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ABSTRACT 

An abdominal aortic aneurysm (AAA) occurs when there is a bulge formed in the large blood 

vessels that supply blood to the abdomen, pelvis, and legs. Abdominal aortic aneurysms pose a 

serious risk of rupture and can be life-threatening.  Diagnosis of a life-threatening AAA is based 

on measuring the diameter of the enlarged aorta. The diseased aortic wall is characterized by an 

intraluminal thrombus (ILT), which is deposition of fatty acids, leads to narrowed aorta blood 

vessel, and creates high pressure in the aneurysm sac. The objective of this study was to model 

the growth of the aneurysm, by combining medical imaging and computational fluid dynamics 

(CFD) in a time dependent study to determined wall stress, deformation, and fluid flow dynamics 

over a certain period of time. This model may aid in clinical decision making to determine the 

optimum time for surgical intervention by providing patient specific aneurysm growth-rate data 

to avoid potential premature aneurysm rupture. A Computed Tomography (CT) scan from an 

AAA patient was reconstructed into a 3D Computer Aided Design (CAD) file, exported into a 

multi-physics simulation software and simulated as a fluid structure interaction model. 

Hypertensive blood-flow was simulated in the aorta wall, modeled with degradation of aorta wall 

material properties over time using the Ogden strain energy equation. The maximum growth rate 

of the aneurysm model was found to be 0.014 cm/year with an increase of 1.4% in the aortic 

diameter. This growth rate may vary according to patient specific physiological data and 

geometry, with higher growth rate indicating the risk to rupture. Besides, including ILT in the 

AAA model increases the accuracy of estimating the growth of the aneurysm and illustrates that 

it reduces the oxygen supply to the AAA wall with hypoxia induced strains in the arterial walls. 

The study also demonstrates that oxygen supply reduced around 80% in the lumen near ILT wall 

and there was a 40% difference in oxygen concentration between ILT and non-ILT wall.  
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CHAPTER 1:INTRODUCTION 

The aorta is the largest blood vessel in the human vascular system exiting the heart and is 

responsible for systemic circulation. An abdominal aortic aneurysm (AAA) is a cardiovascular 

disease that causes the abdominal aorta to dilate into a balloon like structure (Figure 1.1) 

(Bluestein et al., 2009). AAA is a slow progressive disease, initially asymptomatic and often 

goes unnoticed by the patients, resulting in sudden acute sometimes fatal rupture (Chew, Conte, 

& Khalil, 2004). In the United States, 10,597  fatalities were reported due to the rupture of AAA 

during the year 2009 (Kochanek, Xu, Murphy, Miniño, & Kung, 2011). AAA is also prevalent in 

people over the age of 50 and predominantly affecting males (Bengtsson, Sonesson, & Bergqvist, 

1996). In developed countries, AAA causes 1.3% of deaths among the men aged between 65-85 

years (Sakalihasan, Limet, & Defawe, 2005). Dilation of AAA is primarily due to the 

degradation of material properties in the inner layers of the aortic wall (Di Achille, Celi, Di 

Puccio, & Forte, 2011). Disease or degradation of the aortic wall is due to risk factors, such as 

smoking, hypertension and ageing (Annambhotla et al., 2008). Plaque formation causes 

atherosclerosis with deposition of fatty acids and cholesterol substances in the inner linings of 

the aorta blood vessel and followed by endothelial cell degradation in the tunica intima layer that 

eventually leads to narrowed and hardened blood vessel (Mann, Zipes, Libby, & Bonow, 2014). 

Treatments for this life threatening disease includes open repair surgery and placement of 

endovascular stent graft (Biebl et al., 2005). In open repair surgery, physicians have a need of 

high skills for the placement of the bypass synthetic graft between the two ends of the diseased 

aorta in order to create a new lumen for the blood (Engellau et al., 2003). Endovascular stent 

graft is a minimal-invasive method of implanting the stent graft into the aorta in order to avoid 

the flow through the diseased wall (Stelter, Lawrence-Brown, & Hartley, 2004).  
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Figure 1.1 Normal healthy aorta (a) and diseased bulged aorta (b)  
(Image Courtesy: http://riverviewcardiacsurgery.com/cardiac-surgery-2/aortic-aneurysm-repair/) 

In order to avoid the risk of rupture and to determine the optimal time for the surgical 

intervention, physicians rely on current diagnosing methods such as, computed tomography (CT) 

imaging, magnetic resonance imaging (MRI), and ultrasound imaging (Hoskins, Semple, White, 

& Richards, 2011). Currently, physicians determine the criterion for an aneurysm to rupture 

based on the aortic diameter by referring to the CT scan images. Based on the range of aortic 

diameter, severity of risk in AAA rupture is determined by the physician in order to treat the 

patients surgically before it ruptures (Silverstein, Pitts, Chaikof, & Ballard, 2005; Upchurch & 

Schaub, 2006). An aneurysm with diameter greater than 5.5 cm has a high risk of rupture, 

although AAAs with diameters less than 5.5 cm may also rupture. (Frank A Lederle et al., 2002). 

Frank A. Lederle found that smaller aneurysm with diameter range between 4 to 5.5 cm had a 

rupture rate of 0.7-1.0% per year (F. A. Lederle, 2009). Therefore, the diameter of the aorta, a 

single parameter was not a better predictor for physicians to predict the timeline to rupture for 

patients with signs of AAA. Reliable risk assessment methods are needed for credibility to 

determine the severity of AAA and to schedule possible surgical treatment intervention timeline.  

a) b) 

http://riverviewcardiacsurgery.com/cardiac-surgery-2/aortic-aneurysm-repair/
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In the current literature, there are several studies that experimented and reported the peak 

wall stress computationally, to utilize the stress parameter as a risk indicator for AAA to rupture 

(Elger, Blackketter, Budwig, & Johansen, 1996; M. L. Raghavan, Vorp, Federle, Makaroun, & 

Webster, 2000a; Van Damme, Sakalihasan, & Limet, 2005). Based on the peak wall stress in the 

AAA, it varied between 29 N/cm2 to 45 N/cm2 than the non-ruptured patients with 12 N/cm2. 

Therefore, the results of peak wall stress can be identified for enhanced clinical intervention 

towards surgery and also the determination of prone areas that are subjected to high stress 

(Chaikof et al., 2009). In the past few decades, AAA simulation has evolved from generic 

phantom models to patient specific geometric models using fluid solid interaction (FSI) 

simulation to find the interaction between the blood and the diseased aortic wall (Taylor & 

Figueroa, 2009; Wan Ab Naim et al., 2014). Factors such as aneurysm wall thickness, wall 

curvature, wall material properties with isotropic, anisotropic material behavior and 

hypertension, factors found to have effect on the development of aneurysm, that were analyzed 

using the computational model (Gadowski, Ricci, Hendley, & Pilcher, 1993; Pivkin, Richardson 

Pd Fau - Laidlaw, Laidlaw Dh Fau - Karniadakis, & Karniadakis; Scotti, Shkolnik, Muluk, & 

Finol, 2005).  

The foremost reason for the formation of AAA is due to the atherosclerosis followed by 

endothelial cell degradation or tear in the intima layer of the aneurysm wall (Reed, Reed, 

Stemmermann, & Hayashi, 1992). Atherosclerosis is characterized by a plaque buildup, 

deposition of fatty deposits and cholesterol in the inner linings of the blood vessel. The 

atherosclerotic conditions causes the aorta blood vessel to harden and narrow down with reduced 

blood flow in the arteries (R. Ross, 1979). The narrowed blood vessel results in disordered flow 

prominent to formation of thrombus (ILT) around the aorta wall with deposition of erythrocytes, 

neutrophils and thrombocytes, blood proteins, and cellular debris. There are several findings with 
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contradictory results in finding the effects of ILT in AAA, whether ILT can increases or decrease 

the growth rate of AAA (Polzer, Gasser, Swedenborg, & Bursa, 2011). In a study, it is proposed 

that ILT has significant structural impact on the AAA wall, with significant reduction of stresses 

in the aneurysm wall (Wang et al., 2002). However, in the view of biomechanics, ILT may act as 

a barrier and reduces the supply of oxygen from the blood to the AAA. Reduction in oxygen 

supply followed by hypoxia associated degeneration leading to inflammation and local 

weakening of the aortic wall (Vorp, Wang, Webster, & Federspiel, 1998). Modeling the 

aneurysm with ILT should be included in the AAA model to the see the effects on growth of the 

aneurysm and also to overcome the contradictory assumptions. 

 Statement of the problem 

AAA is considered as the 13th most common cause of death in the United States 

(Silverberg & Lubera, 1983). Rupture in the aortic wall is mainly caused, when the mechanical 

stress produced in the wall is greater than the maximum allowable stress of the aorta wall (Vorp, 

Raghavan, & Webster, 1998). (Libby, 2006; Tilson, 1992). The current method for diagnosing 

AAA is the maximum diameter criterion, currently been facing limitations by the physicians in 

predicting the risk of rupture and surgical intervention for the patients with AAA (Vorp, 

Raghavan, et al., 1998).  

Physicians were not able to rely on the maximum diameter criterion, as there is a risk 

involved in predicting the rupture for smaller aneurysm less than 5 cm (Brown, Pattenden, 

Vernooy, Zelt, & Gutelius, 1996). AAAs with diameter less than 5cm can also rupture, as 

important characteristics such as blood pressure, degraded wall properties and thrombus 

formation are not considered for individual aneurysms (Vorp, Raghavan, et al., 1998). Physicians 

are currently facing lack of reliable risk assessment method to determine the severity of AAA.  

Therefore wall stress distribution and peak wall stress estimation has evolved and studied using 
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several computational methods. The peak wall stress and wall distribution in the aneurysm wall 

were used as a risk indicator to assess the severity of risk to rupture for the patients with AAA 

(M. L. Raghavan et al., 2000a). However peak wall stress may not be a reliable risk indicator for 

patients with AAA to determine the surgical timeline in order to avoid the further growth of 

aneurysm that may lead to risk of rupture. 

Real-time patient specific computational model in AAA for improved surgical 

intervention and risk prediction for patients with AAA is needed. Patient specific modeling 

warrants modeling with the individual’s specific parameters. The varying factors include aorta 

wall material properties, hypertension, aorta wall thickness and wall curvature. The factors that 

have high effect on inflammation of AAA are patients with high blood pressure and diseased 

wall with varying wall material properties. Moreover, it is known that most of the patients with 

AAA have thrombus build up in the AAA wall. There are several studies, which did not include 

the effect of thrombus, due to contradictory assumptions between several authors in finding the 

effects of stress on the wall due to the thrombus. The hypothesis of including thrombus in AAA 

model to demonstrate that oxygen reduction in AAA creates local hypoxic conditions with wall 

degeneration and weakening. The contribution of this thesis is to overcome the disadvantages in 

risk indicators to predict AAA rupture for physicians by estimating the growth of the aneurysm. 

Besides, the effect of intraluminal thrombus on aneurysm growth rate will be considered through 

patient-specific computational modelling. 

 Objective 

Although maximum diameter criterion and peak wall stress estimation exists currently for 

diagnosing AAA, predicting the growth of aneurysm in a patient specific study will be a better 

risk indicator for patients with an aneurysm. Accurate growth of aneurysm as a risk indicator, 

will be advantageous to the physicians for surgical intervention and scheduling a surgical 
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timeline. The objective of this study is to model the growth of the aneurysm, by combining 

medical imaging and computational fluid dynamics (CFD) in a time dependent study to 

determine wall stress, deformation, and fluid flow dynamics over a certain period of time. 

Premature aneurysm growth rate will be a reliable risk indicator for patients with aneurysm to 

avoid serious conditions of risk to rupture. Moreover, ILT was modeled in the aneurysm model 

to find the effects of ILT on the growth rate of AAA and correspondingly to demonstrate that 

ILT reduces oxygen consumption to the arterial walls with hypoxia induced wall weakening. 

This computational model may aid in clinical decision making to determine the optimum time 

for surgical intervention by providing patient specific aneurysm growth-rate data for more 

accurate diagnosis and to avoid potential premature aneurysm rupture 

 Organization of the thesis 

This thesis begins with chapter 1, giving an introduction and background of abdominal 

aneurysm, with some statistics in AAA mortality in the United States, followed by description of 

clinical problems and discussing the limitations in the current diagnosing method of AAA. The 

study clearly describes the current risk indicators to predict the rupture of AAA and how it 

contributes to the current work. Chapter 1 also discussed the effects of ILT in AAA and included 

the overview of the organization of the thesis and the research aims contributing to the thesis. 

Chapter 2 includes a literature review of AAA, beginning with a discussion of the  

anatomy  of  the  aorta  and  its  wall  structure,  followed  by  a  review  of  the  abdominal  

aortic aneurysm, including a chart showing the pathogenesis of an abdominal aortic aneurysm.  

A  brief  description  is  also  included  in the  treatment  of  AAAs  and  a discussion of the 

rupture mechanism.  

 Chapter  2  includes  a  detailed  description  of  the  biomechanics  of  the  AAA  to 

understand how wall stresses are developed. This description includes an illustrated study of 



19 
 

blood flow patterns inside the aneurysm using steady and pulsatile flow. The flow-induced 

stresses and pressure are discussed in terms of their effect on the rupture mechanism. The 

aneurysm shape is then discussed to understand its effect on the wall stresses.  

Chapter 2 also details the role of the intraluminal thrombus, which exists in most AAAs, 

by examining its structure, then examining how an intraluminal thrombus affects wall strength 

and how it alters oxygen diffusion in the aneurysm. 

Chapter 3 discusses the detail methodology of AAA used to perform fluid structure 

simulation for growth of the aneurysm. Chapter four also includes the finite element technique 

and model used during simulation. Chapter four plotted the results in the growth of the aneurysm 

with necessary boundary conditions and parameter included in the computational model. 

Chapter 4 discusses the methodology of including the presence of thrombus in AAA 

computational model in order to model the transport of oxygen species. Chapter four also 

discussed the mathematical model used in the convection-diffusion equation and plotted the 

results for the amount of oxygen concentrated in the arterial wall in the presence of intraluminal 

thrombus. 

 Research Aim 

The aims of the research are summarized as follows: 

 To demonstrate that maximum diameter criterion is not the best risk predictor for 

AAA rupture 

 Predict the growth of the aneurysm in a time dependent study in order to overcome 

the disadvantages in the current diagnosing methods 

 To model the intraluminal thrombus in order to overcome the contradictory 

assumptions 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Anatomy of Abdominal Aorta 

Aneurysms are classified according to their regions namely cerebral aneurysm, thoracic 

aneurysm, coronary artery aneurysm iliac artery aneurysm, and abdominal aortic aneurysm. 

Abdominal aortic aneurysm is diagnosed as a localized enlargement in the abdominal aorta. The 

diameter of aorta would be abnormally three to four times greater or 50% bigger in size than the 

normal aorta (Imray, 2006). The aortic hiatus is the starting point of the abdominal aorta (Figure 

2.1) which is located near the diaphragm and furthermore it continues till the final thoracic vertebra 

in the front, descends till the vertebral column and ends in the lumbar vertebra. Aortic hiatus is not 

located in the middle line of the human body but tilted slightly to the left and named as abdominal 

aorta as the aorta enters the abdomen region (Gray, 1918). 

 

Figure 2.1 Anatomy of Abdominal Aorta. 
 (Image Courtesy: http://www.surgicalcore.org/popup/53640) 

 

http://www.surgicalcore.org/popup/53640


25 
 

The diameter of the abdominal aorta is usually 19 – 22 mm (1.90 to 2.2 cm), however the 

diseased enlarged aorta due to AAA, will be greater than 7 cm (Imray, 2006). There are five major 

vascular branches from the abdominal aorta which are iliac arteries, celiac trunk, two renal arteries 

and superior mesenteric artery (Gray, 1918). 

2.2 Structure of the Aortic Wall 

Aortic wall is composed of three layers (Figure 2.2) (Fung, 1993), as listed below: 

 Tunica adventitia  

Tunica Adventitia is the solid and flexible outer most wall of the aorta. It is made out 

of connective tissue and additionally collagen and elastic strands which give the aorta 

quality and elasticity (M. H. Ross, Reith, Romrell, & Kibiuk, 1989). 

 Tunica media 

Tunica media is the center layer of the aorta and is made out of smooth muscle and 

flexible strands (M. H. Ross et al., 1989). 

 Tunica intima 

Tunica intima is the inner most layer of the aorta wall and is made out of springy 

connective tissue and flexible collagen and endothelium that comprises of flat level 

and smooth epithelial cells. This layer is in immediate contact with the blood and 

reacts to changes in the pulse and blood pressure by modifying the vessel diameter 

in and out (M. H. Ross et al., 1989). 
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Figure 2.2 Structure of Aorta Wall.  
Retrieved from (M. H. Ross et al., 1989) 

2.3 AAA Pathophysiology 

Abdominal Aortic Aneurysm (AAA) is an irreversible and pathologic enlargement of a 

portion of the aorta, induced by remodeling of extracellular matrix (ECM) (M. J. Davies, 1998). 

The contrast between a healthy and infected aorta is the distinction in the wall structure. An 

expansive reduction in aortic elastin, an increment in collagen creation and corruption, 

inflammatory changes and unbalancing nature in the structure of the wall can happen in the 

infected wall. Family history of this particular disease and hereditary variables assume a part on 

the pathophysiological methodology of this, particularly in diseases like Marfan disease1.  

Regularly, blood pressure of the artery and flow velocity is the reason for high stress in the 

wall of the aorta which, with the aid of different elements and factors, can bring about changes to 

the wall layers. From a mechanical perspective, how the advancement of AAA happens is not yet 
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completely verified or understood. On the other hand, it is realized that numerous variables 

together assume a part in the arrangement of AAA (Alcorn, Wolfson, Sutton-Tyrrell, Kuller, & 

O'Leary, 1996; Bonert et al., 2003; Buchanan, Kleinstreuer, Hyun, & Truskey, 2003; C. P. 

Cheng, Herfkens, & Taylor, 2003; Fleischmann et al., 2001; Wang, Makaroun, Webster, & Vorp, 

2001) .The actual process of AAA improvement has several stages and it starts with an initial 

debilitating of the aortic wall with different components that are now known to be stress 

generators. Figure 2.3 shows the progressive development of AAA in a flowchart. Aneurysms 

are believed to be caused by the degradation of elastin with recruitment of non-elastic collagen 

fibers. Collagen failure will then prompt enlargement of the aorta (Crawford et al., 2003). 

The parameters to be considered in pathophysiological procedure include the following. These 

are the main factors that cause AAA, 

 Atherosclerosis and hypertension,  

 Breakdown of elastin and collagen 

 Sex- male or female,  

 Obstructive aspiratory sickness,  

 Tobacco-smoking,  

 Age and eating routine, 

 Family history and hereditary (Crawford, Hurtgen-Grace, Talarico, & Marley, 2003; 

Wang et al., 2001; Wang, Makaroun, Webster, & Vorp, 2002). 

The literature suggests that the anatomic and physiologic aorta attributes vary with age and many 

other factors related to age of a person. Arterial elastin filaments reduce and degrade and the 

collagen elastic strands expand, which may prompt a loss of load bearing limit and reason being 

vessel enlargement (Zimmermann & Eschenhagen, 2003). The lessening of aortic superfluity is 

fast and happens at a much earlier age in men, which clarifies why more number of men 
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experience the ill effects of AAA than women. Americans and Africans people with diabetes 

have lower prevalence of AAA Individuals experiencing different ailments, diseases or issues 

may get to be more inclined to develop AAA (C. P. Cheng et al., 2003). For instance people with 

above-knee amputation are 5 times more inclined to develop AAA than normal people; in fact 

people with injuries in the spinal cord or problems in the spine appear to be twice as prone to 

AAA development roughly 20 years taking after their spine injury. This is clarified and 

accompanied by the hemodynamic changes which happen in individuals having these types of 

illnesses (Ernst, 1993). 

 

 

Figure 2.3 Development of AAA depicted in flowchart.  
Retrieved from (Crawford et al., 2003) 
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2.4 Matrix metalloproteinase and AAA  

Matrix metalloproteinases (MMPs) are a steadily growing family of endopeptidases with 

proteolytic movement towards one or more segments in extracellular matrix. Of the 25 MMPs 

spotted in vertebrates, 23 are found in human beings (Birkedal-Hansen et al., 1993). 

MMPs activities are controlled at three levels: 

 Transcriptional regulation 

 Pro enzyme activation 

 Inhibition of proteolytic activity by endogenous inhibitors of matrix metalloproteinases 

(TIMPs) (Visse & Nagase, 2003).  

Vascular smooth muscle cells (VSMCs), endothelial cells (ECs), and adventitial fibroblasts 

and many other vascular cells discharge MMPs in their typical activity. The additional sources of 

MMPs could be Macrophages and lymphocytes. MMPs are in charge of tissue rebuilding yet 

have different other imperative roles, for example, embryogenesis, wound recuperating and 

angiogenesis and additionally in ailments, for example, atheroma, joint inflammation, and tumor 

and tissue ulceration. A mismatch or an imbalance between the inhibitors TIMP and MMP 

would lead to degradation of the matrix (Kadoglou & Liapis, 2004) 

Expanded levels of MMP existence and activities have been found in the aortic mass of AAA 

prompting degradation of matrix (Wassef et al., 2001). In ordinary conditions, MMPs does a 

critical part in the rebuilding procedure of the aortic wall by extracellular matrix degradation of 

proteins, for example, elastin and collagen, both of which are expected to keep up basic structure 

integrated and ideal mechanical properties (Ailawadi, Eliason, & Upchurch, 2003).  

It is assumed that MMP generation inside the aneurysm wall might be discharged into the 

systemic flow and circulation and afterward could be utilized to diagnose AAA rupture 

conditions or its severity. Likewise, plasma MMPs could be utilized to assess the adequacy or 
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the efficiency of AAA surgeries (Kadoglou & Liapis, 2004). The blood stream may have a part 

in moving the MMPs in particular sites of the AAA wall or its adjoining thrombus and thus 

increasing the probability of pathogenesis of AAA. 

2.5 Symptoms and Treatment 

AAA’s does not show out any symptoms before its rupture however when the aneurysm 

ruptures, the symptoms are as follows 

 Abdominal or back pain 

 Faded colors in the face 

 Dryness in the skin  

 Vomiting and nausea 

 Sweating and fainting 

 Dizziness, shaking and fast heart beat 

While AAA have less risk of rupture, periodic and regular observations to screen the 

aneurysm is the only available treatment. The two types of surgical procedures currently 

available are endovascular repair and open surgical repair. Open surgical repair is the preferred 

treatment for expansive, non-ruptured aneurysms. In this method the doctor perform surgery and 

open the aorta to inserts a synthetic graft within the aneurysm joining the two closures of the 

healthy aorta by sutures (Figure 2.4a). Endovascular repair is a method which is less intrusive as 

the doctor places a bio degradable stent graft in the aneurysm making the joining another lumen 

for the blood (Figure 2.4b). A catheter is used to deliver the graft. Endovascular repair can be 

done only with more precise morphological data and detailed estimations than open repair 

(Engellau et al., 2003).  

Endovascular repair is connected with a high recurrence (17-26%) of endoleakage2 with 

the likelihood of repeat and/or burst amid the 18 month subsequent period (Sangiorgi et al., 



31 
 

2001). Monitoring endoleakage includes critical exertion which significantly expands the 

expense of endovascular repair treatment (Bargellini et al., 2005; Bieth, 2001; Sangiorgi et al., 

2001). 

 

Figure 2.4 a) Open Repair surgery b) Endovascular Stent Graft.  
Courtesy of (Zarins & Gewertz, 2005) 

2.6 AAA Rupture 

Rupture of the AAA (Figure 2.5) is the most severe result of this disease, leads to death of 

the person in more than 80% of the cases (Thomas & Stewart, 1988). Death rates for ruptured 

AAA are increasing even with the present advances in therapeutic surgeries and advancements. 

The rupture is caused by biomechanical events that happen when the mechanical stresses 

connected on the inward wall of the aorta is more than the internal failure strength of the aorta 

wall (Heller et al., 2000; Lombardi, Ellahi, & Rine, 2011; Speelman et al., 2007).  

 

a) b) 
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The current system of indicating the risk towards the rupture of the AAA wall is the 

maximum diameter criterion, when AAA exceeds 5 cm diameter is a basic indicator. There are 

many other indicators which are complex and incorporate that includes aneurysm shape, stream 

flow dynamics, and thickness of the wall and the mechanical properties of the blood vessel, are  

excessively sophisticated for risk indication, as they can vary between aneurysms of the same 

dimensions (Finol & Amon, 2001).  

As explained before, it has been recorded that AAAs which has diameters less than 4 cm can 

rupture. But, the diameter of the abdominal aorta does not fluctuate with body size of a particular 

person, thus not dealing with the rupture of the small size aneurysm (Alcorn et al., 1996; M. F. 

Fillinger, Marra, Raghavan, & Kennedy, 2003; Peppelenbosch et al., 2004). 

 

Figure 2.5 Rupture of AAA progressively  
(Image courtesy: 

http://www.nationalreviewofmedicine.com/issue/2007/06_15/4_patients_practice02_11.html) 

 
 
 
 

http://www.nationalreviewofmedicine.com/issue/2007/06_15/4_patients_practice02_11.html)
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2.7 Biomechanics of the AAA 

Biomechanics of AAA is considered to understand the alteration of biological changes in 

the AAA wall. Diseased AAA wall initiates to further expand due to hemodynamic forces (Dua 

& Dalman, 2010). Hemodynamics is the study of blood dynamics, responsible for inflammation 

of diseased wall. Patients with hypertensive blood pressure have high inflammatory changes in 

the AAA wall (Wang et al., 2001). 

2.7.1 Blood Flow patterns 

AAA alters the flow pattern influencing the magnitude and distribution of flow induced 

forces in the wall. Hemodynamic factor such as blood pressure and alterations in velocity 

distribution affects the AAA wall to expand rapidly. Recirculation in aneurysm wall affects the 

AAA wall, that might lead to risk of rupture (Taib, Amirnordin, Madon, Mustafa, & Osman, 

2012). Flow patterns have been studied and investigated under realistic pulsatile blood flow 

conditions using computational models (Vijayajothi, Kanesan, & Rafiq Abdul Kadir, 2012). Yu 

et al. (1999) studied hemodynamics using particle image velocimetry under steady state and 

pulsatile flow conditions to determine the reason for development of AAA (S. C. Yu, Chan Wk 

Fau - Ng, Ng Bt Fau - Chua, & Chua, 1999). Researchers found that vortices around the 

aneurysm sac was an impact of low wall shear stress within the bulge area of AAA (S. C. Yu et 

al., 1999). Along with formation of vortices, high jet pressure gradient penetrates the AAA wall 

to bulge further with a shear layer (Biasetti, Gasser Tc Fau - Auer, Auer M Fau - Hedin, Hedin U 

Fau - Labruto, & Labruto). When the blood flow approaches the bulged aneurysm immediately 

in the proximal end, a vortex forms during the start of cardiac cycle and moves to the distal end 

after the peak flow of systolic cardiac cycle (S. C. M. Yu, 2000). Vortex dynamics is studied in a 

geometry designed with small and large aneurysms. In a numerical study with time-averaged 

Reynold’s number averaged with range of 50-300 over a pulsatile cycle. At 0.31 to 0.50 sec flow 
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initiate to decelerate temporally, that raises the Reynolds number (Re=300) with a faster vortex 

formation. At 0.52 sec, diastole begins with moderate acceleration with partial ejection of vortex 

with low Reynolds number (Re=200) until the end of diastole cycle at t=0.70 sec. Diastolic 

acceleration occurs between 0.70 to 0.80 sec, produce an adverse pressure gradient in the AAA 

walls (Figure 2.6).  

 

 

Figure 2.6 Streamline plot for pulsatile flow in bulged aneurysm.  
Courtesy of (S. C. M. Yu, 2000) 

 
Moderate acceleration occurs again at the time 0.80 to 0.86 sec, resulting in ejection of 

vortex to the distal end of the AAA wall. Later the flow rate remains constant at the cycle t=0.86 
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to 1.08 sec (S. C. M. Yu, 2000). Pressure distribution during the end of systole cycle (t=0.4s) is 

high compared to other cycles, where the risk of aneurysm is directly proportional to the increase 

of pressure gradient. The recirculation at the various zone formed due to blood flowing from 

proximal top to the distal bottom end of the aorta, it is noticed pressure is high at the distal neck 

of AAA compared to other zones (Figure 2.7) (Taib et al., 2012) performed a hemodynamic 

study in aneurysm models with high blood pressure under resting and exercise conditions to 

determine the pressure distribution during cardiac cycle. 

 

Figure 2.7 Pressure distribution in AAA during cardiac cycle a) Exercise condition b) Resting 
condition.  

Retrieved from (Taib et al., 2012) 
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The flow recirculation is higher during exercise conditions than resting conditions. Risk 

of aneurysm to rupture is directly proportional to the pressure in the aneurysm wall, which is 

high during exercise conditions with hypertensive blood pressure (Taib et al., 2012). 

2.7.2 Wall Shear Stress 

Wall shear stress are the tangential forces on the surface of the aneurysm, along the axis 

of flow. Alteration of wall shear stress magnitude is associated with the formation of 

atherosclerosis in the arterial walls (Papaioannou & Stefanadis, 2005). The inner layer of the 

arterial wall consists of endothelial cells, that are exposed to the hemodynamic shear stress (P. F. 

Davies, 1995). Arteries that have uniform geometry have constant flow, whereas arteries with 

arches and bifurcation are forced to alter the wall shear stress distribution. Atherosclerosis lesion, 

develop mainly in the region of low wall shear stress that injures the intima layer and affects the 

endothelial cells (Cecchi et al., 2011). Magnitude of shear stress can be estimated using 

Poiseuille’s law, critically depends upon the lumen diameter (Figure 2.8). 

 

Figure 2.8 Cross section of blood vessel illustrating wall shear stress.  
Retrieved from (Malek, Alper, & Izumo, 1999) 
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(Papaharilaou, Ekaterinaris, Manousaki, & Katsamouris, 2007) Conducted a numerical study to 

show that most of the AAA wall are exposed to low shear stress 7.7 dynes/cm2, that is almost the 

half the normal wall shear stress (15dynes/cm2) to maintaining the aortic diameter. Figure 2.9 

illustrates only the proximal and distal end of the aneurysm wall has low shear stress 

(Papaharilaou et al., 2007). 

 

Figure 2.9 Magnitude of wall shear stress normalized under pulsatile condition.  
Courtesy of (Papaharilaou et al., 2007) 

2.7.2.1 Effect of Inlet and Bifurcation Angle 

(M. Xenos et al., 2010) studied the effect of wall shear stress with five different iliac 

angles (40°, 60°, 100°, 120°, 150°) (Figure 2.10). Fluctuating wall shear stress with high or low 

wall shear stress have an impact of platelet activation that leads to formation of intraluminal 

thrombus (ILT) (Folie & McIntire, 1989). 
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Figure 2.10 Wall Shear stress with five different iliac angles. Image courtesy: 
 (M. Xenos et al., 2010) 

In this study, correlation appears between iliac angle and peak wall stress, increase in 

iliac angle raises the peak wall stress that contributes to larger flow stagnation areas due to larger 

bifurcation angle (M. Xenos et al., 2010). (Shi & Li, 2013) studied the effect of inflow and 

bifurcation angle of aneurysm on the distribution of wall shear stress and blood flow. Effect of 

inlet and bifurcation angle has also been studied and suggested that it had minimal effect of 

aneurysm of diameter (Peattie & Bluth, 1998). Wall shear stress increases monotonically due to 

increased inlet angle and wall shear stress for bifurcation angle 90° is more than 60° and 120°. It 

is suggested that bifurcation angle at 90° may have unstable abdominal aortic aneurysm. Wall 

shear stress measured at different location with different bifurcation angles was found to have 

high value at the angle of 90° (Figure 2.11) (Shi & Li, 2013). 
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Figure 2.11 Wall Shear Stress for Different Bifurcation Angles (Shi & Li, 2013) 

 

2.8 Endothelial Shear Stress 

Endothelial shear stress (ESS) plays a major role in the formation of atherosclerosis, due to 

local hemodynamic factors in the arterial walls (Gimbrone, Topper, Nagel, Anderson, & Garcia-

Cardena, 2000; Malek et al., 1999). (Moore, Xu, Glagov, Zarins, & Ku, 1994) performed a flow 

study with autopsy data and found that localization of atherosclerosis is correlated with low 

endothelial shear stress. Low ESS occurs due to irregularities in the geometry, and it typically 

affects the inner curvature of the arterial walls (Ku, 1997). Nitric oxide is the crucial factor for 

normal vascular tone, it also acts as strong anti-inflammatory, anti-mitogenic, and anti-

thrombotic properties (Harrison et al., 2006). Oscillating low wall shear stress attenuates nitric 

oxide, thereby promoting endothelial cells with local atherogenic effect (C. Cheng et al., 2005; 

Harrison et al., 2006; Ziegler, Bouzourene, Harrison, Brunner, & Hayoz, 1998). Low shear stress 

causes activation of sterol binding proteins (SREBPs) upregulating the genes encoding LDL 
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receptor, cholesterol and fatty acids (Y. Liu et al., 2002). Shear forces might have impact on 

increasing LDL permeability, high mitosis and apoptosis in endothelial cells enacts in the area 

inclined to atherosclerosis which has low and oscillatory endothelial shear stress (Lin, Jan, 

Schuessler, Weinbaum, & Chien, 1988; Tricot et al., 2000). Low ESS also promotes oxidative 

stress by producing reactive oxygen species (ROS) enhancing gene expression and post 

transcriptional activity of major oxidative enzymes (Figure 2.12) (Hwang et al., 2003; McNally 

et al., 2003).  

 

 

Figure 2.12 Low Endothelial Shear Stress (ESS). Image courtesy: (Chatzizisis et al., 2007) 

Recirculation of inflammatory cells including monocytes, lymphocytes move into the intima and 

accumulate all the oxidized LDL, the major pathogenetic component in atherosclerosis (Libby, 

2002). 
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Disturbed flow might also contribute to inflammation and reduces the matrix synthesis (Lutgens 

et al., 2002). Low ESS also plays a potential role in plague calcification and thrombogenecity 

(Chatzizisis et al., 2007). 

2.9 Wall stresses and pressure distribution 

Arterial wall stress is one of the main factors which is being considered while trying to 

achieve a steady AAA rupture indicator. It is evident from previous studies, that detection of 

rupture with the help of maximum wall stress shown better results when compared with the 

maximum diameter criterion (M. F. Fillinger et al., 2003; M. L. Raghavan et al., 2000a; 

Venkatasubramaniam et al., 2004). While conducting wall stress study in aneurysm and non-

aneurysm aorta, using non-linear hyperplastic wall material properties was carried under finite 

element analysis (FEA) (M. Raghavan & da Silva, 2011). The study concluded that, stress was 

distributed in a complex manner on the aneurysm wall consisting of many stress variations, 

while on the other hand normal aorta had low and equal distribution, as shown in Figure 2.13. 

(M. F. Fillinger et al., 2003) made use of the clinical computed tomography (CT) in order 

to scan images to make a set of patient specific finite element models to study if the models can 

detect AAA rupture. A total of 103 aneurysms were studied in patients with AAA using Finite 

Element Analysis (FEA) technique. The evaluation of wall stress and deformation was 

conducted with a 3-D computer model and finite element analysis (nonlinear hyperelastic model 

depicting aneurysm wall behavior). The author concluded that high stress areas are more 

precisely detected using finite element analysis of AAA wall when compared to the diameter of 

AAA. This was mainly done for the patients having high level of AAA who in later stage have to 

undergo medical treatment. 
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Figure 2.13 Wall stress distribution in aneurysm (A) and normal aorta (B). Image Courtesy: (M. 
L. Raghavan, Vorp, Federle, Makaroun, & Webster, 2000d; Vorp, 2007) 

(M. F. Fillinger et al., 2003) demonstrated that distribution of the diameter measurement 

as depicted in the Figure 2.14 (A) shows that 90% of AAAs have a larger diameter than the 

recorded diameter for AAAs that consequently ruptured or became symptomatic, which was (4.4 

cm) in maximum diameter. Out of 22 AAAs, 5 were 5 cm or less in diameter under ruptured 

grouping. Figure 2.4 (B) depicts that results obtained from maximum wall stress displayed 

accurate prediction of damaged or symptomatic aneurysms. Almost three fourth AAAs in the 

current study had stress less than the lowest noted stress for AAA which subsequently got 

damaged or changed to symptomatic. This was verified with the help of box plot for maximum 

stress evaluated from the study. 

 

A) 

B) 
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(Venkatasubramaniam et al., 2004) conducted finite element analysis in 27 AAA patients 

in order to categorize the ruptured and non-ruptured AAA. During the study CT scans were used 

to generate the 3D geometries of AAA (12 ruptured and 15 non-ruptured). 

Calculation of wall stress for AAAs is done with the help of factors such as AAA 

geometry, material characteristics, and systolic blood pressure. It was stated that the ruptured 

AAA (Mean value of 1.02 MPa) had the high peak wall stress of comparing with non-ruptured 

AAA (Mean value of 0.62 MPa). Figure 2.14 clearly shows that the region of peak wall stress 

related to the ruptured area can be detected with the help of finite element analysis in the patients 

having a recognizable area of damage on CT scan. 

 

Figure 2.14 (A) Area of rupture AAA FEA model of AAA (B) Area of high stress in AAA FEA 
model. Both are indicated by arrows (Venkatasubramaniam et al., 2004) 
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2.10 AAA shape 

AAA geometry plays a vital role in aneurysm rupture. The shape of the aneurysm should 

be given adequate importance as geometry irregularities and asymmetry plays a vital role in the 

rupture (Breeuwer et al., 2004). (Elger et al., 1996; Vorp, Wang, et al., 1998) stated that the 

aneurysm shape like curvature, irregularities of certain AAA are being affected by the stress 

prevailing on the AAA wall. Therefore, the difference in the stress distributions of AAAs with 

identical diameters clearly proves that the risk of rupture of an aneurysm cannot be detected with 

the help of maximum diameter criterion and law of Laplace (Vorp, 2007). There are various 

shapes for AAA, which can be in cylindrical shape, balloon shape with wall extended on one 

side. When the diameter of the aneurysm is greater than 4.5 cm, the shape is irregular and 

asymmetric hence it is hard to maintain its fusiform or axisymmetric shape. The main reason is 

that AAA cannot develop in empty peripheral space. Organs in the surrounding area play a vital 

role in the deformation process of AAA. There is no proof stating that the cardiovascular 

diseases have any influence or effect on the shape of the aneurysm (Elger et al., 1996; Lee, 

Keitzer, Watson, & Liu, 1982). 

Stress across the wall is directly proportional to the high curvature of the wall. (Sacks, 

Vorp, Raghavan, Federle, & Webster, 1999) investigated that development of focal area of high 

curvature is linked with the AAA tortuosity that leads to high stress across the wall resulting in 

increase and decrease of spatial distribution and area of superficial curvature. Increase in 

curvature and complex AAA geometry leads to increase in focal area when compared with 

smoother areas as depicted in Figure 2.15.  

 

 

 



45 
 

 

Figure 2.15 AAA Tortuosity, a) unmodified AAA geometry, and b) after the removal of 
tortuosity. Adapted from (Sacks et al., 1999). 

2.11 Role of intraluminal thrombus 

In most of the diseased AAA, intraluminal thrombus (ILT) was detected. This part mainly 

focuses on the role of ILT in AAA and, how the existence of ILT changes the biomechanics of 

AAA. ILT plays an important role in changing the magnitude and distribution of stress across the 

aortic wall and dynamics of blood flow and formation of ILT is mainly due to the fluid 

mechanics (Di Martino et al., 2001).  

2.11.1 ILT structure 

ILT is made of blood cells, platelets, blood proteins, and cellular fragments. There are 

three layers: luminal, medial and abluminal as shown in Figure 2.16. Luminal is in direct 

interaction with blood stream and has blood like color. The medial layer is harder as compared to 

luminal and it is white in color. The last layer, abluminal is attached to the wall and its color is 

dark brown (Wang et al., 2001). 

Properties of ILT are isotropic, since it can be observed from scanning electron 

microscopy (SEM) images that there are no clear sign in the direction of texture and change in 

the behavior and properties longitudinally and circumferentially. (Ashton, Vande Geest, Simon, 

& Haskett, 2009) stated that abluminal layer was the stiffest layer (Young's modulus = 19.3 kPa). 
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Medial layer (Young's modulus = 2.49 kPa) is stiffer than the luminal layer (Young's modulus = 

1.54 kPa). 

 

Figure 2.16 Cross-sectional slices of ILT specimen with different layers (A), medial (M), luminal 
(L) layers and scanning electron microscopy (SEM) images of ILT. Image courtesy: (Ashton et 
al., 2009) 
 
2.11.2 Role of ILT on wall mechanical strength 

Stress applied on interior walls of the aneurysm can be varied with the help of ILT. There 

is no evidence that ILT increases stress in the inner wall and risk factor for rupture. It can also be 

considered ILT decreased risk of rupture because the support of the wall against stress 

(Speelman et al., 2007). The role of ILT is debatable when it comes to AAA rupture and there 

are studies which suggest that weakening of the wall is due ILT as it increases the risk of rupture. 

Other study states that the existence of ILT reduces the risk of rupture as it forms a protective 

coating for the wall. Some studies suggest that rupture of AAA is not affected by the existence of 

ILT (Wang et al., 2002). Wall mechanical strength under the existence of an aneurysm can be 

reduced, but the reduction process is not clear. (Vorp, Lee, et al., 2001) concluded that wall close 

to the thick layer of ILT is weak when compared with the thin ILT as depicted in the in Figure 
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2.17. Clinically it is found that the ILT is thicker in ruptured than in non-ruptured aneurysm

 

Figure 2.17 Association of wall strength with ILT thickness. Image courtesy: (Vorp, Lee, et al., 
2001) 

 (Wang et al., 2002) concluded that change in wall distribution and peak wall stress is 

reduced by ILT. The resulting models of the CT scan images of aneurysms helped in 

understanding the effect of thrombus on wall stress. Aneurysms consisting of ILT of four 

patients were analyzed both in the presence and absence of thrombus. All the models exhibited 

decreases in the wall stress in with the presence of thrombus and the stress distribution could be 

changed with ILT on compared with the same model without ILT as shown in the Figure 2.18 

and Table 1.The above mentioned conclusions are conflicted as the two factors i.e. stress and 

strength of wall influence the mechanism of rupture. Aneurysm attains a stage of rupture, when 

the stress acting on the aneurysm wall is greater than the strength of the wall. Input and output of 

these two factors, stress on the wall and the strength of the wall are related to each other. ILT can 

decrease peak stress of aneurysmal wall and strength of the wall can also be changed, where the 

exact role of ILT in AAA hemodynamic is not clear (Dalman, 2003). 
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Figure 2.18 Wall Stress Comparison in ILT and non-ILT Aneurysm  (Wang et al., 2002). 
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Table 1 Peak wall stresses for each patient with and without ILT. (Wang et al., 2002) 

Patients Peak stress without 

ILT (N/cm2) 

Peak stress with ILT 

(N/cm2) 

Decrease in peak stress 

1 36 34 6% 

2 30 19 36% 

3 40 37 6% 

4 44 28 38% 

 

Similarly, in a study with a patient specific model was used with and without thrombus to 

evaluate the wall stress distribution in the AAA wall. Figure 2.19 depicts the maximum principal 

stress applied longitudinally across AAA with a little thrombus (23% of the total AAA volume). 

A level of thrombus with thickness of 6 mm would distress the wall stress distribution in the 

exterior wall. The decline in the wall stress is an impact of nodes coupled with thrombus wall 

elements, therefore the illustrated wall stress is an average of both (Speelman et al., 2007). 
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Figure 2.19 Wall stress distributions for an abdominal aortic aneurysm with thrombus and the 
wall stress without thrombus and with thrombus (Speelman et al., 2007) 

 
Thrombus decreases the stress on the outer wall at places which are same as the thickness of 

thrombus (see arrows Figure 2.20, maximum thickness 18 mm). The 37% reduction in 99 

percentile wall stress was witnessed in presence of thrombus from 355 to 225 kPa. Figure 2.20 

depicts the cut through of AAA with high thrombus. Maximum principal stress is applied at the 

circumference of all AAAs. The stresses in the circumferential direction are about twice the axial 

stresses. Radial stresses experience by the inner layer of aneurysm wall was equal to the pressure 

and one magnitude lesser than the circumferential stress.  
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Figure 2.20 Wall stress distributions for an abdominal aortic aneurysm (AAA) with relative 
thrombus and the wall stress without thrombus and with thrombus. The black pointer highlights 

the location of altered wall stress in presence of thrombus.  

The wall stress is affected by the thrombus shear modulus and the amount of thrombus in the 

AAA. This was explained with the help of wall stress results obtained from the idealized AAA 

model. Thrombus material properties considered as one of the important factors for wall stress 

stating that the thrombus effect on the wall stress varies from patient to patient. AAA models 

were miscalculated by the idealized model and differences in patient specific information. There 

is a need of a real AAA model in order to calculate the thrombus effect (Speelman et al., 2007). 

Large thrombus not only helps in reducing the wall stress, it is also increasing the AAA growth 

rate. Hence the reason for weakening of the wall is due to the effect of thrombus and this can be 
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one of the reason for the increase in the AAA growth rate (Vande Geest, Wang Dh Fau - 

Wisniewski, Wisniewski Sr Fau - Makaroun, Makaroun Ms Fau - Vorp, & Vorp; Vorp, Lee, et 

al., 2001).  There is a need for more study to explore the relation between thrombus amount, wall 

strength and AAA growth rate. 

2.11.3 Role of ILT on oxygen diffusion 

(Vorp, Lee, et al., 2001; Vorp et al., 1996) showed that the oxygen supply pattern of the 

AAA wall can be changed with the help of ILT. Isolation of oxygen diffusion in the blood stream 

and inner layers of wall is caused by ILT further leads to hypoxic cell dysfunction in AAA wall, 

consequently resulting in the weakening of the wall and increasing in the risk factor of rupture. 

There can be various factors or combinations of factors leading to weakening of the aortic wall 

(Vorp, Lee Pc Fau - Wang, et al., 2001). The weakening of the wall is due to increase in 

proteolytic activities of wall which is because of the development of inflammatory areas. These 

inflammatory regions are being developed as the oxygen supply is being affected. In vivo studies 

indicates that increase in inflammation on the aortic wall on thick ILT when compared to the thin 

ILT. Thickness of ILT can gradually decrease the oxygen supply to the aortic wall (Figure 2.21, 

Figure 2.22, Figure 2.23) (Sun et al., 2009; Vorp, Lee, et al., 2001).  Few studies were conducted 

previously in related to oxygen diffusion. Future studies can enlighten more information on the 

pathophysiology of AAA. 
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Figure 2.21 Comparison of Oxygen measurements for AAA wall adjacent to thick ILT versus 
AAA wall adjacent to thin or no ILT in vivo. (Vorp, Lee, et al., 2001). 

 

 

Figure 2.22 Anterior (a) and posterior (b) normalized oxygen concentration distribution at the 

lumen–thrombus interface in the abdominal aortic aneurysm model (Sun et al., 2009) 
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Figure 2.23 Anterior (a) and posterior (b) views of normalized oxygen concentration distribution 

at the thrombus–wall interface in the abdominal aortic aneurysm model (Sun et al., 2009) 
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2.12 Summary 

From the discussion of AAA pathophysiology, treatment and diagnosis, there was not a 

reliable indicator to predict rupture of AAA. Wall shear stress played a major role in the 

pathophysiology of the AAA, as low shear stress is the major reason for atherosclerosis and 

vortex formation (Cecchi et al., 2011). Low shear stress, promotes fatty acids and deposits to 

induce endothelial cell degradation in the inner layer of the blood vessel, further macrophages 

deposit in between tunica intima and tunica adventitia progressing loss of smooth muscles with 

deposition of calcium (Folie & McIntire, 1989). Diseased wall due to atherosclerosis is further 

affected by hemodynamic forces, promotes to deform. (Taib et al., 2012) and (S. C. Yu et al., 

1999) studied the flow dynamics in the diseased wall and also the effect of inflammation in the 

arterial wall due to hemodynamic forces. Diagnosis of AAA is currently based on the maximum 

diameter, however peak wall stress evolved in the prediction of AAA rupture. It was not a 

reliable risk indicator of AAA rupture, as the growth rate of AAA varies between patients. 

Therefore, predicting the growth of the aneurysm will be a better diagnosing method, in order to 

avoid the aneurysm to rupture. In addition, most of aneurysm has thrombus build up in it due to 

the platelet activation and macrophage deposition. Previous studies failed to include the presence 

of thrombus. However, there is a conflict between studies, as several author states that ILT 

consequently reduces the stress in the wall, whereas some authors gave contradictory statements 

that ILT reduce the supply of oxygen content to the AAA wall, which increases the risk of 

rupture. In this dissertation, a new level computational model is built in order to estimate the 

growth of the aneurysm. Also with the presence of thrombus, to portray the actual 

pathophysiology of thrombus and effect on growth of the aneurysm. 
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3.1 Abstract 

An abdominal aortic aneurysm (AAA) occurs when the abdominal aortic wall weakens due to 

degradation of wall material properties and bulges out under high blood pressure. Abdominal 

aortic aneurysms pose a serious risk of rupture and can be life-threatening.  Diagnosis of a life-

threatening AAA is based on measuring the diameter of the enlarged aorta. Aneurysm ranges 5-7 

cm are more prone to rupture, although some aneurysms less than 5cm may also rupture. Smaller 

aneurysms less than 5 cm often go unnoticed or undiagnosed and the estimated time to rupture of 

an enlarged aorta is unknown. The objective of this study was to estimate the growth of the 

aneurysm, as a result of combining medical imaging and computational fluid dynamics (CFD) in 

a time dependent study to determine wall stress, deformation, and fluid flow dynamic over a 

certain period of time. The CT scans were reconstructed into three-dimensional renderings using 

image rendering Software, then exported into virtual simulation software (Comsol Multiphysics), 

followed by Fluid Structure Interaction (FSI) simulation. Pulsatile blood-flow was simulated 

using the Fourier series equation for pulsatile inlet velocity for arterial blood flow simulation 

using Navier Stokes equation combined with the Ogden model equation for solid body 

deformation that governs the continuum law of mechanics for arterial walls. The deformation in 

the aneurysm wall was measured using the time dependent study to predict the timeline for the 

enlarged diameter. The results illustrates that deformation of the wall increases over the time 

period of high blood flow with a maximum growth rate of 0.014 cm/year. The maximum 

pressure in the aneurysm sac was 3.91 Pa, with high blood velocity for a long period of time will 

increase more degradation of elastin and fiber materials in the aorta wall which will lead to large 

deformation in the aorta wall which in turn leads to rupture.. This computational model can be 

used by physicians to predict the estimated time to rupture based on the fluid properties and aorta 

wall material properties.  
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3.2 Introduction 

Abdominal aortic aneurysm (AAA) is a cardiovascular disease which affects men and women 

over age of 60, especially men with the habit of smoking (Dalman, Tedesco, Myers, & Taylor, 

2006). AAA is a slowly progressive disease and ranked as a thirteenth leading cause of death in 

the United States (Upchurch & Schaub, 2006). AAA’s are asymptomatic in nature and if 

untreated or undiagnosed, may lead to serious risk conditions to rupture, which is life threatening 

(Mohler III, 2014). The most commonly known factors for the occurrence of AAA’s are 

atherosclerosis, hypertension, age, genetic, tobacco smoking, inflammation, and chronic 

obstructive pulmonary disease (Crawford et al., 2003; Wang et al., 2001; Wang et al., 2002). 

Atherosclerosis is the underlying reason for the formation of AAA characterized by elastin and 

collagen destruction and loss of smooth muscles with narrowing the blood vessel (DiMusto & 

Upchurch, 2009; Reed et al., 1992). Hypertensive blood pressure is associated with increased 

risk of AAA rupture, patients with high systolic and diastolic blood pressure have the highest 

growth rate of AAA (M Xenos & Bluestein, 2011). Aorta walls are capable of undergoing large 

deformation with hemodynamic stress, therefore the diseased or degraded wall material due to 

atherosclerosis have more likelihood of rupture (Choke et al., 2005; Lasheras, 2007). Two 

mechanisms that increase the wall weakening and possibility of AAA to rupture are stress 

generated wall weakening and hypoxia induced wall weakening. The stress generated wall 

weakening are due to the local hemodynamic forces acting on the aortic wall and hypoxia 

induced wall weakening are due to the less content of oxygen supply to the aorta wall which 

causes energy imbalance and disturbance of local metabolism in the aortic wall (Thubrikar, al-

Soudi, & Robicsek, 2001; Vorp, Lee, et al., 2001). 
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Currently, physicians determine the criterion for an aneurysm to rupture based on the maximum 

aortic diameter range from 5.5-7 cm. However, smaller aneurysms less than 5cm often goes 

unnoticed using this diagnosing method.(Vorp, Raghavan, et al., 1998). Therefore, aortic 

diameter was not a superior indicator for the physicians to predict the rupture of an aneurysm. 

Estimating wall stress came into advancement with the help of computational modeling to focus 

the areas in the aneurysm wall that are more inclined to rupture (M. L. Raghavan et al., 2000a; 

Venkatasubramaniam et al., 2004). It is proposed that, if mechanical stress in the aneurysm wall 

due to hemodynamic forces is greater than the ultimate stress of the material it will promptly 

rupture (Venkatasubramaniam et al., 2004). Different computational models have been studied 

and examined earlier by several authors to evaluate peak wall stress in order to determine the 

severity of AAA prior to rupture (M. F. Fillinger et al., 2003; Mark F Fillinger, Raghavan, 

Marra, Cronenwett, & Kennedy, 2002; Venkatasubramaniam et al., 2004).  However, Peak wall 

stress estimation in patients with AAA may not be a better risk predictor of the AAA, as there 

are numerous other factors associated with development of AAA and also growth rate of AAA 

vary between different patients. Modeling the growth of aneurysm according to patient specific 

factors will be an improved method of risk estimation compared to the traditional method 

including peak wall stress estimation and maximum diameter criterion. The objective of 

modeling the growth of the aneurysm was to find the parameters of wall stress and deformation 

over a period of time in order to approximate the timeline of the aneurysm to rupture. CT scans 

were converted into patient specific model followed by computational modeling of Fluid 

Structure Interaction (FSI) simulate to estimate the growth of the aneurysm. The percentage 

increase in the diameter of the aneurysm from the collected CT sample was approximately 

0.14%. The growth rate may vary depending upon the patient’s physiological data and geometry. 
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This model could be an advantageous method of clinical decision making tool for doctors and 

physicians to suggest the patient severity of AAA and surgical timeline in order to recover. 

3.3 Methods 

Computational modeling of AAA in previous studies were conducted only using idealized 

or simplified geometry (Inzoli, Boschetti, Zappa, Longo, & Fumero, 1993; William R Mower, 

Baraff, & Sneyd, 1993). Developing realistic computational models of patient specific organs 

has challenges in deriving accurate morphological and physiological data (Neal & Kerckhoffs, 

2010). Therefore, research was conducted using medical imaging techniques to render accurate 

geometry of a patient’s organs and tissue to avoid limitations in the computational model and 

better understanding of the pathophysiology of disease. In order to achieve our goal of estimating 

the growth rate of aneurysm, the proposed a framework to develop a patient specific 

computational modeling is shown in Figure 3.1.  

3D CT Data
Image

Processing and 
Segmentation

3D Segmented 
AAA model

Create 
PhysicsFSI SimulationResults

 

Figure 3.1 Proposed Framework for Computational Modeling in deriving Growth of Aneurysm 
 

The foremost step for developing a computational model is to collect the CT scan data’s 

followed by 3-D rendering of anatomical model. The segmented model was further imported into 

virtual simulation software for fluid structure interaction (FSI) to calculate fluid flow dynamics 

and solid body deformations. 
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3.3.1 CT Scan Collection 

CT scan sample of patient with abdominal aortic aneurysm was collected from online for the 

construction of patient specific geometry (http://www.osirix-viewer.com/datasets/). The dicom 

sample was acquired by performing an abdominal CT angiogram on a 16 slice detector CT scan 

machine. The CT scan is standard x-ray technology has several advantages than other modalities, 

as it has high pixels between regions of high density.  Totally 288 dicom files were collected 

along three dimensional planes during the CT scan angiogram study with sagittal, coronal, and 

frontal planes. The CT X-ray was limited between the midsection of chest and below the pelvis, 

as AAA majorly occurs between these regions. The maximum diameter in the bulged region of 

the aortic aneurysm was found to be 5.09 cm and overall length of the aneurysm from the 

midsection of the chest region to below the pelvis region was 44.20 cm. Also, the diameter of 

renal arteries was 0.75 cm from the collected patient sample. 

3.3.2 Image processing 

The series of CT scan images are obtained representing the anatomical structure, an algorithm is 

used to combine all the images to form a 3-D model.  Simpleware, an image rendering software 

(Simpleware Ltd, Exeter, UK) was used to threshold the aneurysm model from the 2-D dicom 

images acquired from the CT scan. The Recursive Gaussian filter was used to reduce the noise or 

detail in the background. A threshold range was set to isolate the abdominal aorta and region 

growing algorithm was used to connect the isolated pixel values in all the slices. A 3-D rendering 

algorithm in simpleware, allows to extract the isolated pixel region into a 3-D accurate aneurysm 

model (Figure 3.2). The overall length of the aneurysm was limited to 17.28 cm to reduce the 

computational time and mesh volume and 3-D smoothing was performed to remove the noise 

along the surface of the aneurysm after the segmentation. The total triangles in the 3-D rendered 

model were 317,484 and the voxel volume was 45,400 mm3. The model was exported from the 

http://www.osirix-viewer.com/datasets/
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simpleware as an IGES triangle format to import into virtual analyzing software for fluid 

structure interaction modeling. 

 

Figure 3.2 Segmented Aneurysm from dicom samples (Simpleware) 

3.3.3 Computational Modeling 

 The 3-D segmented aneurysm model exported from Simpleware was imported into Comsol 

Multiphysics (COMSOL Inc., MA, USA), ready to solve using fluid structure interaction 

simulation with necessary boundary conditions. Comsol Multiphysics has inbuilt capability of 

finite element meshing, which has advantages of not using third party software for meshing the 

model. The model was meshed using Comsol into finite elements containing material and 

structural properties of the model for solving partial differential equations for FSI. During the 

study, the blood flow was assumed to be laminar Newtonian, viscous and incompressible flow. 

The inlet blood flow was applied at the top of the descending aorta and the outlet conditions 

were applied at the bottom of both renal arteries supplying blood to the abdomen, pelvis and legs  

 

Figure 3.3). Pulsatile blood flow was simulated in the time dependent study, and in order to 

estimate the growth of the aneurysm, total body deformation was calculated and plotted over 

time.  
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Figure 3.3 Boundary Conditions for Fluid Simulation 

3.3.4 Mathematical Formulation 

3.3.4.1 Navier Stokes 

The blood flow in the fluid structure analysis of the aneurysm model follows the Navier Stokes 

equation (Equation 1), to determine fluid dynamics such as blood flow velocity, pressure and 

shear stress (Cuvelier, Segal, & Van Steenhoven, 1986).  

𝝆 (𝒖𝒇𝒍𝒖𝒊𝒅 ⋅ 𝜵) 𝒖𝒇𝒍𝒖𝒊𝒅 = 𝜵. [−𝒑𝑰 + 𝝁 (𝜵𝒖𝒇𝒍𝒖𝒊𝒅 + (𝜵𝒖𝒇𝒍𝒖𝒊𝒅)𝑻) ] + 𝑭        Equation 1 

where 𝒖 is the velocity, 𝝆 is the fluid density ,𝝁 is  the  fluid  viscosity  which  is dependent on 

the stress  rate, t is the time, and 𝑝 is  the  pressure. The different terms correspond to the inertial 

forces (𝜌 (𝒖𝑓𝑙𝑢𝑖𝑑 ⋅ 𝛻) 𝒖𝑓𝑙𝑢𝑖𝑑), pressure forces (−𝒑𝑰), viscous forces (𝝁 (𝜵𝒖𝒇𝒍𝒖𝒊𝒅 +

(𝜵𝒖𝒇𝒍𝒖𝒊𝒅)𝑻)), and the external forces applied to the fluid (𝑭).  

3.3.4.2 Fourier series Analysis 

For solving fluid flow dynamics, pulsatile blood flow must be simulated to model real time 

hemodynamic forces. Pulsatile blood flow for the time dependent study was evaluated using 

eight parameter Fourier analysis. 

𝒗(𝒕) = 𝒂𝟎 + 𝒂𝟏 𝐜𝐨𝐬(𝒕𝝎) + 𝒃𝟏 𝐬𝐢𝐧(𝒕𝝎) + ⋯ + 𝒃𝟖 𝐬𝐢𝐧(𝟖𝒕𝝎)                                    Equation 2 

Outlet 2 Outlet 1 

Inlet 
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From Equation 2, 𝒗 represents the inlet velocity, 𝒂 and 𝒃 represents the curve fit parameters and 

𝒕 represents the time taken for the simulation. Fourier analysis was used to calculate inlet flow 

velocity for a particular period of time in a pulsatile manner coupled with FSI time dependent 

solver. Figure 3.4 shows the plot between pulsatile inlet flow velocity (cm/s) and time (s) for two 

cardiac cycles. The Fourier series equation is coupled with FSI solver using analytical function, 

by using the expression of Fourier series equation with curve fit parameters to solve the velocity 

for any required time in pulsatile manner.  

 

Figure 3.4 Pulsatile Flow Velocity over Time using Fourier analysis 

3.3.4.3 Ogden Strain Energy  

The fluid inside the aorta, consecutively affects the aorta wall and allows to deform the artery 

wall. Ogden strain energy function, has found to be a good fit for modeling the biological tissues, 

therefore for modeling the growth of the aneurysm the same was used (Ogden, 2003). Biological 

soft tissues are modelled as non-linear hyperplastic material. In nonlinear solid mechanics, the 

principal stresses in hyperplastic material would be principal stretches 

                                                   𝝈𝒊 = 𝐉−𝟏𝛌𝐢 (𝛛𝛗
𝛛𝛌𝐢

)   for i=1, 2, 3                                 Equation 3 
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Where 𝜎𝑖 is the principal stress, λi is the principal stretch, 𝜑 denotes the strain energy function 

and J represents the product of 1, 2&3 (Equation 3). As biological soft tissue is anisotropic and 

incompressible hyper-elastic material, the strain energy function is modeled in an incompressible 

isotropic behavior.  The relationship between strain energy function and principal stretches is 

explained by the Ogden stain energy (Ogden, 2003) expression as given below 

                                       𝛗 = ∑
𝝁𝒏

𝜶𝒏

𝑵
𝒏=𝟏 (𝛌𝟏

𝜶𝒏 + 𝛌𝟐
𝜶𝒏 + 𝛌𝟑

𝜶𝒏 − 𝟑)                                     Equation 4                                 

Where 𝛗 denotes the strain energy function of non-linear elastic Ogden model. 𝝁𝒏&𝜶𝒏  are the 

material constants used in the Ogden model (Equation 4). Non-linear elastic artery using the 

Ogden model is curve fitted using stress-strain relationship data by conducting uniaxial 

circumferential experimental testing on artery samples (DELGADILLO, 2008). Parameters that 

were used in the study as boundary conditions for Navier Stokes and Ogden equations are listed 

below in the table (Table 2). 

Table 2 Material parameters for Navier Stokes and Ogden equation in FSI simulation 
(DELGADILLO, 2008; Gao, Watanabe, & Matsuzawa, 2006) 

 
3.3.4.4 Arbitrary Lagrangian Eulerian (ALE) Formulation 

The fluid and solid equations were solved in Arbitrary Lagrangian Eulerian equation (ALE) 

formulation to update the vessel geometry forced by hemodynamic forces in the time dependent 

study. Lagrangian and Eulerian are two different algorithms developed for continuum of mesh 

deformation during motion while solving solid and fluid equations. To model the deformation of 

 Parameters Value 

 
Blood 

Dynamic Viscosity 0.0035 

Density 1050 (kg/m3) 

 
 

Artery 

Density 2000 (kg/m3) 

𝝁𝟏,𝟐,𝟑 1.86,19.17,0.46 (kPa) 

𝜶𝟏,𝟐,𝟑 1,5,10 
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an artery due to the blood flow will best fit by the combined algorithm ALE, as it deals with 

continuum of body deformations with respective to several frames (Malvern, 1969).  

3.4 Results and Discussion 

The results were obtained from fluid structure interaction analysis, solving the equations for fluid 

flow dynamics and solid mechanics. Navier stokes solver was able to plot the distribution of 

velocity in the aneurysm and noticed that there is a very low magnitude of velocity (less than 

0.0015 cm/s) in the bulged region with blue color legend (Figure 3.5), which has a tendency to 

stagnate blood, in turn creating high pressure in the aneurysm sac. 

 
Figure 3.5 Velocity Distribution plot in the Aneurysm Model 

The low magnitude of velocity in the aneurysm sac is an outcome of degraded wall, unable to 

resist the hemodynamic forces acting on the wall and tends to form a bulge like structure. As the 

flow reaches the iliac arteries after the bifurcation, it has less diameter to have high velocity and 

less mass flow rate. Whereas, flow near the bulged region has low velocity to create a high 

pressure inside the aneurysm sac. Figure 3.6 shows the pressure gradient developed in the 

aneurysm model during fluid flow dynamics. The pressure in the bulged region increases as the 
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blood circulates and gets stagnated before it enters the bifurcation of the artery. The maximum 

pressure in the aneurysm bulged region was found to be 3.9 Pa, as a outcome of vortices in the 

aneurysm sac creates high negative pressure gradient for the arterial walls to produce high 

deformation in the wall near bulged region (Hyun, Kleinstreuer, & Archie, 2000). 

  
Figure 3.6 Pressure Distribution plot in the Aneurysm Model 

Streamlines of blood flow were plotted to understand the trajectory of flow during pulsatile 

cycle, this allows us to find out the regions highly inclined to recirculation of blood or vortex 

formation (Figure 3.7). Placement of endovascular stent graft reduces the vortices in the 

aneurysm sac, further diseased wall recovers to its original diameter as the pressure and stress 

consequently decreases in the stented AAA (Chong & How, 2004). Deposition of fatty acids and 

LDL occurs mainly in the recirculation zones that can give a better picture of the area that are 

more prone to disease and the likelihood of rupture. Moreover, it is known that deposition of 

fatty acids and LDL leads to atherosclerosis with wall weakening and also can lead to thrombus 

formation (Mallika, Goswami, & Rajappa, 2007). Thrombus in AAA could be a blockage in 

blood passage that might create a high pressure in the aneurysm sac which increases the risk of 
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aneurysm to rupture. In addition, growth of the aneurysm is associated with the growth of the 

thrombus, thrombus covered AAA rapidly reduces the thickness of the aneurysm wall (Stenbaek, 

Kalin B Fau - Swedenborg, & Swedenborg; Wolf et al., 1994). 

 

Figure 3.7 Streamline plot of AAA to identify Vortices 

The FSI solver was also able to plot results such as wall stress and deformation for 

aneurysm wall. Looking at the pressure plot solved by Navier Stokes, the pressure gradient was 

higher near the bulged region, which creates a high stress in the bulged region of the aneurysm 

model. The deformation in the wall gradually increases as hemodynamic forces rise in the 

aneurysm wall it tends to lose its mechanical strength and offering less resistance to the blood 

flow. In order to validate the behavior of the artery wall as non-linear, the stress - strain curve 

was plotted (Figure 3.8) and noted that the curve appears to be non-linear, that measures the 

relationship between the strength of the arterial wall against the deformation. In non-linear 

biological soft tissue, loading beyond the strength of the material increases the hardening of 

material with increased deformation. Older adult arteries are found with less elasticity and 

strength as they lose their mechanical properties due to the normal aging process and are more 

susceptible to formation of AAA (Sherratt, 2009). 
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Figure 3.8 Stress-Strain curve of the Aneurysm Wall 

The Ogden equation solved for artery wall quantifies the principal stretches in the arterial wall 

and can be used as deformation tensor to estimate continuum of solid deformation in a time 

dependent study. The stretches along the principal axes of the component can be evaluated to 

measure the deformation in the coordinate axes. The overall growth of the aneurysm, was 

estimated with the help of plotting the results of total volume deformation over the time period of 

study.  The results illustrates that the displacement increases gradually with the growth rate of 

0.014 cm per year (Figure 3.9). 
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Figure 3.9 Time vs Displacement (Growth of the Aneurysm) 

From Figure 3.10, it is prominent that there is a  high displacement in the bulged aneurysm wall. 

The pressure gradient in the circulation zone influences the bulged wall to dilate and may result 

in risk to rupture. High deformation was noticed in the diseased region that might decline the 

mechanical properties in the aneurysm wall. Biological tissues are elastic in nature, when they 

are diseased or prone to atherosclerosis they turn into stiffened artery. When the local stress is 

greater than the strength of the aneurysm wall, the deformation increases rapidly. 

 

Figure 3.10 Total volume Displacement of AAA 
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It is also evident that maximum deformation occurs in the anterior and posterior region of the 

aneurysm. The premature rupture develops, when the hemodynamic load in the artery goes 

beyond the elastic strength of the aneurysm wall.  Therefore, it is valuable to have data such as 

growth rate, diameter of the aneurysm and peak wall stress in order to utilize as watchful 

indicators to avoid the risk of rupture. 
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3.5 Conclusion and Future Studies 

Growth of the aneurysm was successfully evaluated using fluid structure interaction analysis 

with Navier Stokes and Ogden strain energy equations. When high blood pressure was simulated 

in the diseased aorta model, the vortex in the aneurysm produced a pressure gradient that acted 

on the aorta wall which further contributed to increased deformation in the aneurysm wall. 

Results of deformation were plotted over time obtained from the time dependent study and was 

useful to predict the growth of the aneurysm. The maximum growth rate of this aneurysm model 

was 0.014 cm with an increase of 0.14% in the aortic diameter. The results can change according 

to the patient specific model, which could be more severe than the current predicted results. This 

method can be used as a clinical decision making tool by physicians to predict the timeline to 

rupture for patients with an aneurysm. It will be advantageous to predict the risk of small 

aneurysm (less than 5cm), overcoming the limitations in the previous diagnosing methods such 

as maximum diameter criterion and peak wall stress estimation. Future studies would be 

collecting several CT scan samples of AAA patients and validating the growth of the aneurysm 

in a clinical trial basis. In addition real parameters can be used as a boundary condition in 

evaluating the material properties of the aneurysm wall in ultrasound or using a sphygmocor 

device. 
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CHAPTER 4:COMPUTATIONAL ANALYSIS OF OXYGEN TRANSPORT IN 

ABDOMINAL AORTIC ANEURYSM WITH INTRALUMINAL THROMBUS (ILT): 

EFFECT OF HYPOXIA IN THE ANEURYSM WALL 
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4.1 Abstract 

Abdominal aortic aneurysm (AAA) is a progressive disease, which causes the aorta to expand 

and further may lead to the risk of rupture. Intraluminal thrombus is present in 75% of all 

AAA’s, plays an important role in the progression of this disease. Studies previously suggested 

that ILT decreases the hemodynamic forces in the aortic wall, which reduces the growth of the 

aneurysm. However, it also been proposed that ILT attenuates the supply of oxygen to the aortic 

wall, thereby resulting in wall degradation and weakening that could increase the growth of the 

aneurysm. Therefore, modeling oxygen transport with convection-diffusion equation will allow 

to study the amount of oxygen concentrated in the blood and diffused to the artery walls. 

Previous studies were conducted only using idealized geometry, however using patient specific 

model will provide accurate results with respective to realistic geometry. The Samples of CT 

scans are taken from patients with abdominal aortic aneurysm and converted into a 3-D model 

using image rendering software for computational analysis. An arbitrary thrombus was built to 

represent the actual thrombus formed inside the aneurysm model. Naiver stokes equation was to 

study the flow dynamics of blood, with the purpose of the blood flow velocity results can be used 

in the transport of dilute species for convection and diffusion of oxygen species. The results from 

the computational model displays that there was an 80% drop in oxygen concentration near the 

ILT wall. The oxygen transferred to the aneurysm wall with ILT had a maximum of 10 mol/m3 

comparatively less than non-ILT wall with 40 mol/m3, which suggest a 40% drop between ILT 

and non-ILT wall. In conclusion, thrombus will act as a barrier to reduce the supply of oxygen to 

the aortic wall, thereby increases the strain on the aortic wall by reducing the metabolic energy in 

the artery walls. 
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4.2 Introduction 

Abdominal aorta is the largest blood vessel in the human vascular system that supplies 

blood from the heart to the abdomen, pelvis, and legs. Abdominal aortic aneurysm (AAA) is a 

disease in abdominal aorta cause the aorta to inflate more than 50% of its original diameter (F. 

A. Lederle, 2003). Annually 8000 deaths are caused by the AAA disease and it is ranked as the 

13th leading cause of death in the United States (Thompson, 2003; Upchurch & Schaub, 2006).  

The factors associated with the formation and development of AAA are genetic, old age, 

smoking, atherosclerosis, and hypertension (Shimizu, Mitchell, & Libby, 2006). Besides, most of 

the AAA’s have thrombus build up around the aortic wall, composed of fibrin, blood cells, 

platelets, and cellular debris. The thrombus wall act as a barrier to blood passage, in turn, 

produces high pressure in the aorta blood vessel. Studies revealed controversial outcomes in the 

presence of ILT results in increases or decreases the risk of AAA rupture. (Vorp, Lee Pc Fau - 

Wang, et al., 2001) found that the presence of ILT results in wall weakening and the reason was 

found to be hypoxia. (Vorp & Vande Geest, 2005) also found that hypoxia causes reduction in 

collagen synthesis and further increases elastin destruction, which are attracted to macrophages. 

In contrast, ILT act as a barrier appearing to be reduce the mechanical stresses in the arterial wall 

and possibly reducing the likelihood of rupture (Kazi et al., 2003; W. R. Mower, Quinones, & 

Gambhir, 1997; Thubrikar, Robicsek, Labrosse, Chervenkoff, & Fowler, 2003; Wang et al., 

2002). Therefore, analysis of oxygen species transport from blood to the arterial should be 

investigated in order to justify the formation of hypoxia in the presence of ILT. Several authors 

have researched and experimented AAA with all possible factors such as effect of hypertension, 

wall thickness, and influence in shape of the aneurysm.  These previous studies failed to include 

the presence of ILT in AAA during their computation modeling. 
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Modeling AAA with the presence of ILT can provide a new insight in development and 

research of diagnosing AAA. (Caputo et al., 2013) studied oxygen concentration in a real porcine 

stented artery model to correlate the geometrical variation in artery with oxygen concentration. 

Caputo et al., (2013) found that regions with low wall shear stress have noticed a low oxygen 

concentration as an outcome of vortex formation in aneurysm sac. The influence of thrombus in 

wall stress has been studied using the patient’s specific model, and found that larger thrombus 

reduced the stresses in the aneurysm wall. Moreover, wall weakening with the influence of 

thrombus will increase the growth rate of AAA (Vande Geest et al.; Vorp, Lee Pc Fau - Wang, et 

al., 2001). In a study, (Vorp, Lee, et al., 2001; Vorp et al., 1996) illustrated that the presence of 

ILT alters the pattern of oxygen supply to the AAA wall and might cause wall weakening and 

increase the risk of rupture. To investigate the amount of oxygen concentration, computational 

analysis is preferred to model the transport of oxygen species to evaluate the amount of oxygen 

transferred to the aortic wall. Existing computational modeling approached using idealized 

aneurysm geometry. In this study, oxygen transport in an image based patient specific AAA 

model was considered using convection-diffusion equation. The blood flow was simulated using 

naiver stokes equation and results of velocity profile was used for transport of dilute species. The 

convection-diffusion equation was solved using Fick’s law of diffusion to quantify the amount of 

oxygen molecules concentrated in the aortic wall. 

4.3 Methods 

The framework for developing an oxygen transport model for computing oxygen 

diffusion transferred to the aortic wall is similar to the previous chapter. However, methods for 

constructing the intraluminal thrombus in AAA was added in this chapter.  



 

91 
 

4.3.1 Data Collection 

CT scans sample of patient with abdominal aortic aneurysm was collected from online 

(http://www.osirix-viewer.com/datasets/). The dicom sample was acquired by performing an 

abdominal CT angiogram on a 16 slice detector CT scan machine. CT is a standard x-ray 

technology has many advantages than other modalities, as it has high pixels between regions of 

high density.  Totally 288 dicom files were collected during the CT scan angiogram study with 

sagittal, coronal and frontal plane and it was segmented between the midsection of chest and 

below the pelvis. The maximum diameter in the bulged region of the aortic aneurysm was found 

to be 5.09 cm and overall length of the aneurysm from the midsection of the chest region to 

below the pelvis region was 44.20 cm. Also, the diameter of renal arteries was 0.75 cm from the 

collected patient sample data. 

4.3.2 Image processing 

The series of CT scan images are obtained representing the anatomical structure, an 

algorithm should be used to combine all the images turn into a 3-D model.  Simpleware, an 

image rendering software (Simpleware Ltd, Exeter, UK) was used to threshold the aneurysm 

model from the 2-D dicom images acquired from the CT scan. An algorithm was performed to 

isolate only the aneurysm in the sample and another algorithm named region growing was used 

in this software to connect the isolated pixel values in all the slices.3-D rendering in simpleware 

allows to render the isolated pixel region into a 3-D accurate aneurysm model (Figure 4.1). The 

overall length of the aneurysm was limited to 17.28 cm to reduce the computational time and 

mesh volume. Minor smoothing was performed in the 3-D model to remove the noise along the 

surface of the aneurysm. The total triangles in the 3-D rendered model were 317,484 and the 

http://www.osirix-viewer.com/datasets/
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voxel volume was 45,400. The model was exported from the simpleware as an IGES triangles 

format to import into virtual analyzing software for fluid flow and transport of dilute species. 

 

Figure 4.1 Segmented Aneurysm from dicom samples (Simpleware) 

4.3.3 Construction of Intraluminal Thrombus (ILT) Geometry 

For modeling AAA with ILT, CT sample that collected from online was not containing 

any ILT around the aneurysm wall. In order to construct an ILT geometry inside the AAA, an 

arbitrary geometry was built to represent an ILT like structure using Solidworks. The total 

triangles in the geometry were 40,912 elements and thickness of ILT was 3.23 cm and height 

was measured as 3.6 cm (Figure 4.2). 

 

Figure 4.2 Constructed Geometry of ILT Arbitrarily in Solidworks 
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The constructed ILT is combined with aneurysm wall using a union mask algorithm to create a 

blockage for computational modeling of fluid flow and transport of oxygen species in AAA 

(Figure 4.3). 

  

 

  

 

 

 

Figure 4.3 a) Aneurysm Geometry Combined with ILT, b) Right Cross Section View of AAA 
with ILT 

4.3.4 Mathematical Model 

The existing aneurysm model of chapter 3 was employed in this study by including a 

layer of intraluminal thrombus. The thrombus usually forms inside the aneurysm sac, as a result 

of vortices of blood with accumulation of platelets and fibrin deposits of blood. In order to model 

the transport of oxygen species, the aortic blood flow velocity was used to simulate the transport 

of oxygen species. Therefore, this model used fluid flow dynamics solved by Navier Stokes 

equation, coupled with convection-diffusion to solve the amount of oxygen concentration in 

blood and the amount of oxygen transferred to the aortic wall.  

4.3.5 Navier Stokes 

The blood flow in the fluid structure analysis of the aneurysm model follows the Navier 

Stokes equation (Equation 5), to determine fluid dynamics such as blood flow velocity, pressure 

and shear stress.  

 

a) b) 
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𝝆 (𝒖𝒇𝒍𝒖𝒊𝒅 ⋅ 𝜵) 𝒖𝒇𝒍𝒖𝒊𝒅 = 𝜵. [−𝒑𝑰 + 𝝁 (𝜵𝒖𝒇𝒍𝒖𝒊𝒅 + (𝜵𝒖𝒇𝒍𝒖𝒊𝒅)𝑻) ] + 𝑭        Equation 5 

where 𝒖 is the velocity, 𝝆 is the fluid density ,𝝁 is  the  fluid  viscosity  which  is 

dependent on the stress  rate, t is the time, and 𝑝 is  the  pressure. The different terms correspond 

to the inertial forces (𝜌 (𝒖𝑓𝑙𝑢𝑖𝑑 ⋅ 𝛻) 𝒖𝑓𝑙𝑢𝑖𝑑), pressure forces (−𝒑𝑰), viscous forces 

(𝝁 (𝜵𝒖𝒇𝒍𝒖𝒊𝒅 + (𝜵𝒖𝒇𝒍𝒖𝒊𝒅)𝑻)), and the external forces applied to the fluid (𝑭).  

4.3.6 Fourier series Analysis 

For solving fluid flow dynamics, pulsatile blood flow must be simulated to model real 

time hemodynamic flow in the abdominal artery. Pulsatile blood flow for the time dependent 

study was evaluated using eight parameter Fourier analysis. 

𝒗(𝒕) = 𝒂𝟎 + 𝒂𝟏 𝐜𝐨𝐬(𝒕𝝎) + 𝒃𝟏 𝐬𝐢𝐧(𝒕𝝎) + ⋯ + 𝒃𝟖 𝐬𝐢𝐧(𝟖𝒕𝝎)                                    Equation 6 

From Equation 6, 𝒗 represents the inlet velocity, 𝒂 and 𝒃 represents the curve fit 

parameters and 𝒕 represents the time taken for the simulation. Fourier analysis was used to 

calculate inlet flow velocity for a particular period of time in a pulsatile manner coupled with FSI 

time dependent solver. Figure 4.4 shows the plot between pulsatile inlet flow velocity (cm/s) and 

time (seconds) for two cardiac cycles. The Fourier series equation is coupled with fluid flow 

simulation using analytical function, by using the expression of Fourier series equation with 

curve fit parameters to solve the velocity for any required time in pulsatile manner.  
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Figure 4.4 Pulsatile Flow Velocity over Time using Fourier analysis 

4.3.7 Convection-Diffusion 

Oxygen transfer in the aortic blood is coupled with blood flow solved by Navier Stoke’s 

equation (Cuvelier et al., 1986) and convection-diffusion equation as given below. 

                                                                   𝜵. (𝑫𝒊𝜵𝒄𝒊) + 𝒖. 𝜵𝒄𝒊 = 𝑹𝒊                                 Equation 7 

Where 𝒖 is the velocity, 𝑐 is the oxygen concentration in the blood, 𝑅 is the reaction rate at the 

artery walls, and 𝐷 is the oxygen diffusivity (Equation 7). The values for oxygen diffusivity, 

𝐷 = 1.08 ∗  10−9  𝑚
2

𝑠⁄  and reaction rate, 𝑅 = −4.89 ∗ 10−2  1 𝑠⁄  (Sun et al., 2009). 

4.4 Results 

The computational analysis of convention-diffusion in the AAA wall allows to plot the 

result for the amount of oxygen concentrated in the lumen. From the Figure 4.5, reduced oxygen 

concentration near the ILT walls of AAA was depicted with a blue color legend. The reduced 

concentration of oxygen molecules was initiated by low magnitude of velocity and vortex 
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formation in the aneurysm sac. From the plot Figure 4.5, the concentration gradient near the 

thrombus wall region turn out to be less than 0.1 mol/m3 and 0.9 mol/m3 near non-ILT walls. 

From this outcome, an 80% drop in oxygen concentration near the thrombus wall region was 

witnessed. 

 

Figure 4.5 Surface oxygen concentration in the lumen layer of AAA 

In ILT regions, the low magnitude of velocity indicates a reduced amount of oxygen 

concentration to the lumen. Consequently, the reduced oxygen concentration determines that 

aortic wall with ILT was subject to a certain degree of hypoxia that can promote inflammation in 

the AAA. A vertical cut line was taken up to the center of the aorta to measure the altertaion in 

the oxygen concentration of aneurysm walls. An oxygen concentration graph was plotted for 

healthier and ILT wall (Figure 4.6). The oxygen concentration drastically reduces until the center 

region of AAA with ILT. The blood flow approached the diseased bulged wall, with a decrease 

in the amount of oxygen concentration of 1 mol/m3 to 0.62 mol/m3. However the oxygen 
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concentration has a tendency to regain its normalized value of oxygen concentration (0.96 

mol/m3) in the renal arteries. 

 

 

     

 

 

 

 

 

 

 

Figure 4.6 Vertical Cut Line plot to measure Oxygen Concentration in AAA with ILT 

A horizontal cut line was plotted in the bulged aneurysm to measure the gradient of 

oxygen concentration. There was a reduced amount of concentration near the ILT (right side) 

wall dropped down to below 0.25 mol/m3 (Figure 4.7). The center region of the blood flow has a 

high oxygen concentration between 0.9 mol/m3 to 0.95 mol/m3, although near the left side of 

bulged region had declined concentration value but not less than the average value. The decline 

in oxygen concentration near ILT was clearly evident in the 3-D slice plot of oxygen 

concentration in the blood indicating the blue color legend (Figure 4.8). The results were 

consistent with the previous study by  (Sun et al., 2009), investigated that higher the thickness of 

thrombus, lowers the oxygen concentration in the aortic wall 
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Figure 4.7 Horizontal Cut Line plot to measure Oxygen Concentration in AAA with ILT 

 

Figure 4.8 Slice plot of oxygen concentration in the lumen layer of AAA 

Oxygen to the arterial walls is supplied in two ways, either by vaso vasorum or from the 

lumen. Therefore, ILT formed in the artery wall will block the supply of oxygen from lumen and 

more dominated by vaso vasorum. The vaso vasorum mainly supply oxygen only to the outer 

wall, whereas the inner layer of AAA wall lead to hypoxic conditions with wall weakening 
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(Wolinsky & Glagov, 1967).  Therefore, in order to find the oxygen transfer between lumen and 

arterial walls, oxygen diffusion in artery wall was measured by the results of convection-

diffusion. Volume oxygen concentration in the AAA wall was plotted and found that oxygen 

transfer to the AAA wall near thrombus was less than the normal wall regions (Figure 4.9). A 

decrease in oxygen consumption of AAA wall was observed in the 3-D slice plot of oxygen 

concentration as a result of ILT blockage (Figure 4.10).  

 

 

Figure 4.9 Volume Concentration of AAA with ILT 
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Figure 4.10 Slice plot of Oxygen Concentration in AAA with ILT 

The results of oxygen diffused to the artery walls were consistent with studies conducted 

by (Vorp, Lee, et al., 2001) and (Vallabhaneni et al., 2004), stated that  ILT act as a barrier to 

oxygen flux from the lumen to the inner layers of the aortic wall creating an hypoxic conditions. 

The hypoxic condition promotes endothelial cell degradation through extracellur matrix 

degrading factors with loss of smooth muscles induce wall weakening and increased potential for 

rupture (Kazi et al., 2003; Vorp, Lee, et al., 2001; Vorp, Wang, et al., 1998). 

Figure 4.11 plotted the amount of oxygen diffused to the arteries in the region 

surrounding ILT and normal aneurysm wall. The oxygen concentration was comparatively low 

near the ILT walls with less than 10 mol/m3. The normal wall (without ILT) have a maximum of 

50 mol/m3and found that there is a 40% difference in oxygen concentration between normal and 

ILT walls. Diffusion in arteries is close to the artery wall with a range of 100 to 200 µm, it has 

suggested that artery wall are functioned by the oxygen diffused to the arterial cells (X. P. Liu et 

al., 2008). In the diseased wall that are prone to atherosclerosis have an insufficient transport of 

oxygen and specifically in the thrombus wall have local metabolic disturbances with high 

Cross- Section Plane 



 

101 
 

consumption of oxygen and glucose by the foam cells (Sluimer & Daemen, 2009). This 

difference in oxygen concentration of aneurysm wall will  support our hypothesis stating that 

there is a chance of forming hypoxia in aneurysm with ILT. The results from this study 

elucidates that reduced oxygen supply to the regions near ILT wall creates a certain degree of 

hypoxic conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Concentration in Arterial Wall Measured with Cut line near ILT and Normal Wall 

Hypoxic conditions are contributed to atherosclerosis and hypertension causes the arterial 

wall to demand high oxygen supply by vaso vasorum (Levin et al., 2003).Inadequate supply of 

oxygen to the surrounding aortic wall, reduces Adinose Tri Phosphate (ATP) production with 

deficiency of glucose, causing hypoxia induced energy metabolic failure (Arnqvist & Lundholm, 

1976). The metabolic failure in the presence of ILT is associated with wall weakening and wall 

degeneration may increase the growth  rate of AAA to rupture.  
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4.5 Conclusion and Future Studies 

  Computational modeling for transport of oxygen species was successfully studied and 

were able to plot results such as the amount of oxygen concentrated in the blood and also the 

amount of oxygen diffused to the artery walls with the presence of ILT. Computational modeling 

of ILT wall will create a new insight in determining the effects of ILT on the growth of the 

aneurysm. From our study, it was concluded that aneurysm wall with ILT drastically reduced the 

oxygen concentration further leads to breakdown of metabolic activity associated with wall 

weakening. The major findings from this study was, ILT may reduce the hemodynamic forces or 

stresses in the artery wall, and however it alters the oxygen consumption leading to hypoxic 

conditions. The hypoxic conditions do not provide require energy to function the artery muscles, 

therefore the regions that have reduced oxygen consumption found to have a higher displacement 

than the other region that were consumed by necessary oxygen molecules. The results provide a 

new insight with 80% drop of oxygen concentration near ILT walls and the amount diffused to 

the arterial had a 40% difference between ILT and non-ILT wall. The study demonstrates that 

ILT formation may increase the growth of AAA as an outcome of local hypoxia associated with 

wall weakening, but it doesn’t necessarily decreases the stress in the wall. The hypoxic 

conditions associated with breakdown of energy produced in the artery wall and wall weakening 

will increase the risk of AAA to rupture. This study was currently focusing on oxygen transfer in 

smooth muscles, in the future including all the structure and properties, layers of the aortic wall 

would provide a better and accurate results. 
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