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Abstract 
 

Novel branched stent-grafts (BSG) have been developed for endovascular repair of complex thoracic 

aortic aneurysms (TAA) involving the aortic arch or thoracoabdominal aorta, but their haemodynamic 

performance has not been adequately studied. In addition, surgical replacement of the ascending 

aorta with a Dacron graft remains the gold standard for type A aortic dissection (TAAD), although 12% 

of patients are at risk of aortic rupture due to further dilatation of the residual dissected aorta. The 

underlying mechanisms for progressive aortic dilatation following TAAD repair are poorly understood, 

but haemodynamic and biomechanical factors are believed to play an important role. Therefore, the 

present study aims to provide more insights into the haemodynamics in novel BSGs developed for 

treating complex aortic diseases, and a comprehensive evaluation of flow and biomechanical 

conditions in post-surgery TAADs by means of state-of-the-art computational methods.   

The first part of this thesis focuses on evaluating the haemodynamic performance of novel BSG designs, 

including thoracoabdominal branch endoprosthesis (TAMBE) and dual-branched thoracic endograft. 

Haemodynamics in idealised and patient-specific BSG models has been analysed by examining side 

branch outflow waveforms, wall shear stress related indices, and displacement forces, in order to 

assess their long-term durability. The numerical results show that all the stent-graft models examined 

in this study are capable of providing normal blood perfusion to side vessels, and are at low risk of in-

stent thrombosis and device migration. Furthermore, it has been shown that geometric variations in 

TAMBE do not affect the key haemodynamic results, indicating its potential suitability for a variety of 

visceral artery anatomies. Comparisons of dual-branched thoracic endograft models with different 

inner tunnel diameters suggest that BSGs with larger inner tunnel diameters than the respective 

vessels would be preferred. Comparisons between the pre- and post-intervention models show that 

insertion of a dual-branched stent-graft significantly alters the flow pattern in the aortic arch, some of 

which may have a detrimental effect in the long term, thus requiring follow-up studies. 

The second part of the thesis provides a comprehensive analysis of the haemodynamic and 

biomechanical conditions in surgically repaired TAAD. Geometric and haemodynamic parameters 

have been analyzed and compared between the group of patients with stable aortic diameter and 

another group with progressive aortic dilatation. The number of re-entry tears  (6 ± 5 vs 2 ± 1; P =

 0.02 ) and luminal pressure difference (1.3 ± 1 vs 11.7 ± 14.6 mmHg; P =  0.001 ) have been 

identified as potential predictors of progressive aortic dilatation in TAAD patients following surgical 

repair. This is an important finding and can potentially assist clinicians to make the most appropriate 

choice or surgical plan for individual patients. Based on the finite element analysis of four patient-
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specific cases, there are no clear differences in biomechanical parameters between the stable and 

unstable groups. Furthermore, a preliminary fluid-solid interaction (FSI) simulation performed on a 

single TAAD model has demonstrated the important influence of wall compliance on pressures in the 

true and false lumen. Compared to a rigid wall model, the FSI simulation results show a reduction in 

systolic pressure by up to 10 mmHg and a slight increase in diastolic pressure. However, pressures in 

the true and false lumen are affected in the same way, so that the luminal pressure difference remains 

the same between the rigid and FSI models.   
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Chapter 1 

Introduction 

 

Background I: Endovascular Repair of Aortic Aneurysms  

Aortic aneurysm refers to abnormal dilatation of the aortic segment and if left untreated, it can have 

dire consequences. Aortic aneurysms accounted for approximately 152,000 deaths worldwide in 2013, 

rising from 100,000 in 1990 (GBD 2013 Mortality and Causes of Death Collaborators. 2015). The most 

common site for aortic aneurysms is the infrarenal abdominal aorta, followed by thoracic aneurysms 

in the ascending aorta. The traditional method for treating aortic aneurysms is open surgical repair, 

which is not only a very traumatic experience for the patient, but is also related to high mortality and 

morbidity rates. As an alternative, endovascular aneurysm repair (EVAR) is a minimally invasive 

method in which a stent-graft is deployed in the aneurysm sac through a small puncture made in the 

groin. After deployment, stent-graft works as an artificial conduit for blood flow, excluding the 

aneurysm sac from high-pressure blood flow and thus preventing wall rupture (Figure 1.1).  

The term ‘’stent-graft’’ was initially proposed by Dotter et al. (1983), referring to an expandable coil 

or spiral spring used to improve blood flow by maintaining the luminal diameter. However, this stent-

graft differed from current endografts in terms of application and function. The concept of modern 

endograft was originated from Cragg et al. (1983), who developed a stent-graft for EVAR using a nitinol 

coil covered with synthetic woven fabric. In 1991, Parodi et al. reported the world’s first successful 

endovascular repair of abdominal aortic aneurysm (AAA) in human, after which more and more 

physicians around the world started practising this procedure and within two decades, endovascular 

treatment replaced open surgery as first line choice for AAA patients (Giles et al. 2009).  

In fact, most of the stent-grafts available in the early years could only be used for treating infrarenal 

AAAs, and only if there was a healthy proximal aortic neck, as shown in Figure 1.1. A healthy proximal 

aortic neck is crucial because it serves as a landing zone for the proximal part of stent-grafts, thereby 

providing a haemostatic sealing to ensure exclusion of the aneurysm from any blood perfusion. 

However, this is not possible in cases that involve an angulated aortic neck, altered neck wall 

composition (such as the presence of thrombus or calcification), short neck length and complex 

aneurysmal involvement of the juxtarenal, paravisceral and the thoracoabdominal aorta. Deploying a 

stent-graft above the renal arteries can extend the proximal landing zone but would block blood flow 

to the kidneys, which can be fatal. It was not until 1999 that Brown and Powell firstly proposed the 

concept of fenestrated stent-graft (FSG) to overcome this issue. FSG is a customized device with each 
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fenestration on the main endograft corresponding to an ostium of the renal artery and once aligned, 

a separate stent-graft can be introduced into each renal artery to maintain blood perfusion. Despite 

their promising results (Bungay et al. 2011; Halak et al. 2006; Shahverdyan et al. 2015), FSGs require 

weeks to be manufactured and as a result, these devices are not only expensive but also unsuitable 

for emergency cases. Off-the-shelf branched stent-graft (BSG) can be seen as a successor to FSG, 

providing a more secure seal with at least 2 cm of overlapping zone between the main stent-graft 

endoprosthesis and visceral vessel branches. BSG is the latest endograft design that can accommodate 

large variations in aneurysm morphology and reduce the need for customization.   

 

Figure 1.1. Bifurcated stent-graft for treatment of infrarenal AAA. A healthy aortic neck is necessary 
or it would not be possible to use the stent-grafts. A The main stent-graft endoprosthesis is advanced 
to the aneurysm site under fluoroscopic conditions. B The contralateral iliac limb is positioned in the 
main stent-graft endoprosthesis and deployed stent-graft forms an artificial conduit for blood flow. 
Reproduced with permission from Blum et al. (1997), Copyright Massachusetts Medical Society.     

Although EVAR was originally proposed and adopted for treating diseases of the abdominal aorta, 

efforts to adapt this technology for the thoracic aorta have been made. Thoracic aortic aneurysm (TAA) 

patients will benefit greatly from continued development of endovascular techniques because surgical 

treatment of TAA is more challenging and carries a high operative risk (Katzen et al. 2005). The first 

successful deployment of stent-graft for TAA exclusion was reported by Dake et al. in 1994, after which 

thoracic endovascular aortic repair (TEVAR) has been continuously evolving, though the major focus 

was on the descending segment that is distal to the left subclavian artery (LSCA).  
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Only recently, attention has been paid to developing endografts that can be used more proximally in 

the aorta, to treat aneurysms in the aortic arch. Devices for arch repair need to be flexible enough to 

conform to the inner curvature of the aortic arch, and meanwhile maintain sufficient blood perfusion 

to the arch vessels. With these challenges in mind, several manufacturers have developed branched 

endografts that can incorporate the flexibility and compliance of the arterial wall, including Gore, 

Medtronic, Zenith and Bolton, to name only a few. Around the same period, novel designs have also 

been developed for treating complex thoracoabdominal aortic aneurysms (TAAAs), i.e. Cook Medical 

released the first commercially available multi-branched stent-graft, known as Zenith t-Branch stent-

graft, followed by GORE® EXCLUDER® thoracoabdominal branch endoprosthesis (TAMBE). Although 

limited clinical experience worldwide has demonstrated their promising short- to mid-term results 

(van Bakel et al. 2018; Greenberg et al. 2008; Oderich et al. 2017, 2019; Oderich and Silveira 2016; 

Sweet et al. 2015), the long-term durability of branched endografts remains unanswered.  

Background II: Surgical Repair of Type A Aortic Dissection 

As shown in Figure 1.2A, aortic dissection (AD) occurs when the inner layer of the aortic wall tears and 

blood flows in between the inner and outer layers of the wall, developing a false lumen (FL) in the 

aorta alongside the original true lumen (TL). Although AD is relatively rare, occurring in 3-5 people per 

100,000 per year (Thrumurthy et al. 2012), it is generally considered as one of the most catastrophic 

diseases that can affect the aorta. The weakening of the aortic wall that occurs in this pathology can 

lead to aortic rupture within minutes or hours of the acute event, after which the patient’s risk of 

death increases 1 % per hour (Trimarchi et al. 2010). Aortic dissection can be classified into two 

categories based on the location of primary entry tear: Type A if the entry tear is located in the 

ascending aorta whilst Type B when the entry tear is situated in the descending aorta. 

Medical treatment or endovascular repair is typically adopted for type B aortic dissection (TBAD), 

while type A aortic dissection (TAAD) represents a more lethal condition that requires urgent surgical 

intervention to reduce its life-threatening complications. The main aim of surgical repair is to identify 

and resect the primary entry tear, which is typically located at 2 to 5 cm above the valvular commissure 

at the outer curvature of the ascending aorta (Kallenbach et al. 2002). Figure 1.2B shows supra-

commissural replacement of the ascending aorta, which is an established surgical technique for the 

treatment of TAAD. Clearly, operative survival does not guarantee freedom from subsequent aortic 

events, as 64% to 90% operative survivors have a patent FL (Fattouch et al. 2009; Halstead et al. 2007; 

Kimura et al. 2008; Tan et al. 2005; Zierer et al. 2007). FL patency has been identified as a strong risk 

factor associated with late adverse outcomes, such as progressive aortic dilatation (Halstead et al. 

2007; Marui et al. 1999; Masuda et al. 1991; Onitsuka et al. 2004; Sueyoshi et al. 2004). In fact, 
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following surgical repair, almost 50% of patients with a patent FL have been reported to develop 

aneurysmal dilatation (Zierer et al. 2007), which may lead to sudden aortic rupture and even death. 

However, the underlying mechanisms leading to progressive aortic dilatation are still unclear, and 

there is currently no reliable indicator that can predict the long-term outcome of these patients.   

 

Figure 1.2. A Aortic dissection involving the ascending aorta (Type A). A tear in the ascending aorta 
produces a new channel for blood flow, known as false lumen (FL). Figure reproduced from 
https://thoracickey.com/10-systemic-vascular-disease/. B Surgical repair of type A aortic dissection 
with ascending aortic replacement results in incomplete resection of re-entry tears in the descending 
aorta, which may lead to late progressive aortic dilatation. Figure reproduced from Kuratani, (2014) . 

1.1 Motivation for Research and Research Strategy 

Compared to endografts used in the treatment of abdominal aneurysms, thoracic endografts are 

subjected to more aggressive haemodynamic forces, increasing the likelihood of future complications, 

such as device migration, kinking, and subsequent structural failure. Stent-graft migration can also 

cause the seal between the aortic wall and the stent-graft to break, thus allowing blood to leak into 

the aneurysm sac which may require repeat intervention. Additionally, paraplegia remains a potential 

complication (Buth et al. 2007) resulted from occlusion of blood flow to vital side vessels, due to either 

stent-graft migration or thrombosis within the stent-graft. Previous computational fluid dynamics 

(CFD) studies of endovascular AAA repair have shown the advantage of CFD in providing detailed flow 

phenomenon and haemodynamic conditions in a variety of clinically relevant scenarios (Avrahami et 

https://thoracickey.com/10-systemic-vascular-disease/
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al. 2012; Georgakarakos et al. 2014; Kandail et al. 2014, 2015, 2016; Kleinstreuer et al. 2008; Sun and 

Chaichana 2010; Šutalo et al. 2008). However, little is known about the haemodynamic performance 

of novel stent-grafts developed for treating complex aortic diseases including aortic arch aneurysms 

and TAAAs. Work presented in this thesis addresses this gap in the knowledge by detailed analysis of 

blood flow in newly designed thoracic stent-grafts, in an attempt to assess their long-term durability.   

With regards to progressive aortic dilatation in patients with a patent FL after repair of TAAD, previous 

studies have identified certain anatomical features as potential risk indicators, including FL patency, 

maximum diameter, FL area, and the size and location of entry tears (Chang et al. 2008; Evangelista et 

al. 2012; Kunishige et al. 2006; Marui et al. 1999; Onitsuka et al. 2004; Sueyoshi et al. 2004), but these 

cannot explain why aortic dilatation occurs. On the other hand, haemodynamic parameters, such as 

total intraluminal pressure and wall shear stress (WSS) have been reported to directly affect the 

function of aortic wall (Malek et al. 1999; Rinaudo et al. 2014; Sakamoto et al. 2010), which may play 

a role in the progression of aneurysmal dilatation. However, knowledge of haemodynamic conditions 

in repaired TAAD is lacking, and their role in subsequent progressive aortic dilatation has not been 

investigated. Hence, one chapter in the thesis is devoted to elucidating the role of haemodynamics in 

the development of aneurysmal dilatation, which may help identify new risk factors for more reliable 

prediction of late complications for individual patients, thus improving their long-term survival rate.  

Complex geometrical features of the aortic aneurysm and dissection often result in abnormal flow 

patterns and stress distributions. Although some flow parameters can be measured in vivo by using 

ultrasound or magnetic resonance imaging, it is still difficult to acquire information on the entire flow 

field at sufficiently high accuracy for the calculation of near-wall haemodynamic parameters such as 

WSS. Furthermore, local pressure cannot be measured non-invasively. For these reasons, CFD has 

become an indispensable tool for studies of blood flow in the cardiovascular system. This thesis is 

concerned with the evaluation of endovascular and surgical procedures for the treatment of complex 

aortic diseases by means of CFD. Computational models for newly designed endografts have been 

created based on idealised geometries with representative dimensions and patient-specific 

geometries extracted from medical images. Using idealised stent-graft models is important when 

assessing new designs when relevant patient-specific data is lacking. The obtained CFD results can be 

used to assess the long-term durability of novel endovascular devices, and to elucidate the role of 

haemodynamic factors in late progressive aortic dilatation for surgically repaired type A aortic 

dissection patients.  
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1.2 Research Objectives and Thesis Outline 

This thesis aims to provide the first comprehensive analysis of blood flow in novel EVAR and TEVAR 

endografts for the treatment of complex aortic diseases, and in surgically repaired type A aortic 

dissections. The specific objectives of the research include: 

a. To develop a CFD model for the latest multi-branched stent-graft (TAMBE) designed for 

treating TAAAs, and to evaluate the effects of key geometric parameters on the 

haemodynamic performance of TAMBE. 

b. To develop a CFD model for a novel dual-branched thoracic endograft for the treatment of 

TAAs involving the aortic arch, and to investigate the effects of inner tunnel diameters on the 

overall haemodynamic performance of the device based on idealised geometry. 

c. To build patient-specific models of the aforementioned dual-branched thoracic endograft 

based on computed tomography angiography (CTA) images and to analyse the haemodynamic 

performance of the device in these patients. 

d. To build patient-specific models of post-surgical type A aortic dissections based on CTA images, 

and to determine anatomical features, flow patterns, and distributions of haemodynamic 

stresses in these models. 

e. To identify anatomical and haemodynamic factors that are correlated with the development 

of aneurysmal dilatation in these patients. 

The thesis consists of eight chapters. In Chapter 2, a comprehensive literature review is given of 

research covering the medical background on both TAA and TAAD, including pathology of the diseases 

and the currently available treatment options. Chapter 2 also includes a review of CFD studies of flow 

in models of TAA and aortic dissection. In Chapter 3, the governing equations for blood flow, together 

with the relevant numerical methods are described, after which the detailed methodology utilized in 

this thesis is provided, including geometry reconstruction, numerical methods and boundary 

conditions. Finally, the implementation and validation of the developed methodology are presented. 

Chapter 4 presents a detailed analysis of blood flow patterns in hypothetical models of a novel device 

TAMBE for abdominal aortic aneurysms, while Chapter 5 focuses on a dual-branched stent-graft for 

TEVAR of thoracic aortic aneurysms using both hypothetical and patient-specific geometries. In 

Chapter 6, anatomical and haemodynamic data on surgically repaired type A aortic dissection patients 

are analysed to identify the main factors associated with progressive aortic dilatation. Chapter 7 

presents a fluid-solid interaction (FSI) simulation of one of the dissected patients, and the results from 

the FSI simulation are compared with the corresponding CFD results to evaluate the assumption of 

rigid aortic wall. Finally, conclusions and future works are summarised in Chapter 8.  
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Chapter 2 

Literature Review 

 

2.1 Cardiovascular System and the Aorta  

The essential components of the human cardiovascular system include the heart, blood vessels and 

blood. Through the pulmonary artery, oxygen-depleted blood is pumped into the lungs where gas 

exchange takes place, and oxygen-rich blood is then returned to the left atrium via pulmonary veins. 

This newly oxygenated blood enters the left ventricle from where it is pumped through the aorta to 

different organs of the body. In this system, blood is pumped periodically to provide the entire body 

with oxygen and nutrients and to remove metabolic wastes (Hall 2010).  

The aorta is the largest artery, mainly consisting of the ascending aorta, aortic arch and descending 

aorta (Figure 2.1 (a)). The ascending aorta originates from the left ventricle, extends obliquely upward 

and then to the right, forming the aortic arch with a total length of around 5 cm. Three arteries, namely, 

the innominate artery (IA), left common carotid artery (LCCA), and left subclavian artery (LSCA), arise 

from the upper part of the arch and are responsible for providing oxygenated blood to the upper part 

of the body. The descending aorta follows continuously from the aortic arch, and is usually subdivided 

into the thoracic and abdominal segment. Several arteries derive from the descending aorta supplying 

blood to the organs in the chest and abdomen, such as the liver, kidneys, to name only a few. The 

aortic bifurcation is located at the distal end of the abdominal aorta, where it bifurcates into the 

common iliac arteries to supply blood to the pelvis and lower limbs.  

The presence of heart valves ensures that blood flows in the correct direction through the heart. As 

the aortic valve opens periodically, blood is ejected into the aorta and corresponding to each ejection, 

a pressure pulse is generated, which drives a pulsatile flow with a mean forward motion. For a healthy 

adult, this process is repeated around 70 times per minute, amounting to approximately 3 billion times 

per expected life (Nichols et al. 2011). This means that arterial walls are subject to repetitive tensile 

stresses. To withstand pressure fluctuations and the resulting wall tension, arterial walls are quite 

elastic and must regenerate and remodel themselves continuously. A normal aortic wall is composed 

of three layers (Figure 2.1 (b)), namely intima, media and adventitia, details of which are described 

below.  
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Intima  

It is the innermost layer that provides a smooth surface for blood to flow through. This is a very thin 

layer made up of endothelial cells, a basal membrane and supporting connective tissue (Holzapfel et 

al. 2000). The intima layer is shear-sensitivity since it is in direct contact with blood and the action of 

blood flow on the intima layer will induce shear stress, which is critical in endothelial cell activation 

(Raghavan et al. 2005). 

Media  

This is the middle layer of the artery which is separated from the inner and outer layers by the internal 

elastic lamina and external elastic lamina, respectively. The tunica media is composed of smooth 

muscle cells, elastic lamina, elastin fibrils and collagen fibrils. The elastin and collagen fibrils orient 

regularly and interconnect closely with smooth muscle cells forming a complex three-dimensional 

network in a helical structure, which affords the media with high strength and resilience in both the 

longitudinal and circumferential directions. In fact, elastin can bear very light loads but provide elastic 

recoil for the artery while collagen is much stiffer and can undertake much higher loads and thus 

preventing over-dilation and rupture of the vessel (Kleinstreuer et al. 2007). Integrity of and 

cooperation between these compositions make the media the most important layer in response to 

mechanical actions (Raghavan et al. 1996). 

The composition of aortic wall changes with pathologies, such as abdominal aortic aneurysms (AAA). 

For a healthy adult, collagen accounts for around 54.8% of the aorta, while elastin and smooth muscle 

cells occupy 22.7% and 22.6%, respectively, but in AAA walls, collagen can reach up to 95.5%, almost 

double the amount in normal aortic walls (He and Roach 1994). Nichols et al. (2011) also confirmed 

that the normal collagen-to-elastin ratio was 1.58 and the ratio increased sharply in AAA. Moreover, 

as described by Kleinstreuer et al. (2007), an aneurysm usually forms after elastin degradation and it 

grows slowly in the early stages since collagen also degrades although offset by collagen production. 

In the late stage, the rate of collagen degradation exceeds the rate of AAA wall remodelling, leading 

to possible aneurysm rupture. 

Adventitia  

This is the outermost layer which provides additional support and structure to the aorta and consists 

mainly of connective tissues including collagen fibrils, fibroblast and fibrocytes. The tunica adventitia 

becomes much stiffer as the level of pressure increases, which helps the artery resist overstretching 

and rupture. 
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2.2 Thoracic Aortic Aneurysm  

Aneurysm derives from the Greek word, aneurusma, meaning widening, and therefore aortic 

aneurysm (AA) can be defined as a portion of the aortic wall weaken and distend permanently. As the 

aneurysm expands, it may rupture which can be fatal. Although thoracic aortic aneurysm (TAA) is less 

common than abdominal aortic aneurysm (AAA) (Assar and Zarins 2009), with an estimated incidence 

of 5 – 10 cases per 100,000 patients per annum (Kuzmik et al. 2012), it represents a life-threatening 

cardiovascular disease. One study reported that 59% of patients with ruptured TAA died before they 

reached a hospital (Johansson et al. 1995). For those patients who could survive to operation, the 

mortality rate is still higher than 20% during the procedure, whether they were treated by surgical 

repair or endovascular repair (Gopaldas et al. 2011). As shown in Figure 2.2, TAAs can be classified 

based on their location. Aortic root or ascending aortic aneurysms are most common (60%), followed 

by aneurysms of the descending aorta (40%), arch aneurysms (10%), and thoracoabdominal aortic 

aneurysms (10%) (Isselbacher 2005). 

 

Figure 2.1. (a) The schematic of the aorta including the main branches and sections. Figure available 
at: https://my.clevelandclinic.org/health/treatments/17527-thoracic-aortic-aneurysm-surgery and (b) 
constitutive layers of a healthy arterial wall (Peate and Nair 2016). 

2.2.1 Pathophysiology of Thoracic Aortic Aneurysms 

The exact reason for TAA formation is still unknown, but it is believed to be multifactorial and primarily 

cystic medial degeneration, resulting in gradual wall weakening. Cystic medial degeneration is 

https://my.clevelandclinic.org/health/treatments/17527-thoracic-aortic-aneurysm-surgery
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characterized by destruction of the smooth muscle, collagen and elastin of the blood vessels, which 

can be triggered by both genetic and non-genetic aetiologies (Clare et al. 2016).  

Non-genetic aetiologies include atherosclerosis and traumatic injury mainly causing the descending 

thoracic aortic aneurysms (DTAAs) (Guo et al. 2001, 2006; Isselbacher 2005). Atherosclerosis causes 

medial degeneration as a result of inflammatory response (Guo et al. 2006). Traumatic injury to the 

aorta can lead to a partial or complete transection of the descending aorta distal to the left subclavian 

artery. Most of the patients with such horizontal tears die within an hour. However, 1% to 2% of these 

patients develop a chronic pseudoaneurysm at the site of initial tear, which is not identified initially 

(Isselbacher 2005). Syphilis, on the other hand, mainly affects the ascending thoracic aorta through 

direct spirochetal infection of the aortic media. This process leads to an obliterative endarteritis of the 

vasa vasorum and therefore resulting in destruction of the collagen and elastic tissue, fibrosis, 

calcification, and aortic dilation (Isselbacher 2005).   

 

Figure 2.2. Anatomic classification of thoracic aortic aneurysms (TAAs). Aortic root (a) or ascending 
aortic aneurysms (b) are accounting for 60% of TAAs, followed by (d) descending thoracic aortic 
aneurysm (40%), (c) aortic arch aneurysm (10%), and (e) thoracoabdominal aortic aneurysm (10%). 
Figure adapted from https://weillcornell.org/aortic-aneurysm-and-dissection-repair. 

 

https://weillcornell.org/aortic-aneurysm-and-dissection-repair
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Ascending thoracic aortic aneurysms frequently result from genetic aetiologies, such as Marfan 

syndrome and bicuspid aortic valves. These diseases are caused by genetic disorders of the connective 

tissue. For example, Marfan syndrome is a result of mutations in FBN1 gene for fibrillin-1, which is an 

essential component of microfibrils of elastin that are mainly located in the medial aortic wall (Pyeritz 

2016; Robinson et al. 2006). These mutations lead to an abnormal microfibril structure, which further 

contributes to dysregulated transforming growth factor beta (TGF-beta) signalling and altered cell 

matrix interaction (Dietz et al. 2006). These abnormalities result in Marfan syndrome causing a 

predisposition to develop predominately aortic aneurysms and dissections (Pyeritz 2016). Similar to 

Marfan syndrome, Loeys-Dietz syndrome can also affect TFG-beta signalling but through a mutation 

in transforming growth factor beta receptor type 1 or 2 genes (TGFBR 1 and TGFBR 2) (Loeys et al. 

2005). Ehlers-Danlos syndrome is a less common connect tissue disorder attributed to a mutation in 

the COL3A1 gene encoding type III collagen (Germain 2002). Ehlers-Danlos patients can be associated 

with various cardiovascular complications and 28 % of them have aortic root dilations (Wenstrup et 

al. 2002). All these syndromes increase the risk of developing a TAA in young patients (Isselbacher 

2005; Loeys et al. 2005). 

Bicuspid aortic valve (BAV) has been reported to relate to ascending aortic dilation, regardless of the 

valve is normally functioning or dysfunctional (Cecconi et al. 2005; Nistri et al. 1999; Nkomo et al. 2003; 

Siu and Silversides 2010). BAV causes a TAA as a result of cystic medial degeneration. Based on recent 

studies, abnormal behaviour of smooth muscle cells within the aortic media can cause abnormal 

functions of the extracellular matrix protein fibrillin 1, which triggers detachment of smooth muscle 

cells from the extracellular matrix. These abnormalities result in the release of matrix 

metalloproteinases (MMPs) and their tissue inhibitors, further leading to increased apoptosis of 

smooth muscle cells and degeneration of the medial layer. As a result, the structural integrity and 

flexibility of the aorta are destructed, increasing the potential risk of aortic dilatation (Fedak et al. 

2003; Siu and Silversides 2010; Tadros et al. 2009; Verma and Siu 2014). Patients with Turner 

syndrome are associated with a high incidence of ascending TAA (ATAA), up to 42% (Elsheikh et al. 

2001), and this value would be much higher in those patients also present with BAV.  

Familial thoracic aortic aneurysm syndrome was observed when 19% of patients had a family history 

of a TAA (Coady et al. 1999). The most common inheritance pattern was autosomal-dominant mode, 

where a gene affecting the vascular wall integrity is transmitted. However, there is large variability in 

the expression and penetrance, such as autosomal-dominant with reduced penetrance or versus X-

linked dominant. When compared with a sporadic group, familial TAA group exhibited a younger age 

(58.2 vs. 65.7 years) but greater growth rate (0.21 vs. 0.16 cm) (Albornoz et al. 2006). 
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2.2.2 Clinical Manifestations 

TAAs are silent but lethal since they are seldomly detected before an acute event, such as a dissected 

or even a ruptured aneurysm. In most cases, they are discovered coincidently during physical 

examination for an unrelated problem or until symptoms appear (Hall 2010). Clinical symptoms 

include chest pain, back pain, flank pain, hoarseness, dysphagia, and dyspnoea (Svensson et al. 2008), 

and once present, aneurysms must be resected regardless of their size (Isselbacher 2005).    

Once a TAA is confirmed, clinicians currently reply on the maximum diameter to estimate its risk of 

rupture, due to the lack of other reliable methods to accurately predict how an aneurysm may 

progress and at what point it may rupture. As reported by Coady et al. (1997), the median rupture size 

for ATAAs is approximately 6 cm, which is significantly lower than 7.2 cm for DTAAs. Therefore, all 

patients with ascending aortic aneurysms larger than 6 cm should be considered for either open or 

endovascular repair unless there are excessive perioperative risks or unfavourable anatomical 

features. In fact, based on the 2014 European Society of Cardiology (ESC) guidelines on the diagnosis 

and treatment of aortic diseases, surgical repair of asymptomatic aneurysms of the ascending aorta 

and aortic arch is usually recommended when the maximum diameter is ≥ 5.5 cm, or if the maximum 

descending thoracic aortic diameter is ≥ 6 cm (Erbel et al. 2014). For ascending aortic aneurysms, a 

lower threshold of 5 cm can be considered in patients with Marfan syndrome (Erbel et al. 2014). 

Nevertheless, a less invasive endovascular repair of DTAAs can be performed at a threshold value of 

5.5 cm (Hiratzka et al. 2010). Other indications for TAA repair include patients with saccular aneurysm 

sacs, thoracic aortic pseudoaneurysms, and symptomatic aneurysms.  

Aneurysm repair is also recommended for patients with a growth rate of larger than 3 mm per year 

(Erbel et al. 2014; Katzen et al. 2005). TAA is an indolent process with a growth rate of 0.1 cm annually 

in the ascending aorta, compared with 0.29 cm per year in the descending aorta (Coady et al. 1997). 

TAA growth rate also depends on its initial size, for example, a small TAA (4 cm) usually expands 0.1 

cm per year while a large TAA (8 cm) grows almost twice as fast (Coady et al. 1997). As mentioned 

previously, the underlying pathophysiologic mechanism can affect TAA growth rate as well. For 

example, growth rate of a familial TAA group is 0.21 cm per year, which is much higher than 0.16 cm 

and 0.1 cm per year, for sporadic TAA and Marfan patients, respectively (Albornoz et al. 2006).  

2.2.3 Management 

There are two broad methods for treating TAAs and the traditional method is open surgery, which 

involves surgical replacement of part of the aorta. During the surgical procedure, the chest is cut open 

to expose the aneurysm, which is followed   by clamping the proximal and distal parts of the diseased 

aorta to temporarily impede blood flow to the aneurysm sac. The diseased aorta segment is then 
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removed and replaced by a synthetic prosthetic-graft. Since the procedure is quite complex, involving 

a large incision and a long period of ischaemia, the mortality rate is high. Thoracic endovascular aortic 

repair (TEVAR) has been developed over 2 decades and is less invasive when compared with open 

surgical repair. It uses a stent-graft which consists of a metal meshwork tube (stent) formed by 

stainless steel or nitinol wires and a polymer-based graft mounted on the tube. The stent-graft is 

usually delivered to the aneurysm site through a femoral artery without the need for thoracotomy or 

aortic clamping, thus eliminating major bleeding complications that may occur during open surgical 

repair. After deployment, stent-graft serves as an artificial conduit for normal blood flow while 

preventing any blood flow from entering the aneurysm sac. 

The management of TAA can be complicated and varies according to the affected location of the 

aneurysm. As shown in Figure 2.3, aneurysms can be categorized by zones, as described by Clare et al. 

(2016): Z0 is located in the ascending aorta, including the takeoff of IA, Z1 and Z2 are located 

immediately distal to the IA and the LCCA, respectively, and Z3 and Z4 are located distal to the LSCA, 

representing the descending thoracic aorta. Additionally, Z3 refers to an aneurysm locating closely to 

the origin of the LSCA (within 2 cm). Treatment methods are summarised below based on these 

classified zones.  

 

Figure 2.3. Classified zones for the management of thoracic aortic aneurysms. 

Z0: Aortic Root and Ascending Aorta 

Although endovascular repair is conceptually more appealing than open surgery, its application in this 

region is still limited due to unfavourable anatomical features. For example, stent-graft must be short 



CHAPTER 2. LITERATURE REVIEW 

14 
 

in this region to avoid impeding blood perfusion to the branch vessels. A short graft may be less stable 

and cause migration needing secondary interventions. Moreover, a stiff endograft system must be 

placed in the left ventricle through the aortic valve, which increases the risk for ventricular perforation 

(Clare et al. 2016). Therefore, stent-grafting of the ascending aorta should only be reserved for high-

risk patients (Kolvenbach et al. 2011).  

Surgery for ATAA or aortic root aneurysm involves replacing the ascending aorta with or without 

preservation of the aortic valve. In fact, the more-recent aortic valve-sparing techniques are much 

preferable, as they avoid the requirement of lifelong anticoagulation medication (Nienaber et al. 2016). 

As shown in Figure 2.4, valve-sparing approaches include re-implantation of the aortic valve or 

remodelling of the aortic root. A main difference between these two approaches is whether the 

original annulus is resected or not. In cases of severe aortic valve diseases, the aortic valve has to be 

replaced through either a composite valve graft, or a separate valve that is assembled into a Dacron 

graft during the procedure (Clare et al. 2016). Valve replacement approach has been reported to cause 

a much higher mortality rate than valve-spring techniques (De Oliveira et al. 2003). 

 

Figure 2.4. Two major approaches for aortic valve-sparing operation. (A) Re-implantation of the 
aortic valve and (B) remodelling of the aortic root (David et al. 2015). 

Z1-Z2: Aortic Arch 

Open Surgical Repair: the conventional procedure for treatment of aortic arch pathologies is open 

surgery, which has been developed over several decades since the first reported case in 1964 (Borst 
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et al. 1964). As shown in Figure 2.5, aortic arch surgical repair can be performed through: (a) a hemi-

arch technique, (b) an arch island technique (en bloc), (c) a branched graft technique,  (d) a 

conventional two-stage elephant trunk (ET) procedure, or (e) a frozen ET procedure. A hemi-arch 

technique is applied for patients with aneurysmal involvement limited to the proximal aortic arch. This 

is the simplest arch repair approach with favourable outcomes. Both the arch island technique and 

branched graft technique were developed for a more complex total arch replacement. Although there 

was no statistically significant difference in post-operative mortality rates between these two 

methods (Shrestha et al. 2014), branched graft technique may reduce not only cardiopulmonary 

bypass time but also risks of future embolic events (Clare et al. 2016). The most complicated ET 

technique was developed for treatment of extensive aneurysms involving the aortic arch and 

descending aorta (Borst et al. 1983; Karck et al. 2003; Miyamoto 2014). Stage one of the conventional 

ET procedure involves a midline sternotomy to replace the diseased arch with a synthetic graft, with 

the distal end of the ET graft being freely suspended within the descending aorta, as shown in Figure 

2.5 (d). The second stage can then be completed by either suturing a thoracic aortic graft to the ET 

graft via left thoracotomy, or by placing a stent-graft. Since the original two-stage ET approach has 

been reported to relate to high mortality rates, single stage approaches have been adopted, such as 

the frozen ET technique (Figure 2.5 e), which  was first proposed by Karck et al. (2003). This is a hybrid 

approach that combines the conventional arch replacement with downstream deployment of a stent-

graft through an open arch. When compared with the conventional two-stage ET technique, the frozen 

ET may potentially reduce the risk of thrombus formation (Kourliouros et al. 2011).  

 

Figure 2.5. The most common aortic arch surgical repair can be performed through either (a) 
traditional hemi-arch repair or total arch repair including (b) the island approach, (c) the branched 
graft approach, (d) the two-stage elephant trunk approach, and (e) the frozen elephant trunk 
approach. Figure (a) – (c) were reproduced from Lemaire et al. (2011), while (d) and (e) were extracted 
from Kourliouros et al. (2011). 

Surgery for aortic arch is associated with significant early morbidity and mortality. Despite the 

technique has been developed over several decades and modern surgery is always accompanied with 
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the introduction of extracorporeal circulation to decrease the risk of cerebral ischaemia, a significant 

mortality rate of 7% - 17% is reported (Shirakawa et al. 2014). 

Hybrid: according to Bavaria et al. (2013), hybrid arch repair can be classified into three types, where 

type 3 is the frozen ET procedure as mentioned above. Types 1 and 2 both include debranching of the 

supra-aortic vessels followed by TEVAR of the arch. However, type 2 involves an additional procedure 

of ascending aorta or hemi-arch replacement. Although hybrid approach is considered less invasive 

than open surgery as there is no need for aortic cross-clamping and hypothermic circulatory arrest, 

the mortality rate remains high (Benedetto et al. 2013; Iba et al. 2014; Tokuda et al. 2016).  

Endovascular Repair: Endografting of the aortic arch can be classified based on the location of the 

proximal landing site, using the same anatomical map shown in Figure 2.3. For example, Z3 means 

that stent-graft is deployed in the distal arch, Z2 if stent-graft is placed distal to the LCCA region with 

the LSCA being occluded, Z1 is located immediately distal to the IA which means that both the LCCA 

and LSCA are occluded and Z0 is located in the ascending aorta, thus blocking all three supra-aortic 

vessels (Balm et al. 2000). 

In order to maintain the long-term durability of TEVAR, a healthy proximal aortic neck is crucial 

because it can provide a haemostatic sealing to ensure exclusion of the aneurysm without developing 

type I endoleaks, while achieving adequate fixation of the device to prevent migration. However, this 

is difficult for arch repair as a result of its angulated nature, together with the presence of three supra-

aortic vessels with their roots being close to each other. Although intentionally covering some of the 

upper vessels can extend the proximal landing zone, this may result in other adverse consequences, 

such as stroke, upper extremity and cerebral ischaemia (Waterford et al. 2016; Zamor et al. 2015). 

Therefore, a major challenge is to maintain blood perfusion to the upper vessels while ensure a sealing 

zone for stent-graft. To overcome this challenge, branched and fenestrated stent-grafts (FSGs) have 

been developed. FSGs are customized devices with each fenestration on the main endograft 

corresponding to an ostium of the supra-aortic artery, thereby ensuring blood perfusion into the brain. 

FSGs have shown high technical success (Bungay et al. 2011; Halak et al. 2006; Shahverdyan et al. 

2015), but these highly customized devices usually require weeks to be made, hence not suitable for 

urgent cases . Off-the-shelf branched stent-grafts (BSGs) have recently been developed to replace FSG. 

Novel BSG devices are designed to be adaptable to a wide range of anatomical features and therefore 

conceptually more appealing.  

Figure 2.6 shows several commercially available BSG devices, including the Valiant Mona LSA 

(Medtronic), Gore TAG/TBE (WL Gore & Associates), Relay thoracic stent-graft system (Bolton Medical), 

and Zenith arch branched graft (Cook Medical). Gore TAG, among the others, was the first Food and 
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Drug Administration (FDA) approved thoracic endo-device in 2005, while Boston Relay Prosthesis was 

a more recent FDA approved endo-device in 2012. The Valiant Mona LSA and Gore TAG are single-

branched endografts primarily for Z2 deployment. Both devices use a bridging stent to connect to the 

LSCA; however, the Gore device has a retrograde oriented inner branch, which is absent in the 

Medtronic device. This orientation appears to cause no adverse clinical consequences (Patel et al. 

2016). The other two devices were developed mainly for Z0 aortic treatment with two side branches 

extending into the IA and LCCA, separately. An additional procedure of LSCA revascularization is 

required and usually performed through a LCCA-LSCA bypass, which may increase the risk of 

neurologic complications (Ferrer and Cao 2018). When comparing the Boston device with the Cook 

device, the main differences are location and size of the two internal branches. In the Boston design, 

two inner tunnels have the same size and are positioned equidistant from the proximal edge of the 

main stent-graft, while in the Cook design, the inner tunnel connecting to the LCCA is often smaller 

and placed diagonally behind the IA inner branch (van Bakel et al. 2018). Moreover, in the Bolton 

design, both tunnels are fixed by inner dull barbs to prevent potential dislocation of the branches.   

 

Figure 2.6. Four of the commercially available thoracic branched endografts. (A) Valiant Mona LSA 
(Medtronic) and (B) Gore TAG/TBE (Gore & Associates) are single-branched endografts while (C) dual-
branched stent-graft (Bolton Medical) and (D) Zenith arch branched graft (Cook Medical) have two 
inner tunnels. Figure reproduced from van Bakel et al. (2018). 

A complete review of the currently available BSG devices for the treatment of arch pathologies (zone 

0-2) can be found in van Bakel et al. (2018). A total of 302 patients were included in their studies based 

on the PubMed database, with an overall technical success rate of 94%. Although the short- and mid-
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term patency remained high, their long-term performances have not been evaluated. Moreover, both 

the stroke and re-intervention rates were high at 14% and 10%, respectively.  

Z3-Z4: Descending Thoracic Aortic Aneurysms 

TEVAR has become the preferred option for DTAA treatment. Successful repair depends on proximal 

and distal seal, which usually requires at least 20 mm of the healthy aorta serving as a landing zone. 

However, up to 40% of patients cannot meet this criterion as they have a complex aneurysmal location 

near the LSCA (Matsumura et al. 2009). In these cases, a single-branched stent-graft can be used for 

Z2 deployment, providing adequate proximal fixation while maintaining blood perfusion to the LSCA. 

A more complex situation is when aneurysms extend from the thoracic aorta to the abdominal aorta, 

known as thoracoabdominal aortic aneurysm (TAAA). Endovascular repair of TAAA is complicated as 

several or all of the vital visceral arteries, including the coeliac trunk, superficial mesenteric artery 

(SMA), and renal arteries are involved. Although open surgery remains the gold standard approach for 

treatment of TAAA, rapid development of endo-device in recent years enables the possibility of total 

endovascular therapy for TAAA. Based on single-centre clinical trials, endovascular repairs of TAAAs 

have shown promising early results with lower perioperative morbidity and mortality rates when 

compared with open surgical repair, though assessment of their long-term durability is still required 

(Oderich et al. 2017; Sweet et al. 2015).  

Some novel techniques developed for endovascular repair of complex TAAA are summarised below. 

Chimney Stent-Graft 

As shown in Figure 2.7, chimney grafts (CG) are partially inserted into the side branches while the 

remaining parts are extended either above the proximal edge (snorkel) or below the distal edge 

(periscope) of the main stent-graft endoprosthesis. In all cases, CG inside the aortic lumen should 

always be in parallel with the main stent-graft and with a high degree of oversizing to avoid ‘’gutters’’, 

which is defined as the gap between the main stent-grafts and the visceral stent-grafts. The presence 

of gutters could result in type I Endoleaks (Patel et al. 2013). Moreover, for the snorkel case, CG should 

be deployed via brachial or axillary access, which involves a long distance between the target visceral 

and the brachial puncture site to delivery guide-wires through the wide, curved aortic arch (Šutalo et 

al. 2008) and thus increasing the possibility of further complications, such as thrombo-embolic events. 

The chimney technique is mostly used for a short TAAA that involves the distal descending aorta 

extending to the upper abdominal aorta. This technique is not suitable for a more extensive TAAA 

because the visceral CG have to be long enough to reach the proximal or distal neck (Kolvenbach et al. 

2011). 
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Multi-Branched Stent-Graft 

The biggest challenge in endovascular repair of TAAA is the limited physician access to the variable 

visceral branch anatomies. Although FSGs with customized designs show promising results with 

excellent visceral branch patency (Bungay et al. 2011; Halak et al. 2006; Shahverdyan et al. 2015), 

making these devices can take a long time and technical difficulties such as specially designed bridging 

stent-grafts to access the visceral arteries also need to be considered.  

The latest technique developed for TAAA exclusion is the multi-branched stent-grafts, which are off-

the-shelf devices and could be used for emergent cases. Cook Medical released the first 

commercialized off-the-shelf multi-branched endograft, known as Zenith t-branch stent-graft (Figure 

2.8A). Zenith t-branch stent-graft has ‘cuffs’ that are physically sewn to the walls of the main stent-

graft endoprosthesis in order to acquire a more secure seal. These cuffs can be protruded into renal 

and other visceral arteries, providing at least 2 cm of overlapping zone between the branch stents and 

the main stent-graft and therefore are more robust. However, one major limitation of this device is 

that it requires both femoral and branchial access due to the alignment of the external cuffs.  

 

Figure 2.7. Respective components of the chimney stent-grafts. A: transverse view of the chimneys 
grafts, CG represents the renal stent-graft and arrows highlight the potential ‘’gutters’’ between the 
two stent-grafts. B: configurations of snorkel and periscope chimney stent-graft (Patel et al. 2013). 

The GORE® EXCLUDER® Thoracoabdominal Branch Endoprosthesis (TAMBE) is also an off-the-shelf, 

four-branched modular stent-graft integrated with a distal bifurcated component and iliac limb 

extensions. For the side branch component, GORE® EXCLUDER® introduced a new concept comprising 

of a nitinol stent frame and conformable ePTFE, which is then used with the balloon-expandable 
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covered stent-graft, the GORE® EXCLUDER® BX Endoprosthesis. It has two downward branches for the 

mesenteric and coeliac vessels and branches can be either antegrade (Figure 2.8B) or retrograde 

(Figure 2.8C) for renal arteries. TAMBE can be applied to extensive anatomies where more than 80% 

of patients with complex thoracoabdominal aortic aneurysms (TAAAs) are expected to meet the 

requirement of vessel incorporation based on a previous study of the anatomy of the visceral arterials 

(Mendes et al. 2014). The retrograde renal configuration is required for patients with an up-going 

renal artery or with a narrow aortic segment and limited space between the SMA and renal ostia. 

Currently used patient-specific devices generally need a minimum of 8 weeks for planning and 

designing, which can be reduced or even eliminated with this off-the-shelf device. Moreover, TAMBE 

requires less degree of precision during device deployment when compared with fenestrated stent-

grafts due to the characteristics of specially designed multiple bridging branches, preloaded 

guidewires, constrained mid-segment and step-by-step implantation approach.  

 

Figure 2.8. The latest multi-branched stent-grafts were developed for endovascular repair of complex 
thoracoabdominal aortic aneurysms. (A) Zenith t-branch stent-graft (Cook Medical), (B) the GORE® 
EXCLUDER® Thoracoabdominal Branch Endoprosthesis (TAMBE, Gore & Associates) with four 
antegrade portals, and two retrograde renal portals (C). Figure reproduced from Mendes et al. (2016). 
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2.2.4 Post-Operative Complications with TEVAR 

Although endovascular artic repair offers many advantages over open surgery, including less peri-

operative and 30-day mortality, less time in intensive care and hospital, some patients may require 

secondary interventions due to postoperative complications, such as endoleaks and endograft 

migration.  

Endoleaks  

The terminology ‘’endoleak’’ was first proposed by White et al. (1996) and is defined as persistence 

seepage of blood into an excluded aneurysm sac after stent-graft placement. As one of the most 

common complications of TEVAR, it may eventually lead to aneurysm rupture. Endoleaks can be 

classified into four different types as described below:  

Type I endoleaks  

Leakage of blood occurs at one of the stent-graft attachment sites: either the proximal end (Type IA) 

or distal end of endograft (Type IB).  

Type II endoleaks  

This type of endoleak occurs when there is reverse blood flow from the lumbar artery to the aneurysm 

sac.  

Type III endoleaks  

Blood infiltrates into the aneurysm sac through the stent-graft body due to rupture of the graft 

material.  

Type IV endoleaks  

Fabric porosity of the graft wall accounts for this type of endoleaks.  

Endoleaks are the most common post-operative complications associated with TEVAR, although their 

occurrence is significantly less frequent than that reported for AAA endograft treatment (Thurnher 

and Grabenwöger 2002). The most common endoleaks for EVAR of AAA are type II (40% of all), 

whereas TAA endoleaks occur mainly due to poor sealing between the device and the aortic wall, 

namely, type I endoleaks (Resch et al. 2001). This is rational since endografts deployed in a tightly 

curved aorta may result in a wedge-shaped gap between the aortic wall and the under surface of the 

graft, known as bird-beak configuration and thus increasing the incidence of type IA endoleaks (Ueda 

et al. 2010). In fact, type I endoleak represents a more serious clinical situation since it allows direct 

communications between the aneurysm sac and blood flow. This may increase the intra-sac pressure 

significantly which can lead to measurable growth in aneurysm sac size and high risk of rupture and 

therefore requiring immediate intervention (Buth et al. 2003). Endotension is referred to as type V 
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endoleak by some physicians, which is defined as continuous expansion of an excluded aneurysm sac 

without clear evidence of leakage. The pathology of type V endoleaks is still unclear (Bashir et al. 2009). 

Endograft Migration 

Displacement forces are exerted relentlessly on all endovascular devices due to the pulsatile nature 

of blood flow and with their cumulative impact over time, the long-term durability of the device is 

challenged. Once the fixation fails, migration or disconnection occurs which can lead to type I endoleak 

and increased risk of aneurysm rupture. In some cases, component fractures may lead to reduction in 

stent strength and loss of radial force and thus resulting in migration as well (England and McWilliams 

2013). Moreover, clinical success following EVAR is partially defined by  thrombosis, shrinkage or 

stabilization of the aneurysm (Zhang et al. 2014), implying that the morphology of the original diseased 

aortic wall changes, which can also result in graft migration (Harris et al. 1999). 

2.3 Aortic Dissection 

As shown in Figure 2.9, a tear may occur in the intima of a weakened wall under the persistent impact 

of pulsatile blood flow. This may initiate aortic dissection (AD) by allowing blood to enter the medial 

layer, which could split the wall layers apart. Bleeding into the medial layer creates a new channel of 

blood flow, known as false lumen (FL), which is separated by an intimal flap from the original pathway 

of blood flow that is called true lumen (TL). AD results from an intimal tear in most cases, while 

intramural haematoma as a result of ruptured vasa vasorum can be another cause of dissection in 

some patients (Nienaber et al. 2016). AD is one of the most catastrophic aortic diseases relating to 

severe complications such as malperfusion, aneurysmal dilatation, aortic valve insufficiency and 

tamponade. These complications may result in sudden aortic rupture, circulatory failure, and death in 

patients without timely treatment (Nienaber et al. 2016). Reported annual incidence of acute AD 

ranges between 3-5 cases per 100,000 people, but this value might be underestimated as the disease 

is often detected only at necropsy (Mehta et al. 2002; Thrumurthy et al. 2012). Mortality rate 

associated with AD is significant, and patient’s risk of death increases 1% - 2% hourly after the onset 

of symptoms (Trimarchi et al. 2010). The five-year and ten-year survival rates for patients with 

successful initial treatment of acute AD and persistent FL in the descending aorta range between 50% 

- 80% and 30% - 60%, respectively (Bernard et al. 2001; Yu et al. 2004). 
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Figure 2.9. Aortic dissection involves bleeding within the medial layer, forcing the layers to separate 
and form an intimal flap. (a) In most cases, aortic dissection is caused by an intimal tear, whereas in 
some patients, aortic dissection may also result from rupture of vasa vasorum (b). Figure adapted from 
Nienaber et al. (2016).  

In the first two weeks from the onset of an AD, patients are generally considered as in the acute stage, 

which is associated with a very high risk of death, especially when the ascending aorta is involved. 

After the initial acute period, the conditions are classified as subacute (3 months after onset) and 

chronic stages (after 3 months) (Nienaber et al. 2016). This classification once played an important 

role in treatment decision making, but has now been replaced by classification systems based on 

anatomical features, such as extent of the dissection and location of the intimal tear.  

As shown in Figure 2.10, the most commonly used systems include the DeBakey system and the 

Stanford system. DeBakey system involves three main groups: Type I where dissection originates in 

the ascending aorta and extends distally to involve at least the aortic arch and frequently the 

descending aorta; Type II where dissection is confined to the ascending aorta; and Type III where the 

intimal tear is in the descending aorta usually just distal to the origin of the LSCA. The Stanford 

classification system divides dissections into two groups, Type A and Type B, depending on location of 

the false lumen. Type A dissection involves the ascending aorta while Type B dissection involves the 

descending but not the ascending aorta. Type A dissection is more common than type B as 

approximately two-thirds of intimal tears occur in the ascending aorta (Crawford 1990). The Stanford 

classification has become the most widely used system among  surgeons and physicians: Type A 

dissection usually requires an emergent open surgery whereas the preferred treatment options for 

Type B dissection include endovascular repair or medical therapy (Nienaber et al. 2016).  
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2.3.1 Risk Factors Associated with Aortic Dissection 

Similar to TAA, the exact cause of AD is unknown but is related to destruction of the aortic integrity 

such that the structural or functional properties of the aorta are compromised. Hypertension is 

generally considered as the most common risk factor of AD.  The aortic wall is subject to increased 

load in hypertension, thus increasing the risk of development of an intimal tear. Hypertension is also 

associated with increased local production of pro-inflammatory cytokines and matrix 

metalloproteinases (MMPs), which are capable of degrading extracellular matrix (Yin and Pickering 

2016). Based on statistical analyses of 4428 dissection patients, 77% of them had hypertension, 

followed by 27% of patients with atherosclerosis and 16% with prior cardiac surgery (15%) (Pape et al. 

2015). However, younger AD patients (< 40 years of age) are more likely to be associated with a 

monogenic syndrome or BAV (59% of these patients) than hypertension (34%) or a history of 

atherosclerosis (1%) (Januzzi et al. 2004). Dilatation of the aortic root can also predispose the aorta to 

dissect if the patients present with Marfan syndrome or BAV (Nienaber et al. 2016). Other possible 

risk factors reported by the International Registry of Acute Aortic Dissection (IRAD) include pre-

existing cardiovascular diseases, such as aneurysms, and genetic disorders such as Marfan’s, Ehlers-

Danlos, Loeys-Dietz and Turner’s syndromes (Hagan et al. 2000). Men aged between 65-75 are more 

prone to AD (Hagan et al. 2000). In addition, elimination of dyslipidaemia and cessation of smoking 

are probably equally important in prevention of AD (Nienaber et al. 2016). 

2.3.2 Diagnosis and Imaging Techniques 

Early detection of AD is challenging because it has a variety of clinical presentations. The most 

common sign of the onset of AD is a sudden severe chest pain, described as stabbing, tearing or ripping 

in nature. The pain may shift in different regions including the back and the abdomen, as a result of 

propagation of the dissection (Hagan et al. 2000). Given that late diagnosis and treatment of AD is 

related to increased morbidity and mortality rate, imaging is necessary for timely diagnosis. The most 

commonly used non-invasive imaging techniques include echocardiogram, computed tomography 

(CT), and magnetic resonance imaging (MRI).  
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Figure 2.10. The most common classification systems of aortic dissection: Stanford and DeBakey 
(Nienaber and Eagle 2003).   

CT imaging is recommended in current guidelines (Erbel et al. 2014) but a major concern is the ionizing 

irradiation generated during the procedure, which has great impact on young patients. MRI is advised 

for  dissection patients who are in subacute and chronic stages (Nienaber et al. 2016). MRI can provide 

accurate anatomical information including the extent of dissection and the location of tears. 4-D flow 

MRI also allows direct measurements of velocities and wall motion, which can be applied as realistic 

boundary conditions for patient-specific computational modelling. However, MRI usually takes longer 

time and is sensitive to metal objects and thus its wider applicability is limited (Nienaber et al. 2016). 

Transoesophageal echocardiography (TEE) is applied in emergent conditions, such that acute aortic 

syndromes can be diagnosed at the bedside. Although TEE has shown high sensitivity and specificity 

for diagnosing dissection in the ascending aorta (Shiga et al. 2006), its applicability is limited by poor 

capability to visualize the descending aortic pathologies, requiring further investigation to confirm the 
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diagnosis. According to the statistical analysis from IRAD, the most popular diagnostic choice for 

identifying dissections is CT in 63%, followed by TEE and MRI, in 32% and 1%, respectively (Moore et 

al. 2002). Invasive angiography technique accounts for the rest 4% of use and it has been largely 

replaced by these non-invasive imaging techniques. 

2.3.3 Open Surgical Repair of Type A Dissections 

Aortic dissection can be managed by surgical or endovascular intervention, or medically. Stanford 

Type A dissection usually requires immediate open surgery as delayed diagnosis and treatment 

increase mortality rate (Pacini et al. 2013). The purpose of surgery is to replace the diseased segment 

of the aorta that involves the intimal tear with a synthetic graft (Nienaber et al. 2016). Surgical repair 

of AD can necessitate a variety of operations, from simple replacement of the ascending aorta to a 

more complex total arch replacement. However, there is still a debate among surgeons about whether 

to choose a more conservative surgical approach or a more aggressive approach. Although the most 

conservative approach of treating the ascending aorta alone has the lowest reported perioperative 

risk and overall mortality (Westaby et al. 2002), it increases the risk of later complications such as 

aneurysmal dilatation of the remaining dissected aorta (Halstead et al. 2007). Dissection aneurysm is 

one of the most common complications in AD, with a reported occurrence of 20% to 40 % within 1 to 

5 years (Masuda et al. 1991). Anatomical features, such as FL patency, maximum aortic diameter, FL 

area, and entry tear size and location were all reported to possibly relate to rapid aneurismal growth 

and death (Chang et al. 2008; Evangelista et al. 2012; Kunishige et al. 2006; Marui et al. 1999; Onitsuka 

et al. 2004; Sueyoshi et al. 2004).  

After surgery, complete thrombosis of the false lumen is one the most desirable clinical outcomes. On 

the contrary, partial thrombosis of the distal aorta can result in adverse consequences since it may 

occlude the distal tear, impede outflow and therefore elevate false lumen pressure. High pressure 

leads to increased circumferential tension, which may cause  aortic wall expansion and even rupture 

(Song et al. 2010). Tsai et al. (2008) carried out experiments in different dissection models to assess 

pressure changes within the FL. Their results also demonstrated that impaired outflow from the FL 

could result in increased false lumen diastolic pressure. Moreover, partial thrombosis was observed 

more frequently in patients with ascending or hemiarch replacement than those who were treated by 

a total arch replacement (Song et al. 2010). 

2.4 Numerical Studies of TAA and AD 

Aortic aneurysms and dissections have complex 3D geometries which lead to unusual flow patterns 

and stress distributions. To capture a wide array of flow patterns and flow characteristics, such as 

velocity, pressure and stress fields within an aneurysm or a dissection, numerical simulations are 
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required as they can provide information that is difficult to measure in vivo. The most commonly used 

numerical method is computational fluid dynamic (CFD) which is based on geometrical and 

mathematical discretisation and thus complex geometries are segmented into small and simple-

shaped elements. By solving the discretised equations governing the fluid flow, approximated 

solutions can be obtained. Numerical simulations are not only cheaper, faster and more flexible than 

in vitro experiment, they are also non-invasive and can be combined with medical images to simulate 

in vivo conditions. For this reason, there has been an increasing interest in using CFD to gain deeper 

insights into the haemodynamics within the human body and its relation to certain cardiovascular 

diseases.  

2.4.1 Numerical Studies of Thoracic Aortic Aneurysm 

The number of computational studies on TAAs is far less compared to AAAs, possibly due to the 

relatively rarity of this pathology and the difficulties in simulating the dynamics of the aortic arch. Early 

studies focused on DTAAs. Borghi et al. (2008) carried out fluid-structure interaction (FSI) simulations 

of patient-specific TAAs reconstructed from MR images and found that slow and recirculating blood 

flow dominated in the aneurysm sac. In addition, the peak wall stresses were much higher in TAAs 

when compared to a normal aorta, and the value of peak wall stress was not related to the maximum 

aneurysm diameter (Borghi et al. 2008). A similar computational study reported that aneurysms 

undergoing surgical interventions had significant higher peak wall stresses than aneurysms 

undergoing continued surveillance, suggesting that peak wall stress had a strong correlation with 

aneurysm expansion rate (Shang et al. 2013). Tan et al. (2009) performed a numerical study on patient-

specific TAA adopting the Shear Stress Transport Transitional (SST Tran) model, which was found to 

produce more accurate results than laminar flow simulation when compared with in vivo MR velocity 

measurements. To study the influence of uncovered bare-metal stents on flow in TAA, Zhang et al. 

(2015) compared haemodynamics in three cases of simplified TAA models (without stent, a single 

stent and two overlapping stents). They found that overlapping stents significantly reduced blood 

velocity within the aneurysm, especially in the aneurysm sac. Moreover, reduced time–averaged wall 

shear stress (TAWSS) and oscillating shear index (OSI), as well as elevated relative residence time (RRT) 

were also observed on the aneurysm walls. These findings indicated that overlapping stents might 

create a favourable haemodynamic environment for thrombus formation within the aneurysm, 

thereby helping to stabilise the aneurysm.  

Several numerical studies have been conducted on blood flow in the human aortic arch, where 

geometrical complexities such as tortuosity, non-planarity and the presence of supra-aortic branches 

are included to understand their effects on blood flow (Mori and Yamaguchi 2002; Tse et al. 2013). 

Due to the curved nature of aortic arch, flow was largely skewed towards the inner curvature, giving 
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rise to complex flow patterns with strong secondary flow in the distal arch. Moreover, blood flow 

presented with strong helical nature during systole, rotating clockwise in the ascending aorta and anti-

clockwise in the distal arch (Tse et al. 2013).  CFD simulations have also been performed to investigate 

the role of blood flow patterns and haemodynamic parameters in pathological changes of the aorta 

(Numata et al. 2016; Pirola et al. 2018; Tokuda et al. 2008). In addition, FSI simulations have been 

performed on the aortic arch with and without an aneurysm (Gao et al. 2006, 2008; Tan et al. 2009). 

Most recently, Miyazaki et al. (2017) applied different turbulence models to evaluate the effect of 

turbulence on blood flow in the aortic arch by comparing 4D MRI measurements with CFD simulation 

results. While most of previous computational studies focused on flow in normal and diseased aortic 

arch, only a few considered the influence of stent-grafts (Van Bakel et al. 2018; Van Bogerijen et al. 

2014; Konoura et al. 2013; Midulla et al. 2012; Nardi and Avrahami 2017). Nardi and Avrahami (2017), 

among others, compared the haemodynamic performance of different endovascular procedures for 

the treatment of aortic arch aneurysm, including surgical repair, hybrid approach and chimney 

technique. Their study showed that surgical repair exhibited the best haemodynamic performance, 

while the chimney procedure produced the maximum WSS and pressure drop, together with highly 

disturbed and vertical flow. Van Bogerijen et al. (2014) employed patient-specific models to examine 

flow conditions after TEVAR with a focus on the bird-beak configuration. 

2.4.2 Computational Studies of Aortic Dissection 

Almost all CFD studies on AD found in the literature focused on Stanford type B dissection. Patient-

specific geometries reconstructed from CT scans were employed in several studies to examine the 

detailed flow phenomenon and haemodynamic conditions (Chen et al. 2013; Cheng et al. 2010, 2014;  

Ko et al. 2017). Their key findings were quite similar such that flow patterns were extremely complex 

especially in the false lumen which is characterised by flow separation and recirculation. In addition, 

the helical nature of blood flow might have an effect on the wrapping of the FL around the TL (Tse et 

al. 2011). Blood flow was accelerated when it entered the FL through the intimal tear, forming a high-

velocity jet that directly impinged on the opposing aortic wall. This jet caused high values of wall shear 

stress (WSS) near the intimal tear, which could increase the risk for further tear dilatation. Cheng et 

al. (2014), among others, also compared their computational results with phase-contrast MRI velocity 

data and confirmed the capability of CFD  for qualitative prediction of the complex flow features, 

although quantitative differences exist as a result of model assumptions (Cheng et al. 2014).  

Several authors analysed the influence of morphological variations on haemodynamic changes (Cheng 

et al. 2013; Karmonik et al. 2011; Simon et al. 2016; Tang et al. 2012; Wan Ab Naim et al. 2014). Tang 

et al. (2012) proposed an idealised dissected model to assess the effects of different biomechanical 

factors on the normal forces acting on the FL walls, including blood pressure, size of the dissected 
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aneurysm, as well as tear numbers and distance. Large aneurysm sac and high blood pressure were 

found to lead to a rise in the load on FL wall while the influence of other parameters were negligible 

(Tang et al. 2012). FL flow was found to positively correlate with the size of primary entry tear (Cheng 

et al. 2013), while the number of re-entry tears had a great impact on luminal pressure (Karmonik et 

al. 2011; Wan Ab Naim et al. 2014) and flow direction (Simon et al. 2016). An in silico experiment 

showed that covering the sole exit tear resulted in increased pressure and intra-luminal pressure 

difference (Wan Ab Naim et al. 2014). Moreover, endovascular repair of Stanford type B dissection 

can result in stent-graft remodelling because of continuing expansion of the TL. In addition, increasing 

stent-graft diameter was found to be associated with a rise in haemodynamic displacement force, 

which would increase the risk of distal migration (Cheng et al. 2008). Karmonik et al. (2011) conducted 

another computational study on quantifying haemodynamic forces by comparing the results between 

pre- and post- stent graft deployment in type B aortic dissection. Their results demonstrated that WSS 

and dynamic pressure reduced after endovascular repair. Dynamic pressure is defined as the force 

that blood flow exerts on the aortic wall in a perpendicular direction, and high dynamic pressure has 

been related to adverse clinical consequences (Karmonik et al. 2011). Since a fully thrombosed FL after 

treatment has been reported to have an improved outcome (Tsai et al. 2007), Menichini et al. (2018) 

developed a computational model for predicting FL thrombosis in TBAD following TEVAR and their 

results showed an overall good agreement with in vivo data.  

Several studies also reported that CFD may assist in predicting progressive aneurysmal dilatation in 

TBAD (Cheng et al. 2015; Shang et al. 2015; Xu et al. 2017). Shang et al. (2015) found that patients 

with rapidly expanding aneurysms were accompanied by larger entry tears, which allowed higher 

percentage of blood flow into the FL. In addition, TAWSS on the aortic wall might also be associated 

with rapid expansion of the aorta. On the other hand, Cheng et al. (2015) reported that pressure 

difference between the true and false lumen might be related to subsequent aortic expansion, and it 

has been found to be dependent on the number and size of tears (Dillon-Murphy et al. 2016; Tsai et 

al. 2008). However, the rigid wall assumption is likely to affect the predicted pressure and shear stress 

values, as accounting for arterial wall compliance could reduce the obtained peak values. This has 

been reported by Soudah et al. (2015), who observed significant differences in pressure obtained with 

a rigid wall computational model and the in vitro experiment on an elastic model. Coupling the flow 

model with a compliant wall model of AD is very challenging since the wall thickness and material 

properties vary in different components of the vessel wall and are impossible to measure in vivo. 

Alimohammadi et al. (2015) carried out FSI simulations on a patient-specific dissection with the 

assumption of hyperelastic wall behaviour and uniform wall thickness. By comparing with the results 

of rigid wall models, their study indicated that although high WSS was not significantly altered by the 
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wall motion, FSI simulations should be performed to accurately evaluate other parameters such as 

OSI.   

2.5 Summary  

In this chapter, an overview of the human circulatory system, as well as the pathology, diagnosis and 

treatment options of TAA and AD has been presented, with a particular focus on endovascular repair 

of TAA and surgical repair of TAAD. Blood flow analysis is an essential component when addressing 

vascular pathologies, and the technology of CFD has been widely adopted in studying blood flow and 

haemodynamic conditions in normal and diseased aorta. Considerable amounts of computational 

studies have been carried out to investigate the correlation between haemodynamic factors, such as 

flow patterns and WSS, and the initiation and propagation of TAA and AD. However, only a limited 

number of numerical studies have been reported on (branched) stent-grafts for aortic arch aneurysms 

(Van Bakel et al. 2018; Van Bogerijen et al. 2014; Konoura et al. 2013; Midulla et al. 2012; Nardi and 

Avrahami 2017), and there is no such study on stent-grafts for complex TAAAs. In addition, no 

systematic analysis of the effect of haemodynamic factors on subsequent progressive aortic dilatation 

in surgically repaired TAAD has been found so far. Therefore, the rationale behind this research was 

to fill these gaps in the literature by adopting an advanced CFD approach to: a) simulate blood flow in 

novel BSGs developed for treating complex aortic diseases including aortic arch aneurysms and TAAAs, 

and assess their long-term durability, b) study haemodynamic conditions in repaired TAAD, and 

investigate their role in progressive aorta dilatation.
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Chapter 3 

Mathematical Models and Boundary Conditions 

 

In this chapter, the fundamental equations that govern blood flow in large arteries are described, 

together with a summary of the numerical methods employed to discretise the governing equations 

into a set of algebraic equations so that they can be solved numerically. This is followed by a detailed 

description of geometry reconstruction, including idealised and patient-specific models, together with 

mesh generation. Further details about the numerical model, including models for transitional flow 

are given in the third section. Finally, the physiologically realistic boundary conditions used in this 

thesis are described in detail.  

3.1 Governing Equations 

The motion of a fluid is governed by a system of equations which can be derived from the conservation 

principles of mass, momentum and energy. Considering blood flow in the cardiovascular system, the 

fluid (i.e. blood) can be considered as incompressible with a constant density at normal physiological 

temperature, and the system is assumed to be isothermal. Therefore, the flow can be fully described 

by the equations of mass and momentum conservation, which are written as follows: 

The mass equation is: 

                                                                           ∇ ∙ 𝐮 = 0                                                                                (3.1) 

where ρ is the flow density, ∇ is the divergence operator and 𝐮 is the velocity vector which can be 

expressed as: 

                                                                   ∇ = 𝐢
∂

∂x
+ 𝐣

∂

∂y
+ 𝐤

∂

∂z
                                                                    (3.2) 

                                                                     𝐮 =  u𝐢 + v𝐣 +  w𝐤                                                                     (3.3)           

The momentum equation can be derived from Newton’s second law and expressed as: 

                                                     
𝜕(𝜌𝐮)

𝜕𝑡
+ ∇ ∙ (ρ𝐮𝐮) =  −∇p + ∇ ∙ 𝛕 + ρ𝐟                                                 (3.4)      

where p is the pressure, 𝛕 represents the stress tensor, and 𝐟 indicates the body force acting on the 

fluid per unit volume. As blood can be assumed as a Newtonian fluid in large vessels where shear rate 

is usually greater than 100 s-1, equation (3.4) can be simplified as:                               

                                                     
𝜕(𝜌𝐮)

𝜕𝑡
+ ∇ ∙ (ρ𝐮𝐮) =  −∇p +  μ∇2𝐮 + ρ𝐟                                               (3.5) 
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where 𝜇 is the viscosity of the fluid. So equations (3.1) and (3.5) are the governing equations for 

incompressible, isothermal and Newtonian fluid flow, also known as the Navier-Stokes equations.    

These partial differential equations (PDEs) are usually solved by means of numerical methods, 

including finite difference, finite volume, and finite element methods. These involve replacing the 

partial differential equations with a set of algebraic equations and discretising the spatial and time 

domains into small volumes and time units, where approximate solutions are obtained 

computationally. Therefore, the accuracy of numerical solutions is highly depended on the accuracy 

of the spatial and temporal discretisation schemes used, as well as the quality and size of the mesh 

and time-step. Finite difference method (FDM) is the oldest for numerical solution of PDEs, operating 

directly on the governing differential equations based on Taylor series expansion to generate a system 

of algebraic equations. This method is mostly used for simple geometries, which are generally 

discretised into structural meshes (see Section 3.2.3).  

3.1.1 Finite Volume Method (FVM) 

Finite volume method is the most commonly used method in CFD solvers. It is operated on equivalent 

integral equations over each cell or control volume (CV). Figure 3.1 shows the discretisation of a 

domain into CVs. The first step is to interpolate a number of nodal points in the space between A and 

B. The control volume boundaries are then placed mid-way between adjacent nodes so that each node 

is surrounded by a CV. 

 

Figure 3.1. Discretisation of a domain into control volumes. Adopted from Versteeg and Malalasekera 
(2007). 

For simplicity, the conservation equations for a Newtonian fluid flow can be expressed in a general 

form as: 

                                                          
𝜕(𝜌∅)

𝜕𝑡
+  𝑑𝑖𝑣(ρ∅𝐮) = 𝑑𝑖𝑣(Γgrad∅) + 𝑆∅                                              (3.6) 
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Equation (3.6) is the so-called transport equation for a general variable ∅. It represents the equality 

of various transport processes, including the rate of change term and the convective term on the left 

hand side and the diffusive term and the source term, respectively, on the right hand side, where Γ is 

the diffusion coefficient. By setting ∅ equals to 1, u, v, w and choosing appropriate values for diffusion 

coefficient Γ  and source terms, it becomes special forms of the PDEs for mass and momentum 

conservation. Equation (3.6) is used as the starting point for computational procedures in the FVM, 

and the key step of FVM is the integration of equation (3.6) over a 3-D CV. Meanwhile, the volume 

integrals of the convective and diffusive terms are converted to surface integrals based on Gauss’s 

divergence theorem, as shown below: 

                                    
𝜕

𝜕𝑡
(∫ 𝜌∅𝑑𝑉

1

𝐶𝑉
) + ∫ 𝒏 ∙ (𝜌∅𝐮)𝑑𝐴

1

𝐴
= ∫ 𝒏 ∙ (Γgrad∅)

1

𝐴
𝑑𝐴 + ∫ 𝑆∅𝑑𝑉

1

𝐶𝑉
                   (3.7)     

Where the vector 𝒏 is the direction normal to surface element 𝑑𝐴, and equation (3.7) is a statement 

of the conservation of a fluid property for a finite size CV. As shown in detail by Versteeg and 

Malalasekera (2007), the discretised equation for interior nodes can be expressed as the following 

general form: 

                                                                           𝑎𝑃∅𝑃 = ∑ 𝑎𝑛𝑏∅𝑛𝑏 + 𝑆                                                       (3.8) 

Where subscript ‘P’ refers to the interior node that is surrounded by a CV and Σ indicates summation 

over all neighbouring nodes (nb). In addition, 𝑎𝑃  and 𝑎𝑛𝑏  are the linearized coefficients for ∅𝑃 

and  ∅𝑛𝑏 , respectively. FVM is the most popular approach employed in current commercial CFD 

software, such as ANSYS CFX (ANSYS Inc, Canonsburg, PA, USA), which has been used for the work 

presented in this thesis. 

3.1.2 Finite Element Method (FEM) 

FEM is also operated on the integral forms of the governing equations and the solution domain is 

discretised into finite elements that are generally unstructured. In the basic steps of FEM, the solution 

of an element is approximated by a shape function at the surrounding nodal points and equations are 

developed for the element. FEM is more popular in structural analysis of solids. One of the most 

common methods used for structure analysis is based on the principle of virtual displacements, which 

states that the strain energy of an elastic body is equal to the work done by the forces applied, i.e. the 

total internal virtual work is equal to the total external virtual work: 

                                                      ∫ 휀̅𝑇𝜏𝑑𝑉 = ∫ �̅�𝑇𝐟𝐵𝑑𝑉 + ∫ �̅�𝑆𝑇
𝐟𝑆𝑑𝑆

1

𝑉

1

𝑉

1

𝑉
                                            (3.9) 

where �̅� is the virtual displacement vector, 휀  ̅is the corresponding virtual strain, and superscript T 

indicates the transpose matrix. 𝜏 represents the stresses in equilibrium with the applied loads, 𝐟𝐵and 
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𝐟𝑆 , which are the externally applied body loads (forces per unit volume) and the surface traction 

(forces per unit surface area) on surface S, respectively. 

In FEM, a body is discretised into finite elements which are interconnected at nodal points on the 

element boundaries. Based on interpolation functions, the continuous displacement �̅� of element 𝑚 

is approximated by the displacement at the 𝑁 finite element nodal points, 

                                                            �̅�(𝑚)(𝑥, 𝑦, 𝑧) =  𝐇(𝑚)(𝑥, 𝑦, 𝑧)�̅̂�                                                      (3.10) 

where H is the displacement interpolation matrix and �̅̂� is a vector of the three global displacement 

components, 𝑈𝑖 , 𝑉𝑖  and 𝑊𝑖  at all nodal points. The corresponding elements strain is based on the 

strain-displacement relationship: 

                                                              휀̅(𝑚)(𝑥, 𝑦, 𝑧) =  𝐁(𝑚)(𝑥, 𝑦, 𝑧)�̅̂�                                                    (3.11) 

B is the strain-displacement matrix. The element stress can then be calculated based on the specified 

stress-strain relations: 

                                                                            𝜏(𝑚) = 𝐃(𝑚)휀(𝑚)                                                             (3.12) 

where D is the elasticity matrix of element 𝑚.  

Equation (3.9) is now rewritten as a sum of integrations over the volume and areas of all finite element: 

∑ ∫ 휀̅(𝑚)𝑇1

𝑉(𝑚) 𝜏(𝑚)𝑑𝑉(𝑚) = 𝑚 ∑ ∫ �̅�(𝑚)𝑇𝐟𝐵(𝑚)𝑑𝑉(𝑚)1

𝑉(𝑚)𝑚 + ∑ ∫ �̅�𝑆(𝑚)𝑇𝐟𝑆(𝑚)𝑑𝑆(𝑚)1

𝑆1
(𝑚)

,..,𝑆𝑞
(𝑚)𝑚   (3.13) 

where q is the number of faces for element 𝑚. Substituting the expressions for displacement, strain, 

and stress would result in: 

          �̅̂�𝑇 [∑ ∫ 𝐁(𝑚)𝑇1

𝑉(𝑚) 𝐃(𝑚)𝐁(𝑚)𝑑𝑉(𝑚)
𝑚 ] �̅̂�  =   �̅̂�𝑇 [

{∑ ∫ 𝐇(𝑚)𝑇𝐟𝐵(𝑚)𝑑𝑉(𝑚)1

𝑉(𝑚)𝑚 }

+ {∑ ∫ 𝐇𝑆(𝑚)𝑇𝐟𝑆(𝑚)𝑑𝑆(𝑚)1

𝑆1
(𝑚)

,..,𝑆𝑞
(𝑚)𝑚 }

]   (3.14) 

Equation (3.14) can then be expressed in a general form by relating the nodal displacements to the 

nodal forces: 

                                                                                  𝐊𝐔 = 𝐑                                                                          (3.15) 

where the global stiffness matrix K is given by the summation of all the element stiffness matrix 𝐊(𝑚): 

                                                𝐊 =  ∑𝐊(𝒎) = ∑ ∫ 𝐁(𝑚)𝑇1

𝑉(𝑚) 𝐃(𝑚)𝐁(𝑚)𝑑𝑉(𝑚)
𝑚                                     (3.16) 

and the nodal load vector R is a sum of element body forces, 𝐑𝐵, and surface forces, 𝐑𝑆, where 
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                                                    𝐑𝐵 =  ∑ 𝐑𝐵
(𝑚)

𝑚 =  ∑ ∫ 𝐇(𝑚)𝑇𝐟𝐵(𝑚)𝑑𝑉(𝑚)1

𝑉(𝑚)𝑚                                   (3.17) 

                                                    𝐑𝑆 =  ∑ 𝐑𝑆
(𝑚)

𝑚  = ∫ 𝐇𝑆(𝑚)𝑇𝐟𝑆(𝑚)𝑑𝑆(𝑚)1

𝑆1
(𝑚)

,..,𝑆𝑞
(𝑚)                                   (3.18) 

FEM has been widely adopted in computational structural mechanics (CSM) software, such as ANSYS 

Structure (ANSYS Inc, Canonsburg, PA, USA), which has been employed for work presented in Chapter 

7 to study wall mechanics in aortic dissections. 

3.1.3 Fluid-Solid Interaction (FSI) Theory 

A FSI model allows flow-induced deformation of a structure to be determine, which is then used to 

move the boundary of the fluid flow. One of the most commonly applied methods for FSI is the 

arbitrary Lagrangian-Eulerian (ALE) approach, which utilises the best features of both, Lagrangian and 

Eulerian approaches, and combines them into one. The Lagrangian approach is typically adopted in 

solid mechanics to define the structural domain as each node of the computational element follows 

the associated material particle during motion. The Eulerian method is widely used in fluid dynamics 

as the computational element in the fluid domain is fixed in space and the continuum moves with 

respect to the grid. A FSI model can be considered as a combination of three coupled sub-problems: 

a geometry problem that defines a new reference configuration, namely, the ALE map; and fluid and 

solid problems which comprise the conservation equations for the fluid and solid, respectively 

(Crosetto et al. 2011).  

In the ALE configuration, the continuity and momentum equations governing the flow are given as: 

                                                                        
𝜕𝜌𝑓

𝜕𝑡
+ ∇ ∙ (𝜌𝑓𝐯) = 0                                                               (3.19) 

                                            𝜌𝑓
𝜕𝐯

𝜕𝑡
+ 𝜌𝑓[(𝐯 − 𝐝𝑓) ∙ ∇𝐯] = −∇𝑝 + ∇ ∙ 𝝉𝑓 + 𝐅𝑓                                           (3.20) 

where 𝐯 is the fluid velocity vector, 𝜌𝑓  is the fluid density, 𝛕𝑓  is the fluid stress tensor, 𝐅𝑓  is the body 

force (per unit volume) acting on the fluid, 𝑝 is the pressure and 𝐝𝑓  is the moving boundary velocity 

vector. The term (𝐯 − 𝐝𝑓)  refers to the relative velocity of the fluid with respect to the moving 

coordinate velocity. 

The governing equation for the solid domain is given by the following momentum conservation 

equation: 

                                                                               ∇ ∙ 𝝉𝑠 + 𝐅𝑠 = 𝜌𝑠�̈�𝑠                                                          (3.21) 

where 𝝉𝑠 is the solid stress tensor, 𝐅𝑠 is the force (per unit volume) acting on the solid, 𝜌𝑠 is the solid 

density, and  �̈�𝑠 is the local acceleration of the solid. The fluid and solid domains are then coupled at 
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the FSI interfaces, where the following conditions are applied: (a) displacements of the fluid and solid 

domain must be compatible, (b) tractions at these boundaries must be at equilibrium, and (c) the no-

slip condition is still valid.  

𝐮𝑠 = 𝐮𝑓  

                                                                              𝝉𝑠�̂�𝑠 = 𝝉𝑓�̂�𝑓                                                                     (3.22)                      

𝜕𝐮𝑓

𝜕𝑡
= 𝐯 

where u and 𝝉  are displacement vectors and stress tensors, respectively, with the subscript s 

indicating a property of solid and f of fluid. Vector �̂� is the boundary normal direction. A preliminary 

FSI analysis of a surgically repaired TAAD has been performed (Chapter 7) in order to investigate the 

effects of wall compliance on haemodynamic parameters.  

3.2 Geometry Reconstruction and Mesh Generation 

A detailed CFD analysis of haemodynamics includes applying the fundamental mass and momentum 

conservation equations to realistic 3-D geometries, and solving the equations on a highly resolved 

mesh together with physiologically realistic boundary conditions. CFD simulation of blood flow is a 

multi-step process which can be summarised as follows:  

1. Build 3-dimensional (3-D) geometry that contains the fluid domain of interest;  

2. Fluid domain is discretised into a large number of small computational cells, known as 

numerical grid (meshing). Variables are discretised and stored in these cells;  

3. The governing equations are solved numerically (e.g. by using a FVM-based solver) to obtain 

values of variables of interest in every cell.  

This section will focus on the first two processes.  Idealised geometric models can be created by means 

of design software such as SolidWorks (Dassault Systems, Velizy, France), while patient-specific 

models are usually reconstructed from medical images, such as contrast-enhanced CT scans which 

were used in this study. 

3.2.1 Idealised Models of Stent-Graft 

Hypothetical models mimicking the TAMBE device and a double-branched stent-graft were 

constructed using SolidWorks (Dassault Systems, Velizy, France) with standard device dimensions. For 

the branched stent-graft model, an idealised model of the aortic arch was developed first, based on 

physiologically representative dimensions and positions of supra-aortic vessels obtained from the 

literature. This was then modified to incorporate two inner tunnels, representing a dual-branched 
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stent-graft for Z0 deployment. Although not patient-specific, these hypothetical models allow a 

systematic study on the effects of variations in critical geometric dimensions, such as renal branch 

take-off angle and diameters of the inner tunnels, on predicted flow patterns. Details of the geometric 

models can be found in the relevant chapters. 

3.2.2 CT Images and Patient-Specific Models 

As described in the previous chapter, contrast-enhanced CT scan is the most commonly used 

diagnostic technique for aortic aneurysms and dissection, owing to its high sensitivity and rapid scan 

process. CT scan has also been applied extensively for detecting tumours, internal injuries, heart 

diseases, and other cardiovascular diseases. Since high resolution CT images contain detailed 

morphological information, they were used to reconstruct the patient-specific geometries in this study, 

including pre- and post- TEVAR models of TAAs and type A aortic dissections.    

Some important scan parameters for CT images include slice thickness, slice increment, pixel size, and 

resolution matrix, all of which can affect the accuracy of geometry reconstruction. Slice thickness 

refers to the axial resolution of a scan, and slice increment is the distance between two continuous 

cross-sectional images (Chadwick and Lam 2010). In addition, the resolution matrix is described by an 

array of rows and columns of pixels in the cross-sectional images. Thinner slice thickness and smaller 

slice increment would be preferred for high spatial resolution, while a smaller pixel size is desirable 

for better in-plane resolution. Table 3.1 summarises the scan parameters of CT images used in this 

study. It can be noted that CT images acquired for the study of type A dissections offered higher in-

plane and axial resolutions, which allowed the complex geometry and small tears to be reconstructed. 

Although the low-resolution CT images were used to reconstruct the pre- and post- operative TAAs, 

they were sufficient to include all the important geometric features. However, lower spatial resolution 

might introduce more uncertainty in the measurement of aortic diameter, which would further result 

in larger uncertainty in the predicted wall shear stress values. Therefore, high-quality CT images are 

desired when possible.   

In this study, multislice transverse images were processed using an image analysis software Mimics 

20.0 (Materialise HQ, Leuven, Belgium), which provides a set of powerful functions for image 

segmentation, smoothing and measurement of geometric dimensions. Figure 3.2 shows the workflow 

from CT image segmentation to 3-D geometry reconstruction and mesh generation.  
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Table 3.1. CT scanners and the relative scan parameters used in this study. 

 Study of pre- and post- TEVAR Study of type A dissection 

Slice thickness (mm) 1-2 0.63 – 1 

Slice increment (mm) 1 0.5 – 0.8 

Pixel size (mm) 0.63 – 0.98 0.4 – 0.7 

Resolution matrix (pixels) 512 × 512 512 × 512 

CT scanner Philips Ingenuity 128 Siemens Somatom 128 

 

For patient-specific geometry reconstruction, the first step was to identify the regions of interest. As 

shown in Figure 3.2 (A), several essential anatomical features can be recognised clearly from the CT 

images for aortic dissection, including the entry and re-entry tears, the intimal flap, and the true and 

false lumen. Once the regions of interest were identified, thresholding was carried out in Mimics by 

specifying the maximum and minimum pixel intensity values. This process allowed the pixels with 

grayscales within the specified range to be highlighted in a uniform colour. When a certain grayscale 

range is chosen to cover the target lumen areas, it is inevitable that other unintended regions are 

included which need to be separated from the regions of interest by using a split mask tool in Mimics. 

This involved splitting of a single mask into two separate masks, and the separated mask that contains 

only the aorta was then manually segmented slice by slice to distinguish the TL from FL. The final 

masks were smoothed by the Discrete Gaussian filter based on a linear smoothing enhancement 

algorithm. 3-D geometry reconstruction was then performed through surface rendering, which 

involved delineating lumen contours of the anatomical structures from each slice in the transverse 

plane and generating a 3-D surface by superimposing and lofting these contours in the coronal plane. 

Although the lumen contours have been smoothed by Gaussian filter, it is often necessary to smooth 

the 3-D surface in order to eliminate any reconstruction errors. 3-D surface smoothing was performed 

by using a cubic spline algorithm. The efficiency of smoothing is highly dependent upon the number 

of iterations since the geometry surface could be much smoother if the smoothing procedure is 

repeated for more iteration times. However, if too much smoothing is performed, it could result in 

loss of some important physiological features, therefore a balance must be achieved between the 

smoothing factor and geometric fidelity. In this study, cross-sectional contours were extracted from 

the reconstructed 3D surface, which were then mapped back to the raw CT images to check if the 

contours well presented the edges of the aortic lumen.   
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Figure 3.2. Workflow of patient-specific geometry reconstruction from CT scans to mesh generation. 
(A) CT angiogram of type A dissection with the target lumen areas identified; (B) Multi 2-D cross-
sectional slices are manually segmented to separate the true and false lumen; (C) A patient’s 
dissection geometry is defined as the fluid domain of interest. (D) Meshing, where the fluid domain is 
discretised into a large number of computational cells with local mesh refinement performed; (E) 
Hybrid unstructured mesh comprising of a tetrahedral core and prismatic wall layers for inlet. 

3.2.3 Mesh Generation 

After the 3-D geometry has been created or reconstructed, it needs to be discretised into a large 

number of small computational cells in a process known as mesh generation. Computational mesh 

was generated by using ANSYS ICEM CFD (v15.0, ANSYS Inc., Canonsburg, PA). Meshing is one of the 

most important steps in CFD simulations since the quality and density of a computational mesh have 

an important influence on the convergence and accuracy of the numerical solution. There are basically 

two types of meshes: structured and unstructured. A structured mesh typically consists of 

quadrilateral (2D) or hexahedral (3D) elements with each interior nodal point being surrounded by an 

exactly equal number of adjacent elements. Structured mesh is appropriate and efficient for use with 

a large number of solution algorithms. However, it is difficult to generate for complex geometries, in 

which case an unstructured mesh can be created more easily since it allows any number of elements 

to meet at a single node. 
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Since the stent-graft and aortic dissection models included in this study have complex geometric 

features, unstructured mesh is considered more appropriate and has been adopted. The mesh 

contains tetrahedral elements in the core and prism elements in the near wall region (Figure 3.2 (E)), 

the latter are necessary for adequately resolving blood velocities in the boundary layer and accurately 

predicting haemodynamic wall parameters such as wall shear stress (WSS). In addition, local mesh 

refinement was performed in areas with sharp corners or high curvatures, such that for aortic 

dissection, the mesh density is usually increased in the region around the tear (Figure 3.2 (D)), to 

ensure adequate mesh resolution in this region, and thus capturing any complex flow patterns induced 

by the tear. Further details about mesh quality and grid independent test are provided in the following 

section. 

3.2.3.1 Mesh Independence Tests 

Mesh sensitivity tests were performed for each model geometry included in this thesis to ensure that 

a mesh independent solution has been achieved. Two post-surgical TAAD models (Chapter 6) are 

shown here to illustrate the detailed procedure adopted. The initial mesh had a maximum global 

element size of 2 mm and local refinement with a maximum element size of 1 mm in areas of sharp 

corners and around the tears. Finer mesh was generated by reducing both the global and local element 

sizes. Additionally, for the transitional flow simulations presented in Chapter 5 and Chapter 6, a very 

fine near wall resolution of y+ (a dimensionless distance from the wall to the first node from the wall) 

less than 2 was ensured by dividing the boundary layers into 10 prism layers.  

Mesh independence tests were carried out based on steady flow simulations at conditions 

corresponding to peak systole. This was because it would not be practical to run pulsatile flow 

simulations for multiple meshes created for each geometry owing to the long computational time.  

According to previous studies of aortic aneurysms and dissections, essential flow features can be 

captured by steady flow simulations under representative flow conditions. Performing steady flow 

simulations at peak systolic flow (maximum velocity during a cardiac cycle) also represent the most 

challenging condition for a given geometry. The same boundary conditions and flow simulation 

settings were adopted for different meshes in order to facilitate direct comparison of results. 

Convergence of the numerical simulation was ensured by the meeting  the following three  conditions: 

(a) the residual RMS error values must be less than 10-4, (b) parameters of interest at the monitor 

points, such as the outlet flow rate and pressure,  must reach a steady solution, and (c) the overall 

imbalance in the domain must be lower than 1%.  

The simulation results were compared between different meshes in terms of maximum WSS in the 

entire model, as well as maximum velocity and pressure at a transverse plane through the proximal 
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tear (a region of physiological interest and high numerical sensitivity). For dissection models, a mesh 

was considered sufficient when differences in maximum WSS and velocity between the adopted mesh 

and a finer mesh were less than 5% and 3%, respectively. The results of mesh sensitivity tests for the 

two selected post-surgical TAAD models are summarised in Table 3.2 and Figure 3.3. It is clear that 

after an initial steep increase in the maximum WSS value between two consecutive meshes, it started 

to plateau as the mesh became much finer. Therefore, M3 containing approximately 3.5 and 7.4 

million elements for post-surgical TAAD model 1 and model 2, respectively, should be adopted for 

final simulations. 

Table 3.2. Summary of mesh independence tests results showing maximum WSS and maximum 

velocity and pressure in a region near the proximal tear for different meshes, together with the 

corresponding percentage difference between two consecutive meshes. 

  Post-surgical TAAD model 1  Post-surgical TAAD model 2 

 Elements 

number 

Max. WSS 

(Pa) 

Max. V 

 (m/s) 

Max. P 

 (Pa) 

Elements 

number 

Max. WSS 

(Pa) 

Max. V 

 (m/s) 

Max. P 

 (Pa) 

M1 916153 18.49 0.51 13685.4 1921605 42.68 0.53 13832.8 

M2 2088914 21.20 0.53 13685.9 4473877 41.17 0.58 13834.9 

M3 3525088 25.83 0.56 13686.2 7365583 53.44 0.58 13839.2 

M4 6216778 26.35 0.57 13687.7 10114460 55.48 0.59 13832.6 

 

Difference 

(%) 

M1-M2 14.7 3.9 0.004 M1-M2 3.5 9.4 0.02 

M2-M3 21.8 5.7 0.002 M2-M3 29.8 - 0.03 

M3-M4 2.0 1.8 0.01 M3-M4 3.8 1.7 0.05 

 

 

Figure 3.3. Plots of maximum WSS versus different mesh sizes for two post-surgical TAAD models.  
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3.3 Numerical Modelling 

3.3.1 Blood Properties 

In this study, blood was treated as an incompressible and Newtonian fluid with a density of 1060 kg/m3 

and a dynamic viscosity of 0.004 Pa.s. Although blood is not a Newtonian fluid, it is widely accepted 

that the non-Newtonian behaviour of blood can be neglected in large arteries, where shear rates are 

high and the influence of blood cells is negligible. The Newtonian blood assumption has been 

extensively used in previous numerical studies, including the flow simulations of a TAA (Tan et al. 2009) 

and in TBAD (Cheng et al. 2010, 2014; Pirola et al. 2019). To examine the effect of non-Newtonian 

viscosity of blood on flow in TBAD, Cheng et al. (2010) employed the Quemada model to describe the 

non-Newtonian behaviour of blood (Quemada 1978) and they showed similar results in terms of wall 

shear stress and pressure distributions obtained with the Quemada model and the Newtonian 

assumption.  

3.3.2 Flow Models 

First, it is necessary to determine the flow regime under each model conditions, i.e. whether the flow 

is laminar, transition or turbulent. This was done by evaluating the Reynolds number (Re), which is 

defined as the ratio of inertial force to viscous force and expressed as 𝑅𝑒 = 
𝜌𝑈𝐷

𝜇
, where ρ is the flow 

density (1060 kg/m3 for blood), U is the mean velocity, 𝜇 is the dynamic viscosity (0.004 Pa.s for blood) 

and D is the vessel diameter (Holmlund 2013). For steady flow in a straight, circular pipe, the critical 

Re for transition to occur was found to be 2000, below which the flow could be considered laminar 

(Wood 1999). Once Re exceeds 2000, the inertial forces in the flow become sufficiently large 

compared to the viscous forces, breaking down laminar flow first to a transitional state and then 

turbulent. In real arteries, however, the critical Re for blood flow to transition can also be influenced 

by other factors, such as arterial wall roughness, upstream disturbances, and spatial and temporal 

retardation.  

Previous in vivo studies have reported that blood flow in the human aorta may become transitional: a 

transition from laminar to turbulent was observed in the ascending aorta of healthy individuals, and 

consistently turbulent flow was recorded in patients with heart valve pathologies (Stein and Sabbah 

1976). Based on an experimental study of velocity distribution in canine aortas, Nerem et al. (1972) 

found the onset of turbulence was always associated with the deceleration phase of the flow at the 

end of systole, when the adverse pressure gradient caused the unstable velocity profiles. Nerem et al. 

(1972) also showed that the threshold for flow to transition from laminar to turbulent can be 

estimated using an empirical correlation: 
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                                                                                    𝑅𝑒
^ = 𝐾𝛼                                                                      (3.23) 

                                                                                𝛼 = 
𝐷

2
 √

𝜔𝑓∙𝜌

𝜇
                                                                  (3.24) 

where 𝜔𝑓  is the fundamental frequency of the pulsatile flow, and 𝐾 is 150 for the ascending aorta and 

250 for the descending aorta. 𝑅𝑒
^ is the critical Re and 𝛼 is the Womersley number, which are functions 

of peak flow and heart rate, respectively. Equation (3.23) suggests that for unsteady flow in the aorta, 

the unsteadiness mediates the influence of Re on transition as the higher the value of 𝛼, the higher 

the critical Re. For the TAMBE models presented in Chapter 4 (See section 3.5 and Chapter 4 for more 

detail), the peak Re was found to be 1754 and the corresponding 𝛼 was 26.7. Based on this 𝛼, the 

critical Re (250𝛼) will be 6675, which is significantly higher than the peak Re. Therefore, blood flow 

was assumed to be laminar in the TAMBE models.  

In Chapters 5 and 6, the dual-branched stent-graft models and the post-surgical TAAD models involve 

the ascending aorta so the flow conditions are different. In Chapter 5, the peak Re was 3530 at the 

inlet of all the idealised aortic arch models (Section 5.1), and it was between 3148 and 3731 at the 

inlet of the patient-specific pre- and post- operative TAAs (Section 5.2). The corresponding Womersley 

numbers were 23.2 for the idealised models and varied between 17.4 and 20.6 for the patients-specific 

models. Based on these parameters, the critical Re (150𝛼) were lower than the peak Re, indicating 

possible presence of disturbed flows. For the dissection models presented in Chapter 6, the peak Re 

varied from 1620 to 4035 at the inlet and Womersley numbers from 16.5 to 31.2. Although not all 

these cases met the condition for transition to occur in the ascending aorta, the extremely complex 

geometric structure of the aortic dissection including narrowing, expansion, bending and especially 

the presence of tears between two lumens increased the likelihood of transition to turbulent flow. 

The Re were reported to exceed 8200 at peak systole in the flow jet passing through a tear (Cheng et 

al. 2010). These Reynolds numbers were sufficiently high to warrant consideration for possible 

presence of transitional or even turbulent flow. 

To account for possible turbulence behaviour, the hybrid 𝑘 − 𝜖 /  𝑘 − 𝜔  shear stress transport 

transitional (SST-Tran) model, as proposed by Menter et al. (2006), was adopted for the simulations 

presented in Chapters 5 and 6. The initial SST model combines the best behaviour of the 𝑘 − 𝜖 and 

𝑘 − 𝜔 (Wilcox 1998) models to achieve better accuracy and wider applicability. The 𝑘 − 𝜖 and 𝑘 − 𝜔 

models are the most commonly used two-equation Reynolds-Averaged Navier-Stokes (RANS) models, 

with 𝑘, 𝜖,  and 𝜔  being the turbulence kinetic energy, the eddy dissipation rate, and the specific 

turbulence dissipation rate, respectively. In the SST model, a blending function is utilised so that the 

model can switch from the 𝑘 − 𝜔 model in the inner region of the boundary layer to the 𝑘 − 𝜖 model 
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in the outer region and in free shear flows (Menter 1994). The SST model includes two transport 

equations, one for the turbulence kinetic energy 𝑘, and another for the specific turbulence dissipation 

rate 𝜔. 

Turbulence kinetic energy 𝑘-equation: 

                                         𝜌
𝜕𝑘

𝜕𝑡
+  𝜌𝑢𝑗

𝜕𝑘

𝜕𝑥𝑗
= 𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝑘𝜌𝑘𝜔 + 

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]                          (3.25) 

Specific turbulence dissipation rate 𝜔 equation: 

          𝜌
𝜕𝜔

𝜕𝑡
+  𝜌𝑢𝑗

𝜕𝜔

𝜕𝑥𝑗
= 

𝛾

𝑣𝑡
𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝜔𝜌𝜔2 + 

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝜔𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + (1 − 𝐹1)

2𝜌𝜎𝜔2

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
         (3.26) 

Turbulence viscosity 𝜇𝑡: 

                                                                                   𝜇𝑡 =  𝜌
𝑘

𝜔
                                                                       (3.27) 

where 𝑣𝑡 is the eddy viscosity, and 𝛽𝑘, 𝜎𝑘, 𝛽𝜔, 𝜎𝜔, and 𝜎𝜔2 are model constants (Menter 1994). 𝐹1 is 

the blending function, which is set to be unit near the walls, thus activating the standard 𝜔 equation, 

while 𝐹1 = 0 when away from the walls, activating the standard 𝜖 equation.  

In order to describe transitional flows, SST model has been improved by coupling two additional 

transport equations for intermittency, and transition momentum thickness Reynolds number (Menter 

et al. 2006). The transport equation for intermittency factor 𝛾 describes the intermittent characteristic 

of transitional flows, while another equation for the transition momentum thickness Reynolds number 

 𝑅𝑒𝜃𝑡
̅̅ ̅̅ ̅̅  is used to capture the non-local influence of the kinetic energy.   

Intermittence 𝛾 equation: 

                                              
𝜕𝜌𝛾

𝜕𝑡
+ 

𝜕𝜌𝑢𝑗𝛾

𝜕𝑥𝑗
= 𝑃𝛾 − 𝐸𝛾 + 

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜇𝑡/𝜎𝛾)

𝜕𝛾

𝜕𝑥𝑗
]                                    (3.28) 

where 𝑃𝛾 is the transition source term. This term equals to zero in the laminar boundary layer, and is 

activated when transition onset after the local strain-rate Reynolds number exceeds the local 

transition criteria. 𝐸𝛾 is the destruction/relaminarisation source term. This term is deactivated when 

the flow is fully turbulent. On the other hand, it also ensures the intermittency being zero in the 

laminar boundary layer or when relaminarisation occurs (Menter et al. 2006). 

Transition momentum thickness Reynolds number 𝑅𝑒𝜃𝑡
̅̅ ̅̅ ̅̅  equation: 

                                             
𝜕𝜌 𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ ̅

𝜕𝑡
+

𝜕𝜌𝑢𝑗  𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ ̅

𝜕𝑥𝑗
= 𝑃𝜃𝑡 + 

𝜕

𝜕𝑥𝑗
 [𝜎𝜃𝑡(𝜇 + 𝜇𝑡)

𝜕 𝑅𝑒𝜃𝑡̅̅ ̅̅ ̅̅ ̅

𝜕𝑥𝑗
]                                (3.29)  
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where 𝑅𝑒𝜃𝑡
̅̅ ̅̅ ̅̅  is the transported scalar and 𝑃𝜃𝑡 is the source term. This source term is turned off in the 

boundary layer so that the transported scalar  𝑅𝑒𝜃𝑡
̅̅ ̅̅ ̅̅  can diffuse in from the free stream, while it is 

activated outside the boundary layer to force the  𝑅𝑒𝜃𝑡
̅̅ ̅̅ ̅̅  to match the local value of 𝑅𝑒𝜃𝑡 .  𝑅𝑒𝜃𝑡  is the 

transition onset based on empirical correlations. 𝜎𝛾 and 𝜎𝜃𝑡 are empirical constants. More details of 

the SST-Tran model and the full set of equations can be found in Menter et al. (2006). 

The SST-Tran model has been adopted for the flow analyses presented in Chapter 5 and 6 because it 

has been successfully applied to simulations of flow in the thoracic aorta (Cheng et al. 2014; Tan et al. 

2009). Tan et al. (2009) analysed blood flow in a patient-specific thoracic aortic aneurysm by means 

of CFD simulation. When compared with the velocity data acquired in vivo using phase-contrast 

magnetic resonance imaging (PC-MRI), velocity profiles obtained from the SST-Tran model showed 

better agreement than those obtained from the laminar flow simulation. The SST-Tran model has also 

been applied to a patient-specific type B aortic dissection model, and a good agreement with PC-MRI 

velocity data was found (Cheng et al. 2014). Based on the positive experience from these prior studies, 

the SST-Tran model was employed in Chapters 5 and 6 to simulate complex blood flows in aortic 

aneurysms and dissections.  

3.4 Physiologically Realistic Boundary Conditions 

3.4.1 Inflow and Wall Boundary Conditions  

For the models described in Chapter 4, the inlet was located in the descending aorta (See Section 3.5 

and Chapter 4), and for all the other cases, the inlet was positioned in the aortic root (See Chapter 5 

and 6). Regardless of the inlet location, the preferred boundary condition is a patients-specific velocity 

profile obtained from in vivo measurements, using non-invasive techniques such as PC-MRI or Doppler 

Ultrasound. However, in many situations, patient-specific flow information is not available, and 

therefore physiologically realistic flow waveforms along with the assumption of flat, parabolic, or 

Womersley velocity profiles are commonly used. Using a representative aortic flow waveform 

extracted from the literature, a flat velocity profile can be easily obtained by dividing the volumetric 

flowrate at the inlet Q(t) by the inlet area A. The corresponding parabolic profiles or Womersley 

profiles can also be obtained. The Womersley profile describes fully developed flow in a cylindrical, 

straight pipe driven by a sinusoidal pressure gradient (Womersley 1955). For a given transient inflow 

waveform Q(t), the Womersley solution can be expressed as: 

 𝑢(𝑟, 𝑡) =  
2𝑎0

𝜋𝑅2  [1 −  (
𝑟

𝑅
)
2
] +  ℜ∑ {

𝑎𝑛 cos(𝑛𝜔𝑓𝑡)+ 𝑏𝑛𝑠𝑖𝑛 (𝑛𝜔𝑓𝑡)

𝜋𝑅2
[

1−𝐽0(𝛼𝑛
𝑟

𝑅
𝑖
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2) 𝐽0(𝛼𝑛𝑖

3
2)⁄
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2) 𝛼𝑛𝑖
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]}𝑁
𝑛=1               (3.30) 
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where 𝑎𝑛 and 𝑏𝑛 are the Fourier coefficients describing the inlet volumetric flow rate waveform, 𝜔𝑓  

is the fundamental frequency of the pulsatile flow, 𝐽0 and 𝐽1are Bessel functions of the first kind of 

order zero and one respectively, 𝛼𝑛  can be expressed as 𝑅√(𝑛𝜌𝜔𝑓) 𝜇⁄ , which is the Womerley 

number and ℜ represents the real part of the respective expression while 𝑖 =  √−1. This expression 

can be used to impose Womersley velocity profiles at the inlet. The assumption of a fully developed 

straight pipe flow used in the derivation of the Womersley profile makes it more suitable for the 

descending aorta. Therefore, the Womersley profile was used for flow simulations presented in 

Section 3.5 and Chapter 4. In Chapter 5, since patient-specific inlet velocity profiles were not available, 

a physiologically realistic velocity waveform was adopted and imposed as inlet boundary conditions 

together with a flat velocity profile. For the dissection models presented in Chapter 6, patient-specific 

velocity waveforms derived from Doppler ultrasound measurements were applied and details of their 

applications will be described in Chapter 6. 

The aortic wall was assumed to be rigid in all CFD simulations presented in this study, where no-slip 

conditions were applied. The impact of this assumption on the obtained results will be discussed in 

detail in each chapter.   

3.4.2 Outflow Boundary Conditions  

The most commonly used outflow boundary conditions for blood flow simulations include 0-pressure, 

flow split and Windkessel models. Typically, the 0-pressure outlet boundary condition is only suitable 

for models with one outlet and when the actual pressure values are not of interest. For models with 

multiple outlets, applying 0-pressure at each outlet tends to over-simplify the problem and thus leads 

to non-physiological results (Vignon-Clementel et al. 2006), which would affect the validity of 

pressure-dependent results such as displacement forces. The flow split outlet boundary condition 

usually defines a fixed flow-split among the outlets, and one of the outlets should be defined as 0-

pressure (Tang et al. 2006). The most popular outlet boundary condition for arterial flow simulations 

is the 3-Element Windkessel model, since it can capture the characteristics of downstream vasculature 

and thus provide a physiologically realistic prediction of pressure values (Pirola et al. 2017). 

Windkessel Model 

The concept of Windkessel model was first proposed by Otto Frank in 1899, who described the 

behaviours of the heart and arterial system as a closed hydraulic circuit. This circuit is filled with water 

except for a little pocket of air in the chamber. Water is pumped to compress the air which in turn 

pushes the water out of the chamber. In the arterial system, Windkessel model describes the blood 

pressure and flow by considering the interactions between the cardiac output and large elastic arteries. 

As shown in Figure 3.4, large elastic arteries, such as the aorta, expand during systole and recoil during 
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diastole. Pulsatile flow is converted into more smooth flow in a compliant artery, where half of blood 

goes to the circulation while the other half is stored as ‘’elastic ‘’ energy during systole and is then 

released during diastole (Roy et al. 2012). 

 

Figure 3.4. Windkessel effect of vessel wall where elastic energy is stored and released by the aorta 
during systole and diastole, respectively. Figure adopted from Roy et al. (2012). 

Windkessel models are lumped-parameter models which describe the arterial system by 

characterizing the arterial compliance, the peripheral resistance, the total impedance of the aorta and 

the inertia of the blood flow. As shown in Figure 3.5, three types of Windkessel models have been 

proposed based on the number of parameters chosen for electrical analogues, known as 2-Element 

Windkessel (2-EWM), 3-Element Windkessel (3-EWM) and 4-Element Windkessel Models (4-EWM). 

Among these models, 4-EWM can offer more accurate estimation of the arterial behaviour but the 

inertance is very hard to predict and thus a preferable model is 3-EWM (Westerhof et al. 2009), which 

has been proved to be able to provide sufficient accuracy in predicting arterial blood pressure 

waveform (Vignon-Clementel et al. 2006). In the case of 3-EWM (Figure 3.5 b), 𝑅1 corresponds to the 

total impedance of the aorta to blood flow in the proximal part, 𝑅2 describes the peripheral resistance 

of the entire arterial tree and C is the total compliance of the vasculature. Therefore, an explicit 

relationship between flow rate and pressure combined with these parameters can be expressed as 

(Xiao et al. 2014): 

                                                           𝑄 (1 + 
𝑅1

𝑅2
) + 𝐶𝑅1

𝜕𝑄

𝜕𝑡
= 

𝑃−𝑃𝑜𝑢𝑡

𝑅2
+ 𝐶

𝜕𝑃

𝜕𝑡
                                         (3.31) 

where 𝑄 is the outlet volumetric flow rate, 𝑃 is the pressure at the outlet and 𝑃𝑜𝑢𝑡  is the pressure at 

the distal of the vasculature, which is assumed to be zero. 
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Figure 3.5. Electrical analogues of Windkessel models. (a) 2-EWM; (b) 3-EWM; (c) 4-EWM. Figure 
modified from Rachid (2017). 

To employ 3-EWM as the outlet boundary condition, it is essential to calculate physiologically realistic 

values of the three parameters, namely, proximal resistance ( 𝑅1 ), distal resistance ( 𝑅2 ) and 

compliance (C). A detailed procedure is described below. 

Step 1 – For each outlet, evaluate the mean pressure P̅ from the blood pressure waveforms acquired 

from the relevant literature and the mean volumetric flow rate Q̅, which is known for inlet and then 

calculated by flow-split.  

 

Step 2 – The total resistance was then evaluated as (Les et al. 2010) 

                                                                                     𝑅𝑡 = 
�̅�

�̅�
                                                                      (3.32) 

Step 3 – The total resistance can be approximated as 

                                                                             𝑅𝑡 = 𝑅1 + 𝑅2                                                             (3.33) 

Step 4 – The proximal resistance can be evaluated from the equation 

                                                                                     𝑅1 = 
𝜌𝑐

𝐴
                                                                    (3.34)      

where ρ is the density, A is the outlet area and 𝑐 is the pulse wave velocity (Xiao et al. 2014).          

Step 5 – If diameter D is known, the pulse wave speed 𝑐 (m/s) can be obtained by using an empirical 

correlation expressed as  

                                                                                      𝑐 =  
𝑎

𝐷𝑏                                                                     (3.35) 

where 𝑎 and b are constants and equal to 13.3 and 0.3, respectively, and D is the vessel diameter 

(Reymond et al. 2009). 

Step 6 – The distal resistance 𝑅2 was then calculated from equation (3.33). 
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Step 7 – Evaluate the total compliance as described by 

                                                                                        𝐶 =  
𝜏

𝑅𝑡
                                                                    (3.36) 

where τ is the time constant of the exponential pressure decay during diastole. It is taken to be 1.79s 

under normal condition and 1.92s for hypertensive subjects (Xiao et al. 2014). 

The evaluated parameters were then implemented in a FORTAN code (originally developed by a 

previous group member, Dr. Harkamaljot Kandail), which was coupled with the flow solver, Ansys 

CFX. In the code, the aforementioned 3-EMW equation (equation 3.31) is discretised into an algebraic 

equation by using backward Euler method and is expressed as follows: 

                                                               𝑃𝑛 =
𝑄𝑛(𝑅1+𝛽𝑅1+𝛽𝑅2)−𝑄𝑛−1+𝑃𝑛−1

1+𝛽
                                              (3.37) 

where 𝛽 = ∆𝑡 𝐶𝑅2⁄  and ∆𝑡 is the chosen time step. 

3.5 Comparisons of Two Most Commonly Used Outlet Boundary Conditions 

In this section, an idealised fenestrated stent-graft model was used to test the influence of outlet 

boundary conditions. For the same boundary condition (BC) at the inlet, two types of outlet BCs were 

tested and compared: fixed flow split and 3-EWM. Moreover, the methodology for parameter 

estimation for 3-EWM is validated by quantitatively comparing the predicted outlet flow and pressure 

data against published data in the literature.  

3.5.1 Model Geometry and Boundary Conditions 

An FSG model with six outlets (superior mesenteric outlet, coeliac outlet, two renal outlets and two 

iliac outlets) was created using SolidWorks (Dassault Systems, Velizy, France) based on the dimensions 

reported by Suess et al. (2016). Computational mesh was generated by using ANSYS ICEM CFD (v15.0, 

ANSYS Inc., Canonsburg, PA). Since the stent-graft geometry contains multiple junctions and branches, 

unstructured mesh was adopted with tetrahedral elements in the core and 6 layers of prism elements 

in the near wall region. Grid independent tests have been carried out and the number of elements 

adopted in the final analysis for the FSG model was approximately 4.7 million. The schematic of the 

computational model is shown in Figure 3.6, where the respective flow waveform was adopted from 

the literature (Taylor et al. 2002). This waveform was represented by Fourier series, and the 

corresponding Womersley solution (Womersley 1955) (see Section 3.4.1) was used to derive velocity 

profiles imposed at the inlet. In terms of outlet boundary conditions, the flow split and 3-EWM outflow 

BCs were applied in turn, in order to determine their quantitative effects on predicted flow features. 

In addition, the stent-graft wall was assumed to be rigid. 
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Figure 3.6. Schematic of the computational model employed in this study. Volumetric flow rate 
waveform was prescribed at the inlet with the assumption of Womersley velocity profile, while two 
different outlet boundary conditions: 3-EWM and flow split were applied at all outlets in order to 
directly compare the results. 

Flow split outlet BC: A fixed percentage of the inlet flow is assumed to leave through each outlet. 

Based on data reported in the literature, the following flow division is assumed: coeliac accounts for 

20% of the supracoeliac aortic flow; 15% of inflow goes to each of the superior mesenteric artery 

(SMA), the left and right renal arteries; and the remaining 35% of mass flow rate stays in the infrarenal 

aorta and is equally divided by the two iliac arteries, namely, 17.5% for each (Moore and Ku 1994). In 

order to implement flow split, the right iliac outlet was defined as a 0-pressure outlet.  

3-EMW outlet BC: To calculate the 3-EWM parameters, pressure waveforms at each outlet were 

adopted from the literature (Xiao et al. 2014) and the corresponding cycle-averaged pressures were 

evaluated. The cycle-averaged inlet volumetric flow rate could also be calculated based on the flow 

waveform shown in Figure 3.6, based on which the mean flow at each outlet was obtained according 

to the specified flow division. Finally, the central resistance (R1), peripheral resistance (R2), and 

compliance (C) of each outlet were calculated as previously described (see Section 3.4.2) and reported 

in Table 3.3. 
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Table 3.3. Estimated values of central resistance (R1), peripheral resistance (R2) and compliance (C) for 
all the outlets. 

 Renal outlet Iliac outlet SMA outlet Coeliac outlet 

R1 (107 Pa.s/m3) 29.13 3.05 20.43 15.03 

R2 (108 Pa.s/m3) 10.71 11.90 11.79 8.94 

C (10-10 m3/Pa) 13.15 14.66 12.93 17.14 

 

3.5.2 CFD Model Details 

The conservation of mass and momentum equations for an incompressible, Newtonian fluid were 

used to describe the pulsatile blood flow. Blood was assumed to have a constant density of 1060 kg/m3 

and dynamic viscosity of 0.004 Pa·s. In addition, flow was assumed to be laminar. All numerical 

solutions were obtained using ANSYS CFX 15 (ANSYS, Canonsburg, PA, US), with the root mean square 

convergence criterion being set to be 1x10-5. A high order advection scheme and second-order implicit 

backward Euler scheme were chosen for spatial and temporal discretisation, respectively. A fixed 

time-step of 0.001 s was used based on sensitivity tests on time-step size. All numerical simulations 

were carried out for three cardiac cycles in order to reach a period solution and results from the last 

cycle were analysed using ANSYS CFD-Post 15 (ANSYS, Canonsburg, PA, US) and CEI Ensight 10 (CEI Inc, 

Apex, NC, US).  

3.5.3 Comparison of Numerical Results against Known Values 

Quantitative comparisons of the predicted mean outlet flow rate were made with the known flow 

data in the literature (Taylor et al. 2002) for both BCs (Table 3.4). Comparisons of the predicted 

pressure values were only made for the 3-EWM outlet BC, and results are summarised in Table 3.5 for 

the minimum (diastolic), maximum (systolic) and mean pressures in each outlet together with the 

pressure data of Xiao et al. (2014), which were used for parameter estimation. 

With both types of outlet BCs, the predicted mean flow rates in all arteries were in good agreement 

with the values reported in the literature with a maximum discrepancy of 3.1%. Although the mean 

pressure values were well predicted with the 3-EWM BC, the model predicted lower peak systolic 

pressure and higher diastolic pressure compared to the target values. There are several possible 

reasons for this discrepancy: (a) the rigid wall assumption in the CFD model, (b) the lack of a complete 

set of flow and pressure waveforms for all branches, which resulted in many parameters being either 

calculated analytically or estimated from the literature. Nevertheless, results obtained with the 3-

EWM BC are acceptable since physiologically realistic behaviour of pressure and flow were well 

captured. 
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Table 3.4. Comparison of mean flow rates in each artery obtained with two different outlet boundary 
conditions, together with the corresponding percentage difference from the target values. 

 Mean volumetric flow rate (L/min) 

 (Taylor et al. 2002) 3-EWM BC Flow Split BC 

Renal outlet 0.530 0.522 (1.5%) 0.529 (0.1%) 

Iliac outlet 0.617 0.636 (3.1%) 0.621 (0.6%) 

SMA outlet 0.530 0.524 (1.1%) 0.532 (0.4%) 

Coeliac outlet 0.706 0.696 (1.4%) 0.725 (2.7%) 

 

Table 3.5. Minimum, maximum and mean pressures in each branch artery with 3-EWM outlet BC. 

 Renal artery Iliac artery Coeliac artery SMA 

 CFD 

results 

(Xiao et 

al. 2014) 

CFD 

results 

(Xiao et 

al. 2014) 

CFD 

results 

(Xiao et 

al. 2014) 

CFD 

results 

(Xiao et 

al. 2014) 

Min P (mmHg) 76.95 66.47 77.20 66.46 77.25 66.53 77.23 67.28 

Max P (mmHg) 106.90 114.56 111.77 121.53 107.14 115.68 107.18 116.26 

Mean P (mmHg) 88.55 90.19 89.95 94.17 89.24 91.23 89.21 91.70 

 

3.5.4 Comparison of Two Outlet Boundary Conditions  

The predicted pressure variations at each outlet are shown in Figure 3.7, while the corresponding 

volumetric flow rates are given in Figure 3.8. 

Figure 3.7 shows that the shape of the predicted pressure waveforms at the outlets are very different 

for the two outlet BCs. Since normal blood pressure for a healthy adult should be within 80 – 120±10 

mmHg, it is obvious that pressures obtained with the flow split BC are physiologically incorrect. On 

the other hand, the 3-EWM BC reproduced very well not only the shape of the pressure waveform but 

also physiologically relevant values. Regarding the volumetric flow rate at each outlet (Figure 3.8), the 

flow split BC produced waveforms that were all in the same shape as the inlet flow waveform. 

However, it is known that renal flow waveform should always be antegrade due to the low peripheral 

resistance of the kidney (Nichols et al. 2011), while the iliac artery commonly experiences retrograde 

flow during part of diastole (Les et al. 2010). Specifically, the coeliac and SMA draw flow anteriorly 

while renal arteries pull flow laterally and due to the constant antegrade flow in the renal arteries, 

flow in the infrarenal aorta would be drawn at the beginning of diastole, thus causing flow reversal. 

Moreover, flow in the renal arteries should be higher than that in the iliac arteries during diastole. All 

these features were well captured by the 3-EWM BC. 
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Near Wall Haemodynamic (NWH) Parameters: NWH parameters have been shown to have an effect 

on the development of atherosclerosis. For example, low wall shear stress (WSS) is known to promote 

thrombus formation and induce intimal hyperplasia (Suess et al. 2016). More specifically, low WSS 

has been found to not only be responsible for the delay in nutrient supply and metabolic wastes 

removal (Malek et al. 1999), but also for causing formed elements, such as monocytes, thrombocytes 

and granulocytes, to move to peripheral parts of the arterial flow (Joris et al. 1983). On the other hand, 

high WSS values have been associated with platelet activation in blood (Nobili et al. 2008), activity of 

which can potentially promote local thrombus formation. High WSS has also been related to 

degenerative lesions of the vessel wall and subsequent vessel enlargement (Ekaterinaris et al. 2006), 

with WSS values higher than 40 Pa being linked to direct endothelial damage (Fry 1969). Time-

averaged WSS (TAWSS) is derived from WSS over the entire cardiac cycle. Oscillating shear index (OSI) 

has been evaluated to identify areas with varying shear directions and OSI values of >0.3 have been 

suggested to be atherogenic. In addition, relative residence time (RRT) has been used to relate the 

amount of time that solutes and particles of the blood may spend near the vessel wall. Table 3.6 

summarises the threshold values for NWH parameters that are shown to be atherogenic (Suess et al. 

2016). 

Definitions of TAWSS and OSI are given below. 

                                                                       𝑇𝐴𝑊𝑆𝑆 = 
1

𝑇
 ∫ |𝜏𝜔|𝑑𝑡

𝑇

0
                                                          (3.38) 

where 𝑇 is the period of the cardiac cycle and 𝜏𝜔  is the instantaneous wall shear stress. 

                                                                       OSI = 0.5 (1 −
|∫ 𝜏𝜔𝑑𝑡

𝑇
0

|

∫ |𝜏𝜔|
𝑇
0 𝑑𝑡

)                                                      (3.39) 

Residence time is a relative concept since all non‐adherent particles in the flow are moving and, thus, 

have zero “residence time” at any location (Himburg et al. 2004). As proposed to by Himburg et al. 

(2004), the residence time can be expressed in terms of the Cartesian distance 𝛿(𝑦), which is the 

travel distance of a fully entrained particle at a small distance y from the wall during a cardiac cycle.  

The residence time, 𝑡𝑟 , of such a particle therefore is proportional to 𝛿−1. Near the wall, the excursion 

of the particle is small enough so that the spatial variation in shear can be neglected, and 𝛿(𝑦) can be 

expressed as: 

                               𝛿(𝑦) = |∫ 𝑢(𝑦)𝑑𝑡
𝑇

0
| =  

𝑦

𝜇
|∫ 𝜏𝜔𝑑𝑡

𝑇

0
| = (

𝑇𝑦

𝜇
) (1 − 2 ∗ 𝑂𝑆𝐼) ∗ 𝑇𝐴𝑊𝑆𝑆                 (3.40) 

where 𝜇 is the dynamic viscosity. Since the term 
𝑇𝑦

𝜇
 is a constant for any arbitrarily small value of 𝑦, 

hence  

                                                           𝑡𝑟  ~ 𝛿−1 ~ [(1 − 2 ∗ 𝑂𝑆𝐼) ∗ 𝑇𝐴𝑊𝑆𝑆]−1                                       (3.41) 
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The RRT as proposed by Himburg et al. (2004) can be expressed as 

                                                                        RRT =
1

(1−2∗𝑂𝑆𝐼)∗𝑇𝐴𝑊𝑆𝑆
                                                        (3.42) 

It should be noted that RRT is not the exact residence time as it is calculated based on TAWSS and OSI. 

This variable could be a useful measure of the shear environment for correlative purposes regarding 

the level of the shear and its oscillatory character. 

Table 3.6. Reported ranges of NWH parameters that are atherogenic. 

Parameter Atherosclerosis-promoting range 

(Suess et al. 2016) 

TWASS <0.4 Pa  

OSI >0.3  

RRT >10 m2/N 

 

Figures 3.9, 3.10 and 3.11 show the predicted TAWSS, OSI and RRT distributions with the two BCs. 

Although no significant differences in the overall patterns were observed, there were minor 

differences in OSI and RRT distributions, especially in the region below the renal branches. The 

similarity in TAWSS distribution can be explained by the fact that WSS results depend on the flow rate, 

geometry and flow split among the branches, which were either the same (inlet flow rate and 

geometry) or differed very little (flow rates in branches) for the two BCs. Since TAWSS represents the 

magnitude of WSS over one cardiac cycle and OSI characterizes the cyclic variation of WSS, OSI values 

are between 0 for unidirectional flow and 0.5 for purely oscillatory flow. As a result, regions with high 

TAWSS usually have low OSI values, which seemed to be the case here where the branches had 

consistently moderate values for TAWSS along its length, while relatively low OSI values were found 

in branches. The main stent-graft, especially in the infrarenal region, exhibited high levels of OSI, which 

was caused by flow reversal. As infrarenal flow reversal was more pronounced with the 3-EWM BC, 

the area with higher OSI was also larger than that with the flow split BC. For the same reason, areas 

of higher RRT were also larger with the 3-EWM BC. 
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Figure 3.7. Predicted pressure waveforms for every outlet with two outlet boundary conditions. Top: 
flow split BC; bottom: 3-EWM BC.  

 

Figure 3.8. Predicted flow rate waveforms for each outlet with two different boundary conditions. 
Retrograde iliac flow during part of diastole was only predicted by the 3-EWM BC. 
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Figure 3.9. Comparison of time-averaged wall shear stress (TAWSS) distributions between two 
boundary conditions: left for 3-EWM and right for flow split.  

 

Figure 3.10. Comparison of oscillating shear index (OSI) distributions between two boundary 
conditions: left for 3-EWM and right for flow split. 
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Figure 3.11. Comparison of relative residence time (RRT) distributions between two boundary 
conditions: left for 3-EWM and right for flow split. 

3.6 Summary 

The governing equations for blood flow were described in this chapter, which can be solved 

numerically together with appropriate boundary conditions. Essential components required for 

physiologically realistic CFD simulations of blood flow were described, including realistic 3-D 

geometries, highly resolved mesh, together with physiological boundary conditions. In terms of outlet 

boundary conditions, two most commonly used boundary conditions: fixed flow split and 3-EWM, 

were compared through CFD simulations of an idealised FSG model. The results demonstrated that 

the 3-EWM is capable of reproducing physiological flow and pressure waveforms and their values were 

in good agreement with the target values, justifying the use of 3-EWM as outlet BCs in all flow 

simulations presented in this thesis.  
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Chapter 4 

Application 1: Evaluating the Haemodynamic 

Performance of Thoracoabdominal Branch 

Endoprosthesis (TAMBE) 

 

4.1 Introduction 

The most common challenge in device design for endovascular aortic repair (EVAR) of 

thoracoabdominal aortic aneurysms (TAAAs) is the variability of the visceral branch anatomy.  

Customized devices, such as fenestrated stent-graft (FSG), are not only more expensive than off-the-

shelf designs, but also require longer time to make, thus not suitable for emergency use. Therefore, 

manufactures are constantly working on developing novel devices with a ‘’few-sizes-fit-most’’ 

approach. Since the first report on endovascular repair of TAAAs using branched stent-graft (BSG) by 

Chuter et al. (2001), off-the-shelf multi-branched stent-grafts have been developed. Zenith t-branch 

(Cook Medical) was the first commercialized off-the-shelf device; it has four downward-going external 

cuffs, and has been reported with excellent clinical outcomes (Greenberg et al. 2008). The GORE® 

EXCLUDER® Thoracoabdominal Branch Endoprosthesis (TAMBE) is the latest multi-branched stent-

graft which offers extensive anatomical applicability.  

The first successful implantation of TAMBE was reported in 2014 and the clinical experience with this 

device is still limited (Oderich and Silveira 2016). Based on multicentre data, Oderich et al. (2019) 

found that TAMBE demonstrated high rates of technical success and favourable short-term (30 days) 

outcomes, though long-term durability has not been determined yet. TAMBE has four portals sewn 

on the main endograft, allowing placement of preloaded guidewires to facilitate visceral vessel 

catheterization. The bridging stent-graft used to connect with the target vessel varies in length and 

take-off angle (TOA) based on patient’s anatomy. Previous computational studies have shown that 

misaligned visceral stent-grafts could influence local flow patterns and shear stress magnitude and 

distribution (Georgakarakos et al. 2014; Kandail et al. 2015). These arose two questions on using 

TAMBE for EVAR: a) long-term durability, and b) the effect of variable geometrical configurations 

adapted by the visceral stent-grafts on its overall performance. Answering these questions may help 

to assess the reliability of TAMBE, which may aid surgeons in assessing the risk of future complications, 

such as migration and endoleaks as well as in-stent thrombosis. This chapter aims to address the 

aforementioned questions by providing a detailed evaluation of the haemodynamic performance of 
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TAMBE through CFD simulations. Analysis of results has been performed to include: a) flow patterns, 

with a particular attention to recirculation zones in the renal branches, b) outflow in visceral and iliac 

arteries, c) near wall haemodynamic (NWH) parameters, and d) displacement forces experienced by 

the stent-grafts.  

4.2 Methodology 

4.2.1 Model Geometry 

As described in section 2.2.3, TAMBE has four inner portals with either antegrade or retrograde 

orientation for the renal arteries. Considering the ease of implantation and relevant clinical guidance 

(Prof M. Hamady, St Mary’s Hospital, London), the antegrade orientation was chosen for this study. 

Idealised 3-D models of TAMBE were created using SolidWorks (Dassault Systems, Velizy, France). As 

shown in Figure 4.1, the main stent-graft endoprosthesis has a total length of 160 mm, including a 

tapered segment with a length of 56 mm. The proximal sealing zone has a length of 35 mm, after 

which the geometry gradually tapers from the proximal diameter of 37 mm to the distal diameter of 

20 mm. In this study, the geometry of the main stent-graft was slightly modified, where the proximal 

sealing zone was extended to 65 mm while the tapering length was reduced to 26 mm. This 

modification was inevitable for idealised TAMBE models as a tapering length longer than 26 mm would 

cause overlapping regions between the renal branches and the main stent-graft endoprosthesis. This 

modification is believed to have a negligible influence on the haemodynamic parameters of interest. 

Additionally, inner portals for all the visceral vessels have the same length of 10 mm, but the SMA and 

coeliac portals are positioned 10 mm above the two renal tunnels. The diameters were 8 mm for the 

coeliac and SMA, 6 mm for the renal, and 9.5 mm for the iliac. All the visceral arteries were artificially 

extended to ensure that the flow was fully developed before it reached model outlets. 

In order to account for variable configurations of bridging stent-graft, three different TOAs between 

the main endograft and the renal branch centreline axis were simulated: 90°, representing the most 

common flat renal anatomy, and 45° and 110° representing a downward and upward renal 

configuration, respectively. In addition, three different renal branch lengths were simulated as 

summarised in Table 4.1. Due to the lack of patient-specific data or reported representative geometric 

dimensions, both the renal TOAs and branch lengths were provided by the clinical collaborator. In 

reality, the renal anatomy can vary extensively, and the dimensions used in this study only represented 

some common clinical scenarios. Since the abdominal aorta is located along the curved and non-planar 

lumber vertebrae and the deployed stent-graft would follow the curvature, the effect of nonplanarity 

on the performance of TAMBE was also considered by creating an additional non-planar model with 

an anterior/posterior neck angle (APA) of 20° using the baseline geometry (TOA = 90°, renal branch 
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length = 45 mm). APA is the angle between the y-axis and a line that is perpendicular to the inlet 

surface in the sagittal plane (Kandail et al. 2014). Schematics of all the simulated TAMBE models are 

shown in Figure 4.2.  

 

Figure 4.1. (A) Original TAMBE geometry with key dimensions labelled. (B) The modified TAMBE 
geometry adopted in this study. 

Table 4.1. TOAs and lengths of the renal branches for all the simulated geometries. 

 Renal TOAs (degree) Renal branch lengths (mm) 

TAMBE model 1 90 45 

TAMBE model 2 45 45 

TAMBE model 3 110 45 

TAMBE model 4 90 70 

TAMBE model 5 90 90 

Non-planar TAMBE model 90 45 
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4.2.2 Computational Details 

Unstructured meshes were generated for all the TAMBE models by using ANSYS ICEM CFD (ANSYS, 

Canonsburg, PA, USA). Each mesh consisted of tetrahedral elements in the core and 6 layers of prism 

elements in the near wall region. Grid independent tests were conducted, starting with a mesh 

containing around 3 million elements and the number of elements adopted in the final simulation was 

approximately 7 million. Results were considered grid independent when velocity fields and wall shear 

stress (WSS) differed by less than 2% between the adopted mesh and a finer mesh.  

A physiologically realistic volumetric flow rate waveform extracted from the literature (Taylor et al. 

2002) was imposed at the model inlet along with Womersley velocity profiles (Womersley 1955). A 

schematic of the computational model and the imposed inflow waveform can be found in Figure 4.3. 

Regarding outlet boundary conditions, a three-element Windkessel model (3-EWM) was coupled with 

each outlet to incorporate the effect of downstream vasculature. 

 

Figure 4.2. Schematic of all the analysed TAMBE geometries: (A) TAMBE model 1, (B) non-planar 
TAMBE model, (C) TAMBE model 2, (D) TAMBE model 3, (E) TAMBE model 4, and (F) TAMBE model 5. 
All the planar models are shown in the coronal plane, while the non-planar model is shown in the 
sagittal plane. The renal take-off angle (TOA) is defined as the angle between main stent-graft 
endoprosthesis and the renal stent-graft centreline axis. APA refers to anterior/posterior neck angle 
that is defined as the angle between the y-axis and a line that is perpendicular to the inlet surface in 
the sagittal plane. 
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The stent-graft wall was assumed to be rigid, where no-slip boundary conditions were specified. In 

order to evaluate the effect of geometric variations on the haemodynamic performance, the same set 

of boundary conditions was applied to all computational models. Blood was assumed to be Newtonian 

and incompressible with a density of 1060 kg/m3 and viscosity of 0.004 Pa.s. The conservation 

equations of mass and momentum were numerically solved for laminar blood flow. All numerical 

solutions were obtained using ANSYS CFX 15 (ANSYS, Canonsburg, PA, US), which is a coupled solver 

and the equations for velocity and pressure are solved together in a single system. A high order 

advection scheme and second order implicit backward Euler scheme were chosen for spatial and 

temporal discretisation. Numerical convergence was controlled by setting the root mean square 

residual to be 1×10-5. A uniform time step of 0.001 s was chosen, and all numerical simulations were 

carried out for three cardiac cycles to reach periodic solutions. Results from the last cycle were used 

for analysis. 

4.2.3 Evaluation of Key Haemodynamic Parameters 

Flow patterns inside the stented visceral branches were examined by visulaisation of instantaneous 

velocity streamlines. Important flow phenomenon, such as flow separation and recirculation were 

highlighted as they would lead to low and oscillatory WSS, which is considered to be atherogentic 

(Suess et al. 2016). NWH parameters, such as TAWSS, OSI, and RRT and their relations to 

atherosclerotic formation have already been defined and explained in Section 3.5.4. In this chapter, 

an additional metric, endothelial cell activation potential (ECAP), as proposed by Di Achille et al. (2014), 

was evaluated to identify regions that might be prone to thrombus formation. ECAP is defined as the 

ratio of OSI to TAWSS, so it can be used to identify regions that simultaneously exposed to high OSI 

and low TAWSS. It should be mentioned that the 99th percentile values of ECAP were used to avoid 

any unrealistically high values at isolated spots.  

Upon implantation stent-grafts are subjected to time-dependent displacement forces as a result of 

blood pressure and frictional force exerted by the blood flow. It is important to calculate displacement 

forces acting on the stent-graft body as they are the main driver for device migration (Kandail et al. 

2014). The displacement force was calculated by integrating pressure and WSS over the entire surface 

of the endograft. It is defined as (Kandail et al. 2014):  

                                                        𝐹𝑑,𝑖 = ∫ 𝜌𝑑𝐴
1

𝐴,𝑖
+ ∫ (−𝜇

𝜕𝑣𝑡⃗⃗⃗⃗ 

𝜕�̂�
)

1

𝐴,𝑖
 𝑑𝐴                                                        (4.1) 

where the first term represents the pressure force and the second term represents the WSS force. A 

is the area of the endograft wall, and i refers to x, y and z in Cartesian coordinates. 𝑣𝑡⃗⃗  ⃗ is the tangential 
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velocity with respect to the unit normal �̂� for each wall element and 𝜇 is the blood viscosity. The 

magnitude of displacement force 𝐹𝑑 is given by: 

                                                        |𝐹𝑑| =  √(𝐹𝑑,𝑥)2 + (𝐹𝑑,𝑦)2 + (𝐹𝑑,𝑧)2                                                  (4.2)                             

 

Figure 4.3. Schematic of the computational model employed in this study. Volumetric flow rate 
waveform extracted from Taylor et al. (2002) was prescribed at the inlet along with Womersley 
velocity profiles, while a 3-EWM model was applied at all outlets.  

4.3 Results  

4.3.1 Flow in Branch Vessels 

Figure 4.4 shows variations of flow in branch vessels for all the simulated TAMBE models. It is clear 

that flow waveforms at each branch outlet hardly differed among the 6 models. The cycle-averaged 

flow rates were 0.51 L/min in the renal artery, 0.54 L/min in the SMA, 0.69 L/min in the coeliac artery, 

and 0.6 L/min in the iliac artery, accounting for 14.8%, 15.6%, 20%, and 17.4% of the inflow, 

respectively. Flow division was equal between the left and right renal arteries, as well as between the 

left and right iliac arteries, as a result of geometric symmetry. Moreover, volumetric flow rates were 

antegrade throughout the cardiac cycle in all visceral branches (renal, coeliac and SMA), while flow 

reversal was only observed in the iliac arteries during early diastole. 
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Instantaneous velocity streamlines near the inner portals and inside the visceral stent-grafts are 

shown in Figure 4.5 at the time point of maximum flow deceleration (0.28 s). This time point was 

chosen because flow tends to be most unstable at maximum flow deceleration. It can be seen that 

velocities were much higher in the branches than in the main stent-graft. Flow was highly disturbed 

by the inner portals, forming two large and symmetric flow recirculation zones (FRZs) around the 

entrance to the renal branches (as indicated by yellow stars). Due to the presence of a bend in the 

visceral stent-grafts, blood flow was skewed towards the inner curvature, causing flow separation and 

recirculation.  Two FRZs were found in the renal branches, with one along the inner curvature (marked 

by red arrows) and another along the outer curvature (marked by blue arrows). TAMBE model 2 was 

an exception where the second FRZ was absent.  

 

Figure 4.4. Predicted flow rate waveforms in different branches for all the TAMBE models: (A) renal, 
(B) iliac, (C) coeliac and (D) SMA. It shows that geometric variations hardly altered flow waveforms in 
the main branches. 

4.4.2 Near Wall Haemodynamic Parameters 

TAWSS contours are displayed in Figure 4.6 where it is obvious that the magnitude of TAWSS was 

higher in the visceral branches. Another common feature among all the simulated models was a region 

of very high TAWSS (> 10 Pa) at the outer curvature of the renal stent-graft, with the exception for 

TAMBE model 2. This was caused by direct impingement of flow from the vertical straight section of 

the renal branch. The maximum TAWSS values were evaluated and indicated in the figure where 
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TAMBE model 3 (TOA = 110°) had the highest peak TAWSS which was more than twice the value in 

TAMBE model 2 (TOA = 45°), clearly demonstrating the strong influence of TOA on WSS. On the other 

hand, non-planarity and renal branch length had little effect on the distribution of TAWSS and its peak 

value. ECAP values were then calculated from the evaluated TAWSS and OSI, in order to identify 

regions susceptible to thrombus formation. As shown in Figure 4.7 and the corresponding 99th 

percentile values in Table 4.2, similar ECAP distributions were found for all models, such that all 

TAMBE stents had a region of high ECAP near the intersection between the bridging stent-grafts and 

the main stent-graft endoprosthesis, while low ECAP values, up to 0.5 were found on all the visceral 

stent-grafts. The 99th percentile ECAP values were also comparable among the 6 models, with the 

maximum difference being 0.18.  

4.4.3 Displacement Force 

Figure 4.8 shows the magnitude and direction of displacement forces acting on the main stent-graft 

body for all the TAMBE models. Pressure is the primary contributor to the overall displacement force 

since the magnitude of WSS is at least two orders of magnitude smaller. Changing the renal branch 

length and TOA had no effect on displacement force but non-planarity substantially increased its 

magnitude. As displacement force is a 3D vector, it would also be of interest to examine its direction.  

For all planar and symmetric TAMBE models (1 to 5), displacement forces were pointing vertically 

downward in the coronal plane.  Non-planarity altered the direction of displacement force which had 

a cycle-averaged angle of 29° with the y-axis and 61° with the z-axis in the sagittal plane for the non-

planar TAMBE model with an APA of 20o.   
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Figure 4.5. Instantaneously velocity streamlines near the inner portals and inside the branch stent-grafts at maximum flow deceleration. (A) TAMBE model 1, 
(B) non-planar TAMBE model, (C) TAMBE model 2, (D) TAMBE model 3, (E) TAMBE model 4, and (F) TAMBE model 5. All the models are displayed in the 
coronal plane. Two large and symmetric flow recirculation zones (FRZs) around the entrance to the renal branches are marked by yellow stars. Red and blue 
arrows indicate the primary and secondary FRZs inside the renal branches, respectively. The secondary FRZ is absent for TAMBE model 2.
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4.4 Discussion 

TAMBE offers a great potential for adapting to a wide variety of anatomical features of the visceral 

branches (coeliac, SMA, and renal), especially varying locations of the renal arteries. Previous studies 

of the anatomy of the visceral arteries confirmed that > 80% of patients with complex AAA or TAAA 

would be suitable to treatment with TAMBE (Mendes et al. 2014). From 2014 to 2016, thirteen 

patients treated with TAMBE at multicentres were included in a clinical study to assess the early 

feasibility of this novel device. Technical success rate was 92% (12/13), with no mortality, aneurysm 

rupture, conversion to open surgery, dialysis, or spinal cord injury reported. At 30 days, all target 

vessels (n=52) were patent and no endoleaks occurred. However, its long-term durability has not yet 

been determined (Oderich et al. 2019). Another critical issue is the durability of bridging stent-grafts 

for visceral incorporation (Panuccio et al. 2015). Earlier generations of stent-grafts, such as Wallgraft 

(Boston Scientific, Marlborough, Massachusetts) were related to higher rates of renal occlusion since 

they are prone to kink (Panuccio et al. 2015). TAMBE incorporates the most advanced GORE VIABAHN 

Balloon Expandable Endoprosthesis (VBX) which has favourable characteristics, but the long-term 

durability of VBX stent-graft is still unknown. In order to help assess the effectiveness and long-term 

durability of TAMBE, a detailed haemodynamic analysis was carried out in this study based on 

representative geometry and physiologically realistic boundary conditions. Additionally, the effect of 

variable geometric configurations of renal stent-graft on the haemodynamic performance of TAMBE 

was evaluated by changing the renal stent-graft length and TOA. 

The results showed that TOA and the length of the renal stent-graft had virtually no effect on 

volumetric flow waveforms in any of the four branches (coeliac, SMA, renal and iliac). Flow distribution 

among the visceral branch vessels was in line with that reported in the literature (Taylor et al. 2002), 

with 20% of the supracoeliac aortic flow going into the coeliac artery, 15% into the SMA and 15% into 

each of the two renal arteries. Since each renal artery usually requires between 20% - 30% of the infra-

SMA flow under normal physiological conditions (Williams and Leggett 1989), it can be concluded that 

normal blood perfusion to the renal arteries was maintained, regardless of geometric variations. 

Comparison of flow patterns among the simulated TAMBE models revealed minor quantitative 

differences except for TAMBE model 2. The gentle bend in the renal branch of TAMBE model 2 allowed 

flow coming down the vertical segment of the bridging stent-graft to change its direction more 

gradually, thereby avoiding the occurrence of a second FRZ along the outer curvature. FRZ is 

characterized by low velocities and flow reversal, which may increase the residence time of blood 

particles, such as red blood cells and platelets, near the vessel wall (Suess et al. 2016). The presence 

of a permanent FRZ may trigger thrombus formation, leading to partial or complete occlusion of the 

visceral stent-graft. Therefore, large and permanent FRZs should be avoided as much as possible. 
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TAMBE has multiple inner portals which are specially designed to provide better sealing zones 

between the bridging stent-graft and the main endoprosthesis, and for ease of implantation. However, 

these inner portals can also cause strong disturbance to the local blood flow, as manifested through 

the presence of very large FRZs (highlighted in Figure 4.5), indicating an increased risk of subsequent 

thrombosis in these regions.  

 

Figure 4.6. Comparison of TAWSS between all the simulated models, with particular attention to the 
renal stent-grafts. TAWSS values higher than 10 Pa are shown in red and highlighted, together with 
the maximum TAWSS values. (A) TAMBE model 1, (B) non-planar TAMBE model, (C) TAMBE model 2, 
(D) TAMBE model 3, (E) TAMBE model 4, and (F) TAMBE model 5. All the models are displayed in the 
coronal plane. 

WSS is an important haemodynamic parameter since it can influence endothelial cell functions, such 

as proliferation, apoptosis, migration, permeability and remodelling (Lehoux et al. 2006; Li et al. 2005). 

Healthy arterial WSS ranges between 1 and 7 Pa (Malek et al. 1999). WSS values lower than 0.4 Pa 

have been associated with intimal hyperplasia and in-stent thrombosis (Malek et al. 1999; Suess et al. 

2016), whereas high WSS values are related to endothelial damage, stent material fatigue, 

thrombogenic and subsequent blockage of the lumen patency (Chatzizisis et al. 2007). WSS changes 

during the cardiac cycle because of the pulsatile nature of blood flow, as such it is usually analysed by 

averaging the magnitude of instantaneous WSS over a cardiac cycle to yield a cycle-averaged value, 

referred to as TAWSS (see equation 3.38 for definition). TAWSS in the visceral stent-grafts was much 

higher than in the main endoprosthesis due to increased blood velocities. Among the three visceral 

branches, the renal stent-grafts experienced the highest TAWSS as a result of their small portal 

diameters. Very high TAWSS values (> 10 Pa) for all the simulated models (except for TAMBE model 2) 
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were found to be concentrated at the proximal region of renal arteries, while values of 5-7 Pa were 

distributed along the distal renal arteries. Such spatial differentiations in WSS between the proximal 

and distal renal arteries have been postulated by several studies to induce and increase myointimal 

hyperplasia (Chen et al. 2009; DePaola et al. 1992; Georgakarakos et al. 2014). Moreover, the 

maximum TAWSS in TAMBE model 2 was 6.8 Pa, within the normal range, but this was 15.7 Pa in 

TAMBE model 3, indicating a strong relationship between the maximum TAWSS and TOA.  

Table 4.2. Endothelial Cell Activation Potential (ECAP) 99th percentile values for all the simulated 

TAMBE models.  

 99th percentile ECAP values 

TAMBE model 1 2.83 

TAMBE model 2 3.01 

TAMBE model 3 2.91 

TAMBE model 4 2.90 

TAMBE model 5 2.99 

Non-planar TAMBE 2.85 

   

 

Figure 4.7. ECAP contours for all the simulated TAMBE models in the coronal plane. (A) TAMBE model 
1, (B) non-planar TAMBE model, (C) TAMBE model 2, (D) TAMBE model 3, (E) TAMBE model 4, and (F) 
TAMBE model 5. ECAP is defined as the ratio of OSI to TAWSS, so it can be used to identify regions 
that simultaneously exposed to high OSI and low TAWSS. Regions where ECAP values higher than 5 
(shown in red) were associated with thrombus formation. Similar ECAP distributions were found for 
all models, with a region of high ECAP (> 5) near the intersection between the bridging stent-grafts 
and the main stent-graft.  
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Figure 4.8. (A) Time variation of the magnitude of displacement forces acting on all the TAMBE stent-
grafts. (B) Direction of the displacement force for all the planar TAMBE models as indicated by a red 
arrow in the coronal plane. (C) Direction of the displacement force for the nonplanar TAMBE model 
as indicated by a red arrow in the sagittal plane. 

Spatial distributions of ECAP have been used to find regions that might be prone to thrombosis. As 

described by Di Achille et al. (2014), locations of thrombus formation in AAA patients correlated well 

with the regions where ECAP values were greater than 5. Therefore, the colour legend of ECAP was 

set to range from 0-5 so that the regions shown in red could be considered to have an increased risk 

of thrombosis. As shown in Figure 4.7, high ECAP values (> 5) were found around the intersections 

between the inner portals and the main stent-graft. However, thrombus formation in these regions 

would be expected to cause no adverse clinical consequences. On the other hand, very low ECAP 

values (< 0.5) were found in all the visceral stent-grafts, even in the regions adjacent to persistent FRZs. 

This can be explained by the fact that although TAWSS was low in regions of FRZ, OSI values were also 

low in these regions and as a result, the ECAP values (defined as the ratio of OSI to TAWSS) were very 

low. Comparisons between different stent-graft configurations indicated that TAMBE model 1 had the 

lowest 99th percentile ECAP values, but differences among the simulated models were trivial. 

Therefore, it can be deduced that geometric variations had very little effect on the predicted risk of 

device-induced thrombosis. 

Displacement forces are related to device migration and future complications, such as type I endoleaks. 

Results obtained in this study showed that variations in renal stent-graft length and TOA did not alter 

the magnitude of displacement forces. However, non-planarity increased the magnitude of 

displacement forces throughout the cardiac cycle. This was also observed by another similar study 
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(Kandail et al. 2015). As reported by Melas et al. (2010), the threshold value was 26.97 N for self-

expanding stent-grafts and 34.25 N for balloon-expandable devices, to dislocate the proximal portion 

of a planar stent-graft (with hooks and barbs) by more than 20 mm. Lower values of 13.58 N for self-

expanding stent-grafts and 14.72 N for balloon-expandable devices were required to dislocate a stent-

graft without hooks and barbs. The maximum displacement force experienced by the planar stent-

grafts included in this study was up to 12.24 N, which was well below the threshold values cited above. 

TAMBE stents are equipped with hooks and barbs and the preferred branch component is a specially 

designed balloon-expandable covered stent-graft. The Non-planar TAMBE model experienced a 

maximum displacement force of 13.14 N, which was also well below the threshold value of  32 N 

reported to dislocate a non-planar stent-graft (Rahmani et al. 2016). Based on these results, it can be 

deduced that varying the geometric configuration of the visceral stent-grafts had no effect on the 

magnitude of displacement forces. Even though non-planarity increased the magnitude of cycle-

averaged displacement force, it was still at low risk of distal migration.  

Limitations 

First, idealised and simplified TAMBE geometries were adopted in this study due to limited clinical 

data on this novel device. In the future, numerical simulations of patient-specific TAMBE models will 

be carried out. Second, the lumen surface of the main stent-graft endoprosthesis and bridging stent-

graft was assumed to be smooth. This is a major assumption since stent wires are attached at the graft 

surface, and their shape and pattern can alter the near wall haemodynamics, especially the local WSS.  

Third, ECAP values were evaluated to identify regions that might be prone to thrombosis without 

directly modelling the actual process of thrombus formation. Fourth, stent-graft wall was assumed to 

be rigid. This can be justified since the stent-graft wall is made up of graft fabric supported by a metal 

framework, which is very stiff and thus the influence of wall compliance on flow is considered to be 

minimal (Kleinstreuer et al. 2008). Finally, current numerical simulations were mainly focused on the 

haemodynamic performance of TAMBE under a normal resting condition. Exercise scenarios were not 

included here since these have been addressed by others (Kandail et al. 2016; Les et al. 2010). 

However, it is worth mentioning that exercise would increase the peak Reynolds number, where 

disturbance and turbulence in blood flow might occur. The effect of turbulence on the haemodynamic 

performance of TAMBE has not been examined and should be considered in future studies.  

4.5 Summary 

All the TAMBE models examined here can maintain normal blood perfusion to the visceral branches 

based on the predicted cycle-averaged volumetric flow rate. Persistent FRZs were found in the renal 

stent-grafts as a result of sudden change in the direction of blood flow. However, ECAP values were 

not high enough to induce thrombosis in the renal branches. Although high ECAP values were 
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observed around the intersections between the inner portals and the main stent-graft endoprosthesis, 

thrombosis in these regions would not lead to adverse clinical consequences. A positive relationship 

between the take-off angle (TOA) of renal stent-grafts and the maximum TAWSS was found, where a 

sharp bend in the renal anatomy greatly increased the maximum TAWSS, indicating a higher risk of 

device failure in this configuration. Finally, geometric variations did not alter the magnitude of 

displacement forces. Even though non-planarity increased the magnitude of displacement forces, they 

were still below the threshold for device migration.  
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Chapter 5 

Application 2: Evaluating the Haemodynamic 

Performance of a Novel Branched Stent-Graft for 

Thoracic Endovascular Aortic Repair (TEVAR) 

 

5.1 Analysis of Blood Flow in an Idealised Model of Dual-Branched Stent-Graft for 

Endovascular Repair of the Aortic Arch   

5.1.1 Introduction 

Thoracic endovascular aortic repair (TEVAR) has been developed over two decades and has become 

one of the most popular choices for treating descending thoracic aortic diseases. In recent years, its 

application has been extended more proximally in the aorta, if there is a suitable landing zone, to treat 

pathology in the aortic arch and ascending aorta. However, in the aortic arch, the curvature of the 

arch and proximity of the ostia of the three arch vessels to each other make it difficult to obtain a 

landing zone with sufficient length to ensure firm fixation of the device, rendering the use of branched 

or fenestrated stent-grafts (BSG or FSG) (Ishimaru 2004). As mentioned in the previous chapter, BSGs 

are conceptually more appealing than FSGs as they are adaptable to a wide range of anatomical 

configurations. BSGs for arch repair can be manufactured as either single- or double-branched 

endografts with or without inner tunnels (van Bakel et al. 2018). A single-branched stent-graft requires 

two bypass connections between the upper vessels, e.g., bypass between the innominate artery (IA) 

and the left common carotid artery (LCCA) or between the left subclavian artery (LSCA) and the left 

common carotid (LCCA), while double-branched endografts are developed for zone 0 (Z0) deployment 

with two bridging stents connected to IA and LCCA (Czerny et al. 2018; Haulon et al. 2014; Spear et al. 

2016). Van Bakel et al. (2018) computationally compared different endograft designs for Z0 aortic arch 

repair, including two single-branched stent-grafts and two dual-branched stent-grafts, and their 

results indicated that dual-branched stent-grafts offered better haemodynamic performance than 

single branch alternatives. Hence, only dual-branched stent-grafts were included in this study.  

Insertion of a BSG may increase the complexity of the flow (Kandail et al. 2015). Detailed knowledge 

of the haemodynamic performance of dual-branched thoracic endografts is important for assessing 

the risk of post-intervention complications and long-term durability of the device. The most common 

and potentially life-threatening post-TEVAR complications include endoleaks, distal migration of the 
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device, and thrombus formation within the stent-graft. Among all types of endoleaks, type I endoleaks 

occur more frequently in TEVAR, resulting from poor sealing between the device and the aortic wall 

(Resch et al. 2001). Distal migration of the device can also result in type I endoleak, thereby increasing 

the risk of aneurysm rupture. Thrombus formation within the stent-graft can reduce or even block 

blood perfusion to the supra-aortic branches, which may lead to ischaemia. All these complications 

are associated with abnormal flow behaviour and flow induced forces. For example, high values of 

shear stress may cause platelet activation, whereas low wall shear stress and long residence time can 

promote platelet adhesion and thrombus formation (Menichini and Xu 2016; Nesbitt et al. 2009). 

Large displacement forces acting on the stent-graft are the main cause for device migration (Kandail 

et al. 2014). However, there is a lack of complete evaluation of these parameters, along with the 

assessment of long-term durability of BSG for arch repair in the literature. The present work therefore 

consisted of numerical studies of blood flow in idealised 3-D models of the aortic arch and its three 

upper vessels, before and after the introduction of a dual-branched stent-graft. The BSG contains a 

main body and two inner tunnels connected to the IA and LCCA, respectively. As off-the-shelf BSGs 

are only manufactured in a small range of sizes that may not completely fit the patients’ anatomies, 

the main aim of this work was to evaluate the haemodynamic consequences of endovascular repair 

of the aortic arch using BSGs and to study the influence of inner tunnel diameters on the flow 

characteristics. Moreover, occlusion of the LSCA and consequent bypass of this vessel through the 

LCCA was considered. These were then coupled with physiologically realistic boundary conditions. 

Haemodynamic performance was evaluated in terms of flow pattern, wall shear stress and flow-

induced displacement forces.  

5.1.2 Methodology 

5.1.2.1 Model Geometries and Mesh Generation 

An idealised arch model was created based on the physiological dimensions reported by Finlay et al. 

(2012) and used as a reference geometry. As shown in Figure 5.1, this model encompassed part of the 

ascending aorta, the aortic arch with its three branches (IA, LCCA and LSCA), and part of the 

descending aorta. Dual branched stent-graft models were hypothetically constructed with two equal-

diameter inner tunnels within the main graft body.  These inner tunnels lead into the IA and the LCCA, 

providing sufficient blood perfusion to these supra-aortic branches. The diameters of inner tunnels 

were 8 mm, 10 mm and 12 mm and the corresponding models were stent-graft 1, stent-graft 2, and 

stent-graft 3, respectively. All the 3-D models were constructed using SolidWorks (Dassault Systems, 

Velizy, France), and the key dimensions are summarised in Table 5.1. It should be mentioned that in 

reality, the aortic arch is highly twisted and non-planar with large variations in some key geometric 

dimensions such as the arch radius and angle. However, including these geometric variations could 
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cause other confounding factors as the main aim of this study was to investigate the effects of varied 

inner tunnel diameters on the haemodynamic performance of BSG. The effects of twisted and non-

planar arch models will be considered in the following section (Section 5.2) based on patient-specific 

geometries. In all three stent-graft models, the LCCA and LSCA were artificially extended by 20 mm to 

ensure that the resolved flow field was not influenced by the location of inlet and outlet boundary 

conditions. The geometric dimensions were checked and approved by a clinical collaborator who has 

extensive knowledge and experience of stent-graft devices for TEVAR.  

As can be seen in Figure 5.1, in the case of stent-graft 1, the two inner tunnels had smaller diameters 

than the native vessels and were therefore connected in diverging configurations. In the other two 

stent-graft models, a diverging tunnel configuration was used for the IA and a converging one for LCCA. 

All the geometric models were then discretised into a fine unstructured grid using ANSYS ICEM CFD 

(ANSYS, Canonsburg, PA, USA). To ensure adequate resolution of the near wall flow parameters, 10 

prismatic layers were created near the wall, which were combined with tetrahedral elements away 

from the wall, and local mesh refinement was performed in regions adjacent to curvature and abrupt 

changes. Grid independent tests were carried out and the number of elements adopted for the final 

analysis was approximately 3.2 million for the arch model without BSG and 10 million for the more 

complicated geometries with the dual-branched device. 

 

Figure 5.1. The aortic arch model (left) and the three stent-graft models with an inner tunnel diameter 
of 8 mm, 10 mm, and 12 mm, for stent-graft 1, stent-graft 2, and stent-graft 3, respectively. The LCCA-
LSCA bypass procedure was included in all three stent-graft models as highlighted by a red square in 
stent-graft 1. The LCCA and LSCA were artificially extended by 20 mm so that the resolved flow field 
was not influenced by the location of outlet boundaries.   
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5.1.2.2 Boundary Conditions and Numerical Procedures 

Each model has 1 inlet and 4 outlets. A flat velocity profile was prescribed at the model inlet along 

with a realistic velocity waveform (Figure 5.2) adopted from the literature (Tan et al. 2009). The 3-

EWM was applied at all the outlets with the model parameters being derived from cycle-averaged 

outflow and pressure values. The cycle-averaged pressure value at each outlet was evaluated from 

pressure waveforms adopted from the literature (Olufsen et al. 2000), whereas the cycle-averaged 

branch outflow was based on a fixed flow split of the inlet flow. The sum of flow exiting through the 

supra-aortic vessels was assumed to be 30% (Cheng et al. 2015), and flow division among the three 

branches was determined based on their cross-sectional areas (Zamir et al. 1992). In addition, the 

walls of the aorta and stent-graft were assumed to be rigid and motionless so that a no-slip boundary 

condition was specified. The same boundary conditions were applied to all models. 

Table 5. 1. Essential geometric dimensions used to construct the computational model. 

Geometric parameters Values (mm) 

Inlet diameter (D1) 36 

Outlet diameter (D2) 32 

Length of the ascending aorta (L1) 30 

Arch angle (degree) 180 

Arch radius (R) 32 

Length of the descending aorta (L2) 68 

IA diameter (D3) 15 

LCCA diameter (D4)  9.5 

LSCA diameter (D5) 13 

Distance between the IA and LCCA (L3) 5.5 

Distance between the LCCA and LSCA (L4) 8 

Distance of LCCA anterior to IA and LSCA (L5) 4 

Geometric variation for the dual-branched stent-graft 

Parameter (mm) Stent-graft 1 Stent-graft 2 Stent-graft 3 

IA inner tunnel diameter 8 10 12 

LCCA inner tunnel diameter  8 10 12 
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Figure 5.2. Pulsatile velocity waveform adopted from the literature (Tan et al. 2009) was prescribed 
at the inlet with the assumption of a flat velocity profile.  

Blood was assumed to be Newtonian and incompressible, with a density of 1060 kg/m3 and a constant 

dynamic viscosity of 0.004 Pa.s. From Figure 5.2, it can be found that the peak systolic velocity 

prescribed at the inlet was 0.37 m/s and the cycle duration was 1 s. Based on the diameter of the inlet, 

the peak Reynolds number at the inlet was 3530 and the Womersley number was 23. Therefore, the 

previously described SST-Tran model (Chapter 3, Section 3.3.1) was employed, with a low inlet 

turbulence level of 1.5% to represent initial disturbances in the flow (Tan et al. 2009). The Navier-

Stokes equations together with the equations needed for the SST-Tran model were solved using a 

finite-volume based CFD solver, ANSYS CFX 15 (ANSYS, Canonsburg, PA, US). A uniform time-step of 

0.001 s was used and the convergence criterion based on the root mean squared residuals was set to 

be 10-5. All simulations were carried out for three cardiac cycles to reach a period solution, and the 

results of the last cycle were extracted for further analysis. 

5.1.3 Results  

5.1.3.1 Flow in the Supra-Aortic Vessels  

To assess the effectiveness of BSG for TEVAR, it is essential to understand how it may affect blood flow 

to the arch vessels. This is important because if perfusion to the arch vessels falls below a certain 

threshold, some serious complications may occur, such as cerebral ischaemia. Volumetric flow rate 

waveforms at each outlet of the non-stented model and all BSG configurations are shown in Figure 

5.3. From these waveforms, the cycle-averaged volumetric flow rates at the four outlets of all the 
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simulated models were determined, together with the corresponding percentages of flow split, as 

summarised in Table 5.2. Flow waveforms were quite comparable between different models at each 

outlet, except for the LSCA, where the volumetric flow rates were lower during systole but higher 

during early diastole after implantation of the stent-grafts. Additionally, stent-graft 3 with the largest 

inner tunnels produced constantly higher systolic volumetric flow rates than the other two endografts. 

These resulted in an obvious increase in blood perfusion to the LSCA of stent-graft 3 (11.3%), 

compared to stent-grafts 1 & 2, as indicated in Table 5.2. In the aortic arch model without a stent-

graft, flow distribution to the IA, LCCA and LSCA was 13.6%, 5.4% and 10.4%, respectively. The 

insertion of a BSG slightly reduced the amount of flow through the IA, slightly increased flow to the 

LCCA and LSCA except for stent-graft 1 which has the smallest inner tunnel diameter.  

Flow patterns for the aortic arch models with and without stent-graft were compared through the 

instantaneous velocity streamlines at two characteristic time points, namely, peak systole (0.15 s) and 

mid-systolic deceleration (0.29 s). Figure 5.4 shows that in the absence of stent-graft, helical flow 

started to develop in the aortic arch at peak systole, which became more obvious and extended to the 

descending aorta at mid-systolic deceleration.  Insertion of the branched stent-graft disturbed flow in 

the arch with the presence of high velocity flow in the inner tunnels, but hardly affected flow in the 

descending aorta. The most obvious difference between the models with and without stent-graft was 

flow in the arch vessels, where flow was highly disturbed by the dual branched stent-graft especially 

in the entrance regions.  Comparisons among the three stent-graft models suggested that most flow 

disturbance was caused by stent-graft 1 which has the smallest inner tunnel diameter. 

 

Figure 5.3. Predicted flow rate waveforms over one cardiac cycle for all the simulated models at 
different outlets. 



 

79 
 

Table 5.2. Comparison of mean flow at each outlet in the non-stented aortic arch and 3 stented models, 
along with the respective percentages of flow split.  

 Cycle-averaged flow rate (L/min) 

 IA LCCA LSCA DA 

Non-stented 0.88 (13.6%) 0.35 (5.4%) 0.67 (10.4%) 4.57 (70.6%) 

Stent-graft 1 0.87 (13.4%) 0.35 (5.4%) 0.66 (10.2%) 4.59 (70.9%) 

Stent-graft 2 0.86 (13.3%) 0.37 (5.7%) 0.69 (10.7%) 4.55 (70.3%) 

Stent-graft 3 0.86 (13.3%) 0.37 (5.7%) 0.73 (11.3%) 4.51 (69.7%) 

 

For more detailed comparisons of flow, a cross-sectional view of the stent-graft model in the sagittal 

plane was plotted with velocity contours along with in-plane velocity vectors as shown in Figure 5.5. 

Blood flow accelerated when entering the inner tunnels due to the reduced cross-sectional area, 

which was more prominent in stent-graft 1. Moreover, there were gaps in between the two inner 

tunnels as well as between the tunnels and the endograft body, where blood velocities appeared to 

be quite low. Looking at the arch branches, flow recirculation zones (FRZ) could be observed in the 

LCCA and the bypass graft, as highlighted by red arrows. FRZs correspond to low WSS, which could 

increase the possibility of thrombus formation and should be minimised or avoided whenever possible 

(Kandail et al. 2015). Changing the inner tunnel diameters had a strong influence on local flow patterns 

inside the arch vessels, where the size and strength of FRZs varied. Stent-graft 3 with the largest inner 

tunnel diameter performed better with only one FRZ located in the LCCA.  

5.1.3.2 Wall Shear Stress 

Predicted TAWSS distributions in the models with and without stent-grafts are shown in Figure 5.6. It 

can be seen from Figure 5.6a that the inclusion of the branched stent-graft greatly increased the 

nonuniformity and magnitude of TAWSS in the arch vessels. The high velocity flow through the inner 

tunnels impacted on the branch vessel walls when changing its direction, resulting in very high WSS (> 

10 Pa) which may lead to other complications. In all three stent-graft models, the maximum TAWSS 

(as indicated by the black arrows) was found at the anastomosis between the bypass graft and the 

LCCA, with stent-graft 1 showing the highest value of 50.9 Pa. On the other hand, insertion of the 

branched stent-graft resulted in very low WSS values (< 0.4 Pa), which were observed around the ostia 

of the supra-aortic vessels of all three stent-graft models (Figure 5.6b). 

5.1.3.3 Displacement Forces Acting on the Branched Stent-Grafts 

Figure 5.7 shows the magnitude of displacement forces experienced by the branched stent-grafts over 

one cardiac cycle. The displacement force was calculated by taking an area integral of the net pressure 

and WSS over the entire wall of the branched stent-graft (equation 4.1).  More than 99% of the overall 

displacement force was attributed to the pressure as the magnitude of WSS was much smaller. Stent-
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graft 1 with the smallest inner tunnels exhibited the highest cycle-averaged displacement force of 20.1 

N, along with the maximum peak value of 24.9 N, as summarised in Table 5.3. 

 

 

Figure 5.4. Comparison of instantaneous velocity streamlines between the non-stented (A), stent-
graft 1 (B), stent-graft 2 (C), and stent-graft 3 (D) models at two characteristic time points: peak systole 
(top), and mid-systolic deceleration (bottom). 

5.1.4 Discussion 

Endovascular repair of aortic arch diseases provides a minimally invasive and efficient means of 

treatment, especially for high risk patients with other comorbidities (Haulon et al. 2014). The 

implantation of endografts in the arch considerably alters certain haemodynamic characteristics of 

the region, the effects of which are of great interest. However, not all parameters can be measured 

directly in vivo, therefore the aim of this study was to analyse blood flow in an idealised prototype of 
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dual-branched stent-graft for endovascular repair of the aortic arch using CFD methods. A 

physiologically representative arch model, together with physiologically realistic boundary conditions, 

was adopted as a reference case. Three stent-graft models with different inner tunnel diameters were 

built, with the BSG consisting of a main body with two inner tunnels for cannulation of the IA and LCCA, 

and a bypass of the LSCA through the LCCA.  

Volumetric flow rate waveforms were evaluated at each outlet of all the simulated models, along with 

the respective cycle-averaged volumetric flow rates and percentages of flow split. In the reference 

case, flow divisions among the IA, LCCA, and LSCA were 13.6%, 5.4% and 10.4%, respectively. After 

incorporation of a BSG, blood perfusion to the IA was slightly reduced in all models. In these models, 

the inner tunnel for the cannulation of IA had a smaller diameter than the IA itself, forming a diverging 

configuration, which may increase energy loss and reduce blood perfusion. On the other hand, in 

stent-grafts 2 and 3, a converging tunnel for the LCCA helped increase blood perfusion to both the 

LCCA and LSCA, while in stent-graft 1, a diverging connection to the LCCA caused a slightly reduction 

in the LSCA flow. These results indicated that a converging configuration with the inner tunnels being 

slightly larger than the original arch vessels would be beneficial as far as supra-aortic blood perfusion 

is concerned. Moreover, stent-graft 3 achieved higher blood perfusion to the LSCA than stent-graft 2 

as a result of a more convergent diameter tunnel for the LCCA, suggesting a strong dependence of 

flow division on the diameter of inner tunnel with larger diameter leading to higher blood flow.  

Helical blood flow patterns were observed in all four models at the time-point of mid-deceleration. 

These findings are consistent with blood flow patterns in a healthy aorta, as reported by several 

authors: blood flow ranges from axial during the first part of the systole, to helical in its mid-to-late 

portion, with complex flow recirculation at the end of the systole and throughout diastole (Kousera et 

al. 2013; Tan et al. 2009). Helical flow has been associated with increased oxygen transport and lipid 

washout (Liu et al. 2009; Wen et al. 2011). As shown in Figure 5.5, persistent FRZs were identified in 

the arch vessels of all the stent-graft models. Within FRZ, flow is disturbed, causing regions of low WSS 

which has been widely accepted as atherogenic (Suess et al. 2016). Low WSS is also known to promote 

thrombus formation, which may lead to partial or even complete occlusion of the arch vessels, 

preventing blood perfusion to the upper part of the body, and thus resulting in ischaemia. By 

comparing three BSG configurations, multiple FRZs were observed in stent-graft 1 that consisted of 

diverging tunnels for both the IA and LCCA. Increasing the diameter of the inner tunnels reduced the 

number of FRZs, as only one was found in the LCCA of stent-graft 3. Based on these results, should an 

off-the-shelf BSG be used, choosing a device with larger inner tunnels than the corresponding arch 

vessels would be preferred in order to minimise the formation of FRZ.  
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Figure 5.5. Comparison of velocity contours in the sagittal plane along with in-plane velocity vectors 
between the three BSG models: (A) Stent-graft 1, (B) Stent-graft 2, and (C) Stent-graft 3, at mid-systolic 
deceleration (0.29 s). Detailed flow patterns are shown by local enlargement of the LCCA-LSCA bypass 
(right column). FRZs in the bypass graft are indicated by red arrows.  
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Figure 5.6. Comparison of TAWSS in the four models: (A) non-stented aortic arch (reference case), (B) 
stent-graft 1, (C) stent-graft 2, and (D) stent-graft 3. TAWSS distributions are displayed in different 
views to identify areas with (a) very high (>10 Pa) and (b) very low (< 0.4Pa) values. The maximum 
TAWSS on the walls of all stented geometries are highlighted by the black arrows. 

 

Figure 5.7. Comparison of resultant displacement forces acting on the stent-graft models. Time 
dependence of displacement forces follows the pressure waveform very closely.  



 

84 
 

Table 5.3. Cycle-averaged and maximum displacement forces acting on all the stent-graft models. 

 Cycle-averaged DF (N) Maximum DF (N) 

Stent-graft 1 20.1 24.9 

Stent-graft 2 19.8 24.4 

Stent-graft 3 19.7 24.3 

 

Another important influence of BSG is to drastically increase the magnitude of WSS as higher TAWSS 

were found in all three stent-graft models, especially on the arch vessel walls. Regions of extremely 

high TAWSS (>10 Pa) were observed on the distal wall of the LSCA and on the bypass graft due to 

highly skewed flow. In the non-stented model, the maximum TAWSS on the aortic wall was 5.8 Pa, 

within the normal range of 1-7 Pa (Malek et al. 1999), which was found at the intersection between 

the LSCA and the arch. However, the maximum TAWSS was significantly increased after inclusion of a 

BSG, reaching 50.9 Pa, 36.5 Pa, and 40.1 Pa, for stent-graft 1, stent-graft 2 and stent-graft 3, 

respectively. The maximum TAWSS in all the BSG models were found at the anastomosis between the 

bypass graft and the LCCA, raising  concerns about the long-term durability at this site since high WSS 

values are related to graft material fatigue and late device failure (Chatzizisis et al. 2007). The high 

WSS concentration on the vessel walls also require further investigation as high WSS values are related 

to arterial wall thickening and even rupture (Torii et al. 2013). For the stent-graft models, the highest 

maximum TAWSS was observed in stent-graft 1, where both inner tunnels were connected with the 

arch vessels in a diverging configuration. A converging diameter tunnel for the LCCA clearly reduced 

the maximum TAWSS values. Stent-graft 3 had a slightly higher maximum TAWSS value than stent-

graft 2, which might result from a more convergent diameter tunnel for the LCCA causing higher blood 

velocities. On the other hand, extremely low TAWSS (< 0.4 Pa) was observed in regions around the 

entrance to the arch vessels of all the BSG models, indicating the potential risk of thrombus formation 

in these areas because TAWSS values of < 0.4 Pa have been suggested to be thrombogenic (Suess et 

al. 2016). Variations in inner tunnel diameters hardly affected the regions of low TAWSS. 

The evaluated displacement forces had a maximum value of 20.1 N in stent-graft 1, which was well 

below the threshold value of 34.25 N required to force a planar stent-graft to dislocate at the proximal 

end (Melas et al. 2010). Although all the idealised BSG models examined here were at low risk of distal 

migration, non-planarity can increase the magnitude of displacement force and its effect was not 

included in the idealised models. 
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5.1.5 Summary 

The major limitation of this work was that all the models were ideally constructed based on 

representative anatomical features, and these models were simplified by neglecting the torsion and 

non-planarity of the aortic arch, which would strongly impact the numerical results presented here. 

In reality, there are large variations in the anatomy of human aorta, and the quantitative results 

presented here will deviate from those for a specific patient. Nevertheless, the geometric models used 

in this study are physiologically representative and should be valid for a comparative analysis. 

Moreover, they allow the effect of geometric variations to be isolated and examined without the 

influence of other confounding factors. 

The overall results revealed that all the stent-graft models examined here were capable of ensuring 

sufficient blood perfusion to the arch vessels and were at low risk of device migration. Comparisons 

among the three models indicated that stent-graft 1 was the worst performer by all measures. 

Therefore, when choosing an off-the-shelf device, preference should be given to BSGs with inner 

tunnels of larger diameters than those of the respective vessels.  

5.2 Patient-Specific Analysis of Aortic Flow before and after Thoracic Endovascular 

Repair with a Dual-Branched Stent-Graft1 

From the numerical results presented in the preceding section, it is clear that dual-branched stent-

graft is capable of maintaining sufficient blood perfusion to the arch branches, though its implantation 

altered local haemodynamic characteristics. The obtained results from the idealised models have shed 

some lights on the influence of inner tunnel diameter on BSG’s haemodynamic performance, however, 

the main limitation was the simplification in the geometry. In this section, the haemodynamic 

performance of a double-branched thoracic endograft is evaluated by means of patient-specific CFD 

analysis.  

5.2.1 Introduction 

One of the difficulties with endografts used for aortic arch repair is that when the proximal landing 

zone approaches an increasingly curved portion of the arch, the risk of misalignment increases as the 

rigid wall of the stent-graft finds it harder to follow the inner curvature of the aortic arch. This may 

result in a wedge-shaped gap between the aortic wall and the under surface of the graft, known as 

bird-beak configuration (Van Bogerijen et al. 2014). To overcome this challenge, current endografts 

incorporate the flexibility and compliance of the arterial wall and often utilise proximal and distal 

stents to ensure better fixation. One such example is the Relay thoracic stent-graft system developed 

by Bolton Medical (Sunrise, FL, US), which was designed to conform into the tight aortic curvature in 

order to avoid the bird-beak configuration (Yunoki et al. 2014).   
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It is well recognised that blood flow in aortic aneurysms is highly disturbed, with the presence of flow 

recirculation and strong vortices (Allen et al. 2013; Markl et al. 2004). Insertion of a branched stent-

graft may further increase the complexity of the flow (Kandail et al. 2015). In order to provide a non-

invasive evaluation of aortic flow patterns, CFD has been employed for its ability to offer 

comprehensive insights into spatial-temporal variations of the flow (Taylor and Figueroa 2009). When 

applied to patient-specific aorta geometry reconstructed from medical images together with 

physiological boundary conditions, CFD allows quantitative assessment of cardiovascular flow with 

good accuracy (Cheng et al. 2014, 2016; Singh et al. 2016).  

This study aimed to provide the first detailed evaluation of the haemodynamic performance of double-

branched thoracic endografts in a patient-specific setting. Pre- and post-intervention geometries were 

reconstructed from the CT images acquired before and after the TEVAR procedure. These were then 

coupled with physiologically realistic boundary conditions. Haemodynamic performance was 

evaluated in terms of flow pattern, wall shear stress (WSS) related indices and displacement forces. 

By comparing pre- and post-intervention flow distributions, it would be possible to assess the level of 

blood perfusion through the arch branches. Quantitative analysis of WSS-related indices would help 

predict the likelihood of thrombus formation within the endograft, whilst quantification of 

displacement force experienced by the endograft would allow us to evaluate the risk of device 

migration.   

5.2.2 Methodology 

5.2.2.1 Model Geometries and Mesh Generation 

The studied branched device (Bolton Medical, Sunrise, FL, US) comprises a main covered stent-graft 

to take the pressure off the vessel wall of the aortic arch and two attached tunnels to channel the 

blood directly into the innominate artery (IA) and left common carotid artery (LCCA). Patient 1 was 

treated with an endograft with 2 inner branches of equal diameters (15 mm) while the inner branch 

to the LCCA of patient 2 had a smaller diameter (9 mm) compared to the IA (17 mm). For both patients, 

the left subclavian arteries (LSCA) were covered at the roots, and a separate bypass procedure was 

performed to supply blood to the LSCA from the LCCA. CT images for both patients were acquired 

(1.25 mm slice thickness and 0.675 mm/pixel in-plane resolution) with a Discovery CT750 HD scanner 

(GE Healthcare, Chicago, IL, US), at voltages of 100 KV and 120 KV, for the pre- and post-intervention 

scans, respectively. 

As detailed in Chapter 3 Section 3.2.2, the multislice transverse images were processed using image 

analysis software MIMICS 20.0 (Materialise HQ, Leuven, Belgium), with luminal surface being 

segmented based on the local signal intensity. The representative CT images and reconstructed 
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luminal surfaces of the pre- and post-intervention models are presented in Figure 5.8. In the 

reconstructed models, the presence of stent wires was ignored and the inner surface of the stent-

graft was assumed to be smooth. Blooming artefacts due to the presence of thin stent wires were not 

a major concern here as the stent mesh was not very dense and the lumen diameter is fairly large.  

 

Figure 5.8. Two patient-specific models reconstructed from pre- and post-intervention CT images.  

The 3D geometries were then imported into ANSYS ICEM CFD (ANSYS, Canonsburg, PA, US) to 

generate computational mesh, which consisted of tetrahedral elements in the core region and locally 

refined hexahedral elements in the sheared boundary layer for accurate prediction of haemodynamic 

wall parameters. The boundary layer was divided into a minimum of 10 prismatic elements to ensure 

that the dimensionless height of the near wall elements, y+, was less than 1. Mesh sensitivity tests 

were carried out, starting with a mesh containing approximately 1 million elements. The final adopted 

meshes consisted of around 3 and 8.5 million elements for the pre- and post-intervention aortas, 

respectively. Results were considered to be grid independent when differences in velocity and WSS 

were less than 2% between the adopted mesh and a finer mesh. A fixed timestep of 0.001s was chosen 

based on a similar sensitivity test on timestep size.            

5.2.2.2 Boundary Conditions and Numerical Approaches  

Physiological boundary conditions were employed in order to produce clinically relevant results. Since 

patient-specific flow information was not available, velocity waveform acquired from a patient with 

thoracic aortic aneurysm was adopted (Tan et al. 2009) and scaled according to the inlet area of each 

patient, yielding a cycle-averaged inlet velocity of 0.1 m/s for both patients. This corresponds to a 
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cardiac output of 5 L/min for patient 1and 3.4 L/min for patient 2, both are within the physiological 

range (Critchley and Critchley 1999). A schematic of the computational model and the applied inflow 

waveform can be found in Figure 5.9.  

 

Figure 5.9. Schematic of the computational model employed in this study. Velocity waveform was 
prescribed at the inlet along with the assumption of a flat velocity profile, while a 3-element 
Windkessel model was applied at all outlets. 

At the model outlets, a 3-element Windkessel model (3-EWM) was applied in order to provide 

physiological outflow boundary conditions. The assumption of rigid stent-graft walls was made where 

no-slip boundary conditions were imposed. To calculate the 3-EWM parameters, pressure waveforms 

at each outlet were adopted from the literature (Olufsen et al. 2000) and the corresponding cycle-

averaged pressures were evaluated as: 105 mmHg, 104 mmHg, 103 mmHg, and 103 mmHg, for the IA, 

LCCA, LSCA and descending aorta (DA), respectively. For the post-intervention model, the outlet 

boundary conditions were modified to account for the fact that the LSCA was covered at the root and 

its blood supply was rerouted from the LCCA via a separate bypass procedure. As shown in Figure 5.10, 

the total downstream resistance at the LCCA outlet was calculated by combining the pre-intervention 

resistance for the LCCA (𝑅𝑃𝑟𝑒−𝐿𝐶𝐶𝐴) and LSCA (𝑅𝑃𝑟𝑒−𝐿𝑆𝐶𝐴) (Mohrman and Heller 2006):   

                                                   1 𝑅𝑃𝑜𝑠𝑡−𝐿𝐶𝐶𝐴
⁄ =  1 𝑅𝑃𝑟𝑒−𝐿𝐶𝐶𝐴

⁄ + 1 𝑅𝑃𝑟𝑒−𝐿𝑆𝐶𝐴
⁄                                        (5.1) 
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Figure 5.10. Schematic diagram showing resistance at LCCA and LSCA in the pre- and post- intervention 
models. 

The obtained resistance and compliance values are summarised in Table 5.4, which also included the 

values used for the idealised models (Section 5.1). It should be noted that Windkessel parameters 

were the same for all the idealised models due to the same outlet dimensions.  

The conservation of mass and momentum equations for an incompressible, Newtonian fluid were 

used to describe the pulsatile blood flow. In addition, the hybrid k-ε/k-ω correlation-based SST-Tran 

was applied to capture transitional/turbulent flow characteristics (Menter et al. 2006). Blood was 

assumed to have a constant density of 1060 kg/m3 and dynamic viscosity of 0.004 Pa·s. The governing 

equations were solved by means of ANSYS CFX 15 (ANSYS, Canonsburg, PA, US), which is a finite 

volume based CFD code. Spatial and temporal discretisations were performed by adopting the second 

order accurate advection scheme and the second order implicit backward Euler scheme, respectively. 

Convergence of simulations was controlled by setting the residual tolerance as 1×10-5. Each simulation 

was performed for three cardiac cycles when solutions for both velocity and pressure became periodic, 

and the differences in systolic pressure between the second and third cardiac cycle were less than 2% 

at every outlet. Numerical results of the last cycle were analysed using ANSYS CFD-Post 15 (ANSYS, 

Canonsburg, PA, US) and CEI Ensight 10 (CEI Inc, Apex, NC, US).  

5.2.2.3 Haemodynamic Indices     

WSS refers to the tangential force generated by blood flow on the endothelial luminal surface. Owing 

to its strong association with thrombus formation and aneurysm growth and the fact that these 

processes are much slower compared to the pulsatile cycle period, WSS is usually evaluated in terms 

of TAWSS as defined by equation (3.38). Based on TAWSS and OSI (as defined by equation (3.39)), 

ECAP can be calculated as the ratio of OSI to TAWSS, to identify regions that might be prone to 

thrombosis (Di Achille et al. 2014). In addition, circumferential wall shear stress (CWSS) and shear 
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range index (SRI) were evaluated to quantify the extent of local derangement at the vessel wall (Barker 

et al. 2010).  

                                                           𝑆𝑅𝐼 =  
max[𝐶𝑊𝑆𝑆𝑚𝑎𝑥(𝜃,𝑡)− 𝐶𝑊𝑆𝑆𝑚𝑖𝑛(𝜃,𝑡)]

𝑇𝐴𝐶𝑊𝑆𝑆
                                             (5.2) 

where 𝐶𝑊𝑆𝑆𝑚𝑎𝑥(𝜃, 𝑡)  and 𝐶𝑊𝑆𝑆𝑚𝑖𝑛(𝜃, 𝑡)  represent the maximum and minimum WSS along the 

circumference of a cross-section, respectively. 𝑇𝐴𝐶𝑊𝑆𝑆 is the temporal and circumferential averaged 

WSS at a given cross-section. The displacement force was also evaluated for the post-operative models 

based on the equations (4.1) and (4.2).  

Table 5.4. Windkessel parameters for all model outlets, include the idealised models simulated in 
Section 5.1. 

 Patient 1 Patient 2 

R1 

[108 Pa s m-3] 

R2 

[108 Pa s m-3] 

C 

[10-9 m3 Pa-1] 

R1 

[108 Pa s m-3] 

R2 

[108 Pa s m-3] 

C 

[10-9 m3 Pa-1] 

 

 

Pre 

IA 0.40 8.94 1.92 0.39 10.86 1.59 

LCCA 1.86 31.51 0.54 3.92 79.01 0.22 

LSCA 1.23 22.32 0.76 2.30 50.00 0.34 

DA 0.08 2.27 7.62 0.07 3.43 5.11 

 

Post 

IA 0.49 8.86 1.92 0.26 10.99 1.59 

LCCA 2.21 11.60 1.30 2.73 29.34 0.56 

DA 0.08 2.27 7.62 0.07 3.43 5.11 

Idealised models (Pre- and Post-operation) 

 IA LCCA LSCA DA 

R1 [108 Pa s m-3] 0.35 1.01 0.49 0.06 

R2 [108 Pa s m-3] 8.84 21.62 11.44 1.72 

C [10-9 m3 Pa-1] 1.95 0.79 1.50 10.02 

 

5.2.3 Results       

5.2.3.1 Anatomical Features 

As shown in Figure 5.8, the pre- and post-intervention geometries differed mainly in the arch for both 

patients. In the post-intervention model, two built-in tunnels were attached to the main graft body, 

through which separate stents were retrogradely inserted into the IA and LCCA, with entry to the LSCA 

being blocked from its origin.  Lumen diameters were measured at eight selected locations to evaluate 

changes in aorta morphology after the intervention, and the results are summarised in Table 5.5. All 

locations were matched between the pre- and post-intervention geometries by measuring the 

distance along the respective centreline, which could be achieved in Mimics. 
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Table 5.5. Comparison of lumen diameters (mm) between the pre- and post-intervention models. 

 

Comparisons showed that, apart from the obvious reduction in diameters in the regions where the 

aneurysms were located, there was no change in the ascending and descending aortas for both 

patients. Diameters of the IA and LCCA root were larger after intervention, with patient 2 showing a 

more pronounced increase in LCCA diameter.      

5.2.3.2 Flow Patterns 

Instantaneous velocity streamlines in the pre- and post-intervention models were compared at three 

characteristic time points, namely, peak systole (0.15 s), mid-systolic deceleration (0.29 s) and diastole 

(0.74 s). As shown in Figure 5.11. (A) & (B), aortic flow patterns for both patients altered significantly 

after intervention in response to changes in lumen morphology. Blood flow was more organised post-

intervention as the aneurysm was repaired. Blood velocities increased in the ascending aorta and the 

arch due to the presence of the inner tunnels. Flow in the LCCA increased in order to meet the demand 

of both LCCA and LSCA. As expected, the diastolic phase was dominated by slow and recirculating flow 

in both pre- and post-intervention aortas.  
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Figure 5.11. Comparisons of instantaneous velocity streamline in pre- and post- intervention models 
of (A) patient 1 and (B) patient 2, at three characteristic time points of a cardiac cycle, namely, peak 
systole (0.15 s), mid-systolic deceleration (0.29 s), and diastole (0.74 s). Blood flow was found to be 
more organised after intervention as a result of repaired aneurysm.   
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Eight cross-sectional planes were selected along the centreline of each aorta (P1-P4), the IA (P5 & P6) 

and the LCCA (P7 & P8) for detailed comparisons of flow and WSS. Through-plane velocity contours 

along with in-plane velocity vectors at these planes were compared before and after intervention, as 

illustrated in Figure 5.12. A-C, where the right hand side of each cross-sectional image corresponds to 

the inner curvature of the aorta and vortical flow structures are indicated by red arrows. For both 

patients,  flow in the proximal ascending aorta (P1) hardly changed after the intervention, but this was 

completely different at P2 where the presence of the inner tunnels caused part of the aortic flow to 

be channelled into the IA and LCCA after intervention, while entry to the LSCA was blocked. Insertion 

of the stent-graft reduced the lumen area and thus accelerated blood flow in the posterior region but 

blocked flow in the anterior part. This stagnant region is likely to be thrombosed over time which may 

further obstruct the lumen. It can be seen clearly at P2 that patient 1 had a device with equal diameter 

inner tunnels, while patient 2 had a smaller inner branch to the LCCA. Patient 1 had a much higher 

blood velocity in the inner IA channel than LCCA when compared to patient 2. Geometric variations in 

the aneurysm sac (P3) changed local flow patterns after intervention, where vortical flow could be 

seen in systole. Flow in the descending aorta (P4) was similar before and after intervention.  

Flow patterns in the arch branches were compared at two locations: (1) proximal region of the IA (P5) 

and LCCA (P7); and (2) distal region of the IA (P6) and LCCA (P8). It can be seen that velocity was higher 

in the IA than LCCA in the pre-intervention models of both patients, but more obvious for patient 1. 

These were the same for the post–intervention models, but only in the proximal regions (P5, P7). For 

both patients, blood flow in the LCCA (P7, P8) accelerated distally due to vessel tapering. The effect of 

tapering was more obvious in the LCCA than in IA. 
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Figure 5.12 A. Comparison of axial velocity contours along with in-plane velocity vectors before and 
after intervention in the aortas of patient 1(left) and patient 2 (right) at peak systole (0.15 s) and mid-
systolic deceleration (0.29 s). P1-P4 are cross-sectional planes selected along the centreline of each 
aorta. After intervention, flow patterns were clearly altered at P2 due to the presence of inner tunnels 
and at P3 which is located in the aneurysm sac. Red arrows indicate vortical flow structures.  
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Figure 5.12 B. Comparison of axial velocity contours along with in-plane velocity vectors before and 
after intervention in the IA of patient 1(left) and patient 2 (right). P5 and P6 are cross-sectional planes 
selected at the proximal and distal IA. 

 

 
Figure 5.12 C. Comparison of axial velocity contours along with in-plane velocity vectors before and 
after intervention in the LCCA of patient 1(left) and patient 2 (right). P7 and P8 refer to cross-sectional 
planes located at the proximal and distal LCCA. Vortical flow structures are indicated by red arrows. 
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5.2.3.3 Wall Shear Stress 

Figure 5.13 shows the predicted TAWSS contours, and it is clear that after intervention the magnitude 

of TAWSS increased throughout the aorta for both patients, as a result of accelerated flow in the arch 

and the distal LCCA. More detailed comparisons are shown in Figure 5.14, where the mean 

circumferential WSS was plotted as a function of time at the pre-defined locations (P1-P8). For both 

patients, although temporal variations of circumferential WSS exhibited similar shapes before and 

after intervention, implantation of the branched stent-graft increased the magnitude of WSS in the 

systolic phase except for the proximal LCCA (P7) of patient 2, where higher WSS was found in the pre-

intervention model. The proximal LCCA of patient 2 was significantly enlarged by the endograft (as 

shown in Table 5.5), leading to lower WSS values in this region in the post-intervention model. During 

diastole, however, the results were comparable except for P3 of both patients, where the post-

intervention WSS was higher throughout the cardiac cycle. Extremely low circumferential WSS values 

(< 0.5) were observed at P3 of patient 2 due to the large aneurysm sac. The repaired aneurysm in the 

post-intervention model resulted in a dramatic reduction in arch diameter (from 69 mm to 33 mm) 

leading to greatly increased WSS magnitudes over the cardiac cycle.  

 

 

Figure 5.13. Comparison of TAWSS before (left) and after (right) intervention for patient 1 (top) and 
patient 2 (bottom). Regions with TAWSS values higher than 2.5 Pa are shown in red. Higher TAWSS 
values were observed in the post-intervention models of both patients.  
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Figure 5.14. Comparison of circumferential-averaged wall shear stress (CWSS) at different planes 
before and after intervention for patient 1 (left) and patient 2 (right) over a cardiac cycle. The CWSS 
was evaluated as the spatial-averaged WSS along the intersection lines between the cross-sectional 
planes and the aortic walls (P1-P4) and the arch vessel walls (P5-P8).  
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Figure 5.15 shows the circumferential WSS (CWSS) ranges and their variations during a cardiac cycle, 

with the maximum range of CWSS being highlighted in red. This range determines the value for SRI, 

which can be used to quantify the degree of asymmetry in WSS caused by disorganised flow near the 

arterial wall. For both patients, it was obvious that WSS varied more drastically after intervention with 

much wider ranges, especially along the main aorta (P1-P4). This was largely attributed to the 

increased non-uniformity in blood flow caused by the inner tunnels. However, one exception was at 

P4 of patient 2 where there was little change before and after intervention. WSS ranges also increased 

in the arch vessels (P5-P8) after intervention except at P7 of patient 2, where WSS was more uniform 

after intervention.  
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Figure 5.15. Comparison of CWSS range in a cardiac cycle before and after intervention for patient 1 
(left) and patient 2 (right). CWSS range at each time-step was calculated as a difference between the 
maximum and minimum CWSS along the intersection lines between the cross-sectional planes and 
the aorta (P1-P4), the IA (P5 & P6), and the LCCA (P7 & P8). The maximum ranges of CWSS over a 
cardice cycle were then identified and highlighted in red. 

 In order to compare the degree of WSS asymmetry before and after intervention, values for SRI were 

calculated and the results are summarised in Table 2. For patient 1, it is clear that SRI in the aorta 
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increased significantly after intervention, especially at P2 where SRI was nearly 6 times of its pre-

intervention value. However, one exception was in the distal LCCA (P8) where SRI was lower in the 

post-intervention model. For patient 2, SRI values increased in the ascending aorta and arch vessels 

after intervention but decreased in the distal arch (P3) and the descending aorta (P4).  

Table 5.6. Comparison of SRI at different locations before and after intervention for both patients.  

 P1 P2 P3 P4 P5 P6 P7 P8 

Patient 1 

 
 

Pre-

intervention 

3.51 2.88 6.15 5.25 2.50 2.14 3.21 2.51 

Post-

intervention 

12.66 16.44 7.04 7.08 5.19 3.66 3.69 1.94 

Patient 2 Pre-

intervention 

4.24 4.64 9.13 3.78 2.91 0.87 2.04 0.64 

Post-

intervention 

7.23 12.44 8.38 2.69 3.46 3.72 2.73 1.77 

 

5.2.3.4 Endothelial Cell Activation Potential (ECAP) 

Figure 5.16 shows ECAP distributions on the post-intervention aortas of both patients where the ECAP 

values higher than 5 are shown in red. Regions with higher ECAP values are indicated by red circles, 

which can be found around the attached areas of the inner tunnels and main stent graft of patient 1 

and in the supra-aortic vessels of patient 2. 

 

Figure 5.16. Comparisons of ECAP distributions between the post-intervention aortas of patient 1(left) 
and patient 2 (right). Regions highlighted by the red circles had higher ECAP values. 
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5.2.3.5 Displacement Forces 

As shown in Figure 5.17, the magnitude of displacement forces acting on the branched endografts was 

evaluated for both patients and plotted over a cardiac cycle. The maximum and cycle-averaged values 

were 21.91 N and 17.85 N for patient 1 and 21.57 N and 17.86 N for patient 2, respectively, as 

summarised in Table 5.7. The magnitude of displacement force was dominated by pressure as the 

effect of WSS was less than 1% in these cases. 

 

Figure 5.17. The magnitude of displacement forces experienced by the double-branched stent-grafts 
of both patients. The displacement force is exerted by blood flow as it passes through the endograft 
and time dependence of displacement forces follows the pressure waveform very closely. 

Table 5.7. Cycle-averaged and maximum displacement forces acting on all the stent-graft models. 

 Cycle-averaged DF (N) Maximum DF (N) 

Patient 1 17.85 21.91 

Patient 2 17.86 21.57 

 

5.2.4 Discussion 

Endovascular treatment of thoracic aortic aneurysms faces great challenges especially when it 

involves the aortic arch owing to the complex anatomy. The Bolton Medical’s Relay device is appealing 

for complex aortic arch diseases since it is specially designed for the tight aorta curvature. In order to 

help assess the functionality of this device, a detailed haemodynamic analysis was performed in this 

study based on patient-specific anatomical data and physiologically realistic boundary conditions 

(Pirola et al. 2017).  
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Two patients with thoracic aortic aneurysms were included in this study. Results from the pre- and 

post-intervention models were analysed so that changes in flow conditions could be determined. In 

the absence of patient-specific information on blood flow, cycle-averaged volumetric flow rate of 5 

L/min and 3.4 L/min were applied at the inlets of patient 1 and patient2, respectively, with 30% of 

these leaving the aortic arch through the supra-aortic branches (Cheng et al. 2015). Flow divisions 

among the IA, LCCA and LSCA were 18%, 5% and 7%, respectively, in the pre-intervention model of 

patient 1 and 22%, 3% and 5% for patient 2. After intervention, the coverage of LSCA at its root caused 

flow redistribution, resulting in 0.91 L/min flow through the IA (18%) and 0.62 L/min through the LCCA 

(12%) of patient 1, while 0.75 L/min through the IA (22%) and 0.27 L/min through the LCCA (8%) of 

patient 2. For both patients, blood perfusion to the IA was maintained after intervention. The 

increased flow into the LCCA after intervention was needed as part of it would be diverted into the 

LSCA through the bypass.  

Changes in flow patterns between the pre- and post-intervention models were assessed based on 

instantaneous velocity streamlines, axial velocity contours and in-plane velocity vectors. As shown in 

Figures 5.11 and 5.12, the large flow recirculation zone (FRZ) observed in the pre-intervention 

aneurysm sacs were absent in the post-intervention models. FRZ is characterized by low velocities and 

flow reversal, which may favour thrombus formation, leading to partial or complete obstruction of the 

vessel (Kandail et al. 2015). Therefore, FRZs should be avoided as much as possible. For both patients, 

away from the regions covered by the stent-grafts, flow in the proximal ascending aorta and the 

descending aorta were hardly affected by the intervention. In the supra-aortic branches, blood flow 

was slightly more uniform in the proximal segments due to the smoother transition from the arch in 

the post-intervention models. Flow in the LCCA of both patients were increased and locally 

accelerated flow were more obvious in the distal LCCA, since the distal diameters were smaller 

compared to the slightly oversized stent-grafts in the proximal regions, which were intended to 

prevent from device migration.  

Owing to increased blood velocities in the distal ascending aorta and the arch, WSS in the post-

intervention aortas was much higher than in the pre-intervention models for both patients, as can be 

seen in Figures 5.13 and 5.14 for TAWSS and the mean CWSS, respectively. WSS is known to influence 

endothelial cell functions and gene expression, and is associated with vascular remodelling (Levick 

2013; Malek et al. 1999; Reneman et al. 2006). More specifically, low WSS (< 0.4 Pa) has been reported 

to promote thrombus formation and induce intimal thickening. With regards to the circumferential 

distribution of WSS, which was measured using SRI (Table 5.6), the post-intervention ascending aortas 

of both patients showed significantly higher values of SRI, where blood flow were skewed by the 

presence of inner tunnels. For patient 1, increased SRI values were also observed in the arch, 
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descending aorta and supra-aortic branches, except for the distal LCCA where flow was more uniform 

and accelerated, which led to higher mean CWSS and lower SRI values. In contrast to patient 1, SRI 

values in the distal arch and descending aorta of patient 2 were reduced after intervention where the 

mean CWSS values were higher than in the pre-intervention model.  

ECAP distributions on the aortic wall can be used as a sign to recognise regions that might be prone to 

thrombosis. As described by Di Achille et al. (2014), locations of thrombus in aneurysm patients 

correlated well with regions where ECAP values were greater than 5. It was noted from Figure 5.16 

that patient 1, whose endograft has equal inner tunnel diameters (15 mm), had high ECAP values 

around the anastomosis between the inner branches and the main stent-graft. These regions are 

expected to be thrombosed quickly after TEVAR, which would not cause adverse clinical consequences. 

However, the regions with relatively high ECAP values were observed in the arch vessels of patient 2, 

whose endograft has smaller inner LCCA tunnel (9 mm) than the IA branch (17 mm), which might 

increase the risk of thrombus formation in these two branches. Similar results were reported by (Van 

Bakel et al. 2018), who computationally compared different endograft designs for zone 0 aortic arch 

repair, including two designs similar to the device used in this study. By comparing the two designs, 

they also found that endograft with a smaller LCCA inner tunnel diameter showed higher risk of 

thrombosis in the supra-aortic vessels, though not significant.  

Device migration and future complications, such as type I endoleaks, are associated with pressure and 

wall shear stress experienced by the stent-graft as blood flows through. It has been suggested that a 

threshold value of approximately 32 N would be needed to dislocate a non-planar stent-graft 

(Rahmani et al. 2016), which is well above the maximum displacement forces of 21.91 N and 21.57 N 

experienced by the branched endografts of patient 1 and patient 2, respectively. Based on these 

results, it can be deduced that the endografts considered in this study would be at low risk of distal 

migration.  

5.2.5 Comparisons between the Idealised Models and the Patient-Specific Models 

It should be mentioned that in the patient-specific models the two inner tunnels of the Bolton device 

are fixed on the anterior wall of the main endograft, whereas in the idealised models, the LCCA inner 

tunnel was suspended in the lumen, so that the orientation of the two inner tunnels on the transverse 

plane is different between the patient-specific and the idealised models. Nevertheless, both models 

revealed that blood flow was highly disturbed after implantation of a BSG, with increased blood 

velocities and WSS in the post-intervention models, especially in the arch vessels. Analysis using the 

idealised models suggested that inner tunnels should have larger diameters than the native vessels to 

avoid adverse haemodynamic consequences. These results were confirmed by the patient-specific 
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analysis since for both patients, whose endografts have larger inner tunnels than those of the 

respective vessels, presented with sufficient blood perfusion, less FRZs and relatively lower TAWSS.  

5.2.6 Summary     

Two thoracic aneurysmal patients treated with Relay thoracic endografts were analysed in detail in 

terms of flow patterns and WSS related parameters. It was found that blood flow to the supra-aortic 

branches was sufficient in both cases. Implantation of the device increased TAWSS in the aortic arch 

due to accelerated blood flow. Elevated TAWSS may help reduce the risk of thrombus formation, but 

increased spatial variation of WSS and haemodynamic derangement may have a detrimental effect in 

the long term. This highlights the need for clinical and radiological longitudinal follow up.  Moreover, 

the displacement forces experienced by the endografts were evaluated and the values were below 

the threshold for device migration. Finally, branched endograft with a smaller LCCA inner tunnel 

diameter may increase the risk of thrombosis in the supra-aortic branch. In conclusion, the overall 

haemodynamic performance of this novel branched endograft is promising, but more patient-specific 

cases and follow-up studies will be needed to assess the durability of the device. 

The numerical study presented in this chapter offered valuable insights into the haemodynamic 

performance of the branched endograft, but there were some limitations. First, the walls were 

assumed to be rigid. While this is a reasonable assumption for the relatively stiff endograft, the native 

aortic wall is compliant and subject to translational motion and radial expansion. Second, only two 

patient cases were analysed, limiting the wider applicability of the findings. Flow patterns and WSS 

within the IA and LCCA are expected to be influenced by various factors, including inlet velocity profile 

in the ascending aorta, length and angles between the branches and the aortic arch. Although the 

main device features are by and large fixed, future studies of more patient cases will be needed to 

examine a wide variety of anatomical scenarios. Third, inflow and outflow boundary conditions were 

based on flow and pressure data extracted from the literature as patient-specific flow information was 

not available for this retrospective study. Finally, there was no direct validation of the results as follow-

up data of the two patients are not available. Nevertheless, the same computational methods have 

been adopted in our previous studies, demonstrating a good overall agreement with available in vivo 

measurements (Cheng et al. 2014; Menichini et al. 2018; Pirola et al. 2019). 
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Chapter 6 

Application 3: Computational Analysis of 

Haemodynamic Conditions of the Aorta after Surgical 

Repair of Type A Aortic Dissections 

 

6.1 Introduction 

Acute aortic dissection can be lethal, especially when the ascending aorta is involved (Nienaber et al. 

2016). Acute type A aortic dissection (ATAAD) usually requires immediate open surgery as delayed 

diagnosis and treatment would increase mortality rate (Pacini et al. 2013). The standard surgical 

approach for ATAAD is to replace the ascending aorta with a synthetic graft. Following surgical repair, 

12% of patients were reported to be at risk of aortic rupture due to further dilatation of the residual 

dissected aorta (Halstead et al. 2007). Progressive aortic dilatation is quite common in patients with a 

patent false lumen (FL) after repair of ATAAD, with a reported occurrence of 49% between 1 and 167 

months (Zierer et al. 2007). 

Patients who have increased risk of developing aneurysmal dilatation would benefit from early 

interventions to prevent sudden aortic rupture and late death (Cheng et al. 2013). Certain anatomical 

features of the dissected aorta have been reported to correlate with late adverse outcomes; these 

include FL patency, maximum aortic diameter, FL area, as well as the size and location of entry tears 

(Chang et al. 2008; Evangelista et al. 2012; Kunishige et al. 2006; Marui et al. 1999; Onitsuka et al. 

2004; Sueyoshi et al. 2004). However, neither of these variables could reliably predict FL dilatation. 

On the other hand, haemodynamic parameters have been widely used to predict the progression of 

vascular diseases. In the case of aneurysms, high pressure has been reported to cause increased 

circumferential tension, which may reduce the volume of smooth muscle cells and elastic fibres, and 

result in the accumulation of collagen fibres within the aneurysmal wall,  thereby accelerating the rate 

of wall enlargement (Rinaudo et al. 2014). Other studies suggested that increased wall shear stress 

(WSS) could have a direct impact on endothelial cell functions, resulting in formation, progression and 

final rupture of aortic aneurysms (Sakamoto et al. 2010; Malek et al. 1999).  

Although recent advances in clinical imaging technology, such as 4-dimensional magnetic resonance 

imaging (4D-MRI), have allowed blood velocities and wall motion to be measured directly, non-



CHAPTER 6. APPLICATION 3: COMPUTATIONAL ANALYSIS OF HAEMODYNAMIC CONDITIONS 
OF THE AORTA AFTER SURGICAL REPAIR OF TAAD 

109 
 

invasive measurement of pressure and WSS in vivo is still challenging. CFD is a numerical approach 

that is able to provide detailed flow patterns and reliable estimation of WSS and pressure when used 

with appropriate boundary conditions. It has been increasingly employed as a tool to gain better 

insights into the haemodynamics within the human body and its association with the aetiology and 

progression of cardiovascular diseases (Cheng et al. 2013). Previous CFD studies of aortic dissection 

mainly focused on the Stanford type B aortic dissection (TBAD), aimed at depicting the detailed flow 

phenomena and haemodynamic conditions in patient-specific dissection models (Chen et al. 2013; 

Cheng et al. 2010, 2014; Ko et al. 2017), or examining the influence of morphological variations on 

haemodynamic changes (Cheng et al. 2013; C. Karmonik et al. 2011; Simon et al. 2016; Tang et al. 2012; 

Wan Ab Naim et al. 2014). Several studies also reported that CFD could assist in predicting progressive 

aneurysmal dilatation in TBAD (Cheng et al. 2015; Shang et al. 2015; Tse et al. 2011; Xu et al. 2017).   

Surgical repair of TAAD with replacement of the ascending aortic segment often leaves re-entry tears 

in the arch and descending aorta unattended, which may lead to late progressive aortic dilatation. The 

aim of this study was to examine if CFD simulations could identify patients at risk of further aortic 

dilatation and help understand the underlying mechanisms. Patient-specific dissection geometries 

were reconstructed from post-surgery computed tomography angiography (CTA) images and divided 

into two groups, patients with stable aortic diameters, and those with progressive aortic dilatation. 

These were then coupled with physiologically realistic boundary conditions. Haemodynamic results 

including flow patterns, WSS, and pressures were compared.  

6.2 Methodology  

6.2.1 Data Acquisition and Geometry Reconstruction 

This retrospective study was based on the validated database of patients with repaired TAAD at the 

Royal Brompton and Harefield hospitals. All patients underwent a minimum of 2 follow-up CTA 

examinations following surgical repair with a time interval between 1 and 5 years (2.5 ± 1.3 years). 

All studies were reviewed by a radiologist with over 10 years’ experience of cardiovascular imaging 

and patients were classified as stable (minimal or no change in the diameter of the residual dissected 

aorta) and unstable (significant progressive dilatation). Out of 40 patients, 23 were excluded from CFD 

simulations due to inadequate image quality or coverage. A total of 17 patients were finally analysed 

and divided into two groups: stable (N = 9) and unstable (N = 8). 

All patient-specific geometries were reconstructed from the first set of CTA images using a semi-

automatic threshold-based segmentation tool available in Mimics 20.0 (Materialise, Leuven, Belgium). 

The regions of interest had to be manually segmented based on local greyscale intensities. The 

segmented 2D masks were then integrated to generate a 3D fluid domain, which was smoothed to 
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eliminate any reconstruction errors. Details of the reconstruction of the aortic lumen were already 

described in Chapter 3. For every patient, the computational model was created from the aortic 

sinotubular junction to the level of diaphragm. Three main arch branches were also included in the 

reconstructions, as shown in Figure 6.1. A transparent view for each model is provided, which allows 

visualisation of the location and shape of the tears. The location of the proximal entry tear is 

highlighted by a red circle in the transparent view.  
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Figure 6.1. Geometries of the 17 aortic dissection models. Patients with stable aortic diameters (Group 
1) are shown in blue while those with unstable aortic diameters (Group 2) are displayed in red. A 
transparent view is given in the right for each model where the primary entry tears are indicated by 
red cycles. 

All the 3D geometries were then imported into ANSYS ICEM CFD (ANSYS, Canonsburg, PA, US) for mesh 

generation. Each computational mesh consisted of tetrahedral elements in the core and a minimum 

of 10 layers of prismatic cells in the fluid boundary layer. Local mesh refinement was performed in 

regions around the tears and great curvature. Grid independent tests were conducted, and the 

number of elements adopted in the final analysis ranged from 3 to 7.4 million, depending on geometric 

complexity and size of the model.   

6.2.2 Boundary Conditions 

Doppler Ultrasound Measurements of Blood Velocity 

Doppler ultrasound offers a non-invasive and safe method for measuring the rate of blood flow in a 

wide range of blood vessels by bouncing high-frequency sound waves off moving objects, such as red 

blood cells. Medical ultrasound instruments operate by the transmission of a short pulse of ultrasound 

along a beam, followed by reception of ultrasound which is scattered by the tissue. Doppler ultrasound 

can estimate how fast blood flows by measuring the rate of change in its frequency, ∆𝑓, which is 

defined as 

                                                                             ∆𝑓 =  2 (𝑣 cos 𝜃)𝑓0/𝑐                                                        (6.1) 

where ∆𝑓 is also called the Doppler shift, 𝑣 is the magnitude of blood velocity, 𝜃 is the angle between 

ultrasound beam and direction of motion, 𝑓0 is the frequency of ultrasound transmitted, and 𝑐 is the 

speed of propagation of ultrasound in blood. Since 𝑓0 and 𝑐 are generally known, measurements of 
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the Doppler shift ∆𝑓  allows calculation of blood velocity,  𝑣 , if the angle 𝜃  can be accurately 

determined (Gill 1985).  

As shown in Figure 6.2, physiological boundary conditions were applied in order to generate results 

that are clinically relevant. In this study, although Doppler ultrasound measurements of patient-

specific velocity waveforms (Figure 6.2 A) were available, this information could not be directly 

employed due to the absence of diastolic velocity data. Furthermore, velocity data were acquired at 

the left ventricular outflow tract (LVOT) rather than at the model inlet. Considering the above 

limitations, in vivo measured flow waveform acquired at a similar location in the ascending aorta of a 

type B aortic dissection patient was adopted as a template (Pirola et al. 2019), and the corresponding 

maximum velocity was recorded as shown in Figure 6.2 B. This flow waveform was then scaled in both 

directions by making use of patient-specific heart rate and maximum velocity measured by Doppler 

ultrasound, so that the applied flow waveform (Figure 6.2 C) contained some patient-specific features. 

The scaled flow waveform was specified at the corresponding model inlet along with the assumption 

of a flat velocity profile.  With regard to outlet boundary conditions, a total of 21% of inlet flow was 

assumed to exit through the arch vessels (Pirola et al. 2019), where flow split was calculated based on 

their cross-sectional areas (Zamir et al. 1992).This information was used to calculate parameters in a 

3-EWM which was implemented at each model outlet (Figure 6.2 D). The assumption of rigid vessel 

walls was made where no-slip boundary conditions were specified. This assumption was not 

unreasonable given the reduced compliance of dissected aortic walls.  

 

Figure 6.2. (A) Velocity measurements acquired by Doppler ultrasound; (B) Flow waveform at the inlet 
of the ascending aorta of a type B dissection taken from the literature (Pirola et al. 2019); (C) Scaled 
flow waveform  based on patient-specific heart rate and maximum inlet velocity; (D) Schematic of the 
computational model employed in this study.  



CHAPTER 6. APPLICATION 3: COMPUTATIONAL ANALYSIS OF HAEMODYNAMIC CONDITIONS 
OF THE AORTA AFTER SURGICAL REPAIR OF TAAD 

115 
 

6.2.3 Computational Details 

Blood flow was simulated by solving the Navier-Stokes equations with a finite volume based solver 

ANSYS CFX 15 (ANSYS, Canonsburg, PA, US). Cycle-averaged Reynolds numbers were in the range of 

589 and 1585, while the peak values were between 1620 and 4035, which were calculated based on 

the inlet diameter and the mean and peak velocities of the reconstructed aorta models, respectively. 

Flow in a dissected aorta is likely to become transitional or turbulent induced by geometric features, 

such as a narrow tear or highly compressed TL. In order to capture any possible flow turbulence, the 

SST-Tran model (Menter et al. 2006) was applied in this study. Details of the model were described in 

Chapter 3. As the SST-Tran model requires a turbulence intensity value to be defined at the inlet, a 

relatively low value of 1.5% was adopted based on previous studies of aortic flow (Tan et al. 2008, 

2009).  

Blood was assumed to be incompressible and Newtonian with a constant density of 1060 kg/m3 and 

dynamic viscosity of 0.004 Pa.s. A fixed time step of 0.001 s was chosen, and a maximum root-mean-

square residual of 1×10-5 was specified as a convergence criterion. The period of one cardiac cycle 

ranged from 0.46 s to 1 s based on the patients’ heart rate. All simulations were performed for three 

cardiac cycles which were sufficient to achieve a periodic solution, and results obtained in the last 

cycle were used for detailed analysis. Flow patterns, TAWSS as well as pressure were calculated and 

analysed using CEI Ensight 10 (CEI Inc, Apex, NC, US).  

Statistical Analysis  

Statistical analysis was carried out using SSPS (IBM Corporation). The Mann-Whitney U test was 

chosen to determine if two independent samples have the same distribution. All results were 

presented as mean ±  standard deviation with the corresponding p-value. A p-value < 0.05 was 

deemed statistically significant. 

6.3 Results  

6.3.1 Anatomical Features 

Using the validated database of patients with surgically repaired TAAD, 9 patients with stable aortic 

diameters (Group 1) and 8 with progressive aortic dilatation (Group 2) with adequate imaging were 

identified. As already shown in Figure 6.1, the reconstructed geometries of repaired TAAD are highly 

complex with substantial individual differences. One of the patients (G1#2) with a stable aorta had a 

fully thrombosed FL at follow up. Out of the 16 cases with a patent FL, in 14 cases the remnant FL 

started from the distal ascending aorta, involving the arch vessels in 9/14. In 2 cases (G1#9 and G2#2), 

the patent segment of the FL originated from the distal arch at the level of the LSCA. Three patients in 

group 1 had a shorter FL that merged with TL at the distal arch in one patient (G1#1), and in the mid-
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thoracic aorta of the other two (G1#4 and G1#5). A summary of key geometric parameters can be 

found in Table 6.1.  

Distance between the primary tear and the origin of LSCA was estimated by measuring the respective 

aortic centreline. In 5/16 cases, the primary tear was located distally to the LSCA as indicated by the 

negative values while in the other 11 patients, the primary tear was observed in the proximal arch. 

Residual primary entry tears varied in size and shape from patient to patient, the smallest and largest 

tears were 2.6 mm2 and 585 mm2, respectively, both in group 1. Number of re-entry tears was found 

to vary from 0 to 18 in group 1, much higher than in group 2 (ranged 0-4). In the patient with no re-

entry fenestration distal to the proximal tear (G1#1), the residual FL involved the aortic arch and 

extended to the IA. In all 16 dissected patients, the TL was compressed by the FL; the FL: TL volume 

ratio ranged from 1.1 - 13.2 in group 1, and 1.8 – 6.8 in group 2. The overall FL: TL volume ratio was 

higher in group 2 with 7/8 (88%) patients had a value greater than 2, while only 2/8 (25%) patients in 

group 1 had a value greater than 2. In addition, tortuosity, defined as the ratio between the distance 

along the aortic centreline and the linear distance, was calculated for the entire aorta, and for the 

ascending and descending aortas separately. No obvious difference was found between the two 

groups. 
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Table 6.1. A summary of key geometric parameters. 

 Group 1 (Stable) Group 2 (Unstable) 

Parameters #1 #2 #3 #4 #5 #6 #7 #8 #9 #1 #2 #3 #4 #5 #6 #7 #8 

Primary tear size                  

Area (mm2) 119 N/A 113 363 432 281 2.6 4.6 585 43 260 8.8 341 522 49 116 50 

Number of re-entry tears 0 N/A 5 4 3 8 6 18 5 4 0 2 1 1 2 1 3 

Distance between primary tear and LSCA (mm) -30 N/A 38 34 33 37 32 35 -6 70 -33 39 -8 34 56 -29 29 

Max. distance between tears (mm) N/A N/A 149 80 39 109 88 51 109 38 N/A 284 43 13 79 23 264 

Max. aortic diameter (mm) 36 34 47 42 36 39 41 34 49 49 46 46 41 49 47 43 38 

Dissection involved arch vessels (Y/N) Y N/A Y Y Y N N Y Y N N Y Y N Y N Y 

Inlet diameter (d1) (mm) 35 33 33 38 32 32 26 43 30 33 33 24 39 32 31 30 33 

Arch diameter (d2) (mm) 24 28 38 36 31 35 35 22 43 30 43 34 36 35 26 30 36 

Curvature ratio (d1/d2) 1.5 1.2 0.9 1.1 1.0 0.9 0.7 1.5 0.7 1.1 0.8 0.7 1.1 0.9 1.2 1.0 0.9 

Tortuosity                  

Entire aorta (inlet to diaphragm) 2.0 2.7 2.1 2.4 2.4 2.3 2.4 1.6 2.2 2.1 2.9 2.4 2.0 2.7 3.0 1.9 2.2 

Ascending aorta (inlet to LSCA) 1.1 1.3 1.2 1.1 1.2 1.1 1.2 1.2 1.2 1.1 1.2 1.3 1.3 1.3 1.2 1.3 1.1 

Descending aorta (LSCA to diaphragm) 1.3 1.3 1.1 1.2 1.1 1.3 1.3 1.2 1.2 1.1 1.4 1.5 1.1 1.3 1.5 1.1 1.3 

Volume ratio of FL/TL 1.1 N/A 2 7.2 1.9 1.4 1.5 1.2 13.2 6.8 2.5 4.9 2.8 2.2 1.8 3.1 2.8 
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6.3.2 Flow Patterns 

As shown in Figure 6.3, instantaneous velocity streamlines at the time points of peak systole and mid-

systolic deceleration were plotted for all the patient-specific models. Although the flow patterns 

varied significantly among patients, common flow characteristics could still be observed. Due to the 

complicated geometries of AD, flow patterns were very complex with helical flow, flow separation and 

recirculation. Blood flow accelerated when passing through regions with reduced lumen areas, 

especially when it entered the FL through the primary tear, a high-speed jet formed and impacted on 

the opposing aortic wall. Blood velocities in the FL were lower than that in the TL, which was more 

obvious in group 2, corresponding to the relatively higher FL: TL volume ratio. In group 1, very low 

flow was observed in the FL of patient G1#1, having only one major tear located in the distal FL so that 

very little flow could retrogradely enter the FL. In group 2, the lowest FL velocities were observed in 

patient G1#3, who presented with the smallest entry tear size (8.8 mm2) but the largest distance 

between the primary tear and the first re-entry tear (284 mm). Although patient G2#5 had the largest 

entry tear (522 mm2) in group 2, blood flow could barely enter FL since the orientation of this entry 

tear was almost parallel to the direction of flow. Several haemodynamic studies on type B aortic 

dissection found that FL flow had a positive correlation with entry tear size (Cheng et al. 2013, 2015). 

However, this might not be true for TAAD since most entry tears were found in the arch rather than 

in the more erect descending aorta. The almost static flow was observed in patient G2#8, who 

presented with a disconnected FL (ascending and descending FL) and a large distance between the 

proximal tear and the distal tear (264 mm). This means that little flow could enter the top region of 

the descending FL. 
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Figure 6.3. Instantaneous velocity streamlines for all the 17 models at two characteristic time points: 
peak systole (left) and mid-systolic deceleration (right). 

6.3.3 Wall Shear Stress  

Figure 6.4 shows the predicted TAWSS distributions in all the cases, where regions with TAWSS > 2.5 

Pa are shown in red colour. Overall, TAWSS was higher in the TL than in the FL, as a result of 

accelerated blood flow in the narrowed TL. High TAWSS values were found at the throat of narrowed 

section where blood flow was accelerated and velocity was high, or in the regions surrounding the 

tears, with the maximum TAWSS on the edge of the primary tears in most cases. As shown in Figure 

6.3, high TAWSS along the edge of tear could be explained by the high velocity of blood flow through 

the tear into the FL. The jet of fluid from the TL impinged directly on the adventitial bound surface of 

the FL, causing high wall shear stress on the anterior and posterior surface, or the site opposite the 

tear in the FL. Figure 6.5 illustrates the comparison of maximum TAWSS on the aortic wall between 

the two groups. In group 1, the peak values varied from 5.62 – 25.4 Pa, lower than group 2, with a 

variation from 5.19 to 45.31Pa. In group 1, two relative high values of peak TAWSS, 25.4Pa and 24.9 

Pa, were both found in the regions around the entry tears, which were measured as 2.6 mm2 and 4.6 
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mm2 in area, respectively. These small entry tears might lead to relatively high TAWSS. In group 2, very 

low peak TAWSS was found for patient G2#5, whose entry tear located in a transverse position and 

therefore very low flow could enter into the FL with small velocities. 

 

 

Figure 6.4. TAWSS contours in the aortic dissection models of the 17 subjects. Regions with TAWSS 
higher than 2.5 Pa are shown in red. 
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Figure 6.5. Comparison of the maximum TAWSS on the aortic wall between two groups.  

6.3.4 Pressure Difference between True and False Lumen 

In order to calculate pressure difference between the true and false lumen, eight cross-sectional 

planes were selected along the centrelines of the dissected aorta, with P1 being 2 cm from the origin 

of LSCA and P2 – P8 being evenly spaced below P1 with an interval of 3 cm. Pressure variations over a 

cardiac cycle at the selected cross-sectional plane are shown in Figure 6.6 for two representative cases, 

one from each group. It can be seen that pressures in the TL and FL were almost identical for the 

patient in group 1. However, notable differences between TL and FL pressures can be seen for the 

patient in group 2 especially in the proximal region where pressure was higher in the TL than FL during 

systole. The evaluated TL and FL pressures were further analysed by examining the pressure difference 

(PTL - PFL), and results for all the cases are shown in Figure 6.7, where a positive value indicates higher 

TL pressure while a negative value indicates higher FL pressure. It should be mentioned that fewer 

cross-sectional planes could be created in 3/8 patients in group 1 due to their short FL. It was clear 

that pressure differences were much higher for the patients in group 2 than in group 1. The maximum 

TL and FL pressure differences at all cross-sectional planes were then evaluated and the absolute 

values (|𝑃𝑇𝐿 − 𝑃𝐹𝐿|) are shown in Figure 6.8 for all the patients. The results clearly indicated that the 

maximum pressure difference was much higher for group 2. 
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Figure 6.6. Pressure variations in the TL and FL along the dissected aorta for two selected cases: patient  G1#9 from group 1 (a) and patient G2#4 from group 
2 (b). P1-P8 refer to eight cross-sectional planes along the centrelines of the dissected aorta. P1 is 2 cm distal from the origin of LSCA and P2-P8 are evenly 
spaced below P1 with an interval of 3 cm.
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Figure 6.7. Pressure difference between the true and false lumen (PTL - PFL) at the selected cross-
sectional planes along the aorta. 
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Figure 6.8. The maximum pressure difference between the true and false lumens (absolute values) for 
all the patients. Group 1 (blue), group 2 (red). 

6.3.5 Statistical Analysis 

Statistical analyses of the evaluated geometric and haemodynamic parameters were performed, and 

the results are summarised in Table 6.2. The number of re-entry tears was the only geometric 

parameter that showed statistically significant difference between the two groups (p = 0.02), with 

patients in the stable group having far more re-entry tears than patients in the unstable group. The 

maximum aorta diameter was larger for the unstable group but the difference was not statistically 

significant.  In terms of haemodynamic parameters, the maximum TL and FL pressure difference was 

found to be significantly higher (p = 0.001) for patients in group 2. No significant differences between 

the two groups were found in the other morphological and haemodynamic parameters examined.  

6.3.6 Turbulence Intensity 

The turbulence intensity, also referred to as turbulence level, is defined as  

                                                                                  𝑇𝑢 =  
𝑢′

𝑈
                                                                        (6.2) 

where 𝑈 is the mean velocity and 𝑢′ is the root-mean-square of the turbulent velocity fluctuations 

that can be expressed as: 

                                                              𝑢′ = √
1

3
(𝑢𝑥

′2 + 𝑢𝑦
′2 + 𝑢𝑧

′2) = √
2

3
𝑘                                                (6.3) 

where 𝑘 is the turbulence kinetic energy and therefore the turbulence intensity can be expressed as: 
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                                                                                      𝑇𝑢 = 
√

2

3
𝑘

𝑈
                                                                     (6.4) 

Table 6.2. Summary of geometric and haemodynamic parameters for the two groups with stable aortic 
diameters (Group 1) and progressive aortic dilatation (Group 2). 

 Group 1 (Stable) Group 2 (Unstable) Mann-Whitney U test 

Geometric Parameters Mean ± SD Mean ± SD Mean ± SD 

Primary tear size    

Area (mm2) 237.5 ± 212.2 173.7 ± 183.3 0.6 

Number of re-entry tears 6 ± 5 2 ± 1 0.02 

Distance between primary tear to LSCA (mm) 30.6 ± 10.3 37.3 ± 18.7 0.8 

Max. distance between tears (mm) 89.3 ± 34.7 106.3 ± 107.9 0.3 

Maximum aortic diameter (mm) 39.8 ± 5.5 44.9 ± 3.9 0.07 

Inlet diameter (d1) (mm) 32.6 ± 3.3 31.9 ± 4.2 0.6 

Arch diameter (d2) (mm) 32.4 ± 6.8 33.8 ± 5.1 0.8 

Curvature ratio (d1/d2) 1.1 ± 0.3 1.0 ± 0.2 0.6 

Tortuosity    

Entire aorta (inlet to diaphragm) 2.2 ± 0.3 2.4 ± 0.4 0.6 

Ascending aorta (inlet to LSCA) 1.2 ± 0.1 1.2 ± 0.1 0.2 

Descending aorta (LSCA to diaphragm) 1.2 ± 0.1 1.3 ± 0.2 0.4 

Volume ratio of FL/TL 3.7 ± 4.3 3.4 ± 1.7 0.14 

Haemodynamic Parameters    

Flow into FL (%) 39.8 ± 26.5 30.9 ± 25.5 0.5 

Max. TAWSS (Pa) 13.4 ± 7.3 24 ± 12.3 0.07 

Max. pressure difference (mmHg) 1.3 ± 1 11.7 ± 14.6 0.001 

 

Iso-surfaces of the turbulence intensity (𝑇𝑢 ) levels during peak and mid-systolic deceleration in 

patient G2#6 are illustrated in Figure 6.9. It should be noted that the intensity levels presented here 

were based on instantaneous local velocities rather than the mean values in order to portray realistic 

levels. The red and blue iso-surfaces in the figure represent different values of 𝑇𝑢. Since the 

turbulence intensity is proportional to the kinetic energy (𝑘) and inversely proportional to the velocity, 

the maximum Tu values were found during mid-systolic deceleration when  𝑘 had high values but the 

velocity was decelerating. The 𝑇𝑢 levels of approximately 8% were found in the entire descending 

aorta during mid-systolic deceleration, while very high turbulence intensity (>50%) were observed at 
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both peak systole and mid-systolic deceleration phases in the proximal descending aorta. About 8% 

turbulence intensity was also found in part of the ascending aorta and in the proximal descending TL.  

 

Figure 6.9. Turbulence intensity (Tu) iso-surfaces in patient G2#6 at peak systole (left) and mid-systolic 
deceleration phase (right). 𝑇𝑢 levels of approximately 8% are shown in blue while much higher 𝑇𝑢 
levels of approximately 50% are displayed in red. 

6.4 Discussion 

TAAD is a life-threatening cardiovascular disease that usually requires urgent open surgery since the 

mortality rate of untreated patients is about 50% within the first 48 hours (Anagnostopoulos et al. 

1972). The standard surgical approach for TAAD is supra-commissural replacement of the ascending 

aorta with synthetic tube grafts (Guilmet et al. 1979). A known problem with this procedure is that 

the residual aorta may still contain dissected segments, which would increase the risk of late adverse 

events such as progressive aneurysmal dilatation and rupture (Halstead et al. 2007; Marui et al. 1999; 

Onitsuka et al. 2004; Sueyoshi et al. 2004). With a persistent patent FL, 20% - 50% of patients were 

reported to die at 5 years and 40% - 70% at 10 years (Bernard et al. 2001; Gysi et al. 1997; Yu et al. 

2004). This study was designed to evaluate blood flow in patient-specific aortas after surgical repair 

of TAAD, in an attempt to identify haemodynamic features that might predict progressive aortic 

dilatation. In addition to haemodynamic analysis, morphological features of the dissected aortas were 

also examined.  

The study cohort contained 17 patients (9 stable and 8 unstable), among these one patient (G1#2) had 

a fully thrombosed FL after surgery, while all the other patients (n=16) maintained a patent FL. Analysis 

of morphological features indicated that patients with a stable aortic diameter had a significantly 

larger number of re-entry tears. The influence of the number of re-entry tears on haemodynamic 

conditions has been reported in previous studies, where the lack of distal tears was found to increase 
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the FL pressure (Karmonik et al. 2011; Tang et al. 2012; Tsai et al. 2008; Wan Ab Naim et al. 2014). 

Wan Ab Naim et al. (2014) among others, concluded that the presence of extra re-entry tears could 

reduce the pressure difference between the true and false lumen and thus prevent FL expansion and 

TL collapse. A clinical study also showed that communications between the TL and FL through multiple 

distal re-entry tears might help prevent TL collapse and should therefore be considered as a positive 

prognostic indicator (Quint et al. 2003). 

 Previous studies on TBAD showed that larger entry tears were correlated with higher FL flow (Cheng 

et al. 2013, 2015), which could lead to rapid aneurysmal expansion (Shang et al. 2015). However, 

neither entry tear size nor FL flow was significantly different between the two groups in this study.  

Aortic geometries included in the present study are more complex than those reported in previous 

TBAD models, as most of the entry tears were located in the ascending aorta or arch rather than distal 

to the LSCA. Therefore, the amount of flow entering the FL would depend not only on the entry tear 

size but also its orientation relative to the flow direction. Moreover, it has been reported that patients 

presented with multiple distal tears have increased FL flow (Dillon-Murphy et al. 2016). This may 

explain why some patients with very small entry tears but multiple communication tears were found 

to have relatively high flow in the FL.  

Another morphological parameter of interest is the maximum aortic diameter. Although the results 

showed that the maximum aortic diameter was larger in patients with progressive aortic dilatation 

than in patients with a stable aortic diameter, the evidence was weak based on the analysis of this 

relatively small cohort. In fact, clinicians mainly rely on the maximum aortic diameter to predict aortic 

dilatation and its risk of rupture in the current practice. However, previous studies on  aortic dissection 

challenged the reliability of using this criterion and suggested that maximum diameter alone was not 

a reliable predictor of late complications (Bernard et al. 2001; Neri et al. 2005; Rudenick et al. 2010). 

For this reason, it would be worth considering factors in addition to sizing criteria, e.g. haemodynamics 

related parameters when assessing the risk of aortic dilatation in patients with TAAD. Blood flow was 

found to be highly disturbed in all dissected models with varying extent of flow recirculation in both 

true and false lumens, especially in regions surrounding the tears. Large recirculation regions have 

been associated with thrombus formation, while partial thrombosis in the FL might occlude distal tears, 

impede outflow and therefore increase the risk of death from further aortic dilatation and rupture 

(Tsai et al. 2007). Another potentially important feature is turbulence, which is likely to occur in the 

flow jet through a tear, where the peak Reynolds number can exceed 8200 (Cheng et al. 2010). 

Turbulent flow within the aneurysm has been reported to cause extra stresses on the aneurysmal wall, 

increasing the rate of wall dilatation (Berguer et al. 2006; Khanafer et al. 2007). In order to capture 

potential turbulent flow in the post-surgery TAAD models, the SST-Tran model was adopted which 
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allowed turbulence intensities to be evaluated. An example is given in Figure 6.9, showing high 

turbulence intensities (>50%).   

Areas of high wall shear stress  stimulate the endothelial cells to produce plasmin, nitric oxide and 

transforming growth factor- 𝛽  causing matrix breakdown by expression of plasmin, matrix-

metalloproteinases and smooth muscle cells apoptosis (Lehoux et al. 2006; Li et al. 2005; Slagger et al. 

2005). This has been associated with endothelial damage and degenerative lesions of the dissected 

wall, leading to wall weakening and eventual rupture (Ekaterinaris et al. 2006). Regions of elevated 

TAWSS were observed in the opposing FL wall as a result of direct impingement of jet flow when 

passing through the tear. Elevated TAWSS in the false lumen has been reported to cause wall 

weakening and subsequent increase in luminal diameter (Rudenick et al. 2010). In most of the cases, 

the maximum TAWSS was found along the edge of the primary tear, which could lead to further 

degeneration and erosion in this area, perhaps indicating the vulnerability of this region to further 

increase in tear size. Results obtained in this study showed that patients with unstable aneurysmal 

expansion had higher maximum TAWSS on the aortic wall although this finding was not statistically 

significant. It was noted that two outliers in group 1 had relative high maximum TAWSS due to the 

existence of very small entry tears. Small tears have been reported to result in higher tear velocities 

(Rudenick et al. 2013) and therefore increased WSS. 

Pressure difference between the true and false lumen is a key factor in driving the deformation of 

intimal flap. Previous small case series also reported that higher pressure difference was associated 

with further aneurysmal dilatation in type B dissections (Cheng et al. 2015; Tse et al. 2011), but no 

similar studies on TAAD could be found in the literature. Results in this study demonstrated that 

patients with progressive aortic dilatation following TAAD repair had significantly higher luminal 

pressure difference compared to the stable group. Although the sample size is relatively small (n=17), 

this is the first time such a correlation has been identified for TAAD.   It is also of interest to note that 

pressure difference between the true and false lumen is influenced by the number and size of tears 

(Dillon-Murphy et al. 2016; Tsai et al. 2008). As mentioned before, multiple tears along the length of 

type B aortic dissection could lead to an equalisation of pressure between two lumens. In the study 

carried out by Rudenick et al. (2013) a smaller tear was found to cause a greater luminal pressure 

difference, whereas larger tears corresponded to equalized true and false lumen pressures. This 

phenomenon was not observed in the results presented here, for example 2 patients in group 1 (G1#7 

and G1#8) with very small entry tears did not present with large pressure imbalance between the true 

and false lumen. The effect of small entry tears on luminal pressure difference might be counteracted 

by multiple re-entry tears. In contrast, a large primary entry tear in a patient (G2#5) was associated 

with a significantly higher pressure difference as flow entering the FL appeared to be unidirectional 



CHAPTER 6. APPLICATION 3: COMPUTATIONAL ANALYSIS OF HAEMODYNAMIC CONDITIONS 
OF THE AORTA AFTER SURGICAL REPAIR OF TAAD 

135 
 

with no exit to relieve the pressure. As reported in the literature (Zhang et al. 2014), in the case of 

blind end of the FL, absence of a distal tear or a side branch to shunt pressure from the FL may result 

in pressure difference between TL and FL. 

Limitations of the study 

The main limitation of this study is the small sample size that may limit wider applicability of the 

findings. Further validation of the CFD technique and its ability to predict risk of aortic dilatation post-

surgical repair will be required.  With regards to the computational model, the rigid wall assumption 

may miss some complex flow structures caused by expansion and contraction of the vessel wall 

(Alimohammadi et al. 2015). This assumption can be relaxed by performing a fluid-structure 

interaction (FSI) simulation, which couples the flow model with a compliant wall model. However, 

building a compliant wall model of aortic dissection requires information on wall thickness and 

material properties which are difficult to measure in vivo. Additionally, FSI simulations are 

computationally expensive, which will limit its use in comparative studies involving a large cohort of 

patients. Even with the fluid model alone, the computational time was still considerable with each 

simulation taking approximately 5-7 days using a workstation (Intel i7 processer, 32GB RAM). Future 

refinements of the modelling approach should address this issue. Finally, patient-specific pressure 

data were not available due to retrospective nature of the study, which may influence the patient 

specificity of the predicted pressure values but should not affect the evaluated pressure difference. It 

is also worth mentioning that flow divisions among the arch vessels can vary from patient to patient, 

and with physical and mental activities. In this study, however, a fixed flow distribution of 21% (Pirola 

et al. 2019) was assumed to exit through the arch vessels of all the simulated models due to the lack 

of patient-specific data. This assumption was reasonable for comparative studies as it would not cause 

any other confounding factors. Nevertheless, patient-specific data would be desirable if they are 

available for future studies.   

6.5 Summary 

This study suggests that large pressure difference between the true and false lumen may be an 

important predictor of progressive aortic dilatation following surgical repair of TAAD, whereas the 

presence of multiple re-entry tears along the length of the dissection might help equalize the true and 

false lumen pressure, thereby reducing the risk for unstable aortic dilatation. Although not statistically 

significant between the two groups, larger maximum aortic diameter as well as higher maximum 

TAWSS on the aortic wall might also be related to rapid aneurysmal expansion. These findings are 

promising and point to a potential role of haemodynamic factors in predicting the risk of progressive 

aortic dilatation following TAAD repair. Further large cohort studies are warranted to validate these 

findings. 
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Chapter 7 

Biomechanical Analysis of Type A Aortic Dissection 

after Surgical Repair and Fluid-Solid Interaction 

Simulation 

 

7.1 Introduction 

In Chapter 6, detailed haemodynamic features in surgically repaired TAADs were evaluated and it was 

found that luminal pressure imbalance, as well as higher maximum TAWSS might be associated with 

progressive aortic dilatation. On the other hand, biomechanical factors also play an important role in 

aortic remodelling, such that elevated wall stress has been reported to lead to the development of 

aneurysm or dissection (Nathan et al. 2011). Based on fluid-solid interaction (FSI) simulation of a 

patient-specific thoracic aortic aneurysm, Tan et al. (2009) suggested that the maximum wall stress at 

the inner wall of the aneurysm might contribute to further dilation, weakening of the wall, and its risk 

for rupture. In fact, as the aorta expands, the aortic wall loses elasticity, and stresses in the dilated 

region would increase significantly (Thubrikar et al. 1999). If the local stresses exceed the mechanical 

strength of the material, rupture may occur. In this chapter, finite element analysis (FEA) was carried 

out to evaluate biomechanical properties of patient-specific TAAD models described in the preceding 

chapter. Due to the time constraint, wall models were built and analysed for 4 selected cases only (2 

from each group). Comparisons of results were made between the two patients in the stable group 

(G1#3 & G1#9) and two with progressive aortic dilatation (G2#4 & G2#5), in order to examine 

differences and to identify potential biomechanical predictors of late aneurysmal dilatation.  

Blood flow simulation followed by structural analysis describe the haemodynamic and biomechanical 

conditions of the dissected aorta, separately.  In reality, the aorta expands and contracts in response 

to the pulsation of blood pressure, necessitating the use of fluid- structure interaction (FSI) to account 

for the dynamic effects of moving wall on blood flow and the respective effects of blood flow on wall 

motion. Tan et al. (2009) found that velocity profiles obtained from FSI simulations were in better 

agreement with in vivo MRI data than those from the rigid wall flow model alone. FSI simulations have 

also been performed on type B aortic dissections, and the obtained results were compared with those 

from rigid wall models (Alimohammadi et al. 2015; Qiao et al. 2019). These studies demonstrated that 

although spatial distributions of TAWSS obtained with FSI and rigid wall models had similar trend, 

there were marked differences in the predicted OSI. To gain more detailed knowledge of how 
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compliance may influence intraluminal haemodynamics, a preliminary FSI analysis was performed on 

one of the TAAD models (G1#5) described in the previous chapter. The obtained results are compared 

with those from the rigid wall model of the same patient.  

7.2 Methodology 

7.2.1 Geometry Reconstruction and Mesh Generation 

Wall models were built for 5 of the 17 post-surgical type A dissection geometries described in Chapter 

6 (G1#3, G1#5, G1#9, G2#4 and G2#5), 4 of which were for FEA and another one was for FSI (G1#5). 

In terms of FEA, 2 patients with stable aortic diameters (G1#3 & G1#9) were randomly selected to be 

compared with 2 patients with unstable aortic diameters (G2#4 & G2#5). FSI simulation was 

performed on a patient with a stable aortic diameter (G1#5) whose FL merged with TL in the mid-

thoracic aorta. The shorter FL and intimal flap reduced the computational complexity and time needed 

for the computationally intense FSI simulation. The inner and outer wall surfaces were created 

separately to construct the solid domain including the intimal flap. The 3-D fluid domain reconstructed 

in the preceding chapter was used as the inner wall surface, while the outer wall surface was created 

by uniformly extruding the undissected equivalent of the inner wall by 1.4 mm for the aorta (Van 

Puyvelde et al. 2016) and by 0.65 mm for the Dacron graft (Nagano et al. 2007), as shown in Figure 

7.1. Moreover, for the wall models built for FEA, 5-6 pairs of intercostal artery branches were added 

along the descending aorta to restrict any possible swing of the model. All geometries were then 

exported into ANSYS ICEM CFD (ANSYS, Canonsburg, PA, US) to generate computational mesh for the 

solid domain. For each geometry, the wall model (solid domain) was discretised into unstructured 

tetrahedral meshes comprising approximately 2.8 and 0.3 million elements for the aorta and graft, 

respectively, as shown in Figure 7.2. For the FSI simulation, the fluid domain of patient G1#5 was 

meshed with a tetrahedral core and 10 prismatic layers at the wall comprising of around 4 million 

elements (Figure 7.3). 

 

Figure 7.1. Reconstructed patient-specific models for the four cases selected for FEA. Graft (light grey) 
and the aorta (dark grey) are indicated by arrows. 
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Figure 7.2. Tetrahedral mesh elements for the dissected wall model (solid domain) are shown for (A) 
3D geometry, (B) inlet, and (C) Outlet. 

7.2.2 Finite Element Modelling  

The mechanical behaviour of the wall follows its constitutive equation, which describes the intrinsic 

behaviour of a material under loading by relating the stress to the strain. A strain measures 

deformation representing the displacement between particles in the body relative to a reference 

length. Hooke’s law is the most basic constitutive relation, describing the behaviour of a linear elastic 

material as: 

                                                                             [𝜎] =  [𝐷][휀]                                                                        (7.1) 

where [𝜎] is the stress tensor, [휀] is the total strain vector, and [𝐷] is the elastic stiffness matrix 

represented by the Young’s modulus E and the Poisson’s ratio 𝜈. E is the stiffness of a material that 

measures a material’s ability to resist stretch, while 𝜈  is defined as the negative of the ratio of 

transverse to axial strain. Although linear elastic models based on simplified measures of the Young’s 
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modulus and the Poisson’s ratio may give a good approximation in some cases, they do not capture 

the non-linear behaviour of the aortic wall.  

 

Figure 7.3. Detailed mesh elements are shown for (A) the FSI model, (B) outlet cross-sectional plane, 
and (C) cut plane. It can be seen clearly from (B) and (C) that the solid domain (light blue) was 
discretised into tetrahedral elements, while the fluid domain (red) was meshed with a tetrahedral core 
and prismatic layers at the wall. 

In this study, a linear elastic model was used to describe the graft material, assuming it to be 

incompressible, homogenous and isotropic. The Dacron graft used to replace the ascending aorta is 

made of polyethylene terephthalate (PET), with a reported Poisson’s ratio of 0.3 and Young’s modulus 

of 7800 kPa (Weltert et al. 2009). For the dissected aortic wall and intimal flap, a non-linear, 

hyperplastic material model was adopted. Based on a finite strain constitutive model proposed by 

Raghavan and Vorp for abdominal aortic aneurysms (AAA) (Raghavan and Vorp 2000), the stress and 

stretch along either longitudinal or circumferential direction can be described by the following 

equation: 

                                                          𝑇 = [2𝛼 + 4𝛽(𝜆2 + 2𝜆−1 − 3)][𝜆2 − 𝜆−1]                                     (7.2) 

where 𝑇 is the stress calculated as the applied force normalized by the deformed cross-sectional area, 

and 𝜆 =  휀 + 1 is the stretch. 𝛼 and 𝛽 are model parameters representing the mechanical properties 
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of the AAA wall. Additionally, Raghavan and Vorp found no significant difference in 𝛼  or 𝛽  values 

between the longitudinal and circumferential samples, supporting their combination into a single 

equation with mean values of 174 kPa and 1881 kPa for 𝛼  and  𝛽 , respectively. Using ANSYS 

Workbench (ANSYS, Canonsburg, PA, US), the experimental 𝑇 −  𝜆 curve derived from equation (7.2) 

was fitted to a well-defined nonlinear five-parameter Mooney-Rivlin material model expressed using 

the strain energy density function as: 

        𝑊 = 𝑐10(𝐼1 − 3) + 𝑐01(𝐼2 − 3) + 𝑐20(𝐼2 − 3)2 + 𝑐11(𝐼1 − 3)(𝐼2 − 3) + 𝑐02(𝐼2 − 3)2        (7.3) 

where W is the strain energy, and 𝐼1 , 𝐼2  are the first and second invariants of the strain tensor 

respectively. 𝑐10 ,  𝑐01 , 𝑐20 ,  𝑐11 , and 𝑐02  are  material constants that describe the deviatoric 

deformation of the vessel wall and they   were calculated by curve-fitting the 𝑇 −  𝜆  data. The 

obtained values are summarised in Table 7.1. 

Table 7.1. Calculated constants of the Mooney-Rivlin material model. 

𝑐10 𝑐01 𝑐20  𝑐11 𝑐02 

0.34 MPa -0.17 MPa 8.15 MPa -10.48 MPa 4.26 MPa 

 

The boundary conditions were then applied including nodal surface loads and displacement 

constraints. A static load corresponding to the patient’s pulse pressure was applied perpendicular to 

the inner surface of each model. Due to the absence of patient-specific pressure data, a typical pulse 

pressure of 40 mmHg for a healthy subject from the literature was used for all models (Olufsen et al. 

2000). Zero-displacement constraints were applied at the model inlet, at the distal ends of the 

innominate, left common carotid, left subclavian, and all intercostal arteries, as well as in the mid-

descending aorta. FEA of the wall models was performed with ANSYS Static Structural solver (ANSYS 

Inc.).  

7.2.3 Fluid-Solid Interaction  

As shown in Figure 7.4, for flow analysis, the boundary conditions at the inlet of the TAAD were the 

same as in the fluid-only simulation where a scaled patient-specific flow waveform was imposed along 

with the assumption of a flat velocity profile. It was assumed that a total of 21% of inlet flow would 

exit through the three arch vessels (Pirola et al. 2019), where the flow division was calculated based 

on their cross-sectional areas (Zamir et al. 1992). A 3-EWM was imposed at each outlet. With regards 

to structural analysis, displacement constraints were applied at the inlet and at all outlets. An external 

pressure that equals to the diastolic pressure was applied at the outer surface (Alimohammadi et al. 

2015), based on the assumption that the reconstructed TAAD geometry was in its diastolic 
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configuration. Additional constraint was applied on the inner wall surface by specifying an elastic 

support to increase its stiffness, so as to avoid highly distorted mesh during the simulation.  

 

Figure 7.4. Schematic of the computational model employed for FSI simulation. For flow analysis, 
patient-specific flow waveform was prescribed at the inlet, while a 3-EWM was applied at all outlets. 
For structural analysis, zero-displacement constraints were set at inlet and at all outlets. In addition, 
an external pressure corresponding to the diastolic pressure was applied on the outer walls to recoil 
the geometry from its diastolic configuration. 

The wall model of patient G1#5 was solved using ANSYS Transient Structure solver, while the pulsatile 

blood flow was solved using ANSYS CFX solver, with more details described in Chapter 6. The two-way 

FSI simulation was then performed using ANSYS Multi-field solver (ANSYS, Canonsburg, PA, US), which 

couples ANSYS Structure and ANSYS CFX through a sequence of multi-field time-steps, consisting of 

‘’stagger’’ (or coupling) iterations. The outer surface of the lumen in the fluid domain corresponding 

to the inner surface of the structural domain (as shown in red in Figure 7.4) was selected as an 

interface where data exchange occurred at every time-step. ANSYS CFX provided the fluid-induced 

wall forces to the structural domain, and ANSYS Structure sent back the total mesh displacement 

information. Within each multi-field time-step, the iterations were repeated until a maximum number 

of 10 stagger iterations was reached or until the data transferred between solvers and all field 

equations were converged. In the fluid model, the maximum RMS residual of 10-5 was specified and 

approximately 15-100 iterations were needed to reach convergence at each time-step. In the 

structural model, the maximum RMS residual was set as 10-3 with a total of 15 iterations. A coupled 

time-step of 0.005 s was specified and three cardiac cycles were simulated to reach a periodic solution.  
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7.3 Results  

7.3.1 Comparison of Biomechanical Properties of Different Wall Models  

Displacement: Predicted wall displacement patterns are shown in Figure 7.5. In all cases, the aorta 

segment replaced by the synthetic graft was static with almost zero displacement, whereas noticeable 

displacements could be observed throughout the aorta. High displacement values (>3.5 mm) are 

shown in red, which were located sporadically around the aortic arch and in the proximal descending 

aorta of patients G1#3 and G1#9, and in slightly extended regions in patient G2#4. Much larger 

displacements with values up to 5.2 mm were found in patient G2#5, potentially indicating a more 

significant expansion of the aorta.  

 

 

Figure 7.5. Spatial distribution of total displacement in the 4 selected models for FEA. Top: two 
patients from Group 1; bottom: two patients from Group 2. 
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Von Mises stress: von Mises stress is an index commonly used to assess the maximum wall stress in 

the aorta. Spatial distributions of von Mises stress in the four post-surgical TAAD models are shown in 

Figure 7.6. In all cases, peak stress values were found at the anastomosis between the graft and the 

aorta (as indicated by the black arrows), which could be attributed to the mismatch in material 

properties. Away from the graft, high stress values occurred on the edge of tears and at sharp corners, 

with the maximum values indicated in Figure 7.6. The peak von Mises stress values at the graft-aorta 

interface were comparable among the 4 models (364 – 394 kPa), but peak stresses away from the 

graft varied substantially (166 – 350 kPa) with patient G2#5 presenting with the highest value.  

7.3.2 Comparison between FSI model and Rigid Wall Model 

Flow patterns: Figure 7.7 shows instantaneous velocity streamlines obtained with the FSI simulation 

and the corresponding rigid-wall model. In general, flow patterns at the systolic and maximum flow 

deceleration time points were similar, with high velocities through the tears and in regions with 

narrowed lumen, such as the proximal descending TL. The proximal descending FL, however, was 

dominated by slow and recirculating flow due to widened luminal area. The merged TL and FL in the 

mid-descending aorta resulted in a reduced downstream luminal area causing flow acceleration. Flow 

patterns obtained from the FSI and rigid wall models were qualitatively the same and quantitatively 

comparable, especially at mid-systolic deceleration. At peak systole, the FSI model produced slightly 

lower blood velocities in the arch vessels but higher velocities in the distal thoracic aorta compared to 

the rigid wall model. 

Flow exchange between true and false lumen: A more detailed quantitative comparison of volumetric 

flow rate was made between the rigid and FSI models. Figure 7.8 shows the comparison of volumetric 

flow rate at the primary entry tear and re-entry tears. Although both models displayed qualitatively 

similar trends, quantitative differences were observed. Over a cardiac cycle, the percentage of inflow 

passing through the primary entry tear, re-entry tears 1, 2 and 3 was 13.3%, -12.1%, 0.2% and -1.4%, 

respectively, in the rigid wall model, and 12.5%, -10.2%, 1%, and -3.3% for the FSI model. It should be 

noted that a positive value represents flow from the TL to FL, whereas a negative value indicates flow 

from the FL to TL.  

TAWSS: Spatial distributions of TAWSS were compared between the two models, and the results are 

shown in Figure 7.9. Similar to flow patterns, the FSI and rigid wall models produced qualitatively 

similar results, with high wall shear stress concentrated in and around the aortic arch and branches, 

and low wall shear stress in the proximal descending FL. Quantitative comparisons revealed that the 

FSI model generally predicted slightly lower wall shear stress, with peak TAWSS values being 13 Pa 

and 13.4 Pa in the FSI model and rigid wall model, respectively.   
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Figure 7.6. Spatial distributions of von Mises stress distributions in all four models. (A) Two patients 
from Group 1; (B) two patients from Group 2.  
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Figure 7.7. Comparison of instantaneous velocity streamlines obtained from the rigid wall model (top) 
and FSI model (bottom) at peak systole (left) and mid-systolic deceleration (right). 

Luminal pressure variations: Figure 7.10 shows the pressure variations in the TL and FL along the 

dissected aorta obtained from the rigid wall and FSI simulations. Irrespective of the location, 

incorporating wall compliance resulted in much lower systolic pressure, up to 10 mmHg at peak systole, 

and slightly higher diastolic pressure in both TL and FL. Nevertheless, the pressure difference between 

the true and false lumen was close to zero in both the rigid wall and FSI simulations. 

7.4 Discussion  

Comparison of Biomechanics among the Four Cases 

Re-intervention in patients with progressive aortic dilatation after surgical repair of TAAD is typically 

based on aortic size and the rate of expansion. In Chapter 6, a systematic examination of the flow 
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patterns and haemodynamic factors in dissected aortas was performed, and possible links were 

identified between certain morphological and haemodynamic parameters and the progression of 

aneurysmal dilatation. This chapter focuses on examining the role of biomechanical parameters, such 

as displacement and von Mises stress, in the occurrence of aortic dilatation and late rupture.  

 

Figure 7.8. Comparison of volumetric flow rate over a cardiac cycle at the four tears. Locations of the 
entry-tear and three re-entry tears are highlighted by the red cycles.  

 

Figure 7.9. Comparison of TAWSS distributions between the rigid wall (left) and FSI (right) models.  
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Figure 7.10. Comparison of pressure variations between the rigid wall and FSI models at three selected 
cross-sections (P1-P3).  

Based on the results obtained, patient G2#5 exhibited significantly larger displacements with a peak 

value of 5.2 mm, which might be attributed to a more tortuous geometry as compared to the other 

three cases (see details in Chapter 6). The spatial distribution and magnitude of total displacement 

were comparable among the other three cases, with a maximum displacement of approximate 3.5 

mm occurring in the aortic arch and in the proximal descending aorta. The highly distorted geometry 

of patient G2#5 also resulted in much higher von Mises stress, with a peak value of 350 kPa on the 

inner arch wall. Peak stresses within the range of 290 kPa and 450 kPa have been reported for 

aneurysmal aortas (Vorp and Geest 2005). For the other three cases, higher stress levels on the aortic 

wall concentrated near the tears, with maximum values along the edges of the tears. Some regions of 

high von Mises stress coincided with the regions experiencing high TAWSS as illustrated in the 

preceding chapter, indicating potential vulnerability of these regions to further increase in size. The 

spatial distribution of von Mises stress followed the same pattern for all cases with high stress 

concentration at the anastomosis between the graft and the native aorta, indicating a potential risk 

for future tear or rupture at this site.  

The approach adopted for FEA involved several assumptions. First, a constant wall thickness was 

assumed for the aortic wall. This was a major assumption but unavoidable because CT images do not 

contain sufficient information for extraction of wall thickness. Second, the structural simulations were 

conducted by applying a static load that was equivalent to the pulse pressure of a healthy subject, 
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whereas in reality the pressure varies both spatially and temporally. Since structural deformation and 

fluid flow interact with each other, a more in-depth FSI analysis was performed on one patient by 

coupling pulsatile flow and wall deformation.  

Comparison between FSI Model and Rigid Wall Model 

Several studies have been published in recent years on FSI simulations of type B aortic dissection 

(TBAD) (Alimohammadi et al. 2015; Bäumler et al. 2020; Qiao et al. 2019; Qiao et al. 2015; Ryzhakov 

et al. 2019), in an attempt to understand the effect of wall motion on flow related parameters. 

Unfortunately, there were large variations in the extent of intimal flap movement incorporated in 

these models. Qiao et al. (2015) and Ryzhakov et al. (2019) predicted small flap displacements of up 

to 0.15 mm and 0.13 mm, respectively.  In another FSI study conducted by Qiao et al. (2019), the 

maximum flap displacement was slightly larger than 0.6 mm, which was consistent with in vivo 

measurements of approximately 0.68 ± 0.2 mm in chronic dissections (Karmonik et al. 2012). In a 

more recent paper on TBAD, Bäumler et al. (2020) simulated much larger flap displacements of up to 

13.4 mm, and they found that flap motion could be reduced from 13.4 mm to 1.4 mm by increasing 

the Young’s modulus from 20 kPa to 800 kPa. However, no FSI analysis of TAAD has been reported so 

far. In this pilot study, the elastic support applied on the inner surface increased its stiffness, which 

produced a maximum flap displacement of 0.16 mm, similar to the results reported by Qiao et al. 

(2015) on TBAD. This choice was made due to limitations of the FSI solver employed in this study – the 

coupled equations were solved using a partitioned approach which is known to have convergence and 

stability issues when applied to large deformation problems. Despite of this limitation, it is still possible 

to examine the effect of aortic wall compliance on haemodynamic features in TAAD.  

For TAAD with limited flap motion, the effect of wall compliance on flow patterns was negligible, but 

its quantitative effect on tear flow was not trivial. Accounting for wall compliance reduced the amount 

of flow entering the FL through the primary entry tear, but increased blood flow into the FL through 

re-entry tear 2. In addition, blood flow re-entering the true lumen through re-entry tear 1 was reduced 

by 1.9%, which was redistributed through re-entry tear 3. Rudenick et al. (2015) analysed the effect 

of wall elasticity on intraluminal haemodynamics based on a lumped-parameter model, and they 

found that increasing wall elasticity completely altered tear flow dynamics with higher amplitude and 

increased flow reversal through the tears.  

Comparison of TAWSS between the rigid wall model and FSI model revealed little difference in its 

spatial distribution, but the magnitude of peak TAWSS predicted by the FSI model was slightly lower 

than (3%) that predicted by the rigid wall model. Similar findings were reported by Tan et al. (2009) 

on thoracic aortic aneurysm and Alimohammadi et al. (2015) on TBAD. On the other hand, 
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Alimohammadi et al. (2015) observed that rigid wall assumption appeared to have a notable impact 

on the regions with low TAWSS values. In these regions, the TAWSS values were underestimated by 

more than 50% due to the near zero velocity values obtained by the rigid wall simulation. However, 

the absolute differences between the rigid wall and FSI models was small at approximately 0.2 Pa. 

Accounting for aortic wall compliance had a clear and strong effect on intraluminal pressures, where 

the systolic pressure was reduced by up to 10 mmHg in both TL and FL, while the diastolic pressure 

was slightly increased. Similar findings were reported by Rudenick et al. (2015), who reported that 

increasing wall elasticity further damped TL and FL pressure waveforms with a lower systolic pressure 

and higher diastolic pressure. Most of the previous FSI studies did not investigate the influence of wall 

compliance on intraluminal pressure, for example, Alimohammadi et al. (2015) and Qiao et al. (2019) 

analysed wall pressure distributions and they found that TL pressure was higher than the FL pressure 

in the proximal region but lower in the distal region. These findings were consistent with the early 

numerical studies based on rigid wall assumptions (Cheng et al. 2015; Tse et al. 2011). Most recently, 

Bäumler et al. (2020) evaluated the maximum pressure difference between the TL and FL with various 

flap elasticities and they found that the pressure difference decreased as the flap became more 

compliant. In this study, the patient (G1#5) selected for FSI analysis had a small pressure difference 

based on the rigid wall simulation and further incorporating wall compliance did not lead to any 

noticeable change in luminal pressure difference.  

Apart from the limitations that have been discussed separately in the finite element analysis above, 

and in the fluid analysis in Chapter 6, there were several limitations associated with the FSI simulation. 

First, elastic support was applied on the inner wall surface to increase its stiffness, and thus minimizing 

mesh distortion at the interface between the fluid and solid domains. Highly distorted mesh was the 

main problem encountered during simulation leading to non-convergent solutions. As a result of this 

constraint, limited flap motion was allowed, which may have caused an underestimation of the overall 

effect of wall compliance on flow. Second, pre-stress of the structural domain was not taken into 

account which could affect the predicted aortic deformation. Pre-stressed geometry can be 

determined based on the approach proposed by Hsu and Bazilevs (2011). Third, the constitutive model 

developed for abdominal aortic aneurysms (Raghavan and Vorp 2000) was employed to simulate the 

mechanical behaviour of aortic wall since material properties for TAAD are not available in the 

literature. Bäumler et al. (2020) have shown that the choice of material properties for the wall could 

affect the haemodynamic results and materiel properties may vary substantially from patient to 

patient. Additionally, material properties were assumed to be isotropic for the aortic wall and intimal 

flap. Finally, the FSI simulation took 3 weeks to complete 3 cycles as compared to 5 days required for 
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the rigid wall simulation on a desktop workstation (Intel i7 processer, 32GB RAM). The long 

computational time for FSI simulations will limit its applicability to a large cohort study.  

7.5 Summary 

This chapter presents the FE analysis of four post-surgical type A dissection models, and a preliminary 

FSI simulation to evaluate the effect of wall compliance on predicted haemodynamic parameters.  

The results obtained from FEA were compared between the patients with stable aortic diameters (N=2) 

and those with unstable aortic growth (N=2). Patient G2#5 presented with significantly higher 

displacements as compared to the two patients with stable aortic diameters (G1#3 & G1#9), but 

patient G2#4 showed comparable results. Spatial distributions of von Mises stress on the entire wall 

showed a similar pattern for all patients, with high stresses concentrated around the anastomosis 

between the graft and the native aorta.  High stress values were also found in regions around the tears 

and at the sharp corners. Again, patient G2#5 displayed the highest peak stress (350 kPa) among the 

4 cases examined. Prognostic values of biomechanical parameters on progressive aortic dilatation are 

still unclear based on the current results, and a large cohort of patients should be included in the 

future.  

The pilot FSI analysis performed on a single patient revealed that the most notable effects of wall 

compliance on haemodynamics in TAAD were flow distribution among the tears and pressure values 

in the TL and FL. The latter was particularly noticeable as accounting for wall compliance reduced the 

systolic pressure by up to 10 mmHg and slightly increased the diastolic pressure, thereby reducing the 

pulse pressure which is defined as the difference between systolic and diastolic pressure. However, 

for the selected patient model and under the assumption of a stiff intimal flap, the predicted pressure 

difference between the TL and FL hardly differed between the FSI and rigid wall simulations. This was 

mainly due to the fact that the luminal pressure difference in this patient was very small. However, 

since the quantitative effect of wall compliance on pressures in the TL and FL was similar, it may be 

reasonable to expect that the predicted luminal pressure difference would not change very much 

between the rigid wall and FSI simulations. Nevertheless, further FSI studies will be required to test 

these preliminary findings.  
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Chapter 8  

Conclusions and Recommendations 

 

8.1 Summary of Main Conclusions 

Thoracic endovascular aortic repair (TEVAR) is a minimally invasive procedure that avoids open surgery. 

It has become one of the most popular choices for treating descending thoracic aortic diseases.  

Recent innovations in TEVAR techniques and devices have extended its application to more complex 

thoracic aortic aneurysms involving the aortic arch. However, the long-term durability of the new 

generation of devices is not yet clear. In addition, for complex pathologies involving the ascending 

aorta, such as TAAD, surgical replacement of the affected ascending aorta remains the gold standard, 

although the risk of aortic rupture due to further dilatation of the residual dissected aorta remains 

high. This study aims to facilitate better understating and evaluation of the long-term outcomes of 

these procedures by providing computational analyses of the post-operative haemodynamic and 

biomechanical conditions in the aorta.  Key contributions of the work presented in this thesis include 

the following: 

(a) Evaluation of the long-term durability of novel multi-branched stent-graft (TAMBE) for 

endovascular repair of complex TAAAs.  

(b) Comparison of flow characteristics and haemodynamic indices in patient-specific TAAs before 

and after deployment of a novel double-branched stent-graft. The influence of inner tunnel 

diameter on haemodynamic performance of the device has also been investigated.  

(c) Analysis of geometric and haemodynamic parameters in TAAD patients following surgical 

repair and identification of potential predictors of progressive aortic dilatation.  

(d) Analysis of biomechanics and preliminary fluid-solid interaction analysis of post-surgical TAAD 

models. 

Detailed conclusions drawn from each of these aspects are summarised below.  

8.1.1 Haemodynamic Assessment of TAMBE 

The aim of this study was to assess the detailed haemodynamic performance of a novel EVAR device, 

namely, thoracoabdominal branch endoprosthesis (TAMBE), by analysing the effects of geometric 

variations on flow patterns and near wall haemodynamic parameters. Due to the absence of patient-

specific data, hypothetical models of TAMBE were constructed where key geometric features, such as
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take-off angles (TOAs) and length of the renal branch stent-graft were examined, along with non-

planarity of the abdominal aorta. The main findings (Chapter 4) are as follows: 

• The mean volumetric flow rates were 0.51 L/min in the renal artery, 0.54 L/min in the SMA, 

and 0.69 L/min in the coeliac artery, accounting for 14.8%, 15.6%, and 20% of the supra-

coeliac aortic flow. These predicted values showed that TAMBE is capable of maintaining 

sufficient perfusion to the visceral arteries, and changing the TOA or length of the renal 

branch stent-graft did not alter the volumetric flow distribution. 

• Due to a sudden change in the direction of blood flow, persistent flow recirculation zones 

(FRZs) were observed in the bridging renal branches. The presence of inner portals also 

caused two large FRZs near the entrance to the renal branches. Association of FRZ locations 

with low endothelial cell activation potential (ECAP) values (< 0.5) suggested that these 

regions would be at low risk of thrombosis. Similar flow patterns were observed in all the 

simulated geometries except for TAMBE model 2 with a TOA of 45°, where secondary FRZs 

were absent. 

• High values of time-averaged wall shear stress (TAWSS) were found on the outer curvature 

of the renal stent-grafts, raising concerns about long-term durability of the device at these 

locations. Additionally, TOA was found to have a strong influence on the maximum TAWSS, 

as TAMBE model 3 (TOA = 110°) had the highest peak TAWSS of 15.7 Pa, which was more 

than twice of the value (6.8 Pa) in TAMBE model 2 (TOA = 45°). TAMBE model 1 with a TOA 

of 90 showed modest peak TAWSS value of 11.5 Pa, and altering the length of the renal 

branch stent-graft hardly changed this value. 

•  Spatial distributions of ECAP were similar for all the simulated models and high ECAP values 

(> 5) were observed around the intersections between the bridging stent-grafts and the main 

stent-graft endoprosthesis, suggesting that this region is potentially thrombogenic. 

Moreover, the 99th percentile ECAP values were comparable between all the TAMBE models, 

with the maximum difference being 0.18. 

•  The magnitude of displacement forces was the same for all models except for the non-planar 

geometry which increased the cycle-averaged displacement force. Nevertheless, the planar 

TAMBE models included in this study had a maximum displacement force of 12.24N, and 

13.14 N for the non-planar TAMBE, both were well below the threshold value of  32 N for 

device migration.  

In summary, geometric variations had a minor effect on the haemodynamic performance of TAMBE, 

but the high TAWSS along the outer curvature of the renal stent-graft could be a concern, especially 

for the upward renal configuration. The clinical implication of this study is that TAMBE has the 
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potential to be safely used in endovascular repair of complex TAAAs, despite variable configurations 

of bridging stent-graft. 

8.1.2 Haemodynamic Evaluation of a Novel Double-Branched Stent-Graft   

Branched stent-grafts (BSGs) have been developed to treat complex pathology in the aortic arch and 

ascending aorta. This study aimed to evaluate the haemodynamic performance of a double-branched 

thoracic endograft by detailed comparison of flow patterns and wall shear stress in the aorta and 

supra-aortic branches before and after stent-graft implantation. An idealised arch model along with 

the corresponding BSG models were constructed to investigate the influence of the diameter of inner 

tunnels on flow characteristics. This was then followed by patient-specific analysis of two TAAs where 

pre- and post-intervention geometries were reconstructed from the CT images acquired before and 

after the TEVAR procedure. Based on the results obtained from both idealised and patient-specific 

models, the main findings are as follows: 

• With the idealised models, implantation of a BSG slightly altered blood perfusion to the arch 

vessels. Insertion of a BSG also increased blood velocities resulting in increased magnitude of 

WSS. After comparing three different BSG models with various diameters of the inner tunnels, 

the BSG model with a diverging configuration for both the IA and LCCA was found to have the 

worst haemodynamic performance, presenting with less blood perfusion to the IA and LSCA, 

more persistent FRZs in the arch vessels, higher TAWSS, and larger displacement forces. These 

results suggested that inner tunnels should have larger diameters than the corresponding 

native vessels.  

•  After intervention, 12% of inflow passing through the LCCA of patient 1, and 8% for patient 2, 

increased from 5% and 3%, respectively, in the pre-intervention models. The increased flow 

into the LCCA after intervention was needed as part of it would be diverted into the LSCA 

through the bypass. Flow divisions among the IA of patient 1 and patient 2 remained the same 

between pre- and post- interventions. Therefore, the patient-specific simulations confirmed 

that there was sufficient blood perfusion through the arch branches. 

• A detailed analysis of WSS related indices showed that the presence of inner tunnels caused 

flow derangement and asymmetric WSS in the ascending aorta, where shear range index was 

up to 6 times higher than in the pre-intervention model. WSS in the aortic arch increased 

considerably after intervention as a result of accelerated flow. Elevated TAWSS may help 

reduce the risk of thrombus formation but increased spatial variation of WSS and 

haemodynamic derangement may have a detrimental effect in the long term. 
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• Spatial distributions of ECAP indicated that the patient who received a BSG with a smaller 

inner LCCA tunnel diameter than that of the IA branch presented higher ECAP values in the 

arch vessels compared to the patient who received two equal diameter inner tunnels. Since 

high ECAP values may increase the risk of thrombosis in the supra-aortic branch, having equal 

diameter inner tunnels may help reduce the associated risk and potential blockage of the arch 

vessels. 

• The maximum flow-induced displacement forces on the branched endografts were around 

22N for both patients, which was below the threshold for device migration. 

In summary, although no obvious adverse haemodynamic features were found immediately after 

intervention for the cases analysed, more patient-specific cases and follow-up studies will be needed 

to assess durability of the device. The clinical implication of this study is when choosing an off-the-

shelf device, preference should be given to BSGs with two equal inner tunnel diameters, which are 

both larger than that of the respective vessels.  

8.1.3 Evaluation of Haemodynamic Conditions in Surgical Repaired TAADs  

Patients with residual AD following surgical repair of TAAD have increased risk of developing 

aneurysmal dilatation.  In an attempt to help understand the underlying mechanisms, blood flow in 

17 patient-specific cases was analyzed and compared between the groups with and without 

progressive aortic dilatation. The main findings are as follows: 

• The number of re-entry tears was the only geometric parameter found to be significantly 

different between the two groups - patients with progressive aortic dilatation had significant 

smaller number of re-entry tears (6 ± 5 𝑣𝑠 2 ± 1;𝑃 =  0.02). Although patients with larger 

maximum aortic diameters might also be prone to unstable aortic dilatation, this parameter 

was not statistically significant based on the samples analysed ( 39.8 ± 5.5 𝑣𝑠 44.9 ±

3.9 𝑚𝑚; 𝑃 =  0.07).  

• Patients with progressive aortic dilatation had significantly higher pressure difference 

between the true and false lumen (1.3 ± 1 𝑣𝑠 11.7 ± 14.6 𝑚𝑚𝐻𝑔; 𝑃 =  0.001). Luminal 

pressure difference was found to be the strongest predictor of unstable aortic expansion.  

• High TAWSS values were found in regions surrounding the tears with the maximum TAWSS on 

the edge of the tears in most cases, perhaps indicating the vulnerability of this region to 

further increase in tear size. Although patients with progressive aortic dilatation also had 

higher maximum TAWSS, the difference was not statistically significant (13.4 ± 7.3 𝑣𝑠 24 ±

12.3 𝑃𝑎;𝑃 =  0.07).  
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In summary, this is the first time that luminal pressure difference has been identified as a potential 

risk indicator for aneurysmal dilatation following surgical repair of TAAD, whilst distal tears equalize 

the true and false lumen pressures and therefore stabilizing the aorta. Combined haemodynamic and 

geometrical assessment of the residual aorta may assist appropriate surgical planning at the initial 

presentation or during post TAAD repair period. Further large cohort studies are warranted to validate 

these findings. 

8.1.4 FE and FSI Analysis of Post-Surgical TAAD  

Biomechanics analysis of post-surgical TAAD has not been reported in the literature. In an effort to 

compliment the haemodynamics analysis presented in Chapter 6, finite element analysis (FEA) was 

performed on 4 post-surgical TAAD models: two patients with a stable aorta and another two with 

unstable aortic growth. A preliminary FSI simulation was also performed in order to assess the effect 

of wall compliance on haemodynamic parameters. Based on the obtained results in Chapter 7, the 

main findings are as follows: 

• Spatial distributions of von Mises stress were comparable between the patients with stable 

aortic growth and those with unstable aortic growth. The peak values of 364 – 394 kPa were 

observed at the anastomosis between the graft and the native aorta, indicating a potential 

risk for future tear or rupture at this site. Away from the graft, high stress concentration was 

found in regions around the tears and at the sharp corners, co-localised with the areas of high 

TAWSS. One patient with unstable aortic growth showed significantly larger wall displacement 

with a peak value of 5.2 mm and greater peak stress in the aortic wall (350 kPa) than the other 

three patients examined.  

• The FSI analysis was performed on a case with small flap displacements of up to 0.16 mm. 

Despite this limitation, incorporation of wall compliance had clear effects on intraluminal 

haemodynamics, such that significant quantitative differences were observed in flow divisions 

among entry and re-entry tears and in intraluminal pressures. Over a cardiac cycle, the 

percentage of inflow passing through the primary tear and re-entry tears 1 to 3 was 13.3%, -

12.1%, 0.2%, and -1.4%, respectively, in the rigid wall model, and 12.5%, -10.2%, 1%, and -3.3% 

for the FSI model. Accounting for wall compliance also reduced systolic pressure by up to 10 

mmHg at peak systole, while slightly increased diastolic pressure in both true and false lumen. 

However, FSI simulation did not alter the pressure difference between the true and false 

lumen. Moreover, although TAWSS distributions predicted by the rigid and FSI models were 

qualitatively similar, FSI simulation predicted slightly lower (3%) maximum TAWSS value of 13 

Pa as compared to 13.4 Pa in the rigid wall model.  
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In summary, prognostic values of biomechanical parameters on progressive aortic dilatation are still 

unclear. Although the preliminary FSI results presented here shed some lights on the effects of wall 

compliant on haemodynamic results, further improvement of the FSI model is necessary in order to 

accommodate physiologically realistic flap motion.  

8.2 Limitations 

8.2.1 Blood as a Newtonian Fluid  

Blood is a combination of red blood cells, white blood cells, platelets and other proteins suspended in 

plasma, which therefore exhibits non-Newtonian characteristics. In fact, it has been found that blood 

is a shear-thinning fluid and its non-Newtonian effect becomes more important in small vessels 

(Cokelet 1972). On the other hand, it is widely accepted that blood behaves in a Newtonian manner 

in large arteries, where the shear rate is usually greater than 100 s-1 (Cho and Kensey, 1991; Perktold 

et al. 1991). However, as there are regions of flow stagnation in aortic dissection and aneurysm where 

local shear rate could be less than 10 s-1, the non-Newtonian effect of blood could be important in 

localized regions. This should be considered in future studies. If information on patient-specific 

haematocrit is available, the effect of non-Newtonian viscosity of blood could be incorporated readily 

by using Quemada model (Quemada 1978).  

8.2.2 Rigid Wall Assumption 

In the simulations of patient-specific TAA and TAAD models presented in Chapters 5 & 6, a rigid wall 

assumption was applied. FSI simulations could not be performed due to the high computational 

demand and lack of essential information on the aortic wall (e.g. wall thickness and elastic modulus). 

In terms of pre- and post-TEVAR models of a TAA, although stent-graft walls are very stiff and the 

effect of wall compliance on the predicted flow field is expected to be minimal (Kleinstreuer et al. 

2008), these effects cannot be ignored while performing haemodynamic simulations in the native 

aorta. Tan et al. (2009) conducted an FSI simulation on a TAA model to investigate the effect of wall 

compliance on flow patterns and wall shear stress distributions. Their study demonstrated a marginal 

difference in the results of the rigid and FSI simulations, though the assumption of a constant wall 

thickness was adopted. For the post-surgical TAAD models, the situation is further complicated by the 

intimal flap which can be highly mobile especially in the acute phase. However, building a compliant 

wall model of AD is very challenging since the wall thickness and material properties vary in different 

components of the vessel wall and are difficult to measure. Additionally, the complexity of the model 

will demand extensive computational resources for FSI simulation. In the preliminary FSI study on a 

post-surgical TAAD model, the wall thickness was assumed to be constant and the mechanical 

properties were adopted from the experimental data on AAAs. In the future, if the material properties 
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of each layer of dissected wall could be determined experimentally and more advanced imaging 

modalities can provide better details about the local wall thickness, this assumption would be further 

relaxed.   

8.2.3 Lack of Complete Patient-Specific Pressure and Flow Data 

Non-patient-specific inlet and outlet boundary conditions are often used, due to the lack of patient-

specific flow and pressure measurement. In the patient-specific analysis of pre- and post-TEVAR of 

TAAs, a flow waveform acquired from a different subject with the assumption of flat velocity profiles 

was imposed at all the model inlet. This would obviously affect the predicted flow and wall shear stress 

related parameters. In fact, even with a patient-specific flow waveform, the assumption of idealised 

velocity profiles could still have a strong influence on the predicted results, especially for studies 

focusing on the ascending aorta and aortic arch (Pirola et al. 2018). Therefore, in the simulations of 

the post-surgical TAAD models, the use of scaled patient-specific flow waveforms along with the 

assumption of flat velocities profiles might not reflect truly the patient-specific features especially in 

the ascending aorta. For each outlet, a 3-EWM was applied to account for the behaviour of the distal 

vascular bed and to predict the physiologically realistic pressure waveforms. However, patient-specific 

pressure data were not available for estimation of 3-EWM parameters and pressure waveforms in the 

literature were adopted.  It would be highly desirable if a complete set of patient-specific flow and 

pressure data are available so that the quantitative errors in this study could be reduced. As shown in 

Figure 8.1, Pirola et al. (2019) have conducted numerical simulations in type B dissection models using 

patient-specific flow and pressure data. The velocity profiles imposed at the inlet were extracted from 

the 4D MRI data while calibration of Windkessel parameters for multiple visceral branches were based 

on Doppler-wire pressure measurements at each branch outlet. Their results showed a good 

agreement with in vivo 4D flow MRI.  

8.2.4 Smooth Stent-Graft Walls 

Another limitation is that the stent-graft walls were assumed to be smooth without considering the 

presence of metallic stent wires on the stent-graft surface. Zhang et al. (2014) demonstrated that 

bare-metal stents significantly altered the CFD results. However, all the stent-graft models included in 

this thesis are covered with a graft fabric, which might reduce the effect of metallic stent wires. 

Nevertheless, stent wires sewn on the endograft surface are exposed to blood flow, which would 

increase local flow disturbance around the exposed struts especially in the first few days following 

TEVAR.   
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Figure 8.1. Example of incorporating the complete patient-specific pressure and velocity data on type 
B dissection. (a) In vivo pressure measurements. (b) Pre- and (d) post-TEVAR geometric models with 
flow distributions among all the outlets. (c) Inlet and outlet boundary conditions. Inlet velocity profiles 
were obtained from the 4D MRI data. Figure adopted from Pirola et al.( 2019). 

8.2.5 Cohort Size and in vivo Validation 

Both TAMBE and the dual-branched stent-graft for aortic arch aneurysms are novel designs so patient-

specific data were limited or even absent. Haemodynamic performance within the visceral vessels can 

be affected by various factors, such as length and angles between the branches and the main 

endoprosthesis. Future studies of more patient cases will be needed to examine a wide variety of 

anatomical scenarios, though some of these have been assessed using physiologically relevant 

idealised models. 

The study in Chapter 6 has correlated late progressive aortic dilatation with certain geometric and 

haemodynamic parameters. However, the relatively small sample size might influence the statistical 

results due to the existence of outliers. These outliers are inevitable but their effects on statistics 

would be minimal with a large cohort size. Moreover, given the small sample size, current studies were 

based on a univariate analysis so that each parameter was studied individually. A much larger cohort 

size would be needed if we want to perform a multivariate analysis, where the effect of multiple 

parameters can be evaluated simultaneously.  

The lack of direct validation of the numerical results is another limitation of this research project. 

Ideally, non-invasive measurements of blood velocity using 4D flow magnetic resonance imaging (MRI) 

should be performed to provide in vivo data for validation. However, the number of patients treated 

with TAMBE or dual-branched BSG is very limited, and none of these was available for 4D flow MRI 

scans by our clinical collaborators. The TAAD study was retrospective, using the validated database of 

patients at two hospitals. Again, no MR imaging was performed on the patients in this database, as CT 

is the standard imaging modality for diagnosis of TAAD. Nevertheless, the computational methodology 
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adopted in the present study has been validated in other relevant applications, including type B aortic 

dissection (Cheng et al. 2014; Menichini et al. 2018; Pirola et al. 2019).  All of their studies showed a 

good overall agreement with available in vivo measurements.  

8.3 Recommendations for Future Work  

8.3.1 Virtual Stent-Graft Deployment  

In cases where patient-specific post-operative stent-graft geometries were not available (e.g. TAMBE), 

or stent wires could not be segmented from medical images (e.g. dual-branched stent-graft) due to 

the blooming artefacts, parametric models of stent-grafts can be created and deployed into patient-

specific pre-operative models using advanced FEA. This procedure is known as ‘’virtual stent-graft 

deployment’’, and has been increasingly applied to the studies of abdominal aortic aneurysms (De 

Bock et al. 2012; Perrin et al. 2015), type B aortic dissections (Chen et al. 2018; Ma et al. 2018) and 

stenotic coronary arteries (Wei et al. 2019). The FEA methods used in these studies can simulate the 

actual stenting procedure, including compression, bending and release of the stent-graft so that highly 

realistic post-operative deformed stent-grafts configurations can be obtained, which can then be used 

to perform CFD analysis. Using FEA methods along with CFD simulations, not only the post-operative 

haemodynamic performance of stent-grafts can be analysed, but also the structural behaviour of the 

stent-grafts, as well as the effects of various stent designs can be analysed. For example, Chen et al. 

(2018) applied this hybrid FEA-CFD approach to predict stent-induced remodelling in type B dissection 

by analysing both haemodynamic and structural parameters. 

8.3.2 Incorporation of Thrombus Formation Model 

Thrombus formation and growth was not modelled explicitly in the simulations of TEAVR for TAAs but 

indirect WSS related indices were used to identify regions at potential risks of thrombosis. More 

recently, Menichini and Xu (2016) proposed a novel mathematical model for the prediction of 

thrombosis in aortic dissection based on the analysis of flow patterns and key variables such as shear 

stress and residence time. Their model has been tested in patient-specific type B dissection 

geometries and has shown satisfactory agreement with in vivo observations (Menichini et al. 2018). 

Therefore, the thrombus formation model can be coupled with the stent-graft models presented in 

this thesis, but careful calibration and validation are needed to ensure its suitability for these new 

applications.  

8.3.3 Effect of Aortic Root Motion 

Ventricular contraction and relaxation during each heartbeat exert a traction force inducing a spatial 

movement of the aortic annulus, which is then transmitted to the ascending aorta, aortic arch and 

arch vessels. The aortic root motion therefore can influence both haemodynamic and biomechanics 
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in different parts of the aorta. For example, Jin et al. (2003) measured both in-plane (perpendicular to 

lumen) radial expansion-contraction and translational motion of the aorta at the inlet section, which 

were then prescribed in the computational model. The obtained CFD results from this model showed 

best agreement with the in vivo MR data by capturing the clockwise migration of the peak velocity 

zone during systole, whereas the results obtained from the rigid wall model and the model including 

only radial motion failed to reproduce this behaviour. On the other hand, some aortic finite element 

models were reported to evaluate the aortic root downward motion effects on proximal AA stress 

levels (Beller et al. 2008; Singh et al. 2016). Aortic root displacement in longitudinal direction 

significantly increased the longitudinal stress in the ascending aorta. Therefore, the aortic root motion 

in both transverse and longitudinal directions are expected to be include in future works.  
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