ow WSS levels which 

reduces the amount of flow-induced ATP release and to the increased residence time 

of the nucleotides allowing increased hydrolysis to ADP, compared to areas of regular 

flow.  

Few s tudies ha ve i nvestigated t he t ransport of  blood-borne s pecies w ithin cer ebral 

aneurysms; however, Imai et al. (2010) modelled the transport of ATP within saccular 

cerebral an eurysms at  a rterial b ends. T he A TP co ncentration d istribution i n each  

arterial geometry, normalised to the concentration within the twisted artery without an 

aneurysm, are illustrated in Figure 2.15.  
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Figure 2.15: Normalised ATP concentration distribution (Imai et al. 2010) 

 

Results f or t his s tudy h ighlight t he di fference i n c oncentration l evels be tween t he 

aneurysm dome and the parent artery, with the latter exhibiting higher levels of ATP. 

Within the aneurysm, the proximal wall tended to have lower concentrations than the 

distal w all, a nd t he c oncentration di stribution w as i nfluenced s trongly by t he pa rent 

artery geometry. It is also reported in this study, similar to that reported by Choi et al. 

(2007), that the areas of low concentration correspond to areas of low WSS, which has 

been l inked t o a neurysm r upture, s uggesting t hat a  combination of  l ow s pecies 

concentration and low WSS may play a role in aneurysm growth and rupture.  
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Low-Density Lipoproteins 

Low-density l ipoproteins a re complex molecules composed of  multiple pr oteins t hat 

transport fats around the body in blood. LDL is the main carrier of cholesterol, and is 

transported a cross th e arterial w all in to th e in timal la yer, where it c an b ecome 

oxidised, resulting in the recruitment of monocytes into the arterial wall (Vincent and 

Weinberg 2013). It is thought that LDL may be one of the main factors in the initiation 

of a therosclerosis, a s ox idization of  L DL c auses da mage t o t he c ells a nd t o t he 

function of  t he a rterial wall w hich c an result i n t he f ormation of  pl aque a nd l umen 

stenosis (Chung and Vafai 2014). It has been hypothesised that the transport of LDLs 

and c holesterol ma y play a role in  th e in itiation o f cerebral an eurysms (Wada an d 

Karino 2002).  

For t he m ass t ransport of  pr oteins or  m olecules s uch a s L DLs, i t i s be lieved t hat a  

small transmural flux of water f rom the arterial lumen to  the adventitial layer exists 

that is driven by pressure within the artery (Ethier 2002). This flux, called a filtration 

velocity, l eads t o t he convective m ass t ransport dom inating ove r di ffusive m ass 

transport. When the convection of the molecules towards the endothelium is balanced 

with the diffusion away from it and with the transport across the arterial wall, a steady-

state d istribution of LDL molecules is  reached (Vincent and Weinberg 2013). When 

this occurs, the concentration of the molecules at the endothelial surface is higher than 

within th e ma in a rterial f low, w hich i s t ermed c oncentration pol arization. T his 

phenomenon of  c oncentration pol arization is i llustrated i n Figure 2.16. It i s t hought 

that f or LDLs, c oncentration pol arization oc curs due  t o t he di fference between t he 

water f iltration ve locity, a nd t he m ass t ransport coefficient c ontrolling t he t ransport 

through the endothelium. The convection of LDL molecules towards the endothelium 

is g reater t han t he r ate of t ransport a cross t he a rterial w all, t hus c oncentration 

polarization occurs at the endothelial surface. It is hypothesised by Wada and Karino 

(2002) that the transport of cholesterol may be affected by concentration polarization, 

and that the transport of cholesterol may be related to cerebral aneurysm formation in 

areas of high wall shear stress where a depletion of LDLs is found.  
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Figure 2.16: Illustration of concentration polarization (Vincent and Weinberg 2013) 

 

Chen et al. (2014) carried o ut a  n umerical in vestigation o f ma ss t ransport i n 3D  

patient-specific deformed aortae models using s teady f low. Examination of  the WSS 

and the distribution of LDLs at the luminal surface highlighted the effect of geometric 

features on haemodynamics and mass transport. It is  interesting to note that areas o f 

low WSS within the models corresponded with increased LDL surface concentration. 

However, a reas of  i ncreased c oncentration also di ffered from l ow WSS a reas, 

suggesting th at o ther f low c haracteristics ma y p lay a r ole in  LDL concentration 

distribution. Similar r esults a re s een in  a  s teady flow a nalysis o f th e c oncentration 

distribution of  L DL i n t he nor mal l eft c oronary a rtery carried out  b y Soulis et al. 

(2008), i n w hich r egions of  l ow WSS de monstrate e levated c oncentration of  LDL. 

However, i t i s a gain s uggested t hat o ther f low p arameters m ay also i nfluence t he 

concentration of LDL.   

Wada a nd K arino ( 2002) investigated t he i nfluence of  a num ber of  f actors on t he 

surface concentration of LDLs, including Reynolds number, water filtration velocity, 

lipoprotein s ize a nd t he f luid vi scosity, w here i t w as de termined t hat t he w ater 

filtration velocity influenced the surface concentration of LDLs the most. This is due 

to the fact that without a filtration velocity induced at the arterial wall, concentration 

polarization does not occur.  

Geometric features have been shown to play a role in the mass transport of LDLs. In a 

steady flow analysis of blood flow and the mass transport of lipoproteins in an arterial 

segment with multiple bends, results illustrated that although the concentration at the 
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arterial wall remained the same as the inlet concentration at most locations, the LDL 

concentration w as l ocally elevated at t he i nner wall o f t he ar terial b ends, w here t he 

flow was slow and relatively low wall shear stress occurred (Wada and Karino 2002). 

The influence of geometric features on mass transport is further evidenced in a study 

of ma ss tr ansport o f LDLs within a n a xisymmetric s tenosed a rtery (Stangeby an d 

Ethier 2002 ). R esults d emonstrate el evated LDL concentration at  t he downstream 

section of the stenosis, where the velocity and wall shear stress decrease. Furthermore, 

a s harp e levation i n LDL concentration c orresponds w ith t he f low s eparation poi nt. 

Also computed within this s tudy was the net uptake of LDL into the arterial wall. It 

was determined that high WSS on the proximal segment of the stenosis increased the 

endothelial permeability and hence increased the uptake of LDLs. It is clear from these 

previous studies, and others such as Kaazempur-Mofrad et al. (2005), Nematollahi et 

al. (2012) and Tarbell and Q iu ( 2000) that t he mass t ransport o f m olecules s uch as 

LDLs is strongly influenced by the geometry of the area of interest.  

 

2.4 Experimental Studies 

Due t o t he complex na ture of  c erebral a neurysms a nd t he s urrounding c erebral 

vasculature, ex perimental-based s tudies of  f low haemodynamics a nd m ass t ransport 

within a neurysms ha ve be en s omewhat l imited. A lthough s everal s tudies h ave 

examined f low d ynamics w ithin a neurysms us ing e xperimental f low ph antoms, f ew 

studies have attempted to mimic the mass transport behaviour of the arterial wall, and, 

to the best of  the author’s knowledge, none have attempted to experimentally model 

mass tr ansport within c erebral aneurysms. T he f ollowing s ection e xamines th e 

geometric model development and f low systems used in previous experimental f low 

haemodynamic s tudies o f ce rebral an eurysms an d t he ce rebral v asculature. P revious 

experimental mass transport studies are also discussed.  

 

2.4.1 Model Development 

The development of geometric models for experimental studies of cerebral aneurysms 

and t he c erebral va sculature ha s va ried t hroughout pr evious s tudies. Early s tudies 

employed t he u se o f i dealised models, de veloped ba sed on average m easurements 
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from l iterature. T he ch oice o f m aterial and m odel d evelopment t echnique h as al so 

varied throughout literature, depending on t he objective of the experimental analysis.  

Fahrig et al. (1999) grouped t he di fferent t ypes of  f low pha ntom m odels i nto three 

categories: 

(1) Simple models developed from glass or plastic  

(2) Models constructed using castings from cadavers 

(3) Models de veloped f rom pa tient-specific d ata, t ypically co nstructed from 

milling machines or advanced rapid prototyping 

In recent years, advances in imaging t echniques has a llowed for the development of  

geometrically a ccurate, patient-specific m odels such as  t hose d escribed i n cat egory 

three. U sing results f rom c omputed r otational angiography, MRA or CT, patient-

specific models have been developed using the lost-wax method, rapid-prototyping, or 

a combination of both techniques. 

The lost-material or lost-wax method, also known as investment casting, is a popular 

technique f or t he de velopment of  r ealistic c erebral a neurysm m odels. T he m ethod 

involves t he us e of  a  t wo-part ne gative m ould t o de velop a  s olid i nner c ore, o ften 

made from wax. The solid wax model is then either placed in another mould where the 

surrounding m aterial i s i njected a round i t, or  i t i s e mbedded i n t he surrounding 

material, typically a silicone elastomer. Once the silicone has cured and solidified, the 

wax core is melted out, resulting in  either a s ilicone b lock with a  hollow artery and 

aneurysm geometry embedded, or a hollow silicone flow phantom (Ford et al. 2008).  

Rapid prototyping or  3D pr inting has become a  popular tool for the development of  

3D ph ysical m odels (Rengier et al. 2010). T he pr ocess i nvolves t he use of  3D  

computer aided design (CAD) drawings or geometries to control a machining process 

that either removes material from a solid block or deposits material to develop a 3D 

model (Kimberly Kn ox et al. 2005). S everal s tudies h ave i ncorporated r apid 

prototyping into the lost-material method, developing the inner cores used to create the 

arterial and a neurysm l umen us ing r apid pr ototyping m achinery (Fahy et al. 2013, 

Steinman et al. 2013, Wetzel et al. 2005). T he a ttraction of  rapid pr ototyping as a  

material development technique over traditional wax models lies in its ability to create 

complex shapes and geometries f rom a range o f materials in a r elatively short t ime-

frame (Rengier et al. 2010). Examples of 3D models that included rapid prototyping in 

the development process are illustrated in Figure 2.17 below.   
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Figure 2.17: Examples of 3D cerebral aneurysm models created using rapid prototyping (A) wax inner 
lumen of ICA aneurysm (Wetzel et al. 2005) (B) low melting point alloy inner core of ICA aneurysm 
(Steinman et al. 2013) (C) wax inner lumen replica of BA aneurysm (K. Knox et al. 2005) 

 

One issue that is raised by several authors is the use of rigid-walled models to replicate 

cerebral aneurysms. Although arteries are thought to be compliant and distend under 

the pressure of pulsing blood, cerebral arteries are reportedly stiffer than other arteries 

(Liou et al. 2007). F urthermore, pr evious s tudies ha ve r eported no s ignificant 

differences between rigid-walled and distensible models (Tateshima et al. 2003).  

 

2.4.2 Flow Systems 

The t est s ystems em ployed i n h aemodynamic s tudies o f cer ebral aneurysms h ave 

varied i n t heir s et-up, with bot h s teady (Babiker et al. 2010, Carroll et al. 2010, 

Steinman et al. 2013, Yu and Zhao 1999) and pulsatile flows utilised (Ernemann et al. 

2003, Fahy et al. 2013, Ford et al. 2008, Liou et al. 1997). A lthough more r ecent 

studies tend to include pulsatile flow so as to mimic the pulsatile effects of the heart on 

blood flow, Liou et al. (1997) report that using steady flow to simulate pulsatile flow 

in flow phantoms of aneurysms adequately captures the mean flow patterns, although 

discrepancies m ay b e f ound i n t he l ocation of  maximum f luctuations. Yu a nd Z hao 

(2000) carried o ut a p article ima ge v elocimetry ( PIV) s tudy on th e p ulsatile f low 

characteristics w ithin s idewall a neurysm mo dels. R esults f or th is s tudy highlighted 

differences between steady and pulsatile flows, in which the location of the centre of a 

recirculation vor tex t hat formed within t he aneurysmal bul ge didn’t remain constant 

for t he pul satile f low c ycle. A s a  r esult, t he r egions e xposed t o hi gh and l ow s hear 

stresses were not permanent, and wall shear oscillation could appear. A similar study 

reports that the main differences between steady and pulsatile flows is that the effects 

of flow pulsatility tend to increase the possibility of higher shear stress magnitude and 
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rapid changing of the shear stress direction within the aneurysm (Yu and Zhao 1999). 

Furthermore, Takeuchi a nd K arino ( 2010) experimentally ex amined the r elationship 

between flow p atterns and s ites of  a neurysm f ormation w ithin t he ICA a nd M CA 

under s teady and pul satile f low c onditions, a nd reported t hat qua litatively, t he s ame 

flow phenomena occurred in both steady and pulsatile flow simulations. However, the 

secondary and recirculating flows differed for the pulsatile simulation, disappearing at 

the minimum flow velocity for each cycle.  

Although w ater i s of ten us ed as t he w orking f luid i n e xperimental flow m odels 

(Carroll et al. 2010, Liou et al. 1997, Lutostansky et al. 2003), several studies have 

opted to use water/glycerol solutions in an attempt to mimic the viscosity of blood as 

closely as pos sible, w hile a lso a llowing f or di rect c omparisons w ith c omputational 

analyses. The ratio of  water to glycerol has differed throughout previous studies; Yu 

and Zhao (1999) employed a volume ratio mixture of water to glycerol of 40:60, Ford 

et al. (2008) used a 50: 50 r atio a nd Fahy et al. (2013) opted f or a  54. 6:45.4% b y 

weight ratio of de-ionised water to glycerol mixture.  

 

2.4.3 Mass Transport 

A novel experimental method to examine the mass transport behaviour of blood-borne 

molecules within a  recirculation region was developed b y Lutostansky et al. (2003). 

Using a sudden expansion impermeable glass flow chamber as the test section, the test 

fluid c ontained a  water/food d ye m ixture, w ith t he d ye r epresenting blood-borne 

species such as ATP. Using a d ye density technique, a s mall sample of the test f luid 

was extracted f rom d ifferent s ampling l ocations o ver t he co urse o f t he experiment, 

allowing the changes in fluid concentration at the wall to  be determined. Results for 

the study illustrated a slow build-up of species at the test region, with an increase in 

species c oncentration e vident i n t he ups tream a nd dow nstream t ubes of  t he s udden 

expansion geometry.  

 

A s imilar m ethod w as adopted b y Carroll et al. (2010) in th eir s tudy o f b iological 

blood-side ma ss tr ansfer w ithin a n id ealised a bdominal a ortic aneurysm. U sing a  

water/dye mixture, the changes in concentration at the aneurysm wall over t ime was 
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determined and c ompared t o c omputational results u sing d ifferent d iscretisation 

schemes. Results for this study are shown in Figure 2.18 in which the concentration of 

species f ound at  t he an eurysm w all i s s een t o i ncrease s lowly ove r t ime, due  t o t he 

slow-moving recirculation zone found within the aneurysm bulge. 

 
Figure 2.18: (A) Idealised axi-symmetric aneurysm test model (B) Comparison of computational and 
experimental results, highlighting increase in concentration along aneurysm wall over time (Carroll et 
al. 2010) 

 

2.5 Hypothesis and Objectives 

It is evident from this extensive review that the exact mechanisms behind the rupture 

of c erebral a neurysms a re s till unknow n, a lthough i t a ppears t o be  a  m ultifactorial 

process i nvolving ge ometric f eatures a nd ha emodynamics. D ue t o s ignificant r isks 

associated with current intervention methods, the importance of the development of a 

definite rupture prediction method is clear, so as to allow aneurysms that are at risk of 

rupture to be determined.   

The hypothesis motivating this study is that cerebral aneurysm rupture potential may 

be related to the health of the aneurysm wall tissue. It is proposed in this study that the 

wall tissue health may be affected by the transport of vital blood-borne species to the 

aneurysm wall. The transport of nutrients and species to the aneurysm wall can result 

in aneurysm wall tissue stabilisation, or else an under- or over-expression of species at 

the wall. This could in turn lead to negative wall remodelling, aneurysm growth and 

eventual r upture. It h as al ready b een d etermined i n pr evious s tudies t hat m ass 

transport i s s trongly i nfluenced b y t he f low haemodynamics within t he vasculature, 

and f low i s influenced in turn b y the geometry of the aneurysm. Therefore, i t i s the 

aim o f th is s tudy to  e stablish if  a  link e xists b etween t he d ifferent g eometric 

parameters and the mass transport of species to the aneurysm wall, and if this link may 

correlate with aneurysm rupture potential.   
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The main objective of this study is to  investigate the relationship between geometric 

parameters, the m ass t ransport of  bl ood-borne species, a nd t heir relationship w ith 

cerebral a neurysm g rowth a nd r upture pot ential. In or der t o c arry out  t his 

investigation, several sub-objectives were defined, including: 

 The de velopment of  a da tabase of  patient-specific ce rebral an eurysm 

geometries t o be  us ed i n t he i nvestigation of t he r elationship be tween 

geometric p arameters, mass t ransport and c erebral aneurysm growth an d 

rupture potential 

 The g eneration o f i dealised an d r epresentative cer ebral an eurysm mo dels, 

developed b ased on patient-specific an eurysm m easurements, an d t he 

investigation o f t he e fficacy o f representative models as  an  al ternative t o 

idealised and patient-specific models 

 The de velopment of  computational m odels f or t he c omputational fluid 

dynamics analysis of mass transport within cerebral aneurysms 

 The validation of the computational methods used in this study through the use 

of experimental analysis 

 The i nvestigation i nto t he r elationship be tween r adiologically m easurable 

parameters a nd c erebral a neurysm growth a nd r upture pot ential us ing a  

database of patient-specific aneurysms 

 The i nvestigation i nto t he r elationship be tween the m ass t ransport of  bl ood-

borne s pecies a nd c erebral a neurysm gr owth a nd r upture pot ential us ing a  

database of patient-specific aneurysms 

 The investigation into the combined relationship of geometric parameters and 

mass t ransport of  bl ood-borne s pecies w ith cerebral an eurysm growth and 

rupture potential using a database of patient-specific aneurysms 

 To test the hypothesis that cerebral aneurysm growth and rupture is influenced 

by a  c ombination of geometric parameters and m ass t ransport o n an  

independent cohort of patient-specific cerebral aneurysms 
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3.1 Introduction 

As outlined in the previous chapter, the overall objective of this study is to investigate 

the relationship be tween geometric parameters, t he m ass t ransport of  blood-borne 

species, a nd c erebral a neurysm gr owth a nd r upture pot ential. R ecently, many of  t he 

studies of cerebral aneurysms in literature have focused on t he use of patient-specific 

geometric models due  t o t he i nherent limi tations o f id ealised mo dels (Castro et al. 

2006, J. R . C ebral et al. 2005b, Geers et al. 2011). H owever, pa tient-specific 

simulations require medical imaging and flow data that isn’t typically extracted during 

medical pr ocedures, a nd c an be  c omputationally i ntensive and t ime c onsuming. 

Therefore, the following chapter investigates the use of representative models to act as 

a compromise between s implified idealised and complex patient-specific geometries. 

If representative g eometries can ad equately p redict t he m ass t ransport o f s pecies 

within cer ebral aneurysms, then t he r upture p otential of  a n a neurysm c ould be  

calculated ba sed on i ts ke y geometric m easurements. T his w ould pot entially allow 

more immediate decisions to be made by clinicians as to whether surgical intervention 

is necessary for unruptured aneurysms.  

In this chapter, the p rocesses involved in the development of  r epresentative cerebral 

aneurysms geometries b ased o n p atient-specific d ata are p resented. These 

representative m odels a re de veloped us ing m easurements t aken f rom 168 pa tient-

specific an eurysms co nsisting o f k ey geometry-defining p arameters (height, n eck 

width, diameter, distance to maximum diameter, tilt angle and aspect ratio) to describe 

the a neurysm s hape, a nd us ing l ocation-specific av erage p arent an d d aughter a rtery 

measurements. Idealised m odels ar e al so c reated w hich, al ong w ith p atient-specific 

models, w ill a llow f or a  n umerical in vestigation in to th e e fficacy o f representative 

models as an alternative to simple idealised and complex patient-specific geometries.  

The chapter is organised as follows: at the outset, the study population of 168 patient-

specific ce rebral an eurysms us ed f or t he geometric, c omputational a nd e xperimental 

studies is introduced and classified based on several morphological parameters. Next, 

the t echnique u sed t o ex tract t he k ey geometric m easurements f rom e ach o f t he 

patient-specific aneurysm geometries is described, following which the steps taken in 

the development of idealised and representative aneurysm models is outlined. Finally, 
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the pr eparation o f t he p atient-specific mo dels f or computational analysis is  d etailed. 

The geometries d eveloped i n t his ch apter are u sed i n t he co mputational analyses t o 

follow.   

 

3.2 Study Population 

The sample set used for this study is a subset of the @neurIST: Integrated Biomedical 

Informatics for t he Management o f C erebral Aneurysms p roject. @neurIST was a 4 

year m ultidisciplinary European i nitiative t hat b egan i n J anuary 2006  and e nded i n 

March 2010 . 28 public and pr ivate institutions a cross 12  E uropean countries w ere 

involved i n t he pr oject, w hich a imed t o i mprove t he i nfrastructure f or t he 

management, integration and data processing of cerebral aneurysm and subarachnoid 

haemorrhage di agnosis a nd t reatment (Villa-Uriol et al. 2011). Following t he 

@neurIST p roject, a ccess w as g ranted b y t he C ISTIB ( Computational Imaging a nd 

Simulation T echniques i n B iomedicine) group i n t he Universitat P ompeu F abra 

(Barcelona) to a database of 265 patient-specific cerebral aneurysm geometries. These 

aneurysms, from 16 locations throughout the circle of Willis, had been collected and 

analysed as part of the @neurIST project. Several geometries were removed from the 

sample set due to incomplete data, and so the final database consisted of 168 patient-

specific aneurysms from 13 locations.  

Three-dimensional r otational a ngiography i mages of  t he a neurysms w ere us ed t o 

construct pa tient-specific m odels, w hich w ere r epresented b y t riangular s urface 

meshes (Geers et al. 2014). Each o f t he 168 aneurysm geometries w ere s upplied i n 

visualisation toolkit (VTK) format, with each aneurysm consisting of five files, which 

are illustrated in Figure 3.1:  ( A) extended 3D aneurysm and parent artery geometry 

(B) extended centreline skeleton (C) a section containing the aneurysm and a segment 

of t he p arent ar tery geometry ( D) the an eurysm dome and (E) the n eck s urface. No 

patient d ata (i.e. gender, a ge, pa tient hi story e tc.) ot her t han t he r upture s tatus w as 

made available for this study.  
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Figure 3.1: (A) Full geometry ( B) Centreline skeleton (C) Aneurysm i ncluding a rterial s egment (D) 
Dome and (E) Neck surface 

 

3.3 Anatomical Classification 

The aneurysm database was classified based on several parameters, including location 

within t he c erebral va sculature, s hape m orphology, s ize g roup and ne ck s ize g roup. 

Results from the classification are presented in Table 3.1.  

Table 3.1: Aneurysm classification results 

Parameter No. of Aneurysms % 
Location    

     Anterior 107 64 
     Posterior 61 36 
Shape   
     Lateral 56 33 
     Bifurcating/Terminal 112 67 
Size   
     Small 77 46 
     Medium 86 51 
     Large 4 2 
     Giant 1 1 
Neck Size   
     Narrow 74 44 
     Wide 95 56 

 

Location 

The database was first classified based on location within the cerebral vasculature. The 

168 a neurysms w ere di stributed i n 13 d ifferent l ocations t hroughout t he c ircle of  
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Willis, a s illustrated in  Table 3.2. Further c lassification was e nabled b ased on t heir 

location in the anterior or posterior circulation. It can be seen from Table 3.2 that most 

of the aneurysms (26%, n = 44) were found at the PCoA, the ophthalmic segment of 

the ICA (19%, n = 32) and the sylvian bifurcation (22%, n = 37), a distal branch of the 

MCA. T he s mallest n umber o f an eurysms ( <1%, n  = 1) w ere found distal t o t he 

sylvian b ifurcation, a t the medial wall of the ICA and a t the pericallosal artery. The 

database w as further cl assified as  co nsisting o f 64% an terior ci rculation an eurysms 

and 36% posterior circulation aneurysms.  

Table 3.2: Distribution of aneurysms across anterior and posterior circulations 

Location No. of Aneurysms %   

Anterior Circulation       
     A1 Segment ACA 5 2.98 

64% 

     Anterior Choroidal Segment ICA 10 5.95 

     Carotid Bifurcation 11 6.55 

     Distal to Sylvian Bifurcation 1 0.60 

     Intracavernous Segment ICA 4 2.38 

     M1 Segment ICA 5 2.98 

     Medial Wall ICA 1 0.60 

     Ophthalmic Segment ICA 32 19.05 

     Pericallosal Artery 1 0.60 

     Sylvian Bifurcation 37 22.02 

Posterior Circulation     
     Basilar Tip 13 7.74 

36%      Posterior Communicating Artery 44 26.19 

     Superior Cerebellar Artery 4 2.38 

Total 168 100   

 

Shape Morphology 

Further cl assification o f ea ch an eurysm w as completed b ased o n i ts an atomical 

characteristics, w ith eac h an eurysm s hape d efined as  ei ther l ateral o r b ifurcation 

(including terminal), similar to Liou and Liou (1999). The database consisted mainly 

of bifurcating/terminal aneurysms (66.7%, n = 112), with just one third of the database 

consisting of lateral shaped aneurysms. Furthermore, each aneurysm was sub-divided 

into two regions, s imilar to  the definition by Ujiie et al. (1999). The aneurysm neck 

refers t o t he a rea i mmediately adjacent t o t he orifice o r en trance t o t he an eurysm, 

while the dome refers to the sac or body of the aneurysm (see Figure 3.2).  
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Figure 3.2: Illustration highlighting regions of  aneurysm geometry, including dome, neck and parent 
artery 

 

Size 

It has previously been established in Section 2.2.3.2 that some inconsistency remains 

between s tudies w ith r egards to  th e c lassification o f a neurysms in  te rms o f s ize i.e. 

largest diameter within the dome (Campi et al. 2007, J. R. Cebral et al. 2005b, Choi 

and David 2003, Hademenos et al. 1998, Mehra et al. 2011, Meyers et al. 2009). The 

aneurysm size categories - which refer to the largest diameter within the dome - were 

grouped i n a ccordance with Meyers et al. (2009), w ith four categories of s mall (≤5 

mm), me dium ( 5<x<15 mm), large (15≤x<25 mm) and giant (≥25 mm) aneurysms. 

The aneurysms ranged in size from 1.5 mm to 25 mm, with an average size of 6.3 mm. 

Medium aneurysms were most common (51.2%, n = 86), with 45.8% small and 2.4% 

large aneurysms. There was j ust 1 giant aneurysm within t he da tabase, f ound a t t he 

ophthalmic segment ICA.  

 

Neck Size 

Aneurysms can also be defined based on their neck size. As outlined previously, the 

definition of a narrow neck is typically x≤4 mm. Neck widths larger than this value are 

classified as wide-necked. In the database of 168 aneurysms used in this study, wide 

necks were more common (56%, n = 95) as compared to narrow necks (44%, n = 73), 

with an average neck size of 4.5 mm found.  
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3.4 Measurement Extraction 

The de velopment of  t he r epresentative c erebral a neurysm m odels t ook pl ace ove r 

several s teps, which a re out lined in t he following section. F irst, s everal key p atient-

specific measurements were extracted that could be used to describe the geometry of 

the individual aneurysm. Each aneurysm geometry was imported into Paraview 4.0.1 

(Kitware, Villeurbanne, France) and converted into STL (Stereolithography) format - 

representations of 3D objects in which the surface of the object is described by a series 

of tr iangles. The STL files were then imported into Creo Parametric 2.0 ( PTC, MA, 

USA) to facilitate the calculation of measurements.  

Section 2.2.3.3 de tailed how num erous p revious s tudies ha ve attempted to co rrelate 

geometric features with rupture risk (Dhar et al. 2008, Ma et al. 2004, Raghavan et al. 

2005), a nd s o ha ve c haracterised aneurysms t hrough t he d efinition of  geometric 

parameters and ratios. However, some variation is seen in the exact definition of these 

parameters. For example, Beck et al. (2006) define the height as the maximum length 

computed be tween t he ba se a nd t he dom e of  t he a neurysm, w hereas Parlea et al. 

(1999) suggest the height can be measured as the right bisector to the neck. This study 

intends to define the aneurysm shape based on radiologically measurable parameters 

that are easily extracted from 3D scans or geometries. This is discussed in more detail 

in Chapter 6.  

 

Figure 3.3: Geometric Parameters Measured (H = height, D = diameter, N = neck width, h = distance 
from neck to diameter, θT = tilt angle) 
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The g eometric p arameters m easured in  th is s tudy are illu strated in  Figure 3.3. T he 

neck width (N) was defined as  the widest d istance across the neck orifice. Next, the 

diameter ( D) o f t he a neurysm w as d etermined as  t he l argest s eparation o f t he 

aneurysm w alls i n p arallel w ith t he n eck plane. F or t he aneurysm he ight ( H), t he 

furthest di stance between the centre of  the neck and aneurysm dome was computed. 

The d istance to  th e ma ximum d iameter ( h) - also know n a s t he s emi-axis he ight or  

bulge location (Parlea et al. 1999, Raghavan et al. 2005) - was measured as the height 

between the neck width and diameter lines. The tilt angle (θT) was defined as the in-

plane angle between the line perpendicular to the centre of the neck width and the line 

formed b y t he h eight (H), an d r epresents t he angle t hat t he an eurysm m akes w ith 

respect to  th e p arent a rtery. T he tilt d irection o f th e a neurysm i. e. w hether it tilt s 

anteriorly or posteriorly was also recorded. Results from the measurement extraction 

are illustrated in Table 3.3.  
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Table 3.3: Measured parameter values. Results presented as Mean ± Standard Deviation. All values presented are in mm, except Tilt Angle (º). 

Location No
. 

Height 
(H) 

Neck Width 
(N) 

Diameter 
(D) 

Distance to Maximum Diameter 
(h) 

Tilt Angle 
(θT) 

Aspect Ratio 
(AR) 

Anterior Circulation                

     A1 Segment ACA 5 3.31 ± 
1.44 2.76 ± 0.86 2.91 ± 0.92 1.95 ± 1.54 21.43 ± 4.82 1.23 ± 0.42 

     Ant. Choroidal Segment 
ICA 10 4.79 ± 

2.44 3.14 ± 0.61 3.87 ± 1.69 1.94 ± 1.56 27.54 ± 11.70 1.48 ± 0.65 

     Carotid Bifurcation 11 4.77 ± 
1.96 3.88 ± 0.77 5.48 ± 2.12 1.96 ± 1.04 31.19 ± 19.47 1.23 ± 0.38 

     Distal to Sylvian 
Bifurcation 1 4.45 3.79 3.99 2.91 37.58 1.17 

     Intracavernous Segment 
ICA 4 3.57 ± 

2.38 3.99 ± 0.89 4.30 ± 1.89 1.04 ± 0.60 42.31 ± 25.07 0.84 ± 0.46 

     M1 Segment MCA 5 4.17 ± 
1.78 4.46 ± 1.36 5.29 ± 2.57 1.55 ± 1.15 28.46 ± 11.23 0.92 ± 0.26 

     Medial Wall ICA 1 4.86 3.67 4.95 2.28 18.78 1.33 

     Ophthalmic Segment ICA 32 7.22 ± 
5.04 5.50 ± 1.70 8.26 ± 4.86 2.89 ± 2.98 30.23 ± 16.45 1.28 ± 0.72 

     Pericallosal Artery 1 6.24 4.24 7.17 1.12 28.12 1.47 

     Sylvian Bifurcation 37 5.35 ± 
2.82 4.40 ± 1.57 5.83 ± 2.83 2.00 ± 1.45 30.53 ± 20.11 1.20 ± 0.50 

Posterior Circulation        
     Basilar Tip 13 8.27 ± 

3.47 5.67 ± 1.55 10.50 ± 3.98 2.87 ± 1.51 43.54 ± 15.11 1.45 ± 0.43 

     PCoA 44 5.14 ± 
2.43 4.15 ± 1.52 5.38 ± 2.63 1.74 ± 1.29 30.81 ± 16.70 1.28 ± 0.57 

     SCbA 4 4.91± 2.92 4.51 ± 1.16 5.30 ± 2.34 1.51 ± 0.96 36.12 ± 17.43 1.03 ± 0.47 
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3.5 Idealised, Representative and Patient-Specific Geometry Development 

The f ollowing s ection de scribes t he de velopment of  i dealised a nd r epresentative 

aneurysm m odels, and t he pr eparation of  pa tient-specific an eurysm g eometries fo r 

computational an alysis. T hese g eometries w ill t hen b e u sed i n a comparative 

computational study into the efficacy of representative geometries as an alternative to 

simple idealised and complex patient-specific models.  

 

3.5.1 Idealised Geometry Development 

Numerous pr evious s tudies ha ve i ncorporated i dealised geometric models in to th eir 

computational analyses of haemodynamics within cerebral aneurysms (Appanaboyina 

et al. 2008, Baharoglu et al. 2010, Fisher a nd R ossmann 2009, Sato et al. 2008). 

Although it is acknowledged that idealised models can neglect aspects of the geometry 

and cannot be extrapolated to the individual case (A. A. Valencia et al. 2006), they are 

useful in identifying general trends in flow behaviour. In this study, idealised cerebral 

aneurysm geometries w ere d eveloped s o as  t o co mpare f low and m ass t ransport 

patterns to those seen in complex patient-specific models, and to the newly developed 

representative geometries. 

Aneurysms a re typically f ound along cu rved ar terial s egments an d at  a rterial 

branching poi nts (Lasheras 2 007), and s o i dealised m odels of  bot h l ateral a nd 

bifurcation s hape m orphologies w ere de veloped i n t his s tudy, r epresenting t he 

different arterial configurations that are found throughout the CoW. Two models were 

developed: a l ateral m odel o f a cu rved a rterial segment w ith a s pherical an eurysm 

protruding f rom t he s ide of  t he a rtery, and a bifurcation m odel with a  s accular 

aneurysm found at the bifurcation of the parent artery into two daughter arteries. The 

final idealised models are illustrated in Figure 3.4.  
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Figure 3.4: Illustration of (A) idealised lateral aneurysm and (B) idealised bifurcation aneurysm 

 

For the lateral saccular model, an aneurysm of the ophthalmic segment of the ICA was 

selected, which is defined as the arterial section between the ophthalmic artery and the 

PCoA branch (Roy et al. 1997). These saccular s idewall aneurysms represent typical 

lateral aneurysms, having a s pherical sac at tached to the s ide o f an  ar terial segment. 

Created i n C reo P arametric 2 .0 ( MA, U SA), t he l ateral aneurysms co nsisted o f an  

arterial segment of constant diameter 4.02 mm, representing the average ICA diameter 

(Alastruey et al. 2007, Devault et al. 2008, Fahrig et al. 1999, Hartkamp et al. 1999, 

Moore et al. 2006, Roessler et al. 2006). A n ar terial cu rvature r adius o f 6  mm w as 

incorporated (Sato et al. 2008). T he a neurysm dome was de fined ba sed on a verage 

height, neck width and diameter measurements (see Table 3.4) taken from a study of 

41 patient-specific internal carotid-ophthalmic artery segment aneurysms (Chien et al. 

2013).  

Table 3.4: Parameter measurements used to develop idealised aneurysm models. Results for ophthalmic 
segment ICA and sylvian b ifurcation taken a s mean values from Chien et al. (2013) and Parlea et al. 
(1999) respectively. 

Parameter 
Mean Value (mm) 

Ophthalmic Segment ICA Sylvian Bifurcation 

Height (H) 9.2 5.6 

Neck Width (N) 4.4 3.4 

Diameter (D) 9.5 6.1 
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For t he i dealised bi furcation m odel, a neurysms of  t he s ylvian bi furcation - a d istal 

branch of  t he M CA - were u sed.  A neurysms at  t his location r epresent t ypical 

bifurcation or  t erminal t ype a neurysms, w here a  s accular l esion f orms a t t he 

bifurcation of  a n artery into t wo o r m ore d aughter ar teries. T he i dealised g eometry 

consisted of a straight cylindrical artery of 2.84 mm (Alastruey et al. 2007, Cieslicki 

and Ciesla 2005, Devault et al. 2008, Fahrig et al. 1999, Moore et al. 2006, Roessler et 

al. 2006) which br anched i nto t wo da ughter a rteries of  2m m (Cieslicki a nd C iesla 

2005) at a bifurcation angle of 140 de grees (Liou and Liou 1999, Valencia and Solis 

2006). A saccular symmetrical aneurysm is included at the bifurcation point, with the 

parameter values taken from Parlea et al. (1999). 

 

3.5.2 Representative Geometry Development 

As m entioned pr eviously, the us e of  pa tient-specific geometries f or co mputational 

analysis o f cerebral an eurysms h as i ncreased i n r ecent years. H owever, al though 

patient-specific models give improved information relating to the individual case when 

compared t o i dealised models, s imulations us ing p atient-specific data r equire f low 

data that isn’t usually acquired during standard medical procedures (Mut et al. 2011). 

Therefore, q uestions a rise as  t o t he p atient-specific relevance o f t he r esults. 

Additionally, pa tient-specific f low s imulations a re c omputationally e xpensive. 

Therefore, this study involved the development of representative geometric models to 

act as  a co mpromise between s implified i dealised an d co mplex p atient-specific 

geometric models. 

In this study, representative aneurysms are defined as having the same key geometric 

measurements of the aneurysm dome as a p atient-specific aneurysm, with a location-

specific average p arent an d d aughter a rtery geometry. S imilar t o t he i dealised 

geometries outlined previously, both lateral (ophthalmic segment ICA) and bifurcation 

(sylvian bifurcation) shape morphologies were developed so as to represent the typical 

arterial configurations at w hich a neurysms are m ost c ommonly f ound. T he 

development of the representative cerebral aneurysm geometries took place over three 

main s teps: ( 1) c entreline av eraging, ( 2) d iameter s weep an d ( 3) f inal geometry 

development.  
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Centreline Averaging 

In order to develop the average parent and daughter artery for both locations within the 

CoW, the average artery centrelines were determined. The steps involved in this stage 

are s hown i n Figure 3.5. Using the s ylvian bi furcation a s an e xample, one  of  t he 

patient-specific o verall g eometry centrelines was imp orted in to Paraview. T he 

geometry skeleton or centreline was segmented so as to remove all major and minor 

branch v essels, l eaving t he m ain p arent ar tery ce ntreline r emaining. E ach cen treline 

was exported as a series of coordinate points which were translated so that the 0, 0, 0  

coordinate corresponded with the aneurysm neck orifice. This was repeated for each of 

the 37 patient-specific sylvian bifurcation geometries. The length of each parent artery 

centreline w as computed and t he cen trelines were cl ipped t o t he s ame l ength before 

being divided into 10 e quidistant points. Next, t he r epresentative s ylvian bifurcation 

parent ar tery centreline w as d rawn i n C AD s oftware b y av eraging t he X , Y , Z  

components of  each point and passing a curve through the average points. The s teps 

were r epeated for each d aughter artery o f t he s ylvian bi furcation, a nd f or t he 32  

ophthalmic segment ICA geometries. This resulted in average sylvian bifurcation and 

ophthalmic segment ICA centreline geometries. 

 
Figure 3.5: Centreline extraction with ( A) full patient-specific geometry (B) geometry centreline (C) 
isolated parent artery centreline and (D) final averaged sylvian bifurcation centreline 

 

Diameter Extraction 

The next step in the representative aneurysm geometry development was to determine 

the individual and average parent and daughter artery diameters. Each of the patient-

specific an eurysm g eometries w ere i mported i nto t he o pen s ource s oftware B lender 

2.68a ( Amsterdam, T he N etherlands). An or thogonal cross-section o f t he ar terial 

segment was t aken a t t wo l ocations, di stal t o t he a neurysm a t t he entrance t o t he 
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artery, an d within tw o d iameters o f th e a neurysm n eck so a s t o a ccount f or a ny 

decrease i n v essel d iameter al ong i ts l ength (Volkau et al. 2005). The d iameter 

measurements were ex ported f rom Creo as coordinate points, be fore be ing imported 

into Matlab2008b (Mathworks, Cambridge, UK) where a best-fit c ircle was f itted to  

the points. Although arteries are not typically circular in shape in vivo, several studies 

have s uggested t hat a pproximating t heir c ross-section as  ci rcular i s a r easonable 

approach (Volkau et al. 2005, Zakaria et al. 2008). A n ex ample o f t he ar tery i nlet 

diameter poi nts a nd b est-fit circle are s hown i n Figure 3.6, w ith r esults f rom th e 

diameter measurement illustrated in Table 3.5.  

 
Figure 3.6: Best-fit circle fitted to artery diameter points 
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Table 3.5: Measured aneurysm inlet and outlet diameter values. Results presented as Mean ± Standard Deviation. 

Location No. Inlet Outlet 1 Outlet 2 Outlet 3 Outlet 4 
Anterior Circulation              
     A1 Segment ACA 5 3.31 ± 0.99 2.74 ± 0.57 2.50 ± 0.41   
     Ant. Choroidal Segment ICA 10 3.34 ± 0.62 2.60 ± 1.13 2.47 ± 0.94   
     Carotid Bifurcation 11 3.44 ± 0.40 2.53 ± 0.37 2.40 ± 0.47   
     Distal to Sylvian Bifurcation 1 3.20 2.60 1.09   
     Intracavernous Segment ICA 4 3.75 ± 0.09 4.00 ± 0.71 0.88 ± 0.29   
     M1 Segment MCA 5 2.36 ± 0.47 1.77 ± 0.59 1.65 ± 0.16 1.84  
     Medial Wall ICA 1 4.00 3.20    
     Ophthalmic Segment ICA 32 3.99 ± 0.69 3.34 ± 1.15 1.23 ± 0.92 0.99 ± 0.07  
     Pericallosal Artery 1 1.94 2.00 1.23   
     Sylvian Bifurcation 37 2.53 ± 0.46 2.06 ± 0.32 1.79 ± 0.38   
Posterior Circulation       
     Basilar Tip 13 2.53 ± 0.45 1.10 ± 0.46 1.72 ± 0.43 1.66 ± 0.43 1.12 ± 0.26 
     PCoA 44 3.46 ± 0.69 3.28 ± 0.76 1.62 ± 0.69 0.70 ± 0.22  
     SCbA 4 2.70 ± 0.17 2.39 ± 0.73 1.95 ± 0.34 1.47 ± 0.17 1.08 ± 0.25 
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Geometry Development 

 The f inal s tep w as t o create t he r epresentative a neurysm dom e a nd surrounding 

geometry in Creo Parametric. First, the average parent and daughter artery centreline 

was i mported, a nd us ing a s wept b lend, t he ar tery d iameters w ere s wept al ong t he 

centrelines. Next, t he aneurysm dom e w as d rawn based on t he ke y geometric 

measurements ta ken from its  p atient-specific co unterpart ( see Figure 3.7). The 

aneurysm height (H), neck width (N), diameter (D), distance to maximum diameter (h) 

and tilt angle (θT) were defined and the 2D aneurysm sketch was revolved around its 

centreline.  

Modelling t he a neurysm dom e i n t his f ashion l eads t o a  s harp j unction be tween t he 

aneurysm ne ck a nd t he pa rent a rtery, w hich could l ead t o l ocally i ncreased wall 

pressure a nd s hear s tress, a nd i sn’t ph ysiologically a ccurate. T hus, a  rounded c urve 

with a minimum radius of curvature of 0.36 mm, as recommended by Haljasmaa et al. 

(2001), w as a dded t o t he j unction be tween t he a neurysm a nd t he pa rent a rtery, 

outlet(s) and at the t ip of  the aneurysm dome. This resulted in the development of  a  

representative c erebral aneurysm based on a p atient-specific model, with a  location-

specific average parent and daughter artery geometry. 

 
Figure 3.7: (A) G eometric measurements u sed t o d efine an eurysm d ome a nd ( B) ex amples o f 
representative aneurysms of the ophthalmic segment ICA (top) and sylvian bifurcation (bottom) 
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3.5.3 Patient-Specific Geometry Development 

In or der t o pr epare t he pa tient-specific geometries f or co mputational a nalysis, t he 

extended aneurysm geometry containing all branch vessels was imported into Blender, 

where the geometry was segmented to a section containing just the aneurysm and its 

parent and da ughter arteries. P revious s tudies h ave s hown t hat t he ups tream pa rent 

artery geometry can s ignificantly influence the haemodynamics within the aneurysm 

sac, an d s o as  m uch o f t he i nlet ar tery as p ossible w as i ncluded i n al l g eometries 

(Castro et al. 2006, Sato et al. 2008). In t he case o f some o f t he l ateral aneurysms, 

smaller b ranching ar teries w ere f ound al ong t he ICA and s o t he geometry was 

segmented di stal t o t he branch poi nt. F or t he bi furcation geometries, s egmentation 

took place at the branching of the ICA into the MCA and ACA. Parent and daughter 

artery i nlet an d o utlet diameters w ere m easured f or t heir u se i n f low p arameter 

calculations. 

 

3.6 Final Geometries 

Following implementation of the steps outlined in Sections 3.5.1 – 3.5.3, examples of 

the r esulting i dealised, r epresentative an d p atient-specific l ateral an d b ifurcation 

aneurysm g eometries a re illustrated in  Figure 3.8. U sing t hese geometries, a 

computational investigation into the efficacy of representative models as an alternative 

to idealised and patient-specific models will be carried out, with the aim of improving 

accuracy an d r educing c omputational ex pense i n cer ebral an eurysm h aemodynamic 

and mass transport studies. 
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Figure 3.8: Example o f i dealised ( left), r epresentative ( centre) an d patient-specific ( right) a neurysm 
geometries for (A) ophthalmic segment ICA and (B) sylvian bifurcation 

 

3.7 Discussion 

In this chapter, the steps involved in the development of idealised and representative 

models and the preparation of patient-specific models for computational analysis were 

outlined. The study population was introduced and classified based on geometric and 

morphological pa rameters. In classifying t he s tudy p opulation, a n i nsight i nto t he 

distribution of the 168 patient-specific aneurysms in terms of location, shape, size and 

neck size is given. It is interesting to note that aneurysms within this study population 

are m ore c ommonly f ound w ithin t he a nterior circulation, a re bi furcating i n s hape, 

medium in s ize a nd ha ve w ide n ecks. H owever, a  m ore d etailed analysis o f t hese 

morphological parameters and their relationship with aneurysm rupture is detailed in 

Chapter 6.  

The ma in o bjective o f this s tudy is  to  d etermine if  a  r elationship e xists b etween 

geometric p arameters, m ass t ransport o f s pecies and ce rebral an eurysm growth an d 

rupture potential. A sub-objective within this study aims to determine if representative 

models, de veloped b ased on pa tient-specific d ata, can  adequately p redict t he m ass 

transport of species in cerebral aneurysms. If so, this would allow key radiologically 
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relevant m easurements t o b e t aken f rom p atient-specific s cans, and a d ecision as  t o 

whether a n a neurysm i s a t r isk of  g rowth or  r upture t o be  m ade ba sed on t hese 

measurements. Previous studies have outlined the advantages of using patient-specific 

models o ver s implified i dealised geometries, which can  o nly give generalised 

information. However, the disadvantages of patient-specific models include the lack of 

patient-specific f low data, and the t ime and expense involved in their computational 

analysis. If r epresentative m odels c an be  s hown t o a dequately pr edict t he f low a nd 

mass transport patterns of patient-specific models, representative models will provide 

an attractive alternative to patient-specific geometries. This will be further investigated 

in Chapter 7. 

In order to develop representative geometries, several measurements were taken from 

the patient-specific aneurysms. The definition of the measured parameters in this study 

allows f or m ore a ccurate m easurements t o b e taken f rom 3D  s cans or  g eometries. 

Some previous studies investigating the influence of geometric parameters on rupture 

risk have extracted their measurements from 2D angiographic images, which may not 

account for t he a symmetric na ture of  aneurysms (Raghavan et al. 2005). T herefore, 

the t hree-dimensional n ature o f th e geometries u sed in  th is s tudy a llows f or mo re 

accurate m easurements t hat w ould n ot b e possible us ing 2D  s cans (Larrabide et al. 

2011). Looking at  t he m easurement ex traction results in  Table 3.3, a l arge standard 

deviation is seen for some of the measured parameters. This is due to the high level of 

variation be tween cerebral a neurysms, w hich a re uni que i n n ature and va ry 

significantly from patient to patient. However, each representative model is developed 

based on m easurements f rom a n i ndividual patient-specific m odel, and s o t he 

variability between the aneurysms is neglected.  

The r epresentative geometries p resented i n t his s tudy a re de veloped ba sed on 

geometric m easurements ex tracted from p atient-specific an eurysm geometries. 

However, stark differences can be found between the representative models and their 

patient-specific counterparts. Looking to Figure 3.8, it can be seen for example in the 

sylvian bifurcation model, that the parent artery geometry of the representative model, 

calculated based on the average arteries of  37  sylvian bifurcation geometries, di ffers 

significantly f rom th e p atient-specific m odel. F urthermore, t he a neurysm dom e i s 

smoother a nd do es no t a ccount for undul ations a nd a neurysmal b lebs f ound 

throughout the dome. However, it remains to be established whether the representative 
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models can adequately account for the flow haemodynamics and mass transport found 

within the patient-specific model, which will be investigated in Chapter 7.  

In summary, this chapter outlines the steps involved in the development of idealised, 

representative and patient-specific models for computational investigation into the use 

of r epresentative m odels as  an  al ternative t o i dealised an d p atient-specific mo dels. 

Furthermore, t hese geometries w ill be  us ed i n t he c omputational a nalysis o f th e 

relationship b etween geometric p arameters, m ass t ransport o f s pecies and cer ebral 

aneurysm growth and rupture potential. 
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Chapter 4  Computational M odelling of F low D ynamics and 

Mass Transport in Cerebral Aneurysms 
 

4.1 Introduction 

Following t he d evelopment of  t he geometries us ed i n t he computational analysis o f 

mass t ransport w ithin c erebral a neurysms, t here ar e s everal i mportant aspects t hat 

must be considered when modelling flow within an artery and aneurysm. According to 

Khakpour and V afai ( 2008b), t he m ost es sential f actors i nclude t he a ccurate 

description of the geometry being modelled (which has been discussed in Chapter 3), 

the application of suitable governing equations and the implementation of appropriate 

boundary c onditions t o describe t he ph ysical s urroundings of  t he s imulation. T he 

following c hapter d escribes t he ap plication o f t hese es sential f actors ( and s everal 

additional assumptions) included in this study.  

Computational Fluid Dynamics, a branch of fluid mechanics, has become an important 

and pow erful a nalytical tool i n e ngineering s tudies. Using C FD, a  c omputational or  

mathematical mo del c an b e b uilt th at r epresents th e s ystem b eing s tudied. CFD 

replaces the governing equations of fluid dynamics, namely the continuity, momentum 

and energy equations, with equivalent numerical descriptions.  N umerical techniques 

are t hen us ed t o a nalyse a nd s olve t hese e quations t o de termine i nformation on  

different variables at specific locations within the flow field. 

There a re s everal m ethods t hat c an be  us ed t o s olve f or governing flow e quations, 

including the f inite element method (FEM) and the finite volume method (FVM). In 

this s tudy, th e c ommercially available FEM s olver C omsol M ultiphysics 4 .4 w as 

employed to solve for the equations of fluid flow and mass transport. Using Comsol, 

the area of interest within the f low field is divided into cells, known as elements, to 

form a grid or mesh. These meshes can be either structured or unstructured, and can 

contain he xahedral, t etrahedral or  pol yhedral elements. S elected poi nts, know n a s 

nodes, a re a ppointed a t s et l ocations w ithin t he e lement where t he un known f luid 

property will be determined and stored (Massey 2006).  

The a im o f th is c hapter i s t o de scribe t he pr eparation of  t he geometric m odels f or 

computational analysis.  F irstly, the method used to present the computational results 

is described. T he governing e quations a pplied in t his s tudy are s tated a nd f low 
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conditions found within t he cer ebral vasculature are presented. The rationale behind 

assumptions made for the application of boundary conditions is discussed. Finally, the 

steps involved in mesh generation and a grid independence study are described.  

 

4.2 Presentation of Results 

In t his section, the method used in the pos t-processing and presentation of results i s 

outlined. A s e xpressed b y Goubergrits et al. (2012), t he t hree-dimensional a nd 

spherical n ature o f a neurysm mo dels, s uch a s th ose u tilised in  th is s tudy, limi ts th e 

visualisation of  r esults, a s t he da ta not  a ligned w ith t he vi ewer i s o bscured. A n 

example of this can be seen in Figure 4.1, in which 2D images of the distribution of 

the bl ood-borne s pecies ad enosine t riphosphate w ithin a  pa tient-specific an eurysm 

dome from d ifferent o rientation v iews a re illu strated. In o rder to  e xamine th e 

concentration distribution across the surface of the entire aneurysm dome, the surface 

must be unwrapped. This allows the concentration distribution to be expressed as a 2D 

disc.  For studies using the same aneurysm but incorporating different parameters e.g. 

the comparison of Newtonian and non-Newtonian fluid properties, this allows a direct 

comparison between the results to be carried out.  

 
Figure 4.1: Illustration of steps involved in mapping of the normalised ATP concentration distribution 
within the aneurysm sac onto a 2D disc: (A) 3D aneurysm sac, coloured by normalised concentration 
(C/Cin) o f ATP, in  d ifferent orientation views (B) an eurysm sac (orange) surrounded by hemisphere 
(yellow) in Blender and (C) projected normalised concentration plot, unwrapped onto 2D disc 

 

The development of the 2D discs took place over several steps, which are illustrated in 

Figure 4.1. Once each CFD simulation was completed, WSS or concentration surface 

plots were exported from Comsol. Each surface plot was exported in .txt format, with 
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each f ile co ntaining t he X, Y , Z  c oordinate points t hat de scribed t he a neurysm 

geometry, and the corresponding WSS or concentration values. The data was imported 

to P araview w here t he g eometry w as cropped t o t he an eurysm dome, ba sed on 

measurements from Section 3.4. The aneurysm dome surface plot, complete with WSS 

or c oncentration da ta, was t hen e xported i n .X 3d f ile f ormat. N ext, t his f ile w as 

imported into Blender. 

Within Blender, a hemisphere was created around the aneurysm dome, with the orifice 

of t he he misphere or iented i n line w ith t he or ifice of  t he aneurysm n eck. U sing t he 

unwrap function, t he he misphere was unw rapped to c reate a  2D di sc representation. 

The data from the aneurysm surface was projected onto the hemisphere using the bake 

rendering function, and thus t he da ta was projected onto t he 2D di sc. This di sc was 

then exported as an image file for analysis of data.   

The development of  2D discs displaying the unwrapped concentration plots allows a 

comparison between aneurysms, despite the variation in geometries. Upon inclusion of 

a t hreshold v alue o f s pecies co ncentration, b elow w hich t he an eurysm i s at  r isk o f 

rupture, a c omparison c an be  pe rformed b etween di fferent a neurysms b ased on t he 

percentage of the aneurysm dome surface that is under a defined threshold value. An 

example of the use of this method of presenting results in conjunction with threshold 

values is  illu strated in  Figure 4.2, where t he s urface c oncentration of  t hree p atient-

specific sylvian bifurcation aneurysm models is compared for a threshold value of 1%, 

5%, 10% and 20% of the inlet concentration.  
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Figure 4.2: Example of unwrapped 2D concentration plots for Aneurysm 1 ( green), Aneurysm 2 (red) 
and Aneurysm 3 (blue) illustrating (A) normalised concentration (C/Cin) values at threshold cut-offs of 
1%, 5%, 10% and 20% below inlet concentration. Areas that are below the threshold value are shown in 
red in the 2D disc plot, while areas that are above the threshold are shown in blue. (B) Comparison of 
percentage o f a neurysm d ome f ound u nder t he t hreshold value f or 1% , 5% , 10%  a nd 20%  s pecies 
threshold levels for aneurysms 1-3. 

 

The c oncentration di stribution w ithin t he a neurysm dom e i s c alculated ba sed on 

threshold c ut-offs of  1 %, 5% , 10 % a nd 20 % of  t he i nlet c oncentration, w ith 

concentrations l ess t han t he t hreshold va lues s hown i n red. T his a llows f or a 

comparison to be made between different aneurysm geometries as to the percentage of 

the aneurysm dome that is found lower than the threshold values for each of the cut-

offs used. Further analysis of the species concentration threshold will be described in 

Chapter 7.  
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4.3 Governing Equations 

As previously mentioned, CFD is fundamentally based on the governing equations of 

fluid f low th at u se ma thematical s tatements to  d escribe th e c onservation la ws o f 

physics:  

(1) The mass of the fluid in the system is conserved. 

(2) The r ate o f change o f momentum e quals t he s um of  t he f orces on a fluid 

particle (Newton’s 2nd Law). 

Before t he num erical a nalysis of  t he m ass t ransport of  bl ood-borne s pecies w ithin 

cerebral aneurysms can be carried out, the governing equations must be defined within 

the solver. There are no thermal or chemical reactions involved in this study and so the 

conservation of energy equation is neglected.  

 

4.3.1 Conservation of Mass: Continuity Equation 

The conservation of mass is a form of the continuity equation which states that the rate 

at which mass enters a control volume must equal the rate at which mass leaves the 

control volume, providing there are no sinks or sources present. In Cartesian form with 

coordinates x, y, z and velocity components u, v,  w, the conservation of mass can be 

written in 3D form as: 

 𝜕𝜌
𝜕𝑡

+
𝜕(𝜌𝑢)
𝜕𝑥

+
𝜕(𝜌𝑣)
𝜕𝑦

+
𝜕(𝜌𝑤)
𝜕𝑧

=  0 (4.1) 

 

In vector notation, the equation becomes: 

 𝜕𝜌
𝜕𝑡

+ 𝜌∇. 𝑢�⃗ =  0 (4.2) 

 

However, i n t his s tudy, f low i s a ssumed t o be  i ncompressible a nd t herefore ha s a 

constant density. Equation 4.2 can be rewritten as: 

 ∇. 𝑢�⃗ =  0 (4.3) 
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4.3.2 Conservation of Momentum: Navier-Stokes Equation 

The c onservation of  m omentum f or f luid f low i s de rived f rom N ewton’s 2 nd law o f 

motion (F = ma), which states that the rate of change of momentum of a fluid particle 

is e qual t o t he s um of  t he f orces acting on t hat particle. T he f ull t hree-dimensional 

viscous na ture of  fluid flow i n a  c ontrol s ystem i s de scribed b y t he Navier-Stokes 

equations: 

 
𝜌 �
𝜕𝑢
𝜕𝑡

+ 𝑢
𝜕𝑢
𝜕𝑥

+ 𝑣
𝜕𝑢
𝜕𝑦

+ 𝑤
𝜕𝑢
𝜕𝑧

 �

=  𝜌𝑔𝑥 + 𝜇 �
𝜕2𝑢
𝜕𝑥2

+  
𝜕2𝑢
𝜕𝑦2

+
𝜕2𝑢
𝜕𝑧2

� − 
𝜕𝑝
𝜕𝑥

 

 

 
𝜌 �
𝜕𝑣
𝜕𝑡

+ 𝑢
𝜕𝑣
𝜕𝑥

+ 𝑣
𝜕𝑣
𝜕𝑦

+ 𝑤
𝜕𝑣
𝜕𝑧

 �

=  𝜌𝑔𝑦 + 𝜇 �
𝜕2𝑣
𝜕𝑥2

+ 
𝜕2𝑣
𝜕𝑦2

+
𝜕2𝑣
𝜕𝑧2

� − 
𝜕𝑝
𝜕𝑦

 
(4.4) 

 
𝜌 �
𝜕𝑤
𝜕𝑡

+ 𝑢
𝜕𝑤
𝜕𝑥

+ 𝑣
𝜕𝑤
𝜕𝑦

+ 𝑤
𝜕𝑤
𝜕𝑧

 �

=  𝜌𝑔𝑧 + 𝜇 �
𝜕2𝑤
𝜕𝑥2

+  
𝜕2𝑤
𝜕𝑦2

+
𝜕2𝑤
𝜕𝑧2

� − 
𝜕𝑝
𝜕𝑧

 

 

 

4.3.3 Fick’s Law of Diffusion 

Diffusion i s t he t ransport of  s pecies be tween t wo l ocations due  t o a  c oncentration 

gradient. Fick’s 1st law describes how the flux of species is proportional to the change 

in concentration due to a change in position: 

 
𝐽 =  −𝐷

𝜕𝐶
𝜕𝑥

 (4.5) 

 

The ne gative s ign i n Equation 4.5  indicates a pos itive f lux i n t he pr esence of  a 

negative concentration gradient. Biological mass transport processes tend to be t ime-

dependent, and so an equation that can predict variations in concentration over time is 

needed. Fick’s second law is derived using the conservation of mass: 

 𝜕𝐶
𝜕𝑡

= 𝐷 �
𝜕2𝐶
𝜕𝑥2

+
𝜕2𝐶
𝜕𝑦2

+
𝜕2𝐶
𝜕𝑧2

� (4.6) 
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4.3.4 Conservation of Species 

Equation 4.6  represents d iffusion dom inated m ass t ransport; how ever both di ffusive 

and c onvective forces are p resent i n this s tudy. The a ddition of  a  c onvective t erm, 

represented by the product of the fluid velocity and the local concentration, results in 

the convection-diffusion equation: 

 𝜕𝐶
𝜕𝑡

+ 𝑢
𝜕𝐶
𝜕𝑥

+ 𝑣
𝜕𝐶
𝜕𝑦

+ 𝑤
𝜕𝐶
𝜕𝑧

= 𝐷 �
𝜕2𝐶
𝜕𝑥2

+
𝜕2𝐶
𝜕𝑦2

+
𝜕2𝐶
𝜕𝑧2

� (4.7) 

 

4.4 Blood Flow in the Cerebral Vasculature 

Blood f low w ithin t he cer ebral v asculature and cer ebral an eurysms i s a co mplex, 

three-dimensional pr ocess. Is t his s tudy, s everal a ssumptions a re m ade i n or der t o 

simplify t he m odel, w ithout c ompromising t he accuracy o f t he results. For t he 3 D 

simulations of  m ass t ransport w ithin a neurysms us ed i n t his s tudy, t he f ollowing 

assumptions a re m ade: (1) a rterial w alls are r igid and s tationary, ( 2) blood i s a  

Newtonian f luid w ith c onstant ph ysical p roperties a nd ( 3) flow i s i ncompressible, 

laminar, steady and fully developed.  

 

Rigid Wall Assumption 

For the computational analysis undertaken in this study, the artery and aneurysm walls 

are a ssumed t o be  r igid a nd s tationary. T he r igid w all a ssumption ha s been d ebated 

extensively, with some studies suggesting that flow characteristics in rigid models do 

not differ significantly from elastic aneurysm models (Tateshima et al. 2003). Others 

have concluded t hat ar terial wall compliance depends on t he ar terial geometry, w ith 

hemodynamic factors being affected more in terminal than in lateral aneurysms (Torii 

et al. 2007, Valencia et al. 2008). In young, healthy subjects it has been reported that, 

due to the pulsing nature of the heart, arterial vessel diameters can change up to 21% 

in s maller cer ebral ar teries s uch as  t he A CA (Kim et al. 2005). T he elasticity o f 

healthy a rteries s ignificantly affects the shape of the f low waveform, and may af fect 

parameters s uch as  wall s hear s tress m agnitude (Cebral et al. 2003). Ho wever, 

numerous previous studies have neglected to include wall compliance, instead opting 

to mo del th e w all a s r igid (Cebral et al. 2003, Shojima et al. 2004, Steinman et al. 
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2003), which can serve to simplify the simulation and reduce computational expense. 

It has been suggested that for larger cerebral arteries such as the MCA and ICA, the 

pulsing o f t he h eart c auses ch anges i n v essel d iameter o f l ess t han 4 % (Kim et al. 

2005). F urthermore, c erebral a rteries a nd a neurysms a re s tiffer i n na ture t han ot her 

arteries, with studies reporting that, due to a lack of elastin, aneurysms may be up t o 

twice as stiff as normal vessels(Jou et al. 2003). Therefore, for this study, a rigid wall 

assumption is employed.  

 

Steady Flow Assumption 

The s econd a ssumption m ade i n t he s tudy w as t hat t he f low is l aminar, 

incompressible, fully developed at the artery inlet and steady in nature. The decision to 

model f low a s l aminar i s ba sed on t he R eynolds num ber, w hich i s a  di mensionless 

value that represents the ratio of inertial forces to viscous forces within a fluid. It can 

be determined using Equation 4.8: 

 
𝑅𝑒 =  

𝜌𝑢𝑑
𝜇

 (4.8) 

   

Flow t hrough a  pi pe w ith R e<2000 i s r egarded a s l aminar, i n w hich t he f low i s 

dictated by the viscous forces, and the particles of the fluid move in parallel l ines or 

layers. Flow with Re>4000 is classified as turbulent, in which the particles move in a 

disorderly f ashion, w ith m ixing, r ecirculation a nd f low e ddies oc curring within t he 

fluid (Massey 2006 ). H owever, t urbulent f low has be en f ound t o de velop a t l ower 

Reynolds num bers (Stehbens 1959 ), a nd s o t he va lues out lined a bove a re t ypically 

seen as guidelines.  

At the entrance to a straight, rigid, cylindrical artery, the velocity profile is practically 

uniform. The velocity at the walls must equal zero, and so the retarding effects of the 

wall cau se t he l ayers n earest t he w all t o s low. A bounda ry l ayer i s f ormed t hat 

increases in thickness until it extends to the axis of the artery. The cross-sectional area 

of t he a rtery i s c onstant, a nd s o t he m ean ve locity a cross t he s ection m ust r emain 

constant. Thus, the reduction in velocity experienced close to the walls is compensated 

for b y acceleration a t t he centre of  flow. F low i s s aid t o be  fully developed when a  

parabolic di stribution ha s be en r eached. T he poi nt a long t he a rtery w here f low ha s 

fully de veloped i s know n a s t he e ntrance l ength, a nd c an be  c alculated for l aminar 
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flow us ing E quation 4. 9. T heoretically, t his i s r eached a fter a n i nfinite di stance; 

however, the entrance length is usually regarded as the point at which the maximum 

velocity, umax, is within 1% of its final value (Massey 2006).  

 𝐸𝑛𝑡𝑟𝑎𝑛𝑐𝑒 𝐿𝑒𝑛𝑔𝑡ℎ = 0.057 ∗ 𝑅𝑒 ∗ 𝑑 (4.9) 

   

Depending on the diameter and length of the pipe being examined, this entrance length 

may be large in size. When modelling the entrance length computationally, this could 

add to the complexity of the model. Therefore, a parabolic Poiseuille velocity profile 

can be applied at the entrance to the pipe that assumes fully developed flow, reducing 

the time needed to return a solution. This is represented by the following equation: 

 
𝑢 = 2𝑢𝑚𝑒𝑎𝑛 �1 − �

𝑟
𝑅
�
2

 � (4.10) 

 

Blood is inherently pulsatile in nature. Therefore, many previous studies have opted to 

model the pulsatility of blood in CFD simulations (Appanaboyina et al. 2008, Boussel 

et al. 2008, Fisher a nd Rossmann 2009 , Shojima et al. 2004). H owever, one  of  t he 

main techniques to reduce computational expense for complex CFD simulations, such 

as t hose i nvolving 3D  patient-specific m odels, i s t o m odel t he bl ood f low a s s teady 

rather than unsteady or pulsatile (Ethier 2002).  

Although s tudies ha ve reported di fferences i n flow p atterns b etween steady and 

pulsatile s imulations, it h as b een a rgued th at th at th e ma in flow f eatures w ithin a n 

aneurysm do not change throughout the cardiac cycle. Geers et al. (2014) conducted a 

study in both lateral and terminal aneurysms to quantify the differences between time-

averaged, pe ak s ystole a nd e nd di astole WSS r esults f or s teady a nd pul satile 

simulations, r eporting t hat a lthough di fferences f or W SS va lues a t pe ak systole a nd 

end d iastole w ere l arge, s teady flow s imulations can  ac curately predict th e time -

averaged W SS f ield. Müller et al. (2012) undertook a n i nvestigation i nto t he 

sensitivity of aneurysmal flow patterns to different conditions, showing no significant 

sensitivity to  v ariations in  p ulsatile f low rate, w ith th e s teady a nd p ulsatile f low 

simulations predicting similar results. Additionally, following a comparative analysis 

of two pulsatile and three steady flow simulations of 210 pa tient-specific aneurysms, 

Cebral et al. (2011b) reported that steady flow could be used in the place of pulsatile 
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flow t o e xtract i nformation r egarding t he r elationship be tween ha emodynamic 

measures and aneurysm rupture.  

Furthermore, it has been reported that the use of steady flow does not affect the mass 

transport o f s pecies a cross t he ar terial w all, w ith d ifferences b etween p ulsatile f low 

and s teady f low f ound to be  i nsignificant (Karner a nd P erktold 2000 ). John a nd 

Barakat ( 2001) reported t hat t he e ffect of  pul satile f low on s urface c oncentration of  

ATP is negligible, suggesting that for the sinusoidal flow pulsatility included in their 

model, t he t ime co nstant t hat ch aracterises t he changes i n s pecies co ncentration i s 

larger than the time constant characterising the unsteady flow, and so the endothelial 

surface is not affected by the unsteady flow patterns. Instead, it is  suggested that it is 

the me an w all s hear s tress th at d etermines t he concentration of  s pecies. T his w as 

echoed by Comerford et al. (2006), who investigated the influence of pulsatile flows 

on A TP c oncentration a t t he endothelium o f va rying geometries of a n artery 

bifurcation, showing negligible differences for the surface ATP concentration between 

the steady and pulsatile flow simulations. Similarly, when investigating the impact of 

hypertension on t he t ransport of  LDLs a cross t he a rterial w all i n a  s traight, 

axisymmetric g eometry, Yang a nd V afai ( 2006) found t he effect of  pul sation t o be  

negligible, d ue to  th e r esistance o ffered b y th e arterial w all tis sue. It h as also b een 

hypothesised by Sun et al. (2007) that, due to the accumulation of LDLs in the arterial 

wall being a long-term process, the use of steady flow can be deemed appropriate for 

initial approximations of mass transport across the arterial wall.  

As part of the ASME 2012 Summer Bioengineering Conference CFD Challenge (see 

Appendix), bot h s teady and pul satile f low s imulations w ere c arried out  on a  g iant 

patient-specific c erebral a neurysm, or iginally i ncluded i n a  s tudy b y Cebral et al. 

(2011a) where i t w as pr oposed t hat a neurysm rupture f ollowing t reatment c ould be  

attributed t o t he r edistribution of  pr essure following t he i mplementation of  a  f low 

diverting s tent. T he m ain obj ective of  t he C FD c hallenge w as to in vestigate th e 

variability of  C FD s olutions i n t he pr ediction of t he pr essure d rop s een a cross a  

cerebral aneurysm and consisted of the distribution of the same lumen geometry and 

flow r ate c onditions t o t he 25  pa rticipating groups, but  no guidance w as given 

regarding discretisation, grid size etc. The challenge consisted of two phases: Phase I 

assessed the va riability of the solutions against each other, while Phase II compared 

the c omputational s olutions t o r esults de termined f rom a n e xperimental m odel. The 
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geometry consisted of a giant ICA aneurysm which contained a small (<50%) stenosis 

proximal to the aneurysm inlet (see Figure 4.3).  

 
Figure 4.3: (A) ASME 2012 CFD Challenge geometry and (B) Aneurysm model centreline (Steinman 
et al. 2013) 

 

Taking part in the CFD challenge, the CABER group conducted the study using two 

separate C FD s oftwares, i n w hich I used t he commercially available Star C CM+ 

6.02.007 (CD-Adapco, USA). Focusing on P hase I of the challenge, blood was taken 

to be an incompressible, Newtonian fluid with a constant viscosity of 0.004 Pa·s and a 

density o f 1000  k g/m³. F low w as a ssumed t o be  l aminar, s teady, and t hree-

dimensional. B oundary conditions w ere a pplied as out lined i n t he or iginal s tudy b y 

Cebral et al. (2011a) and two pulsatile cases were prescribed based on the same flow 

waveform but with mean flow rates of 5.13 a nd 6.41 m l/s, representing a mean inlet 

WSS of 1.2 and 1.5 Pa respectively (see Figure 4.4). A period of 0.99 s and a time-step 

of 0.001 s  were used, with results presented at peak systole (t = 0.275 s). Four steady 

flow s imulations w ith f low r ates of  5.13, 6.41 , 9.14 a nd 11.42 m L/s w ere also 

performed, c orresponding t o t he m ean a nd pe ak s ystolic f low r ates of  t he pul satile 

cases. 
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Figure 4.4: Pulsatile flow rates prescribed for Phase 1 of the CFD Challenge (Steinman et al. 2013) 

 

A comparison of the pressure drop across the aneurysm centreline for both the steady 

and pulsatile flows as a result of simulations undertaken by the author for this study is 

shown in Figure 4.5. The steady flow rates of 5.13 ml/s, 6.41 ml/s, 9.14 ml/s and 11.42 

ml/s a re referred t o as S 1, S 2, S 3 a nd S 4 respectively, w ith t he c ycle-averaged an d 

peak systolic pulsatile flow rates referred to as AV1, PK1, AV2 and PK2 for the mean 

flow rates of 5.13 ml/s and 6.41 ml/s respectively.  
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Figure 4.5: (A) Centreline pressure drop comparison for S1, S2, CA1 and CA2, (B) Centreline pressure 
drop comparison for S3, S4, PS1 and PS2 (S1, S2, S3, S4 = steady flow rates 5.13 ml/s, 6.41 ml/s, 9.14 
ml/s and 11.42 ml/s. AV1, AV2, PK1, PK2 = pulsatile cycle-averaged and peak systolic flow rates 5.13 
ml/s, 6.41 ml/s) 

 

It i s cl ear from Figure 4.5 that there i s g ood ag reement b etween t he s teady an d 

pulsatile f low results, with s imilar pressure values found along the centreline for the 

steady and c orresponding c ycle-averaged o r p eak s ystolic p ulsatile f low. T he 

percentage d ifference b etween each s et o f r esults w as cal culated and f ound t o b e 

within ±2%, s uggesting that t he use o f p ulsatile flow h ad a  n egligible e ffect o n th e 

results of  t he s tudy. This i s f urther e videnced b y r esults f rom the entire C FD 

challenge, shown i n Figure 4.6, w hich highlights t he n egligible d ifferences b etween 

the pulsatile peak systolic and cycle-averaged pressure drops compared to their steady 

flow c ounterparts. Also illu strated is th e in let to  o utlet p ressure d rop r elative to  th e 
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inlet pr essure f or bot h t he c urrent s tudy, a nd as pr edicted b y t he va rious s olvers 

submitted t o t he C FD c hallenge. It is  e vident t hat th e results s imulated us ing S tar 

CCM+ are comparable with the other groups, despite the wide variety of solvers and 

solution techniques used throughout the challenge.  

 
Figure 4.6: (A) Centreline p ressure f or pulsatile f low s imulation f or current study ( B) centreline 
pressure for p ulsatile flow simulations for overall CFD study and (C) Summary of pressure drop vs. 
flow rate results for Phase I for all steady and pulsatile flow results (Steinman et al. 2013) 

 

Following results g enerated a s pa rt of  t he publ ished A SME C FD c hallenge a nd 

following e vidence f rom pr evious s tudies t hat s uggest that s teady flow is  a n 

appropriate assumption t o r educe computational t ime f or f low a nd m ass t ransport 
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studies w ithin t he cer ebral v asculature, t he u se of s teady f low was em ployed i n all 

following computational analyses.   

 

Newtonian Fluid Assumption 

In addition to r igid walls and s teady flow, an assumption was made referring to t he 

treatment of  t he r heological pr operties of  bl ood. Blood c an b e d escribed as  a 

suspension of  red and white cells and platelets in plasma (Morales et al. 2013). The 

viscosity of  bl ood i s de pendent on t he vol ume fraction of  red bl ood c ells, a nd t heir 

ability to  d eform a nd aggregate (Fisher a nd R ossmann 2009 ). B lood i s know n t o 

exhibit shear-thinning behaviour, meaning that the viscosity decreases with increasing 

shear r ate. It i s w ell r ecognised t hat bl ood be haves a s a  non -Newtonian f luid, i n 

particular at  l ow s hear rates i .e. <1 00 s -1 (Johnston et al. 2004). H owever, m any 

studies c hoose t o m odel bl ood a s a  N ewtonian f luid, a ssuming t hat t he vi scosity 

remains constant and indicating a linear shear stress-strain rate relationship.  

The importance of  non-Newtonian behaviour has been examined in several previous 

studies, a lthough t here r emains s ome di sagreement r egarding i ts i nfluence on f low 

behaviour. W hile s ome s tudies ha ve s uggested t hat t he e ffect of  t he s hear-thinning 

properties of  bl ood i s n ot s ignificant  f or a rteries > 0.5mm i n d iameter (Hoi et al. 

2004), and that the assumption of a Newtonian fluid is reasonable (J. R. Cebral et al. 

2005b, Fisher and R ossmann 2009 , Morales et al. 2013, A. V alencia et al. 2006), 

others ha ve s trongly emphasised t he i mportance of  t he us e of  no n-Newtonian 

properties t o de scribe bl ood (Chen a nd Lu 2004 , Ishikawa et al. 1998, Moon et al. 

2014). A lthough t here are no  r eports on t he e ffects o f t he us e o f t he N ewtonian 

assumption on m ass t ransport w ithin c erebral a neurysms, X. Li u et al. (2011) 

investigated t he effect o f n on-Newtonian bl ood flow on t he t ransport o f LDLs a nd 

oxygen and found that, under steady flow conditions, the inclusion of non-Newtonian 

properties had minimal effect on the transport of species in most regions of the aorta. 

Furthermore, blood is assumed to be Newtonian in numerous mass transport analyses 

in literature (Amili and Fatouraee 2005, Chen et al. 2014, Comerford and David 2008, 

Imai et al. 2008, Kaazempur-Mofrad et al. 2005).  

In o rder t o el ucidate t he ef fects o f u sing a s hear r ate d ependent v iscosity o n m ass 

transport w ithin c erebral a neurysms, a c omparative s tudy was carried out on f low 
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simulations pe rformed u sing both N ewtonian a nd non -Newtonian f luids. N umerous 

models have been used to describe the non-Newtonian behaviour of blood, such as the 

Casson, pow er l aw, Herschel-Bulkley, C arreau an d C arreau-Yasuda m odels (J. R . 

Cebral et al. 2005a, Chen a nd Lu 2004 , Fisher and R ossmann 2009 , Morales et al. 

2013, Jianping Xiang et al. 2011). However, the Carreau-Yasuda model, an extension 

of the Carreau model, has been suggested to be  the most suitable to model the non-

Newtonian behaviour of blood, due to limitations reported for other models regarding 

their r ange of  s hear rates, hi gh gradients a nd po ssible i nfinite vi scosity (Fisher an d 

Rossmann 2009).  

The Carreau-Yasuda model is described by Equation 4.11, where μ∞ and μ0 represent 

the infinite and zero shear rates respectively, a and n are the power law indices and λ is 

the relaxation time constant:  

 𝜇(𝛾̇) = 𝜇∞ + (𝜇0 − 𝜇∞)[1 + (𝜆𝛾̇)𝑎]
𝑛−1
𝑎  (4.11) 

 

The co nstitutive p arameters u sed t o d evelop t he Carreau-Yasuda m odel h ave v aried 

throughout lite rature. Figure 4.7 illustrates t he be haviour of  t he non -Newtonian 

Carreau and C arreau-Yasuda m odels a ccording t o di fferent a uthors, a long w ith t he 

typical N ewtonian f luid of  μ = 3.5 m Pa·s. It can b e s een t hat w hile th e d ifferent 

models pr ovide s imilar viscosity va lues a t hi gh shear rates, di fferent be haviours a re 

evident for lower shear rates.  
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Figure 4.7: Illustration of shear-thinning behaviour of blood as described by previous non-Newtonian 
Carreau models 

 

Previous studies have adopted parameters taken from the curve fitting of experimental 

data or from a blood analogue fluid (Gijsen et al. 1999, Kim et al. 2005, Shibeshi and 

Collins 2005 ). However, t he p arameters o utlined b y Boyd et al. (2007), w hich a re 

listed in Table 4.1 are calculated from physiological measurements and so are used in 

this study to compare the influence of Newtonian and non-Newtonian fluid properties.  

Table 4.1: Carreau-Yasuda model constitutive parameter values (Boyd et al. 2007) 

Parameter Value 
μ∞ 3.5 (mPa·s) 
μ0 160 (mPa·s) 
λ 8.2 (s) 
a 0.64 
n 0.2128 

 

CFD s imulations of  f luid f low a nd m ass t ransport of  ATP w ithin b oth a  p atient-

specific lateral and bifurcation aneurysm was carried out using a Newtonian fluid with 

constant viscosity of 3.5 mPa·s, and the Carreau-Yasuda model parameters outlined in 

Table 4.1. S imilar f low pa tterns w ere s een f or bot h t he N ewtonian a nd C arreau-

Yasuda models in both the lateral and bifurcation models, despite the minimum shear 

rates w ithin bot h m odels f ound t o be  < 100 s -1. A  qua ntitative c omparison of  t he 
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averaged s hear r ate and W SS v alues w ithin t he an eurysm s ac an d p arent artery a re 

illustrated in  Figure 4.8. Although slight di fferences are e vident, r esults f or t he 

Carreau-Yasuda model for both the lateral and bifurcation aneurysms are found to be 

within ±2% of the Newtonian model results.  

 
Figure 4.8: Shear rate (left) and WSS (right) values for Newtonian and Carreau-Yasuda models for (A) 
lateral and (B) bifurcation aneurysm within the aneurysm sac and parent ar tery. Values normalised to 
Newtonian results. 

 

As discussed previously, Equation 4.8 can be used to establish the Reynolds number at 

the i nlet t o t he a neurysm m odel. H owever, t he R eynolds num ber a t t he i nlet va ries 

between the Newtonian and non -Newtonian m odels, due  t o di fferences in vi scosity 

value. On comparison of the Newtonian and non-Newtonian models, it is  found that 

the Reynolds number increases considerably for the non-Newtonian model. Taking the 

example o f t he lateral a neurysm, a R eynolds num ber of  549 i s c alculated w hen a  

constant viscosity Newtonian model is used. However, upon i ntroduction of the non-

Newtonian f luid properties, the Reynolds number a t the inlet i s found to increase t o 

1130. S imilarly, for th e bifurcation aneurysm, t he i nlet R eynolds num ber i ncreases 

from 438 f or t he N ewtonian m odel t o 733 f or t he non -Newtonian model. H owever, 

despite t he increase i n R eynolds num ber a ssociated w ith t he non -Newtonian f luid 

properties, the classification of the flow involved does not change from laminar, and 

so t he d ifference i n R eynolds number at  t he a rterial i nlet as  a result o f t he u se o f a 

Newtonian fluid is not deemed significant for this study.  

The e ffect of  the use of  non-Newtonian blood p roperties on  mass t ransport within a  

lateral a nd bi furcation a neurysm w as a lso e xamined. U nwrapped pr ojections of  t he 
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aneurysm sac for both the l ateral and b ifurcation aneurysms are illustrated in Figure 

4.9, highlighting the nor malised c oncentration di stribution t hroughout t he a neurysm 

sac.  

 
Figure 4.9: 2D unwrapped projections of aneurysm sac for (A) lateral and (B) bifurcation aneurysm 
models, showing normalised concentration (C/Cin) for the Newtonian (left) and Carreau-Yasuda (right) 
models 

 

It is evident from results shown that the concentration distribution remains effectively 

unchanged, with the difference between results again found to be within 2%, despite 

the change in fluid properties. Therefore, it is concluded that the shear rate, WSS and 

concentration distributions do not differ significantly between the Newtonian and non-

Newtonian model, and the inclusion of non-Newtonian fluid properties has little effect 

on t he m ass t ransport o f bl ood-borne s pecies w ithin c erebral a neurysms. T hus, t he 

non-Newtonian pr operties of bl ood a re om itted f rom t his s tudy, and bl ood w as 

modelled as Newtonian with a constant viscosity of 3.5 mPa·s. 

 

Mass Transport 

Mass transport is the movement of species, such as fluid, gas or drug, from an area of 

high c oncentration t o a n a rea of  l ow c oncentration, w ithin a  de fined s ystem. T his 

movement c an be  pr ovoked b y concentration gradients, but  t ypically it i s due  t o 
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complex haemodynamics, such as that found within the cerebral vasculature. It can be 

categorised in to tw o m ain t ypes w ithin th e h uman v asculature – blood s ide m ass 

transport , a nd w all s ide m ass t ransport. Blood s ide m ass t ransport r efers t o t he 

transport of  s pecies w ithin t he l umen of  t he b lood ve ssel, a nd i s e xposed t o t he 

haemodynamic forces w ithin the vessel. Wall s ide mass tr ansport re fers t o t ransport 

within the wall of  the artery or  blood vessel i tself. WSMT occurs as a  result of  two 

transport mechanisms: the first is a pressure driven convection force, while the second 

is a diffusive force as a result of concentration gradients (Khakpour and Vafai 2008b, 

O'Connell 2009).  

Mass t ransport can  b e described b y s everal d imensionless p arameters. T he P eclet 

number measures the r elative contributions of  di ffusive and convective forces to the 

transport of species within a defined system, and is a product of the Reynolds number 

(see Equation 4.8) and the Schmidt number (Friedman 2008).  A  large Peclet number 

suggests t hat convection dominates, while a  small Peclet number i ndicates di ffusion 

dominated flow. 

 

 𝑃𝑒 = 𝑅𝑒. 𝑆𝑐 (4.12) 

 

The Schmidt number represents the ratio of the viscous momentum diffusivity to the 

mass diffusivity, and is defined as follows: 

 𝑆𝑐 =
𝜐
𝐷

=  
𝜇
𝜌𝐷

 (4.13) 

 

Substituting E quation 4.12 a nd 4.13 i nto E quation 4. 8 describes how  t he Peclet 

number can be influenced by the convective and diffusive forces: 

 
𝑃𝑒 =  

𝑢𝑑
𝐷

 (4.14) 

 

4.5 Boundary Conditions 

Boundary conditions a re s tatements t hat can be  used to describe t he environment of  

the flow simulation. The application of boundary conditions is based on t wo aspects: 
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the num ber of  bounda ry c onditions, a nd t he t ype t hat s hould be  i mplemented. The 

choice o f t he num ber of bounda ry conditions us ed i n a num erical s imulation i s 

dictated by the governing equations chosen and the geometry used, while the type of 

boundary condition i s u ser-defined, s elected ba sed on t he pr imary v ariables be ing 

solved a nd s hould reflect ph ysiologically r ealistic c onditions. In num erical 

simulations, a ll e xternal bounda ries of  t he dom ain r equire bounda ry conditions f or 

each of  t he m ain va riables t hat a re t o be  s olved, a nd t he i ncorrect a pplication of  

boundary conditions c an hi nder t he a ccuracy o f t he s imulation (Datta an d Rakesh 

2010). 

Comsol, t he F EM s olver us ed i n t his s tudy, ha s t he c apability t o s olve f or bot h 

momentum a nd m ass transport e quations s imultaneously; how ever t his c an be  

computationally expensive. Instead, the governing equations for conservation of mass 

and momentum are solved initially using the CFD module within Comsol to establish 

fluid f low c haracteristics w ithin th e a neurysm model. R esults f rom th e f luid f low 

study a re t hen applied t o t he mass t ransport analysis, which i s carried o ut us ing the 

Transport of Diluted Species module. Therefore, a separate set of boundary conditions 

are required for the fluid flow and mass transport analyses, which are outlined in the 

following sections.  

 

4.5.1 Fluid Flow Boundary Conditions 

Inlet: Velocity 

At the artery inlet, steady, laminar flow is induced using an existing “laminar inflow” 

boundary c ondition available i n C omsol. T his a llows t he m ean f luid v elocity and 

entrance l ength t o be  s et a t t he a rtery i nlet, e nsuring a  f ully de veloped, pa rabolic 

profile i s i nduced, ba sed on E quation 4.11.  T he m ain a dvantage of  t he us e of  a  

parabolic p rofile a t th e a rtery in let is  th e e limination o f a n e ntrance le ngth d omain, 

reducing the computational effort needed for mesh generation and solving time. 

The m ean v elocity w as d etermined b ased o n t he av erage f low r ate f or t he s pecific 

location w ithin t he C oW. For a neurysms of  t he opht halmic s egment o f t he ICA, an 

average flow rate of 260 ml/min was used, while the average flow rate in  the MCA, 

138 m l/min, w as a pplied f or aneurysms o f t he sylvian bi furcation (Alastruey et al. 

2007, Alnaes et al. 2007, Cebral et al. 2008, Cieslicki and Ciesla 2005, Fahrig et al. 
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1999, Ford et al. 2005, Moore et al. 2006). The Reynolds number and entrance length 

for e ach s imulation w as de termined us ing E quations 4.10 a nd 4.11.  T he us e of  a 

steady, l aminar f low condition a t t he i nlet ha s been us ed i n m any previous s tudies 

found t hroughout l iterature i n t he a nalysis of  f luid f low w ithin c erebral a neurysms 

(Cebral et al. 2008, Cebral et al. 2011b, Kim et al. 2008, Miura et al. 2013, Sato et al. 

2008, Yu and Zhao 1999, Zakaria et al. 2008).  

 

Outlet: Pressure 

A pressure boundary condition of  P  = 0 is  applied at  the outlet(s) o f each aneurysm 

model which is commonly seen in previous studies in literature (Cebral et al. 2011a, 

Fisher and Rossmann 2009, Geers et al. 2014, Takao et al. 2012).  

 

Lumen-Wall Interface: No Slip 

A n o-slip bounda ry c ondition i s a pplied a t t he i nterface be tween t he l umen a nd t he 

arterial wall. The no-slip condition is common for simulations with a rigid wall, and 

assumes that the velocity of the fluid is equal to that of the wall, with v = 0 at the wall 

boundary (Alnaes et al. 2007, Appanaboyina et al. 2008, Cebral et al. 2011a, Sato et 

al. 2008, Takao et al. 2012).  

 

4.5.2 Mass Transport Boundary Conditions 

Inlet: Constant Uniform Concentration 

For the mass transport analysis, a constant uniform species concentration, Cin,  is set at 

the a rtery in let (Ai a nd V afai 2006 , Amili a nd F atouraee 2005 , Chen et al. 2014, 

Chung and Vafai 2014, Soulis et al. 2008, Wada et al. 2002), representing the typical 

concentration of  t he s pecies i n a rterial bl ood flow. T he di ffusion coefficient or  

diffusivity of  t he s pecies i n bl ood, D , i s a lso i ncluded i n t he m odel. T he C in and D 

values for each species in this study are based on a verage values from literature, and 

are lis ted in  Table 4.2. A s ensitivity analysis w as pe rformed f or ± 10% of t he i nlet 

concentration and species di ffusivity values for each species. Variation of  the values 
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led t o ne gligible di fferences of  l ess t han 2 % i n t he resulting c oncentration 

distributions, and so the average values listed in Table 4.2 were deemed appropriate.  

Table 4.2: Species mass transport parameter values (Amili and Fatouraee 2005, Chung and Vafai 2012, 
Comerford and David 2008, David 2003, Imai et al. 2010, Xiao Liu et al. 2011, Stangeby and Ethier 
2002, Tada and Tarbell 2004, Wada and Karino 2002) 

Species Cin (mol/m³) D (m²/s) K (m/s) 

ATP 0.0001 2.4x10-10 1.68x10-06 

LDLs 0.0286 5x10-12 2x10-10 

 

Outlet: Outflow 

At each artery outlet, an outflow boundary condition is applied which implies that the 

blood-borne species is transported out of the domain as a result of the momentum of 

the f luid f low. T his b oundary condition a ssumes c onvection i s t he dom inating 

transport mechanism, and so diffusive transport is neglected: 

 𝒏. (−𝐷∇C) = 0 (4.15) 

 

Where n r epresents t he nor mal ve ctor poi nting out wards f rom t he c omputational 

domain (COMSOL 2012).  

 

Lumen-Wall Interface: Flux 

As de scribed i n S ection 2.3.4.1, t he m odelling of  m ass t ransport o f bl ood-borne 

species across the arterial wall has been grouped by Prosi et al. (2005) into three main 

categories: (1) wall-free (2) homogeneous wall or fluid-wall and (3) multi-layer wall 

models. W all-free m odels d escribe t he t ransport o f t he s pecies acr oss t he w all b y 

means of  a  s et of  bound ary conditions. F luid-wall models take the a rterial wall in to 

account but  c onsider i t t o be  a  s ingle, hom ogenous l ayer, w hile m ulti-layer mo dels 

model s everal he terogeneous l ayers of  t he a rterial w all. In t his s tudy, due  t o t he 

complex nature of the 3D patient-specific models, the use of fluid-wall or multi-layer 

models would be computationally demanding, and so wall-free models are used. Due 

to their simplicity, very few parameters are required for wall-free models i .e. species 

diffusivity, m ass t ransfer c oefficient a nd filtration v elocity. A limita tion a ssociated 

with wall-free models is  the lack of information regarding transmural flow and mass 
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transport within t he wall, and so t he calculation of concentration p rofiles within t he 

wall are not possible. However, an understanding can be gained into the distribution of 

species at the arterial wall using these models, thus wall-free models are appropriate 

for this study. 

Wall-free m odels acco unt f or t he co nstant t ransport o f s pecies acr oss t he ar tery an d 

aneurysm w all t hrough t he us e of  bounda ry c onditions, s uch a s t he a pplication of  a  

diffusive flux. The outward flux is the product of the mass transfer coefficient K, and 

the concentration of species at the wall. Transport across the wall differs depending on 

the species of interest. In some cases, a r eaction occurs at the wall boundary, such as 

the h ydrolysis of  A TP t o A DP, w hereby K  r epresents t he r ate of  upt ake or  

consumption of ATP at the arterial wall. Although the endothelium is a physiological 

source o f A TP, its  e ffect is  n eglected in  th is study s o a s to  a llow r esults to  b e 

applicable to other species with low diffusion coefficients.  

For other species, such as LDLs and albumin, the species permeates the arterial wall 

without undergoing any reaction. In the case of LDLs, an assumption is made that the 

arterial w all is  p ermeable to  w ater, w ith a  f iltration v elocity o f V w = 4 x 10-08 m/s 

applied (Soulis et al. 2008, Wada et al. 2002). The ne t amount of  LDLs that passes 

through t he e ndothelium t o t he ve ssel w all is de fined a s t he di fference b etween t he 

amount t ransported t o t he ve ssel w all a s a  r esult of  t he f iltration ve locity, a nd t he 

amount which diffuses back into the main luminal flow, as described by Equation 4.16 

(Soulis et al. 2008).  

 
𝐶𝑤𝑢𝑤 − 𝐷

𝜕𝐶
𝜕𝑛

= 𝐾𝐶𝑤 (4.16) 

 

Therefore, the net amount transported across the wall is defined by the right hand side 

of the equation, where K represents the endothelial permeability to the species (Tarbell 

2003). The mass transport coefficient values used in this study, calculated as average 

values f rom literature, are lis ted in  Table 4.2. Similar to  that performed for the inlet 

concentration a nd di ffusivity v alues, a  s ensitivity analysis s tudy was c arried out  f or 

±10% of  t he m ass transport co efficient v alue. D ifferences b etween t he results w ere 

less than 2%, and so the K values listed in Table 4.2 were used for the simulations in 

this study.   
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Time-step size 

The num ber o f t ime-step in crements th at th e s olver ta kes to  s olve th e g overning 

equations is an important aspect of any transient or time-dependent CFD analysis. The 

implementation o f an appropriate time -step s ize is cr itical, as  t he u se o f too l arge a 

time-step can lead to unstable or incorrect results. Although smaller time-steps tend to 

be m ore ac curate, t hey ar e co mputationally d emanding. T herefore, a  b alance i s 

required th at allows f or a  time -step s mall e nough t o de tect w hen t he s olution i s 

changing r apidly over t ime, but  doe s not  require e xcessive computational t ime a nd 

power.  

In o rder to  d etermine th e o ptimum time-step s ize f or t he m ass t ransport an alyses i n 

this s tudy, a  time -step i ndependence study was car ried o ut. Figure 4.10 shows the 

concentration, normalised to Cin, at a point of low concentration within the aneurysm 

sac over time for the time-steps 0.01, 0.005, 0.00 1 and 0.0005s. Although differences 

are s een between t he solutions dur ing t he i nitial c oncentration bui ld-up a t t he 

aneurysm wall, differences between results for time-steps of 0.005, 0.001 and 0.0005s 

are less t han 2%  onc e the c oncentration s tabilises. T hus, a t ime-step of 0.005s  i s 

deemed ad equate to c apture c hanges t o t he s olution ove r t ime f or a ll f urther m ass 

transport analyses.  

 
Figure 4.10: Normalised co ncentration an d p ercentage d ifference at  p oint o f reduced concentration 
within aneurysm for time-step sizes 0.01s, 0.005s, 0.001s and 0.0005s 
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4.6 Mesh Generation 

In a structured mesh, also known as a mapped mesh, an attempt is made to align the 

elements with a  boundary or domain in a  uni form pattern. Typically quadrilateral in  

2D or hexahedral in 3D, structured meshes are simpler and offer more control over the 

size an d s hape o f t he el ements. U nstructured m eshes a re m ore c ommonly us ed f or 

complex geometries, using triangular, tetrahedral, quadrilateral or hexahedral element 

shapes. Unstructured meshes tend to be more flexible for complicated geometries and 

easier to refine. Using COMSOL, an option for a  3D combination or hybrid mesh is 

available, which consists of  a  combination of  both s tructured and uns tructured mesh 

elements. This involves building an unstructured mesh along a boundary and sweeping 

it to create the 3D mesh which is s tructured in the sweep direction and unstructured 

perpendicular to the sweep direction.  

The de cision a s t o w hat m esh i s m ost s uitable i s not  a lways obvi ous. A n i ncreased 

number of  e lements, w hile g iving m ore a ccurate r esults, results in  an i ncrease i n 

computational time. Therefore, the aim is to reduce the number of elements as much as 

possible, while still achieving accurate results. For the 3D complex cerebral aneurysm 

geometries being analysed in this study, an unstructured mesh is deemed more suitable 

as i t a llows greater f lexibility w ith r egards t o t he unus ual s hape o f t he domain a nd 

allows faster refinement of the mesh. 

As a  r esult of  t he no -slip c ondition of  f luid f low, i n w hich t he ve locity of a  f luid 

relative to a solid surface is zero, a region known as the boundary layer forms close to 

the s urface. The bounda ry layer i s t he r egion n ear t he s urface of  t he geometry or 

domain in which the velocity of the fluid increases rapidly and approaches the velocity 

of the f luid bulk f low (Massey 2006). In hemodynamic and mass t ransport analyses, 

the b ehaviour o f th e f luid c lose to  th e w all is  extremely imp ortant. As a  result, fo r 

computational analysis the mesh needs to be increased close to the domain boundary 

so as to capture the boundary layer phenomena and accurately compute the velocity, 

wall shear s tress and concentration gradients (Bazilevs et al. 2010, Comerford et al. 

2006).  

For pr evious he modynamic studies o f t he cer ebral v asculature, t he thickness of  t he 

first boundary layer ranged from 10 μm to 40 μm, with the number of layers of 

elements w ithin t he bounda ry l ayer va rying f rom 3 t o 7 l ayers (Goubergrits et al. 

2012, Manguoglu et al. 2010, Qian et al. 2011, Sen et al. 2014, Spiegel et al. 2011, 
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Takizawa et al. 2010). For m ass tr ansport s tudies, th e th ickness o f th e f irst la yer 

ranged from 7.6 µ m to 26 µm, while the number of layers of elements was increased 

compared to hemodynamic studies, with a range from 3 to 19 layers seen (Chen et al. 

2014, Comerford et al. 2006). In t his s tudy, t he bounda ry l ayer t hickness f or e ach 

aneurysm geometry was calculated using the following equation (Wood 1999): 

 
𝛿 ~ �

𝜐𝑑
𝑢𝑚𝑎𝑥

 (4.17) 

 

4.7 Grid Independence 

In or der t o ensure t he mesh e mployed i n t he computational f low s imulations i s 

appropriate, a  grid i ndependence s tudy i s carried out . This process i nvolves r efining 

the m esh unt il t he s olution ha s s tabilised and i s independent of  t he m esh size, w ith 

±2% difference between results yielded for the different mesh s izes (Balakrishnan et 

al. 2007, Kolachalama et al. 2009). One parameter that is often used as an indicator of 

grid i ndependence i n f low ha emodynamics s tudies i s w all s hear s tress, due  t o i ts 

importance in evaluating cerebral aneurysm pathology, and its sensitivity as a measure 

of ch anges i n f low (Prakash and E thier 2000 , Valencia et al. 2008). H owever, a 

solution that is grid independent for wall shear stress is not necessarily independent in 

terms of  concentration, and so a  mesh sensitivity study was c arried out  for both t he 

wall shear stress and species concentration within the aneurysm geometry.  

 

Determination of Grid Independence via Wall Shear Stress 

Initially, w all s hear s tress w as us ed as a n i ndicator of  grid independence, w hich i s 

defined by the following equation: 

 
𝜏 =  𝜇

𝑑𝑢
𝑑𝑦

 (4.18) 

 

Flow s imulations w ere c arried out  us ing a patient-specific s ylvian b ifurcation 

aneurysm geometry at a  Reynolds number of  415 . WSS values were calculated both 

within th e aneurysm s ac a nd within t he pa rent artery vessel for f our di fferent grid 

sizes, ranging from ~280,000 to ~1.2 million elements (see Table 4.3). The percentage 
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difference between the coarser grids and the finest grid was computed, and a decrease 

in pe rcentage di fference i s f ound be tween t he results a s t he num ber o f e lements 

increases.  

Table 4.3: Mesh r efinement co mparisons of a verage, maximum a nd minimum W SS within t he 
aneurysm dome for increasing mesh sizes 

  Aneurysm Sac Parent Artery Vessel 
No. of Elements Average WSS (Pa) % Difference Average WSS (Pa) % Difference 

281055 7.25895 2.01 13.22148 3.08 
558686 7.12279 0.09 13.47927 1.19 
816569 7.07989 0.51 13.54363 0.72 

1288409 7.11606 0 13.64166 0 
 

It is evident from Figure 4.11,  which illustrates the percentage difference between the 

solutions for each mesh size, that a difference of less than 2% is found between results 

for a  m esh s ize of  558, 686 e lements, s uggesting t hat a m esh s ize o f greater t han 

~550,000 is  grid independent in terms of WSS.  

 
Figure 4.11: Percentage d ifference b etween mesh s izes for av erage W SS within a neurysm d ome 
(green) and parent artery vessel (red) 

 

Determination of Grid Independence via Species Concentration 

The previous section demonstrates that a mesh size of ~550,000 elements will produce 

a gr id independent s olution i n t erms of  W SS. H owever, a s pr eviously m entioned, a  

solution th at is  g rid i ndependent i n t erms of  WSS may not  be  s o i n t erms of  
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concentration. Therefore, a separate grid independence study was carried out to ensure 

that t he m esh us ed i n t he c omputational a nalysis w as grid i ndependent f or 

concentration al so. U sing t he s ame p atient-specific s ylvian bi furcation a neurysm 

geometry a nd f low c onditions a s i n t he W SS grid i ndependence s tudy, t he m ass 

transport of ATP was examined, with an inlet concentration of 0.0001 mol/m³, species 

diffusivity of 2.4x10-10 m2/s and a mass transport coefficient of 1.68x10-6 m/s (Imai et 

al. 2010).  

 
Figure 4.12: Normalised concentration (C/Cin) at point on aneurysm dome wall for different mesh sizes 

 

Figure 4.12 plots th e n ormalised c oncentration a t a poi nt of  reduced concentration 

within the aneurysm dome for three mesh sizes. Similar to the grid independence study 

for WSS, the results for each solution are compared to the f inest mesh of  1,288,409 

elements. R esults s how c onsiderable di fferences be tween r esults dur ing t he i nitial 

stages o f t he s imulations as  t he co ncentration i ncreases at  t he an eurysm d ome w all. 

However, once the concentration has stabilised and the long-term distribution of ATP 

concentration at  the wall i s es tablished, in this case af ter 10 seconds, i s can  be s een 

that t he di fference be tween t he m esh of  816,569 e lements a nd t he f inest m esh of  

1,288,409 elements drops to below 2%, suggesting a grid independent solution.  

It can therefore be concluded that a mesh of ~800,000 or larger is appropriate for use 

in this s tudy of  the computational analysis of  mass t ransport within an aneurysm, as 

the s olution ha s be en s hown t o be  gr id i ndependent f or bot h W SS and s pecies 

concentration. F urthermore, i t h as b een es tablished t hat t he m ass t ransport an alyses 
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should be  r un f or a  t ime pe riod of  s ufficient l ength t o a llow t he c oncentration t o 

stabilise at the aneurysm wall, reaching an estimation of the long-term distribution of 

blood-borne species within the aneurysm dome.  

 

4.8 Discussion 

In this chapter, the steps taken to prepare the geometric models described in Chapter 3 

for c omputational a nalysis w ere out lined. T his involved f irst e stablishing a  m ethod 

that could be used to extract results from the 3D cerebral aneurysm models and present 

the r esults f or a nalysis. T he g overning e quations s olved b y C omsol a re de scribed, 

which consist of the continuity, Navier-Stokes and conservation of species equations. 

A de scription of  a ny assumptions m ade i n t he s tudy f ollows, a long w ith t he 

application of  bounda ry c onditions t o de scribe t he f low e nvironment.  F inally, a  

description of  t he m esh g eneration a nd t he grid i ndependence s tudy c arried out  

complete the chapter.  

Several assumptions are made in this study, including the treatment of the arterial wall 

as rigid and the assumption that blood is Newtonian and steady in nature. The decision 

to neglect the compliance of the arterial and aneurysm wall is justified by the location 

of aneurysms within the cerebral vasculature, which are believed to be stiffer in nature 

than t he m ore el astic ar teries f ound cl oser t o t he h eart (Jou et al. 2003), a nd t he 

negligible differences in results between studies of rigid and elastic models (Tateshima 

et al. 2003).  

Blood i s a ssumed t o be N ewtonian i n na ture i n t his study, w hich w as s hown t o be  

appropriate in a comparison of results from the mass transport of ATP within a lateral 

and bi furcation aneurysm for both a  Newtonian and non-Newtonian fluid.  M inimal 

differences were seen between results for the different rheological models, suggesting 

that a lthough s hear r ates of  < 100s-1 are f ound within t he a neurysm s ac a nd pa rent 

artery, t he ef fect o f non-Newtonian f low is  negligible. It is  possible that this can be 

attributed to  the low residence t ime found within some aneurysms, a s t he r ed blood 

cells do not  have t ime to aggregate and form rouleaux be fore be ing convected ba ck 

into th e ma in arterial flow s tream. T he C arreau-Yasuda eq uation es timates the 

viscosity of  bl ood i nstantaneously ba sed on shear r ate, but  t his m ay not  be  

physiologically realistic for aneurysms with low residence times and high washout of 

blood-borne species. Therefore, the computational effects of non-Newtonian flow may 
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over-estimate the physiological effects which may be closer to Newtonian flow, thus 

justifying the assumption made for this study.  

Validation of the assumption of steady flow was carried out as part of the ASME 2012 

Summer Bioengineering Conference CFD Challenge, in which it was determined that 

the difference between the steady and pulsatile results were negligible in the study of 

flow w ithin a  p atient-specific cerebral aneurysm. F urthermore, num erous pr evious 

studies h ave h ighlighted t he l ack o f s ignificant d ifferences b etween s teady an d 

pulsatile s imulations of  m ass t ransport. A lthough s teady f low s imulations m ay not 

completely c apture a ll i nstantaneous f low e ffects t hat oc cur w ithin pul satile f low, 

steady s imulations ha ve be en s hown t o g ive r easonable a pproximations w hen 

compared to time-averaged pulsatile results. It is also noteworthy that in this study, it 

is not  the i nstantaneous distribution of  t he bl ood-borne s pecies w ithin t he a neurysm 

dome that is  of in terest. Instead, it is  the long-term concentration d istribution that is 

analysed for its relationship with growth and rupture, and so the assumption of steady 

flow is reasonable in this study.  

As out lined i n S ection 4.5, t he c hoice of  bounda ry conditions i s a  ke y aspect of  

computational m odelling. F urthermore, t he boun dary c ondition s elected to de scribe 

the wall when modelling the mass transport of species within an artery or aneurysm is 

extremely imp ortant. A lthough mu lti-layer m odels a re c onsidered t o be  t he m ost 

realistic and appropriate method of describing the wall, their complex nature increases 

computational expense. In order to reduce the computational expense and simplify the 

already complex 3D patient-specific aneurysm geometries, the wall was described via 

a simple boundary condition. This study aims to analyse the relationship between the 

geometric features of the aneurysm and the distribution of species at the wall, thus the 

concentration profiles w ithin t he di fferent arterial l ayers i n out side t he s cope of  t his 

study. Therefore, the wall-free model is appropriate for this study.  

The f inal s ection of  t his c hapter out lined t he grid i ndependence s tudy which w as 

carried out  i n or der t o b uild c onfidence i n t he c omputational s olution. However, a s 

described b y Prakash a nd E thier ( 2000), gr id i ndependence studies a re not t he onl y 

method o f d etermining t he s uitability o f a  computational s imulation. I t is  s uggested 

that t he c omparison of  c omputational s olutions w ith e xperimental da ta c an a lso 

increase c onfidence i n r esults f rom a  C FD a nalysis. T herefore, t he next s tep in  this 

study was to undertake an experimental validation of the computational approach.  
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5.1 Introduction 

The ove rall obj ective of  t his s tudy i s t o e xplore t he r elationship be tween g eometric 

parameters, mass transport of blood-borne species and cerebral aneurysm growth and 

rupture pot ential. C hapter 3  out lined t he s teps i nvolved i n t he pr eparation of  t he 

geometric m odels f or c omputational a nalysis of  m ass t ransport w ithin a neurysms. 

However, i n o rder t o t est t he e fficacy o f t he c omputational a pproach employed, an 

experimental validation was carried out. The aim of this experimental validation was 

to experimentally mimic the computational approach used in this study to investigate 

the mass transport of blood-borne species in patient-specific cerebral aneurysms, so as 

to gain confidence in the computational approach and results. This validation involved 

creating a  p hysical f low e nvironment id entical to  th at mo delled c omputationally, 

allowing the suitability of the numerical models to be assessed.  

A dye density technique developed by Lutostansky et al. (2003) was employed for the 

experimental va lidation. A n i dentical c omputational s imulation w as pe rformed, t hus 

allowing for direct comparison between the computational and experimental results. In 

this c hapter, t he de velopment of  t wo 3D  pr inted l ateral pa tient-specific an eurysm 

models i s pr esented, a nd t he pr ocess i nvolved i n t he d ye de nsity t echnique i s 

explained. The flow system set-up is described, and a comparison of the computational 

and experimental r esults is  presented. This comparison a llowed for the validation of  

the computational model of mass transport of blood-borne species in a patient-specific 

cerebral aneurysm.   

 

5.2 Experimental Model Development 

The process of the experimental model development involved several steps, beginning 

with the consideration of the most appropriate development technique. As outlined in 

Section 2.4.1, pr evious s tudies ha ve us ed num erous m ethods t o de velop a neurysm 

models for experimental analysis, including glass, silicone and latex models, the lost-

material method and rapid prototyping. The lost-wax method was initially considered 

to create patient-specific silicone aneurysm models. However, this technique tends to 
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have l imitations t hat i nclude t he pr esence of  a ir bubbl es, s urface i rregularities a nd 

inconsistent w all th ickness values. F urthermore, t he pa tient-specific na ture of  t he 

models m eans t hat s everal i ndividual m oulds would f irst ne ed t o b e de veloped, 

resulting in higher costs of production. Instead, 3D printing was selected as a suitable 

alternative for the development of the experimental aneurysm models.   

3D printing, a similar process to rapid prototyping, uses CAD models and drawings to 

develop 3D physical models through an additive process. Successive layers of material 

are l aid dow n, bui lding t he f inal m odel f rom a  series o f l ayered cross-sections 

(Rengier et al. 2010). One of the main advantages of 3D printing is its ability to create 

geometric shapes within short time periods. Furthermore, it has the capability to create 

complex patient-specific models, and so it was considered to be an ideal technique to 

create experimental models for this study.  

 
Figure 5.1: Patient-specific g eometries used f or ex perimental validation (A) M odel 1 – anterior 
choroidal segment ICA (B) Model 2 – ophthalmic segment ICA 

 

Two pa tient-specific l ateral s accular aneurysm m odels w ere ch osen f or t he 

experimental validation within this study (see Figure 5.1). The first, hereafter referred 

to as Model 1, is found at the anterior choroidal segment of the ICA, while the second 

aneurysm - referred to as Model 2 - is from the ophthalmic segment of the ICA. The 

geometric m easurements o f each  aneurysm can b e f ound i n Table 5.1. M odel 1 

consists of  a  deep, narrow, small-necked aneurysm, while Model 2 c ontains a  small, 

multi-lobed aneurysm with a wide-neck orifice. 
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Table 5.1: Geometric m easurements f or experimental models 1  an d 2. All units i n mm, e xcept T ilt 
Angle (º). 

Geometric Measurement Model 1 Model 2 
Height (H) 6.2 2.7 
Neck Width (N) 3.1 2.9 
Diameter (D) 3.6 3.0 
Dist. To Max. Diameter (h) 1.5 0.9 
Tilt Angle (θT) 13.8 46.8 
Aspect Ratio (AR) 2.0 0.9 
Parent Artery Inlet Diameter 3.2 2.9 
Parent Artery Outlet Diameter 2.4 3.1 

 

The aneurysm model geometries were prepared for 3D printing over a series of steps. 

Using the 3D graphics and animation software Blender, the overall geometry was first 

segmented t o a s ection containing t he aneurysm a nd a l ength o f i ts i nlet a nd out let 

parent a rteries. In or der t o e nsure f low w as f ully developed w ithin t he a rtery, i nlet 

extrusions were added to both models, representing the entrance length of 90 m m. A 

10 m m e xtrusion w as a dded t o t he out lets t o a void out let e ffects. A  s econd 6 m m 

diameter extrusion of 10 m m in length was added to both the inlet and outlet of both 

models to facilitate smooth connection of the tubing to the finalised block model. Six 

narrow extrusion por ts of  0.6 m m di ameter w ere added at di fferent l ocations 

throughout the aneurysm so as to hold 23-gauge needles flush with the aneurysm wall, 

allowing f or s mall a mounts of  t he t est f luid t o be  e xtracted ove r t he c ourse of  t he 

experiment. A  B oolean d ifference m odifier w as u sed t o s ubtract t he an eurysm 

geometry from a 3D block volume, resulting in final hollow CAD block models that 

were used for 3D printing (see Figure 5.2).  

 
Figure 5.2: Extruded experimental models (A) Model 1 and (B) Model 2 with labelled extraction ports 
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The O bjet C onnex 500  3D  pr inting s ystem was us ed t o de velop t he f inalised 

experimental mo dels. T his mo del o f 3 D p rinting s ystem u ses tw o ma terials w hen 

developing geometric models – the first is the part material, with the second acting as 

a support material. The support material is  included in the initial construction of the 

model, but is then removed either through heating or is dissolved, after the model has 

been formed. Using 16-micron, high-resolution layers, the experimental models were 

created f rom t he t ransparent r igid m aterial V eroclear-RGD810, allowing f or 

visualisation of the flow through the models during the experimental simulations.  The 

final printed models are shown in Figure 5.3 below.  

 
Figure 5.3: 3D printed rigid experimental aneurysm models with extruded inlet and outlet sections (A) 
Model 1 (B) Model 2 

 

5.3 Dye Density Technique 

A d ye de nsity t echnique w as employed t o qua ntify t he change i n c oncentration of  

species at  the aneurysm wall over t ime. Developed by Lutostansky et al. (2003), the 

technique i nvolves c irculating a  w ater/dye m ixture t hrough t he s ilicone a neurysm 

model, while extracting small concentrations from extraction ports along the aneurysm 

dome wall throughout the duration of the experiment. The powdered food dye FD&C 

Blue #1 was u sed as  t he t ransported species as i t has a Schmidt number of  3200 i n 

water, w hich i s i n t he r ange o f b lood-borne s pecies s uch as  A TP o r o xygen f ree 

radicals (Carroll et al. 2010, Kaazempur-Mofrad a nd E thier 2001 ). T he variation of  

the c oncentration a t th e w all a t d ifferent lo cations throughout t he a neurysm dom e 

provides a basis for comparison of the computational and experimental results. 
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In o rder t o d etermine t he co ncentration o f t he water/dye s amples at ea ch ex traction 

point along the aneurysm wall, the absorbance or  opt ical density of the samples was 

measured u sing t he E lx800 A utomated M icroplate R eader f rom B ioTek Instruments 

Inc. The Elx800 contains 5 wavelength lenses that can be used to measure the amount 

of l ight a bsorbed b y a s ample. A bsorbance v alues r ange f rom 0, i ndicating no l ight 

being absorbed, to 3, w hich indicates all light has been absorbed by the sample (Ball 

2001), and an increase in absorbance indicates higher concentration levels.  

The a bsorbance of  t he s ample de pends on a num ber of  f actors i ncluding t he 

wavelength of light and the depth of the sample. The Elx800 microplate reader has the 

capability to read samples at 5 light wavelengths – 405, 450, 570, 630 and 690 nm. A 

comparison of the ability of each wavelength to detect changes in absorbance over a  

range of water/dye concentrations from 0.01 g/L to 0.1 g/L is shown in Figure 5.4. The 

630 nm lens was unable to read water/dye concentrations of greater than 0.03 g/L and 

thus is omitted from the results. It can be seen from the results of the comparison that 

the gr eatest c hange i n a bsorbance v alues be tween c oncentrations i s f ound us ing t he 

570 nm  l ens, a nd s o i t was de emed t he m ost a ppropriate f or t he application of  t his 

study.  

 
Figure 5.4: Change in absorbance values over range of concentration values for light wavelength values 
405, 450, 570 and 690 nm 

As pr eviously m entioned, t he de pth or  t hickness of  t he s ample us ed c an a ffect t he 

absorbance va lues, a nd s o s ample de pths o f 50 µL, 100 µL and 2 00 µL w ere 

evaluated. A c omparison of  t he di fferent de pth v alues is  illu strated in  Figure 5.5, 

where i t c an be  s een t hat a  de pth of  200 µL s hows t he g reatest d ifference i n 
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absorbance over the range of concentration values. As a result, all samples used in this 

experimental analysis were 200 µL in depth. 

 
Figure 5.5: Change in absorbance over range of concentration values for sample sizes 50µL, 100µL 
and 200µL 

 

5.4 Experimental Flow Parameters 

The a neurysm m odels us ed i n t his e xperimental va lidation a re f ound a t the a nterior 

choroidal s egment a nd t he opht halmic s egment of  t he ICA f or M odels 1 a nd 2  

respectively. Therefore, a f low rate of 260 ml/min was chosen as the inlet flow rate, 

representing the average flow rate found within the ICA (Alnaes et al. 2007, Cebral et 

al. 2008, Fahrig et al. 1999, Ford et al. 2005, Moore et al. 2006). Taking the viscosity 

and density of blood as 3.4 mPa·s and 1050 kg/m³ respectively and inserting them into 

Equation 4.10, this flow rate gives a Reynolds number of 518 for Model 1and 549 for 

Model 2.  

The test fluid used in this study comprised of a water/dye mixture, with a density of 

1000 kg/m³ and a viscosity of 1 mPa·s (Carroll et al. 2010). In order to account for the 

difference i n v iscosity a nd d ensity v alues, an d s o as  t o ach ieve d ynamic s imilarity 

between th e experimental a nd computational models, th e e xperimental in let f low 

parameters a re s caled s o t hat t he R eynolds nu mber of  bot h t he e xperimental an d 

computational analyses is equal. The conversion from computational to experimental 

parameters was carried out as follows: 
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 𝜌𝑢𝑑
𝜇 (𝐶𝑜𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙)

=  
𝜌𝑢𝑑
𝜇 (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)

 (5.1) 

   

Further s teps t aken t o ach ieve dynamic s imilarity in volved th e c alculation o f th e 

diffusivity of species in the test fluid. The food dye FD&C Blue #1 was selected as the 

transport s pecies a s i t ha s a  di ffusivity of  3.125 x10-10 m2/s in  w ater, r esulting in  a  

Schmidt num ber of  320 0, w hich is s imilar t o t hat of  s pecies s uch as A TP i n bl ood 

(Carroll et al. 2010, Gutti et al. 2012). As a result, the corresponding Peclet number is 

calculated a s 1,638,400 . U sing t his P eclet n umber v alue an d Equation 5.2, t he 

diffusivity of the computational blood-borne species is calculated as follows: 

 𝑢𝑑
𝐷 (𝐶𝑜𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙)

=  
𝑢𝑑
𝐷 (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)

 (5.2) 

 

Table 5.2 lists th e c omputational a nd e xperimental p arameters u sed in  th e 

experimental validation study.  

Table 5.2: Parameters used in experimental and computational flow analysis of mass transport within 
Model 1 and 2 

Parameter 
Model 1 Model 2 

Experimental Computational Experimental Computational 
Density (kg/m³) 1000 1050 1000 1050 
Viscosity (Pa·s) 0.001 0.0035 0.001 0.0035 
Reynolds Number 518 518 574 574 
Peclet Number 1638400 1638400 1837440 1837440 
Schmidt Number 3200 3174 3200 3205 
Diffusivity (m²/s) 3.125x10-10 1.05x10-09 3.125x10-10 1.04x10-09 
 

Using s cale a nalysis i n conjunction w ith t he N avier-Stokes e quations ( see E quation 

4.4), Equation 5.3 accounts for the difference in time scales between the experimental 

and computational s imulations, ensuring results were extracted at  the same reference 

time point: 

 𝜌𝑢𝑡
𝐿 (𝐶𝑜𝑚𝑝𝑢𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙)

=  
𝜌𝑢𝑡
𝐿 (𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙)

 (5.3) 
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5.5 Experimental Set-Up 

A flow system was developed to allow for the experimental validation to be performed 

on the previously described 3D printed patient-specific cerebral aneurysm models. A 

schematic of the flow system and the various components is illustrated in Figure 5.6. 

The w ater/dye m ixture, with a n i nlet c oncentration of  0.05 g /L, w as s upplied t o a  

pressure head tank via a supply reservoir and a diaphragm pump. The pressure head 

was calculated using the following equation (Massey 2006): 

 ℎ =
𝑃
𝜌𝑔

 (5.4) 

   

The pressure head tank contained a divide which allowed the water/dye mixture to be 

held at a constant height above the test section. This ensured an inlet pressure of 100 

mmHg, which is within the typical physiological range of arterial pressure within the 

cerebral vasculature (Moore et al. 2006).  

 
Figure 5.6: Experimental f low s et-up (V = valve, FM = flow meter, P T = pressure transducer, R = 
resistance) 

 

The water/dye mixture was moved through the flow system using rigid silicone tubing 

with an  i nner d iameter o f 4  m m, r epresenting t he av erage i nternal c arotid ar tery 

diameter of  4.02 m m (Alastruey et al. 2007, Devault et al. 2008, Fahrig et al. 1999, 

Krabbe-Hartkamp et al. 1998, Moore et al. 2006, Roessler et al. 2006). Upon exiting 

the pressure head tank, the f low entered a Sensirion SLQ-QT500 l iquid f low sensor. 

The flow meter operates on a  principle of calorimetric sensing: a temperature sensor 

measures the fluid before a negligible amount of heat is added, upon which the fluid 
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temperature i s m easured a s econd t ime. T he t emperature d ifferentials ar e t hen 

correlated to actual flow. One of the main advantages of using thermal sensors is the 

low pressure drop of approximately 0.75 mmHg across the flow meter. Using the flow 

meter, the inlet flow rate was monitored throughout the experiment.  

Following th e f low m eter, th e flow entered a  Sensortechnics pr essure t ransducer, 

which measured the inlet pressure applied via the pressure head tank, ensuring it was 

within th e p hysiological r ange. T he w ater/dye mixture th en e ntered th e 3 D p rinted 

aneurysm m odel, w hich c ontained f ive por ts to a llow f or th e e xtraction o f s mall 

amounts of  f luid dur ing t he c ourse of  t he experiment. E ach po rt w as 0.6 mm in  

diameter and h eld a  2 3-gauge ne edle a ttached t o s ilicone t ubing o f 0.8 m m i n 

diameter. T he t ubing w as a ttached t o 10 m l s yringes f ixed t o a  Harvard A pparatus 

syringe p ump, w hich was u sed to  extract th e w ater/dye mix ture a t a  lo w e xtraction 

rate, so as to avoid disturbance to the flow.  

Upon exiting the aneurysm model, flow entered a ball and needle valve that was used 

to set the resistance, ensuring an accurate inlet flow rate. Finally, the f low entered a  

dump tank, where it was disposed of. Flow was not recirculated through the system. A 

reservoir co ntaining w ater w as u sed t o f lush an d cl ean t he s ystem b etween ea ch 

experimental run, ensuring no contamination of results by residual dye particles within 

the aneurysm model. The main components of the flow system are illustrated in Figure 

5.7.  

 
Figure 5.7: Main components of flow system (A) Pressure head tank (B) Tubing for flow extraction (C) 
3D p rinted a neurysm model f illed with water/dye test fluid a nd ( D) Water/dye samples for each  
extraction port (top to bottom) at each minute (left to right) 
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5.6 Results 

The following section presents the results for the experimental validation study. First, 

a comparison of experimental simulations using an extraction rate of 0.6 ml/min and 

0.8 ml/min is presented. Following this, results for the experimental validation of the 

computational simulation of mass transport of ATP within Model 2 is presented.  

  

5.6.1 Extraction Rate 

The d ye de nsity technique e mployed i n t his s tudy i s i nvasive, a s t he dye s ample 

extraction p rocedure could pot entially cause f low di sturbance (Lutostansky et al. 

2003). An extraction rate of 0.8 ml/min was initially selected for this study based on 

the pa rameters us ed i n a s imilar s tudy c arried out w ithin t he C ABER group on a n 

idealised abdominal aortic aneurysm (Carroll et al. 2010). An ex perimental analysis 

was a lso carried out  u sing a  l ower e xtraction r ate o f 0.6 m l/min t o e nsure no  

significant differences occur, which would indicate whether the higher extraction rates 

cause disturbance to the flow within the aneurysm model. 

Figure 5.8 highlights the normalised dye concentration values at the aneurysm wall at 

the f ive e xtraction por t l ocations i n M odel 2 a t t wo e xtraction r ates. It c an be  s een 

from t he r esults t hat t here ar e d ifferences b etween t he co ncentration v alues at  ea ch 

extraction port within the in itial s tages o f the experiment, a s the water/ dye mix ture 

slowly f ills t he aneurysm a nd t he concentration bui lds up a t t he wall. A s t he 

concentration s tabilises a t th e a neurysm w all a fter th e a neurysm f ills w ith th e 

water/dye m ixture, t he d ifference b etween t he r esults i s l ess t han 1 0% b etween 

extraction r ates. Therefore, i t was concluded t hat t he variation o f t he ex traction r ate 

did not  i mpact s ignificantly on t he f inal c oncentration m easurements w hich a re o f 

interest in this study, and so an extraction rate of 0.8 ml/min was used in all following 

experimental analysis.  
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Figure 5.8: Comparison of concentration values at Model 2 aneurysm wall (top left) over 8 minutes for 
extraction rates of 0.6 ml/min and 0.8 ml/min for (A) Port 1 (B) Port 2 (C) Port 3 (D) Port 4 and (E) 
Port 5. All values normalised to inlet concentration (C/Cin). 

 

5.6.2 All Experimental Results 

Using t he e xperimental m ethods, s et-up a nd pa rameters out lined i n t he pr evious 

sections in this chapter, experimental versions of the computational simulation of the 

mass t ransport o f A TP within M odel 1 a nd M odel 2 w ere c arried out . The r esults 

presented in this section examine the distribution of species within two patient-specific 

lateral a neurysm mo dels. R esults a re illu strated in Figure 5.9 and Figure 5.10, with 

each graph illustrating a  comparison of the dye concentration at specific s ites within 

the aneurysm. Results are shown at 1 minute intervals over the 8 minute experimental 

period. 

Results for both experimental models illustrate a slow build-up in concentration over 

approximately 4 minutes as the water/dye mixture disperses throughout the aneurysm 

sac. After this initial build-up period, the concentration at the wall reaches a uniform 

102 
 



Chapter 5  Experimental Validation 

distribution of  the same value as the inlet concentration (C = Cin). This is  evident in 

both models at all extraction ports, although the rate of concentration build up va ries. 

The concentration at ports 1 and 5, the inlet and outlet respectively, for Model 1 and 2 

increases a t a  s lightly f aster r ate t han por ts 2, 3 a nd 4, w hich a re f ound w ithin t he 

aneurysm s ac. P ort 3  s hows a m arginally s lower i ncrease i n concentration at  t he 

aneurysm wall for Model 1 and Model 2 over time.  

On comparison with the computational results, a  substantial di fference is evident for 

the in itial b uild-up of  c oncentration a t t he a neurysm w all. In t he c omputational 

models, t he d ye di sperses t hroughout t he a neurysm rapidly, w ith t he c oncentration 

increasing f rom z ero t o the i nlet co ncentration at  a m uch f aster r ate t han t he 

experimental model. However, although the experiments yielded lower values than the 

computational r esults, t he c oncentration va lues f or t he f inal m inutes of  t he 

computational a nd e xperimental m odels a re s imilar, w ith d ifferences within ±2% 

found between the final values for both models at all sample locations. 
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Figure 5.9 Illustration of results for Model 1, including CFD (green) and experimental (red) for Ports 1-5 
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Figure 5.10: Illustration of results for Model 2, including CFD (green) and experimental (red) for Ports 1-5 
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5.7 Discussion 

The o verall a im o f th is s tudy is  to  in vestigate th e relationship be tween g eometric 

parameters, mass transport of blood-borne species and cerebral aneurysm growth and 

rupture, t hrough t he use of  c omputational m ethods. T he s ignificance of  a n 

experimental validation study such as described in this chapter is to gain confidence in 

computational r esults. In t his e xperimental va lidation s tudy, t he t ransport of  blood-

borne species within two patient-specific lateral cerebral aneurysms was investigated. 

The s tudy first i nvolved pr eparing t he t wo geometric a neurysm m odels f or 3D  

printing. T he e xperimental s et-up w as c onstructed a s out lined i n S ection 5.5, a nd 

different aspects o f t he d ye d ensity t echnique s uch as  t he ex traction r ate, i nlet 

concentration an d s ample s ize w ere i nvestigated. In o rder t o ach ieve s imilitude 

between t he c omputational a nd e xperimental m odels, s caling of  t he di mensionless 

Reynolds number and Peclet number was carried out to account for the differences in 

density and viscosity values between the experimental test fluid of a water/dye mixture 

and t he c omputational pa rameters de scribing bl ood. T he e xperimental a nd 

computational r esults f rom bot h M odel 1  a nd Model 2 w ere t hen c ompared a nd 

contrasted.  

The mass transport of blood-borne species within an aneurysm is a long-term process 

that t akes pl ace ove r many years. In t his s tudy, which aims to  e stablish if  a  

relationship exists between the geometric parameters that define the aneurysm shape, 

the mass t ransport of  vi tal blood-borne species a nd the pot ential of  t he aneurysm to 

grow or rupture, it is the long-term distribution of species throughout the aneurysm sac 

that i s of  i nterest. Therefore, b efore a nalysis of r esults f rom th is e xperimental 

validation study takes place, it should be noted that although this experimental method 

allows for examination of the slow accumulation of species at the aneurysm wall over 

time, an d ex hibits t he d ifference in s pecies bui ld-up ba sed on l ocation w ithin t he 

aneurysm, the period of  interest for this s tudy is found within the f inal s tages of  the 

experimental analysis, as the species distribution stabilises through the aneurysm sac. 

This stabilised concentration distribution represents the aneurysm species distribution 

following long-term mass transport within the cerebral vasculature.  

Keeping this in mind, for the period of interest in this study - the final concentration 

value which represents the long-term concentration distribution at the aneurysm wall - 

there i s ex cellent a greement b etween t he computational an d ex perimental r esults 
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regarding t he f inal c oncentration va lues t hroughout t he a neurysm m odel. F or e ach 

sample l ocation i n bot h Model 1 a nd M odel 2,  t he experimental r esults a t th e f inal 

minute s how n egligible differences, with experimental v alues falling w ithin ±2% o f 

the computational r esults. It is  in teresting to  note that for both o f the la teral models 

investigated in this study, the final results show a uniform distribution of C = Cin at all 

extraction por ts, s uggesting t hat a s a  result of  t he f low ha emodynamics w ithin t he 

aneurysm s ac, good w ashout of  s pecies o ccurs and s o t he aneurysm w all doe s not  

experience an under-expression or lack of blood-borne species. However, differences 

can be  f ound i n t he b uild-up of  c oncentration f or t he di fferent e xtraction por t 

locations. P ort 1 a nd 5 i n bot h m odels r epresent t he i nlet and ou tlet a rteries 

respectively a nd reach t he i nlet c oncentration w ithin a  s horter t ime pe riod t han t he 

ports found within the aneurysm sac, as they are exposed to a constant supply of the 

test fluid. Within the aneurysm dome however, Port 2, which represents the tip of each 

model, takes longer than Ports 3 and 4 to reach the stabilised concentration value. This 

is attributed to the time taken for the water/dye mixture to circulate through the entire 

aneurysm and towards the tip of the dome.   

The differences between the experimental and computational results during the initial 

stages of the simulation, as the concentration bui lds up s lowly at the aneurysm wall, 

may be attributed to the experimental set-up and the inclusion of water in the system 

before the introduction of the test fluid. In the computational simulations, the transport 

of species is governed by the velocity field from the laminar flow study. As a r esult, 

the flow is not impeded, and convection dominates. However, in the experimental set-

up, water is present in the system before the water/dye mixture is introduced in order 

to avoid a ny air bubbl es e ntering t he s ystem, a nd s o t he d ye ha s t o di ffuse s lowly 

through t he w ater a lready present i n t he a neurysm, r ather t han e ntering an “ empty” 

aneurysm a nd be ing c onvected di rectly t o t he w all. T herefore, t he build-up of  

concentration at the aneurysm wall within the experimental system takes longer than 

the c omputational ve rsion. N evertheless, a  s imilar t rend i s s een i n bot h t he 

experimental a nd c omputational s imulations, w ith a n in itial b uild-up p hase e vident 

before t he concentration s tabilises a s th e a neurysm f ills, w ith each e xtraction p ort 

eventually r eaching the i nlet concentration value. This i s in keeping with previously 

published studies, in which a gradual build-up of species occurs at the wall, before the 

concentration stabilises (Carroll et al. 2010, Lutostansky et al. 2003).  
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It s hould be  not ed t hat the e xperimental s ystem de scribed i n t his c hapter doe s not  

completely d escribe p hysiological m ass t ransport, as  t he u ptake o f s pecies at  t he 

arterial and aneurysm wall is neglected. However, the experimental model is believed 

to sufficiently describe the movement of species within an aneurysm, and so can serve 

as a comparison to computational results, increasing confidence in the computational 

approach used in the investigation of mass transport of blood-borne species in patient-

specific cerebral aneurysms.  
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Abstract 

BACKGROUND The management of unruptured cerebral aneurysms is controversial, as 

the current intervention techniques carry substantial risks. Identifying parameters that 

contribute t o r upture i s i mperative, a s i t m ay l ead t o i mproved m anagement of  

unruptured a neurysms. T he u se o f cl inically m easurable p arameters i n r upture r isk 

assessment w ould a llow f or i mmediate de cisions t o be  m ade b y clinicians ba sed on  

direct measurements from scans.  

OBJECTIVE The a im o f th e s tudy w as to  in vestigate th e r elationship b etween 

radiologically measurable parameters and cerebral aneurysm rupture risk. 

METHODS The r elationship b etween radiologically measurable p arameters ( height, 

neck width, diameter, distance to maximum diameter, tilt angle, aspect ratio, location, 

shape, s ize g roup a nd neck s ize g roup) a nd a neurysm r upture w as i nvestigated i n a  

cohort of 168 aneurysms. Parameters were analysed using Mann Whitney U and chi-

square t ests for uni variate a nalysis, a nd l ogistic regression analysis w as performed. 

Receiver o perating ch aracteristic analysis an d area u nder t he curve v alues w ere 

calculated for the individual parameters and for the final model. 

RESULTS Significant di fferences ( p<0.05) w ere f ound b etween he ight, di ameter, 

distance to  ma ximum diameter, tilt a ngle, a spect r atio, lo cation, s hape a nd s ize 

grouping for th e u nivariate s tatistical analysis. F ollowing mu ltivariate lo gistic 

regression a nalysis, a r upture pr ediction e quation w as de veloped us ing t he f inal, 

independently s ignificant p arameters tilt a ngle ( p = 0.018), as pect r atio (p = 0.013), 

location (p = 0.006) and shape (p = 0.01).  

CONCLUSIONS Results from the statistical analysis of aneurysm rupture suggests that 

the odds of an aneurysm rupturing increase with increasing tilt angle, increasing aspect 

ratio, if it is of the posterior circulation and if it is bifurcating in shape. 

 

KEYWORDS: Cerebral aneurysm, Rupture, Risk Factors, Geometry, Morphology. 
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6.1 Introduction 

The r upture of  a  c erebral a neurysm can ha ve de vastating effects, with hi gh rates of  

morbidity a nd mo rtality a ssociated w ith th e event. A pproximately 1 2% o f p atients 

who suffer a subarachnoid haemorrhage (SAH) due to the rupture of an aneurysm die 

immediately, a  f urther 4 0% di e w ithin one  m onth a nd up t o one  t hird of  t hose t hat 

survive ar e l eft w ith n eurological d efects.1,2 Improved i maging t echniques have 

allowed f or b etter d etection of  unr uptured c erebral a neurysms.3 However, t he 

management of unr uptured a neurysms, w hich a re e stimated t o a ffect 5 -8% of  t he 

population,4 is disputed and current intervention methods carry substantial risks for the 

patient. The decision to treat patients is typically based on the likelihood of aneurysm 

rupture. Therefore, identifying factors that can adequately indicate aneurysm rupture 

potential i s pa ramount t o di stinguishing pa tients a t ne ed of  s urgical or  e ndovascular 

intervention from those who can undergo observation.   

Currently, aneurysm r isk s tratification i s de termined ba sed on t he size of  t he 

aneurysm, with large aneurysms believed to be at greater risk of rupture.5-7 However, 

more r ecent studies h ave e stablished th at s ize a lone is  n ot a  r eliable p redictor, w ith 

small a neurysms < 10mm f ound t o r upture,8-12 while l arge  aneurysms r emain 

unruptured. T hus, i n or der t o de termine t he ne cessity o f i ntervention f or unruptured 

lesions, there exists a need for more precise indicators of rupture potential.  

Recent advances in 3D imaging techniques has allowed for more accurate information 

regarding t he geometric measurements, s hape and m orphology o f t he aneurysm an d 

the s urrounding v asculature to  b e imme diately d etermined b y clinicians. S everal 

previous s tudies ha ve examined t he r elationship be tween di fferent geometric a nd 

morphological f eatures and a neurysm r upture. One p arameter t hat h as co nsistently 

shown s trong c orrelation w ith r upture is th e a spect r atio ( AR), th e r atio o f th e 

aneurysm he ight t o i ts ne ck w idth. Ujiie et al. (2001) found s ignificant di fferences 

between the aspect ratios of ruptured and unruptured aneurysms, with approximately 

80% of ruptured aneurysms having an AR >1.6 and almost 90% of unruptured lesions 

with an AR <1.6.12 Lall et al. (2009) published results of a review of anatomical and 

morphological f eatures of a neurysms r eported i n l iterature a nd f ound t hat a lthough 

differences i n AR va lues f or r uptured a nd un ruptured a neurysms w ere statistically 

significant in several studies, there is some disagreement with regards to the threshold 
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value f or r upture pot ential.7 Results i ndicate t hat an eurysms w ith an  A R >3  ar e at  

significant risk of rupture, while those with an AR <1.4 a less likely to rupture.  

Several ot her pa rameters ha ve s hown s trong correlation w ith rupture risk, s uch a s 

aneurysm l ocation, n eck s ize, s ize r atio ( aneurysm h eight/average v essel d iameter), 

aneurysm angle, undulation index, ellipticity index, non-sphericity index, curvature of 

the a neurysm w all a nd shape.8, 13 -16 However, it is  n ot p ossible to d irectly m easure 

many o f t hese p arameters u sing t ypical i maging techniques. If cl inically measurable 

geometric a nd m orphological pa rameters were f ound t o c orrelate w ith a neurysm 

rupture, i mmediate d ecisions r egarding aneurysm i ntervention c ould b e m ade b y 

clinicians based on direct measurements from 3D scans.  

The aim of the current s tudy is to investigate the influence of clinically relevant and 

measurable parameters on aneurysm rupture, and to determine if some or all of these 

geometric and morphological features can be used to predict the rupture potential of an 

aneurysm. 

 

6.2 Materials and Methods 

Study Population 

The study population used in this geometric and morphological study comprised of a 

database o f 1 68 cer ebral an eurysms f rom 153 pa tients, f ound a t 1 3 l ocations 

throughout t he c erebral v asculature. T he an eurysm geometries are a s ubset o f t he 

@neurIST: Integrated Biomedical Informatics f or t he M anagement of C erebral 

Aneurysms pr oject,2 consisting of  3D  pa tient-specific v ascular m odels c onstructed 

from three-dimensional rotational angiography (3DRA) images.  

 

Measured Parameters 

Ten clinically measurable parameters in total were investigated. For ease of analysis, 

these w ere s plit i nto t wo gr oups – continuous a nd c ategorical pa rameters. T he f irst 

step i n t he an alysis w as t o cl assify t he d atabase b ased o n t he f our cat egorical 

parameters, w hich consisted of  l ocation w ithin t he c erebral va sculature, shape, s ize 

group a nd n eck s ize gr oup. The aneurysms i n the c urrent s tudy w ere found a t 13 
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locations throughout the cerebral vasculature and grouped according to their location 

in the anterior or posterior circulation. The individual aneurysm shape was classified 

based on the shape of the aneurysm in relation to its parent artery geometry, with the 

categories lateral and bifurcating/terminal.17 The aneurysm size groups, which refer to 

the l argest diameter within the dome, were categorised according to small (≤5mm), 

medium (5<x<15mm), large (15≤x<25mm) and giant (≥25mm) aneurysms.18 Neck 

size groups were classified as narrow necked if the neck width was ≤4mm, with neck 

widths >4mm categorised as wide-necked.15 Results from  the classification are listed 

in Table 6.1. 

Table 6.1: Aneurysm classification results 
Parameter No. of Aneurysms % 

Location    

     Anterior 107 64 
     Posterior 61 36 
Shape  

 
     Lateral 56 33 
     Bifurcating/Terminal 112 67 
Size  

 
     Small 77 46 
     Medium 86 51 
     Large 4 2 
     Giant 1 1 
Neck Size  

 
     Narrow 74 44 
     Wide 95 56 

 

Six c ontinuous pa rameters, na mely t he he ight (H), ne ck w idth ( N), di ameter ( D), 

distance to maximum diameter (h), tilt angle (θT) and aspect ratio (AR) were measured 

using commercially available co mputer aided d esign s oftware ( Creo 1.0, P TC, 

Massachusetts). In this study, height was measured as the longest distance between the 

centre of  t he ne ck a nd t he dom e. N eck w idth w as t aken t o be  t he w idest di stance 

across the neck orifice. The diameter was defined as the widest section of the dome in 

parallel with the neck pl ane. The di stance to the maximum diameter, a lso known as 

semi-axis h eight19 or bu lge l ocation20 was cal culated as  t he perpendicular di stance 

from the neck width to the diameter. For the aneurysm tilt angle, the angle between the 

centre point of  the neck and the height of  the aneurysm was measured. Aspect ratio 

was defined as the height divided by the neck width.12 An illustration of the measured 

parameters is shown in Figure 6.1.  
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Figure 6.1: Definition of measured parameters (H = height, N = neck width, D = diameter, h = distance 

to maximum diameter, θT = tilt angle) 

 

Statistical Analysis 

In order to determine if a relationship could be established between the ten geometric 

and morphological parameters and aneurysm rupture potential, statistical analysis was 

carried out  us ing IBM S PSS Statistics V 21 ( SPSS I nc., C hicago, Ill.), w ith 

significance assumed for p<0.05. The study population was divided into unruptured (n 

= 98) a nd r uptured ( n = 70). A  t est f or d eparture f rom nor mal di stribution w as 

performed on each p arameter f or bot h groups. Differences b etween t he t wo g roups 

were m ade u sing t he non-parametric M ann Whitney U  an d ch i-square t ests for 

continuous an d cat egorical p arameters respectively. M ultivariate l ogistic r egression 

analysis was carried o ut o n al l p arameters i n o rder t o d etermine i ndependently 

significant p arameters. A r eceiver o perating c haracteristic ( ROC) curve f or t he 

individual parameters and for the model output was generated, and the area under the 

curve (AUC), sensitivity and specificity of the final model were calculated. 
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6.3 Results 

Anatomical Classification 

Results f rom the cl assification o f t he d atabase r evealed t hat 6 4% ( n = 107) o f 

aneurysms were found within the anterior circulation while 36% (n = 61) were found 

in the posterior circulation. A large number of aneurysms (14%, n = 24) were found at 

the ophthalmic segment of the internal carotid artery (ICA) for the unruptured lesions, 

and at the posterior communicating artery (15%, n = 25) for the ruptured lesions. Most 

aneurysms w ere bi furcating or  t erminal i n s hape, w ith j ust 33%  l ateral a neurysms 

found w ithin t he da tabase. T he d ifference b etween t he n umber o f lateral an d 

bifurcating a neurysms i s m ore pr ominent i n t he ruptured group, w ith 54  bi furcating 

versus 16 l ateral aneurysms. A neurysm s ize f or the ove rall s tudy popul ation r anged 

from 1.5m m t o 25m m, w ith a n a verage size o f 6.3mm. T he s mallest aneurysm w as 

found at the sylvian bifurcation while the largest was found at the ophthalmic segment 

of the ICA. Both the smallest and largest aneurysms belonged to the unruptured group. 

Only 4 large aneurysms and 1 giant aneurysm were found within the entire cohort. The 

aneurysm n eck w idths ranged f rom 1.8m m t o 1 0mm, w ith a n a verage neck s ize of  

4.5mm. W ide ne cks ( >4mm) w ere m ore c ommon t han na rrow ne cks i n bot h t he 

unruptured and ruptured groups. Aspect ratio (aneurysm height/aneurysm neck width) 

ranged from 0.35 t o 3.26 for the entire database, with an average of 1.25. W ithin the 

unruptured group, the mean aspect ratio was found to be 1.13±0.5 while the ruptured 

group had a mean aspect ratio of 1.43±0.6.  

 

Statistical Analysis 

A de parture from nor mal di stribution w as s een for a ll pa rameters. R esults f rom t he 

non-parametric M ann W hitney U  t est, s hown in Table 6.2, highlighted s ignificant 

differences between median values for the ruptured and unruptured groups for height, 

diameter, distance to maximum diameter, tilt angle and aspect ratio. For the chi-square 

analysis, a lso s hown i n Table 6.2, s ignificant differences be tween t he r uptured a nd 

unruptured groups were found for location, shape, and size, with no significance found 

for neck size.  
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Table 6.2: Results from u nivariate s tatistical a nalysis f or a ll p arameters ( *significant a t p <0.05, 
**significant at p<0.01, NS = not significant) 

Parameter 
Median 

p value 
Unruptured (n = 98) Ruptured (n = 70) 

Mann Whitney U    
     Height (H) 4.39 5.78 0.002** 
     Neck Width (N) 4.13 4.34 NS 
     Diameter (D) 4.91 6.13 0.017* 
     Distance to Max. Diameter (h) 1.42 1.99 0.02* 
     Tilt Angle(θT) 24.57 33.85 0.009** 
     Aspect Ratio (AR) 1.09 1.34 0.001** 
Chi-Square    
     Location - - 0.001** 
     Shape - - 0.015* 
     Size - - 0.043* 
     Neck Size - - NS 
 

Using a boot strapping m ethod, a  m ultivariate l ogistic r egression a nalysis w as 

performed. T he f inal, p arsimonious lo gistic r egression mo del w as s tatistically 

significant (χ2 (8) =  3 9.970, p< 0.001), correctly c lassifying 71 % of  c ases. F our 

parameters were found to  be independently s tatistically s ignificant: tilt a ngle, aspect 

ratio, posterior location and bifurcating shape (see Table 6.3).  

Table 6.3: Results from the multivariate logistic regression (SE = standard error, OR = odds ratio, CI = 
confidence interval, ROC-AUC = receiver operating characteristic-under the curve) 

Parameter B SE p Value OR 95% CI ROC-AUC 

Tilt Angle (θT) 0.026 0.011 0.018 1.026 1.004-1.048 0.618 

Aspect Ratio (AR) 1.781 0.717 0.013 5.939 1.458-24.189 0.647 

Location 1.043 0.376 0.006 2.838 1.358-5.928 0.63 

Shape 1.053 0.411 0.01 2.866 1.280-6.417 0.59 

 

Using the final independently statistically significant parameters, a rupture probability 

equation was developed, with a probability >0.5 indicating rupture (see Equation 1). 

Probability of Rupture =

 e0.026∗Tilt Angle+1.781∗Aspect Ratio+1.043∗Location+1.053∗Shape−4.117

1+ e0.026∗Tilt Angle+1.781∗Aspect Ratio+1.043∗Location+1.053∗Shape−4.117  (6.1) 

ROC a nalysis of  t he i ndividual pa rameters a nd t he f inal pa rsimonious m odel a re 

shown in Figure 6.2, with the ROC-AUC for the significant parameters listed in Table 

2. T he hi ghest A UC v alues w ere f ound for a spect r atio, t ilt a ngle a nd l ocation. 
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Sensitivity and specificity values for the final model were calculated as 71.4 and 72.4 

respectively, with an AUC of 0.762, for a null predictor with an AUC of 0.5. 

 

Figure 6.2: (A) ROC curve for all parameters (B) ROC curve for final regression model 

 

6.4 Discussion 

The management of patients with unruptured cerebral aneurysms is contentious due to 

the lack of  a precise rupture prediction method. Identifying the main parameters that 

contribute t o r upture m ay l ead t o i mproved m anagement of  unr uptured c erebral 

aneurysms. T he cu rrent s tudy i nvestigates t he r elationship b etween cl inically 

measurable geometric an d m orphological parameters, and cer ebral an eurysm rupture 

potential. The establishment of  such a relationship would allow direct measurements 

taken b y c linicians f rom 3D  s cans t o be  us ed as a n i ndicator of  a neurysm r upture 

potential, t hus a llowing i mproved de cisions r egarding s urgical i ntervention. In t his 

study, s tatistical a nalysis w as pe rformed on a  c ohort of  168 c erebral a neurysms i n 

order to determine the relationship between ten cl inically measurable parameters and 

aneurysm r upture. Following mu ltivariate lo gistic r egression, o nly tilt a ngle, a spect 

ratio, posterior location and bifurcating shape remained as independently statistically 

significant pa rameters. T hese pa rameters w ere us ed t o de velop a  r upture probability 

equation that indicates that aneurysm rupture risk increases with increasing tilt a ngle, 

increasing aspect ratio, posterior location and bifurcating shape.  
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The de finition of  t he m easured pa rameters i n t his s tudy, n amely t he h eight, n eck 

width, diameter, distance from neck to diameter and tilt angle allows for more accurate 

measurements to be taken from 3D scans or geometries. One issue that has been raised 

with pr evious s tudies r egarding a neurysm s hape a nalyses refers t o t he use of  2D  

angiographic i mages w hich m ay not  a ccount f or t he a symmetric na ture of  

aneurysms.16 The three-dimensional nature of the geometries used in this study allows 

measurements to be obtained that may be difficult to measure using 2D images e.g. tilt 

angle.21  

Results from the univariate statistical analysis indicate significant differences between 

the r uptured a nd unr uptured g roups f or a neurysm he ight, di stance t o m aximum 

diameter, tilt angle, aspect ratio, location and shape. However, univariate analysis fails 

to a ccount f or c onfounding va riables t hat m ay falsely i ndicate a  r elationship w ith 

aneurysm rupture, and so a multivariate logistic regression analysis was performed to 

identify p arameters th at are in dependently s tatistically s ignificant. In th is s tudy, th e 

final, i ndependently s ignificant pa rameters us ed t o de velop t he r upture pr obability 

model (Equation 1) were tilt angle, aspect ratio, location and shape.  

It was determined in this study that increasing aspect ratio is significantly associated 

with hi gher odds  o f a neurysm r upture. T he i nclusion of  a spect r atio in t he f inal 

prediction m odel i s uns urprising, a s i t ha s be en c onsistently l inked w ith a neurysm 

rupture t hroughout pr evious s tudies.7,12,16,22 Although a  definitive t hreshold va lue i s 

yet to be established, aneurysms with larger aspect ratios have been found to be at risk 

of rupture, and should be considered for surgical intervention. 

There is some disagreement in literature with regards to the most common location of 

aneurysm r upture, w ith s tudies di sagreeing be tween t he a nterior a nd pos terior 

circulation f or greatest r upture pot ential.8,10,15,23 Results f rom t he c urrent s tudy 

population support the theory that posterior circulation aneurysms are more prone to 

rupture, w ith r esults s uggesting t hat a neurysms of  t he pos terior c irculation a re 2.8 

times as likely to rupture as those of the anterior circulation. Furthermore, the majority 

of ruptured aneurysms in this study were found within the posterior circulation, at the 

posterior communicating artery and at the basilar tip.  

In the current study, aneurysms that are bifurcating or terminal in shape were found to 

be 2.9 t imes more likely to rupture than lateral aneurysms. It is possible that this may 

be at tributed t o t he d ifferences i n flow h aemodynamics an d w all s hear s tress l evels 
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seen between bifurcating/terminal and lateral aneurysms.17 Flow haemodynamics may 

also play a role in the relationship between aneurysm rupture and tilt angle. It has been 

suggested that an increase in aneurysm angle may be a result of daughter blebs on the 

aneurysm dom e, or  a s a r esult of  t he growth of t he aneurysm due  t o t he i nflow 

direction.15 In t he cu rrent s tudy, a neurysm tilt  angle w as s hown to  b e s tatistically 

significant in the logistic regression analysis, with results indicating that an increase in 

tilt angle increases the odds of aneurysm rupture. 

Overall, results from the statistical analysis of aneurysm rupture suggest that the odds 

of an  an eurysm r upturing i ncrease w ith i ncreasing t ilt an gle, w ith i ncreasing as pect 

ratio, if it is of the posterior circulation and is bifurcating in shape. 

 

Limitations 

There a re s everal l imitations as sociated w ith t his s tudy. Firstly, t he popu lation s ize, 

while larger than some previous s tudies, is  s till relatively small. Therefore, a  s imilar 

study on a  much larger population is necessary to confirm the outcome.  T here were 

no a neurysms of  t he anterior c ommunicating artery ( ACoA) w ithin t he d atabase, 

which may have affected the findings of the investigation into the relationship between 

aneurysm rupture and location within the vasculature. Several studies have shown that 

ACoA aneurysms have higher ratios of  ruptured to unruptured aneurysms than other 

locations,7,8,10 and so future study populations should include aneurysms of the ACoA 

so a s t o f ully i nvestigate t he i nfluence of  l ocation on a neurysm r upture pot ential. 

However, a r ecent s tudy has s uggested t hat s mall aneurysms of  t he A CoA be have 

similarly to posterior circulation aneurysms in terms of rupture odds, and so would be 

considered at higher risk of rupture.24 

This s tudy, l ike many rupture r isk s tudies, was completed under the assumption that 

the rupture of  an aneurysm does not  affect the s ize and shape of  the aneurysm, with 

many of  t he 3D  i mages us ed t o de velop t he geometries t aken pr e-rupture. If t he 

aneurysm is altered due to the rupture event, analysis of  measurements taken from a 

ruptured aneurysm may not accurately represent the size of the aneurysm pre-rupture. 

An investigation was carried out into changes in the aneurysm shape and size of four 

aneurysms be fore a nd after r upture, w ith a ll aneurysms i ncreasing i n s ize f ollowing 

rupture.25 Furthermore, a similar study carried out by Schneiders et al. (2014) reported 
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that for a d ataset of 9 aneurysms imaged before and after rupture, significant changes 

in vol ume a nd ne w l obulations w ere e vident f ollowing r upture.26 However, i t i s 

suggested that due to the time period between imaging before and after rupture, i t is 

difficult to determine whether the changes in aneurysm s ize and shape occur before, 

during or after the rupture event.  

 

6.5 Conclusions 

In s ummary, t his s tudy classified an d m easured a d atabase o f 1 68 patient-specific 

cerebral aneurysm geometries b ased o n r adiologically m easurable p arameters. T he 

relationship be tween t hese morphological a nd g eometric parameters a nd cer ebral 

aneurysm r upture w as in vestigated u sing u nivariate a nd mu ltivariate a nalysis. 

Following multivariate logistic regression analysis, a rupture probability equation was 

developed that indicates aneurysms in this study population have a higher probability 

of r upture i f t hey ha ve a  l arge t ilt a ngle, l arge a spect r atio, a re f ound w ithin t he 

posterior circulation and are bifurcating in shape. Should these results be verified on a 

larger s tudy popul ation, i mproved, m ore i mmediate de cisions r egarding s urgical 

intervention for unruptured aneurysms will be possible for clinicians based on di rect 

measurements from 3D imaging techniques.  
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Chapter 7  On t he Re lationship b etween Mas s Transport o f 

Blood-Borne S pecies and Cerebral Aneurysm Growth a nd 

Rupture 
 

7.1 Introduction 

In t he pr evious c hapter, t he r elationship be tween ke y geometric parameters an d 

cerebral aneurysm rupture was investigated, with results demonstrating that the risk of 

rupture increases for aneurysms of the posterior location, that are bifurcating in shape, 

with in creasing tilt a ngle a nd w ith in creasing a spect r atio. H owever, t he h ypothesis 

presented in this study is that the growth and rupture of an aneurysm may be linked to 

a combined relationship between geometric parameters and the species mass transport 

distribution s een w ithin t he a neurysm. T herefore, t he ne xt s tep i s t o u ndertake a n 

investigation into the relationship between mass transport of blood-borne species and 

cerebral aneurysm growth and rupture.  

With r ecent a dvances a nd i mprovements i n m edical i maging t echniques, t he us e o f 

patient-specific co mputational geometries h as i ncreased (Dillard et al. 2014). 

However, pa tient-specific m odels are co mputationally expensive, a nd r equire flow 

data t hat i sn’t t ypically t aken dur ing s tandard medical procedures. Therefore, i n t his 

study, the use of representative aneurysm models is proposed as an alternative to the 

complex p atient-specific m odels. T hese m odels, w hich a re d eveloped ba sed on  

patient-specific geometries ( see C hapter 3) , r educe t he ne ed for computationally 

intensive C FD s imulations, a nd c an be  carried out us ing a veraged flow da ta t aken 

from l iterature. If representative models can be shown to accurately predict the mass 

transport w ithin pa tient-specific geometries, an d i f a r elationship can  b e d efined 

between the geometry-defining parameters used in their development, mass transport 

and rupture, then the prediction of whether an aneurysm is at risk of rupture could be 

made based on m ass transport simulations using representative geometries developed 

using r adiologically m easurable p arameters, r ather t han co mplex p atient-specific 

geometries. T herefore, t he f irst s tudy i n t his c hapter i nvestigates t he efficacy o f 

representative m odels i n t he pr ediction of  m ass transport of  s pecies s een w ithin t he 

aneurysm dome.  
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The f ollowing chapter i s s plit i nto s everal s ections. F irst, t he c oncept of  a  

concentration species threshold is introduced, and the hypothesis of the amount of the 

aneurysm dom e e xposed t o l ow c oncentration b eing r elated t o a neurysm r upture i n 

discussed.  N ext, a n investigation i nto t he us e of  r epresentative c erebral a neurysm 

geometries as an alternative to simplified idealised and complex patient-specific model 

is c arried out . T he m ass t ransport w ithin pa tient-specific l ateral an d b ifurcation 

aneurysm geometries is computed, and the relationship between aneurysm growth and 

rupture p otential a nd th e ma ss tr ansport d istribution w ithin th e d ome i s s tatistically 

analysed. A separate s tudy is also conducted to investigate the influence of di fferent 

blood-borne species on mass transport results.   

 

7.2 Species Threshold 

In this study, species concentration threshold values are introduced that are used in the 

investigation into the relationship between the mass transport of species and aneurysm 

growth and rupture. The hypothesis motivating this study is that the transport of blood-

borne species within a cerebral aneurysm may lead to an under- or over-expression of 

species a t th e a neurysm w all, r esulting in  n egative w all r emodelling, growth a nd 

eventual r upture o f th e a neurysm. T here is  limi ted e xisting lite rature r egarding the 

mass transport of species within aneurysms, and so it is difficult to hypothesise as to 

the e xtent of  s pecies depletion or  s aturation t hat w ould c ause ne gative w all 

remodelling, and at what level the aneurysm is at risk of growth and rupture.  

Therefore, a  s pecies concentration t hreshold va lue i s i ntroduced w hich analyses t he 

relationship be tween m ass t ransport a nd r upture a t di fferent s pecies c oncentration 

threshold va lues. D ue t o t he l ack of  i nformation r egarding a  t hreshold f or s pecies 

concentration at which negative wall remodelling can occur, several threshold values 

are included, allowing a sensitivity study to be carried out. The threshold values used 

in this study are based on the inlet species concentration values. Four threshold values 

are i ncluded, w hich are us ed t o hi ghlight t he a reas w ithin t he a neurysm w here t he 

concentration is found to be 1%, 5%, 10% and 20% less than the inlet concentration 

(Cin). Importantly, this allows for an investigation into correlation between the amount 

of the aneurysm surface found under the individual threshold value and rupture status 

to be  pe rformed on t he pa tient-specific a neurysm m odels. Furthermore, us ing 

threshold va lues a llows for di rect c omparison b etween t he i dealised, r epresentative 
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and pa tient-specific models w hich w ill be  c arried out  i n t he f ollowing s ection. A n 

example o f t he s pecies t hreshold va lue i s i llustrated i n Figure 7.1, w here t he 

percentage o f t he aneurysm dom e found be low 1% , 5% , 10 % a nd 20 % of  C in is 

illustrated in red, while the amount of the dome surface found above this threshold is 

illustrated in blue.  

 
Figure 7.1: Illustration o f ( A) areas within t he a neurysm d ome with c oncentration below t hreshold 
values of 1%, 5%, 10% and 20% of Cin and (B) percentage of aneurysm dome found below different 
threshold values 

 

7.3 On t he U se o f R epresentative Models as an  Alternative t o I dealised 

and Patient-Specific Models in Computational Modelling 

One of  t he s ub-objectives o f th is s tudy is  to  d etermine if  r epresentative g eometric 

models of cerebral aneurysms are a viable alternative to simple idealised and complex 

patient-specific geometries in  th e in vestigation o f th e relationship b etween m ass 

transport of  bl ood-borne s pecies a nd c erebral a neurysm gr owth a nd r upture. T he 

following section describes the s teps taken in the investigation of  this sub-objective, 

beginning with a  description of  the lateral and bifurcation aneurysm models selected 

and developed for the study. A description of the CFD analysis follows, before results 

are presented and discussed.  
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7.3.1 Model Selection 

In o rder to  d etermine th e v iability o f r epresentative mo dels a s a n a lternative to  

idealised or patient-specific geometries in the analysis of the mass transport of blood-

borne species within cerebral aneurysms, representative models were developed using 

the m ethods de scribed i n S ection 3.5.2. As pr eviously m entioned, a neurysms m ost 

commonly occur along curved arteries and at arterial branch points and bifurcations, 

and s o r epresentative models of  bot h lateral a nd bi furcation c onfigurations w ere 

examined.  

 

7.3.1.1 Lateral Aneurysm Model Selection 

Three a neurysms of  t he opht halmic s egment o f t he ICA were s elected to r epresent 

lateral a neurysms f ound w ithin t he C oW. T he g eometric m easurements t aken f rom 

these patient-specific models were used to develop representative models based on the 

methods described previously. The aneurysms selected represent a range of sizes, with 

a s mall, m edium a nd l arge a neurysm c hosen.  F urthermore, bot h na rrow a nd w ide 

neck s izes a re r epresented. T he p atient-specific mo dels a nd th eir r epresentative 

counterparts de veloped f or t his s tudy, a long w ith t he i dealised ophthalmic s egment 

ICA model, are illustrated in Figure 7.2.  

 
Figure 7.2: (A) Idealised la teral ophthalmic segment ICA geometric model, (B) representative lateral 
ophthalmic segment ICA geometric models and (C) corresponding patient-specific lateral ophthalmic 
ICA geometric models 
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The g eometric m odels are n amed as  f ollows: t he i dealised m odel i s l abelled as  

Idealised Lateral (IL), w hile t he r epresentative m odels ar e r eferred t o as  

Representative Lateral 1  (RL 1), Representative Lateral 2  (RL 2) and Representative 

Lateral 3 (RL 3). Their patient-specific counterparts are referred to as Patient-Specific 

Lateral 1 (PL 1), Patient-Specific Lateral 2 (PL 2) and Patient-Specific Lateral 3 (PL 

3). T he geometric p arameters t aken from t he pa tient-specific m odels an d u sed t o 

develop the representative models are listed in Table 7.1.  

Table 7.1: Geometric p arameter measurements used t o d evelop r epresentative l ateral models. 
Measurements taken f rom three patient-specific aneurysms o f t he o phthalmic s egment I CA. All 
measurements shown in mm, except Tilt Angle (º). 

Parameter PL 1 PL 2 PL 3 
Height (H) 2.74 12.44 18.57 
Neck Width (N) 2.98 6.71 5.70 
Diameter (D) 3.00 11.38 17.07 
Dist. To Max. Diameter (h) 0.88 4.54 5.70 
Tilt Angle (θT) 46.82 20.53 41.28 
Aspect Ratio (AR) 0.92 1.85 3.26 

 

7.3.1.2 Bifurcation Aneurysm Model Selection 

In a s imilar f ashion t o t he l ateral m odels de scribed i n t he pr evious s ection, t hree 

bifurcation aneurysms of  the sylvian bifurcation were selected in the investigation of 

the ef ficacy o f r epresentative m odels, s o as t o r epresent aneurysms t hat o ccur at  

different br anching or  b ifurcation poi nts w ithin t he C oW. T he a neurysms s elected 

represent a  r ange o f s izes, w ith t wo s mall an d o ne m edium aneurysm s elected, 

including bot h na rrow and w ide ne cks. T he i dealised, r epresentative and pa tient-

specific s ylvian bi furcation a neurysms de veloped f or t his study ar e illustrated in  

Figure 7.3.  
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Figure 7.3: (A) Idealised sylvian bifurcation g eometric m odel (B) representative sylvian b ifurcation 
geometric models and (C) corresponding patient-specific sylvian bifurcation geometric models 

 

As presented in Figure 7.3, the representative sylvian bifurcation model is referred to 

as Idealised Bifurcation ( IB). T he r epresentative m odels ar e r eferred t o as  

Representative Bifurcation 1 ( RB 1) , R epresentative B ifurcation 2 ( RB 2)  a nd 

Representative Bifurcation 3 ( RB 3) , with their patient-specific counterparts l abelled 

as P atient-Specific B ifurcation 1  ( PB 1 ), P atient-Specific Bifurcation 2 (PB 2)  a nd 

Patient-Specific B ifurcation 3  ( PB 3 ) r espectively. T he geometric p arameters 

measured from PS 1-3 and used to develop RB 1-3 are listed in Table 7.2.  

Table 7.2: Geometric p arameter measurements used t o develop r epresentative b ifurcation models. 
Measurements taken from three patient-specific aneurysms of the sylvian bifurcation. All measurements 
shown in mm, except Tilt Angle (º). 

Parameter PB 1 PB 2 PB 3 
Height (H) 4.42 5.77 8.06 
Neck Width (N) 3.23 4.75 8.96 
Diameter (D) 4.31 6.30 10.57 
Dist. To Max. Diameter (h) 2.52 2.34 2.06 
Tilt Angle (θT) 36.07 18.72 23.64 
Aspect Ratio (AR) 1.37 1.21 0.90 
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7.3.2 Results 

The computational m ass t ransport i nvestigation i nto t he us e of  r epresentative 

geometries w as c arried out under t he assumptions out lined in Section 4. 4 and using 

Comsol Multiphysics 4.4. Steady flow analyses were carried out in which blood was 

treated as a Newtonian fluid with a density of 1050 kg/m3 and a constant viscosity of 

3.5 mPa·s. As outlined in Section 4.5, boundary conditions for the fluid flow analysis 

were applied as follows: at each artery inlet, a flow rate of 260 ml/min and 138 ml/min 

were applied for t he l ateral and b ifurcation aneurysms r espectively, r epresenting t he 

average flow rates that are found at the ophthalmic segment of the ICA and the sylvian 

bifurcation (Alastruey et al. 2007, Alnaes et al. 2007, Cebral et al. 2008, Cieslicki and 

Ciesla 2005, Fahrig et al. 1999, Ford et al. 2005, Moore et al. 2006). A zero pressure 

condition was applied at the outlets, and a no-slip condition was applied at the walls. 

For the mass transport analysis, an inlet concentration of 0.0001 mol/m3 was used to 

represent t he a verage c oncentration o f A TP i n bl ood, t he s pecies d iffusivity w as 

defined as 2.4x 10-10 m2/s, a nd a  f lux w as a pplied t o t he wall w ith a  m ass t ransfer 

coefficient of 1.68x10-6 m/s (Imai et al. 2010). Results from the investigation into the 

efficacy o f r epresentative an eurysm geometries as  an  al ternative t o i dealised an d 

patient-specific geometries i n t he C FD analysis of  m ass t ransport of  b lood-borne 

species are presented in the following section.  

 

7.3.2.1 Lateral Aneurysms 

Results f rom th e la minar f low and ma ss tr ansport s imulations w ithin th e id ealised, 

representative an d pa tient-specific l ateral an eurysms p resented i n S ection 7 .3.1 ar e 

illustrated. R esults a re pr esented us ing t he m ethods out lined i n S ection 4.2, w ith 

unwrapped 2D  di sc pl ots hi ghlighting nor malised W SS a nd c oncentration va lues 

found within each aneurysm dome. The results are divided into the following sections 

for clarity: WSS, concentration and species concentration threshold.  

 

Wall Shear Stress 

In or der to c ompare t he f low ha emodynamics f ound w ithin t he a neurysm dom e 

between t he d ifferent a neurysm geometry m odels, Figure 7.4 illustrates the 2D  
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unwrapped normalised WSS plots of the idealised, representative and patient-specific 

aneurysm geometries for al l t hree l ateral an eurysms investigated, w hich ar e labelled 

A-C. R esults a re nor malised t o t he average pa rent a rtery W SS f or each i ndividual 

geometry. Lowest WSS levels are seen within the simple idealised aneurysm models, 

with the h ighest values seen within the smallest patient-specific aneurysm, PL1. For 

all ge ometries, an area of  i ncreased W SS i s e vident w hich c orresponds w ith t he 

location of the inflow jet entering the aneurysm dome at the distal neck.   

 
Figure 7.4: Illustration of 2 D unwrapped WSS p lots ( normalised to average p arent artery WSS) for 
lateral aneurysm geometries A-C, highlighting results from idealised, representative and patient-specific 
models 

 

Substantial differences are evident between the unwrapped WSS plots for the different 

geometries, with the idealised and representative geometries tending to underestimate 

the W SS f ound w ithin t he dom e of  their pa tient-specific co unterparts. T his is 

especially evident in the case of PL1, where the patient-specific aneurysm dome sees 

markedly i ncreased W SS va lues i n c omparison t o t he i dealised a nd representative 

geometries. The differences between the idealised and representative versions of PL2 

and PL3 a re not  of  the same magnitude, a lthough some a reas of  increased WSS are 
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seen w ithin t he pa tient-specific geometries t hat a re not  f ound i n t he c orresponding 

idealised and representative geometries. These areas of increased WSS correspond to 

undulations a nd a neurysmal bl ebs t hat a re not  c aptured b y t he m ore s implified 

geometries.  

The differences in WSS distribution between the idealised, representative and patient-

specific geometries are further evidenced in the quantitative comparison of the average 

WSS f ound w ithin e ach a neurysm dome, illu strated in  Figure 7.5. For each o f t he 

lateral an eurysms i nvestigated, t he av erage W SS i s considerably underestimated b y 

the i dealised an d r epresentative geometries. In t he cas e o f P L 1 , t he av erage WS S 

found within the dome of the patient-specific model is 8.7 Pa, while the idealised and 

representative average WSS are much lower, calculated as 0.2 and 3 Pa respectively. 

Similarly, the average WSS in the idealised and representative versions of PL 2 (0.2 

and 0.6 Pa respectively) are lower than the patient-specific model at 1.8 Pa. A similar 

trend is seen in the third aneurysm, where the idealised geometry illustrates the lowest 

average WSS within the dome at 0.2 Pa, the representative geometry is higher at 0.3 

Pa but the patient-specific model has the highest WSS at 1.4 Pa.  

 
Figure 7.5: Average dome WSS found within idealised, representative and patient-specific a neurysm 
models of lateral aneurysm geometries A-C 

 

 

It is evident that the representative geometries replicate the WSS levels found within 

the p atient-specific geometries w ith g reater a ccuracy when compared to t he m ore 
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simple i dealised g eometries. H owever, a d ifference o f 65-78% i s s een b etween t he 

average WSS found within the representative and patient-specific models for all three 

aneurysms i nvestigated, s uggesting t he W SS s een w ithin t he dom e of  t he pa tient-

specific aneurysms is not accurately captured by the representative geometries.  

 

Concentration 

The 2D  unw rapped c oncentration pl ots f or e ach l ateral a neurysm g eometry, 

highlighting the normalised concentration (C/Cin) for the idealised, representative and 

patient-specific models of the three lateral aneurysms is illustrated in Figure 7.6.  

 
Figure 7.6: Illustration o f 2 D u nwrapped c oncentration plots (normalised to  in let c oncentration) f or 
lateral aneurysm geometries A-C, highlighting results from idealised, representative and patient-specific 
models 

 

Similar to t he W SS r esults pr esented i n t he previous s ection, the i dealised a nd 

representative geometries tend to underestimate the patient-specific results, with lower 

concentration va lues f ound w ithin t he a neurysm dom e f or t he i dealised a nd 

representative versions of the patient-specific geometries. However, the representative 
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geometries cap ture a more r ealistic concentration di stribution t han the i dealised 

geometries. Furthermore, al though t he r epresentative geometries d isplay l ower 

concentration values than their patient-specific counterparts, similar patterns are found 

with t he a neurysm do me e .g. R L1 and P L1 b oth di splay close t o a  uni form 

concentration di stribution t hroughout t he a neurysm dom e, w hile t he r emaining 

geometries show more uneven patterns, with areas of low concentration found at areas 

corresponding t o undul ations t hroughout t he d ome. T he pa tterns of c oncentration 

distribution for RL2 and RL3 do not directly mimic the patterns seen in PL2 and PL3, 

but demonstrate a better representation of the patient-specific results than the idealised 

geometries. It is also interesting to note that the areas of increased concentration seen 

within t he unw rapped pl ots c orrespond w ith areas of  i ncreased W SS s een i n Figure 

7.4, which is particularly noticeable at the aneurysm neck, as the inflow jet enters the 

aneurysm dome, and at the areas of undulations within the aneurysm dome.  

 

Species Concentration Threshold 

Results hi ghlighting t he pe rcentage of  t he a neurysm dom e t hat i s f ound t o ha ve a  

normalised concentration less than the specified species concentration threshold value 

for t he i dealised, r epresentative an d p atient s pecific geometries f or each l ateral 

aneurysm in vestigated are illu strated in  Figure 7.7, Figure 7.8 and Figure 7.9. 

Threshold values of 1%, 5%, 10% and 20% are used, as discussed in Section 7.2.    

Looking to the first lateral aneurysm geometry shown in Figure 7.7, the idealised and 

representative versions do not accurately capture the amount of the aneurysm surface 

with c oncentration l evels unde r a  t hreshold of  1%  of  C in, w ith t he pa tient-specific 

geometry P L1 di splaying a m uch l ower pe rcentage of  t he dom e s urface unde r t he 

threshold value. For threshold values of 5%, 10% and 20% of Cin, the patient-specific 

geometry has a higher concentration than the threshold values, which is mimicked by 

the representative model after a threshold of 20% is introduced. It is evident from the 

results for this first lateral aneurysm geometry that the representative model replicates 

the c oncentration di stribution i n t he pa tient-specific m odel, a lthough o nly when a  

threshold of 10% or higher in included.  
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Figure 7.7: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PL 1(centre) 

 

Results for the representative geometries of the second lateral aneurysm are presented 

in Figure 7.8, and are more promising than the first aneurysm, with similar results seen 

for t he r epresentative an d p atient-specific geometries a t t hreshold va lues of  1%  a nd 

5% of  C in. H owever, w hen a  t hreshold o f 10 % i s i ntroduced, t he pe rcentage of  t he 

aneurysm dome found below 10% of Cin drops to approximately 35% for the patient-

specific geometry w hile th e a mount o f th e r epresentative geometry d ome is ove r 

double t hat. S imilarly, for a  t hreshold of  20% , a m uch l arger p ercentage o f t he 

representative geometry is found below the threshold value compared to the patient-

specific ve rsion. It is  worth n oting th at th e r epresentative g eometry emulates th e 

patient-specific r esults more a ccurately t han t he i dealised geometry, in  w hich th e 

percentage of  t he dom e f ound unde r t he t hreshold c oncentration doe s not  r educe 

significantly, despite the change in threshold value.  
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Figure 7.8: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PL 2(centre) 

 

The f inal l ateral aneurysm i nvestigated ( see Figure 7.9) d emonstrates that th e 

representative geometry c aptures s imilar r esults to  th e p atient-specific geometry at  

threshold levels of 1% and 5% of Cin. However, more substantial differences are seen 

between the representative and patient-specific geometries at threshold levels of 10% 

and 20% , w here t he a mount of  t he s urface f ound unde r t he t hreshold r educes 

considerably for the patient-specific geometry, while the amount of the representative 

geometry dom e s urface does not  r educe a s m uch. On c omparison of  t he i dealised 

geometry w ith t he r epresentative an d p atient-specific results, it is  e vident th at th e 

representative geometry replicates the patient-specific concentration distribution with 

closer accuracy at species threshold values of 1% and 5% of Cin, but not at the higher 

threshold values of 10% and 20% of Cin. 
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Figure 7.9: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PL 3(centre) 

 

7.3.2.2 Bifurcation Aneurysms 

The f ollowing s ection presents r esults f rom t he laminar f low a nd m ass t ransport 

simulations w ithin th e id ealised, r epresentative a nd p atient-specific b ifurcation 

aneurysm g eometries discussed i n Section 7.3. 1. Similar to  th e p revious s ection, 

results a re presented us ing the methods out lined in Section 4.2, with 2D unwrapped 

disc plots highlighting WSS and normalised concentration v alues found within each 

aneurysm d ome. A s w ith th e la teral geometries, t he r esults a re di vided i nto W SS, 

concentration and species threshold sections.  

 

Wall Shear Stress 

Figure 7.10 illustrates th e 2 D unwrapped W SS p lots of  t he idealised, r epresentative 

and pa tient-specific an eurysm g eometries f or t he t hree b ifurcation an eurysms 

investigated, w hich are labelled A -C. W ithin t he unw rapped pl ots, a reas s haded i n 

grey (e.g. towards the periphery of the idealised model) represent locations within the 
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aneurysm dome where the outlets overlapped with the aneurysm and results were not 

calculated.   

 
Figure 7.10: Illustration o f 2 D unwrapped WSS p lots (normalised to average parent ar tery WSS) for 
bifurcation aneurysm geometries A -C, highlighting results from idealised, r epresentative and patient-
specific models 

 

The 2D unwrapped WSS distribution plots of the representative geometries appear to 

replicate t he p atient-specific r esults r easonably well, a s th e W SS d istribution w ithin 

the r epresentative geometries s hows mo re s imilar r esults th an th e id ealised mo dels. 

Although the patterns of WSS distribution within the representative plots differ from 

their patient-specific versions, similar trends are seen within the unwrapped plots, with 

higher WSS levels found towards the neck and outlets. It is noteworthy that unlike the 

other bifurcation geometries, an increase in WSS is found with RB3 which isn’t seen 

within P B3 a nd c orresponds t o t he ne ck a nd t he l ocation of  one  of  t he out lets. 

Furthermore, within the patient-specific geometries, areas of increased WSS are also 

found a s a  result of  und ulations a nd a neurysmal bl ebs f ound t hroughout t he dom e, 

which are not captured by the idealised and representative geometries, and so are not 

replicated in their results.  
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Further investigation of the ability of the representative models to replicate the WSS 

results f ound w ithin t he pa tient-specific geometries i s ach ieved t hrough t he 

comparison of the average WSS found within the dome of the idealised, representative 

and patient-specific geometries, which is presented in Figure 7.11. It is evident from 

the comparison that there are substantial differences between the average WSS found 

in t he r epresentative and p atient-specific g eometries, w ith t he r epresentative 

geometries failing to  accurately replicate the WSS levels seen within the dome. The 

percentage d ifference b etween t he av erage W SS f or t he representative a nd p atient-

specific geometries for the bifurcation aneurysms PB 1, PB 2 and PB 3 are calculated 

as 13%, 35% and 30% respectively. Furthermore, for the geometries PB2 and PB3, the 

idealised geometries replicate the results seen in the patient-specific geometries with 

greater accuracy than the representative versions.  

 
Figure 7.11: Average dome WSS found within idealised, representative and patient-specific aneurysm 
models of bifurcation aneurysm geometries A-C 

 

Concentration 

An i llustration of  t he 2D  unw rapped nor malised c oncentration pl ots f or e ach 

bifurcation a neurysm ( labelled A -C) i s pr esented i n Figure 7.12. A gain, g rey areas 

within t he unw rapped pl ots i ndicate a reas w here t he out let(s) ove rlapped w ith t he 

dome and results were not calculated.   
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Figure 7.12: Illustration of  2D unwrapped concentration plots (normalised to  i nlet concentration) for 
bifurcation aneurysm geometries A -C, highlighting r esults from idealised, r epresentative an d patient-
specific models 

 

The unw rapped i dealised a nd r epresentative c oncentration pl ots de monstrate s imilar 

trends to their patient-specific counterparts, although the patterns within the dome are 

not r eplicated ex actly. T he representative geometries appear t o capture t he 

concentration distribution within the patient-specific geometries more realistically than 

the idealised, with the idealised plots demonstrating higher normalised concentration 

values t hroughout t he a neurysm dom e t han t he c orresponding r epresentative a nd 

patient-specific versions. 

 

Species Concentration Threshold 

Using threshold va lues of 1% , 5 %, 10%  a nd 20% o f C in, the p ercentage o f t he 

aneurysm dom e s urface t hat i s e xposed t o c oncentration l evels l ower t han t he 

threshold va lues a re qu antified i n Figure 7.13, Figure 7.14 and Figure 7.15 for t he 

three bifurcation aneurysms investigated.  
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For the fi rst a neurysm, illu strated in  Figure 7.13, strong agreement i s s een on 

comparison of the results for each geometry at the lower threshold values of 1% and 

5% of Cin. However, as the threshold value increases to 10% of the inlet concentration, 

the d ifference b etween t he r esults i ncreases, w ith t he r epresentative g eometry  

displaying better correlation to the patient-specific geometry than the simple idealised 

geometry. H owever, at a t hreshold l evel o f 20% of C in, al l t hree g eometries h ave 

concentrations throughout the dome that a re greater than the threshold value, and so 

the r esults correspond between t he i dealised, representative and pa tient-specific 

geometries. 

 
Figure 7.13: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PB 1 (centre) 

 

For the second aneurysm geometry, shown in Figure 7.14, the representative geometry 

replicates the patient-specific results with excellent accuracy at a threshold level of 1% 

of the inlet concentration. However, as the threshold level is increased to 5% and 10% 

of Cin, the ability of the representative geometry to replicate the results seen within the 

patient-specific g eometry d ecreases. S imilar to  r esults f or th e f irst b ifurcation 

aneurysm, t he c oncentration w ithin t he aneurysm dom e f or t he i dealised, 

representative an d p atient-specific geometries a t a co ncentration t hreshold l evel o f 
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20% of Cin is greater than the threshold level, and so the results are the same for al l 

three geometries.  

 
Figure 7.14: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PB 2 (centre) 

 

For the final bifurcation aneurysm investigated, which is illustrated in Figure 7.15, the 

representative geometry i s ag ain s een t o r eplicate t he p ercentage o f t he an eurysm 

surface f ound t o h ave a c oncentration und er t he t hreshold va lue w ithin the pa tient-

specific geometry reasonably well, and at a better estimation than the idealised version 

for all threshold levels. However, the same level of accuracy is not seen as within the 

previous t wo a neurysms i nvestigated. Interestingly, unl ike t he pr evious bi furcation 

aneurysms, at  a t hreshold of  20%  of  C in only t he i dealised an eurysm dome h as a 

concentration a bove t he threshold va lue, w ith t he r epresentative a nd p atient-specific 

geometries demonstrating a low percentage of the aneurysm dome with concentration 

values lower than the threshold value.  
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Figure 7.15: Comparison of percentage of aneurysm dome surface concentration found under threshold 
of (A) 1% (B) 5% (C) 10% and (D) 20% of inlet concentration for idealised, representative and patient-
specific versions of aneurysm PB 3 (centre) 

 

7.3.2.3 Computational Time 

Due t o t he c omplex na ture of  t he geometries i n t his s tudy a nd t he r esulting m eshes 

generated, t he cen tral p rocessing u nit ( CPU) t ime n eeded t o s olve f or t he m ass 

transport w ithin pa tient-specific geometries i s l engthy. T herefore, o ne of t he m ain 

aims o f th e r epresentative g eometries i s t o reduce t he C PU t ime needed f or 

computational a nalysis o f m ass t ransport. On c omparison of  t he computational t ime 

needed to solve for mass transport within both the representative and patient-specific 

geometries, i t was found that the representative geometries took up t o 66% less t ime 

than the patient-specific geometries to  solve within Comsol Multiphysics. Therefore, 

representative geometries are advantageous over patient-specific geometries in  terms 

of CPU solving time.  
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7.3.3 Discussion 

The ma in o bjective o f t his s tudy is  to  d etermine if  a lin k e xists b etween g eometric 

features a nd t he m ass transport of  bl ood-borne s pecies, and t o i nvestigate t heir 

combined relationship with cerebral aneurysm growth and rupture potential. One sub-

objective is to determine if representative models, which are developed based on k ey 

geometry-defining features f rom pa tient-specific g eometries, c an ac curately p redict 

the ma ss tr ansport w ithin p atient-specific geometries. T his an alysis i s b ased o n t he 

health o f t he an eurysm w all t issue, i nvestigating i f t he representative m odels can  

adequately predict the amount of the aneurysm dome that is exposed to concentrations 

below the different threshold levels. If representative models can adequately replicate 

patient-specific m ass t ransport r esults, t hen t he need f or c omputationally intensive 

patient-specific CFD simulations would be negated, and further s teps could be taken 

towards the development of a prognostic tool that could aid surgeons in pre-operative 

cerebral aneurysm rupture prediction.  

In order to investigate this sub-objective, two idealised and six representative cerebral 

aneurysm geometries w ere d eveloped from t wo l ocations w ithin t he CoW – the 

ophthalmic segment of  t he ICA, i n order t o r epresent typical l ateral an eurysms, and 

the s ylvian bi furcation, s erving t o r epresent t ypical bi furcation a neurysms. T he 

idealised geometries w ere d eveloped b ased o n a verage v alues t aken f rom l iterature, 

while t he r epresentative geometries were co nstructed b ased o n ke y geometric 

measurements  f rom p atient-specific an eurysms t hat d escribe t he an eurysm d ome 

(height, neck width, diameter, distance to maximum diameter and tilt angle), and using 

location-specific average parent and daughter artery measurements. One limitation of 

the representative model development is seen in the representative bifurcation models, 

in which the outlets overlap with the aneurysm dome. This is due to the averaging of 

the p arent and d aughter ar tery centrelines ( see S ection 3 .5.2) w ith m ore e xtreme 

bifurcation ge ometries s kewing t he r esults, r esulting i n t he unus ual s haped 

representative bi furcation pa rent a rtery geometry. T herefore, dur ing t he pos t-

processing of  t he W SS and c oncentration r esults, t he a neurysm dom e had pa tches 

where results were not calculated at the overlap between the outlet(s) and the dome.  

It i s c lear f rom t he comparison of  t he 2D  un wrapped W SS pl ots of  t he i dealised, 

representative an d p atient-specific geometries t hat t he r epresentative g eometries 

cannot ac curately r eplicate th e W SS d istribution s een w ithin th e p atient-specific 
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aneurysm for both the lateral and bifurcation aneurysms examined. Although s imilar 

trends are seen between the different plots, the representative geometries consistently 

underestimate t he W SS l evels. T his i s f urther e videnced b y the comparison of  t he 

average W SS v alues w ithin each  an eurysm d ome. T his i s al so t he c ase f or t he 

unwrapped normalised concentration plots, where s imilar t rends are seen in both the 

representative and patient-specific geometries for all lateral and bifurcation aneurysms 

investigated, but  t he representative geometries onc e a gain unde restimate t he 

concentration values seen throughout the aneurysm dome.  

Upon c omparison o f t he r epresentative a nd pa tient-specific m odels un der di fferent 

concentration t hreshold values, i t i s e vident t hat e xcluding P L1, t he r epresentative 

geometries of both the lateral and bifurcation aneurysms can predict the percentage of 

the aneurysm dome with concentration l evels un der t he t hreshold of  1% of  C in with 

excellent accuracy, with results from the representative geometries falling within 10% 

of the patient-specific results. This accuracy is maintained at a threshold value of 5% 

of C in for t he r epresentative ve rsions of  P L2 a nd P L3, but  a  l arger pe rcentage 

difference i s f ound f or t he bi furcation a neurysms P B 1, P B 2 a nd P B 3. H owever, 

reasonable a ccuracy i s still s een f or t he representative v ersions o f t he b ifurcation 

aneurysms at this concentration threshold value. Increasing the threshold to 10% sees 

excellent a greement b etween representative an d p atient-specific results for P L1, but  

moderate agreement only between the remaining geometries. Finally, at a threshold of 

20%, m ixed ag reement is s een b etween r epresentative an d p atient-specific r esults, 

with t he r epresentative b ifurcation an eurysms r eplicating t he p atient-specific 

geometries more closely than the lateral aneurysms.  

In summary, in the analysis of the efficacy of representative models developed based 

on pa tient-specific geometries in  th e p rediction of  m ass t ransport within pa tient-

specific models, it is  c lear that the representative models cannot accurately replicate 

the W SS and concentration di stributions s een within t he pa tient-specific geometries. 

However, it is  a lso e vident f rom th is in vestigation t hat t he r epresentative m odels 

developed in this study provide improved information regarding the mass transport of 

blood-borne species within cerebral aneurysms when compared to simplified idealised 

models, but representative models cannot fully replicate mass transport within patient-

specific m odels. Importantly, upon a pplication of  a  c oncentration t hreshold va lue, 

below which the aneurysm may be  a t r isk of  negative wall remodelling, growth and 

eventual r upture, gr eater a ccuracy i s s een i n t he r epresentative mo dels a bility to  
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predict t he m ass t ransport of  bl ood-borne s pecies. F or five of  t he s ix a neurysm 

geometries investigated, a threshold value of 1% yields excellent agreement between 

representative and patient-specific results. Mixed agreement between results is evident 

at h igher threshold values, with la teral models replicating the patient-specific r esults 

with be tter a ccuracy a t l ower t hreshold va lues o f 1%  a nd 5% , w hile t he bi furcation 

models tended to be more precise at higher threshold values of 10% and 20%.  

Currently, it is difficult to speculate on t he effect of reduced concentration within the 

aneurysm dome on aneurysm growth and rupture potential, and so the next step in this 

study will be to investigate if a relationship can be established between mass transport 

and rupture, in a cohort of patient-specific geometries. This will potentially establish a 

threshold of species concentration at which the aneurysm is in danger of negative wall 

remodelling and possible growth and rupture, and so would further elucidate the use of 

representative m odels a s an  al ternative t o co mplex p atient-specific mo dels in  th e 

computational analysis of mass transport of blood-borne species.  

 

7.4 Mass T ransport of  Blood-Borne S pecies w ithin P atient-Specific 

Cerebral Aneurysms 

The f ollowing s ection d escribes th e in vestigation in to th e r elationship b etween th e 

mass t ransport of  bl ood-borne s pecies a nd c erebral a neurysm growth a nd r upture 

potential. First, the influence of the use of di fferent blood-borne species is analysed, 

before t he t welve p atient-specific geometries u sed i n t he co mputational an alysis ar e 

described. Results o f the mass tr ansport s imulations a re p resented and the s tatistical 

analysis of  t he r elationship w ith r upture i s de scribed. F inally, t he r esults a nd the 

implications for the prediction of aneurysm rupture are discussed.  

 

7.4.1 Influence of Use of Different Blood-Borne Species 

The i nfluence of  t he i nclusion of  di fferent bl ood-borne s pecies on m ass t ransport 

within th e a neurysm d ome w as in vestigated. U ntil n ow, a ll s imulations w ithin this 

study have been carried out using the blood-borne species ATP and its associated inlet 

concentration, diffusivity and mass transport coefficient values. However, it is the aim 

of this study that the results would not be restricted to transport of ATP alone, and that 
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results c ould be  e xtrapolated t o ot her bl ood-borne s pecies of  l ow di ffusivity. 

Therefore, i n t he following section, r esults f rom a comparison of  t he mass t ransport 

seen w ithin bot h a  pa tient-specific o phthalmic s egment ICA a nd s ylvian bi furcation 

aneurysm f or t he bl ood-borne s pecies A TP a nd LDL are pr esented and di scussed. 

Mass t ransport s imulations w ere c arried out  und er t he a ssumptions, f low c onditions 

and mass transport parameters as outlined in Chapter 4. 

 
Figure 7.16: Unwrapped n ormalised co ncentration p lots (C/Cin) c omparing mass t ransport of  ATP 
(centre) and LDLs (right) for (A) p atient-specific ophthalmic segment ICA lateral aneurysm a nd (B) 
patient-specific sylvian bifurcation aneurysm 

 

The unw rapped 2D  c oncentration pl ots, nor malised t o t he i ndividual s pecies i nlet 

concentration, are illustrated in Figure 7.16. As can be seen from the results, the values 

seen i n t he nor malised concentration pl ots di ffer e xtensively for A TP a nd LDL for 

both aneurysm geometries, with concentration values within the LDL plots found to be 

equal to or higher than the inlet concentration. This can be attributed to the differences 

in the t ransport models of ATP and LDL that were discussed in Chapter 4.5.2. A TP 

typically u ndergoes a  reaction a t th e w all as it is h ydrolysed to  A DP, while LDL 

transport, which i s regulated b y the endothelium, involves permeation o f the ar terial 

wall, and is aided by the filtration velocity found at the arterial wall.  As a result of the 

filtration ve locity, concentration polarization of  LDL can oc cur, l eading to l ocalised 

increased concentrations of LDL at the arterial wall that doesn’t occur in the transport 
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of A TP. H owever, de spite t he di fferences i n c oncentration v alues, t he pa tterns o f 

concentration di stribution a re s imilar for bo th pl ots, w ith a reas o f de creased 

concentration seen in the ATP plots corresponding with increased concentration within 

the LDL plots.  

The overall hypothesis p resented in this s tudy i s that an under-expression or  l ack of  

blood-borne species could lead to negative wall remodelling, growth and rupture of an 

aneurysm. However, research has shown that in the case of LDL, it is possible that an 

over-expression or  s aturation of  LDL m ay be  favourable i n di sease p athogenesis 

(Wada and Karino 2002). Thus, results f rom mass t ransport analyses involving ATP 

can b e e xtrapolated t o LDL, w ith a reas of  l ow ATP c oncentration c orresponding t o 

areas of increased LDL concentration. Therefore, it can be concluded that results from 

mass transport simulations of ATP within cerebral aneurysms are not restricted to ATP 

alone, a nd c an be  a pplied t o ot her s pecies of  l ow di ffusivity. F urthermore, i f a  

relationship can be established between aneurysm rupture potential and a threshold of 

Cin, results from simulations of mass transport of ATP would apply to other species of 

similar l ow di ffusivity values, a lthough t he t hreshold m ay n eed t o be  i nverted t o 

represent an  o ver-expression of  s pecies r ather t han a n unde r-expression. F ollowing 

this comparative study, all further mass transport simulations will be carried out using 

ATP as the blood-borne species, with results applicable to other similar species.   

 

7.4.2 Mass Transport Simulations 

Twelve p atient-specific aneurysm geometries i n total were s elected from the ove rall 

database ( see S ection 3 .2) for t he CFD i nvestigation i nto t he r elationship be tween 

mass t ransport a nd a neurysm r upture pot ential. Mass t ransport s imulations w ere 

carried out using the assumptions, f low conditions and mass t ransport parameters as  

discussed i n C hapter 4.  A s d escribed pr eviously, i t w as t he aim of  t he s tudy t o 

investigate both lateral and bifurcation aneurysms within the CoW, as aneurysms are 

typically found along cu rved ar teries and at  ar terial b ranching points. Therefore, s ix 

lateral an d s ix b ifurcation g eometries, w hich a re illustrated in  Figure 7.17, w ere 

investigated in t he c omputational a nalysis. T he pr eparation of  t he pa tient-specific 

geometries for CFD analysis is described in Section 3.5.3.  
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Figure 7.17: Patient-specific ( A) o phthalmic s egment ICA l ateral an d ( B) s ylvian b ifurcation 
geometries used in computational analysis of mass transport of species within cerebral aneurysms 

 

The twelve patient-specific aneurysms represent a range of aneurysm sizes and shapes, 

with small, medium and large aneurysms of both narrow and wide neck configurations 

present in the selection. Furthermore, the rupture status of the aneurysms varies, with 

seven unruptured and five ruptured aneurysms found between the two groups. The key 

geometry-defining measurements of each aneurysm dome are listed in Table 7.3.  

Table 7.3: Geometric p arameter measurements for p atient-specific l ateral a nd b ifurcation aneurysm 
geometries 1-6. All measurements shown in mm, except Tilt Angle (º). 

Parameter 
Aneurysm Geometry 

1 2 3 4 5 6 

Ophthalmic Segment ICA             
     Height 2.74 12.44 18.57 7.05 22.90 4.20 

     Neck Width 2.98 6.71 5.70 4.60 8.08 4.37 

     Diameter 3.00 11.38 17.07 5.82 25.01 5.60 

     Dist. To Max. Diameter 0.88 4.54 5.70 2.76 14.03 1.53 

     Tilt Angle 46.82 20.53 41.28 17.82 16.74 38.44 

     Aspect Ratio 0.92 1.85 3.26 1.53 2.84 0.96 

Sylvian Bifurcation       
     Height 4.42 5.77 8.06 8.71 8.94 4.76 

     Neck Width 3.23 4.75 8.96 3.47 4.67 3.60 

     Diameter 4.31 6.30 10.57 9.51 8.05 4.75 

     Dist. To Max. Diameter 2.52 2.34 2.06 4.24 3.74 2.08 

     Tilt Angle 36.07 18.72 23.64 25.55 26.19 0.94 

     Aspect Ratio 1.37 1.21 0.90 2.51 1.92 1.32 

7.4.2.1 Results 

In the following section, results for the patient-specific mass transport simulations are 

presented. A nalysis of  t he f low pa tterns, ha emodynamics a nd m ass t ransport 
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distributions seen within each aneurysm geometry was carried out, and included flow 

characterisation outlined by Cebral et al. (2010), as described in Chapter 2, with flow 

categorised as simple or complex, and inflow jet described as diffuse or concentrated. 

Results i nclude ve locity streamlines a nd 2D  unw rapped pl ots of  t he W SS a nd 

concentration distributions within the aneurysm dome.  

 

Ophthalmic Segment ICA Results 

The velocity streamlines seen within each patient-specific lateral aneurysm geometry 

are presented i n Figure 7.18. It i s e vident from the r esults f or th e la teral a neurysm 

geometries t hat the f low w ithin t he do me di ffers de pending on t he s hape of  t he 

aneurysm, and the curvature of the parent artery geometry. 

 
Figure 7.18: Velocity streamlines for patient-specific ophthalmic segment ICA aneurysm geometries 1-
6 (labelled A-F) 

 

Looking at aneurysm 1, which is labelled A in Figure 7.18, a concentrated inflow jet is 

seen to enter the aneurysm at the distal neck, impinging on t he aneurysm wall before 

forming a l arge recirculation z one t hat f ills t he a neurysm dom e. C omplex f low i s 

found within this geometry, with two smaller flow vortices forming within the small 
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bleb-like s tructures w ithin th e d ome. A lthough th e v elocity is  lo w w ithin th ese tw o 

small r ecirculation z ones, t he m ajority of  t he dom e s ees hi gh v elocity f low 

recirculation, with the aneurysmal f low re-joining the main arterial flow towards the 

proximal neck, although no di stinct exit path is evident. For aneurysm 2, labelled B, 

the inflow jet is more diffuse and enters at the proximal neck. One large, slow-moving, 

spiralling f low r ecirculation f orms th at f ills th e e ntire aneurysm d ome, w ith f low 

exiting the aneurysm towards the distal neck. A similar result is seen in aneurysm 3, 

labelled C , w hich d emonstrates a co ncentrated i nflow at  t he p roximal n eck t hat 

penetrates deeply into the aneurysm sac, before impinging on the wall towards the tip 

of t he dom e. S imple f low i s f ound w ithin t he geometry, w ith f low e ntering a  l arge, 

slow-moving v ortex th at f ills th e e ntire a neurysm d ome, b efore flow r e-enters t he 

main arterial flow via a distinct exit path at the distal neck. Aneurysm 4 sees a diffuse 

inflow jet penetrate into the aneurysm at the distal neck, flowing along the distal wall 

before f orming a l arge, relatively f ast-moving f low vor tex t hat f ills t he dome, w ith 

flow exiting the aneurysm at the proximal neck. A smaller, slow-moving recirculation 

region forms within the small aneurysmal bleb towards the tip of the dome. Results for 

aneurysm 5 are s imilar t o t hat s een f or a neurysm 3, with a  di ffuse, high-velocity 

inflow je t found a t t he proximal neck that penetrates i nto t he l arge aneurysm dome, 

impinging on the tip and forming a large, slow-moving recirculation zone that fills the 

entire dome. Simple flow is evident within the dome, with flow exiting the aneurysm 

at a  distinctive exit found at the distal neck. The f inal lateral geometry, aneurysm 6, 

also displays simple flow patterns, with a diffuse inflow jet entering the aneurysm at 

the distal neck before filling the dome with a large flow vortex. Flow then re-enters the 

main arterial flow, although a distinct exit location is not evident within the dome.  

WSS plots for the six lateral aneurysm geometries are presented in Figure 7.19, and it 

is evident that the WSS levels vary throughout the geometries. Although differences 

are seen between the patterns within each aneurysm dome, the location of highest wall 

shear s tress f or a ll s ix geometries i s f ound t o c orrespond with t he l ocation of  the 

inflow jet as it enters the aneurysm at the neck. Aside from the increased WSS found 

at the neck, the WSS within the aneurysm dome is generally found to be low, although 

slight increases are found to correspond to the high-velocity inflow jets as they begin 

to f orm f low r ecirculation r egions. A reas of  l ow ve locity di splay l ow WSS l evels, 

particularly within the aneurysmal blebs where small flow vortices are found.  
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Figure 7.19: 2D u nwrapped WSS plots for p atient-specific o phthalmic s egment I CA an eurysm 
geometries 1-6 (labelled A-F) 

 

Results f rom th e in vestigation in to th e ma ss tr ansport o f A TP w ithin th e s ix la teral 

aneurysm geometries a re illu strated in Figure 7.20, i n w hich t he unwrapped 

normalised s pecies c oncentration pl ots a re p resented. U pon c omparison of  t he 

concentration distribution plots with the WSS plots, it is evident that areas of increased 

WSS correspond to higher concentration within the aneurysm dome. This is evidenced 

by t he hi gh c oncentration l evels t hat a re f ound within e ach a neurysm dom e a t t he 

location of the inflow jet, where the WSS is found to be increased. This is especially 

evident i n a neurysm 5,  w here t he m ajority of  t he a neurysm dom e s ees r educed 

concentration l evels, ex cept at  t he n eck, w here a n i ncrease i n W SS i s f ound as  t he 

flow enters and exits the aneurysm dome.   
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Figure 7.20: 2D u nwrapped plots o f c oncentration ( normalised to  i nlet c oncentration) for p atient-
specific ophthalmic segment ICA aneurysm geometries 1-6 (labelled A-F) 

 

As well as the areas of high concentration corresponding with increased WSS levels, 

areas of reduced concentration within each aneurysm tend to be found at areas of low 

WSS. A n e xample of  t his c an b e s een i n aneurysm 1,  w here t he c oncentration i s 

uniformly di stributed, e xcept f or t wo a reas w ith s lightly r educed c oncentration t hat 

correspond to the two small recirculation zones described previously. Further evidence 

is seen in aneurysms 3 a nd 5, w here the low WSS levels found throughout the dome 

due t o t he s low-moving f low vor tices c orrespond t o r educed c oncentration l evels 

throughout t he m ajority of  the dom e. H owever, i t s hould be  not ed t hat w ithin 

aneurysms 3 a nd 5 onl y, t wo s mall a reas of  s ubstantially reduced c oncentration a re 

found that do not have corresponding significantly low WSS. These low concentration 

points are found at either side of the recirculation zone, at areas of low velocity.  

Of the lateral aneurysms investigated in this study, the results generally indicate that 

geometries t hat w ere f ound t o ha ve f low vor tices of  hi gher ve locities t ended t o be  

more uniformly distributed, with higher concentrations. This is evident in aneurysms 

1, 4 and 6, all of which display recirculation zones of higher velocity that exhibit good 

washout of species, with the species distributed evenly throughout the majority of the 
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dome. C onversely, aneurysms 2,  3 a nd 5 h ave m uch s lower m oving r ecirculation 

zones and display lower concentration levels, suggesting poor washout of species.  

The percentage of the aneurysm dome found to have concentration levels lower than 

threshold values of 1%, 5%, 10% and 20% of the inlet concentration were calculated, 

and results are illustrated in Figure 7.21 for each aneurysm geometry. Although results 

differ between the aneurysms, a common trend is seen throughout the graphs, with the 

amount of  t he a neurysm dom e f ound be low t he threshold c oncentration reducing as  

the threshold level increases. 
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Figure 7.21: Percentage o f a neurysm dome with concentration values found under threshold of 1%, 
5%, 10% and 20% of Cin for patient-specific ophthalmic segment ICA aneurysm geometries 1-6 (A-F) 
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Figure 7.22 compares the percentage of the aneurysm dome found under the threshold 

values for each of the six lateral aneurysms at each threshold level. It can be seen from 

the r esults t hat at a  t hreshold l evel of  1%  o f C in, al l an eurysms h ave a s ubstantial 

amount ( >45%) of  t heir dom e e xposed t o c oncentration va lues l ower t han t he 

threshold level. Once a threshold of 5% is introduced, the amount of the dome found 

below the threshold for aneurysms 1, 4 a nd 6 r educes substantially, while aneurysms 

2, 3 a nd 5 r emain hi gh. A s t he t hreshold l evel i ncreases t o 10%  a nd 2 0% of  C in, 

aneurysms 1, 2,  5 a nd 6 drop to zero or near zero. Although the amount of the dome 

found below the threshold reduces in aneurysms 3, 4 and 5, i t never drops to zero for 

the higher thresholds of  10% and 20% of  C in, with parts of  the aneurysm dome s till 

exposed to low concentration levels. 

 
Figure 7.22: Percentage of aneurysm dome with concentration values found under threshold values of 
(A) 1% (B) 5% (C) 10% and (D) 20% of Cin for patient-specific ophthalmic segment ICA aneurysm 
geometries 1-6 
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Sylvian Bifurcation Results 

Velocity streamlines f or th e s ix p atient-specific s ylvian b ifurcation a neurysms are 

illustrated in Figure 7.23.  S imilar patterns are seen within aneurysms 1,  2, 5 a nd 6, 

with d iffuse in flow je ts p enetrating in to th e a neurysm d ome a nd imp inging th e 

aneurysm wall directly above the inflow jet before forming a l arge recirculating flow 

vortex that fills the aneurysm dome. Flow then exits the aneurysm dome and enters the 

daughter out lets. S imilar f low pa tterns are s een within aneurysms 3 a nd 4, a lthough 

the inflow jet is more concentrated. Furthermore, for aneurysms 3 and 4, the majority 

of the recirculated flow leaves via the smaller daughter artery. Simple flow is found in 

five of  t he s ix a neurysms, w ith m ore complex f low f ound i n a neurysm 5, w here a 

small, slow-moving recirculation zone is found within the bleb towards the tip of the 

dome.  

 
Figure 7.23: Velocity s treamlines for p atient-specific sylvian b ifurcation aneurysm geometries 1 -6 
(labelled A-F) 

 

The 2D unwrapped WSS plots, shown in Figure 7.24, illustrate the WSS distribution 

found within each aneurysm dome. Similar to that seen for the lateral aneurysms, areas 

of increased WSS are found at the aneurysm neck at the location when the inflow jet 
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penetrates into the aneurysm dome. Areas of increased WSS are also found as the flow 

exits th e a neurysm a nd enters th e d aughter a rteries in  a ll s ix g eometries. A lthough 

WSS levels vary for the s ix geometries, the WSS within the aneurysms is generally 

low (<20 Pa), with areas of low WSS corresponding to the slow-moving flow vortices 

found within the dome. Furthermore, WSS is seen to be increased at areas of  higher 

velocity, s uch a s along t he pa th of  t he i nflow j et, a nd ne ar t he po int of  f low 

impingement on the aneurysm dome.   

 
Figure 7.24: 2D unwrapped WSS plots for patient-specific sylvian bifurcation aneurysm geometries 1-6 
(labelled A-F) 

 

Figure 7.25 illustrates the 2D  unw rapped c oncentration di stribution pl ots, w ith the 

concentration nor malised t o t he s pecies i nlet c oncentration. T he r esults pl ots 

demonstrate t hat ar eas o f i ncreased co ncentration c orrespond t o a reas of  i ncreased 

WSS, w hich i s es pecially evident at  t he n eck o f t he an eurysm w here t he i nflow j et 

enters the dome, and at the outlet to the daughter arteries, as flow exits the aneurysm. 

Similarly, ar eas o f decreased concentration, for i nstance as s een within a neurysm 6,  

correspond t o a reas of  l ow W SS w ithin t he a neurysm dom e. A reas of  l ow 

concentration a re a lso f ound t o c orrespond w ith a neurysmal bl ebs, a nd undul ations 

throughout the aneurysm dome, such as those seen in aneurysm 5. 
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Figure 7.25: 2D unwrapped plots o f c oncentration ( normalised to  i nlet c oncentration) for p atient-
specific sylvian bifurcation aneurysm geometries 1-6 (labelled A-F) 

 

As de scribed pr eviously f or t he l ateral g eometries, th e b ifurcation a neurysms w ith 

recirculation vor tices o f hi gher ve locity de monstrate m ore uni form a nd hi gher 

concentration values than those with s low-moving f low vortices. An example of  this 

can be seen on comparison of aneurysms 4 and 6. For aneurysm 6, a large fast-moving 

flow v ortex f ills th e e ntire a neurysm d ome, e nsuring flow r eaches all p arts o f th e 

aneurysm dome. In contrast, aneurysm 4 develops a much slower moving recirculation 

zone, with parts of the dome not being exposed to enough flow for the aneurysm wall 

to reach the inlet concentration.  

A c omparison of  t he pe rcentage of  e ach aneurysm dom e f ound be low t he 

concentration species threshold levels of 1%, 5%, 10% and 20% of Cin is illustrated in 

Figure 7.26. Although results differ between the aneurysm geometries, similar results 

are seen to the lateral results presented previously, with the amount of  the aneurysm 

dome f ound b elow t he threshold va lue t ending t o de crease a s t he t hreshold l evel 

increases.  
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Figure 7.26: Percentage of aneurysm dome with concentration values found under threshold values of 
1%, 5%, 10% and 20% of Cin for patient-specific sylvian bifurcation aneurysm geometries 1-6 (labelled 
A-F) 
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The amount of the aneurysm dome found to have concentration values lower than the 

species threshold i s further compared at each threshold l evel in Figure 7.27. Results 

for the threshold level of 1% are similar for aneurysms 2, 3, 4 and 6, with the majority 

of the dome demonstrating concentration values lower than the threshold. Aneurysms 

1 and 5 show lower results, but still demonstrated at least 50% of the aneurysm dome 

below the concentration threshold.  

 
Figure 7.27: Percentage of aneurysm dome with concentration values found under threshold values of 
(A) 1 % (B ) 5 % (C ) 1 0% a nd (D ) 2 0% o f Cin for p atient-specific s ylvian bifurcation a neurysm 
geometries 1-6 

 

The a mount o f t he do me f ound und er t he t hreshold r educes s ubstantially a s t he 

threshold value increases. At a threshold level of 10% of Cin, aneurysms 1, 2, 5 a nd 6 

all s how t hat the m ajority or  a ll of  t he dom e ha s c oncentration l evels a bove t he 

threshold, with only aneurysm 3 a nd 4 s howing more than 10% of  their dome to be 

exposed to concentration values lower than the threshold. Finally, as the threshold is 

increased to 20% of  Cin, only aneurysms 3, 4 a nd 5 ha ve areas within the aneurysm 

dome displaying a concentration lower than the threshold, with aneurysms 1, 2 a nd 6 

having concentration values above 20% of Cin throughout the dome.  
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7.4.3 Statistical Analysis 

In o rder to  determine if  a r elationship exists between the d ifferent species t hreshold 

values and the rupture status of an aneurysm, statistical analysis was carried out on the 

results of  the CFD s imulations us ing IBM SPSS S tatistics v20 ( SPSS Inc., Chicago, 

Ill.). The rupture status of the six ophthalmic segment ICA aneurysms and six sylvian 

bifurcation aneurysms w as al ready known, and t he t welve aneurysms were analysed 

together, divided into unruptured (n = 7) and ruptured (n = 5) groups (see Table 7.4). 

Using results f rom the mass transport s imulations, a  s tatistical predictive model was 

developed w ith t he i ntention of  de termining t he r upture pr obability o f a n a neurysm 

based on the percentage of the dome that is exposed to concentration levels lower than 

the specified species threshold value.  

Table 7.4: Percentage of aneurysm dome with concentration values found below species threshold of 
1%, 5% , 1 0% a nd 20%  of C in for u nruptured a nd r uptured pa tient-specific l ateral a nd b ifurcation 
aneurysms 

  % of Aneurysm Dome Below Threshold 
Rupture Status Aneurysm <1% of Cin <5% of Cin <10% of Cin <20% of Cin 

Unruptured 

Lateral 1 48.32 0.00 0.00 0.00 
Lateral 2 98.43 84.60 36.17 0.01 
Lateral 5 94.87 47.88 18.27 4.84 
Lateral 6 86.08 17.70 2.77 0.00 
Bifurcation 2 96.64 27.72 3.78 0.00 
Bifurcation 3 95.14 61.27 20.93 1.61 
Bifurcation 6 93.02 7.20 0.00 0.00 

Ruptured 

Lateral 3 97.61 73.03 36.95 5.96 

Lateral 4 69.49 8.17 0.46 0.00 

Bifurcation 1 75.68 13.93 1.27 0.00 

Bifurcation 4 98.57 78.19 50.35 5.78 

Bifurcation 5 52.94 9.09 3.37 0.16 
 

First, a  t est for departure f rom normal di stribution was performed on each threshold 

level for both the unruptured and ruptured groups. Results from the Shapiro-Wilk test 

for normality, which is recommended when the sample s ize is between 3 a nd 50 f or 

non-integers, i ndicated a de parture f rom nor mal di stribution a t a ll t hreshold l evels. 

Therefore, t he non -parametric M ann-Whitney U  te st w as u sed to  d etermine 

differences between t he r uptured a nd unr uptured groups, ba sed on t he di fferent 

threshold l evels. Logistic r egression a nalysis w as t hen carried out  on  all t hreshold 

levels in order to determine if any of the species concentration thresholds could predict 
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the pr obability t hat a n aneurysm w as a t r isk of  r upture. R esults f rom t he M ann 

Whitney U and lo gistic r egression analysis a re lis ted in  Table 7.5, with significance 

assumed for p<0.05.  

Table 7.5: Results from n on-parametric M ann W hitney U  an d l ogistic r egression analysis ( β = 
regression coefficient, SE = standard error, OR = odds ratio, CI = confidence interval) 

Threshold p value β SE OR 95% CI 
Mann-Whitney U      
     % of Dome <1% of Cin 0.876 - - - - 
     % of Dome <5% of Cin 1 - - - - 
     % of Dome <10% of Cin 0.639 - - - - 
     % of Dome <20% of Cin 0.432 - - - - 
Logistic Regression      
     % of Dome <1% of Cin 0.971 -0.029 0.035 0.971 0.907-1.040 
     % of Dome <5% of Cin 0.942 0.001 0.019 1.001 0.964-1.040 
     % of Dome <10% of Cin 0.503 0.023 0.035 1.024 0.956-1.096 
     % of Dome <20% of Cin 0.31 0.266 0.262 1.305 0.781-2.181 

 

It is clear from the results outlined in Table 7.5 that no significant relationship is found 

between t he r upture s tatus o f t he t welve p atient-specific an eurysm g eometries 

investigated i n t his s tudy, and t he p ercentage o f t he a neurysm dom e f ound be low 

species threshold levels of 1%, 5%, 10% and 20% of Cin as a r esult of mass transport 

within the aneurysm dome. Despite the lack of significance, results from the logistic 

regression analysis w ere us ed t o d evelop a  r upture pr obability e quation a t e ach 

threshold level, with a probability >0.5 indicating rupture: 

 
Probability of Rupture 1% Threshold= 

e-0.029*% of Aneurysm Dome <1% of Cin + 2.086

1+ e-0.029*% of Aneurysm Dome <1% of Cin + 2.086 (7.1) 

 

 
Probability of Rupture5%Threshold= 

e0.001*% of Aneurysm Dome <5% of Cin - 0.388

1+ e0.001*% of Aneurysm Dome <5% of Cin - 0.388 (7.2) 

 

 
Probability of Rupture10%Threshold= 

e0.023*% of Aneurysm Dome <10% of Cin - 0.685

1+ e0.023*% of Aneurysm Dome <10% of Cin - 0.685 (7.3) 

 

 
Probability of Rupture20%Threshold= 

e0.266*% of Aneurysm Dome <20% of Cin - 0.755

1+ e0.266*% of Aneurysm Dome <20% of Cin - 0.755 (7.4) 
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Using t hese f our r upture pr ediction e quations, t he pr obability of  t he r upture of  a n 

aneurysm oc curring b ased on t he pe rcentage o f t he dom e f ound und er t he s pecies 

threshold va lue c an be  calculated. T he pr obability o f r upture of  t he t welve pa tient-

specific aneurysm geometries a nalysed in  th e ma ss tr ansport s imulations w ere 

calculated at each threshold level, with results listed in Table 7.6.  

Table 7.6: Results o f r upture p rediction b ased o n p ercentage o f a neurysm d ome with co ncentration 
values found below 1%, 5%, 10% and 20% of Cin 

Rupture Equation No. Correctly Predicted (/12) % Correctly Predicted 
% of Dome <1% of Cin 8 67% 
% of Dome <5% of Cin 7 58% 
% of Dome <10% of Cin 8 67% 
% of Dome <20% of Cin 8 67% 
 

It can be seen from the results that for concentration values of 1%, 10% and 20% of 

Cin, the r upture s tatus o f t wo t hirds of  t he c ohort of  12 a neurysms w ere predicted 

correctly, with 58% of the aneurysms predicted correctly at a threshold value of 5% of 

Cin, suggesting that a threshold of 5% may not be as accurate. It should be noted that 

these results are not statistically significant. However, results may give an indication 

of the efficacy of the species threshold method in the prediction of aneurysm rupture.   

Earlier in  th is s tudy, a relationship was established between a neurysm r upture a nd 

several geometric features, namely posterior location, lateral shape, increased tilt angle 

and increased aspect ratio (see Chapter 6). Furthermore, a tentative link has been made 

between the mass transport of blood-borne species and rupture, with aneurysms found 

to ha ve c oncentrations lower t han t he s pecies t hreshold m ore likely t o r upture. 

Separate rupture probability equations have been developed that indicate whether an 

aneurysm is at risk of rupture based on (1) geometric features and (2) species threshold 

levels. However, the next step towards establishing a relationship between geometric 

features, m ass t ransport a nd a neurysm r upture involves c ombining t he pr obability 

equations t o de velop on e ove rall r upture pr obability equation t hat could pot entially 

distinguish whether an aneurysm is at risk of rupture, and thus should be put forward 

for surgery. 

Statistical analysis o f th e overall p atient-specific d atabase o f 1 68 ce rebral an eurysm 

geometries l ed t o t he development of  a  r upture pr obability e quation ba sed on ke y 

geometric p arameters, a s d escribed i n C hapter 6. In or der to develop a  method of  
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predicting a neurysm r upture ba sed on bot h g eometric f eatures a nd c oncentration 

species t hreshold va lues, f urther l ogistic r egression a nalysis w as c arried out  on t he 

twelve p atient-specific o phthalmic s egment ICA a nd s ylvian b ifurcation a neurysms 

using the statistically significant parameters from the study of geometric features, and 

using each of the species threshold levels in turn. Results from the logistic regression 

analysis led to the development of four final rupture probability equations. However, it 

should a gain be  not ed t hat t he r upture pr obability equations de veloped a re not  

statistically s ignificant, p ossibly as a  r esult o f t he lo w s ample s ize. The ef ficacy o f 

these rupture probability equations in the prediction of aneurysm rupture, based on a  

combination of geometric features and mass transport species threshold values, will be 

carried out in the following chapter.  

 Probability of Rupture Geometry+1%Threshold = 

e-0.094*Tilt Angle +8.937*Aspect Ratio+8.814*Shape-0.411*Threshold+15.622

1+ e-0.094*Tilt Angle +8.937*Aspect Ratio+8.814*Shape-0.411*Threshold+15.622 
(7.5) 

 

 Probability of Rupture Geometry+5%Threshold = 

 
e0.101*Tilt Angle +3.828*Aspect Ratio+3.078*Shape-0.068*Threshold-9.027

1+ e0.101*Tilt Angle +3.828*Aspect Ratio+3.078*Shape-0.068*Threshold-9.027 
(7.6) 

 

 Probability of Rupture Geometry+10%Threshold =  

e0.098*Tilt Angle +2.817*Aspect Ratio+2.561*Shape-0.054*Threshold-8.357

1+ e0.098*Tilt Angle +2.817*Aspect Ratio+2.561*Shape-0.054*Threshold-8.357 
(7.7) 

 

 Probability of Rupture Geometry+20%Threshold =  

e0.120*Tilt Angle +4.770*Aspect Ratio+2.922*Shape-0.9*Threshold-11.779

1+ e0.120*Tilt Angle +4.770*Aspect Ratio+2.922*Shape-0.9*Threshold-11.779 
(7.8) 

 

7.5 Discussion 

The first half of this chapter describes the investigation into the use of representative 

aneurysm models, developed based on ke y patient-specific geometric measurements, 

as an alternative to simple idealised and complex patient-specific geometries. Results 

from t he i nvestigation ha ve a lready be en di scussed i n S ection 7.3.3, w ith t he 

representative m odels giving i mproved i nformation r egarding f low h aemodynamics 
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and m ass transport within t he aneurysm dome c ompared to i dealised models. In t he 

second ha lf of  t his c hapter, a  s tudy o f t he m ass t ransport s een i n pa tient-specific 

aneurysms i s carried o ut, w ith a nalysis of  t he i nfluence of  di fferent blood-borne 

species on mass transport seen within the dome also carried out.  

Twelve p atient-specific g eometries w ere in cluded in  th is s tudy, with s ix la teral 

ophthalmic segment ICA and six sylvian bifurcation aneurysms analysed. The twelve 

aneurysms s elected came f rom a r ange o f s ize, n eck s ize and s hape c ategories, 

allowing f or th e in fluence o f t he d ifferent geometric features on t he f low a nd m ass 

transport pa tterns t o b e e xamined. F urthermore, t he l ocations us ed (ophthalmic 

segment ICA an d s ylvian b ifurcation) w ere s elected as  t hey represent t ypical l ateral 

and bifurcation aneurysm geometries, with no s maller branching arteries present, and 

so r esults c an be  a pplied t o ot her l ateral a nd bi furcation a neurysms t hroughout t he 

CoW.  

Results from the mass transport analysis highlight a distinct relationship between WSS 

and m ass t ransport, w ith a reas of  i ncreased W SS f ound w ithin t he a neurysm dom e 

corresponding to hi gher levels of  concentration, often c lose t o t he v alue of t he i nlet 

concentration. T his i s e specially evident at t he neck of  t he a neurysm, at t he poi nt 

where a n i nflow j et br anches f rom t he m ain a rterial f low a nd e nters t he a neurysm, 

causing an increase in WSS at the neck and along the aneurysmal wall as it penetrates 

into the dome. The inverse is also seen, with areas demonstrating low WSS found to 

also display low concentration values, suggesting an under-expression of species at the 

wall o f t he an eurysm. T his i s es pecially evident w ithin an eurysmal b lebs an d 

undulations, where low velocity flow recirculation regions form, leading to low WSS 

and l ow c oncentration di stribution. H owever, a reas of  s ubstantially reduced 

concentration are also seen within some the dome of some geometries that do not have 

corresponding s ignificantly l ow W SS, s uggesting t hat t here are ot her f actors t hat 

contribute to species depletion at the wall of the aneurysm.  

The di stribution of  s pecies w ithin t he a neurysm a ppears t o be  c losely l inked t o t he 

distribution of  f low throughout the dome. High concentration values are seen within 

the aneurysms where the inflow jet di sperses throughout the entire dome, l eading to 

good washout a nd a ll p arts of  t he a neurysm d ome r eceiving a  s upply of  s pecies. 

Conversely, i n a neurysms w here t he i nflow j et r emains c oncentrated t hroughout t he 

dome, ar eas o f d ecreased co ncentration a re e vident due  t o t he s low moving f low 

166 
 



Chapter 7  Mass Transport of Blood-Borne Species 

vortex not  s upplying t he e ntire a neurysm dom e with a n a dequate s upply of  s pecies. 

This is further evidenced by locations throughout the aneurysm dome where the inflow 

jets do not penetrate into aneurysmal blebs or undulations, leading to localised reduced 

concentration. Results f rom this s tudy suggest that smoother aneurysms demonstrate 

more uni form concentration di stributions t hat a re c lose t o t he i nlet concentration, a s 

the i nflowing bl ood r eaches a ll pa rts of  t he an eurysm d ome, l eading t o a co nstant 

species supply.  

In or der t o ensure t hat t he r esults f rom t he mass t ransport s imulations c ould be  

extrapolated to other blood-borne species of low diffusivity such as LDLs, nitric oxide 

and a lbumin, t he t ransport of  LDLs w ithin one  opht halmic s egment ICA a nd one  

sylvian bi furcation a neurysm w as s imulated a nd r esults w ere c ompared t o t he 

concentration distribution of ATP within the aneurysm dome. The trends and patterns 

of concentration distribution were identical despite the difference in species. However, 

the va lues of  c oncentration va ried s ignificantly, w ith A TP de monstrating a reas of  

decreased concentration that corresponded to increased concentration within the LDL 

models. The differences seen in the unwrapped plots can be attributed to the different 

transport mechanisms seen for different blood-borne species; species such as ATP and 

oxygen undergo a reaction at or in the arterial wall, while LDLs and albumin permeate 

through the wall. Furthermore, due to the water filtration velocity found at the arterial 

wall, co ncentration p olarization o f L DLs can  o ccur, l eading t o l ocalised i ncreased 

concentration as sociated w ith d isease p athogenesis. It w as es tablished f rom t his 

comparative s tudy th at r esults f rom th e ma ss tr ansport an alysis o f ATP can  b e 

extrapolated to other blood-borne species, but the transport method for the individual 

species should be considered, with an increase or reduction of species governed by the 

transport mechanism involved.  

A h ypothesis w as d eveloped t hat s uggests t hat the r upture o f a n aneurysm m ay b e 

related t o t he a mount of  t he dom e t hat i s e xposed t o a n unde r-expression ( or 

saturation, in the case of LDLs) of vital blood-borne species. However, due to the lack 

of information regarding the threshold point at which a lack of species at the aneurysm 

wall could trigger negative wall remodelling leading to growth and eventual rupture, 

species threshold levels of 1%, 5%, 10% and 20% of the inlet concentration were used 

in the statistical analysis of the relationship between mass transport and rupture.  
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Statistical analysis did not find a significant relationship between the rupture status of 

the t welve patient-specific geometries i nvestigated, and the amount of  t he aneurysm 

dome f ound be low t he di fferent t hreshold l evels. H owever, t he l ack of  s ignificant 

results doe s not  ne cessarily i ndicate t hat a  r elationship doe s not  e xist, but i nstead 

suggests that it does not exist for this particular cohort of aneurysms, possibly due to 

the s mall s ample s ize u sed. Despite t his l ack of  s ignificance, r upture pr obability 

equations w ere generated f or t he pr ediction of  a neurysm r upture ba sed on t he m ass 

transport species threshold values alone, and also based on a combined hypothesis of 

geometric parameters and species threshold values. 

In o rder t o de termine t he a bility o f t he r upture pr obability equations t o a ccurately 

predict aneurysms at risk of rupture, the equations need to be tested on an independent 

cohort of patient-specific cerebral aneurysms. This will be dealt with in the following 

chapter.  

 

 

 

 

 

 

 

 

 

168 
 



 

 

CHAPTER 8 

BLIND STUDY OF THE RELATIONSHIP 
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Chapter 8  Blind Study 

Chapter 8  Blind Study on the Relationship between Geometric 

Parameters, S pecies C oncentration and C erebral A neurysm 

Rupture 
 

8.1 Introduction 

As s tated pr eviously, t he ove rall a im of  t his s tudy i s t o i nvestigate if  a  relationship 

exists b etween geometric p arameters, m ass t ransport o f b lood-borne s pecies an d 

cerebral aneurysm growth and rupture potential. If such a relationship were to exist, it 

would a llow i mproved de cision-making r egarding th e tr eatment o f unruptured 

aneurysms, as the key geometric features that define the shape of the aneurysm dome 

would indicate whether the mass t ransport of  species within the dome would lead to 

aneurysm stabilisation or aneurysm rupture.  

In t he pr evious c hapter, r esults f rom t he a nalysis of  m ass t ransport o f ATP w ithin 

twelve p atient-specific cer ebral an eurysm g eometries w ere p resented, an d t he 

relationship be tween t he a mount of  t he aneurysm dom e e xposed t o c oncentration 

values lower than threshold levels of 1%, 5%, 10% and 20% of the inlet concentration 

was investigated. Although no significance was found in the relationship between any 

of the concentration thresholds and aneurysm rupture, the results were used to develop 

rupture probability equations, which allows the probability of an aneurysm growing or 

rupturing t o be  c alculated, ba sed on c oncentration t hreshold l evels. F urthermore, 

combined rupture probability equations were developed that incorporate results from 

the i nvestigation i nto t he r elationship b etween geometric p arameters and an eurysm 

growth and rupture potential, which was discussed in Chapter 6.  

In order to investigate the hypothesis of aneurysm growth and rupture being related to 

a combination of geometric features and the mass transport of blood-borne species, the 

rupture probability equations were applied to a cohort of ten patient-specific aneurysm 

models in a blind study where the rupture status of the aneurysms was unknown prior 

to the study. In this chapter, the ten patient-specific aneurysm models used in the blind 

study are introduced, and results from the measurement of their geometric features and 

from t he m ass t ransport s imulations c arried out  on t heir g eometries a re di scussed. 

Finally, predictions are made as to the rupture status of the blind geometries based on 

the ge ometric, m ass t ransport a nd c ombined r upture pr obability equations, a nd t he 

results are compared to the actual rupture status of the geometries.  
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8.2 Blind Study Aneurysm Geometries 

Ten patient-specific cerebral aneurysm geometries f rom 6 l ocations within t he CoW 

(ACoA, BA, ICA, MCA, PCoA and VA) were made available by a r esearch group in 

the University of Iowa, allowing for the hypothesis of aneurysm rupture being related 

to g eometric p arameters an d m ass t ransport t o be t ested. T he aneurysm ge ometries 

were c reated f rom s cans t aken at  t ime zero, at  t he b eginning o f t he s tudy. T he t en 

aneurysms (see Figure 8.1) were observed without treatment over a period of time, and 

placed into one of two groups: stable, indicating that the aneurysm was unruptured and 

went on to remain stable, and unstable, where the aneurysm was unruptured and went 

to on be unstable, showing evidence of growth or rupture during the follow up period. 

However the stability of the ten aneurysms was kept blinded throughout the study, so 

as to avoid influencing of results.  
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Figure 8.1: Illustration of patient-specific cerebral aneurysm geometries 1-10 used in blind study 

 

The aneurysms were c lassified based on t heir location, shape, s ize and neck s ize, as 

outlined in Section 3.3, with results illustrated in Table 8.1. The aneurysm dome was 

segmented in a  s imilar f ashion to t hat described b y Ma et al. (2004), w ith a  cutting 

plane us ed t o s eparate t he a neurysm f rom t he pa rent a rtery geometry using vi sual 

observation.  
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Table 8.1: Results from classification of 10 patient-specific blind study geometries 

Aneurysm Location Shape Size Neck Size 
1 RICA Lateral Small Narrow 
2 ACoA Bifurcation Small Narrow 
3 Basilar Bifurcation Small Narrow 
4 LMCA Bifurcation Small Narrow 
5 ACoA Bifurcation Small Narrow 
6 LICA Lateral Small Narrow 
7 RICA Lateral Small Narrow 
8 Vertebral Lateral Medium Wide 
9 PCoA Lateral Small Wide 

10 LICA Lateral Small Narrow 
 

Following t he s egmentation of  t he aneurysm do me, t he he ight (H), n eck w idth ( N), 

diameter (D), distance to maximum diameter (h), tilt angle (θT) and aspect ratio (AR) 

were m easured a nd calculated us ing t he m ethods de scribed i n S ection 3.4. R esults 

from the measurement of the key geometric parameters for each geometry are listed in 

Table 8.2.  

Table 8.2: Results from measurement of key parameters of 10 patient-specific blind study geometries. 
All values presented in mm, except Tilt Angle (º). 

Aneurysm Height 
(H) 

Neck 
Width (N) 

Diameter 
(D) 

Distance to Max. 
Diameter (h) 

Tilt Angle 
(θT) 

Aspect Ratio 
(AR) 

1 2.52 3.70 3.43 0.33 19.81 0.68 
2 2.14 2.58 2.37 0.32 13.92 0.83 
3 1.54 3.89 3.52 0.11 28.29 0.40 
4 3.81 2.86 3.67 1.33 18.88 1.33 
5 3.72 2.98 2.68 0.34 24.06 1.25 
6 2.10 3.13 3.03 0.25 22.27 0.67 
7 2.17 3.41 3.24 0.21 12.77 0.64 
8 8.18 13.41 13.53 1.40 56.42 0.61 
9 3.61 4.67 4.47 0.48 36.44 0.77 

10 3.77 3.82 4.01 1.01 13.31 0.99 
 

Following t he m ethods out lined i n Section 3.5.3, e ach of  t he pa tient-specific 

geometries w ere s egmented a nd p repared for C FD analysis. T he m ass transport of  

ATP w ithin e ach of  t he t en pa tient-specific b lind s tudy geometries w as car ried o ut 

using C omsol a nd the assumptions, f low c onditions a nd m ass t ransport parameters 

outlined in Chapter 4.  Average f low r ates w ere calculated for each o f t he aneurysm 

locations and implemented at the artery inlet (see Table 8.3).  
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Table 8.3: Average flow rates for different locations of blind study geometries 

Location Average Flow Rate (ml/min) 
ACA 86 
Basilar 197 
ICA 260 
MCA 138 
Vertebral 85 

 

8.3 Results 

8.3.1 CFD Results 

Velocity streamlines within the ten blind study aneurysm geometries are presented in 

Figure 8.2. Results indicate that for the majority of the aneurysms, flow enters at the 

distal neck and moves a long the di stal wall of  t he aneurysm, be fore forming a  f low 

vortex that fills the aneurysm dome. An example of this can be seen in aneurysms 1 

and 6. T he velocity of the flow recirculation zone varies depending on t he inflow jet 

and t he s hape of  t he a neurysm, w ith a neurysm 8 di splaying a  s low-moving 

recirculation z one w hile a neurysm 1 d emonstrates a  recirculation z one of  hi gher 

velocity.  

Results for aneurysm 2 and 4 differ from the rest of the aneurysms in that the majority 

of the flow bypasses the aneurysm dome, instead entering the daughter arteries. Due to 

the an gle o f t he aneurysm with r espect t o t he p arent a rtery, onl y a small amount of  

flow enters the aneurysm, where i t recirculates throughout the dome at low velocity, 

before re-joining the main arterial flow.  

173 
 



Chapter 8  Blind Study 

 
Figure 8.2: Velocity streamlines found within blind study geometries 1-10 

 

Figure 8.3 illustrates the 2D unwrapped WSS plots for the ten blind study aneurysm 

geometries. A s s een i n p revious r esults, an  i ncrease i n W SS i s s een i n al l t he 

aneurysms that correspond with the location where the inflow jet enters the aneurysm 

dome. In general for al l the aneurysm geometries, areas of increased WSS are found 
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along the inflow jet as it penetrates into the aneurysm dome, and at the aneurysm neck 

where the f low exits a t h igh velocity in  some geometries e. g. aneurysm 3 . Areas o f 

low W SS w ithin t he a neurysm a re t ypically f ound t o c orrespond t o a reas of  l ow 

velocity flow recirculation within the dome. An example of this is seen in aneurysm 8, 

where an increase in WSS is evident at the distal neck, as the flow enters the aneurysm 

dome. However, the flow then forms a large, slow-moving recirculation zone that fills 

the e ntire dom e, a nd s o t he unw rapped W SS pl ot di splays uni formly l ow W SS 

throughout the dome.  

 
Figure 8.3: 2D unwrapped WSS plots for patient-specific blind study aneurysm geometries 1-10 

 

The corresponding unwrapped concentration plots are illustrated in Figure 8.4, where 

an area of high concentration is found on the aneurysm neck in each geometry where 

the inflow jet enters the dome and increases in WSS are evident. Similar patterns are 

seen w ithin t he unw rapped W SS a nd c oncentration pl ots, w here a reas of i ncreased 

WSS correspond to higher concentration, such as along the aneurysm wall where high 
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velocity jets penetrate into the aneurysm before entering the recirculating flow within 

the dome.  

 
Figure 8.4: 2D unwrapped concentration plots (normalised to  in let concentration) for patient-specific 
blind study aneurysm geometries 1-10  

 

Similarly, areas of  l ow WSS a re s een t o c orrespond t o l ower c oncentration va lues. 

This is especially evident in aneurysms 2 a nd 8, where particularly low velocity flow 

fills t he a neurysm a nd r ecirculates t hroughout t he dom e, d isplaying e xtremely lo w 

WSS levels that correspond to reduced concentration levels. In contrast, aneurysms 1 

and 5 di splay a lmost un iform concentration di stributions of  va lues c lose to t he i nlet 

concentration, suggesting good washout of species.  

Results from mass t ransport of  ATP within the ten bl ind s tudy aneurysm geometries 

are shown in Table 8.4. The results illustrate the amount of the aneurysm dome that is 
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found to have concentration values below the species concentration threshold of 1%, 

5%, 10% and 20% of the inlet concentration.  

Table 8.4: Results from the mass transport simulations of ten blind study aneurysm geometries, listing 
the percentage of each aneurysm dome found to have concentration values below the threshold levels of 
1%, 5%, 10% and 20% of the inlet concentration 

  % of Aneurysm Dome Below Threshold 
Aneurysm Location <1% of Cin <5% of Cin <10% of Cin <20% of Cin 

1 RICA 47.02 0.00 0.00 0.00 
2 ACoA 100.00 98.37 94.71 81.56 
3 Basilar 90.64 5.67 0.00 0.00 
4 LMCA 97.45 85.07 62.79 2.27 
5 ACoA 9.71 0.00 0.00 0.00 
6 LICA 53.97 5.05 0.00 0.00 
7 RICA 53.26 1.72 0.00 0.00 
8 Vertebral 99.27 90.00 78.01 44.82 
9 PCoA 48.25 0.02 0.00 0.00 

10 LICA 33.13 0.76 0.00 0.00 

 

It can  be s een f rom Table 8.4 and from t he comparison of  t he p ercentage of  t he 

aneurysm dome found below each threshold level (see Figure 8.5), that the amount of 

the a neurysm dom e f ound t o ha ve c oncentration va lues be low e ach t hreshold va ries 

between the aneurysms. Similar trends are seen for each aneurysm, with the amount of 

the dome found below the threshold value decreasing as the threshold is increased.   

At a threshold of 1% of Cin, all ten of the geometries show a percentage of their dome 

to have a concentration lower than the threshold, with the majority of the aneurysms 

having over half their dome falling below the threshold. However, once a threshold of 

5% o f C in is introduced, t he r esults change dramatically, w ith aneurysms 2, 4 a nd 8  

displaying t he m ajority of t heir dom es t o ha ve concentration va lues l ower t han t he 

threshold, while the remaining aneurysms drop to below 10%.  Similar results are seen 

at a threshold of 10% of Cin, where all aneurysms drop to zero except for aneurysms 2, 

4 a nd 8. F inally, a t a t hreshold of  20%  o f C in, a neurysm 4 s hows a  de crease i n t he 

amount of the dome exposed to a concentration below the threshold, but at least 40% 

of aneurysms 2 and 8 fall below the threshold concentration.  
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Figure 8.5: Percentage of aneurysm dome with concentration found under the threshold values of (A) 
1% (B) 5% (C) 10% and (D) 20% of Cin for blind study aneurysm geometries 1-10 

 

8.3.2 Rupture Prediction 

Following measurement of the key geometric parameters and mass transport analysis, 

the r upture r isk of  e ach of  t he t en bl ind study aneurysms w as c alculated us ing t he 

rupture p robability equations de veloped ba sed on geometric pa rameters, m ass 

transport a nd a  c ombination of  bot h. T he stability of t he aneurysms w as m ade 

available at this point, and can be found in Table 8.5. A label of unstable indicates that 

the aneurysm showed signs of growth or rupture, which stable aneurysms did not show 

signs of growth or rupture.  

Table 8.5: Growth/ rupture status of blind study aneurysm geometries 

Aneurysm Rupture Status 
1 Unstable 
2 Stable 
3 Stable 
4 Unstable 
5 Unstable 
6 Unstable 
7 Stable 
8 Stable 
9 Unstable 

10 Unstable 
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Results from t he r upture pr obability e quations de veloped i n C hapters 6 and 7 w ere 

compared to the actual growth and rupture s tatus of  the bl ind s tudy aneurysms. The 

comparison of the actual status of the aneurysms to the predicted status was carried out 

using t he individual r upture pr obability e quations f or ge ometric pa rameters a nd 

species threshold levels of 1%, 5%, 10% and 20% of Cin are shown in Table 8.6, with 

correctly p redicted aneurysms hi ghlighted i n green. T he t otal num ber of  a neurysms 

with the correctly predicted stability status was also calculated.  

Table 8.6: Comparison of  pr edicted a nd a ctual growth or  r upture s tatus of a neurysms f rom r upture 
prediction equations developed using geometric parameters and species thresholds of 1%, 5%, 10% and 
20% of Cin 

    Predicted Status 

Aneurysm Actual 
Status 

Geometric 
Parameters 

1% 
Threshold 

5% 
Threshold 

10% 
Threshold 

20% 
Threshold 

1 Unstable Stable Unstable Stable Stable Stable 
2 Stable Stable Stable Stable Unstable Unstable 
3 Stable Stable Stable Stable Stable Stable 
4 Unstable Stable Stable Stable Unstable Stable 
5 Unstable Stable Unstable Stable Stable Stable 
6 Unstable Stable Unstable Stable Stable Stable 
7 Stable Stable Unstable Stable Stable Stable 
8 Stable Stable Stable Stable Unstable Unstable 
9 Unstable Stable Unstable Stable Stable Stable 

10 Unstable Stable Unstable Stable Stable Stable 
Correct Predictions (/10) 4 8 4 3 2 
 

Further comparisons were made between the actual stability of the aneurysms and the 

status t hat w as pr edicted b y t he r upture pr obability equations de veloped us ing a 

combination of  ge ometric pa rameters and s pecies t hreshold l evels of  1% , 5% , 10%  

and 20%  of  C in. Results are s hown i n Table 8.7, w here the co rrectly predicted 

aneurysms a re again hi ghlighted i n g reen. T he t otal num ber of  a neurysms w ith t he 

stability correctly predicted was also calculated. 
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Table 8.7: Comparison o f predicted and actual stability status o f a neurysms f rom rupture p rediction 
equations developed combination of geometric parameters and species thresholds of 1%, 5%, 10% and 
20% of Cin (GP = Geometric Parameters) 

    Predicted Status 

Aneurysm Actual 
Status 

GP + 1% 
Threshold 

GP + 5% 
Threshold 

GP + 10% 
Threshold 

GP + 20% 
Threshold 

1 Unstable Unstable Unstable Stable Stable 
2 Stable Stable Stable Stable Stable 
3 Stable Stable Unstable Stable Stable 
4 Unstable Stable Unstable Stable Stable 
5 Unstable Unstable Unstable Unstable Stable 
6 Unstable Stable Unstable Stable Stable 
7 Stable Stable Unstable Stable Stable 
8 Stable Stable Unstable Stable Stable 
9 Unstable Stable Unstable Stable Stable 

10 Unstable Unstable Unstable Stable Stable 
Correct Predictions (/10) 7 7 5 4 

 

Table 8.8 summarises the r esults of  t he r upture pr ediction e quations, w ith t he t otal 

number a nd pe rcentage of t he a neurysms t hat ha d a  c orrectly pr edicted g rowth or  

rupture status for each of the predictive models developed in this study. 

Table 8.8: Results from rupture prediction of blind study geometries compared to actual stability status 
(GP = Geometric Parameters) 

Predictive Model No. Correctly Predicted (/10) % Correctly Predicted 
<1% of Cin Threshold 8 80 
GP +<1% of Cin Threshold 7 70 
GP + <5% of Cin Threshold 7 70 
GP + <10% of Cin Threshold 5 50 
Geometric Parameters Only 4 40 
<5% of Cin Threshold 4 40 
GP + <20% of Cin Threshold 4 40 
<10% of Cin Threshold 3 30 
<20% of Cin Threshold 2 20 
 

Looking at the results, it is clear that the most accurate predictive equation, predicting 

the stability of 80% of the aneurysms, was not any of the combined predictive models 

as or iginally h ypothesised, i nstead i nvolving t he pe rcentage of  t he a neurysm dom e 

found below a threshold of 1% of Cin only. However, the combined predictive model 

of geometric features and the percentage of the aneurysm dome found below 1% of Cin 

was f ound t o be  r easonably a ccurate, pr edicting t he stability s tatus of 70%  of  t he 

aneurysms. Similarly, th e c ombined p redictive model o f geometric f eatures a nd th e 
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percentage of the aneurysm dome found below 5% of Cin was also found to predict the 

stability of 80% of the aneurysms. It is evident that the least accurate model was the 

predictive e quation de veloped ba sed on t he p ercentage of  t he a neurysm dome w ith 

concentrations l ower t han 20%  o f Cin, c orrectly pr edicting onl y t wo of  t he t en 

aneurysms in the sample set.  

 

8.4 Discussion 

In t his ch apter, t he h ypothesis t hat t he r upture o f cer ebral an eurysms i s related t o a  

combined r elationship of geometric p arameters and m ass t ransport o f b lood-borne 

species was tested. Following the development of rupture prediction models based on 

geometric parameters, mass t ransport, and a combination of  the two, an attempt was 

made to predict the rupture or stability status of an independent cohort of ten patient-

specific c erebral an eurysms i n w hich t he s tatus w as k ept b linded u ntil af ter t he 

predictions had been made. 

Results o f th e mass tr ansport s imulations o f A TP w ithin th e b lind s tudy geometries 

demonstrated similar results to those seen in the patient-specific aneurysms described 

in Chapter 7, w ith the concentration distribution influenced strongly by the geometry 

of t he aneurysm a nd t he r esulting flow ha emodynamics. A reas o f hi gh W SS w ere 

found a t t he ne ck a s t he f low e nters t he a neurysm, a nd t hroughout pa rts of t he 

aneurysm where the inflow jet penetrates the dome at increased velocity. These areas 

of elevated WSS corresponded to higher concentration values, typically equal or close 

to t he i nlet c oncentration. A neurysms w ith l arge, hi gh ve locity r ecirculation regions 

that f illed t he e ntire a neurysm dom e s aw m ore uni form, hi gher c oncentration 

distributions as good washout of the species occurred as a result of the high velocity 

flow recirculation. In contrast, aneurysms demonstrating areas of low WSS as a result 

of l ow ve locity f low w ithin t he dom e a lso di splayed c orresponding a reas of  l ow 

concentration, indicating an under-expression of species at the aneurysm wall. Similar 

to t he r esults s een pr eviously, t he s moother, m ore s pherical a neurysms s aw a  m ore 

uniform concentration d istribution, w ith t he un usual-shaped, undul ating a neurysms 

demonstrating a localised depletion of species.  

Using results from the geometric measurement and mass transport analysis of the blind 

study geometries, t he r upture pr obability equations de veloped i n C hapter 6 a nd 
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Chapter 7 w ere us ed t o predict t he r upture s tatus of  t he t en bl ind s tudy geometries. 

Results were then compared to the actual rupture status, where it was determined that 

the r upture pr obability equation de veloped ba sed onl y on t he pe rcentage of  t he 

aneurysm dome with concentration values less than a threshold of 1% of Cin predicted 

the stability of t he a neurysms with greatest a ccuracy, f ollowed b y t he c ombined 

probability equation relating to geometric pa rameters and 1 % species t hreshold, and 

the c ombined pr obability equation r elating t o ge ometric pa rameters a nd 5%  s pecies 

threshold. However, it must be noted that due to the small sample size used to develop 

the rupture probability e quations, r esults a re not  s ignificant and so can  o nly give an  

indication a s t o t he relationship be tween geometric pa rameters, m ass t ransport a nd 

rupture.  

Results f rom th e b lind s tudy in dicate th at th e hypothesis th at a neurysm r upture is  

related t o g eometric p arameters an d t he m ass transport o f b lood-borne s pecies i s 

upheld, a lthough i t i s n ot f ound t o be  s tatistically s ignificant. U sing t he c ombined 

model, which correctly predicted the status of 70% of the blind study models, it can be 

concluded that aneurysms are at greater risk of rupture if they are bifurcating in shape, 

with increasing tilt angle, with increasing aspect ratio, and with an increasing amount 

of their dome found to have concentration values lower than 1% of Cin.  
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Chapter 9  Discussion, Conclusions and Recommendations for 

Future Work 
 

9.1 Discussion 

High rates of  m orbidity a nd m ortality are a ssociated w ith t he r upture o f a  c erebral 

aneurysm, as approximately 12% of patients who suffer a subarachnoid haemorrhage 

as a  r esult of  a  r uptured a neurysm di e i mmediately. A  f urther 40%  di e w ithin one  

month, a nd one t hird of  s urvivors s uffer n eurological de fects a s a  r esult of  r upture 

(Schievink 1997 ). Improved i maging t echniques has a llowed f or be tter d etection of  

unruptured aneurysms (Dillard et al. 2014). However, the management of unruptured 

aneurysms i s controversial, as interventional t echniques such as c lipping and coiling 

pose serious risks for the patient. To date, aneurysm risk stratification is based on the 

size of  t he a neurysm, with l arger a neurysms believed t o be  a t r isk of r upture. 

However, studies have proven that size alone cannot adequately predict rupture, with 

large an eurysms r emaining s table, w hile s maller a neurysms ha ve b een f ound t o 

rupture (Beck et al. 2006, Lall et al. 2009). Therefore, the development of a reliable 

rupture prediction method is of utmost importance, allowing the rupture potential of an 

aneurysm to be determined. Although a distinct rupture prediction method is yet to be 

established, pr evious s tudies ha ve de monstrated that r upture i s r elated t o g eometric 

parameters and flow haemodynamics including wall shear stress (Cebral et al. 2011c, 

Meng et al. 2013, Raghavan et al. 2005, J. Xiang et al. 2011).  

A hypothesis is  presented in  th is s tudy that suggests that the geometric features that 

define the shape of the aneurysm (i.e. height, neck width, diameter etc.) may influence 

the mass transport of vital blood-borne species within the aneurysm dome, leading to 

either an under-expression or saturation of species at the aneurysm wall, which may in 

turn le ad to  lo calised n egative w all remodelling, g rowth a nd e ventual r upture. It is  

proposed t hat a  combination of  ge ometric parameters an d an u nder-expression of  

species m ay be  us ed t o pr edict t he r upture of  c erebral a neurysms. A ccordingly, t he 

main o bjective o f th is s tudy w as to  u se computational me thods to  e stablish if  a  

relationship exists between cerebral aneurysm rupture and both geometric parameters 

and s pecies c oncentrations. F urther s ub-objectives i nvolved us ing e xperimental 

methods to validate the computational analyses, investigating if representative models 

could be  us ed a s a n alternative to  c omplex p atient-specific g eometries, an d 
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investigating t he i nfluence of  di fferent s pecies on t he m ass t ransport s een i n 

aneurysms.  

A s tudy w as c arried out  i nto the r elationship be tween ge ometric a nd m orphological 

parameters and cerebral aneurysm rupture, which is presented in Chapter 6. Although 

numerous s tudies ha ve been c onducted t hroughout l iterature i nto t he i nfluence o f 

geometric and morphological pa rameters on c erebral aneurysm rupture, many of  t he 

parameters i nvestigated cannot be  di rectly measured us ing 3 D scans. It would be  of  

great cl inical v alue i f a r elationship co uld b e es tablished b etween r adiologically 

measurable parameters and aneurysm rupture, allowing for immediate decisions to be 

made r egarding t reatment of  unr uptured a neurysms. In t he s tudy of  t he r elationship 

between 1 0 r adiologically m easureable p arameters ( location, s hape, s ize, n eck s ize, 

height, n eck w idth, d iameter, d istance to  ma ximum d iameter, tilt a ngle a nd a spect 

ratio) an d cer ebral an eurysm r upture, s tatistical a nalysis w as pe rformed on 168  

aneurysms from 13 l ocations throughout the CoW. Results from the s tudy led to the 

development of  a  rupture pr obability e quation, w hich i s us ed t o de termine t he 

probability of  a n a neurysm r upturing or  r emaining s table. D ue t o pr evious s tudies 

suggesting a c ritical s ize o f a neurysm r upture, it w as e xpected th at th e s ize o f th e 

aneurysm w ould i nfluence t he r isk of  r upture. H owever, t his w as not  t he c ase, w ith 

aneurysm diameter failing to  demonstrate any multivariate relationship with rupture. 

The geometric s tudy, w hich i ndicated t hat t he odds of  a n aneurysm rupturing a re 

increased w ith p osterior lo cation, b ifurcating s hape, in creasing tilt a ngle and 

increasing aspect ratio, showed s imilar results to  previous s tudies (Dhar et al. 2008, 

Lall et al. 2009, Ujiie et al. 1999, Ujiie et al. 2001) and so it was not surprising that 

these parameters were found to relate to rupture.  

The computational study of mass transport within patient-specific aneurysms, which is 

presented in Chapter 7, suggested that the mass transport within aneurysms is strongly 

influenced by flow haemodynamics, which are in turn influenced by the shape of the 

aneurysm a nd i ts s urrounding pa rent a rtery g eometry.  T he di stribution of  

concentration within the aneurysm dome was dictated by the flow of blood throughout 

the dom e, i ndicating t hat t he m ass t ransport w as c onvection dom inated f or all 

geometries. In general, bifurcation a neurysms t ended t o ha ve hi gher concentrations 

and more uniform concentration distributions. This is as a result of the configuration 

of t he p arent a rtery. In most b ifurcation cas es, the m ain ar terial f low i s co nvected 

directly i nto t he a neurysm dom e, i mpinges ne ar t he t op of  t he dom e a nd f orms 
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recirculating regions be fore e xiting t he a neurysm a nd c ontinuing i nto t he da ughter 

arteries. This is not the case for many of the lateral aneurysms, as the majority of the 

flow b ypasses th e d ome, w ith s maller in flow je ts t ypically entering th e d ome a t th e 

distal side, penetrating into the aneurysm before forming a large recirculation region. 

As a result, higher concentrations in the lateral aneurysm tend to be seen towards the 

distal s ide of  t he a neurysm, c orresponding t o t he i nflow j et, w hile t he hi gher 

concentration a reas within t he bi furcation geometries a re more di spersed throughout 

the dome.  

A relationship between WSS and concentration distribution is evident from the results, 

with a reas of  hi gh W SS c orresponding w ith hi gh c oncentration va lues f or a ll 

aneurysms investigated. This is particularly evident at the neck of the aneurysm, where 

the inflow jet enters the dome. Furthermore, increases in WSS are found throughout 

the d ome a long th e in flow je t a s it p enetrates in to th e a neurysm, a nd n ear th e 

impingement point on the aneurysm wall.  S imilarly, low WSS is  found to relate to  

decreased concentration, w ith a reas of  l ow W SS t hat r esult f rom s low-moving f low 

vortices di splaying reduced c oncentration l evels. T herefore, results f rom t his s tudy 

support the low WSS rupture theory described by Meng et al. (2013).  

In th e aneurysms th at d emonstrated s imple f low p atterns w ith a  s ingle large 

recirculation region filling the aneurysm dome, the concentration tended to be almost 

uniform, reaching c lose to the inlet concentration as  the aneurysm experiences good 

washout of species. Conversely, aneurysms with complex flow including small, slow-

moving vortices tended to have localised concentration depletion. These concentration 

patterns a ppear t o be  i nfluenced b y t he m orphology of  t he aneurysm, as s pherical, 

smooth aneurysms tended to have more uniform concentrations that equalled or came 

close t o t he i nlet c oncentration, w hile t he m ore unus ual s haped aneurysms t hat 

contained a neurysmal blebs or  undul ations d emonstrated l ocalised c oncentration 

depletion as a result of the lack of species supplied from the main arterial flow. 

It has been suggested in previous studies that rupture is a localised process that occurs 

due to wall weaknesses, where the wall s tress exceeds the wall s trength (Cebral and 

Raschi 2013) and so it is  hypothesised in the current study that aneurysms with areas 

throughout t he dom e t hat de monstrate l ow c oncentration l evels c ould be a t r isk of  

rupture, due  to an under-expression of  blood-borne species, l eading to negative wall 

remodelling, growth and eventual rupture. Due to a lack of information regarding the 
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amount of  s pecies de pletion t hat c ould be  c onsidered pa thogenic, s pecies t hreshold 

levels of 1%, 5%, 10% and 20% of the inlet concentration are proposed. Together with 

results from geometric parameter study, rupture probability equations were developed 

that indicated the risk of an aneurysm rupturing based on geometric parameters, mass 

transport species thresholds and a combination of both.  

The viability of the rupture probability equations was tested on an independent cohort 

of 10 a neurysm geometries in a blind study. Results indicated that the most accurate 

prediction o f th e s tability status o f t he a neurysms w as f or t he rupture pr obability 

equation de veloped us ing t he 1%  t hreshold, f ollowed b y t he combined pr ediction 

model ba sed on t he g eometric pa rameters a nd t he 1%  t hreshold and t he c ombined 

prediction model based on the geometric parameters and the 5% threshold. Although 

the r esults a re n ot s tatistically s ignificant, it is s uggested f rom th is s tudy th at 

aneurysms a high percentage of the aneurysm dome found under a threshold of 1% of 

the species i nlet c oncentration a re a t r isk of  ne gative w all r emodelling, growth a nd 

rupture, and should be recommended for treatment.  

Although one would expect that an aneurysm with areas of the dome at concentration 

values of  l ess t han 10%  or  20 % of  C in would be  a t hi gher r isk of  r upture du e t o a 

greater unde r-expression o f s pecies, r esults i ndicate t hat for al l an eurysms 

investigated, the amount of the dome exposed to concentration levels less than 1% of 

Cin is greater than for the higher threshold values of 5%, 10% and 20% of Cin. It could 

therefore b e pos tulated t hat w ith a  greater pe rcentage of  t he dom e exposed t o l ow 

concentration values, the rate of negative remodelling may be higher and thus the risk 

of rupture would increase.  

One limitation of the combined prediction models that should be noted is that for the 

original rupture probability equation developed based on geometric parameters alone, 

aneurysms of  t he pos terior c irculation w ere f ound t o be  m ore l ikely t o r upture. 

However, the twelve patient-specific aneurysm geometries used in the development of 

the c ombined pr ediction m odels a re a ll f ound i n t he a nterior c irculation, a nd s o 

posterior location no l onger becomes a parameter associated with rupture. Therefore, 

if t he s ample s ize o f t welve geometries w as i ncreased t o i nclude an eurysms o f t he 

posterior c irculation, t he f inal pr ediction m odels c ould be  a ltered t o i nclude t hese 

findings.  
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As medical imaging techniques have improved, the use of patient-specific geometries 

for c omputational m odelling o f f low w ithin cer ebral an eurysms h as i ncreased. 

However, pa tient-specific m odels a re c omputationally i ntensive and r equire pa tient-

specific f low d ata t hat i sn’t t ypically ex tracted during s tandard m edical p rocedures. 

Idealised mo dels a re mo re s implified in  nature a nd pr ovide g eneralised i nformation 

regarding flow patterns and haemodynamics, but cannot provide accurate information 

due t o t heir s implified ge ometries and f low c onditions. T herefore, t he us e o f 

representative models was proposed in this study as a compromise between idealised 

and pa tient-specific m odels. T he r epresentative m odels w ere de veloped us ing ke y 

patient-specific m easurements t aken from patient-specific models, with t he in tention 

of investigating if representative geometries can accurately predict the mass transport 

within p atient-specific geometries. T he r epresentative geometries gave i mproved 

information on W SS and concentration distributions when compared to the idealised 

geometries, b ut w ere u nable t o accu rately c apture t he p atterns s een w ithin t he 

aneurysm domes. This is due to the representative geometries neglecting to capture the 

undulations and aneurysmal blebs found within the patient-specific models. However, 

promising r esults a re s een on comparison of  t he pe rcentage of  t he aneurysm dom e 

found be low t he di fferent s pecies t hreshold va lues. E xcellent a greement i s s een 

between the representative and patient-specific geometries at a threshold of 1%, which 

has been demonstrated to act as an indicator of aneurysm rupture potential. Therefore, 

although representative versions of  p atient-specific geometries ca nnot capture t he 

haemodynamics o r c oncentration di stributions s een within t he p atient-specific 

geometries, t hey c an a ccurately r epresent t he a mount of  t he dom e f ound t o ha ve 

concentration va lues be low a  s pecies t hreshold of  1%  of  C in, t hus a llowing a  

prediction of rupture potential to be made.  

The experimental validation of the computational methods used in this study, which is 

presented in Chapter 5, allowed for a comparison to be made between the build-up and 

long term concentration distribution seen in experimental and computational models of 

patient-specific lateral aneurysms. Excellent agreement is seen between the long-term 

distribution o f s pecies a t th e a neurysm w all, w ith th e e xperimental r esults f alling 

within ±2% of  t he c omputational r esults f or bot h l ateral m odels i nvestigated. 

However, di fferences a re e vident i n t he i nitial s tages of  t he e xperiment, a s t he 

concentration bui lds up  a t t he a neurysm w all. In t he e xperimental results, t he 

concentration s lowly builds up a t t he a neurysm wall ove r a  p eriod o f 3 -5 m inutes, 
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before reaching i ts long-term distribution value. This slow build up i s not echoed by 

the c omputational r esults, a nd c an be  attributed t o t he w ater t hat i s pr esent in t he 

system b efore t he experimental an alysis i s co nducted. A s a r esult, t he dye h as t o 

diffuse through the water to the aneurysm wall, rather than being convected s traight 

into t he an eurysm d ome. H owever, t he d ifferences s een i n t he i nitial s tages are 

negligible for the current study, as it is the long-term concentration distribution and its 

relationship with rupture that is of interest.  

 

9.2 Conclusions 

 Representative geometries can not ad equately r epresent t he W SS an d 

concentration di stribution s een w ithin patient-specific an eurysms. H owever, 

representative geometries can  ac curately p redict the am ount o f t he an eurysm 

dome exposed to concentrations less than 1% of Cin.  

 Assumptions of a rigid wall, Newtonian fluid and steady-state flow condition 

are appropriate for this study, reducing the complexity of modelling blood flow 

and mass transport of species within 3D patient-specific cerebral aneurysms.  

 Results of an investigation into the relationship between geometric parameters 

and cer ebral an eurysm g rowth an d rupture i ndicate t hat t he odds  of  a n 

aneurysm r upturing in crease if  it is  o f th e p osterior c irculation, if  it is  

bifurcating in shape, with increasing tilt angle and with increasing aspect ratio.  

 Rupture probability equations were t ested on a  cohort of  10 bl inded c erebral 

aneurysm geometries, with results suggesting that rupture prediction based on 

the amount of the aneurysm dome exposed to species concentrations less than 

1% of  t he i nlet c oncentration i s t he m ost a ccurate, f ollowed b y a  c ombined 

predictive model based on geometric parameters and the amount of the dome 

exposed t o c oncentrations l ess t han 1%  of  t he i nlet c oncentration a nd a  

combined predictive model based on geometric parameters and the amount of 

the dome exposed to concentrations less than 5% of the inlet concentration.  

 Results f rom this s tudy are not  just applicable t o ATP, but  can be  applied to 

other species of  low di ffusivity. However, the mechanism of  t ransport across 

the w all s hould b e co nsidered, as  i t can  i nfluence w hether a d epletion or  

saturation of species occurs.  
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9.3 Recommendations for Future Work 

The o verall o bjective of th is s tudy w as to  in vestigate th e relationship b etween 

geometric parameters, t he m ass t ransport of  bl ood-borne s pecies, a nd cer ebral 

aneurysm gr owth a nd r upture potential. Although t he c onclusions pr esented i n t his 

study contribute advancements to research into cerebral aneurysm growth and rupture 

risk, the methods used and the findings of the study are not exhaustive. Therefore, in 

this section some recommendations for future work are p resented that would further 

the r esearch c onducted i n t his s tudy, a dding t o e xisting know ledge r egarding 

geometric p arameters, mass t ransport an d ce rebral an eurysm g rowth an d r upture 

potential.  

 

 Increase Sample Size 

One of the main limitations of this study is the size of the aneurysm cohort that is used 

to de velop t he r upture prediction m odels ba sed on g eometric f eatures and on t he 

amount of the aneurysm dome that is exposed to low species concentration levels. In 

this s tudy, t he s ample size w as r estricted t o a d atabase o f 1 68 p atient-specific 

aneurysms, a s a  s ubset of  t he @ neurIST da tabase w as us ed t o de velop a  r upture 

prediction e quation ba sed on t he ke y geometric parameters t hat c an b e l inked w ith 

growth a nd r upture. Furthermore, due t o t he t ime i nvolved i n c omputationally 

modelling the mass transport within patient-specific cerebral aneurysm geometries, the 

mass transport of species within just 12 g eometries from the database of 168 patient-

specific aneurysms w ere i nvestigated, a long with t he 10 bl ind s tudy geometries. 

Comsol u ses al l av ailable p rocessor co res an d l arge amounts o f p hysical R AM 

memory. The computer used in this study contained just four processors and 14 GB of 

RAM, a nd s o a  t ypical m ass t ransport s imulation c arried out on a m esh s ize of  

~850,000 cells took at least a week to solve. Therefore, the amount of mass transport 

simulations run for the s tudy was restricted by the time taken for each s imulation to 

solve.  

The power of a statistical test in the determination of differences between groups (e.g. 

unruptured/ruptured aneurysms) is heavily influenced by the sample size, among other 

factors. As t he s ample s ize i ncreases, t he p ower o f t he s tatistical t est i ncreases 

dramatically. Therefore, a low sample size can affect the significance of the results. It 
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is suggested b y Stevens (2012) that the power of the test is  not an issue with larger 

sample s izes i .e. >100 s ubjects pe r group. However, i n t he s tudy o f t he relationship 

between g eometric pa rameters a nd a neurysm growth a nd r upture, t he unr uptured 

group contains just 98 aneurysms, while the ruptured group consists of 70 aneurysms. 

Therefore, the power of the test is compromised. Furthermore, the aneurysms used in 

the investigation of the relationship between mass transport and aneurysm growth and 

rupture contained sample sizes of 7 a nd 5 a neurysms for the unruptured and ruptured 

groups respectively, reducing the power of the statistical analysis significantly.  

Therefore, if the sample size could be increased, the reliability and significance of the 

statistical t ests w ould be  i ncreased, i mproving c onfidence i n t he r esults and f urther 

elucidating the relationship between geometric parameters, mass transport and cerebral 

aneurysms. 

 

 CFD Challenge  

Following f rom t he or iginal A SME 2012 Summer B ioengineering C onference C FD 

Challenge and f rom t he C FD R upture C hallenge 2013, a n International A neurysm 

CFD C hallenge 2015 h as r ecently been a nnounced t hat a ims t o e stablish ( 1) w hat 

variability can be seen within aneurysm geometries as a r esult of image segmentation 

(2) w hat d ifferences a re s een b etween C FD results i f t he s urface and b oundary 

conditions are not provided and (3) is CFD adding value with respect to rupture risk 

prediction?  

 
Figure 9.1: Steps involved in CFD Challenge 2015 
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The steps involved in the CFD challenge are illustrated in Figure 9.1. The first phase 

of the challenge involves the participants being supplied with DICOM data of 5 MCA 

aneurysms a nd us ing whatever r ationale or  hypothesis t he group d eems t o be  

appropriate, the rupture status of the 5 aneurysms is to be predicted. Following Phase 

1, additional CFD simulations may be required in an attempt to differentiate between 

effects of segmentation and boundary conditions. It is planned that results from Phase 

1 will be presented at a workshop at the Summer Biomechanics, Bioengineering and 

Biotransport C onference i n U tah, U SA i n June 2015 a nd a t t he I ntracranial S tent 

Meeting which takes place in Australia in November 2015.  

The C ABER g roup i ntend t o s ubmit r esults t o this c hallenge us ing t hree di fferent 

computational s oftwares ( Ansys F luent 12. 1.4, Star C CM+ 6.04.016 a nd C omsol 

Multiphysics 4.4) , w ith t he h ypothesis us ed f or r upture pr ediction ba sed on r esults 

from this study. Therefore, the rupture status of the aneurysms will be predicted based 

on a  c ombination o f geometric f eatures a nd t he un der-expression o f s pecies 

concentration seen within the aneurysm dome. It is hoped that through the testing of 

the h ypothesis t hat aneurysm growth and rupture can b e p redicted b ased on  a  

combination of  g eometric pa rameters a nd m ass t ransport on a nother i ndependent 

blinded sample, further confidence in the results and conclusions taken from this study 

can be achieved.  
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