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ABSTRACT 

Cardiovascular disease (CVD) is the greatest cause of death globally and places a major 

burden on healthcare systems. CVD kills one Australian every 12 minutes, with 18% of the 

adult population having a disease of the circulation. With our ageing population, CVD is 

forecast to remain the most expensive disease group, rising from $12bn in 2012 to over 

$22bn in 2032. It is widely understood that better methods are needed to effectively 

quantify risk in the various subgroups of CVD and thus tailor treatment accordingly. For 

instance, only offering surgery to those who will benefit.  

Two key diseases of the aorta and aorto-iliac region that both require improved risk 

assessment methods are type B aortic dissection (TBAD) and aneurysm. If the risk of 

clinical event (e.g. aneurysm rupture) outweighs the risk of surgery, these diseases are 

usually treated with open or endovascular surgical repair. However, surgeons require better 

methods to assess this risk. Computational fluid dynamics (CFD) is an engineering 

technique for simulating the movement of fluids. Traditionally this tool has been applied 

in industrial engineering applications but has gained traction in the biomedical space over 

recent decades. This thesis explores the application of CFD in the assessment of 

haemodynamics in diseases of the aorta and aorto-iliac region. CFD allows us to observe 

haemodynamics with a degree of accuracy and detail unattainable with conventional 

imaging techniques. Several novel basic science observations about these diseases are then 

presented and new categories of disease that predict adverse outcomes are developed. 

Section 1 of this thesis is focussed specifically on TBAD, beginning with a literature 

review of existing research into the application of computational modelling from a clinical 

perspective. The topic is then considered from an engineering perspective with a literature 

review of the current state-of-the-art in numerical methods. A single case study is then 

presented on the application of platelet modelling in TBAD. This chapter outlines the 

development of a workflow for analysis of aortic dissection cases whereby a three-

dimensional (3D) reconstruction of the aorta is produced, imported to a commercial CFD 

solver and meshed for simulation. Following this, a pilot cohort of 15 cases from Liège, 

Belgium, are simulated on a supercomputer and the haemodynamics analysed. These were 

a mix of cases that remained uncomplicated and others that required surgical intervention. 

The haemodynamic results are then used to form hypotheses about what haemodynamic 

and morphological quantities have potential in the prediction of complication. False lumen 

low and oscillatory shear (LOS) emerges as potentially predictive metric whilst partial 
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thrombosis of the false lumen yields mixed results. This methodology is then applied to a 

cohort of 91 cases from Munich, Germany. The results reveal the need to consider both 

location and amount of thrombosis when predicting complication. Historically, a 

distinction has been made between partial thrombosis of the false lumen, full thrombosis 

and no thrombosis, with a separate risk profile assigned to each. The haemodynamic results 

show the positive effect of proximal thrombosis and this is contrasted by the higher 

complication rate and unfavourable haemodynamics of cases with distal thrombosis. These 

results then lead to a novel categorisation of morphology based on thrombosis location and 

amount. 

Section 2 of the thesis applies CFD to both aneurysm of the infrarenal aorta and 

common iliac artery. This begins with a chapter analysing idealised cases of abdominal 

aortic aneurysm (AAA) with varying proximal neck and iliac bifurcation angles. Instead of 

standard CFD techniques, a fluid structure interaction (FSI) model is implemented whereby 

both the fluid and solid model for the aortic wall are simulated together. A wider aortic 

bifurcation angle is found to be correlated with lower LOS and a decreased risk of rupture. 

Moving below the aortic bifurcation, the next study examines common iliac artery 

aneurysms (CIAAs). An international cohort of 26 isolated cases is gathered and analysed 

with CFD. Similar to our AAA work, a cohort of idealised models are also generated. Free 

of aneurysm, these models examine a range of aortic bifurcation angles and lateral shifting 

of the abdominal aorta to isolate the effect of these variables on local haemodynamics. 

Finally, a cohort of 162 patients awaiting endovascular repair in the aorto-iliac region at 

Charing Cross Hospital, London, are analysed to confirm our observations in a clinical 

population. Low shear stress was observed to strongly correlate with CIAA size and rupture 

whilst also inducing remodelling in the abdominal aorta, shifting the artery laterally 

towards the aneurysmal side. In the next chapter a new morphological categorisation of 

CIAAs is proposed: kinked, fusiform and complex. These are supported by data from the 

same cohort of isolated CIAAs and the Charing Cross population. The groups have very 

different calcification and intraluminal thrombus volumes, haemodynamics and outcomes. 

Kinked cases emerge as a potentially low risk form of CIAA. 
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BACKGROUND 

The aorta is the largest artery in the human body, emerging from the left ventricle, it 

distributes oxygenated blood to a vast network of approximately 100,000 km of smaller 

vessels. The name aorta was first used by Aristotle in the 4th Century BC (Bobadilla, 2013) 

and is likely derived from the ancient Greek word aorte meaning “raise, lift, hold 

suspended” in reference to the way that the heart is seemingly hung from it (Antoniou et 

al., 2011). As we age our aorta elongates, stiffens, dilates and becomes more tortuous 

(McEniery et al., 2005, Hickson et al., 2010). These processes then sometimes manifest in 

life threatening conditions like aneurysm and dissection. Advances in technology, chiefly, 

the introduction of endovascular treatments in the late 20th century (Parodi, 1997), have led 

to a decline in mortality for such diseases (Anjum and Powell, 2012). 

Computational fluid dynamics (CFD) is the science of solving numerically the 

equations of fluid motion allowing us to observe and quantify the characteristics of the flow 

without building a physical model (Hu et al., 2012). This is particularly useful in contexts 

where accurate real-world models are impractical or impossible to create for direct 

observation. Throughout the 1960s and 70s CFD was found to be of particular value in the 

aerospace industry where large scale models could be created, analysed and iteratively 

improved upon. Moving into the 1990’s, with improvements to the robustness of CFD 

software packages, researchers began to find new applications including the simulation of 

biomedical flows. In much the same way that scale models of space shuttles are impossible 

to observe experimentally under realistic operating conditions, biomedical flows in all their 

complexity cannot be accurately reproduced and observed in a laboratory environment. The 

aorta became a natural starting point for forays into the simulation of the fluid flow of 

blood, now referred to as haemodynamics. Abdominal aortic aneurysms (AAAs), a local 

dilation of the arterial wall, are the most common occurring aneurysm of the large arteries 

and so dominate the early literature (Liffman et al., 2001, Di Martino et al., 2001, Li and 

Kleinstreuer, 2005, Wolters et al., 2005). 

AAA affects 4-7% of men and 1-2% of women >65 years of age (Lindholt et al., 

2005, Scott et al., 1995, Norman et al., 2004, Ashton et al., 2002), although recent studies 

suggest this has fallen to about 1.5% in men (Wanhainen et al., 2016). The application of 

CFD in AAA has led to new insights into the haemodynamic conditions that predominate 

sites of rupture (Hardman et al., 2013, Doyle et al., 2014, Boyd et al., 2016), and has formed 

a basis for computational tools to predict rupture (Boyd et al., 2016, Di Martino et al., 
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2001). AAA is a good example of how analysis of haemodynamics in patient-specific 

models of disease can produce both novel basic science discoveries and potentially improve 

clinical management. Mortality is in decline for AAA, with lower smoking rates and 

improved detection and treatment thought to be the driving factors (Anjum and Powell, 

2012). Given the attention AAA has already been afforded in computational studies and its 

declining prevalence, the objective of this thesis is to take what we have learnt from this 

research and apply it in two other conditions; type B aortic dissection (TBAD) and common 

iliac aneurysm (CIAA). 
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SECTION 1 – TYPE B AORTIC DISSECTION 

The first reported case of aortic dissection was described by Dr. Frank Nicholls the personal 

physician of King George II after the King succumbed to the condition in 1760 whilst 

sitting on the toilet at Kensington Palace (Criado, 2009). Far from the only high-profile 

death claimed by aortic dissection, Dr. Michael DeBakey, a man who devoted his life to 

the study of the disease was similarly struck at age 97 (Criado, 2009). Aortic dissection is 

the most common and catastrophic disease within acute aortic syndromes (Vilacosta and 

San Roman, 2001) and is characterised by a tear in the intimal layer of the aortic wall which 

allows for the infiltration of blood. This tear then extends proximally or distally creating a 

separate channel for the blood called the false lumen. This may or may not feature tears 

allowing flow back into the true lumen. The disease is commonly divided into two main 

groups according to the Stanford categorisation (Figure 1), though other categorisations 

exist (Debakey et al., 1965). If the primary entry tear is proximal to the left subclavian 

artery it is defined as type A and when distal we refer to the case as type B. In Australia, 

this categorisation corresponds to the surgical professions that are responsible for 

management. Cardiothoracic surgeons are responsible for type A dissection which is 

generally confined to the ascending aorta whilst type B is managed by vascular surgeons. 

In this thesis we focus on the type B form of the disease. 

 
Figure I. The Stanford classification of aortic dissection. Modified from Pulsenotes 

(Pulsenotes, 2020). 
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The International Registry of Acute Aortic Dissection (IRAD), established in 1996, 

provides the most reliable statistics to characterise aortic dissection. Their registry follows 

referrals from 12 countries across North America, Europe, Asia and Australia. Studying 

both type A and B aortic dissection, they put the proportion of TBAD at 30-40% (Hagan et 

al., 2000, Evangelista et al., 2018). Incidence of all dissection has been reported  as 3.5 per 

100,000 persons per year (Vilacosta and San Roman, 2001) though this is believed to be 

increasing and was observed to climb from 1987 to 2002 to as high as 14 per 100,000 

persons per year (Olsson et al., 2006). Clinical management of TBAD is centred on two 

main approaches: endovascular repair to occlude the primary entry tear and medical 

management with antihypertensive therapy. Higher risk open procedures will be considered 

where access for endovascular therapy is compromised (Erbel et al., 2014). Medical 

management remains the most common approach though this has decreased in the past 20 

years from 75% to 57% as endovascular treatment increased in popularity (7% to 31%) 

(Evangelista et al., 2018, Pape et al., 2015). Open surgical interventions have also decreased 

over this period from 17% to 8% (Evangelista et al., 2018, Pape et al., 2015). Both 

endovascular and open surgical treatment have substantial in-hospital mortality rates of 

11% and 34%, respectively (Tsai et al., 2007). Total mortality for medical treatment of the 

aortic dissection is 10% (Pape et al., 2015). Selection of patients for endovascular repair 

remains contentious amongst vascular surgeons as consensus is lacking on what 

characterises a high risk case (Rana et al., 2015) and the need for patient-specific 

haemodynamic data is regularly articulated by surgeons (Gottardi and Voetsch, 2020).This 

problem provides an important rationale to the first section of this thesis. 

 

Chapter I, The application of computational modelling for risk prediction in type B aortic 

dissection, is a review of the use of CFD in TBAD from a surgical perspective and seeks 

to assess the suitability of this engineering tool for predicting risk in both acute and chronic 

cases. The chapter examines the existing CFD studies of TBAD and outlines an array of 

non-haemodynamic risk predictors from literature. 

 

In Chapter II, Computational fluid dynamics methods for type B aortic dissection, we then 

turn to the technical aspects of modelling TBAD with CFD. Reviewing the methods 

implemented by previous studies we compare the accuracy of the different methods used 
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and compile a list of best practices for analysing patient-specific models of TBAD with 

CFD. In this chapter we also explore some of the technical challenges of applying CFD to 

the aorta and how previous studies have addressed these. 

 

Chapter III, Simulating platelet transport in type B aortic dissection, then describes a CFD 

investigation of a single case of TBAD. The reconstruction, meshing and simulation 

methods are developed on this case and do not change significantly for Chapters IV and V. 

Here we investigate the motion of platelets and compare haemodynamic conditions in both 

the true and false lumen. 

 

In Chapter IV, The haemodynamics of complication in type B aortic dissection, we employ 

our CFD modelling workflow on a pilot cohort of 15 cases from the University Hospital 

Liège, Belgium. Blind to outcome during analysis, we examine the haemodynamics of 

TBAD to form hypotheses about which metrics might be predictive of complication. We 

compare the performance of haemodynamic metrics to traditional morphological 

parameters like maximum diameter and a publicly available risk score based on computed-

tomography observations, the Stanford score. 

 

Chapter V, Location and extent of false lumen thrombosis is associated with outcome in 

acute type B aortic dissection, applies the same workflow to a consecutive cohort of 91 

patients with TBAD presenting to the Klinikum rechts der Isar, Munich over a 12 year 

period. This represents the largest haemodynamic study of TBAD to date with a number of 

novel observations. A new definition of partial thrombosis is presented with haemodynamic 

data to suggest the underlying mechanical process causing complication. 
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SECTION 2 – AORTO-ILIAC ANEURYSMAL DISEASE 

Nearly 60 years on from the first reported case of aortic dissection, Dr. Valentine Mott from 

Rutgers Medical College New York reported the first iliac artery aneurysm (Mott, 1827). 

There are three iliac arteries: the common iliac artery (CIA) which branches off the distal 

abdominal aorta and the internal and external iliac arteries which both bifurcate from the 

distal CIA. Iliac artery aneurysm, though uncommon, occurs in 10-20% of patients with 

AAA (McCready et al., 1983, Richardson and Greenfield, 1988). Isolated cases, without 

AAA, are rare only making up less than 2% of all aneurysmal disease (Sandhu and Pipinos, 

2005). The majority of these aneurysms occur in the CIA (89%), then the internal iliac 

artery (10%) and very rarely the external iliac artery (1%) (Williams et al., 2014, McCready 

et al., 1983). Traditionally treated with open repair, endovascular techniques have gained 

popularity in recent years and now have a lower operative mortality rate (Buck et al., 2015). 

Ruptured isolated common iliac artery aneurysms (CIAA) have a high mortality for 

emergency repair of 40-60% (Krupski et al., 1998, Uberoi et al., 2011, Minato et al., 1994, 

Soury et al., 2001, Weimann et al., 1990).  
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Figure II. Iliac artery anatomy. Modified from (Gray and Spitzka, 1913). 

 

Like aortic dissection, iliac aneurysms have received scant attention in CFD studies. Likely 

due to their relative rarity compared to AAA, the haemodynamic forces that lead to their 

expansion and rupture are not well characterised. In section two of this thesis we seek to 

define the haemodynamics of aneurysmal disease in the aorto-iliac region and use this data 

to present potential improvements to clinical management. 

 

Chapter VI, Haemodynamics and stresses in abdominal aortic aneurysms: A fluid-structure 

interaction study into the effect of proximal neck and iliac bifurcation angle, examines the 

effect that neck angle and the angle of the bifurcating iliac arteries have on AAA wall 

stresses and haemodynamics with idealised geometries. This work also outlines a model of 

the aorto-iliac region that is applied to patient-specific models of CIAA in the following 

two chapters. 

 

Chapter VII, Morphology and haemodynamics in isolated common iliac artery aneurysms 

impacts proximal aortic remodelling, investigates the haemodynamics of CIAAs with both 

idealised and patient-specific geometries. The cohort of isolated CIAAs assembled from 

the UK, Finland and Serbia represent the largest group of CIAA studied with CFD. Our 

observations are then validated with morphological measurements in a group of 162 

patients with aorto-iliac disease from Charing Cross Hospital, London. We present a 
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number of novel basic science observations about the development and progression of 

CIAA as well as the effect they have on the abdominal aorta. 

 

Chapter VIII, Morphology and computational fluid dynamics support a novel classification 

of common iliac aneurysms, is then based upon the same cohort of isolated CIAAs as 

Chapter VII and presents a new categorisation for the disease. Through exploration of the 

relationships between morphology, haemodynamics and outcome we present three easily 

recognisable morphological categories that translate to very different haemodynamic 

characteristics and clinical course. 
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ABSTRACT 

Objective New tools are urgently needed to help with surgical decision-making in type B 

aortic dissection that are uncomplicated at the time of initial presentation. This narrative 

review aims to answer the clinical question, can computational modelling be used to predict 

risk in acute and chronic Stanford type B aortic dissection? 

Methods The review (PROSPERO 2018 CRD42018104472) focused on risk prediction in 

type B aortic dissection. A comprehensive search of the Ovid MEDLINE database, using 

terms related to computational modelling and aortic dissection, were used to find studies 

of any form published between 1998 and 2018. Cohort studies, case series and case reports 

of adults (above 18 years of age) with CT or MRI diagnosis of type B aortic dissection were 

included. Computational modelling was applied in all selected studies.  

Findings 37 studies about computational modelling of type B aortic dissection were 

identified from the search, and the findings were synthesised into a narrative review. 

Computational modelling can produce numerically calculated values of stresses, pressures 

and flow velocities which are difficult to measure in vivo. Haemodynamic parameters – 

high or low wall shear stress, high pressure gradient between lumens during the cardiac 

cycle, and high false lumen flow rate – have been linked to the pathogenesis of branch mal-

perfusion and aneurysm formation by numerous studies.  Considering the major outcomes 

of end-organ failure, aortic rupture and stabilisation/remodelling, hypotheses have been 

generated about inter-relationships between measurable parameters in computational 

models to observable anatomical and pathological changes, resulting in specific clinical 

outcomes. 

Conclusions There is consistency in study findings about computational modelling in type 

B aortic dissection, although a limited number of patients have been analysed using various 

techniques. The mechanistic patterns of association found in this narrative review should 

be investigated in larger cohort prospective studies to further refine our understanding. It 

highlights the importance of patient-specific computational haemodynamic parameters in 

clinical decision-making algorithms. The current challenge is to develop and test a risk 

assessment method which can be used by clinicians for type B aortic dissection. 
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INTRODUCTION 

The combination of the unpredictable natural history of type B aortic dissection (TBAD) 

and the availability of a relatively safe endovascular intervention (thoracic endovascular 

aortic repair, TEVAR), has led to uncertainty, and some controversy, about the best 

management (Scott and Bicknell, 2016, Nauta et al., 2016). In particular, there is a need to 

improve our ability to predict which patients are at risk of complication from TBAD – and 

therefore most likely to benefit from TEVAR. The focus of this registered review 

(PROSPERO 2018 CRD42018104472) is the potential use of computational modelling as 

a decision-making tool for clinicians in the management of TBAD.  

Complications of TBAD are difficult for clinicians to predict. In accordance with 

current guidelines, there are management pathways for patients who initially present with 

complicated TBAD versus uncomplicated TBAD (Hiratzka et al., 2010, Fattori et al., 2013, 

Erbel et al., 2014, Riambau et al., 2017). There is general consensus that the majority of 

complicated TBAD cases require operative management, whereas most cases of initially 

uncomplicated TBAD are medically managed with the aims of blood pressure, pulse rate 

and pain control. The challenge is the identification and management of patients who 

initially present as uncomplicated TBAD, but develop later complications.  

Our understanding of the natural history of TBAD is increasing. Booher et al 

(Booher et al., 2013) have proposed four distinct time periods in TBAD, shown in Figure 

1.1: hyperacute (<24 hours), acute (2-7 days), subacute (8-30 days) and chronic (>30 days). 

The best cumulative survival in the first 60 days was for endovascular management of 

TBAD (Booher et al., 2013). 

The important 2013 INSTEAD-XL trial (Nienaber et al., 2013) compared the 5-

year outcomes of 140 patients with stable TBAD who received optimal medical treatment, 

or a combination of optimal medical treatment and TEVAR. Although there were no 

significant differences in outcomes at two year follow-up, the aorta-specific mortality was 

significantly higher in patients who received optimal medical treatment alone at five years. 

Nienaber, and others, have advocated the consideration of pre-emptive TEVAR in stable 

TBAD to increase survival and reduce progression and complications (Nienaber et al., 

2013). However, TEVAR has recognised risks in the post-operative period of stroke, 

paraplegia, retrograde dissection or conversion to type A dissection, bowel infarction, 

major amputation, and in-hospital mortality (Nienaber and Clough, 2015). Pending further 
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clinical trials, a potential solution to the equipoise may be improved by methods of risk 

prediction. 

Since the last systematic review published in 2016 (Sun and Chaichana, 2016), 

which included 14 studies, the body of literature has significantly grown with 37 studies 

being included in this narrative review. We hope to answer the primary clinical question, 

can computational modelling be used to predict risk in acute and chronic Stanford type B 

aortic dissection? 

 

Figure 1.1. Kaplan-Meier survival curve for type B aortic dissection (TBAD) showing 

four distinct survival periods. From Booher et al. (Booher et al., 2013)). 
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METHODS 

Terms relating to the tool of computational modelling and the aortic dissection were 

included: computational modelling (or modeling); computational fluid dynamics; 

computational solid mechanics; fluid structure interaction; finite element method; 

biomechanics; Stanford type B aortic dissection; DeBakey type III aortic dissection; risk; 

complication. The terms were combined using the Ovid MEDLINE database looking for 

original research of any form published between 1998 and 2018. All included studies were 

investigating adults (above 18 years of age) with CT or MRI diagnosis of type B aortic 

dissection.  

The search was initially run in February 2018 and again in December 2018 prior to 

final synthesis when it yielded 55 results.  

Studies pertaining to the identification of morphological risk factors and risk 

prediction of complications in type B aortic dissection were specifically sought.  

Bibliographies of studies meeting inclusion criteria were manually searched to identify 

further appropriate studies. Selected studies included cohort studies, case series and case 

reports which pertained to the use of computational modelling in type B aortic dissection.  

A consensus was sought between the first author (BM) and last author (BJD) about 

whether the study conclusions contributed to understanding of morphological risk factors 

and/or risk prediction. Notable exceptions were made for a number of studies which had 

particular weaknesses: 1) two studies included cases of type B dissection post type A repair; 

2) two studies were based on idealised models rather than patient-specific models; 3) three 

studies used a single patient but carried out different analyses on this same case. The study 

design and conclusions were agreed to be appropriate for inclusion after analysis by the 

authors.  

37 studies were finally included in the current review (Figure 1.2). Two studies 

included type B dissection post type A repair in addition to cases of type B aortic dissection. 

Two studies were based on idealised models, rather than patient-specific models. Three 

studies used the same patient but carried out different analyses on the same case in each 

paper. 
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Figure 1.2. Flow chart showing search strategy that identified 37 studies. 
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FINDINGS 

The 37 studies included in the review analysed 124 patient-specific models. There have 

been 12 new studies published since the last review, and 11 additional studies which were 

published prior to 2016 but not included in the previous review (Sun and Chaichana, 2016). 

 

Computational Modelling 

The diagnosis, characterisation and risk stratification of aortic dissection is performed with 

computed tomography (CT) in the first instance in 69% of cases (Evangelista et al., 2018). 

Many patients will have serial imaging throughout the acute and chronic periods where 

large amounts of image-based data are captured. Patient-specific computational modelling, 

an application of computational fluid dynamics (CFD), represents a progression from these 

conventional imaging modalities 

Flow through an aorta can be likened to flow through any pipe, with 

boundary conditions and physical models specified. Characteristics are difficult to 

ascertain from a two-dimensional image, however a three-dimensional simulation 

can both visually and numerically represent this information for the treating 

clinician (Figure 1.3). All fluid flows are represented in a computational model 

through the true and false lumen, entry and re-entry tears, and aortic branches. The 

information extracted can be summarised as flow velocities, pressures and wall 

shear stresses (Figure 1.4), or a vast array of metrics derived from these data. 

  



Chapter I  CFD for Risk Prediction in TBAD 

  23 

 

 
Figure 1.3. Three different patient-specific type B aortic dissections (TBADs) 

reconstructed from computed tomography (CT) images. 

 

 
Figure 1.4. Patient-specific type B aortic dissection (TBAD) reconstructed from 

computed tomography (CT) image (left). Time-averaged wall shear stress (TAWSS) 

shows areas of high wall shear stress proximally at entry tear (right). 
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Initial Work in Type B Aortic Dissection 

The early techniques and initial findings from various teams are summarised in Table 1.1. 

Reports included patient-specific models, a major step towards using computational 

modelling as a risk prediction tool. Initial studies are now being validated by literature 

which has suggested a link between inflammation, thrombosis, aneurysm formation and 

potential rupture (Boyd et al., 2016, Hardman et al., 2013, Richards et al., 2011, Ma3Rs 

Study Investigators, 2017, Doyle et al., 2014). Low wall shear stress is the suggested 

mediator underlying these processes (Boyd et al., 2016, Hardman et al., 2013, Richards et 

al., 2011, Ma3Rs Study Investigators, 2017, Doyle et al., 2014). Some studies helped refine 

our understanding that high pressure alone did not cause aortic dilation, however a high 

pressure gradient between true and false lumen during the cardiac cycle was in fact the 

cause. The relationship between high-risk entry or exit tears and complication was 

beginning to be characterised in early reports. 

 

Table 1.1. Initial contributions where computational modelling was applied to type B 

aortic dissection (TBAD) 

Authors Year Contribution 

Karmonik et al. 

(Karmonik et al., 

2008) 

2008 Patient-specific geometries reconstructed from imaging, 

rather than idealised computer-generated geometries. 

Cheng et al. (Cheng 

et al., 2010) 

2010 Single case where flow was characterised demonstrating 80% 

of aortic flow entering the false lumen, resulting in high wall 

shear stress around the intimal tear that could indicate 

vulnerability of propagation. 

Tse et al. (Tse et al., 

2011) 

2011 Single case analysing velocities, pressures and wall shear 

stresses, showed that high pressure difference between true 

and false lumen, or high pressure gradient, correlates with 

false lumen dilation. 

Karmonik et al. 

(Karmonik et al., 

2011a) 

2011 Single case with one-year follow-up – stent-graft placement 

reduced false lumen wall shear stress by occlusion of entry 

tear. 
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Karmonik et al. 

(Karmonik et al., 

2011b)  

2011 Multiple scenario simulations of single case – increased false 

lumen pressure due to ongoing inflow with outflow restriction 

(e.g. partial thrombosis), and pressure drops during diastole 

in false lumen thrombosis. 

Karmonik et al. 

(Karmonik et al., 

2012) 

2012 Single case with 10-month follow-up – high wall shear stress 

at entry tear and thrombus formation in region of low wall 

shear stress. 

Tang et al. (Tang et 

al., 2012) 

2012 Idealised models – forces grows with increasing size of 

dissection, low wall shear stress prevalent in dissection, and 

configuration with only one distal exit tear correlated with 

increased forces. 

Karmonik et al. 

(Karmonik et al., 

2013a) 

2013 Comparison between dissected and normal aorta showing that 

false lumen dilation in regions of low wall shear stress. 

Chen et al. (Chen et 

al., 2013a) 

2013 Single case with four-year follow-up after best medical 

therapy – lower false lumen pressure on outer aortic wall and 

wall shear stress levels.  

Chen et al. (Chen et 

al., 2013b) 

2013 Single case with 40% of aortic flow entering false lumen, 

highest pressure on outer wall of dissection which could 

contribute to aortic dilation, and highest wall shear stress 

found near tears. 

Cheng et al. (Cheng 

et al., 2013) 

2013 Two complicated and three uncomplicated cases - larger 

dimension entry tears resulted in higher false lumen flow 

rates, causing malperfusion syndromes. 

 

Given that complete false lumen thrombosis is associated with improved outcomes 

(Bernard et al., 2001, Trimarchi et al., 2013, Sueyoshi et al., 2004, Tsai et al., 2007), much 

interest focused on advancing computational models of predicting thrombosis and 

understanding false lumen flow.  

 

Low Wall Shear Stress 

Thrombus formation is associated with rapid changes in blood flow and regions of low wall 

shear stress (Nesbitt et al., 2009). False lumen patency has been shown to be an important 
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predictor of progression and complication, and partial thrombosis is linked to aortic 

expansion (Bernard et al., 2001, Sueyoshi et al., 2004, Trimarchi et al., 2013, Tsai et al., 

2007). Therefore, the ability of clinicians to predict the rate of false lumen thrombosis 

would be clinically useful in prognostication.  

It had been suggested by Cheng et al (Cheng et al., 2013, Cheng et al., 2015) that 

high relative residence time (a product of stagnant flow and low wall shear stress) is found 

in areas more likely to be thrombosed. Menichini et al (Menichini et al., 2016, Menichini 

and Xu, 2016) then created a computational model to show that areas of low wall shear 

stress can be correlated with areas of thrombus formation (Menichini et al., 2016, 

Menichini and Xu, 2016). Smaller intimal tears were associated with higher local wall shear 

stress and more likely to promote platelet activation, however low wall shear stress was 

observed to contribute more to thrombosis in TBAD (Menichini and Xu, 2016, Menichini 

et al., 2016). Despite acknowledged assumptions and limitations, there was correlation 

between the models and follow-up CT findings at three years follow-up which was 

encouraging for clinical applicability (Figure 1.5) (Menichini et al., 2016, Menichini and 

Xu, 2016). Recently they extended this work to investigate the relationship of false lumen 

thrombosis after TEVAR – analysing one case which showed complete false lumen 

thrombosis post TEVAR, one case which showed incomplete thrombosis post TEVAR, and 

one medically treated patient with no signs of thrombosis. In all three cases the model was 

able to predict the outcome and thrombus growth patterns as observed in follow-up 

(Menichini et al., 2018). 
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Figure 1.5. A. Gradual thrombus formation during 6 months (T1-S6). B. Velocity in 

thrombosed area (T) gradually being reduced at 3 months (S5) and 9 months (S7). From 

Menichini et al. (Menichini et al., 2016) 

 

A recent study by Xu et al (Xu et al., 2018) has analysed the changes in morphology and 

haemodynamics which resulted in late complication after four years in a case of TBAD. 

False lumen dilation and areas of thrombotic dynamics were correlated to low wall shear 

stress and high relative residence time, respectively (Xu et al., 2018). 

 

High Wall Shear Stress 

Wall shear stress cannot be measured in vivo, and it can only be calculated using principles 

of computational fluid dynamics. The formation of retrograde type A dissection was 
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investigated recently by Osswald et al. (Osswald et al., 2017). They studied 10 cases of 

chronic TBAD of which five had TEVAR and five received medical treatment, and 10 

patients with a stable TBAD who had no vascular events in 12 years (Osswald et al., 2017). 

Similarly to Cheng et al (Cheng et al., 2010) who earlier commented on high wall shear 

stresses predisposing to propagation, Osswald et al found that wall shear stress was 

significantly increased compared with the surrounding wall in those who developed 

retrograde Type A aortic dissection (Osswald et al., 2017). Ko et al (Ko et al., 2017) have 

observed in CFD models that wall shear stress is  significantly higher in the false lumen 

than in the true lumen at mid-systole, which could also potentially contribute to 

propagation. 

 

High Pressure Gradient Between True and False 

Clinicians often consider ‘pressures’ in TBAD when discussing or justifying their approach 

to a case. In vivo measurements of pressures are not routine, estimation is inaccurate, and 

generalisation is impossible as each individual has a different disease morphology. When 

implemented correctly, computational models can non-invasively calculate pressures 

within the true and false lumens, which is of significant clinical interest. Zhang et al (Zhang 

et al., 2014) reported data from three patient models – one disease-free, one with visceral 

involvement, and one which could progress (visceral arteries were intact at admission). 

They found that de-synchronised pressure gradients resulted in an imbalance of pressure 

between true and false lumens, causing compression of the true lumen and predisposing to 

malperfusion syndromes (Zhang et al., 2014). Furthermore, without involvement of side 

branches and distal tears, false lumen pressure was constant and true lumen pressure varied 

with the cardiac cycle. This caused compression of the true lumen during diastole and 

predisposed to propagation due to stress on the membrane (Zhang et al., 2014). In the same 

year, Naim et al (Ab Naim et al., 2014) contrasted the impact of re-entry tears, showing 

that a path returning into the true lumen during systole and an extra outlet into the false 

lumen during diastole, reduces the pressure difference between the true and false lumen 

and minimises the risk of false lumen expansion. This was in keeping with the study by 

Tolenaar et al (Tolenaar et al., 2013) which reported that a single entry tear is the most 

significant predictor of subsequent aortic growth when compared with two or more re-entry 

tears. However, Naim et al (Ab Naim et al., 2014) did note that in cases with two or more 

re-entry tears, the region below the first re-entry tear was a focus of relatively high pressure 
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difference between the true and false lumen which may cause further propagation. 

Confirming the findings of other studies, Cheng et a al (Cheng et al., 2015) demonstrated 

in eight TBAD cases that a high pressure difference is associated with aortic dilation. 

 

High Risk Entry or Exit Tear(s) and High False Lumen Flow Rates 

On conventional 2D image analysis, it can be difficult to measure dimensions of the tear. 

However, by using 3D reconstructions and modelling clinicians it is possible to visualise, 

characterise and measure the entry and exit tears for risk stratification. In 2014, D’Ancona 

et al (D'Ancona et al., 2014) studied 26 patients and Rinaudo et al (Rinaudo et al., 2014) 

performed a similar study in 25 patients which showed that larger and more proximal entry 

tears resulted in greater false lumen flow rate. 15 of the patients included in the study by 

Rinaudo et al (Rinaudo et al., 2014) and a further 24 in a separate study by Rudenick et al 

(Rudenick et al., 2017) also investigated residual type B aortic dissection post type A repair. 

Their conclusions were similar in that larger-sized residual entry tears can be linked to large 

and highly perfused patent false lumen, which in turn mandate long-term monitoring for 

aneurysm formation (D'Ancona et al., 2014, Rinaudo et al., 2014, Rudenick et al., 2017). 

Cheng et al (Cheng et al., 2015) and Shang et al (Shang et al., 2015) also correlated a greater 

percentage of total flow passing through the false lumen with aneurysm formation. High-

risk TBAD morphologies with small or absent distal tear (causing a blind-ending false 

lumen sac), large proximal tear, and false lumen originating at the concavity of the aortic 

arch have been corroborated in idealised models (Tsai et al., 2008, Weiss et al., 2012, 

Evangelista et al., 2012, Ben Ahmed et al., 2016). 

 

Risk Prediction Models 

As our understanding about complications of TBAD continues to develop, multiple teams 

have begun developing risk prediction models. Risk predictors derived from conventional 

approaches are shown in Table 1.2. It is possible that conventional risk predictors, such as 

aortic diameter, may be an observation of haemodynamic effects. Diameter is already being 

further characterised by new research. It was recently proposed that aortic diameter may 

only play a crucial role in genetic disorders, aortic valve flow abnormalities, or aorta wall 

weakness after trauma, rather than in all cases (Evangelista et al., 2018). Therefore, the 

scope of risk predictors which were previously considered to apply to all cases are being 

modified to be more patient-specific. This progression has highlighted the importance of 
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patient-specific computational haemodynamic parameters, calculated using computational 

modelling, in clinical-decision making algorithms: 

 Low wall shear stress 

 High false lumen flow rate 

 High pressure gradient between lumens during the cardiac cycle (specifically high 

false lumen pressure compared to true lumen) 

 High wall shear stress 

Table 1.2. Risk predictors and critical thresholds recognised in current clinical literature 

Risk predictor Critical thresholds 

Uncontrolled heart rate/blood pressure (Trimarchi et al., 

2010, Kodama et al., 2008) 

Acute: HR <60 beats/min, 

SBP 100-120mmHg 

Chronic: SBP 

<120mmHg 

Uncontrolled pain (Trimarchi et al., 2010) - 

Proximal entry tear (to left subclavian artery origin) (Weiss 

et al., 2012, Evangelista et al., 2012) 

<20mm 

Entry tear on aortic concavity (Loewe et al., 2012, Weiss et 

al., 2012) 

- 

Large entry tear size (Evangelista et al., 2012) ≥10mm  

Single entry tear (Tolenaar et al., 2013)  - 

Partial false lumen thrombosis or patent false lumen 

(Trimarchi et al., 2013, Tsai et al., 2007) 

- 

High baseline aortic diameter (Booher et al., 2011, 

Winnerkvist et al., 2006, Onitsuka et al., 2004) 

≥40mm 

High false lumen diameter (Song et al., 2007) ≥22mm 

Rapidly expanding aortic diameter (Trimarchi et al., 2014) ≥10mm per year 

 

Dake et al (Dake et al., 2013) have suggested the DISSECT classification which stratifies 

risk based on clinical and image-based risk factors. The mnemonic is based on the 

following six characteristics: duration of disease; intimal tear location; size of the dissected 

aorta; segmental extent of aortic involvement; clinical complications of the dissection, and 

thrombus within the aortic false lumen (Dake et al., 2013). Referring to Table 1.2, the 
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DISSECT classification accounts for almost all recognised risk predictors. There are two 

criticisms of the classification: i) the effects of chronicity are likely to be patient-specific 

making the duration of disease relatively arbitrary (Clough and Taylor, 2013), and ii) the 

questions about management exist for uncomplicated disease (rather than complicated 

disease) so the inclusion of clinical complications does not direct management decisions 

any further than before. Sailer et al (Sailer et al., 2017) have developed an internally 

validated Stanford Aortic Dissection Risk Calculator based on imaging of 83 patients with 

initially uncomplicated type B aortic dissection. Their model is based on characteristics of 

connective tissue disease, maximum aortic diameter, circumference of the false lumen, 

identifiable aortic intercostal arteries and false lumen outflow (Sailer et al., 2017). 
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FUTURE DIRECTIONS 

The focus of this narrative review has been the role of computational biomechanical 

modelling in understanding TBAD and predicting its complications. Figure 1.6 illustrates 

the inter-relationships between morphology, haemodynamic parameters and clinical 

outcomes, and summarises the insights into the pathogenesis of TBAD that computational 

modelling can give. However as Clough et al (Clough et al., 2016) commented, “model 

results are only as good as the specificity and quality of the information used to build the 

model.” This refers to the inherent assumptions of geometry and boundary conditions that 

are required for computational modelling. For instance, further research investigating the 

in vivo properties of the wall and dissection flap are likely to improve models, and help 

simulate more accurate arterial wall motion and compliance (Alimohammadi et al., 2015, 

Bonfanti et al., 2017, Chen et al., 2016). Currently, computational modelling is an 

experimental technique where surrogate measurements are generated from CT scans which 

do not contain in vivo flow data. 
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Virtual placement of stent-grafts has the potential to provide significant insights into a 

complex problem. Karmonik et al (Karmonik et al., 2011b, Karmonik et al., 2010) have 

simulated TEVAR by covering the entry tear and demonstrating that it reduced false lumen 

pressure, thereby showing that the intervention reduced risk of adverse progression. Similar 

work has been done by others for pre-treatment assessment and post-treatment monitoring 

(Yu et al., 2016, Midulla et al., 2012, Alimohammadi et al., 2014b, Filipovic et al., 2013, 

Qiao et al., 2015, Ab Naim et al., 2018, Costache et al., 2018). For example, Alimohammadi 

et al (Alimohammadi et al., 2014b) evaluated a single versus double-stent approach for a 

particular case (covering both entry and exit tear) and showed a greater true lumen flow 

rate and significantly attenuated regions of high wall shear stress in the double-stent 

approach (Alimohammadi et al., 2014b). Modelling could help predict complications such 

as stent-graft migration, or which device may be optimum for the patient (Fung et al., 2008, 

Cheng et al., 2008, Lam et al., 2008, Stefanov et al., 2017). Recently, Chen et al (Chen et 

al., 2018) have developed a novel method for simulating stent-graft deployment, using the 

material properties of aortic tissue and stent-grafts. Their algorithm accurately 

demonstrates the effect of the stent on haemodynamics and aortic deformation, and 

therefore could be used in risk evaluation during surgical planning, in real-time (13.78 ± 

2.84 seconds) (Chen et al., 2018). 

Some literature suggests the use of four-dimensional phase-contrast MRI (4D PC-

MRI) to make similar assessments as computational modelling (Clough et al., 2012, Sun 

and Chaichana, 2016, Lee et al., 2014). We suggest that computational modelling and MRI 

complement each other. The two methods of assessing haemodynamics show good 

agreement however, currently, computational modelling offers superior spatial resolution, 

especially around intricate tears, yet MRI offers in vivo velocity measurements (Karmonik 

et al., 2013b, Alimohammadi et al., 2014a, Midulla et al., 2012, Cheng et al., 2014, Dillon-

Murphy et al., 2016, Rudenick et al., 2017). Therefore, coupling both methods as several 

groups have done in small studies is the most sensible path forward (Alimohammadi et al., 

2014a, Midulla et al., 2012, Karmonik et al., 2013b, Dillon-Murphy et al., 2016). In highly-

resourced hospitals where MRI is available, PC-MRI investigations still suffer from long 

imaging times and high costs (Karmonik et al., 2013b, Alimohammadi et al., 2014a). 

Ideally, methods would be developed whereby computational models generated solely 

from CT yield identical velocity data to PC-MRI in a fast, reproducible and highly accurate 

manner.  
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There are currently no risk prediction tools which directly account for haemodynamic 

effects, although they are almost certainly at play in TBAD. We suggest the development 

of risk prediction tools which include haemodynamic risk factors of low and high wall 

shear stress, high false lumen flow rate, and high pressure gradient during the cardiac cycle. 

A suggested future workflow is represented in Figure 1.7 which can currently be carried 

out at each timepoint imaging is performed. Currently, the process requires a specialised 

engineer with knowledge of CFD and high-performance computing (HPC), however 

automation of current processes through machine learning could remove the need for an 

engineer in the future. The sequence involves: CT or MRI data accessed to begin the 

reconstruction; a computational mesh of the arterial structure is generated; boundary 

conditions are applied to the model; and computational simulations numerically calculate 

flow velocities, pressures and wall shear stresses, and help visualise resulting data. This 

process can currently be completed by most teams within 24 hours, or even less time if the 

reporting system is eventually automated. From the outset, computational modelling could 

be performed for uncomplicated cases – particularly those that are low-risk based on 

conventional risk factors, or where surgery was considered high-risk. With ongoing 

research into the reliability of the process, it could become routine for the majority of cases, 

including those that might be deemed high-risk based on other features. When validated for 

risk prediction, computational modelling could put critical information in the hands of 

clinicians during the hyper-acute period in uncomplicated TBAD if required (Booher et al., 

2013). 
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Figure 1.7. Our suggested workflow from patient presentation to treatment decision, 

incorporating computational modelling to assist clinician decision-making. BMT, Best 

medical therapy. 
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CONCLUSIONS 

Overall, throughout this review we found significant concordance in the literature available 

about computational modelling in its application to TBAD. The consistency is between 

clinical and computational modelling studies, and within the body of computational 

modelling studies. There is heterogeneity in the techniques used by teams carrying out 

computational modelling, and a relatively limited numbers of patients have been studied.  

The mechanistic patterns of association found in this narrative review should be 

investigated in larger cohort prospective cohort studies to further refine our understanding. 

The proposed links between haemodynamic parameters and clinical outcomes need to be 

verified. The current challenge is to develop and test a risk assessment method which can 

be used in clinical decision-making.  
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ABSTRACT 

Type B aortic dissection (TBAD) occurs when blood infiltrates the aortic wall and initiates 

an alternate channel of blood flow called the false lumen, disrupting the haemodynamics 

of the aorta. It can have devastating consequences if not intervened surgically, however, 

some cases will benefit from medical treatment alone. Patient-specific haemodynamic 

assessment has garnered interest from the clinical community for the potential it has in 

aiding the decision making process. 

Computational fluid dynamics (CFD) models allow for the unique fluid mechanics 

of each case to be considered. A wide range of computational models have been 

implemented in TBAD in recent times, each with unique assumptions and implementation.  

Preliminary data suggests that accurate CFD models of dissection may provide a 

platform for risk prediction. Our analysis of prior work has enabled the suggestion of some 

generalised best practices for modelling TBAD including; boundary layer refinement, 

extrusions near the regions of interest, lumped parameter pressure outlets and an assessment 

of the discretisation error. Though some studies have implemented fluid structure 

interaction (FSI) models, the majority assume a rigid wall boundary. Besides increased 

computational expense, a number of key limitations of FSI remain such as capturing wall 

and septum thicknesses, the external constraint of the model and obtaining accurate 

material properties. It is our opinion that FSI should be avoided until these challenges are 

overcome. 
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BACKGROUND 

Treatment of TBAD usually involves either best medical treatment (BMT) to manage blood 

pressure and pain, or thoracic endovascular aortic repair (TEVAR), where a stent graft is 

implanted to block flow through the false lumen. Open surgical repair of the aorta is still 

used in some cases where TEVAR is not possible (Erbel et al., 2014, Hiratzka et al., 2010). 

There is currently no clinical prognostic tool which differentiates between cases of TBAD 

which will likely become complicated, requiring TEVAR, and cases which will remain 

uncomplicated and can be managed using BMT. The application of patient-specific 

modelling (PSM) in TBAD using computational fluid dynamics (CFD) simulations of 

blood flow has been investigated since 2008 (Karmonik et al., 2008). Since then, at least 

17 studies have implemented similar models (Sun and Chaichana, 2016), with only 

Alimohammadi et al  modelling fluid structure interaction (FSI) using a patient-specific 

geometry (Alimohammadi et al., 2015). 

There is no consensus on which modelling approach is most appropriate for TBAD. 

The majority of research implements a CFD model rather than FSI due to some key 

practical limitations of FSI that will be discussed later. Therefore, the purpose of this 

chapter is to review the current status around PSM of TBAD and attempt to summarise the 

key technical considerations necessary for accurate simulation. The chapter is structured as 

follows: we begin by discussing the modelling considerations common to both CFD and 

FSI, including turbulence, before then discussing the common haemodynamic metrics 

quantified from simulations. We then discuss the key technical challenges of implementing 

FSI approaches before drawing conclusions about the optimum technical aspects required 

for robust PSM of TBAD.  

The scope of this review is confined to the technical aspects of CFD models for 

TBAD. Such models firstly require an accurate 3D reconstruction of the case from high 

resolution imaging, the technical aspects of which would be enough for a review in their 

own right. 
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MODELLING CONSIDERATIONS 

Volume Mesh 

When discretising a 3D blood-volume for (finite-volume) CFD simulation, an 

unstructured-polyhedral or -tetrahedral meshing method is often used to create the 

volumetric mesh. In previous TBAD simulations tetrahedral meshes have been 

predominantly used (Karmonik et al., 2013, Cheng et al., 2014, Shang et al., 2015). 

Tetrahedral meshes are quick to generate and the resulting mesh strictly conforms to, and 

are affected by, the triangulation of the vessel surface/boundary. Polyhedral meshes are 

generated from an underlying tetrahedral mesh and create volumetric cells with more 

neighbours (~14 faces per-cell), leading to greater local connectivity. Polyhedral meshes 

have been shown to require less computational time, be more accurate and require less 

computer memory than tetrahedral meshes (Spiegel et al., 2011). They have been 

successfully implemented in previous work (Parker et al., 2017) and may reduce simulation 

times, allowing for the simulation of larger cohorts. To the best of our knowledge, no group 

has attempted to generate a fully structured hexahedral mesh in TBAD, most likely due to 

the complex nature of the geometries. 

 

Boundary-Layer Refinement 

It is considered best practice in CFD to use local, anisotropic mesh refinement to accurately 

capture the blood flow adjacent to the vessel wall (Doyle and Norman, 2016, Stewart et al., 

2012). This mesh refinement method leads to prism layer cells that are thin in the spatial-

component perpendicular to the wall, improving the prediction of the large velocity 

gradients found in the viscous boundary layer (Abernathy, 1970), as the computational cells 

are refined in the direction of fluid deceleration. This is essential to the accurate 

computation of wall shear stresses (WSSs), which are integral to vascular mechanics, as 

these stresses are directly proportional to velocity gradients estimated at the vessel wall. 

Chen et al showed that excluding a refined anisotropic boundary layer from their TBAD 

simulation caused a 24% discrepancy in WSS and 30% discrepancy in pressure (Chen et 

al., 2013b). 

 

Mesh Independence 

Approximating the solution to the set of partial differential equations which govern flow 

by discretising space using a mesh, creates a discretisation error (Schwer, 2008). Steinman 
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et al found, when examining 25 solutions to the same biomedical CFD problem, that the 

variability in results depended on the discretisation scheme used (Steinman et al., 2013). 

Considering that numerical error will always be present in any CFD simulation, it is 

important to quantify this error and also reduce unnecessary computational expense. Thus, 

assessment of mesh independence is essential to accurate results (Stewart et al., 2012). This 

is the process by which simulations are run using meshes of increasing density with 

parameters of interest measured in each simulation and compared quantitatively between 

simulations. Estimation of the error caused by the level of mesh refinement is a requirement 

to publish in leading fluid mechanics journals (Schwer, 2008, Roache, 1994). 

One method is the grid convergence index (GCI) which makes the reporting and 

measurement of this discretisation error more routine (Roache, 1994). GCI uses simulations 

on three meshes of varying detail, to estimate the error in a measurement of interest, such 

as WSS, between that found using the finest mesh simulation and the exact solution (which 

is estimated) (Schwer, 2008). The GCI equation assumes that the parameter measured will 

asymptotically approach the exact solution with progressive grid refinement (Roache, 

1994). Previous studies by our group consider GCI values for shear stress conditions 2% 

acceptable (Parker et al., 2019, Kelsey et al., 2017, Doyle et al., 2014). Others have assessed 

the difference between the solutions obtained from successive meshes, deeming 

approximately 5% acceptable (Keshavarz-Motamed et al., 2013, Bonfanti et al., 2019). GCI 

is given by: 

 

GCI=
f1-f2

f1 rp-1
≈

fexact-f1

f1
 

 

Where: 

p=
log f3-f2

f2-f1
log r

 

 

f1=measurement of interest as found on finest mesh, f2=measurement of interest as found 

on medium mesh, f3=measurement of interest as found on coarse mesh, r=refinement ratio 

(the factor by which mesh density increases). 
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Viscosity Models for Blood 

Blood is well known to exhibit non-Newtonian behaviour (Ku, 1997). On the scale of large 

arteries such as the aorta, the non-Newtonian behaviour of blood is most important at very 

low shear rates (where velocity gradients are small) (Ku, 1997). Blood exhibits shear 

thinning, meaning higher viscosities are found at these lower shear rates (Gijsen et al., 

1999) and the false lumen in cases of TBAD will very often exhibit these conditions (Parker 

et al., 2017). 

CFD simulations of TBAD rarely incorporate non-Newtonian viscosity models. A 

justification for this assumption in AAA has been the typical high flow and large geometry 

(Di Martino et al., 2001), referring to an earlier paper based on the carotid bifurcation 

(Perktold et al., 1991). However most TBAD studies provide no justification (Cheng et al., 

2014, Crosetto et al., 2011, Hardman et al., 2013, Karmonik et al., 2011a, Khanafer and 

Berguer, 2009, Moireau et al., 2012). In 2015, Alimohammadi et al performed a FSI 

simulation of TBAD and used a Carreau-Yasuda (CY) model for non-Newtonian viscosity, 

which models shear thinning (Alimohammadi et al., 2015). The model, with independent 

variable  (the non-Newtonian shear rate), is taken from Bird et al (Bird et al., 1987) with 

experimentally derived parameters from Gijsen et al (Gijsen et al., 1999). Blood viscosity 

(μ is given by: 

 

μ γ'  = μ0-μ∞ 1+ λγ' a
n-1
a +  μ∞ 

Where: 

μ0=22×10-3 Pa.s, μ∞=2.2×10-3 Pa.s, λ=0.110 s, a=0.644, n=0.392. 
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Figure 2.1. A Percentage difference in TAWSS values found in TBAD using an FSI 

simulation relative to rigid-wall results. B. Viscosity distribution at peak systole using CY 

model in a patient-specific TBAD geometry. Modified from Alimohammadi et al. 

(Alimohammadi et al., 2015). 

 

As seen in Figure 2.1B, accounting for the shear thinning effect in blood using the CY 

model yields viscosities ranging from 2-20 mPa s within the TBAD geometry. This 

represents a large deviation from the constant viscosity of blood used in Newtonian models, 

which is usually taken as 4 mPa s (Ku, 1997). Notably, high viscosities are apparent in the 

false lumen superior to the entry tear. The effect on shear stress is yet to be quantified with 

a direct comparison of the two approaches. Given these findings, our group has applied a 

similar CY model in a previous investigation of TBAD (Parker et al., 2017). 

 

Inlet Boundary Condition 

Transient CFD simulations of TBAD use time dependent mass flow or velocity profiles at 

the flow inlet. This inlet boundary condition is ideally patient-specific, with such flow 
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profiles usually acquired using PC-MRI (Karmonik et al., 2011b, Cheng et al., 2014) or 

Doppler ultrasound (Fraser et al., 2008). As neither PC-MRI nor Doppler ultrasound are 

routine for TBAD, patient-specific data is often unavailable. Thus, inlet flows from 

representative population studies are often applied and are generally in the form of a 1D 

mass flow or velocity waveform, so a natural spatial flow profile must be achieved using 

another method such as an inlet extrusion or by assigning a parabolic profile directly to the 

inlet. 

Morbiducci et al. have compared the effect of 1D boundary conditions (with and 

without extrusion) on aortic haemodynamic results with PC-MRI data (Morbiducci et al., 

2013). Where an extrusion was used, significant shear differences were contained to the 

ascending aorta (Figure 2.2) though significant differences continued past this point for 

oscillatory shear index (OSI) (Figure 2.2). Van Doormaal et al confirmed that shear stress 

was only impacted in the ascending aorta when comparing a fully developed profile with 

plug flow (Van Doormaal et al., 2012). 
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Figure 2.2. A. A comparison of TAWSS and OSI values after applying an inlet profile 

from 3D magnetic resonance imaging (3DMR), developed flow (DEV) from an inlet 

extrusion and plug flow directly at the boundary. B. The surface area of extreme TAWSS 

and OSI values under each boundary condition. TAWSS20 = % surface area below the 

20th percentile, TAWSS10 = % surface area below the 10th percentile, OSI80 = % surface 

area above the 80th percentile, OSI90 = % surface area above the 90th percentile. Figure 

modified from (Morbiducci et al., 2013). 

 

Within the context of patient-specific TBAD investigations, it has been the norm to apply 

either waveforms from unrelated patients (Alimohammadi et al., 2015, Di Martino et al., 

2001) or the average of a cohort (Parker et al., 2017). When constrained to generalised 
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waveforms, scaling the inlet to reflect body surface area (BSA) (Jegier et al., 1963) and 

heart rate is likely to provide a more accurate assumed mass flow. 

 

Outlet Boundary Conditions 

As with inlet boundaries, prescribed mass flow or pressure at outlets will produce non-

physiological flow profiles at the outlets. Particularly with pressure outlets, such as those 

applied in the Windkessel model, divergence of the solution can become an issue when 

velocity distribution across the outlet is irregular (Kim et al., 2009a). Outlet extrusions are 

one way to avoid these issues by moving the boundary away from morphological features 

that might produce such flow patterns or by assigning other constraints to the flow profile 

shape (Kim et al., 2009a). 

 

Mass Flow Outlet 

Specific time-dependent mass flows can be prescribed at flow outlets. The time-dependent 

mass flow waveforms have been found using a simple 1D simulation, with the flows 

validated in vivo using MRI (Reymond et al., 2013). Approximate mass flow waveforms at 

outlets derived from healthy and AAA geometries are available (Kim et al., 2009b, Les et 

al., 2010). It is not known how these flows might be affected by TBAD and the wide range 

of potential false lumen configurations would mean population-based waveforms would 

likely have high variance. 

 

Pressure Outlet 

Both transient and constant pressure outlets have been implemented in the TBAD literature. 

In 2013, two Chen et al. studies (Chen et al., 2013a, Chen et al., 2013b) using the same 

TBAD geometry both applied pressure outlets. One used a constant zero-pressure condition 

(Chen et al., 2013b) while the other applied a time-dependent pressure waveform (Chen et 

al., 2013a), taken from Dumfarth et al. (Dumfarth et al., 2011). The zero-pressure condition, 

also used by other TBAD studies (Khanafer and Berguer, 2009, Shang et al., 2015, Zhang 

et al., 2014) is not realistic as shown by in vivo pressure measurements (Alimohammadi et 

al., 2014). However, the time-dependent pressure outlet is similarly flawed as pressure is 

prescribed and not allowed to be influenced by the mass flow distributions resulting from 

unique geometry, wall compliance, or variable inlet conditions. Lumped parameter models 

like the Windkessel models provide a solution to this issue and prescribed pressure outlet 

boundary conditions should be avoided. 
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Windkessel Model 

Windkessel models use an analogue electrical system to model, at the flow outlet, the 

elastic compliance of downstream arteries as well as the resistance to flow of the 

downstream vascular network (Westerhof et al., 2009). The model supplies, at each time-

step, a pressure to be used as a boundary condition over the entire outlet. Alimohammadi 

et al. used such a boundary condition for all four flow outlets in their FSI simulation 

(Alimohammadi et al., 2015). Similarly, the FSI simulation of aortic blood flow (Moireau 

et al., 2012) and the CFD simulation of haemodynamics in an idealised TBAD geometry 

also used a 3-element Windkessel model (Ben Ahmed et al., 2016). Four-element 

Windkessel outlets model total arterial inertance using an inductor in parallel with  

(Westerhof et al., 2009). Arterial inertance , is a measure of the pressure difference 

required to cause a certain flow rate change over time. Although these models have been 

shown to be significantly more accurate than 3-element Windkessel models (Stergiopulos 

et al., 1999), the difficulty in estimating  means 3-element models are often preferred 

(Westerhof et al., 2009). 
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TURBULENCE MODELLING 

There is no consensus as to how to model turbulence in TBAD blood flow simulations, or 

arguably in any biomedical simulation. Reynolds numbers in TBAD have been observed 

to peak at 10,187 with an average of 1,553 (Chen et al., 2013b). Reynolds numbers above 

2,000 in pipe flow, which blood flow in an artery can be considered analogous to, suggest 

a transitional flow state (Versteeg and Malalasekera, 2007).  

In a 2013 TBAD study (Chen et al., 2013a), a laminar flow model was used instead 

and is justified by quoting an average Reynolds number of 1,759 in the initial presentation 

model, where turbulence is higher (Chen et al., 2013a). The obvious flaw in this reasoning 

is that flow could still be transitional or turbulent in some areas of the geometry.  

Turbulence is most commonly modelled by either a k-ε or k-ω shear stress transport 

(SST) model. Both models consist of two partial differential equations (PDEs). The first 

pair relate to the transport of k, turbulent kinetic energy and ε, the rate of dissipation of 

turbulent kinetic energy (Jones and Launder, 1972). Whilst, the k-ω model is based on 

turbulent kinetic energy and ω, the specific dissipation rate (the rate at which turbulent 

kinetic energy is turned into thermal internal energy) (Kolmogorov, 1942, Wilcox, 1998). 

A wide range of turbulence approaches have been applied in TBAD but consensus on the 

most appropriate is yet to be reached. 

In 2010, Tan et al (Tan et al., 2009) used a hybrid k-ε/k-ω model adopted from 

Menter et al. (Menter et al., 2006), which has been developed to model transitional flow. 

This was done in a thoracic aortic aneurysm simulation and they found that including a 

turbulence model gave slightly better agreement with PC-MRI blood velocity data (Tan et 

al., 2009). Since then, Cheng et al. have employed the same model in TBAD simulations 

(Cheng et al., 2014, Cheng et al., 2013, Cheng et al., 2010, Cheng et al., 2015). Chen et al. 

(Chen et al., 2013b) and Alimohammadi et al. (Alimohammadi et al., 2015) use an older 

hybrid k-ε/k-ω shear stress transport (SST) turbulence model also introduced by Menter 

(Menter, 1993, Menter, 1994). The model uses the k-ω model (Wilcox, 1998) in the inner 

part of the boundary layer where viscous flow effects dominate (Chen et al., 2013b). This 

transitions to use of the k-ε model (Jones and Launder, 1972) for the free stream flow (Chen 

et al., 2013b). Another FSI simulation of TBAD (Khanafer and Berguer, 2009) used a 

purely k-ω turbulence model (Wilcox, 1998). Chen et al. compared a laminar simulation 

with a 28 million cell mesh to a shear stress transport (SST) simulation using a 2 million 

cell mesh; they found similar flows (Chen et al., 2013b). It is worth noting that many TBAD 
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CFD simulation studies use laminar flow models (Tse et al., 2011, Chen et al., 2013a, 

Parker et al., 2017), and that these are computationally much less expensive. A comparison 

of simulations using the various transitional models and a laminar model while maintaining 

the same mesh has not been reported.  
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HAEMODYNAMIC INDICES 

The relationship between haemodynamic indices and clinical findings in TBAD has been 

discussed in Chapter 1. Here we briefly describe specific indices themselves. 

 

Wall Shear Stress (WSS) 

WSS is a vector measurement defined on the fluid boundary wall which varies in space and 

time, given by the equation: 

 

WSS = μ
∂u
∂y

y=0
 

where, 

μ = viscosity, u = flow velocity parallel to the wall, y = distance from the wall. 

 

WSS is extensively measured and reported in CFD simulations of TBAD. In a 2016 

systematic review of TBAD CFD simulations (Sun and Chaichana, 2016), 11 of the 14 

papers examined had key findings related to WSS. Time-averaged wall shear stress 

(TAWSS) is commonly quoted to give an average of WSS over the cardiac cycle: 

 

TAWSS =
1
T

WSS t  dt
T

0

 

where, 

WSS t = wall shear stress vector at time t T = period of the cardiac cycle. 

 

In AAA, low TAWSS has been found to correlate spatially with rupture location (Boyd et 

al., 2016). Doyle et al. found in a longitudinal study of a single AAA case that low WSS 

correlated spatially with aortic expansion (Doyle et al., 2014). This coincides with findings 

that intracranial aneurysms expand in regions of low WSS (Boussel et al., 2008). It is 

widely accepted that low TAWSS (<0.36Pa) induces monocyte deposition, based on in 

vitro visual observation of leukocyte adhesion to endothelial cells (Lawrence et al., 1987, 

Lawrence et al., 1995, Worthen et al., 1987). Monocyte deposition causes inflammation 

and subsequent degradation and weakening of the aorta wall (Hardman et al., 2013), which 

could be the mechanism for wall weakening and rupture at low TAWSS. Using CFD, 
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Karmonik et al. found TAWSS values in a TBAD affected aorta were significantly lower 

than corresponding TAWSS measurements in a healthy aorta (Karmonik et al., 2013). 

These areas of low WSS coincided with areas of subsequent false lumen dilation  in one 

case of TBAD (Karmonik et al., 2013). Parker et al. also observed lower shear stress in the 

false lumen compared with the true lumen in one case of TBAD (Parker et al., 2017). 

Whether the theory of low TAWSS promoting enlargement and rupture of AAA, relates to 

complication in TBAD is yet to be adequately evaluated. The low flow theory of aneurysm 

progression relies on the relationship between endothelial cells and their mechanical 

environment. It has been observed that a complete aortic wall with endothelium will form 

in the false lumen, albeit of type A dissection, though the timeline and function of this has 

not been defined (Carnevale et al., 2011), and has not been studied at all in TBAD. 

 

Oscillatory Shear Index (OSI) 

OSI is a measure of the oscillatory nature of flow at the arterial wall and was first applied 

by Ku et al. at the carotid bifurcation (Ku et al., 1985): 

 

OSI = 0.5 1 -
WSS tT

0  dt

WSS t  dtT
0

 

where, 

WSS t = wall shear stress vector at time t, T = period of the cardiac cycle. 

 

High OSI has been linked with low WSS in predicting inflammation of artery walls and 

subsequent weakening, aneurysm expansion and rupture (Xiang et al., 2011, Meng et al., 

2014, Parker et al., 2019). Areas of low WSS and high OSI have also been implicated in 

atherosclerosis (Cecchi et al., 2011). However, a 2013 systematic review indicated that this 

theory has mixed evidence (Peiffer et al., 2013). Alimohammadi et al. found in their FSI 

simulation of a single case of TBAD that the proximal and distal false lumen both exhibit 

high TAWSS and low OSI (Alimohammadi et al., 2015). Any relation between OSI and 

complication remains to be seen in a suitably large population. 

 

The λ2 Criterion 

The λ2 criterion is used to detect the presence of a vortical structure. It varies in time and 

space and is given by (Jeong and Hussain, 1995): 
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λ2 = second largest eigenvalue of (S2+Ω2) 

=
1
2

u + u T  

Ω =
1
2

u - u T  

 

where, 

S is the symmetric part of the velocity (u) gradient tensor and Ω is the antisymmetric part 

of the velocity gradient tensor. 

 

Vortical flow structures have been commonly found in CFD simulations of TBAD (Chen 

et al., 2013b, Wan Ab Naim et al., 2016). They can be identified by areas of negative λ2 

values. Vortical structures in AAA have been implicated in thrombus formation via the 

release of shear-stress activated platelets released when the vortical structure breaks down 

(Biasetti et al., 2011) the same is yet to be observed in TBAD. 
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KEY CHALLENGES 

Ideally, FSI models would be used for TBAD so as to simulate both the unique 

haemodynamics in the often complex geometries as well as the movement of the septum 

that separates the true and false lumens.  However, there are some key technical challenges 

that must be overcome before we can confidently implement an FSI scheme in TBAD.  

Most simulations of TBAD assume the artery wall and septum to be rigid, and thus 

use CFD. In a study of 32 cases of TBAD, the contraction of the short axis of the true lumen 

over a cardiac cycle due to septum motion was found to be 4.4% on average, with a 

maximum of 29% (Ganten et al., 2009). Karmonik et al. found in a study of ten TBAD 

cases that between patients, septum motion over a cardiac cycle varied from 1.3 mm to 7.6 

mm (Karmonik et al., 2012). Thoracic aortas are typically 30 mm in diameter, so a 7.6 mm 

motion corresponds to the septum moving through approximately 25% of the aorta’s 

diameter over a cardiac cycle – which would significantly impact flow. However septum 

mobility is commonly accepted to reduce with chronicity (Karmonik et al., 2012, Hasleton 

and Leonard, 1979). This indicates that modelling the septum as rigid may be sufficiently 

accurate in simulations of chronic TBAD, however the physical properties of the septum 

throughout the acute, sub–acute and chronic phases are unknown.  

An arbitrary Lagrangian-Eulerian (ALE) formulation of FSI is commonly applied 

in TBAD (Alimohammadi et al., 2015, Chen et al., 2016, Khanafer and Berguer, 2009), 

AAA (Chandra et al., 2013, Xenos et al., 2010) and healthy aortic blood flow (Moireau et 

al., 2012). The ALE modified Navier-Stokes and continuity equations which govern fluid 

flow are, using Einstein notation (Donea et al., 1982): 

 

ρ
∂ui

∂t
+ uj-wj

∂ui

∂xj
-

∂
∂xj

μ
∂ui

∂xj
-

∂uj

∂xi
+

∂p
∂xi

=0        in Ω 
f t  

∂uj

∂xj
=0        in Ω 

f t  

where, 

i, j = 1, 2, 3, w = the velocity of the reference frame  Ω 
f t = volume domain of fluid at 

time. 
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The equation which governs the structure (solid) is (Fung and Cowin, 1993): 

 

ρsai-σij,j
s -ρsfi=0        in Ω 

s t   

where, 

Ω 
s t = volume domain of structure at time t, i=1, 2, 3, a = acceleration vector of material, 

σ(s) = solid stress tensor, f = body force per unit mass, ρs= solid density. 

 

The kinematic and dynamic conditions to couple the fluid and structure domains along the 

boundary are (Chen et al., 2010): 

d
f
=d

s
  

n∙σ f =n∙σ s  

where, 

d
f
= fluid displacement on fluid structure boundary, d

s
= solid displacement on fluid 

structure boundary, n =unit vector normal to fluid structure boundary, directed away from 

structure , σ f =stress tensor of fluid. 

 

FSI models allow for fluid motion and pressure to deform the solid structure. The 2016 

systematic review of TBAD CFD studies using patient-specific geometries found that only 

1 of 14 studies used FSI (Sun and Chaichana, 2016). Also in 2016, Chen et al. performed 

an FSI simulation of TBAD using a hypothetical geometry created with computer-aided 

design (Chen et al., 2016). This simulation was successfully verified via comparison with 

ex vivo laboratory testing of flow through a pig aorta (Chen et al., 2016). There is no 

experimentally validated patient-specific TBAD FSI. In the TBAD FSI simulation of 

Alimohammadi et al., they found large deviations in TAWSS values compared to those 

calculated using a rigid wall simulation (Alimohammadi et al., 2015) (Figure 2.1A). In the 

proximal and distal false lumen, TAWSS was more than 50% higher in the FSI model 

(Alimohammadi et al., 2015), though being areas of very low shear the absolute difference 

(in Pascals) is still likely to be small.  

A drawback to FSI models is the computational cost. Brown et al. performed two 

similar simulations of aortic blood flow, one with FSI and one without, with the simulations 

taking 145.5 hours and 6.8 hours to run, respectively (Brown et al., 2012). Though 
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potentially more accurate, there are a number of practical challenges with FSI, particularly 

in patient-specific applications: 

 

Geometric Reconstruction 

The CTA scans used to create models of the fluid flow region do not yield accurate 

wall geometries due to poor soft tissue contrast and limited spatial resolution. FSI 

simulations of the aorta have previously extruded the boundary of the fluid domain 

by a constant thickness (2-2.5mm) to create a wall structure for simulation purposes 

(Gao et al., 2006, Alimohammadi et al., 2015). However, we know that the aorta 

varies in thickness both from patient to patient, and also longitudinally and 

circumferentially in the same patient, Crosetto et al. used what may be considered 

a slightly more accurate approximation in using extrusion distance proportional to 

local radius (Crosetto et al., 2011), but this still introduces significant uncertainty 

into the model. Pairing CT with MRI for wall thickness will give a more accurate 

reconstruction, however this data is not routinely collected and expensive to 

acquire. Furthermore, the issue is significantly more complex in the region of tears; 

as the imaging resolution cannot determine the exact configuration of the tear, 

which layers are involved, their thickness and to what extent, thus accurately 

reconstructing the tear region is difficult and perhaps impossible with existing 

routine imaging. 

 

External Constraints 

Constraint of the aorta is another unknown in FSI models. Using a free stress 

condition on the external artery wall yields a simulation with non-physiological 

movement of the artery (Crosetto et al., 2011). Physically, organs inside the chest 

cavity and connections to organs via branch arteries limit the movement of the aorta. 

The aorta is also longitudinally tethered to the spine (Moireau et al., 2012). This 

external support causes a significant amount of pressure on the artery wall, which 

has been found in other arteries to be of the same order of magnitude as the pressure 

caused by wall elasticity (Liu et al., 2007). Adopting a previous approach (Brown 

et al., 2012), Alimohammadi et al. addressed this problem in their FSI simulation 

of TBAD by fixing the centre point of the solid domain boundaries, while restricting 

motion to only the x-y plane (where the z axis is parallel to the anatomical 

longitudinal axis) (Alimohammadi et al., 2015). Computational expense is saved in 
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limiting the motion of the walls to the x-y plane however physical accuracy is 

compromised. Particularly, this approach would make it impossible to model aortic 

root motion, which displaces in the longitudinal direction over a cardiac cycle by 

an average of 8.9 mm (Kozerke et al., 1999). Chen et al. do not disclose how they 

constrain their TBAD model (Chen et al., 2016). It is worth noting that using bench 

validation with an ex vivo pig aorta (Chen et al., 2016), simulation data were verified 

to a reasonable degree of accuracy. The impact of other constraints on the aorta, 

like the ligamentum arteriosum which connects the arch to the left pulmonary artery 

and the fascia which connects it to the vertebral column, are yet to be characterised 

and implemented in computational models of TBAD (Sherifova and Holzapfel, 

2019). An acceptable approach to fixing TBAD models in space is yet to be 

demonstrated in a sufficiently large population however validation through imaging 

or experimental means is a good start. 

 

Material Properties 

One of the persistent challenges in an FSI approach to TBAD, or any cardiovascular 

application of FSI, is the need for accurate material models of the arterial wall. It 

has long been known that artery wall tissue does not display linear material 

behaviour (Roach and Burton, 1957). Information is scarce on the material 

properties of aortic tissue in TBAD, so aneurysmal tissue is considered the best 

approximation. This has been shown to be significantly stiffer and less distensible 

than healthy aortic tissue (Raghavan et al., 1996, He and Roach, 1994). AAA tissue 

has also been observed as anisotropic, with higher stiffness observed in the 

circumferential direction compared to the longitudinal direction (O’Leary et al., 

2014). This type of anisotropy is called orthotropy. 

The FSI simulation of TBAD of Chen et al. used a linear elastic isotropic 

material model for the artery wall, with Young’s modulus E = 2 MPa and Poisson 

ratio ν = 0.45. These parameters were taken from a study of healthy canines (Mosora 

et al., 1993) and so are arguably not applicable to diseased humans. Khanafer et al. 

chose a slightly more complex approach, while still only modelling linear elastic 

behaviour with ν = 0.45. The intima, media and adventitia layers of the aorta were 

given different Young’s moduli of 2 MPa, 6 MPa and 4 MPa respectively (Khanafer 

and Berguer, 2009). Then Alimohammadi et al. (Alimohammadi et al., 2015) made 

use of a hyperelastic isotropic material model derived from 69 AAA tissue 
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specimens (Raghavan and Vorp, 2000). AAA tissue has been shown to be better 

modelled using an anisotropic material model, with different behaviour in the 

longitudinal and circumferential directions (Vande Geest et al., 2006). A 

comparison of the isotropic and orthotropic hyperelastic approaches is needed to 

determine the impact on haemodynamics in TBAD. 

Importantly, none of the TBAD FSI studies discussed here report values 

used for the density of the wall tissue. Gao et al. used a density of 2000 kg/m3 in 

their FSI simulation of AAA (Gao et al., 2013) whilst Chandra et al used 1200kg/m3 

(Chandra et al., 2013). Neither of these studies indicated where the density values 

were taken from. Likewise, in TBAD, the FSI work of Alimohammadi et al. 

(Alimohammadi et al., 2015) The numerical stability of FSI models for TBAD are 

strongly dependent on the density of both blood and the arterial wall, the latter 

requiring better characterisation. 

 

All of the above approaches entail calculating the dynamics of the external aorta wall by 

modelling the forces acting upon it. Instead, aorta wall displacements over the cardiac cycle 

can be measured in vivo using a dynamic imaging technique, with these displacements of 

the outer wall used as the boundary condition instead (Moireau et al., 2012). This reduces 

computational time greatly and more accurately characterises wall movement. Midulla et 

al. achieved this in their simulations of thoracic aortic disease, using cardiac-gated cine 

MRI to measure the wall movement throughout the cardiac cycle (Midulla et al., 2012). 

Unfortunately, cardiac-gated MRI for prescribed motion of the aortic wall is also not 

routine for TBAD.  
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BEST PRACTICE FOR PATIENT SPECIFIC MODELS OF TBAD  

Though PSM for TBAD is still in its relatively early stages, recent research has begun to 

build consensus on the essential components to produce meaningful haemodynamic results. 

These can be summarised as: 

 

1. Boundary layer refinement is necessary for accurate calculation of WSS and 

computational efficiency.  

2. Discretisation error is essential to quantify and report. A grid convergence index 

(GCI) value should be calculated for all haemodynamic parameters of interest, at 

the regions of interest and return results <2%. 

3. PC-MRI data is the gold standard for inlet flow conditions, though is often 

unavailable. If a generalised (or 1D Doppler) waveform is used, it should be applied 

with an inlet extrusion which is long enough to ensure fully developed flow enters 

the model. Extensions of 8-10 times arterial diameter have been considered 

acceptable in the past. 

4. When patient-specific inlet flow data is missing, effort should be made to scale a 

generalised inlet mass flow waveform to match the patient being studied. Body 

surface area is a common and simple approach though there is a variety of 

allometric scaling relationships for aortic flow. 

5. Non-Newtonian blood models are well characterised, simple to implement and 

impact directly on shear stress calculations. Consideration of non-Newtonian 

behaviour should be included or at least justified where omitted. 

6. Lumped parameter outlet models, like the Windkessel, provide are the most 

accurate method to characterise outlet pressures. As with inlets, these should be 

applied at extrusions to the mesh. 
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CONCLUSIONS 

Here we review the current literature and present our interpretation of best practise for rigid 

wall models of TBAD. Such models will have an efficient mesh with low discretisation 

error, inlets which introduce a realistic flow profile, pressure outlets which react to 

dynamically haemodynamic conditions and non-Newtonian blood rheology. Septum and 

wall movement in TBAD can be modelled with FSI and may have a significant impact on 

flow. However, material properties, wall/septum reconstruction and model constraints all 

present significant barriers to accurate results from FSI models and the added 

computational expense makes this modelling particularly difficult for large cohorts. Shear 

stress and shear-derived metrics have remained the focus of haemodynamic analysis. Low 

shear stress in the false lumen has shown early promise for predicting aortic enlargement 

but needs to be assessed on a suitably large population. It is unclear yet whether high OSI 

correlates with growth. 
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ABSTRACT 

Aortic dissection is where the medial layer of the arterial wall is separated by a tear leading 

to intramural bleeding. The blood forms an alternate channel of flow known as the false 

lumen. Thrombosis of the false lumen is common in cases of dissection as flow conditions 

are typically more stagnant than in the true lumen. Central to the process of thrombosis is 

the activation and aggregation of platelets in the blood. Therefore, the aim of this work is 

to simulate the transport of platelets in a case of type B aortic dissection (TBAD) in a 

clinically-relevant timeframe. 

We investigated a 38 year old female with TBAD. After reconstructing the contrast-

enhanced computed tomography (CT) scans into three dimensions, we created a 

computational mesh of polyhedral and prism elements. We used realistic boundary 

conditions at the inlet and at the outlets via 3-element Windkessel models. A one-way 

Lagrangian method was used to model the trajectories of platelets and particles were 

injected for 11 seconds over 16 cardiac cycles. The total number of injected particles was 

1.5M. We ran our simulations on 512 cores of the MAGNUS supercomputer at the Pawsey 

Supercomputing Centre. 

We observed elevated residence times of these particles in regions of both stagnant 

(low TAWSS) and recirculating flow (high OSI), emphasising the need to consider both 

TAWSS and OSI in thrombus susceptibility predictions for dissection. Tear geometry was 

seen to have a dominating effect on true lumen haemodynamics, with platelets colliding 

and adhering to the wall primarily around the proximal entry tears and supra-aortic 

branching vessels. 
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INTRODUCTION 

Aortic dissection is where the medial layer of the arterial wall is separated by a tear leading 

to intramural bleeding (Erbel et al., 2014). The blood forms an alternate channel of flow 

known as the false lumen. The aorta may then have a series of tears between the true and 

false lumen. The disease is the most common acute aortic condition to require urgent 

surgical intervention (Khandheria, 1993, Pretre and Von Segesser, 1997, Roberts and 

Roberts, 1991, Hagan et al., 2000, Bickerstaff et al., 1982). Treatment of the disease can be 

divisive amongst clinicians as little is understood about the mechanics of the disease and 

early warning signs of complication. Complications of the disease may be either (a) 

malperfusion syndrome where the dissecting FL occludes a branching artery leading to end-

organ ischemia (lack of blood supply) (Midulla et al., 2013) or (b) haemorrhage resulting 

from rupture of the false lumen (Tsai et al., 2006). Type B refers to the Stanford 

classification of aortic dissection, where the FL begins distal to the left subclavian artery, 

the last of the three main arteries to branch off the aortic arch. 

It is common in cases of dissection to observe the development of intraluminal 

thrombus in the FL where flow conditions are typically more stagnant than in the true 

lumen. In predicting complication it appears that the patency of the false lumen shows some 

promise as a prognostic tool. Imaging studies have followed the outcomes of patients with 

a fully patent lumen and have concluded that this is associated with poor outcomes (Pretre 

and Von Segesser, 1997, Tsai et al., 2008, Erbel et al., 1993, Bernard et al., 2001). Research 

shows that partial thrombosis of the FL is even more detrimental with a 2.7-fold increase 

in death when compared with cases where the FL is fully patent (Tsai et al., 2007, Tsai et 

al., 2008). A fully thrombosed FL represents a stable form of the disease where intervention 

is no longer required. The alternate channel created for the blood to flow through has been 

naturally occluded eliminating the risk of further progression. This link between patient 

outcomes and the development of thrombosis in the FL has lead computational research 

into aortic dissection to focus on thrombus development modelling (Menichini and Xu, 

2016). An accurate computational tool that could predict thrombosis of the FL would allow 

the treating clinician to determine the prognosis. 

Central to the process of thrombosis is the activation and aggregation of platelets in 

the blood. Recirculation zones in the FL that exhibit long residence times for platelets and 

low wall shear stress (WSS) conditions create the necessary environment for platelet 

aggregation and eventual deposition (Menichini and Xu, 2016, Malek et al., 1999, Goel 
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and Diamond, 2002). The transport of platelets through the system can be effectively 

simulated using Lagrangian multiphase models available in STAR-CCM+ (Siemens, 

Berlin). By injecting and simulating the platelet trajectories in aortic dissection we are able 

to examine the susceptibility of sections of the geometry to thrombogenesis and help form 

early hypotheses as to the dominant flow patterns that encourage thrombosis. 

Therefore, the aim of this work is to simulate the transport of platelets in a case of 

TBAD. To the authors knowledge a simulation of platelet transport has not been performed 

in aortic dissection until now. It is common to examine relative residence time (RRT) in 

arterial haemodynamic studies which is calculated using WSS and oscillatory shear index 

(OSI) at the surface. The simulation of physical particles in this study considers particle 

age after collisions with the wall and allows for analysis of the platelets which adhere to 

the wall. 
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METHODS 

Patient details and imaging  

The patient was a 38 year old female who attended the Cardiovascular and Thoracic 

Surgery Department at the University Hospital Liege, Belgium. This represents a unique 

case as the patient is particularly young with no indication of any connective tissue disorder. 

Contrast-enhanced computed tomography (CT) was performed (slice thickness 1 mm), as 

well as imaging with 18F-FDG Positron Emission Tomography (PET), an effective method 

to identify inflammation in the aortic wall (Courtois et al., 2013), which revealed significant 

myocarditis. The patient also had severely impaired ejection at only 25% with a 130/70 

mmHg resting blood pressure.  
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Figure 3.1. A cross-section of the geometry showing the first 8 entry tears (T1-T8). Distal 

to this (not shown) are two small re-entry tears. 

 

Patient-specific Reconstruction 

The dissecting aorta was segmented from the CT scan based on pixel intensity and then 

reconstructed in 3D (Figure 3.1) using Mimics (v19.0, Materialise, Belgium). Further 

manual manipulation was required to remove the minor arteries and scan artifacts using 

surface repair tools allowing for the deletion and creation of surface cells that more 

accurately represent the lumen wall (Doyle et al., 2008). The locations of the entry and exit 

tears between the true and false lumen were identified on the original CT image and this 

was used as a reference point to ensure that all were incorporated into the final geometry. 
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The geometry was smoothed using a Laplacian method to remove any sharp edges in the 

surface and represent the lumen wall as accurately as possible. 

 

CFD Mesh 

A greater number of cells are required in regions of steep velocity gradient to accurately 

compute the flow. Aortic dissection cases are likely to be the most complex geometries 

analysed in arterial CFD as the internal structures create very steep velocity gradients 

throughout the model. The meshing protocol used for this simulation was designed for an 

efficient allocation of cells within the fluid domain and performed using the angle-based 

selection of surface cells and reduced cell size remeshing, using the surface-preparation 

and meshing tools available in STAR-CCM+. The nature of this process allows it to be 

automated and executed remotely. 

Polyhedral cells were used for the majority of the fluid domain for their superior 

accuracy and efficiency (Spiegel et al., 2011). The prism-layer mesher was used to create 

a high number of anisotropic cells in close proximity to the non-slip luminal wall to 

accurately capture boundary-layer. The prism layer thickness, t, was sufficiently large as it 

followed the boundary-layer width expected for Hagen-Poiseiulle flow. The relationship is 

dependent on the local vessel radius, R as has been adopted in similar CFD investigations 

(Kelsey et al., 2016b, Kelsey et al., 2016a). 

 

 

 

A stretching parameter, S is also specified to allocate a decreasing number of cells as we 

move away from the arterial wall, towards the centre of the artery where the velocity 

gradient eases. The same process has been adopted in similar CFD investigations where S 

is dependent on the total number of prism layers, n (Kelsey et al., 2016b, Kelsey et al., 

2016a). 

 

 

 

To further ensure that the flow dividers and tight bends in the geometry received 

preferential allocation of cells in the meshing process, careful attention was given to the 
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surface mesh prior to generating a volume mesh. The surface mesh forms the basis of the 

volume mesh and so by reducing cell sizes around particular features, refinement of the 

volume mesh would follow. The process started with re-meshing the entire surface to faces 

with an edge length of 8×10-4 mm. A selection was then made of the cells at the surface 

attached by an angle no greater than 12 degrees to an arbitrary flat section. This selection 

was then inverted to leave only cells in the surface that were beyond a 12 degree incline 

from the rest of the geometry, these being the areas at the leading edge of bifurcations and 

at tight bends such as branching points. This subset of cells was then expanded to include 

all bordering cells and the edge length of these cells was reduced to 2×10-4 mm (Figure 

3.2). The interface between the two regions of different surface size was then blended, and 

the refined region conservatively smoothed while maintaining all geometric features. 

 

 
Figure 3.2. The mesh refinement region with the remeshed surface cells shown in pink 

(left), volume mesh refinement region with the refined volume cells shown in pink 

(middle) and a cross-section of the volume mesh after refinement (right). 
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A steady state simulation was run on this mesh at typical systole conditions, with an inlet 

mass flow rate of 0.3 kg/s and an equal flow-split boundary applied to the nine outlets. This 

was performed to identify regions of steep (spatial) velocity gradient in the core polyhedral 

mesh that would benefit from increased refinement. The mesh was iteratively refined by 

reducing cell sizes until the change in velocity across each polyhedral-cell in the mesh was 

similar. The final mesh contained 6M cells. 

 

Physical Assumptions and Boundary Conditions 

A laminar flow model was used as has been the case for similar investigations (Kelsey et 

al., 2016b). Blood was modelled as an incompressible fluid with a density of 1050 kg/mᶟ 

and a Carreau-Yasuda non-Newtonian approximation for viscosity. A non-slip, rigid wall 

boundary was applied (Boyd et al., 2016, Les et al., 2010, Poelma et al., 2015, Wolters et 

al., 2005, Doyle et al., 2014). We explicitly coupled the 3D CFD simulation with a 3-

element Windkessel model at each outlet boundary to estimate the resistance and 

compliance of the downstream vascular beds. This improves the estimation of pressure 

throughout the domain and allows the pressure waveform at the aortic inlet to comply with 

the patient’s systolic and diastolic pressures. The Windkessel parameters were calibrated 

according to previous methodology (Les et al., 2010, Laskey et al., 1990, Spiegel et al., 

2011), whereby the resistance (target flow) and compliance are proportional to outlet vessel 

cross-sectional area. The physical time-step was fixed to 1ms, where a maximum of 15 

inner iterations per-time-step was sufficient to maintain root-mean-square absolute 

momentum and continuity residuals below 10-10. 
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Figure 3.3. The mass flows recorded at each boundary throughout the cardiac cycle. 

 

One-way Lagrangian Particle Modelling 

A one-way Lagrangian method was used to model the trajectories of platelets and was 

based on the same process we have used in a previous study (Kelsey et al., 2016b). This 

method has been validated against the experimental data from Pui et al. (Pui, 1987). We 

created an injection plane of 1,323 points normally aligned with the direction of flow, ~3cm 

into the geometry past the inlet. The location of this plane allows injection of the platelets 

well before the regions of interest in the true and false lumen. The particles injected were 

modelled as spherical, a common assumption in the large arteries (Hardman, AlMomani et 

al., 2008, Longest et al., 2004), with a diameter of 2μm and a density of 1040 kg/mᶟ. These 

material properties for platelets have been used for similar investigations in abdominal 

aortic aneurysms (Basciano et al., 2011). The particles were injected through the plane at 

randomly distributed points with the inclusion probability set proportional to the mass flow 

rate. This methodology has previously been applied to studies of platelet movement in 

common iliac aneurysms, where the local sub-stepping of particles within each physical 
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time-step is bounded by minimum and maximum Courant numbers, set to 0.05 and 0.35, 

respectively (Kelsey et al., 2016b). The forces on each particle consisted of the pressure 

gradient force, , and the drag forces  and .  being the empirically derived Schiller-

Naumann drag force coefficient, as used in previous studies (Kelsey et al., 2016b, Basciano 

et al., 2011). 

 

(3) 

 

 

(4) 

 

 

(5) 

 

where, 

Re = Reynolds Number,ρ = fluid density,  = particle slip velocity, Ap = projected particle 

area, Vp = particle volume,  = gradient of static pressure. 

 

The particles were injected for 11 seconds, just over 16 cardiac cycles at 88 BPM. It was 

important to simulate as many cycles as feasible to allow the particles to travel distally 

throughout the domain and have an even distribution. The total number of injected particles 

was 1.5M. Even with such a low ejection fraction the number of particles simulated is 

orders of magnitude less than would be expected in vivo, they do however provide a 

representative sample of particles in the system and allow us to observe regions where 

particles become trapped for a long period of time and are at increased risk of deposition 

(Basciano et al., 2011). The particle age was recorded for each particle in this study to 

determine where platelets preferentially reside in the true and false lumen. The particle age 

of the platelets in the entire domain was converted to a domain residence time (DRT) for 

each computation cell in the mesh. This is calculated as the average particle age at each 

cell, where cells without particles have this value determined using an inverse distance 

weight of values at neighbouring cells. The simulation was run until there was an adequate 

distribution of cells in all parts of the domain to ensure accurate DRT values. Additionally, 

the domain has been divided into eight regions and the average DRT provided (from near-
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wall cells). Note that, the most distal particles have a greater age by nature of being further 

from the injection plane, therefore the comparison of the average DRT in true and false 

lumen segments are equidistant from the aortic root will allow comparisons to be made 

regarding local particle residence and entrapment. 

 

Simulation Details 

We ran our simulations on the MAGNUS supercomputer at the Pawsey Supercomputing 

Centre (Perth, Australia). This system consists of 2,976, 12-core Intel Xeon E5-2690V3 

Haswell processors giving a total of 35,712 cores and over a PetaFLOP of computing 

power. Our simulation was run on 512 cores for 15 hours, providing 21 seconds of physical 

time or just over 30 cardiac cycles for this particular case. User-defined field functions were 

created for time-averaged wall shear stress (TAWSS) and oscillatory shear index (OSI) 

which were calculated based on the final three cardiac cycles as well as low and oscillatory 

shear (LOS), the ratio: OSI/TAWSS, which has been used as an indicator of thrombogenic 

susceptibility in the aorta (Di Achille et al., 2014). 
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RESULTS AND DISCUSSION 

Particle Residence and Transport 

The geometry features two distinct saccular regions in the aortic arch (indicated by A and 

B on Figure 3.4). These regions were observed to trap particles around their exterior. 

Particles that made it into these regions in the first cycle were still present after 11 seconds 

or 16 cardiac cycles. Interestingly, there was a large number of these particle from the first 

cardiac cycle within the true lumen of the descending thoracic aorta (C on Figure 3.4). In 

what is a relatively straight section of the aorta we would expect to see laminar flow 

conditions that flush these particles out within the proceeding cardiac cycles. This points 

to recirculation zones caused by the complex tear geometries. This stagnation of the true 

lumen in this region is unique in that in cases of dissection it is usually assumed that 

stagnation will occur in the false lumen as by its nature the blood must enter through a tear 

and it is often constrained by a small re-entry tear. In this case it appears that the geometry 

of the first major entry tear and its location just beyond the left subclavian artery means 

that the false lumen receives the majority of the mass flow. In this geometry it would be 

likely that if a thrombus development model was applied we would see the development of 

thrombus in the true lumen, at least in the descending thoracic segment, this information 

would present a unique issue for clinicians. A fully thrombosed false lumen is believed to 

represent a stable case of the disease as we no longer have blood entering the false lumen 

and progressing the disease. If, as in this case we have branching arteries attached to the 

false lumen, full thrombosis is no longer desirable due to the likelihood of renal ischemia.  
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Figure 3.4. The particle age shown at each particle (top), the DRT mapped to the surface 

(bottom). 
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Figure 3.5. The DRT shown for each cell on a series of internal plane sections.  

 

Haemodynamic Surface Conditions 

TAWSS in the aortic arch showed a strong correlation with the DRT conditions. We 

observed stagnant, low TAWSS conditions here leading to higher overall DRT. In the 

descending thoracic aorta we do not see the same relationship between shear stress and 

residence time. The TAWSS in this region is 20% higher in the true lumen when compared 

with the equivalent false lumen segment however, the false lumen shows far lower DRT 

values. The major difference between the true and false lumen in the descending thoracic 

aorta was in OSI where we observed a 30% increase suggesting that the high DRT values 

are resulting from recirculation zones in the flow. High TAWSS conditions may be retained 

in recirculating zones as the blood is still exerting shear at the wall, however the direction 

of this shear if fluctuating contributing to elevated OSI. 
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Figure 3.6. Contour plots showing surface values for TAWSS (top left), OSI (top right) 

and LOS (bottom left). The bottom right shows the surface segments used for the analysis 

of surface average DRT, TAWSS, OSI and LOS. 

 

The source of this high OSI is likely to be the series of tears between the true and false 

lumen in this region (see Figure 3.6) and this confirms the theory that tear geometry is 

critical to the consideration of thrombus development in dissection and its subsequent 

management. This observation contributes to the argument that patient-specific CFD has 

great potential in dissection cases where inspection of CT imaging alone is insufficient to 

determine whether a case is likely to be stable over a period of time. As the entry tear 

separates the existing aortic wall, the false lumen wall is thinner than in the true lumen and 

so likely compromised in strength. The observation that majority of the flow is entering the 

false lumen as it exits the aortic arch could be critical to management in this particular case 

as the thinner wall will be at increased risk of rupture under a greater load. The sharp change 
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in direction in flow exiting the arch is likely to cause impingement of the flow on the false 

lumen wall and increased false lumen pressure further increasing the prospect of rupture. 

 

Table 3.1. Surface average values for the segments of the aorta shown in Figure 3.6. 

Region DRT (s) TAWSS (Pa) OSI LOS 

Aortic arch FL 7.53 0.265 0.125 2.372 

Aortic arch TL 2.87 0.756 0.265 0.447 

Upper thoracic aorta FL 7.86 0.286 0.295 1.297 

Upper thoracic aorta TL 8.63 0.343 0.383 1.428 

Lower thoracic FL 10.04 0.355 0.372 1.149 

Lower thoracic TL 9.91 0.375 0.352 1.029 

Abdominal FL 9.95 0.666 0.285 0.486 

Abdominal TL 10.13 0.599 0.386 0.728 

 

Platelet Wall Collisions 

When platelets made contact with the vessel wall, they were fixed in space, and while this 

is not a realistic model for wall adhesion we believe that these areas of collision are valuable 

to visualise and understand. These conditions of flow impingement make platelet, and other 

larger blood cell, contact with the lumen most likely. We observed adhesion in the upstream 

facing flow dividers. The complex flow patterns occurring around the brachiocephalic, left 

common carotid and left subclavian artery branches show a large number of collisions also. 
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Figure 3.7. Particles that have adhered to the wall indicated in red as well as the first four 

entry/re-entry tears (T1-T4). 

 

Applicability of Supercomputing to PSM 

A major barrier to the inclusion of computationally intensive modelling in the clinical 

setting is the associated turnaround time from scan to results. The advent of high-

performance computing clusters (HPC), such as MAGNUS, represent a potential solution. 

A simulation such as that considered in this study would not be viable on a standard 

workstation within a reasonable clinical timeframe. Automated mesh refinement based on 

the results of a steady-state pre-simulation is also clinically applicable, removing the need 

for user input to increase the accuracy of the mesh. The application of a highly scalable 

model for aortic dissection could make the simulation of large, statistically significant 

cohorts of patients viable with the potential to effectively define the relationship between 

haemodynamic conditions, thrombosis and prognosis. 

To further quantify the applicability of HPC in simulation processing we have 

examined the scalability of the simulation to better understand the relationship between the 

cores allocated to the simulation and the resulting turnaround time. The time spent 

computing successive iterations decreased linearly as the number of CPUs used increased 

(analysed at: 256, 512, 1024, 2096 and 4096 CPU cores). Without the progressive injection 

of platelets, the simulation of a cardiac cycle on a 6M cell mesh takes one minute using 

4096 CPU cores.  
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CONCLUSION 

This study presents a single case of TBAD analysed with the injection of 1.5M platelets. 

Though only a single case was simulated, it represents a relatively complex geometry and 

these methods are very transferrable to any other dissection case. We observed elevated 

residence times of these particles in regions of both stagnant (low TAWSS) and 

recirculating flow (high OSI) in separate regions, emphasising the need to consider both 

TAWSS and OSI in thrombus susceptibility predictions for dissection as the relationship 

may not be as solely dependent on low TAWSS conditions as previously thought. Tear 

geometry was seen to have a dominating effect on true lumen haemodynamics. The 

complex flow pattern emerging from these features support the need for CFD as a 

supplement to CT imaging when assessing prevailing flow conditions and prognosis for 

TBAD patients. The application of HPC in this study has demonstrated how 

computationally expensive patient-specific CFD simulations can now be carried out on a 

clinical timescale. 
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ABSTRACT 

Objectives In this study, we aim to analyse the haemodynamics of the largest group of 

TBAD cases to date using computational fluid dynamics (CFD) and determine which 

haemodynamic indices might have benefit in the prediction of complications. 

Methods Fifteen cases of acute type B aortic dissection (TBAD) were reconstructed into 

3D and analysed with CFD. Nine of these experienced complications during follow-up 

though the computational analyst was kept blind to this until after haemodynamic 

assessment. Surface-averages were calculated for haemodynamic indices including: time-

averaged wall shear stress (TAWSS), oscillatory shear index (OSI), low and oscillatory 

shear (LOS) and pressure. These were recorded for the true and false lumen. We applied 

the Stanford Aortic Dissection Risk Score Calculator (a score based on CT features) in 

order to compare the predictive value of haemodynamic measures with radiological ones. 

Results Cases which progressed to complication had larger diameter (48.9 versus 41.1 mm, 

p=0.21, lower true lumen TAWSS (1.29 versus 2.26 Pa, p=0.07), higher false lumen OSI 

(0.25 versus 0.19, p=0.04) and LOS (0.69 versus 0.18 Pa¯¹, p=0.22). These results suggest 

that theories regarding expansion and rupture developed for abdominal aortic aneurysms 

likely hold true for TBAD, though this needs to be assessed in larger cohorts. Ranking cases 

by Stanford risk, true lumen TAWSS, false lumen OSI and false lumen LOS yielded 

AUROCs of 0.63, 0.78, 0.77 and 0.69 respectively. This suggests that patient-specific 

haemodynamics may outperform radiological features in risk prediction. 

Conclusions Our preliminary data are encouraging for the theory that low TAWSS and 

high OSI predict complications in TBAD. Compared to traditional imaging features, there 

appears to be added benefit for patients in computational analysis of haemodynamics. 
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INTRODUCTION 

The optimal treatment for acute uncomplicated type B aortic dissection (TBAD) is still 

unclear (Munshi et al., 2019, Scott and Bicknell, 2016, Nauta et al., 2016). The morphology 

of the disease is highly patient-specific, making the prediction of complications difficult 

and the choice between best medical therapy alone and endovascular or surgical 

intervention problematic. The categorisation of what constitutes acute and chronic TBAD 

is itself debatable. Chronic aortic dissection was traditionally defined as the period up to 

14 days from the first onset of symptoms however, this fails to acknowledge the significant 

morphological and structural changes that occur during this period and is based on now 

outdated survival data (Hirst et al., 1958). For these reasons the International Registry for 

Acute Aortic Dissection (IRAD) investigators proposed a new classification (Booher et al., 

2013) where the hyperacute phase marks the first 24 hours, 2-7 days is acute, 8-30 days is 

subacute and >30 days is considered chronic.  

In recent years, there has been much research into the identification of potential risk 

factors for complication in TBAD. The degree of false lumen thrombosis (Tsai et al., 2007, 

Sakalihasan et al., 2015), thoracic aorta diameter (Reutersberg et al., 2018) and focal uptake 

of 18F-FDG PET in the aorta (Sakalihasan et al., 2015) have shown potential. Additionally, 

a range of morphological factors such as entry tear size (Tsai et al., 2008, Evangelista et 

al., 2014), tear location (Tsai et al., 2008, Dake et al., 2013), number of tears (Tolenaar et 

al., 2013b) as well as descending aorta morphology (Tolenaar et al., 2013a) and dissection 

extent (Dake et al., 2013) have all been proposed. 

Haemodynamic factors, which have been extensively studied in abdominal aortic 

aneurysm (AAA), have not yet been applied to a significant cohort of TBAD cases. These 

measures may have potential in the understanding of the pathogenesis of aortic dissection 

and its complications. Low shear stress conditions are believed to lead to a degradation in 

the arterial wall (Dewey et al., 1981), the development of intraluminal thrombus (ILT) 

(Boyd et al., 2016, Doyle et al., 2014) and create the necessary conditions for the 

progression of aneurysmal disease (Sho et al., 2004a, Sho et al., 2004b). Menichini et al 

have observed good correlation between low shear and thrombus deposition for TBAD 

(Menichini et al., 2016). Also, high oscillatory shear index (OSI), which is a measure of 

the deviation of the wall shear vector from its predominant direction (aligned axially) 

during the cardiac cycle (Ku et al., 1985), compounds the effects of low shear (Ku et al., 

1989, Conway et al., 2010). Low and oscillatory shear (LOS) (Parker et al., 2019, Di 
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Achille et al., 2014) is the ratio: OSI/wall shear stress (WSS, averaged over the cardiac 

cycle) and provides a useful summary of these two effects. Finally, when a CFD model is 

set up correctly, pressure data is also available from the simulation. Tse et al observed high 

false lumen pressure and dilation of the region, albeit in for a single case study (Tse et al., 

2011). 

Our hypothesis is that haemodynamic quantities obtainable with computational 

fluid dynamics (CFD), such as low TAWSS and high OSI, which predict complication in 

AAA, will apply to TBAD, and that a positively pressurised false lumen will also be 

predictive of complications. We aimed to pilot methodology and explore this hypothesis in 

a small group of TBAD patients. 
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MATERIALS AND METHODS 

This study included patients that presented with TBAD to the University Hospital of Liège, 

Belgium, over a 4 year period (2009-12). All patients presenting to the centre during this 

period were given the opportunity to participate in a wider study into TBAD, of which 70 

agreed. A random selection of 16 cases were provided to the computational analyst (L.P.P.) 

who was blind to the outcome. The study was approved by the ethics committees at the 

University of Liège and University of Western Australia. Complications were defined as: 

(i) a rapid increase in aortic diameter (≥10 mm/y), (ii) aneurysmal dilation (≥50% of the 

normal aortic diameter, measured proximal to the dilated portion), (iii) refractory 

hypertension, (iv) persistent pain, (v) extra-aortic bleeding and (iv) visceral ischaemia. 

Computed tomography angiography (CTA) data was obtained at initial presentation, in the 

arterial phase, with slice thickness ranging from 1-3mm. Imaging covered the thoracic aorta 

in all cases, and in some included the abdominal aorta. One case was excluded due to 

significant motion artefacts from the septum and poor contrast. Cases were followed until 

complication, or for at least 12 months for cases without complication. De-identified CTAs, 

at rest heart rates and blood pressures at the time of imaging was supplied to the 

computational analyst.  

 

Computational Fluid Dynamics 

A 3D reconstruction of each case was created in the medical image segmentation software, 

Mimics (Materialise, Leuven) from CTA (Figure 4.1A). These reconstructions where 

imported into STAR CCM+ (Siemens, Munich) where a computational mesh was 

generated. These computational meshes followed methods published previously (Parker et 

al., 2017) and were tested for numerical accuracy (Supplemental Material, Table S4.1). A 

generalised aortic waveform was applied at the inlet to the model (Kim et al., 2009) and 

patient-specific heart rates were used to scale aortic flow so that the volumetric flow per 

cardiac cycle was equal across all cases. Windkessel models were applied to mimic the 

effect of the distal arterial bed at all outlets and patient-specific systolic and diastolic blood 

pressure measurements were used to calculate the pressure waveforms. The renal arteries 

were assigned unique Windkessel parameters to account for the lack of retrograde flow 

observed (Les et al., 2010). Blood was modelled as a non-Newtonian fluid using a Carreau-

Yasuda rheological model (Robertson et al., 2009). Simulations were run for at least ten 
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cardiac cycles on 512 cores at the Pawsey Supercomputing Centre (Perth, Australia) with 

haemodynamic results averaged over the final three cycles. 

 

Figure 4.1. A. A sagittal CT slice showing the segmentation of the dissection in red. B. A 

3D reconstruction of the lumen and ILT with maximum diameter measurement. C. The 

computational mesh produced from the 3D reconstruction as well as the inlet mass profile 

applied. D. A surface plot of LOS as well as a reconstruction of the true and false lumen 

surfaces used to calculate averages for LOS and FPI. 
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Patient Specific Measurements 

When present, we reconstructed the ILT in the false lumen, quantified the volume and 

compared it with the total volume of the false lumen to give the False Lumen Thrombosis 

Ratio (FLTR). Maximum diameter measurements were made perpendicular to the arterial 

centreline and were inclusive of the true lumen, false lumen and any ILT (Figure 4.1B). 

These measurements were made in only the dissected portion of the aorta distal to the left 

subclavian artery, consistent with the Stanford classification of TBAD. LOS measurements 

were calculated as a surface average of the entire false lumen, true lumen and the combined 

true and false lumen. In cases where the dissection continued distally past the aortic 

bifurcation, the surface average did not extend past this point. Pressure was measured as 

surface averages on the same false lumen surfaces as LOS, at systole, in the final cardiac 

cycle. A calculation of systolic False lumen Pressure Index (FPI) was made to quantify 

pressure in the false lumen: FPI% = 100% × False Lumen Pressure/ True Lumen Pressure. 

Previously this has been measured ex vivo with pressure transducers placed in the true and 

false lumen (Tsai et al., 2008). Computational modelling enables the estimation of surface 

average pressure over the entire lumen surface instead of a single internal point. 

 

Comparison with the Stanford Score 

Haemodynamic indices were then compared to the Stanford Aortic Dissection Risk 

Calculator (Sailer et al., 2017) which is an openly available online tool 

(web.stanford.edu/group/3dq/cgi-bin/typeb-aortic-dissection-and-risk-calculator/) based 

on CT imaging features. This tool, based on data from 83 patients, predicts the one, two 

and five year risk of adverse events, defined as: aortic rupture; development of a thoracic 

aortic aneurysm (maximum diameter ≥60mm); rapid aortic growth (≥10mm/y); and new 

refractory pain or hypertension, unresponsive to medication. The factors considered in the 

tool are: if the patient has Marfan syndrome; maximum aortic diameter in the dissected 

aorta; circumference of the false lumen (as an angle); number of identifiable intercostal 

arteries; and whether the left subclavian, celiac, superior mesenteric, renal, inferior 

mesenteric and common iliac arteries are supplied by the true lumen, false lumen or neither.  

 

Statistical Analysis 

A Shapiro-Wilk test was applied to determine if variables were normally distributed. All 

data was parametric and so the student’s t-test was applied. Comparisons between true and 
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false lumen haemodynamics were made using a paired t-test. A Receiver Operating 

Characteristic (ROC) curve was created to determine the sensitivity and specificity of the 

Stanford score and key haemodynamic metrics. Their respective performance was 

compared using area under the ROC curves (AUROC). Data is presented as mean (SD) 

unless otherwise stated. P-value <0.05 was considered significant. 
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RESULTS 

Cohort Characteristics 

The cohort characteristics are presented in Table 4.1. The cohort was predominantly male 

(67%), mean age was 60.7(10.4) years and 9/15 cases progressed to complication (mean 

period 34.7 ± 25.8 months). All complicated cases were subsequently treated with thoracic 

endovascular aortic repair (TEVAR). The mean period of follow up for cases without 

complication was 51.2 ± 38.1 months.  

 

Table 4.1. The demographics, Stanford risk prediction and clinical outcomes of the fifteen 

TBAD cases analysed 

 

Note: *Patient had Marfan syndrome. 

†For these cases a Stanford score had to be approximated from the average of the ‘best’ 

and ‘worst’ case scenarios due to limited imaging domain. These calculations are given in 

the Supplemental Material (Table S4.2). 

‡Heart rate data was missing for this case and so 80 BPM was assumed. 

Case Sex 
Age 

(y) 

Heart 

rate 

(bpm) 

Blood 

Pressure 

(mmHg) 

Stanford 

Risk  

(at 1 yr) 

Type of Complication 

Follow 

Up 

(months) 

 

1* F 38 88 130/70 19.8 Progression of diameter 37  

2 M 51 57 140/70 25.6 Progression of diameter 12  

3 M 65 60 130/75 12.3 Extra-aortic bleeding 14  

4 M 72 69 145/85 22.9 Progression of diameter 84  

5 F 64 72 130/70 13.4 No complication 84  

6 M 53 72 90/60 4.9 No complication 120  

7 F 45 70 140/70 1.4† Progression of diameter 60  

8 F 75 65 162/72 16.5† Progression of diameter 12  

9 M 57 80‡ 145/70 99.7 No complication 12  

10 M 63 60 110/50 24.3 Progression of diameter <1  

11 M 78 55 110/50 8.1 Progression of diameter <1  

12 M 61 73 150/68 6.2 No complication 36  

13 M 63 82 124/57 13.1 No complication 28  

14 M 65 61 145/70 14.5† No complication 27  

15 F 60 83 120/80 15.9 Persistent back pain 24  
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TAWSS in the true lumen was significantly higher than in the false lumen (1.84 versus 1.16 

Pa, p=0.02). OSI was marginally higher in the false lumen (0.23 versus 0.21, p=0.43) and 

the combined LOS metric was significantly higher in the false lumen (0.49 versus 0.24 

Pa¯¹, p=0.04). Mean pressure in the true lumen was approximately equal to the false lumen 

(16,035 versus 16,071 Pa, p=0.94). 

After classification on the basis of clinical outcome (complicated or 

uncomplicated), the measured and calculated characteristics are presented in Table 4.2. 

Mean maximum diameter for complicated cases was higher than uncomplicated ones, 

though not significant (48.9 versus 41.1 mm, p=0.21). Partial thrombosis of the false lumen 

was observed in eight cases, of which five became complicated. Overall, mean FLTR in 

complicated cases was marginally higher in uncomplicated cases (46 versus 39%, p=0.73).   

For TAWSS, true lumen conditions were the most predictive of complication. True 

lumen TAWSS was lower in cases which experienced complication compared to 

uncomplicated cases (1.29 versus 2.26 Pa, p=0.07), though variance in both groups was 

high. The false lumen conditions followed the same relationship though the relationship 

was not as strong. False lumen OSI was the strongest predictor of complication of any 

morphological or haemodynamic metric considered, being much higher in the false lumen 

of complicated cases (0.25 versus 0.19, p=0.05). False lumen and true lumen LOS was 

higher in complicated cases, with false lumen conditions being the most predictive (0.69 

versus 0.18 Pa¯¹, p=0.22). Higher pressures were observed in both the true and false lumen 

for uncomplicated cases, though high variance was observed.  
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Table 4.2. The physical and haemodynamic characteristics of the complicated and 

uncomplicated groups. 

 

Complicated 

n = 9 

Uncomplicated 

n = 6 p  

Maximum diameter (mm) 48.9 (11.0) 41.1 (9.2) 0.207 

FLTR (%) 38.7 (32.8) 45.8 (38.6) 0.727 

TAWSS (Pa):    

True Lumen 1.29 (0.80) 2.26 (0.99) 0.073 

False Lumen 1.00 (0.61) 1.43 (0.62) 0.284 

Combined 1.14 (0.66) 1.83 (0.66) 0.088 

OSI:    

True Lumen 0.21 (0.05) 0.21 (0.10) 0.845 

False Lumen 0.25 (0.04) 0.19 (0.05) 0.042 

Combined 0.23 (0.04) 0.19 (0.04) 0.076 

LOS (Pa¯¹):    

True Lumen 0.34 (0.35) 0.17 (0.20) 0.332 

False Lumen 0.69 (0.79) 0.18 (0.11) 0.215 

Combined 0.45 (0.51) 0.17 (0.20) 0.261 

Pressure (Pa):    

True Lumen 15,548 (6,038) 17,803 (2,252) 0.430 

False Lumen 15,227 (6,484) 17,421 (1,816) 0.511 

Combined 15,503 (6,074) 17,866 (2,064) 0.408 

 

 

Comparison with the Stanford Score 

The one-year risk of an adverse event ranged from 1.4% to 99.7% with a median (IQR) of 

14.5(11.1)%. The two and five year median risks were 24.7(18.1)% and 45.2(27.7)% 

respectively. The sensitivity and specificity is plotted for the Stanford score (1 year) in 

Figure 4.2. The performance of the two year prediction was identical to the one year results 

whilst the five year ROC curve was slightly worse (AUROC = 0.57 versus 0.63). The most 

predictive haemodynamic metrics: true lumen TAWSS, false lumen OSI and false lumen 

LOS were also used to stratify risk in the cohort, resulting in higher AUROC values of 
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0.78, 0.77 and 0.69. After ranking the cohort according to these indices the sensitivity and 

specificity of each was calculated and is shown on Figure 2. 

 
Figure 4.2. ROC curves showing the sensitivity (true positive rate) and specificity (false 

positive rate) for predicting complication using the one year Stanford score, true lumen 

TAWSS, false lumen OSI, false lumen LOS and maximum diameter. The area under the 

ROC curve (AUROC) for these were 0.63, 0.78, 0.77, 0.69 and 0.73 respectively. 

 

Using the Stanford score, a risk of complication in the first year >14.5% provided the 

highest true positive rate (TPR) (0.67) for the lowest false positive (FPR) (0.17). This 

equates to 10/15 correct classifications. Taking the best performing haemodynamic metric, 
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true lumen TAWSS, using <1.85 Pa as an indicator of risk (the optimal threshold) would 

have resulted in 12/15 correct classifications (TPR=0.78, FPR=0.17). 
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DISCUSSION 

Previously, studies into the haemodynamics of TBAD (Alimohammadi et al., 2015, Cheng 

et al., 2010, Karmonik et al., 2012, Tse et al., 2011, Wan Ab Naim et al., 2013) have 

focussed on single cases which limits the ability to elucidate novel relationships between 

haemodynamics and complication event. Here, we present data from 15 TBAD cases, 

offering a more robust assessment of haemodynamics, and how they might relate to 

complication status. Our data shows that haemodynamic metrics obtainable through CFD 

have the potential to improve on existing image-based tools in the prediction of 

complication.  

A consistent theory of how false lumen flow differs from the true lumen has not yet 

been proposed. Karmonik et al observed lower shear stress in the false lumen compared to 

the true (Karmonik et al., 2011), which was then contradicted by Tse et al, who observed 

the opposite (Tse et al., 2011). The results from this study show that TAWSS conditions 

are generally lower in the false lumen than in the true lumen. A number of studies have 

reported high OSI in the false lumen (Alimohammadi et al., 2015, Cheng et al., 2010, 

Cheng et al., 2014) and this is confirmed by our results. Taken together, our data suggest a 

unique haemodynamic environment in the false lumen consisting of more stagnant, 

oscillating flow. 

 

Haemodynamics of Complication 

Wall Shear Stress 

Cases that experienced complications were observed to have lower true and false lumen 

TAWSS, though this was not statistically significant. Interestingly, the relationship was 

stronger in the true lumen than in the false lumen (p=0.07 versus p=0.28). This raises the 

question: are low shear conditions simultaneously created in the true lumen upon dissection 

as flow can now also enter the false lumen? Does this increase the risk of expansion of the 

true lumen and therefore increase the risk of complication? A true lumen TAWSS <1.85 

Pa was the optimal threshold for predicting complication though such a cut-off, if used 

clinically, would need to be based on a much larger cohort. 

Whilst low shear stress is believed to lead to the expansion of AAAs, so too is 

abnormally high shear stress (Meng et al., 2014). In TBAD, Shang et al provided support 

for this, observing higher overall TAWSS in cases with high aortic growth rate (Shang et 

al., 2015). The results from our work contradict the high shear stress theory as complicated 
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cases experienced lower TAWSS in both the true and false lumens. The model applied by 

Shang et al however used zero pressure outlets which may result in an unrealistic 

distribution of flow (Shang et al., 2015). Much of the evidence for the high shear stress 

theory of aneurysm development comes from intracranial aneurysms. The average shear 

conditions observed in this disease type (Castro et al., 2009) far exceeds what is commonly 

observed in the false lumen of TBAD (22.2 versus 1.2 Pa). Therefore, it is unlikely that 

high shear stress leads to complication in TBAD. 

 

Oscillatory Shear Index 

High OSI in the false lumen appears to correlate with TBAD complication. Whilst true 

lumen OSI was identical for complicated and uncomplicated cases, false lumen OSI was 

significantly higher in cases that progressed to complication. Interestingly, false lumen OSI 

was the most significant predictor of complication and as shown in Figure 4.2 was more 

predictive than even maximum diameter (AUROC 0.77 v 0.73). OSI is closely coupled to 

morphology in TBAD. If a case has a clear entry and exit tear, OSI will be relatively low 

in the false lumen. Conversely, if there is no distal tear or these are occluded by distal 

thrombus, OSI will be high. It is not yet clear whether OSI here is predictive of risk for the 

same physiological reasons as in AAA (disrupting endothelial alignment, increasing inter-

cellular space and encouraging monocyte adhesion) or whether it is capturing unique 

geometric differences between TBAD cases. 

 

Low and Oscillatory Shear 

The LOS ratio identifies areas of the aortic wall experiencing low shear and high oscillation 

in the flow. These conditions are associated with both the development of thrombus and 

the progressive dilation of aortic aneurysms in both animal and human studies (Doyle et 

al., 2014, Sho et al., 2004a, Sho et al., 2004b, Boyd et al., 2016, Parker et al., 2019). LOS 

showed no significant predictive ability in this study, though was higher in both the true 

and false lumen of complicated cases. High variances in LOS require this metric to be tested 

in a larger cohort. 

 

Pressure 

A number of CFD studies report true and false lumen pressures (Zhang et al., 2014, 

Alimohammadi et al., 2015, Cheng et al., 2010, Tse et al., 2011). Single case studies have 
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reported higher true lumen pressures (Alimohammadi et al., 2015, Cheng et al., 2010) 

whilst others note a higher false lumen pressure (Tse et al., 2011). The results from this 

study show similarly mixed findings and suggest that these pressure imbalances are highly 

patient-specific. Though relatively large pressure imbalances were observed between the 

true and the false lumen, average true lumen pressure was nearly exactly equal to false 

lumen pressure.  

Tsai et al. conducted ex vivo experiments to show that a lack of distal tears increases 

false lumen pressure which may encourage false lumen expansion and rupture (Tsai et al., 

2008). Although intuitive, our data shows no evidence to suggest that high false lumen 

pressure correlates with complication. In fact the pressure was slightly higher for 

uncomplicated cases (p=0.57).  

 

Thrombosis and Risk of Complication 

False lumen patency is one of the most commonly quoted predictors of complication for 

TBAD. Tsai et al. showed a 2.7 fold increased risk of death in cases with partial thrombosis 

of the false lumen when compared to cases with a fully patent false lumen (Tsai et al., 

2007), where partial thrombosis was defined as the ‘concurrent presences of both flow and 

thrombus in the false lumen’. This observation has been confirmed more recently 

(Reutersberg et al., 2018). However, partial thrombosis lacks any quantitative description. 

Eight cases in our cohort had partial thrombosis that varied significantly (29–79%) and 

outcomes were mixed (5/8 cases became complicated). Better outcomes were expected for 

the five cases with a fully patent false lumen however results were similarly inconsistent 

with 3/5 cases progressing to complication, each through a continuing dilation of the 

dissected aorta. Overall, we found thrombosis of the false lumen to be a weak predictor of 

adverse outcomes in this group.  

 

Diameter and Risk of Complication 

Maximum diameter in the dissected aorta is considered a strong predictor of complication 

for TBAD (Reutersberg et al., 2018, Sakalihasan et al., 2015). In particular, an aortic 

diameter ≥40 mm in the acute phase appears to predict aortic growth (van Bogerijen et al., 

2014, Marui et al., 2007, Onitsuka et al., 2004, Winnerkvist et al., 2006). In our patients, 

1/4 cases with an aortic diameter <40 mm experienced aortic growth compared with 5/11 

with diameters ≥40 mm (an additional 2/11 had other complications). As shown in Figure 

2, maximum diameter (AUROC=0.73) outperforms both the Stanford score (0.63) and false 
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lumen LOS (0.69). These data, albeit from a small cohort, support maximum diameter ≥40 

mm as a predictor of progressive aortic enlargement. 

 

Comparison with the Stanford Score 

Haemodynamic indices must outperform traditional radiological risk predictors if they are 

to be clinically useful. The added time, expertise and computational resources required 

must be justified by tangible benefits to patient outcomes. We have implemented a publicly 

available risk prediction tool (Sailer et al., 2017) based on a number of imaging features to 

this cohort to determine the relative performance of haemodynamic metrics. Ranking cases 

by the Stanford aortic dissection risk score yields an AUROC of 0.63 whilst true lumen 

TAWSS, false lumen OSI and false lumen LOS give AUROCs of 0.78, 0.77 and 0.69, 

respectively. This suggest that consideration of individual haemodynamic metrics has the 

potential to predict complication with greater accuracy than a comprehensive model based 

on imaging alone. These findings demonstrate a clinical benefit to computational analysis 

of TBAD haemodynamics. 
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LIMITATIONS 

This was a retrospective study utilising routine imaging and thus patient-specific blood 

flow measurements in the aorta were unattainable. The small non-consecutive sample size 

from a single centre limited the power of the study. The current workflow is time-

consuming (~6 hours/case) and requires accurate 3D reconstruction followed by 

sophisticated computational modelling. Although we have streamlined and automated 

several key aspects of the simulation process (e.g. automated meshing with quality controls, 

assignment of boundary conditions and model setup, and extraction of simulation data), 

there is still a clear bottleneck caused by the 3D reconstruction. In some cases, dissection 

of the aorta continued past the domain imaged. In these cases, it was not possible to examine 

the extent of the dissection, which is a potentially important risk factor (Dake et al., 2013). 

The surface-average haemodynamic measurements in the true and false lumen will also be 

affected by the imaging domain. Arterial phase CT images were used for all reconstructions 

which it has been argued can lead to an overestimation of volume (Clough et al., 2011). In 

order to minimise any risk of overestimating thrombus volume, false lumen thrombosis was 

categorised into three discrete groups: full thrombosis, partial thrombosis or patent false 

lumen. 

The CT data used for reconstruction represents a single point in time, whereas the 

motion of the septum between the true and the false lumen over the cardiac cycle may have 

a significant impact on haemodynamic results. To model this however, a more complex 

Fluid Structure Interaction (FSI) model must be simulated. This is simply not practical for 

several reasons (as discussed in detail in Chapter II), such as the need for patient-specific 

material properties and wall thickness data. Furthermore, we chose to develop a model that 

could translate into the clinical setting using readily available imaging and robust 

computational methods, rather than build even more complexity and uncertainty into the 

approach. 
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CONCLUSIONS 

In this exploratory study, high false lumen OSI is predictive of complication in TBAD, 

with low true lumen TAWSS and high false lumen LOS also both showing promise. 

Previously theorised predictors of complication such as false lumen pressurisation and false 

lumen thrombosis status were poor predictors of complication in this group. Thrombosis 

status also requires a robust and quantifiable definition in order to have clinical utility. In 

particular, partial thrombosis of the false lumen was a poor predictor of adverse events and 

likely requires further refinement. Haemodynamic indices, if confirmed in larger cohorts, 

may have the potential to improve risk prediction and guide clinical decision-making. 
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SUPPLEMENTAL MATERIAL 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S4.1. The surfaces used to calculate wall shear stress values and assess mesh 

independence in Table S4.1. 
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Table S4.1. Results of the mesh independence study. 

  Surface Whole 

Mesh Cells 1 2 3 4 5 6 7 Surface 

Coarse 1,783,208 13.36 9.01 7.29 8.95 7.24 12.72 7.09 9.69 

Medium 3,489,343 13.64 9.35 7.56 9.17 7.51 12.89 7.40 9.98 

Fine 6,053,992 13.56 9.30 7.47 9.20 7.58 12.93 7.26 9.88 

 GCI (%): 0.39 0.11 1.21 0.05 0.32 0.11 9.59 1.08 

 

With the exception of surface 7 all grid convergence index (GCI) values were <2% 

indicating that values obtained from the finest mesh (6M cells) are very accurate. The GCI 

value for surface 7 was <10% and is likely due to its close proximity to the boundary, these 

results are still within a reasonable range of the theoretical exact solution. Any resulting 

inaccuracies in shear stress calculations are negligible given all observations are made 

about the false lumen and true lumen as a whole. The GCI for the lumen surface as a whole 

was highly accurate at 1.08%. 
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Table S4.2. The calculation of the average risk of an adverse event for the cases where the 

imaging domain was limited to the thoracic aorta. 

 
  Risk of Adverse Event 

Case  1 y 2 y 5 y 

7 'Best Case' Scenario 0.3 0.7 1.5 

 'Worst Case' Scenario 2.5 4.7 10.4 

 Average 1.4 2.7 5.9 

8 'Best Case' Scenario 0.8 1.6 3.5 

 'Worst Case' Scenario 32.2 52.3 81.1 

 Average 16.5 26.9 42.3 

14 'Best Case' Scenario 3.9 7.2 15.5 

 'Worst Case' Scenario 25.1 42.2 70.9 

 Average 14.5 24.7 43.2 
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Figure S4.2. The risk of an adverse event after 1, 2 and 5 years for each case as assessed 

by the Stanford Aortic Dissection Risk Calculator.  
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ABSTRACT 

Objectives Partial thrombosis of the false lumen is a commonly quoted risk factor for type 

B aortic dissection (TBAD) complication, however this definition spans a large range of 

potential morphologies. We aimed to determine the influence of both the amount and 

location of thrombus on haemodynamics and prediction of outcome in TBAD.  

Methods Routine computed tomography angiography (CTA) from 91 cases of TBAD from 

the Technical University of Munich were reconstructed into 3D. Of these, 85 were suitable 

for computational fluid dynamics (CFD) analysis. These were simulated with patient-

specific blood pressure and heart rate for eight cardiac cycles and haemodynamic metrics 

such as time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), low and 

oscillatory shear (LOS) and static pressure were recorded. Location and amount of 

thrombosis (as a percentage of total false lumen volume) were also assessed. The cohort 

was divided into four categories based on outcome: acute complications (≤2 days from 

symptom onset, n=25), secondary complications (3-14 days, n=30), late complication (15-

365 days, n=5) and uncomplicated (>365 days, n =31). 

Results Four clear morphological groups were apparent after reconstruction: full (>90%) 

thrombosis of the false lumen, proximal thrombosis, distal thrombosis and no (<10%) 

thrombosis. Cases with distal thrombosis had a high rate of complication (86.7%, 7 acute) 

with a high proportion of malperfusions (53.8%), likely to be the result of the high false 

lumen pressures relative to the true lumen (447 Pa). Conversely, cases with proximal 

thrombosis had a lower complication rate (36.6%, 0 acute) and comparatively low false 

lumen pressure (-1,254 Pa), relative to the true lumen. Patients with full thrombosis of the 

false lumen had higher rates of persistent pain compared to other cases (36.4%). Acute 

complications were mostly through malperfusion (56.0%) and rupture (32.0%). In the 

secondary phase persistent pain (26.7%) and hypertension (20.0%) were common whilst 

all late complications were a result of aortic expansion. 

Conclusion The location of false lumen thrombosis in TBAD has prognostic significance. 

Proximal thrombosis had the best outcome of the four morphological groups, whilst distal 

thrombosis had the worst. The mechanism for this appears to be the negative relative 

pressurisation of the false lumen in proximal thrombosis and converse for distal thrombosis.  
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INTRODUCTION 

The search for clinically-relevant predictors of outcome in TBAD continues. There are an 

abundance of morphological metrics in the literature (Weiss et al., 2012, Evangelista et al., 

2012, Loewe et al., 2012, Tolenaar et al., 2013, Song et al., 2007, Booher et al., 2011, 

Onitsuka et al., 2004) and in Chapter IV we explored some potentially predictive 

haemodynamics indices. 

Consideration of false lumen thrombosis remains a common theme throughout 

much of the current research into the prediction of TBAD complication (Sakalihasan et al., 

2015, Menichini et al., 2018, Tsai et al., 2007). Partial thrombosis is generally thought to 

be predictive of poor outcomes, though this is debated (van Bogerijen et al., 2014). As 

currently defined, partial thrombosis can be proximal or distal and occupy anything 

between 0 and 100% of the false lumen, thus encompassing a very wide range of potential 

TBAD morphologies and resulting haemodynamic scenarios. 

Practical limitations regarding the application of 4D-MRI and computational fluid 

dynamics in TBAD assessment, have limited the size and scale of studies to date. Whilst 

large population studies into morphological predictors are possible (Tsai et al., 2008, 

Reutersberg et al., 2018, Evangelista et al., 2012), they are unable to comment on the 

mechanics of complication, especially the contribution of haemodynamics. Streamlined 

reconstruction methods and increasing access to high-performance computer clusters now 

mean it is possible for us to produce haemodynamic data for TBAD on a much larger scale. 

Our hypothesis is that the amount and location of false lumen thrombosis impacts 

the haemodynamics, and this in turn influences the prognosis. We aim to test this 

hypothesis by quantifying the thrombosis and simulating the haemodynamics 

computationally in a large cohort of TBAD patients to observe haemodynamic and 

morphological quantities and how they relate to complication. In particular, this study 

focuses on the role of partial thrombosis and the mechanics of how this might lead to 

complication. 
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METHODS 

Study Cohort 

Acute TBAD patients presenting to the Klinikum rechts der Isar, Munich between January 

2004 and May 2016 were recorded in a database (Reutersberg et al., 2018). Exclusions 

were made for cases with Stanford type A dissection and sub-acute or chronic dissection 

(≥14 days since onset of symptoms), or where image quality was insufficient to accurately 

reconstruct the aorta (Figure 5.1). Datasets were de-identified before being transferred to 

Perth for analysis. All authors, except two clinicians (B.R. and H.H.E), were blind to 

clinical outcome until computational assessment was complete. Complications were 

defined as previously reported (Reutersberg et al., 2018): (i) malperfusion, (ii) early 

expansion of the aorta (>4mm expansion of the aorta between the first and second CTA 

study), (iii) aortic rupture, (iv) refractory pain (return of the pain after treatment of the 

initial discomfort upon presentation) or (v) refractory hypertension. Refractory 

hypertension was defined according to the definition presented by Januzzi et al; the need 

for four or more doses of a hypertensive agent simultaneously to achieve a systemic arterial 

pressure of 140/80mmHg (Reutersberg et al., 2018, Januzzi et al., 2001). Cases were 

divided into four groups based on their clinical outcome : 

 

1. Acute complication: within the first 2 days since the onset of symptoms. 

2. Secondary complication: from day 3-14. 

3. Late complication: from day 15-365. 

4. Uncomplicated: free from complication in the first 365 days. 
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Figure 5.1. Flow chart of the study cohort showing exclusions from haemodynamic 

analysis and morphological classification.  

 

Imaging, 3D Reconstruction and Morphology 

CTA data were acquired using a multidetector CT Somatom Sensation Cardiac 64 (Siemens 

Medical Systems, Erlangen, Germany), Siemens Somatom Definition AS and Phillips iCT 

256 (Phillips, Amsterdam, The Netherlands). 3D reconstructions of each case were created 

using the medical segmentation software, Mimics (Materialise, Leuven, Belgium) and 

these reconstructions formed the basis for all morphology measurements (Figure 5.2). 

Maximum aortic diameter was measured perpendicular to the arterial centreline and within 

the dissected portion of the aorta (Figure 5.2B). As well as a reconstruction of the true and 

false lumen, any intraluminal thrombus was reconstructed and the percentage of false 

lumen thrombosis was calculated from this (thrombosis volume/total false lumen volume). 

The patent false lumen length was measured axially and the centre established, the proximal 
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or distal half with a greater thrombus volume was given that designation (Figure 5.2B). The 

location of thrombosis was recorded as proximal, distal or both relative to the centre of the 

patent false lumen. Significant partial thrombosis in the central false lumen was not 

observed in this group and so did not present an issue for categorisation. 

 
Figure 5.2. A. The true lumen, false lumen and intraluminal thrombus segmentations 

made in Mimics (Materialise, Leuven, Belgium) for a patient with proximal thrombosis. 

B. The 3D reconstruction of the same patient which was then used to determine the false 

lumen thrombosis ratio (FLTR). The maximum aortic diameter measurement and the 

centre of the patent false lumen used for morphological categorisation is also indicated. 

 

Haemodynamics 

The same 3D reconstructions used for morphological assessment were then simulated in 

STAR CCM+ (Siemens, Munich, Germany), a commercially available computational fluid 
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dynamics software package. Simulations were run on 512 cores of the Magnus 

supercomputer at the Pawsey Supercomputing Centre (Perth, Australia). The simulation 

methods followed those of Chapter IV with the exception of the inlet flow conditions. 

Patient-specific heart rates and blood pressures were applied in the same manner however 

height and weight data was also available allowing for a more accurate approximation of 

inlet flow rates. Body surface area (BSA) was calculated from height and weight 

(Mosteller, 1987) and then used to calculate expected cardiac output (Jegier et al., 1963). 

Where this information was not available, the average aortic flow for the cohort was 

applied. The same waveform applied in Chapter IV was then scaled to reflect patient-

specific BSA (Kim et al., 2009). Simulations were run for at least eight cardiac cycles on 

with haemodynamic results averaged over the final three cycles. 

Time-averaged wall shear stress (TAWSS), oscillatory shear index (OSI), low and 

oscillatory shear (LOS) and systolic pressure were all recorded as surface averages across 

the entire false lumen surface. True lumen pressure was also calculated as a surface average 

over only the dissected portion of the aorta. Relative false lumen pressurisation (FL-TL) 

was also calculated at systole. 

 

Statistical Analysis 

All statistics were performed using Real Statistics Resource Pack software (Release 5.4) 

for Excel (Microsoft, Washington, USA). Comparisons between variables were first tested 

for normality with a Shapiro-Wilk test. If parametric, a student’s t-test was applied 

otherwise a Mann-Whitney U test was used. α<0.05 was considered significant. The 

proportions of complicated and uncomplicated cases were compared between 

morphological groups with a χ² test, as were comparisons between acute, secondary and 

late complications. 
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RESULTS 

Cohort demographics 

We included 91 patients in the study, with cohort demographics and clinical outcomes 

presented in Table 5.1. 

 

Table 5.1. TBAD cohort demographics and clinical outcomes. 

N 91 

Age, y (SD) 63.2 (12.1) 

Sex, % male 73.6 

Weight, kg (SD) 85.7 (17.0) 

Height, m (SD) 1.8 (0.1) 

Heart Rate, BPM (SD) 74.3 (17.3) 

Blood Pressure, mmHg (SD)  

     Systolic 150.0 (33.6) 

     Diastolic 79.1 (19.5) 

Complications, n (%) 54 (59.3) 

     Malperfusion 27 

     Early Expansion 18 

     Aortic Rupture 10 

     Refractory Pain 8 

     Refractory Hypertension 6 

 

Note: All data presented are means unless otherwise stated. 

 

Morphology 

During the 3D reconstruction, it became apparent that patients could be grouped into four 

distinct morphological categories (Figure 5.3). These morphological groups were: full 

thrombosis (>90%) of the false lumen; proximal thrombosis; distal thrombosis; no 

thrombosis (<10%). It was then assessed whether these groupings were associated with 

different haemodynamics and clinical outcome. In the majority of cases, thrombus formed 

at only one location in the false lumen however in four cases there was a significant amount 

of both proximal and distal thrombosis. These cases were categorised in the distal 
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thrombosis group given the previous research suggesting that this results in poor outcomes 

(Tsai et al., 2008, Sueyoshi et al., 2004). 
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Figure 5.3. Examples of the four morphological groupings of TBAD identified during 

reconstruction. 



Chapter V   Location and Extent of ILT Impacts TBAD 

  144 

The complications for each morphological group are shown in Table 5.2. Overall, 60/91 

(65.9%) patients experienced complications with 25/60 (41.7%) in the acute period, 30/60 

(50.0%) had secondary complications and 5/60 (8.3%) had late complications. Compared 

to the other three groups, patients with proximal thrombosis of the false lumen had 

relatively low rates of complication (45.0%, p=0.03). Compared to this group, cases with 

distal thrombosis (86.7%, p=0.01) experienced high rates of complication. Malperfusion 

was the most common cause of complication (39.1%) followed by expansion (26.1%), 

aortic rupture (14.5%), refractory pain (11.6%) and refractory hypertension (8.7%). Distal 

thrombosis was associated with far more acute complications than the proximal thrombosis 

(p=0.005).  

Malperfusion was the most prevalent complication in cases with no thrombosis 

(72.2%, p=0.01 compared to the other morphological groups), and was rare in cases of full 

thrombosis (9.1%, p=0.004). Cases with distal thrombosis complicated for a range a 

reasons, primarily malperfusion (53.8%, p=0.63), and those with full thrombosis 

commonly complicated due to expansion (54.5%, p=0.05) or persistent pain (36.4%, 

p=0.03). 
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Table 5.2. Complication data for the four proposed morphological categorisations. 

  

Full 

thrombosis 

(>90%) 

Proximal 

thrombosis 

Distal 

thrombosis 

No 

thrombosis 

(<10%) 

N 17 22 15 27 

Uncomplicated, n (%) 6 (35.3) 12 (54.5) 2 (13.3) 9 (33.3) 

Complicated, n (%) 11 (64.7) 10 (45.5) 13 (86.7) 18 (66.7) 

Complications:     

     Malperfusion 1 4 7 13 

     Early Expansion 4 3 2 2 

     Aortic Rupture 1 1 3 1 

     Refractory Pain 4 2 1 1 

     Refractory Hypertension 1 1 2 2 

     Late (>14 days) expansion 2 2 1 0 

 

Note: More than one reason for complication was recorded for seven patients (see 

Supplemental Material for details). 
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Figure 5.4. The causes of complication in the acute, secondary and late phases. 

 

Haemodynamics 

The haemodynamic data are presented in Table 5.3. The most significant findings are 

observed in comparing the proximal and distal thrombosis groups. False lumen 

pressurisation was high in patients with distal thrombosis (447.5 Pa), especially compared 

those with proximal thrombosis (-1,254 Pa, p<0.001). Patients with no thrombosis had 

significantly smaller maximum aortic diameters (p=0.003) and lower true lumen pressures 

(p=0.01) compared to the other three morphological groups. 
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Table 5.3. A comparison of the physical and haemodynamic characteristics of the four 

morphological groups. P values represent the difference between the proximal thrombosis 

and distal thrombosis groups. 

 

 

Note: Data shown are mean (SD) unless otherwise indicated. 

P-values are from Student’s t-test or χ² test if denoted with *.  The χ² tests applied in the 

acute, secondary and late complication rows compare the risk of a complication occurring 

in that particular time period, given that a complication occurs. 

  

 

Full thrombosis 

(>90%) 

No thrombosis 

(<10%) 

Proximal 

thrombosis 

Distal 

thrombosis 
p 

Weight, kg 78.6 (16.4) 90.5 (16.9) 82.7 (15.5) 84.8 (19.1) 0.786 

Height, m 1.76 (0.1) 1.77 (0.1) 1.72 (0.1) 1.80 (0.1) 0.029 

Diameter, mm 44.4 (8.6) 36.8 (8.5) 42.5 (4.3) 41.6 (6.6) 0.615 

Thrombosis, % 98.3 (3.0) 1.6 (2.8) 57.1 (24.0) 39.6 (20.6) 0.032 

FL haemodynamics:      

TAWSS, Pa 0.95 (0.74) 1.38 (0.56) 1.49 (0.85) 1.07 (0.81) 0.152 

OSI 0.21 (0.03) 0.25 (0.04) 0.24 (0.04) 0.24 (0.04) 0.848 

LOS, Pa-1 0.44 (0.30) 0.23 (0.14) 0.26 (0.23) 1.83 (4.20) 0.098 

TL Pressure (Pa) 16,368 (1,885) 16,607 (3,242) 19,127 (3,252) 19,807 (5,954) 0.667 

FL Pressure (Pa) 16,016 (1,578) 16,527 (3,112) 17,873 (3,648) 20,254 (6,050) 0.156 

FL-TL Pressure (Pa) -352 (692) -80 (754) -1,254 (1,850) 447 (783) <0.001 

Complicated, N (%) 11 (64.7) 18 (66.7) 10 (45.5) 13 (86.7)  0.011* 

Acute 4 (36.4) 9 (50.0) 0 (0.0) 7 (53.8) 0.005* 

Secondary 5 (45.5) 9 (50.0) 8 (80.0) 5 (38.5) 0.046* 

Late 2 (18.2) 0 (0.0) 2 (20.0) 1 (7.7) 0.385* 
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DISCUSSION 

The thrombosis status of the false lumen has been an important area of research into 

predicting TBAD complication (Akutsu et al., 2004, Tsai et al., 2007, Sakalihasan et al., 

2015). Convincing evidence has been presented for the importance of false lumen 

thrombosis as a risk factor, however these studies traditionally only consider three 

categories: partial thrombosis, full thrombosis and patent false lumen. This is clearly an 

overly simplistic categorisation of a complex and heterogeneous phenomenon. Sueyoshi et 

al. proposed a saccular form of TBAD whereby only the distal portion of the aorta was 

thrombosed (Sueyoshi et al., 2009). They found increased growth rates in this group and 

these observations have been confirmed more recently (Sueyoshi et al., 2009, Tolenaar et 

al., 2013). Here we report a new morphological categorisation based not only on the amount 

of thrombosis present, but also the location. Compared to cases with distal or full 

thrombosis, cases with proximal thrombosis appear to have a more benign clinical course 

with no acute complications and only about one third experiencing secondary 

complications. 

  

Partial Thrombosis 

In Table 5.3 we compare the morphological and haemodynamic characteristics of the four 

groups with statistical comparisons made between the proximal and distal thrombosis 

groups. Particular focus is placed on these two groups as, traditionally, these cases would 

all have been considered to have partial thrombosis (Tsai et al., 2007). Here, 87% of cases 

with distal thrombosis became complicated, compared to 46% with proximal thrombosis. 

There were also significant differences in the timeframe of complication, with no 

proximally thrombosed cases complicating in the acute period (<2 days) versus 47% of the 

distally thrombosed cases (p=0.005). A high proportion of acute complications for cases of 

distal thrombosis should be of particular clinical interest given the high in-hospital 

mortality (12%) of acute TBAD (Tsai et al., 2006). Interestingly, the proximal thrombosis 

cases had more thrombosis as a percentage of false lumen volume, although this may just 

be the result of larger diameters in the thoracic aorta compared to the distal aorta.  

Haemodynamic results show that distally thrombosed cases have higher pressure in 

the false lumen compared to the true, whilst in cases of proximal thrombosis the true lumen 

pressure is higher. A likely reason for this is presented by Karmonik et al in their CFD 

simulations of a single case of TBAD under different tear configurations (Karmonik et al., 
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2011). They show that occlusion of a distal tear, as might occur in cases of distal 

thrombosis, exhibit higher false lumen pressure. This is further supported in ex vivo work 

(Tsai et al., 2008). Conversely, in cases of proximal thrombosis, the entry tear is usually 

sealed and the distal tears remain. In these cases the relative false lumen pressurisation was 

negative. These different haemodynamic environments are then reflected in the 

complication data where a high proportion (7/15) of distal thrombosis cases complicate due 

to malperfusion, with high pressure in the false lumen most likely compressing the true 

lumen and restricting flow. Both proximal and distal thrombosis groups have similar 

maximum diameters of the dissected aorta suggesting that distal thrombosis has not caused 

expansion of the proximal aorta due to any increased pressure in the acute phase. The high 

incidence of aortic rupture in the distal thrombosis group (3/15) further support a high risk 

profile. Taken together, these results suggest that a more tailored definition of partial 

thrombosis is required as patients with proximal thrombosis have improved outcomes and 

those with distal thrombosis have poor outcomes. 

 

Full Thrombosis 

Cases with a fully thrombosed false lumen are considered to be at low risk of complication 

(Tsai et al., 2007, Trimarchi et al., 2013, Erbel et al., 1993). The reason being that the false 

lumen is shielded from arterial pressure and so is at reduced risk of progressive expansion. 

Furthermore, it is reasonable to assume that without flow in the false lumen, the dissection 

is unlikely to progress and malperfusion issues are less likely to develop. In this study we 

observed 11/17 cases with fully thrombosed false lumen to experience complication, a 

substantial proportion for cases with a typically ‘stable’ thrombosis configuration. 

Persistent pain was a common complication in this group (4/11) accounting for a much 

higher proportion of the complications compared to the rest of the cohort (p=0.03). The 

importance of this observation is highlighted by the International Registry of Acute Aortic 

Dissections (IRAD) data suggesting that cases with persistent pain and hypertension are at 

a much higher risk of in-hospital mortality (17.4% versus 4.0%) (Trimarchi et al., 2010). It 

is also worthwhile to consider these findings in the context of post-repair TBAD. The 

primary objective of TEVAR is to induce full thrombosis of the false lumen through 

occlusion of proximal false lumen entry sites (Erbel et al., 1993, Kato et al., 2002). Whilst 

this may be reducing the risk of expansion, malperfusion and aortic rupture, it is possible 

that the eventual full thrombosis of the false lumen will result persistent pain. Incidence of 
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persistent pain is not a commonly reported outcome in post-TEVAR studies (Nienaber et 

al., 2009, Ruan et al., 2015) and would be worthwhile quantifying. 

 

Patent False Lumen 

Tsai et al found patients with a patent false lumen to have the lowest risk of in-hospital 

mortality (17.5% versus 36.8% for partial thrombosis and 26.2% for complete thrombosis) 

(Tsai et al., 2007). In contrast, the incidence of complication for cases with a patent false 

lumen in this study was high (18/27) with a high proportion resulting in malperfusion 

(p=0.007). The reason for this high rate of complication is not immediately clear. 

Comparing these patients to those with proximal and distal thrombosis we see lower 

pressures in the true and false lumen and smaller maximum diameters, possibly due to 

lower systolic pressures. The reasons for malperfusion in these cases warrants further 

investigation. 

 

TBAD and Height 

An unexpected observation was that patients with distal thrombosis of the aorta were taller 

than those with proximal thrombosis (Table 5.3). The very different risk profiles of these 

thrombosis groups suggest that taller patients are at a greater risk of acute complications. 

Zafar et al. have proposed the use of aortic height index (AHI) for evaluating the risk of 

rupture, dissection or death in thoracic ascending aortic aneurysm (TAAA) (Zafar et al., 

2018). AHI is defined as: Aortic diameter (cm) / patient height (m). AHI is shown to be 

slightly more predictive than using aortic size index, a similar measure based on BSA 

(Zafar et al., 2018). Wu et al. have since found predictive value in ascending aorta length 

for the same adverse events in thoracoabdominal aortic aneurysms and have combined with 

diameter to suggest a new threshold for intervention (Wu et al., 2019). The cohort analysed 

here is not large enough to conclusively establish a relationship between patient height and 

complication though this is something that should be pursued in future work.  

 

Predicting Acute, Secondary and Late Complications 

In Chapter IV, cases were considered uncomplicated if followed for at least a year without 

the need for intervention, but often this follow up time was much longer (mean 51.2 months 

in Chapter IV). In this previous group of 15 cases, we observed LOS to be a strong 

haemodynamic predictor of complication and hypothesised that the same processes which 

cause abdominal aortic aneurysms (AAA) to expand and eventually rupture (Hardman et 
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al., 2013, Sho et al., 2004a, Sho et al., 2004b, Doyle et al., 2014) might also apply to TBAD. 

In the present study, follow up was strictly limited to one year and we show that the 

haemodynamics metrics (i.e. TAWSS, OSI and LOS) to be poor predictors of complication 

in this timeframe. The underlying theory of why these metrics predict outcomes in AAA is 

largely grounded in the interaction between endothelial cells and their mechanical 

environment (Di Achille et al., 2014). A potential explanation for the poor performance of 

these metrics in the current study may lie in endothelial function. The full aortic wall with 

endothelium and smooth muscle layers has been observed to form within the false lumen 

of chronic type A dissection (Carnevale et al., 2011) however the timeline for this is not 

well understood and we might consider that before such a time, endothelial function is 

compromised. Additionally, it is unknown if a neo-endothelium forms within the false 

lumen of type B dissection, as the aortic architecture and haemodynamics are different to 

type A cases in the ascending aorta. Further research into the timeline for the development 

of a fully functional endothelium within the false lumen of a new type B dissection would 

likely better define when conventional haemodynamic indicators are relevant to risk. This 

may also lead to a less arbitrary definition of acute and chronic, one marked by fundamental 

physiological change in the false lumen. 

 

Strengths and Limitations 

The cohort analysed is large compared to previous computational investigations and can 

therefore make statistically significant observations about the haemodynamics of TBAD. 

Much larger cohorts have been studied for morphological characteristics (Tsai et al., 2007, 

Clough et al., 2019, Booher et al., 2011) though have not been able to comment on the 

underlying mechanics of complication. There are however a number of limitations that 

should be disclosed.  

First, six cases were excluded from haemodynamic assessment and morphological 

categorisation due to insufficient imaging for an accurate 3D reconstruction (Figure 5.1). 

Second, four cases in the cohort were of unusual morphology and could not be categorised 

according to the proposed groups; two were large dissecting thoracic aneurysms and the 

other two were infarenal dissections (Figure 5.1). Third, the study was designed so that 

simulations of all cases were performed using imaging data from the acute phase and so we 

are unable to comment on the haemodynamics in the secondary and late phases, where 

aortic remodelling, expansion and thrombus are likely to impact conditions greatly. It 

would be reasonable to expect that morphology might change as a case enters the chronic 
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phase with extension, expansion and the development of false lumen thrombus and this 

may result in movement between morphology groups for some cases. Simulations based 

on imaging from the chronic phase may prove to be more predictive of complications. 

Fourth, one patient had a late complication that was not included in the criteria for 

complication (cardiac arrest in week 3). Additionally, seven patients had more than one 

complication listed when multiple reasons to intervene (like persistent pain and expansion 

of the aorta) in follow up. For this reason the total complications (reasons) in Figure 5.4 

exceeds the number of patients who complicated in the cohort. Fifth, this was a 

retrospective study and aortic blood flow measurements were unavailable. Where available, 

height and weight data was used to prescribe a more tailored flow profile however these 

are still not truly patient-specific and these data were not gathered for every patient. In 29 

patients there was no weight data and no height data in 33. In these cases, the average 

weight and height for the entire cohort was used. Sixth, the current study is limited to acute 

cases of TBAD as cases classified as subacute or chronic upon presentation (≥14 from the 

onset of symptoms) days were excluded from the study. It is possible that the pressure 

differential between the true and false lumen may not be so predictive of complication in 

more chronic cases where the septum may now be less compliant. Finally, a rigid wall CFD 

model was applied here. The added computational expense and the unknown patient-

specific material properties of the arterial wall and septum make a fluid structure interaction 

(FSI) model impractical to implement on such a scale.  
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CONCLUSION 

The frequently applied partial thrombosis definition likely needs revising. Here, we show 

that partial thrombosis cases can be divided into two groups: proximal thrombosis and distal 

thrombosis, each with potentially different clinical courses. In our cohort, cases of proximal 

thrombosis are at a low risk of complication, largely due to the negative pressure of the 

false lumen relative to the true lumen. Whereas patients with distal thrombosis of the false 

lumen are more likely to experience higher false lumen pressures and complicate, 

commonly through malperfusion. The difference between these groups was stark, as 

patients with proximal thrombosis had the best outcomes of the entire cohort whilst those 

with distal thrombosis had the worst. Additionally, cases with a fully thrombosed false 

lumen may not be as benign as currently assumed, with a large number developing issues 

of persistent pain, a strong predictor of in-hospital mortality. However the small sample 

size of each group limits the strength of our conclusions and thus our findings warrant 

further investigation in larger databases. The reasons for TBAD dissection complication 

differed greatly over the acute, secondary and late phases. Dynamic complications like 

rupture and malperfusion dominate the first two days after presentation (acute phase) whilst 

expansion becomes more prevalent in the year following. Different morphological and 

haemodynamic metrics are likely to apply to each phase of the disease. An unexpected 

relation was uncovered between patient height and the location of false lumen thrombosis 

suggesting that taller patients are more likely to develop high-risk distal thrombosis. The 

observation also warrants further investigation in a larger cohort. 
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SUPPLEMENTAL MATERIAL  

Table S5.1. The causes of complication for the seven cases with multiple causes. 

Case Malperfusion Expansion 
Aortic 

Rupture 

Refractory 

Pain 

Refractory 

Hypertension 

1      

2      

3      

4      

5      

6      

7      
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Table S5.2. The reconstruction repeatability results for three reconstructions of the same 

case by three different analysts. 

 

Analyst Volume [mm³] ɛ % Surface Area 
[mm²] ɛ % 

1 417,340 2.19 81,519 1.05 
2 349,755 14.36 74,334 7.86 
3 458,137 12.18 86,165 6.81 

Average 408,410 9.57 80,672 5.24 



 

Chapter VI   Neck and Iliac Bifurcation Angle in AAA 

  161 

 

 

 

 

Chapter VI 
Haemodynamics and Stresses in 

Abdominal Aortic Aneurysms: A Fluid-

Structure Interaction Study into the Effect 

of Neck and Iliac Bifurcation Angle 
 

Corey J. Drewe¹,², Louis P. Parker¹,², Lachlan J. Kelsey¹,², Paul E. Norman¹,³, Janet J. 

Powell4 and Barry J. Doyle1,2,5. 

 
1. Vascular Engineering Laboratory, Harry Perkins Institute of Medical Research. 

2. School of Engineering, The University of Western Australia, Australia. 

3. School of Medicine, The University of Western Australia, Australia. 

4. Vascular Surgery Research Group, Imperial College London, UK. 

5. BHF Centre for Cardiovascular Science, The University of Edinburgh, UK. 

 

 

Chapter Dissemination 

DREWE, C. J., PARKER, L. P., KELSEY, L. J., NORMAN, P. E., POWELL, J. T. & 

DOYLE, B. J. 2017. Haemodynamics and stresses in abdominal aortic aneurysms: A fluid-

structure interaction study into the effect of proximal neck and iliac bifurcation angle. 

Journal of Biomechanics, 60, 150-156. 



 

Chapter VI   Neck and Iliac Bifurcation Angle in AAA 

  162 

ABSTRACT 

Our knowledge of how geometry influences abdominal aortic aneurysm (AAA) 

biomechanics is still developing. Both iliac bifurcation angle and proximal neck angle 

could impact the haemodynamics and stresses within AAA. Recent comparisons of the 

morphology of ruptured and intact AAA show that cases with large iliac bifurcation angles 

are less likely to rupture than those with smaller angles. We aimed to perform fluid-

structure interaction (FSI) simulations on a range of idealised AAA geometries to 

conclusively determine the influence of proximal neck and iliac bifurcation angle on AAA 

wall stress and haemodynamics. 

Peak wall shear stress (WSS) and time-averaged WSS (TAWSS) in the AAA sac 

region only increased when the proximal neck angle exceeded 30°. Both peak WSS 

(p<0.0001) and peak von Mises wall stress (p=0.03) increased with iliac bifurcation angle, 

whereas low and oscillatory shear (LOS) decreased with iliac bifurcation angle (p<0.001) 

and increased with increasing neck angle. 

These observations may be important as AAAs have been shown to expand, develop 

thrombus and rupture in areas of low WSS. Here we show that AAAs with larger iliac 

bifurcation angles have higher WSS, potentially reducing the likelihood of rupture. 

Furthermore, LOS was lower in AAA geometries with larger iliac bifurcation angles, 

implying less likelihood of thrombus development and wall degeneration. Therefore, our 

findings could help explain the clinical observation of lower rupture rates associated with 

AAAs with large iliac bifurcation angles. 
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INTRODUCTION 

An abdominal aortic aneurysm (AAA) is a dilation of the infrarenal aorta, with a diameter 

at least 3 cm or 1.5 times that of the normal aortic diameter. Wall stresses in the AAA have 

been extensively studied with regard to rupture risk. These studies have indicated that peak 

wall stresses are significantly higher in ruptured AAAs than in both electively repaired and 

intact AAAs, and can be used to assess rupture risk more accurately than the maximum 

AAA diameter criteria (Fillinger et al., 2003). 

Aside from AAA diameter, there are several other geometric risk factors that may 

be important, such as the degree of asymmetry (Vorp et al., 1998, Doyle et al., 2009). 

However, aortic proximal neck and iliac bifurcation angle are two parameters often 

measured in clinical practice, yet have received little attention in relation to the 

biomechanics. Xenos et al. (2010) used patient-specific measurements from 26 AAA cases 

to create a range of idealised AAA geometries and then performed fluid-structure 

interaction (FSI) simulations to compute AAA wall stress and wall shear stress (WSS). 

They found non-linear relationships between wall stress and WSS with iliac bifurcation 

angle and aortic neck angle. Their data might suggest that AAAs with larger iliac 

bifurcation angles are at higher risk of rupture due to the increase in wall stress. However, 

recent comparison of the morphology of intact and ruptured AAA indicates that AAAs with 

larger bifurcation angles might be less likely to rupture (Powell, 2016). Therefore, here we 

aim to perform FSI simulations on idealised geometries in order to conclusively determine 

the extent that iliac bifurcation and proximal neck angle influences AAA wall stress and 

WSS. 
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METHODS 

For a detailed description of the methods used, please refer to the Supplemental Material. 

 

Creation of idealised geometries 

We created the same idealised geometries as previously reported (Xenos et al., 2010) using 

the commercial software packages SolidWorks (Dassault Systémes, France) and STAR-

CCM+ (v11, CD-adapco, NY, USA). The neck and iliac angles were investigated in two 

separate parametric studies. The iliac bifurcation angles were varied in 10° increments from 

30° to 150°, with a constant neck angle of 0°, and for the proximal neck angle study, the 

neck angle was varied in 10° increments from 0° to 40°, with a constant iliac angle of 60°. 

Figure 6.1A illustrates an example idealised AAA geometry. 

 
Figure 6.1. A. Idealised AAA geometry showing the aneurysmal length, a, maximum 

diameter, d, iliac diameter, i, neck diameter, n, iliac angle, φ, and neck angle, θ. B. 

Tetrahedral mesh for the solid aortic wall region showing mesh refinement at the 

bifurcation (insert) for the idealised AAA geometry with 0° neck and 60° iliac angle. C. 

Polyhedral mesh for the fluid blood region with extrusions at the inlet and outlets 

(shortened for illustration purposes) for the idealised AAA geometry with 0° neck and 

60° iliac angle. 
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Simulation details 

We used tetrahedral elements throughout the solid AAA wall (see Figure 6.1B) and 

polyhedral elements in the fluid region (see Figure 6.1C). We also used layers of prism 

elements at the fluid boundary and extruded the inlet and outlets by ten times the diameter. 

We then tested the discretisation error of our meshes (study shown in the Supplemental 

Material). Although the AAA wall is a non-linear material, we opted to use a linearly elastic 

material model for the aortic wall (Young’s modulus = 2.7 MPa and Poisson’s ratio = 0.45) 

with a density of 2000 kg/m3 as these parameters have been used in previous FSI studies 

(Di Martino et al., 2001, Leung et al., 2006) and significantly reduces the computational 

time. Furthermore, the choice of material model for the wall should not significantly affect 

the distribution of von Mises wall stress (but will influence the magnitude) and so should 

not affect the relationships and overall findings of our study (see Supplemental Material 

for further discussion on this topic). Velocity and pressure waveforms were applied at the 

inlet and outlets of the fluid region (see Figure 6.2) (Xenos et al., 2010, Olufsen et al., 2000) 

and a zero velocity (non-slip) boundary condition was assumed at the fluid wall, with rigid 

constraints at the neck and iliac boundary faces of the solid domain. As this study considers 

blood flow in the largest artery, we modelled blood as a Newtonian fluid with a density of 

1050 kg/m3 and a viscosity of 0.0035 Pa s, the same as Xenos et al. (Xenos et al., 2010). A 

mapped contact boundary interface was created between the outer surface of the fluid 

domain and the inner wall of the solid domain. To ensure data was independent of cardiac 

cycle (Rissland et al., 2009), we ran the simulations for six cardiac cycles in total and 

extracted data from the final cycle. 
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Figure 6.2. A. Geometry of the solid and fluid domains combined for the 0° neck and 60° 

iliac angle idealised geometry. The highlighted area represents the AAA region of interest 

where WSS and von Mises wall stress data was extracted. B. Realistic velocity waveform 

for the one second cardiac cycle applied at the inlet of the fluid domain. C. Realistic 

pressure waveform for the one second cardiac cycle applied at the outlets of the fluid 

domain. These waveforms are from Olufsen et al. (Olufsen et al., 2000) and were also 

used in Xenos et al. (Xenos et al., 2010). 

Data analysis 

WSS, time-averaged WSS (TAWSS), oscillatory shear index (OSI) and von Mises wall 

stress in the AAA region were analysed for the entire range of iliac and neck angles tested. 

We also investigated the peak low and oscillatory shear (LOS) (Di Achille et al., 2014) in 

the AAA region. We tested for correlations using the Spearman rho (r) correlation test and 

deemed relationships significant when p<0.05. 
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RESULTS 

Proximal Neck Angle and Wall Shear Stress 

We found that peak WSS in the AAA (i.e. the peak WSS observed in the AAA sac region 

highlighted in Figure 6.2) only increased beyond a 30° neck angle; 23% increase in WSS 

(Figure 6.3A). Mean peak AAA WSS was 4.19 Pa, with maximum and minimum values 

of 4.99 and 3.70 Pa in the 40° and 0° neck angles, respectively. Mean TAWSS was 0.697 

Pa, with maximum and minimum values of 0.793 and 0.624 Pa in the 40° and 0° neck 

angles, respectively (Figure 6.3B). 

 

 
Figure 6.3. Influence of proximal neck angle on AAA sac region A. peak WSS, B. 

TAWSS, C. peak von Mises wall stress and D. peak LOS. Peak WSS and peak von Mises 

wall stress increased when the neck angle exceeded 30° and there was an increase in LOS 

at 10° and 40°. 

 

Inlet Neck Angle and Von Mises Wall Stress 

No obvious relationship between peak AAA wall stress and neck angle was identified 

(Figure 6.3C) however there was a 16% increase in wall stress when the neck angle 

increased from 30° to 40°. Mean peak AAA wall stress was 0.203 MPa, with maximum 
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and minimum values of 0.225 and 0.194 MPa in the 40° and 30° neck angles, respectively. 

Contours of wall stress at peak flow during the cardiac cycle are shown in Figure 6.4A and 

further illustrate the relatively small changes in wall stress with varying neck angulation. 
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Figure 6.4. AAA geometries with 0°, 10°, 20°, 30° and 40° proximal neck angle, from left 

to right. A. Contours of von Mises wall stress at peak flow in the cardiac cycle. B. 

Contours of LOS averaged over the final cardiac cycle. C. Velocity fields at peak flow. 
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Inlet Neck Angle and Low and Oscillatory Shear 

We found LOS to increase by approximately 15% from 0° to 10° and by a further 15% 

when increased from 10° to 40° (see Figure 6.3D). Mean peak AAA LOS was 10.13, with 

maximum and minimum values of 11.67 and 8.76 in the 40° and 0° neck angles, 

respectively. Large regions of high LOS were present in all of the idealised AAA 

geometries (see Figure 6.4B), however, the size and location of these regions changed with 

varying neck angulation. 

 

Inlet Neck Angle and Velocity Field 

Once the neck is non-planar, flow tends towards the side of the AAA wall that it impacts 

upon entering the AAA, resulting in a large region characterised by low flow velocities on 

the opposite side of the AAA (see Figure 6.4C). However, the flow begins to depart from 

this side of the wall for the 30° neck angle, and then for the 40° neck angle geometry the 

flow moves towards the side of the wall opposite from where it initially impacts. 

Consequently, low flow velocities are observed on the side of the wall initially impacted 

by the blood flow with these regions coinciding with locations of high LOS. 

 

Iliac Bifurcation Angle and Wall Shear Stress 

We found a strong positive relationship (r= 0.98, p<0.0001) between AAA peak WSS and 

iliac bifurcation angle (Figure 6.5A). Mean peak WSS across all geometries was 4.52 Pa 

with maximum and minimum values of 2.91 and 6.19 Pa, respectively. Therefore, peak 

WSS increased more than twofold when the iliac bifurcation angle increased from 30° and 

150°. There was also a strong correlation between TAWSS and iliac bifurcation angle (r= 

0.93, p<0.0001, see Figure 6.5B). Mean TAWSS was 0.755 Pa, with maximum and 

minimum TAWSS of 1.0 and 0.545 Pa, respectively. 
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Figure 6.5. Influence of iliac bifurcation angle on AAA A. peak WSS, B. TAWSS, C. 

peak von Mises wall stress and D. peak LOS (TAWSS/WSS). We found a positive 

relationship between peak WSS, mean TAWSS and peak von Mises wall stress and iliac 

bifurcation angle, and a negative relationship between LOS and iliac bifurcation angle. 

 

Iliac Bifurcation Angle and Von Mises Wall Stress 

We found iliac bifurcation angle to influence von Mises AAA wall stress (r=0.61, p=0.03, 

see Figure 6.5C). Mean peak AAA wall stress for the iliac angulations was 0.207 MPa, 

with maximum and minimum peak AAA wall stress values of 0.243 and 0.186 MPa in the 

150° and 30° iliac bifurcation angle geometries, respectively, which represents a 30% 

increase in peak wall stress. The distributions of von Mises wall stress at peak flow are 

shown in Figure 6.6A. 
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Figure 6.6. AAA geometries with 40°, 60°, 80°, 100°, 120° and 140° iliac angles, from 

left to right. A. Contours of von Mises wall stress at peak flow in the cardiac cycle. The 

maximum difference in average wall stress was 6.5%. B. Contours of LOS over the final 

cardiac cycle. C. Velocity fields in the AAA region at peak flow. 

 

Iliac Bifurcation Angle and Low and Oscillatory Shear 

We found a strong negative relationship (r=−0.86, p<0.001) between peak LOS and iliac 

bifurcation angle (Figure 6.5D). Mean peak AAA LOS was 8.63, with maximum and 

minimum values of 11.41 and 7.25 in the 30° and 150° iliac bifurcation angle geometries, 

respectively. Large regions of high LOS (Figure 6.6B) were present in AAAs with more 

acute iliac bifurcation angles, with these high LOS regions found around the centre of the 

AAA where the TAWSS was lowest. As iliac angle increased, the size of these high LOS 

regions decreased rapidly and were not present in the larger iliac angulations. 
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Iliac Bifurcation Angle and Velocity Field 

Varying the iliac bifurcation angle did not produce any distinct differences in the velocity 

field within the AAA sac region. Symmetric flow was observed for all iliac angles 

investigated, with low velocity near the aneurysmal wall in the central region of the AAA. 

Figure 6.6C presents velocity fields at peak flow for a range of iliac bifurcation angles. 
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DISCUSSION 

In this study, we created a series of idealised AAA geometries and investigated the effect 

of proximal neck angle and iliac bifurcation angle on haemodynamics and wall stresses. 

We found that peak WSS in the AAA only increased when the proximal neck angle was 

greater than 30°, whereas peak von Mises wall stress did not increase with neck angle. Peak 

WSS, TAWSS and peak von Mises wall stress all significantly increased with iliac 

bifurcation angle, whereas LOS decreased with increasing iliac bifurcation angle. AAAs 

have been shown to expand and rupture in regions of low WSS (Boyd et al., 2016, Doyle 

et al., 2014) and despite the increase in von Mises wall stress at larger iliac bifurcation 

angles, our findings could help explain why recent clinical observations show that AAAs 

with large iliac bifurcation angles may be less likely to rupture than diameter-matched cases 

with smaller iliac bifurcation angles (Powell, 2016). Although the von Mises stress 

increased by 30% when the iliac bifurcation angle increased from 30° to 150°, the increase 

in peak WSS (by 113%) and decrease in LOS (by 57%) within the AAA region is more 

significant. Therefore, it is plausible that wider iliac bifurcations are protective against 

rupture due to the increase in WSS and decrease in LOS in the proximal AAA sac region, 

which in turn decreases the likelihood of thrombus formation, wall degradation and 

subsequent expansion. Together with the clinical observations (Powell, 2016), these 

findings indicate that iliac bifurcation angle could be a useful geometric measure for further 

investigation. 

 

Inlet Neck Angle 

Peak WSS occurred in the largest angle tested (i.e. 40°) and was approximately 35% higher 

than observed for the 0° neck angle. In previous work (Xenos et al., 2010) peak WSS in the 

AAA region also appears to increase with neck angle. 

We determined that peak von Mises wall stress in the AAA was not strongly 

influenced by variations in the proximal neck angle, compared to previous data showing 

that von Mises wall stress is at a maximum at 20° before decreasing slightly at 30° and 40° 

(Xenos et al., 2010). Although we used a different material model for the aortic wall, the 

stress distributions should be similar (Joldes et al., 2016) (see Supplemental Material). 

The introduction of an angled inlet neck resulted in substantial alterations in the 

velocity field, which assist in explaining why regions of high LOS shift with increasing 

neck angulation. Peak LOS increased with neck angle and regions of high LOS were found 
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to occur in all of the neck angle AAA geometries tested (Figure 6.4B), yet varied in 

location. With a straight neck, a region of high LOS is found across the whole midsection 

of the aneurysm where the diameter is greatest and as neck angle increases, the region of 

high LOS decreases in size and shifts towards the opposite side of the aneurysm, away from 

the inlet. At the greatest neck angle, high LOS covers a large portion of the sac extending 

proximally and distally from the maximum diameter area. This elevated LOS is due to the 

asymmetry of flow within the aneurysm as the neck angle increases (Figure 6.4C) and 

suggests that increasing neck angle, unlike increasing iliac bifurcation angle, does not 

reduce the likelihood of overall growth or thrombus in the AAA, but may determine regions 

of local AAA expansion or thrombus development. 

 

Iliac Bifurcation Angle 

As the iliac bifurcation angle increased, the peak WSS in the aneurysm increased. We found 

significant relationships between both TAWSS and peak WSS with iliac bifurcation angle. 

However, the relative increase in TAWSS (27%) across the range of iliac bifurcation angles 

is about a quarter of the relative increase in peak WSS (113%). This suggests that the 

increase in WSS with iliac angulation may be amplified in localised areas of high WSS 

during peak flow. 

Peak von Mises wall stress in the AAA increased significantly by about 30% from 

the minimum to maximum iliac bifurcation angle. This is in contrast to previous data 

(Xenos et al., 2010) reporting more than a twofold increase in peak AAA wall stress from 

60° to 150° iliac bifurcation angle. We observed little variation in velocity fields with 

varying angle. Blood flow remained practically symmetric and was characterised by low 

velocities near the aneurysmal wall in the middle section of the AAA, where the diameter 

is largest. 

 

Limitations 

Firstly, using a FSI approach is extremely computationally intensive. In order to perform a 

large number of simulations and analyse the effect of the key geometric parameters, we 

made some simplifying assumptions similar to previous work (Xenos et al., 2010). We only 

investigated lateral iliac bifurcation angle as this angulation is more common during AAA 

progression and by assuming no anterior-posterior angulation, the resulting stresses may 

be underestimated. We also limited our maximum neck angle to 40°, although in many 

clinical cases the neck angle could be much greater. There is also the opportunity to 



 

Chapter VI   Neck and Iliac Bifurcation Angle in AAA 

  177 

investigate different types of AAA to see if our findings remain valid in saccular 

aneurysms. We assumed the aortic wall has a constant thickness, yet in reality this wall 

thickness is variable. However, most importantly, we used a linearly elastic material model 

for the wall and so the magnitude of our wall stresses may underestimate those present in 

real AAAs. Nevertheless, as we note already (and describe in the Supplemental Material), 

the findings and conclusions of this study should not be impacted by the choice of material 

model. Additionally, it would be useful to include idealised representations of thrombus 

into the geometries. This would require careful determination of where to include the 

thrombus and to what extent, and would create another series of idealised geometries to 

investigate. However, this would be useful modelling to further understand the role of 

biomechanics in AAA disease. Finally, large clinical databases should be investigated to 

determine the true relationship of iliac bifurcation angle and proximal neck angle with 

rupture rates, and to further inform clinically-relevant computational studies. 
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CONCLUSION 

Peak WSS, TAWSS and von Mises wall stress in AAA significantly increase with iliac 

bifurcation angle, whereas LOS significantly decreases. The proximal neck angle has less 

of an impact on AAA biomechanics. AAAs have been shown to expand and rupture in 

regions of low WSS (Boyd et al., 2016, Doyle et al., 2014) and clinical findings show that 

AAAs with large iliac bifurcation angles may be less likely to rupture than those with 

smaller iliac bifurcation angles (Powell, 2016). Here we show that large iliac bifurcation 

angles may be protective of AAA expansion and rupture by creating high WSS and low 

LOS conditions. 
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SUPPLEMENTAL MATERIAL 

Creation of Idealised Geometries 

All geometries have a constant aneurysmal length of 125 mm measured from the proximal 

neck to the base of the iliac bifurcation and have a maximum diameter of 50 mm. The 

diameters of the iliac arteries and proximal aorta (neck) were 10 mm and 20 mm, 

respectively, for all cases. As is common in AAA computational studies, we assumed a 

uniform wall thickness. Here we used 2 mm thickness, as implemented previously (Xenos 

et al., 2010). We only considered angulation in the lateral plane as this angulation is more 

common in human anatomy and also so we could compare our data with prior work (Xenos 

et al., 2010). 

 

Governing Equations 

The fluid domain is governed by the Navier-Stokes and continuity equations: 

 
 

  

where,  is the fluid velocity vector,  is the local coordinate velocity vector,  is the static 

pressure,  is the blood density, and  is the dynamic viscosity. 

 

The solid domain is governed by the linear dynamics response of the system: 

  

where,  is the mass matrix,  is the damping matrix,  is the stiffness matrix,  is the 

acceleration vector,  is the velocity vector,  is the displacement vector, and  is the 

vector of external loads. 

 

The FSI simulations carried out in STAR-CCM+ utilise a two-way implicit coupling 

between the two domains. In two-way interactions, the fluid motion and pressure affects 

the structure displacement and deformation. In turn, the response of the structure affects 

the fluid flow. A strong implicit coupling is necessary as the simulation involves dynamic 

loads and velocities between a compliant structure and a relatively heavy, incompressible 

fluid. As a result of this coupling, data is passed between the structure solver and the fluid 
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solver over the interface multiple times every iteration, contributing to the computational 

intensity of the FSI method. 

 

Material Models 

Here we opted to use a linearly elastic material model for the aortic wall (Young’s modulus 

of 2.7 MPa and Poisson’s ratio of 0.45) with a density of 2000 kg/m3 as these parameters 

have been used in previous FSI studies (Di Martino et al., 2001, Leung et al., 2006).  

Although the AAA wall is a non-linear material, at these strains the choice of 

material model for the wall should not significantly affect the distribution of von Mises 

wall stress (but will influence the magnitude) and so should not affect the relationships and 

overall findings of our study. We recently demonstrated that the material model does not 

impact wall stress for static structural simulations of AAA and that a linearly elastic model 

yields identical stress values as those found with a sophisticated anisotropic model and 

inverse solution method (Joldes et al., 2016). Additionally, several studies have shown von 

Mises wall stress to be practically identical whether computed using FSI or a static solid 

mechanics approach (Leung et al., 2006, Lin et al., 2017). Furthermore, a linearly elastic 

model significantly reduces the already large computational expense of FSI. Therefore, for 

a parametric study such as this, we believe a linearly elastic wall model is optimum. Xenos 

et al. (Xenos et al., 2010) employed an isotropic, hyperelastic material model (Raghavan 

and Vorp, 2000) and also an anisotropic material formulation (Rodríguez et al., 2008, 

Vande Geest et al., 2006). This anisotropic material model is significantly stiffer than the 

typically employed isotropic AAA material model (Raghavan and Vorp, 2000) and yields 

much higher wall stresses in both AAA (Rodríguez et al., 2009) and cerebral aneurysms 

(Cornejo et al., 2014). However, the distribution of wall stress should be similar regardless 

of material model and this is shown in several studies (Polzer et al., 2013, Joldes et al., 

2016, Lin et al., 2017). Importantly, there is less uncertainty when using the isotropic 

material model as fibre orientation is not required (Lin et al., 2017, Rodríguez et al., 2009). 

Additionally, removing the impact of material properties is a viable pathway to clinical 

translation (Joldes et al., 2017). 

To further demonstrate this point, we performed a series of static finite element 

analysis (FEA) simulations on a range of our geometries (30°, 50°, 70°, 90°, 110°, 130° 

and 150° iliac bifurcation angle); bearing in mind that the stress distributions between FSI 

and static FEA are practically identical when using the same material model (Leung et al., 

2006, Lin et al., 2017) and the computational time of FSI simulations is highly expensive. 
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We used non-linear isotropic material properties for the AAA wall (Raghavan and Vorp, 

2000) and also included a simulation where the stiffness of the Raghavan and Vorp AAA 

material model was increased 100-fold. For these FEA simulations we used a uniform 

pressure boundary condition of 120 mmHg applied to the inner AAA wall and rigidly 

constrained the geometry at the proximal and distal regions.  

We found peak AAA wall stress in these non-linear FEA simulations to be similar 

to von Mises stress found using our linear elastic FSI simulations in all geometries (mean 

difference of 5%, range 0.5 to 16%). The 30° iliac angle geometry returned the greatest 

difference in peak wall stress (16%) and therefore we used this geometry to compare the 

peak wall stress from the linear elastic (Young’s modulus = 2.7 MPa) FEA simulation, 

using the same boundary conditions, to the wall stress obtained when using the extremely 

stiff (100-fold) non-linear isotropic material model. We found negligible difference (0.190 

versus 0.187 MPa). Then when we compared the data from the extremely stiff model to the 

peak wall stress found using the Raghavan and Vorp material model (0.216 versus 0.187 

MPa), the difference was also 16%. This is in contrast to Xenos et al. who found peak wall 

stress to be 0.927 MPa in the same geometry when implementing the same material model, 

compared to 0.216 MPa found here. Therefore, we believe the use of a linearly elastic 

material model is justified in our simulations and the relationships we have observed 

between wall stress and geometry are practically independent of material model. 

 

FSI Simulations 

We performed our simulations on two 12 core Intel Xeon CPUs with a shared memory of 

64 GB RAM and used a time step of 0.001 s with a minimum of three inner iterations per 

time step. To minimise the simulation time, analyses were run with only the fluid mesh 

enabled until a steady flow pattern was established. Therefore, simulations were run as rigid 

wall CFD simulations until a steady cardiac cycle was observed. This process took five 

cardiac cycles and approximately four hours to complete. Once a steady cardiac cycle was 

achieved, the solid mesh and FSI solver were enabled. The CPU time for each cardiac cycle 

with the FSI solver enabled was around 20 hours. Therefore, the total simulation of each 

geometry was for six cardiac cycles and took approximately 24 hours. This solution scheme 

is shown in Fig. S6.1. 
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Figure S6.1: Sum of velocities for a line probe through the AAA region of the 0° neck 

and 60° iliac angle geometry over six cardiac cycles. The box on the left illustrates that a 

single cardiac cycle does allow sufficient time for the flow to reach a steady cyclic 

pattern. This is a computationally efficient method of performing FSI simulations. 

 

Data Analysis 

We calculated WSS, time-averaged WSS (TAWSS), oscillatory shear index (OSI) and von 

Mises wall stress in the AAA region. We also investigated the peak low and oscillatory 

shear (LOS = OSI/TAWSS) in the AAA region with contours of LOS produced to identify 

any regions that may be prone to thrombus formation and wall degeneration (Di Achille et 

al., 2014).  

 

Mesh Independence Study 

We ensured our simulations were independent of mesh size through the grid-convergence 

index (GCI) (Celik et al., 2008, Roache, 1994). The GCI offers a simple method for 

measuring the percentage difference between the value of a variable obtained between 

differing mesh sizes and its asymptotic solution, where the asymptotic solution is 

considered to be the value obtained from an ideal mesh. We used three increasingly dense 

meshes generated on the 0° neck and 60° iliac angle geometry, and termed these meshes 

coarse, fine and finer, with the final element numbers shown in Table S6.1. The GCI is then 

calculated using the below equations, where  is the relative error,  is the physical 
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parameter observed for the finer mesh,  is the physical parameter observed for the fine 

mesh,  is the physical parameter observed for the coarse mesh,  is the order of 

convergence, and  is the grid refinement ratio. 

 

 

 

 

 

 

 

Table S6.1. Computational mesh details. Table shows the number of elements in each 

domain, number of prism layers in the fluid boundary, and the total volume mesh for the 

coarse, fine and finer meshes used to calculate the steady-state GCI conducted on the 0° 

neck and 60° iliac bifurcation angle idealised AAA geometry. 

 Coarse mesh Fine mesh Finer mesh 

Fluid domain 85549 147714 272979 

Prism layers 3 6 12 

Solid domain 332741 456971 733511 

Total 418290 604685 1006490 

 

The steady-state GCI was conducted with an inlet flow velocity of 0.3 m/s, which is 

equivalent to the peak flow during the cardiac cycle (Xenos et al., 2010, Olufsen et al., 

2000). We then calculated the velocity of a line probe though the AAA and the mean WSS 

in the AAA region, and deemed the solution to be independent of mesh size when both 

these GCI values were less than 1%. The GCI values for the sum velocity of a line probe 

through the aneurysm and the mean WSS in the AAA were calculated to be 0.13% and 

0.45%, respectively, for the fine and finer mesh. Therefore, all simulations were performed 

using the fine mesh parameters (six layers of prism elements) with total element numbers 
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of about 600,000, depending on the geometry. The two normalised GCI parameters are 

shown plotted against the element count for the three volume meshes in Fig. S2 to illustrate 

this convergence. 

 
Figure S6.2: Normalised sum velocity of a line probe through the aneurysm and the mean 

AAA WSS against the total number of elements in the coarse, fine and finer meshes for 

the steady-state GCI conducted on the 0° neck and 60° iliac angle idealised AAA 

geometry. 
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ABSTRACT 

Objective Isolated common iliac artery aneurysms (CIAA) are rare. Their prognosis 

and influence on aorto-iliac blood flow and remodelling are unclear. We evaluated the 

hypotheses that morphology at and distal to the aortic bifurcation, together with the 

associated haemodynamic changes, influence both the natural history of CIAA and 

proximal aortic remodelling.  

Approach and Results 25 isolated CIAAs (15 intact, 10 ruptured), in 23 patients were 

reconstructed and analysed with computational fluid dynamics: all showed abnormal flow. 

Then we studied a series of 24 hypothetical aorto-iliac geometries in silico with varying 

abdominal aortic deflection and aortic bifurcation angles: key findings were assessed in an 

independent validation cohort of 162 patients. Wall shear stress in isolated unilateral 

CIAAs was lower than the contralateral CIA, 0.38±0.33 Pa versus 0.61±0.24 Pa, inversely 

associated with CIAA diameter (p<0.001) and morphology (high shear stress in variants 

distal to a sharp kink). Rupture usually occurred in regions of elevated low and oscillatory 

shear (LOS) with a wide aortic bifurcation angle. Abdominal aortas deflected towards the 

CIAA for most unilateral isolated CIAAs (14/21). In silico, wider bifurcation angles created 

high focal regions of LOS in the CIA. The associations of unilateral CIAA with aortic 

deflection and CIA diameter with bifurcation angle were confirmed in the validation cohort.  

Conclusions Decreasing wall shear stress is strongly associated with CIAA progression 

(larger aneurysms and rupture), whilst abnormal blood flow in the CIAA appears to 

promote proximal aortic remodelling, with adaptive lateral deflection of the abdominal 

aorta towards the aneurysmal side. 
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INTRODUCTION 

Common iliac artery aneurysms (CIAAs) are usually found in association with abdominal 

aortic aneurysms (AAAs). Isolated CIAAs, which occur in the absence of AAA, can be 

unilateral or bilateral, are relatively uncommon but their rupture can be just as catastrophic 

as a ruptured AAA (McCready et al., 1983, Brunkwall et al., 1989). The definition of a 

CIAA is debatable, but one study has suggested a diameter threshold of 16 mm and another 

25 mm (Khosa et al., 2013, Richards et al., 2009). A more specific definition of CIAA 

could be based on either the distribution of normal common iliac artery (CIA) diameters or 

≥ 50% larger than the adjacent non-aneurysmal CIA diameter. Since the average diameter 

of the CIA in older men without AAA is about 13 mm (Singh et al., 2004), a diameter of ≥ 

20 mm could be a more appropriate definition. There are limited data on the natural history 

of CIAAs although it has been reported that they grow slowly with diameter increasing by 

about 5% per annum (Williams et al., 2014). Ultimately, there is no clear evidence 

supporting a diameter at which intervention should be offered with 40 mm often used, and 

both endovascular and open repair are effective, although recent guidelines recommend 35 

mm (Huang et al., 2008, Wanhainen et al., 2018). 

Experimental and computational data on CIAA is very scarce, the interplay between 

aorto-iliac morphology, haemodynamics and diameter is not well understood with few 

reports on the relationship between these parameters. It is also unclear if and how the 

haemodynamics influence morphology in the region. Recent work has shown that wider 

aortic bifurcations are protective of rupture in AAA (Ulug et al., 2018), which was 

explained by computational simulations of blood flow and stresses (Drewe et al., 2017). 

However, in part due to the rarity of CIAA, we know little about the haemodynamics of 

CIAA besides single case studies (Kelsey et al., 2016b, Kelsey et al., 2016a), despite the 

important benefit of a normal or near-normal CIA contralateral to the CIAA to act as a 

built-in control.  

Furthermore, we do not know if haemodynamics in the iliac arteries influences 

remodelling proximally in the aorta. It was previously reported that lower limb amputees 

were more likely to experience aortic remodelling where the abdominal aorta deflects 

towards the amputated side (Vollmar et al., 1989). However, this has not been thoroughly 

investigated in relation to haemodynamic changes and the potential impact on the proximal 

arteries, including the aorta. Earlier investigations have shown that CIAAs disturb local 

blood flow, with a vortex forming at the proximal extent of the CIAA during systole and, 
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then, travelling distally through the aneurysm (Kelsey et al., 2016b, Battaglia et al., 2010). 

Left ventricular remodelling in response to aortic stenosis is another well-established 

example of a proximal effect due to disturbed aortic haemodynamics downstream (von 

Knobelsdorff-Brenkenhoff et al., 2016). 

We hypothesise that morphology at and distal to the aortic bifurcation, together with 

the associated haemodynamic changes, influence both the natural history of CIAA and 

proximal remodelling in the abdominal aorta. Accordingly, the aims of this study were to 

investigate the inter-relationships of aorto-iliac morphology, haemodynamics and CIAA 

progression in a clinical series of isolated CIAAs and then, use this cohort to create a 

hypothetical series and further explore the inter-relationships between morphology and 

haemodynamics.  
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METHODS 

The research performed in this article complies with all local ethics committees and the 

Declaration of Helsinski, with anonymous image data used throughout the study, with 

approvals in the UK from South-Central Berkshire Research Ethics Committee 

08/H0505/173 (England and Wales), Scotland A Research Ethics Committee 

08/MRE00/90 (Scotland) and Riverside Research Ethics Committee 2007 letter of 

favourable opinion, The Helsinki University Hospital Institutional Review Board in 

Finland and the Ethical Committee of the Serbian Clinical Centre. 

 

Isolated CIAA Cohort 

We collected a cohort of 23 patients with 25 isolated CIAAs (2 patients had bilateral 

CIAAs) and without AAA (Figure S7.1 in the Supplemental Material). Patients were from 

the UK (n=6), Finland (n=6), Serbia (n=9) and the Osirix Dicom Image Library (Pixmeo 

SARL, Switzerland) (n=2). Cases had pre-operative contrast enhanced computed 

tomography (CTA) imaging as part of routine care before either elective repair of intact 

CIAA (n=15) or emergency repair of ruptured CIAA (n=10). All data were anonymised at 

the local institution before being included in this study, with local ethics approvals obtained 

for use of de-identified imaging data.  

 

Patient-Specific Reconstructions and Geometry Analyses 
We reconstructed the CIAAs into three dimensions (3D) using Mimics (v18.0, Materialise, 

Belgium), with the methods reported in full elsewhere (Kelsey et al., 2016b). Briefly, 

reconstructions began immediately distal to the renal arteries and continued downstream to 

the CIA bifurcation. We then used the computer-aided design tools in STAR-CCM+ 

(v11.06, Siemens, Berlin) to remove reconstruction artefacts, smooth the lumen wall and 

remove the minor branching arteries (Kelsey et al., 2016b). 

Calcification and intraluminal thrombus (ILT) were also reconstructed into 3D and 

volume was measured. To quantify overall geometry, as well as ILT and calcification 

reconstruction variability, a single case was reconstructed by three analysts. The results 

(Table S7.1 in the Supplemental Material) show that the reconstructed volumes vary at 

most by 2.5% from the mean. The same case was then reconstructed on three separate 

occasions by the primary analyst (L.P.) and we found a maximum of 3.3% deviation from 

the mean. This primary analyst performed all subsequent reconstructions for the study 
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(Figure 7.1). For each case, we measured the aortic deflection angle; the aortic bifurcation 

angle; the maximum diameter of the CIA and CIAA (perpendicular to the centerline); and 

artery tortuosity (Figure 7.2). The aortic deflection angle was measured using a custom-

written script in MATLAB (MathWorks, Massachusetts, USA) that finds the greatest 

equally-spaced three-point angulation along the arterial centerline over any 40 mm section 

of the abdominal aorta. The aortic bifurcation angle was also a three-point measurement 

centered at the point of bifurcation and extending 10 mm into each CIA, along the 

centerline. The CIAA maximum diameter measurements were performed in Mimics and 

represent the largest diameter perpendicular to the arterial centerline. Tortuosity was 

measured along the arterial centerlines. In the abdominal aorta, tortuosity measurements 

were taken from immediately below the renal arteries to the point of aortic bifurcation. In 

the iliac arteries, these measurements were made from the point of aortic bifurcation to the 

first discontinuity in the CIA (bifurcation or loss of flow indicated by the absence of 

imaging contrast). Segments of the CIA surfaces were created to calculate surface average 

values of haemodynamic measures. All segments were divided perpendicular to the 

centerline. The contralateral CIA surface measurements were taken from 20 mm distal to 

the aortic bifurcation and continued a further 20 mm along the centerline to achieve a 

representative sample of CIA haemodynamics away from the effects of the aortic and iliac 

bifurcations. The CIAA surface was taken from 15 mm distal to the aortic bifurcation and 

continued to the first discontinuity in the CIA in order to capture the entire dilated portion 

of the artery. Measurement repeatability data are shown in Table S7.1 in the Supplemental 

Material. The site of CIAA rupture was identified in 6 cases by a senior vascular radiologist 

(RA). 
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Figure 7.1. Anterior view of isolated CIAA cohort reconstructions with ILT and 

calcification indicated. There were 25 CIAAs in 23 patients. Vortices were observed in 

cases with a particularly kinked CIA. The origin of the vortices is indicated in these cases. 
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Figure 7.2. A. Coronal view showing segmented aorta and aortic bifurcation (purple) and 

B. the resulting reconstruction. C. CIAA with the methods used to quantify aortic 

deflection, aortic bifurcation and external aorto-iliac angles (measured for the validation 

cohort only) shown. D. The centerline used for tortuosity measurements and arterial 

segments used for surface averages of haemodynamic metrics. E. Tortuosity, τ, is defined 

as: τ = 1 - (linear distance / distance along the centerline). Additional information on 

these measurements is in the Supplemental Material. 
 

Computational Fluid Dynamics Simulations 

All laminar flow simulations were performed in STAR-CCM+ and follow methods used in 

our previous work (Kelsey et al., 2016b). Briefly, as patient-specific flow rate data was not 

available, we used existing data measured with MRI in the infrarenal aorta of 36 patients 

with AAA (Les et al., 2010b) and applied this at the inlet to our models (inlet was extended 
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by 100 mm; see Supplemental Material). The computational mesh was comprised of 

polyhedral cells refined around physical features such as bifurcation. The CIAA models 

each consisted of ~4M cells, with the accuracy verified by a mesh convergence study 

(Figure S7.2, Table S7.2-3 in the Supplemental Material). More detail on the verification 

of our computational meshes are provided in the Supplemental Material. A sensitivity 

analysis showed that the inlet condition does not significantly alter the distributions of 

surface haemodynamic conditions but can change the magnitude of haemodynamic forces 

(Figure S7.3 in the Supplemental Material). We assumed that blood was a Newtonian fluid 

which is reasonable for large arteries (Arzani, 2018). We investigated the influence of 

blood’s shear-thinning properties on our data and found negligible effects (Figure S7.4-5 

in the Supplemental Material). We also assumed that blood was an incompressible fluid 

with a dynamic viscosity of 0.0035 Pa.s and a density of 1050 kg/m3. We created outlet 

lengths 10 times the outlet diameter as this has been shown to be a sufficient length to 

remove the effects of an open boundary on the model (Hardman et al., 2013). We also 

investigated the effects of downstream resistance modeled with Windkessels and a flow 

split based on outlet diameter and found negligible difference (Figure S7.4-5 in the 

Supplemental Material). The walls of the artery were assigned no-slip, rigid wall properties 

as a compliant vessel wall does not significantly influence haemodynamics but does 

significantly increase computational time (Les et al., 2010a, Doyle et al., 2014b, Steinman 

et al., 2013, Boyd et al., 2016, Poelma et al., 2015, Wolters et al., 2005). We then simulated 

each case until velocities in the aneurysm were periodic for three cardiac cycles. 

Simulations were performed on 512 cores of Magnus, a Cray XC40 Series Supercomputer 

(Pawsey Supercomputing Centre, Perth, Western Australia) and we extracted time average 

wall shear stress (TAWSS) and oscillatory shear index (OSI) over the final three cardiac 

cycles. We then calculated the ratio of OSI/TAWSS (Di Achille et al., 2014), which we 

refer to as low and oscillatory shear (LOS). This ratio, LOS, is a useful summary metric of 

haemodynamic conditions as it captures the unfavorable combination of low wall shear 

stress and high oscillation in the flow, with adverse haemodynamic conditions represented 

by high LOS.  

 

Data Analysis and Statistics 

In the ruptured cases, we spatially compared haemodynamic data with rupture location 

using a clock-face system for axial position and the centerline length from the point of 
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aortic bifurcation for longitudinal position. Rupture locations were blinded to the 

computational analyst (L.P.). A Shapiro-Wilk test (α = 0.05) was used to determine if 

variables were normally distributed. For normal distributions the ruptured/intact 

comparison was made using a t-test and linear regression when accounting for maximum 

diameter of the CIAA. In all other cases a Mann-Whitney U test was used. To account for 

the effect of diameter, adjusted values were calculated after curve-fitting the relationship 

between maximum diameter and the variable. These relationships were either exponential, 

least-squares or 2nd order polynomial. Comparisons between CIAA and contralateral CIA 

haemodynamics were made using a Wilcoxon signed-rank test. All statistics were 

performed using the software MATLAB (MathWorks, Massachusetts, USA) and Excel 

(Microsoft, Washington, USA). 

 

In Silico Hypothetical Series 

Simulation of Haemodynamics with Changing Aorto-iliac Morphology 

Using the range of angular dimensions measured in the isolated CIAA cohort (Table 7.1), 

we created 24 hypothetical aorto-iliac geometries with varying aortic deflection (45°-180°) 

and aortic bifurcation angle (45°-270°) using computer-aided design (Figure 7.3). In cases 

with a bifurcation angle ≥180°, the LCIA is angled cranially. A kink has been introduced 

to re-direct the artery distally as seen in such cases in the isolated CIAA cohort. In these 

cases a kink has been introduced which causes the artery to eventually travel distally again, 

representative of such cases in the isolated CIAA cohort. With increasing aortic deflection 

leftwards the bifurcation itself was rotated to maintain a straight abdominal aorta on 

approach, as observed in the isolated CIAA cohort. The center of the aortic deflection was 

made 50 mm along the centerline upstream from the aortic bifurcation (mean of 52 mm in 

the isolated CIAA cohort). We then simulated the haemodynamics using the same CFD 

parameters as earlier and analysed TAWSS, OSI and LOS in 40 mm segments of the 

infrarenal aorta, left and right CIAs.  
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Figure 7.3. The in silico hypothetical series is a group of idealised geometries created for 

CFD simulation to observe the inter-relationship between aortic deflection angle, aortic 

bifurcation angle and aorto-iliac haemodynamics. The angle of aortic deflection ranges 

from 45° - 180°, and aortic bifurcation angle from 45° - 270°. These ranges were directly 

observed in the isolated CIAA cohort. 
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Validation Cohort 

Assessment of the Relationship between Aortic and Common Iliac Artery Remodelling 

To assess whether the main findings concerning aortic deflection and bifurcation angle 

from the in vivo and in silico haemodynamic studies of isolated CIAAs could be observed 

in a larger clinical population where most of the CIAAs occurred in the presence of AAA, 

we accessed data from an unpublished study comparing duplex ultrasonography and CTA 

in the evaluation of iliac artery suitability for a range of elective endovascular interventions 

in consecutive patients at Charing Cross Hospital, London, UK (see cohort diagram in 

supplement, Figure S7.6). The 162 patient cohort included 36 patients with CIAA and a 

large AAA as the index condition (26 unilateral and 10 bilateral) and 9 patients with CIAA 

as the index condition (4 isolated CIAA and 5 with small AAA <4.0 cm diameter). 

Morphological parameters were measured from CTA using semi-automated image analysis 

and the results entered on a standard clinical reporting form. For the present study, the data 

from the reporting forms were extracted retrospectively by two independent observers, who 

reviewed the images to categorise morphology, with any differences resolved by 

agreement. The morphological parameters assessed included abdominal aortic deflection, 

maximum aortic diameter, maximum CIA diameters, whether the CIA was tortuous or 

straight and external aorto-iliac angle. In the original study, aortic bifurcation angle was 

not measured. However, a bifurcation angle grade could be derived from the external aorto-

iliac angles, which were assessed (see Figure 7.2C for this measurement and Tables S7.5-

6). 
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RESULTS 

Flow Disturbance, Morphology and CIAA Progression in Isolated CIAAs 

The morphological characteristics of the isolated CIAA cohort are shown in Table 7.1. 

Although thrombus volume increased with CIAA diameter (R=0.81, p<0.001), there was 

no consistent relationship with calcification. Calcification showed no significant difference 

between ruptured and intact cases and calcium burden was not significantly higher in the 

aneurysmal CIA when compared with the corresponding contralateral artery (917 ± 977 

mm² versus 803 ± 1111 mm², p=0.47). 
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Table 7.1. Isolated CIAA cohort characteristics.  

Case Sex Status 
L/

R 

Bifurcation 

Angle (°) 

Aortic Deflection 

(°, direction) 

CIAA 

Diam.* 

(mm) 

CIAA Diam. 

(excl. ILT) 

(mm) 

ILT Vol. 

(mm³) 

Calc. Vol. 

(mm³) 

1 M Ruptured L 89.7 91.9, R 85.8 51.4 339,032 2,818 

2 M Ruptured L 84.3 131.5, L  92.1 50.4 215,198 94 

3 M Ruptured L 108.9 136.4, R 85.1 79.2 106,942 1,480 

4 M Ruptured L 93.0 125.8, L 113.7 78.1 330,316 2,579 

5 F Ruptured L 71.1 152.7, R 79.0† 79.0† 49,970 0 

6 M Ruptured R 124.0 127.2, R 138.0 108.0 209,108 265 

7 F Ruptured L 71.7 145.3, L 71.0† 71.0† 38,874 0 

8 M Ruptured L 84.7 148.5, R 87.1 77.4 116,354 147 

9 M Ruptured L 93.8 143.1, L 88.0 72.3 71,972 2,550 

10 M Ruptured R 84.1 159.5, L 55.5 32.0 50,430 948 

  Intact L 84.1 159.5, L 35.5 29.6 5,709 1,254 

11 F Intact L 50.0 160.4, R 24.5 24.5 0 30 

12 M Intact R 84.1 162.3, R 36.6 33.0 8,754 1,199 

  Intact L 84.1 162.3, R 27.7† 27.7† 292 722 

13 M Intact L 59.9 152.2, L 31.6 26.0 4,949 872 

14 M Intact L 80.9 156.2, R 39.1 22.0 26,259 1,903 

15 F Intact L 72.8 134.0, L 28.9 28.9 0 39 

16 M Intact R 70.4 167.6, R 52.3 29.0 67,647 2,008 

17 M Intact R 69.7 171.5, R 41.3 36.7 26,459 492 

18 M Intact R 68.3 153.3, L 42.2 38.1 11,479 1,173 

19 M Intact L 60.6 162.9, L 26.6 26.6 0 5 

20 F Intact L 49.3 144.4, L 25.6 25.6 0 0 

21 M Intact L 46.1 134.7, L 64.8 59.1 75,336 941 

22 M Intact L 91.6 149.0, L 36.9 36.9 0 1,843 

23 F Intact L 68.9 149.2, L 43.7 43.7 0 8 

 

Note: Cases 10 and 12 had aneurysm in left and right common iliac arteries.  

*inner-to-inner diameter.  

† No ILT at the location of maximum diameter. 
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In the isolated CIAA cohort, we observed disturbed flow in the aneurysmal CIA. Average 

aneurysmal CIA TAWSS (±SD) was 0.38 Pa (±0.33) compared with 0.61 Pa (±0.24) in the 

contralateral artery (p=0.001, n=21, bilateral cases excluded). OSI was similar in the CIAA, 

0.20 (±0.08) versus 0.19 (±0.04) in the contralateral CIA (p=0.66). Unilateral CIAA LOS 

was then markedly higher with an average of 1.30 Pa¯¹ (±1.50) versus 0.42 Pa¯¹ (±0.34) in 

the contralateral artery (p<0.001). CIAA diameter was inversely correlated with TAWSS, 

p<0.001 (Figure 7.4). The morphology in the aorto-iliac region also varied with CIAA size. 

The largest CIAAs were saccular (Figure 7.1, Cases 1, 3, 4, 5, 6, 7, 8, 9 and 21), whilst 

smaller CIAAs were fusiform in either a tortuous or non-tortuous CIA (Figure 7.1, Cases 

2, 10-R, 12-L, 12-R, 14, 16, 17 and 18). CIAAs in a distal to a sharp kink in a tortuous CIA 

(Figure 7.1, Cases 10-L, 11, 13, 15, 19, 20, 22 and 23), were smallest and predominantly 

on the left and none had ruptured. In cases with a sharply kinked CIA proximal to the 

aneurysm, the principal flow disturbance was a vortex which formed during systole and 

translated distally. In these cases, unilateral CIAA and contralateral TAWSS was high, 0.75 

Pa (±0.30) and 0.70 Pa (±0.19) respectively (p=0.58). OSI was equal in the CIAA, 0.17 

(±0.02) versus 0.17 (±0.03) in the contralateral CIA (p=0.47). CIAA LOS was similar 

(p=0.93) in the CIAA, 0.31 Pa (±0.19) versus 0.28 Pa (±0.15) in the contralateral CIA.  
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Table 7.2. Comparison of morphology and haemodynamic metrics in intact and ruptured 

isolated CIAAs.  

Parameter 

 

Intact (SD) 

n=15 

Ruptured (SD) 

n=10 

Mean difference; 

P value* 

Adjusted mean 

difference; p-

value* 

Bifurcation angle (°)  69.4 (13.6) 90.5 (15.2) 21.1; <0.01 12.1; 0.23 

ILT volume (mm³) 
15,126 

(23,770) 152,820 (108,284) 137,694; <0.001 41,730; 0.89  

Calcium volume 

(mm³) 833 (705) 1,088 (1,116) 255; 0.76 163; 0.98 

TAWSS (Pa) 0.53 (0.32) 0.16 (0.11) -0.37; <0.01 -0.08; 0.50 

OSI 0.21 (0.05) 0.19 (0.09) -0.03; 0.41 0.003; 0.95 

LOS (Pa¯¹) 0.74 (0.79) 1.91 (1.78) 1.17; 0.04 0.38; 0.81 

Aortic tortuosity 0.07 (0.05) 0.14 (0.09) 0.07; 0.01 0.01; 0.81 

CIAA tortuosity  0.21 (0.16) 0.15 (0.08) -0.06; 0.53 0.03; 0.34 

Maximum diameter 

(mm) 48.4 (10.6) 88.8 (19.5) 40.4; <0.001 NA 

 

Note:* P values calculated using either a t-test or Mann-Whitney U test. 
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Figure 7.4. Surface average TAWSS conditions plotted against maximum CIAA 

diameter. After log transformation R= 0.78, p<0.001. 

 

The spatial comparison between location of rupture (identifiable on CT in six cases) and 

key haemodynamic metrics is shown in Figure 7.5A. Five CIAAs (Cases 1, 2, 3, 4 and 8) 

ruptured in areas of low TAWSS and one case (Case 5) ruptured at high TAWSS. OSI 

contours reveal that rupture occurs in regions of relatively high OSI gradient, and LOS 

discriminates the rupture location well, with 5/6 cases rupturing where LOS is high (Figure 

7.5A). Case 5 displayed distinct flow patterns and did not follow the trends observed in the 

other five ruptured cases. There is a stenosis proximal to the iliac aneurysm and during 

systole we observed a pulse of high velocity blood entering the saccular region. As shown 

in Figure 7.5B, this flow impinges on the left posterior wall of the aneurysm, correlating 

well with the rupture location. 
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Figure 7.5. A. Surface plots showing the TAWSS, OSI and LOS for the cases where 

rupture location is known, with corresponding case numbers. × indicates the rupture 

location. For cases 2 and 3 the posterior is shown whilst all others are in an anterior view. 

B. Case 5: a pulse of high velocity blood traversing the aneurysm sac towards the site of 

rupture. The point in the cardiac cycle is indicated on the infrarenal mass flow waveform 

shown along the bottom. 
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Aortic Deflection and Aorto-iliac Haemodynamics in vivo and in silico 

An obvious deflection of the abdominal aorta was observed in all 21 patients with unilateral 

CIAA, with 67% of cases (14/21) deflected towards the CIAA.  

In the in silico hypothetical series, we note the increased LOS in the CIA compared 

to the aorta. There was no consistent association between magnitude of aortic deflection 

and LOS in either CIA (Figure 7.6A/B). The magnitude of aortic deflection was associated 

with altered aortic LOS. Mean aortic LOS remained at a similar level in cases with acute 

aortic deflection angles before a dramatic increase after 135° in the straight aorta (Figure 

7.6C). Maximum LOS was lowest in the straight aortas and elevated to a variable extent 

with aortic deflection (Figure 7.6D). Although the overall trends in mean and maximum 

aortic LOS were divergent, the maximum values for moderately deflected aortas were 

similar to the previously reported physiological value of 0.56 Pa¯¹ in the infrarenal aorta 

(Di Achille et al., 2014). 

In the validation cohort, 83% of unilateral CIAA cases (29/35) showed deflection 

of the aorta towards the aneurysmal side, with 25 of these cases being in the presence of an 

AAA.  
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Figure 7.6. Results of the in silico hypothetical series. Both mean A. and maximum B. 

LCIA (and RCIA shown in Supplemental Material) LOS were relatively unchanged by 

aortic deflection. Example geometries with 90  aortic bifurcation angle are shown for 

visualization. In the aorta, mean LOS decreases when deflection is introduced C. whereas 

maximum aortic LOS displays a non-linear relationship D., being lowest in the straight 

aorta and second lowest in the most deflected case. Example geometries with 90  aortic 

bifurcation angle are shown for visualization. In general, we found mean LOS in the 

LCIA to reduce E. and maximum LOS to increase F. with aortic bifurcation angle. 

Example geometries with 90  aortic deflection are shown for visualization. 

 



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  210 

Aortic Bifurcation Morphology and CIAA Diameter 

To adapt to an enlarging CIAA, changes may occur in morphology at the aortic bifurcation. 

Aortic bifurcation angle varied greatly in the isolated CIAA cohort (46-124o), with the 

largest aneurysms having the widest bifurcation angle (Table 7.1). When we compared 

morphology and haemodynamic metrics of ruptured and intact isolated CIAAs, we found 

significant univariate differences in bifurcation angle (p<0.01), ILT volume (p<0.001), 

aortic tortuosity (p=0.01), LOS (p=0.04), TAWSS (p<0.01) and maximum diameter 

(p<0.001) (Table 7.2). However, as ruptured cases are likely to be larger than intact cases, 

when we adjusted data for maximum luminal CIAA diameter, no variables (other than 

CIAA diameter) showed a significant difference although the magnitude of differences in 

bifurcation angle and LOS remained large.  

The effect of bifurcation angle on LOS was then investigated in silico with the 

hypothetical series. The mean LOS in the left CIA (averaged over a 40 mm segment) 

decreased steadily with a widening bifurcation angle, independent of aortic deflection, 

when the bifurcation angle exceeded 90  (Figure 7.6E). Conversely, as the bifurcation 

angle increased, the maximum LOS in left CIA was attenuated by aortic deflection, 

increasing by an average of 90% across the range of geometries with varying aortic 

deflection. Conditions in the right CIA followed this same trend (Figure S7.7 in the 

Supplemental Material). LOS peaks were limited to the shoulder regions of the tortuous 

CIAs (Figure S7.9 in the Supplemental Material). Therefore, increasing the bifurcation 

angle has the favorable haemodynamic effect of reducing mean LOS in the CIA but the 

potentially adverse effect of increasing peak LOS.  

In the validation cohort (Table S7.4 in the Supplemental Material), the group with 

the widest aortic bifurcation angle (Table S7.6 in the Supplemental Material, Grade 1) had 

an average maximum CIA diameter of more than twice that of the most acute bifurcation 

angle group (Table S7.6, Grade 5), with a very strong inverse correlation (R2=0.98, 

p=0.004) between CIA diameter and category of bifurcation angle (Figure S7.8 in the 

Supplemental Material).  
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DISCUSSION 

This is the first sizeable study of the haemodynamics of isolated CIAAs which describes 

and quantifies the flow disturbance within the aneurysm. This flow disturbance appears to 

be important for two reasons. First, the combined in vivo and in silico data suggest that this 

flow disturbance usually leads to proximal aortic remodelling, with deflection of the 

abdominal aorta towards a unilateral CIAA. Second, the interplay between morphology and 

haemodynamic changes in the aorto-iliac segment are associated with the clinical 

progression of CIAAs, including the inverse association of wall shear stress with CIAA 

diameter and the association of the highest low and oscillatory shear with the site of CIAA 

rupture. Arterial calcification was not associated with either haemodynamics or clinical 

progression.  

 

Flow Disturbance in the Common Iliac Artery Leads to Aortic Deflection 

Flow disturbance was clear in the aneurysmal CIA. Flow separation, where blood moves 

away from the arterial wall towards the center of the artery, creates the low WSS conditions 

observed, particularly in the larger CIAAs. OSI was higher in the aneurysmal CIA but the 

difference less marked given the influence of the nearby aortic bifurcation. In cases where 

small CIAAs were distal to a sharp kink in the CIA, a vortex was observed to form proximal 

to the kink and translate distally through the CIAA throughout the cardiac cycle. These 

vortices force flow to circulate the close to the arterial wall, retaining high TAWSS 

throughout. 

A prior study of above-knee amputees noted an increased occurrence of AAAs 

when compared with non-amputees (5.8% versus 1.1%) (Vollmar et al., 1989). In the 

amputees, a deflection in the abdominal aorta towards the amputated side (with flow 

direction favoring the patent run-off) was observed in 84% (16/19) of cases and the authors 

proposed that a disruption to the distal iliac artery run-off changed abdominal aortic 

morphology. In our study, we observed deflection (and hence elongation) of the abdominal 

aorta towards the side of the aneurysmal CIA in the majority of both the isolated CIAA 

cohort and even in the presence of an AAA in the validation cohort. This indicates an inter-

relationship between disturbance to CIA flow (by either distal amputation or aneurysm) 

and abdominal aortic deflection, with the resulting flow direction favoring the CIA with 

less disturbed flow. However, when we studied our in silico hypothetical series without 

CIAA, we found deflection in the abdominal aorta to have little effect on the 
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haemodynamics in the CIA (Figure 7.6A/B). Therefore, these data suggest that CIAAs are 

causing abdominal aortic remodelling, rather than a pre-existing aortic deflection leading 

to the development of CIAA. To confirm such causality, future longitudinal studies that 

record the progression of both aortic deflection and the CIAA are needed. 

Although there have been no reports of a direct association between CIA flow 

disturbances and the presence of AAA, these disturbances have been linked with 

unfavorable outcomes in AAA. Of 61 ruptured AAA cases, 15 ruptured at diameters below 

60 mm and these small ruptured cases were more likely to have aortic outflow occlusion 

(Crawford et al., 2016). Furthermore, they showed that the peak biomechanical wall stress 

is substantially increased in both small and large AAAs with aortic outflow occlusion. In a 

murine model, researchers impaired aortic outflow by stenosing one iliac artery and showed 

increased AAA diameter (Busch et al., 2018). Interestingly, in their murine model they 

observed aneurysms to bulge towards the contralateral side instead of the disturbed side, as 

found in lower limb amputees and our cases with iliac artery aneurysms (Vollmar et al., 

1989). 

 

Impact of Aortic Bifurcation Angle on Haemodynamics and Aneurysmal Disease 

The widest aortic bifurcation angles were found in the large ruptured CIAAs (Table 7.2). 

Cases with a bifurcation angle greater than 80° had an average maximum CIAA diameter 

of 78 mm (±31) compared with 44 mm (±18) for cases with a more acute bifurcation, which 

raises the question of whether a wide bifurcation angle creates haemodynamic conditions 

that drive CIAA progression? Regions of high LOS lack the mechanical stimuli to form the 

overlapping endothelial cells which align with the direction of flow (Nerem et al., 1981, 

Clark and Glagov, 1976). The cells become round in shape, increasing intra-cellular space 

and making the wall more permeable to macromolecules and in turn make these areas 

susceptible to aneurysm initiation and progression (Dewey et al., 1981, Ku et al., 1985, 

Salsac et al., 2006, Sho et al., 2004a, Sho et al., 2004b). In the LCIA (where 81% of 

unilateral aneurysms occurred despite no appreciable morphological differences, Table 7.1) 

of the in silico hypothetical series, mean LOS decreased as bifurcation angle widened. The 

peak LOS, however, increased significantly and may be why wider bifurcation angles 

correlate with higher rupture rates in the isolated CIAA cohort. However, we cannot 

exclude the possibility that bifurcation angle widens as a response to accommodating the 

enlarging CIAA.  
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Importantly, elevated LOS for narrow aortic bifurcations is distributed over a larger 

surface area of the CIA whereas when the bifurcation angle increases, regions of elevated 

LOS are more focal and reach a higher maximum (Figure S7.9 in the Supplemental 

Material). Such data suggest that local haemodynamics are central to aneurysm 

development and progression. Experimental data has shown perturbed stress distributions 

in early stage in silico AAAs which are absent in healthy models (Salsac et al., 2004). The 

observation that maximum LOS in the CIA increased with bifurcation angle to above the 

proposed threshold for biologically active thrombosis (Di Achille et al., 2014) (Figure 

7.6F), implies that the greatest biomechanical insult to the CIA wall is in the hypothetical 

geometries with the widest bifurcation. It follows that these cases are then at the greatest 

risk of dilation. This is supported by data from the validation cohort where we measured a 

strong correlation between increasing CIA diameter and increasing bifurcation angle 

(Supplemental Material, Figure S7.8). Analysis of rupture sites in the isolated CIAA cohort 

confirms that unfavourable haemodynamic conditions, ie. low shear and high LOS that 

have previously been proposed for AAA (Boyd et al., 2016, Doyle et al., 2014a) apply to 

CIAA. 

Interestingly, the IMPROVE Trial recently observed the opposite pattern in AAA, 

where aortic bifurcation angles were lower in ruptured versus intact AAAs, after diameter 

matching, implying that wider aortic bifurcation angle was protective of AAA rupture 

(Ulug et al., 2018). Subsequently, this finding was further investigated in silico using 

computational modelling in a hypothetical series of AAAs with varying aortic bifurcation 

angle (Drewe et al., 2017). The key finding from that study was that maximum LOS in the 

AAA decreases with increasing aortic bifurcation angle, creating more favorable 

haemodynamic conditions that are likely to reduce AAA expansion. Therefore, we propose 

that aortic bifurcation morphology has important and contrasting influences on 

haemodynamics, both proximally and distally, on the aneurysmal susceptibility of both the 

abdominal aorta and CIAs. 

 

Flow Disturbance in the CIAA and CIAA Progression 

In all the clinically relevant cases of unilateral CIAA, TAWSS was much lower and LOS 

much higher than the contralateral CIA, the changes in TAWSS being strongly associated 

with aneurysm size. However, in the smallest CIAAs, distal to a sharp kink in the CIA, 

TAWSS remained high and the main flow disturbance was an inlet vortex during systole: 

this opens the possibility that such CIAAs are relatively benign, with limited progression. 
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The largest CIAAs assumed a saccular, rather than fusiform shape and rupture usually 

occurred at the point of highest LOS. These initial observations of the role of flow 

disturbance in CIAA progression suggest the hypothesis that reducing TAWSS facilitates 

CIAA progression. This hypothesis could be further substantiated in a longitudinal study 

using arterial ligation in animal models to observe the effect of controlled TAWSS in the 

iliac arteries. 

 

Study Strengths and Limitations  

This study has several strengths. Firstly, this is the largest computational fluid dynamics 

study of isolated CIAAs to date, with most of these having a relatively normal contralateral 

CIA for an “in-built” control. We explored our findings in isolated CIAA cases through a 

hypothetical series, and then cross-validated our findings in a separate clinical cohort where 

most of the CIAAs occurred with a more proximal aneurysm (AAA). However, the rarity 

of isolated CIAAs is a limitation of our study and both the single snapshot data and sample 

size were insufficient to elucidate which metrics, other than aneurysm diameter, might be 

significantly associated with clinical progression. Also, as this was a retrospective study, 

we did not have patient-specific blood flow and pressure data for all cases; instead we used 

a generalised waveform derived from 36 patients with AAA at the inlet to the model and a 

flow split at the outlets. However, we did investigate the sensitivity of our methods to these 

clinical data and show little impact on findings (Figures S7.3-5 in the Supplemental 

Material) and are therefore confident that our data is robust to further refinement of the 

computational modelling process. In our in silico models where we vary bifurcation angle, 

we consider deviations in the coronal plane alone. Whilst there is sometimes significant 

tortuosity in the sagittal plane (e.g. Case 11, Figure 7.1), the majority of cases are 

dominated by tortuosity in the coronal plane and so this remained our focus of our study. 

Finally, we used immediately post-ruptured CTA data to reconstruct geometries in the 

ruptured isolated CIAA cohort cases, whereas pre-rupture images would be desirable (but 

were not available). It is possible that the shape of the CIAA changed upon rupture, 

however in our experience changes in AAA morphology post-rupture have been minimal 

(Doyle et al., 2014c). 
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CONCLUSIONS AND FUTURE DIRECTIONS 

The presence of unilateral CIAA appears to cause adaptive remodelling to improve blood 

flow and haemodynamics both proximally in the abdominal aorta as well as locally in the 

aorto-iliac bifurcation region. In clinically relevant CIAAs, the haemodynamic disturbance 

(especially reducing TAWSS) increases with aneurysm size and in the largest CIAAs, high 

LOS conditions usually predict the site of rupture. This raises the possibility that these 

haemodynamic disturbances cause CIAA progression. Future work will focus on applying 

the same fluid modelling techniques to serial CTA data to validate the effect of 

morphology-driven haemodynamic conditions on CIAA growth rates and rupture in 

prospective longitudinal clinical studies and in designing experimental studies with 

intervention to increase TAWSS . The association between disturbed iliac flow and aortic 

remodelling will be further investigated within the context of unilateral iliac stenosis. 

  



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  216 

ACKNOWLEDGEMENTS 

This work was funded by the National Health and Medical Research Council (grants 

APP1063986 and APP1083572), the Australia and New Zealand Society for Vascular 

Surgery (ANZSVS) Research Foundation, and the William and Marlene Schrader Trust. 

This work also was supported by resources provided by the Pawsey Supercomputing Centre 

with funding from the Australian Government and the Government of Western Australia 

and the UK National Institute for Health Research (NIHR) Health Technology Assessment 

(HTA) program (project number 07/37/64).  

 

  



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  217 

REFERENCES 

ARZANI, A. 2018. Accounting for residence-time in blood rheology models: do we really 
need non-Newtonian blood flow modelling in large arteries? J R Soc Interface, 15, 
1-10. 

BATTAGLIA, S., DANESINO, G. M., DANESINO, V. & CASTELLANI, S. 2010. Color 
Doppler ultrasonography of the abdominal aorta. Journal of ultrasound, 13, 107-
117. 

BOYD, A. J., KUHN, D. C., LOZOWY, R. J. & KULBISKY, G. P. 2016. Low wall shear 
stress predominates at sites of abdominal aortic aneurysm rupture. J Vasc Surg, 63, 
1613-9. 

BRUNKWALL, J., HAUKSSON, H., BENGTSSON, H., BERGQVIST, D., 
TAKOLANDER, R. & BERGENTZ, S. E. 1989. Solitary aneurysms of the iliac 
arterial system: an estimate of their frequency of occurrence. J Vasc Surg, 10, 381-
4. 

BUSCH, A., CHERNOGUBOVA, E., JIN, H., MEURER, F., ECKSTEIN, H. H., KIM, M. 
& MAEGDEFESSEL, L. 2018. Four Surgical Modifications to the Classic Elastase 
Perfusion Aneurysm Model Enable Haemodynamic Alterations and Extended 
Elastase Perfusion. Eur J Vasc Endovasc Surg, 56, 102-109. 

CLARK, J. M. & GLAGOV, S. 1976. Luminal surface of distended arteries by scanning 
electron microscopy: eliminating configurational and technical artefacts. British 
journal of experimental pathology, 57, 129-135. 

CRAWFORD, J. D., CHIVUKULA, V. K., HALLER, S., VATANKHAH, N., 
BOHANNAN, C. J., MONETA, G. L., RUGONYI, S. & AZARBAL, A. F. 2016. 
Aortic outflow occlusion predicts rupture of abdominal aortic aneurysm. J Vasc 
Surg, 64, 1623-1628. 

DEWEY, C. F., JR., BUSSOLARI, S. R., GIMBRONE, M. A., JR. & DAVIES, P. F. 1981. 
The dynamic response of vascular endothelial cells to fluid shear stress. J Biomech 
Eng, 103, 177-85. 

DI ACHILLE, P., TELLIDES, G., FIGUEROA, C. A. & HUMPHREY, J. D. 2014. A 
haemodynamic predictor of intraluminal thrombus formation in abdominal aortic 
aneurysms. Proc. R. Soc., 470, 1-22. 

DOYLE, B., MCGLOUGHLIN, T. & KAVANAGH, E. 2014a. From Detection to 
Rupture: A Serial Computational Fluid Dynamics Case Study of a Rapidly 
Expanding, Patient Specific, Ruptured Abdominal Aortic Aneurysm. 
Computational Biomechanics for Medicine, 9, 53–68. 

DOYLE, B. J., MCGLOUGHLIN, T. M. & KAVANAGH, E. G. 2014b. From Detection 
to Rupture: A Serial Computational Fluid Dynamics Case Study of a Rapidly 
Expanding, Patient Specific, Ruptured Abdominal Aortic Aneurysm. 
Computational Biomechanics for Medicine, 9, 53–68. 

DOYLE, B. J., MCGLOUGHLIN, T. M., MILLER, K., POWELL, J. T. & NORMAN, P. 
E. 2014c. Regions of high wall stress can predict the future location of rupture of 
abdominal aortic aneurysm. Cardiovasc Intervent Radiol, 37, 815-8. 

DREWE, C. J., PARKER, L. P., KELSEY, L. J., NORMAN, P. E., POWELL, J. T. & 
DOYLE, B. J. 2017. Haemodynamics and stresses in abdominal aortic aneurysms: 
A fluid-structure interaction study into the effect of proximal neck and iliac 
bifurcation angle. J Biomech, 60, 150-156. 

HARDMAN, D., DOYLE, B. J., SEMPLE, S. I., RICHARDS, J. M., NEWBY, D. E., 
EASSON, W. J. & HOSKINS, P. R. 2013. On the prediction of monocyte 



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  218 

deposition in abdominal aortic aneurysms using computational fluid dynamics. 
Proc Inst Mech Eng H, 227, 1114-24. 

HUANG, Y., GLOVICZKI, P., DUNCAN, A. A., KALRA, M., HOSKIN, T. L., 
ODERICH, G. S., MCKUSICK, M. A. & BOWER, T. C. 2008. Common iliac 
artery aneurysm: expansion rate and results of open surgical and endovascular 
repair. J Vasc Surg, 47, 1203-1210;1210-1211. 

KELSEY, L. J., MILLER, K., NORMAN, P. E., POWELL, J. T. & DOYLE, B. J. 2016a. 
The influence of downstream branching arteries on upstream haemodynamics. J 
Biomech, 49, 3090-3096. 

KELSEY, L. J., POWELL, J. T., NORMAN, P. E., MILLER, K. & DOYLE, B. J. 2016b. 
A comparison of hemodynamic metrics and intraluminal thrombus burden in a 
common iliac artery aneurysm. Int J Numer Method Biomed Eng, Epub ahead of 
print, 1-14. 

KHOSA, F., KRINSKY, G., MACARI, M., YUCEL, E. K. & BERLAND, L. L. 2013. 
Managing incidental findings on abdominal and pelvic CT and MRI, Part 2: white 
paper of the ACR Incidental Findings Committee II on vascular findings. J Am Coll 
Radiol, 10, 789-94. 

KU, D. N., GIDDENS, D. P., ZARINS, C. K. & GLAGOV, S. 1985. Pulsatile flow and 
atherosclerosis in the human carotid bifurcation. Positive correlation between 
plaque location and low oscillating shear stress. Arteriosclerosis, 5, 293-302. 

LES, A. S., SHADDEN, S. C., FIGUEROA, C. A., PARK, J. M., TEDESCO, M. M., 
HERFKENS, R. J., DALMAN, R. L. & TAYLOR, C. A. 2010a. Quantification of 
hemodynamics in abdominal aortic aneurysms during rest and exercise using 
magnetic resonance imaging and computational fluid dynamics. Ann Biomed Eng, 
38, 1288-313. 

LES, A. S., YEUNG, J. J., SCHULTZ, G. M., HERFKENS, R. J., DALMAN, R. L. & 
TAYLOR, C. A. 2010b. Supraceliac and Infrarenal Aortic Flow in Patients with 
Abdominal Aortic Aneurysms: Mean Flows, Waveforms, and Allometric Scaling 
Relationships. Cardiovasc Eng Technol, 1. 

MCCREADY, R. A., PAIROLERO, P. C., GILMORE, J. C., KAZMIER, F. J., CHERRY, 
K. J., JR. & HOLLIER, L. H. 1983. Isolated iliac artery aneurysms. Surgery, 93, 
688-93. 

NEREM, R. M., LEVESQUE, M. J. & CORNHILL, J. F. 1981. Vascular endothelial 
morphology as an indicator of the pattern of blood flow. J Biomech Eng, 103, 172-
6. 

POELMA, C., WATTON, P. N. & VENTIKOS, Y. 2015. Transitional flow in aneurysms 
and the computation of haemodynamic parameters. J R Soc Interface, 12, 1-14. 

RICHARDS, T., DHARMADASA, A., DAVIES, R., MURPHY, M., PERERA, R. & 
WALTON, J. 2009. Natural history of the common iliac artery in the presence of 
an abdominal aortic aneurysm. J Vasc Surg, 49, 881-5. 

SALSAC, A. V., SPARKS, S. R., CHOMAZ, J. M. & LASHERAS, J. C. 2006. Evolution 
of the wall shear stresses during the progressive enlargement of symmetric 
abdominal aortic aneurysms. Journal of Fluid Mechanics, 560, 19-51. 

SALSAC, A. V., SPARKS, S. R. & LASHERAS, J. C. 2004. Hemodynamic changes 
occurring during the progressive enlargement of abdominal aortic aneurysms. Ann 
Vasc Surg, 18, 14-21. 

SHO, E., SHO, M., HOSHINA, K., KIMURA, H., NAKAHASHI, T. K. & DALMAN, R. 
L. 2004a. Hemodynamic forces regulate mural macrophage infiltration in 
experimental aortic aneurysms. Exp Mol Pathol, 76, 108-16. 



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  219 

SHO, E., SHO, M., NANJO, H., KAWAMURA, K., MASUDA, H. & DALMAN, R. L. 
2004b. Hemodynamic regulation of CD34+ cell localization and differentiation in 
experimental aneurysms. Arterioscler Thromb Vasc Biol, 24, 1916-21. 

SINGH, K., JACOBSEN, B. K., SOLBERG, S., KUMAR, S. & ARNESEN, E. 2004. The 
difference between ultrasound and computed tomography (CT) measurements of 
aortic diameter increases with aortic diameter: analysis of axial images of 
abdominal aortic and common iliac artery diameter in normal and aneurysmal 
aortas. The Tromso Study, 1994-1995. Eur J Vasc Endovasc Surg, 28, 158-67. 

STEINMAN, D. A., HOI, Y., FAHY, P., MORRIS, L., WALSH, M. T., 
ARISTOKLEOUS, N., ANAYIOTOS, A. S., PAPAHARILAOU, Y., ARZANI, 
A., SHADDEN, S. C., BERG, P., JANIGA, G., BOLS, J., SEGERS, P., 
BRESSLOFF, N. W., CIBIS, M., GIJSEN, F. H., CITO, S., PALLARES, J., 
BROWNE, L. D., COSTELLOE, J. A., LYNCH, A. G., DEGROOTE, J., 
VIERENDEELS, J., FU, W., QIAO, A., HODIS, S., KALLMES, D. F., KALSI, 
H., LONG, Q., KHEYFETS, V. O., FINOL, E. A., KONO, K., MALEK, A. M., 
LAURIC, A., MENON, P. G., PEKKAN, K., ESMAILY MOGHADAM, M., 
MARSDEN, A. L., OSHIMA, M., KATAGIRI, K., PEIFFER, V., MOHAMIED, 
Y., SHERWIN, S. J., SCHALLER, J., GOUBERGRITS, L., USERA, G., 
MENDINA, M., VALEN-SENDSTAD, K., HABETS, D. F., XIANG, J., MENG, 
H., YU, Y., KARNIADAKIS, G. E., SHAFFER, N. & LOTH, F. 2013. Variability 
of computational fluid dynamics solutions for pressure and flow in a giant 
aneurysm: the ASME 2012 Summer Bioengineering Conference CFD Challenge. J 
Biomech Eng, 135, 021016. 

ULUG, P., HINCHLIFFE, R., SWEETING, M., GOMES, M., THOMPSON, M. & 
THOMPSON, S. 2018. Strategy of endovascular versus open repair for patients 
with clinical diagnosis of ruptured abdominal aortic aneurysm: the IMPROVE 
RCT. Health Technology Assessment, 22, 1-122. 

VOLLMAR, J. F., PAES, E., PAUSCHINGER, P., HENZE, E. & FRIESCH, A. 1989. 
Aortic aneurysms as late sequelae of above-knee amputation. Lancet, 2, 834-5. 

VON KNOBELSDORFF-BRENKENHOFF, F., KARUNAHARAMOORTHY, A., 
TRAUZEDDEL, R. F., BARKER, A. J., BLASZCZYK, E., MARKL, M. & 
SCHULZ-MENGER, J. 2016. Evaluation of Aortic Blood Flow and Wall Shear 
Stress in Aortic Stenosis and Its Association With Left Ventricular Remodeling. 
Circ Cardiovasc Imaging, 9, e004038. 

WANHAINEN, A., VERZINI, F., VAN HERZEELE, I., ALLAIRE, E., BOWN, M., 
COHNERT, T., DICK, F., VAN HERWAARDEN, J., KARKOS, C., 
KOELEMAY, M., KOLBEL, T., LOFTUS, I., MANI, K., MELISSANO, G., 
POWELL, J., SZEBERIN, Z., ESVS GUIDELINES, C., DE BORST, G. J., 
CHAKFE, N., DEBUS, S., HINCHLIFFE, R., KAKKOS, S., KONCAR, I., KOLH, 
P., LINDHOLT, J. S., DE VEGA, M., VERMASSEN, F., DOCUMENT, R., 
BJORCK, M., CHENG, S., DALMAN, R., DAVIDOVIC, L., DONAS, K., 
EARNSHAW, J., ECKSTEIN, H. H., GOLLEDGE, J., HAULON, S., 
MASTRACCI, T., NAYLOR, R., RICCO, J. B. & VERHAGEN, H. 2018. 
European Society for Vascular Surgery (ESVS) 2019 Clinical Practice Guidelines 
on the Management of Abdominal Aorto-iliac Artery Aneurysms. Eur J Vasc 
Endovasc Surg, 8-93. 

WILLIAMS, S. K., CAMPBELL, W. B. & EARNSHAW, J. J. 2014. Survey of 
management of common iliac artery aneurysms by members of the Vascular Society 
of Great Britain and Ireland. Ann R Coll Surg Engl, 96, 116-20. 



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  220 

WOLTERS, B. J., RUTTEN, M. C., SCHURINK, G. W., KOSE, U., DE HART, J. & VAN 
DE VOSSE, F. N. 2005. A patient-specific computational model of fluid-structure 
interaction in abdominal aortic aneurysms. Med Eng Phys, 27, 871-83. 

 

 



 

Chapter VII   Morphology and Haemodynamics of CIAA 

  221 

SUPPLEMENTAL MATERIAL 

Sources of Patients in the Isolated CIAA Cohort 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.1. Cohort diagram for the isolated CIAA group analysed with CFD. 
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Isolated CIAA Cohort Simulations 

Meshing 

CFD relies of the subdivision of the fluid domain into multiple cells (mesh), in which the 

Navier-Stokes and continuity equations for fluid flow can then be solved. The quality of 

the mesh influences computational time and accuracy of results. We used an established 

mesh convergence approach (Celik et al., 2008, Roache, 1994) to determine the accuracy 

of our simulations and assigned areas of high velocity gradients to receive a higher density 

of cells (e.g. the aortic bifurcation). We used polyhedral cells throughout the fluid domain 

due to their improved accuracy and reduced computational time (Spiegel et al., 2011) and 

then used prism-layer cells to accurately capture the steep velocity gradient at the boundary 

of the vessel wall. The thickness of this prism layer  was specified as the distance from 

the vessel wall to the Hagen-Poiseuille free-stream velocity (half the maximum velocity) 

and relies on the local vessel radius  (Kelsey et al., 2016a, Kelsey et al., 2016b). 

 

 

 

The prism layer stretching parameter  determines the elongation of the prism layer cells 

moving away from the vessel wall and allows thinner cells closer to the wall to capture the 

steep velocity gradient that develops, where  is the total number of prism layers. We have 

implemented this strategy in our previous simulations (Kelsey et al., 2016a, Kelsey et al., 

2016b). 

 

 

 

Mesh Convergence Study 

In order to calculate the grid convergence index (GCI) (Roache 1999) the relative error 

between the results produced from the finest mesh and the medium density mesh must be 

compared. 

 

where, f = physical parameter observed (  is the result from the finest mesh) 
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The order of convergence, p, must then also be calculated using the grid refinement ratio, 

r. 

 

These results can then be substituted in to the GCI formula. 

 

 

where,  = the relative error   

 

 

Table S7.2. Meshing parameters applied in the mesh convergence study. 

 

 

 

 

 

 

 

 

 

Table S7.3. Results of the mesh convergence study. 

 

  

Location Physical Parameter GCI 

Aortic Bifurcation 
Max WSS 0.7277% 

Mean WSS 0.3374% 

Left External Iliac Artery Velocity 0.0063% 

Right External Iliac Artery Velocity 0.0062% 

Mesh Surface Size (mm) 
Number of Prism 

Layers 
Polyhedral Cell Density 

Coarse 3 3 0.5 

Medium 3 6 1 

Fine 3 12 2 
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Figure S7.2. (Top) Cross-section of the mesh in the CIA showing the polyhedral core 

surrounded by prism layer cells near the vessel wall. The high density cells at the surface 

are prism layer cells used to capture high velocity gradients. (Bottom) Convergence of 

WSS at the bifurcation surface (left) as well as in the external iliac arteries (right). 

 

Inlet and Outlet Extensions 

We added extensions to the inlets and outlets to establish fully developed laminar flow 

before entering the model and to ensure that the outlet boundary conditions did not affect 

the upstream haemodynamics. The inlet length  was calculated using a previous method 
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(Eqn. 6)(Wood, 1999) where  is arterial radius,  is the Womersley number (a 

dimensionless parameter ranging from 15-20 for the aorta) and  is the Reynolds number. 

 

                                                              Eqn .6 

 

We calculated the expected Reynolds number at systole and determined the required inlet 

length to be 100 mm. We then created outlet lengths 10 times the outlet diameter, as this 

has been shown to be a sufficient length to remove the effects of an open boundary on the 

model (Hardman et al., 2013). 

 

Haemodynamic Metrics 

WSS is a measure of the friction force of the blood flow adjacent to the arterial wall. The 

prevailing conditions are of greater physiological significance than any instantaneous or 

peak measure and so the TAWSS was recorded for each case. Oscillatory shear index (OSI) 

quantifies the fluctuation in blood velocity direction and magnitude throughout the cardiac 

cycle (Ku et al., 1985). Endothelial Cell Activation Potential (ECAP) was recently 

proposed (Di Achille et al., 2014) to indicate ‘thrombogenic susceptibility’ and is the ratio: 

OSI/TAWSS. Although highly oscillatory flow and low shear stresses are likely to result 

in thrombus deposition in CIAAs, the term ECAP is misleading as it infers the action of an 

endothelial layer, not present in many aneurysms. To avoid confusion the ratio is referred 

to as low and oscillatory shear (LOS) in this study and we also acknowledge that LOS will 

promote dilation through disruption to steady, laminar flow. WSS is defined by Eqn. 7 

where  is the dynamic viscosity and  is the velocity gradient. TAWSS is defined below 

where  is the period of the cardiac cycle and  is the WSS vector. 
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Inlet Boundary Condition Sensitivity Analysis 

A sensitivity analysis was carried out on the inlet flow assumption by simulating one case 

of CIAA with 90%, 95%, 105%, 110%, 115% and 120% of the mass flow. It was important 

to test the effect of this assumption as aortic flow is likely to vary greatly from case-to-case 

particularly with the prevalence of hypertension in patients with aneurysmal disease 

(Spittell, 1983). A clear linear relationship was seen between the inlet mass flow applied 

and the TAWSS conditions with no significant change in TAWSS surface patterns (see 

Figure S7.3).  

 

 
Figure S7.3. (Top) TAWSS is linearly associated with inlet mass flow rate with data 

shown for the contralateral CIA, CIAA and whole model surface. (Bottom) Surface plots 

of TAWSS with the maximum value scaled according to the change in whole surface 

TAWSS (maximum of 1.5 Pa for the normal scenario) showing no significant changes in 

TAWSS patterns with varying inlet flow. 
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Analysis of a Non-Newtonian Viscosity Model and 3-Element Windkessel Outlets on 

Surface Results for the CIAA Cohort  

The assumption of a Newtonian fluid model for the CIAA cohort is a simplification of the 

actual viscosity properties of blood. At high shear rates the viscosity of blood increases. To 

test the effect of this assumption on our results a CIAA simulation was run using the more 

sophisticated Carreau-Yasuda fluid model to account for this effect (Robertson et al., 2009). 

A slight decrease in TAWSS was observed in the abdominal aorta and CIAs with the 

introduction of this assumption though there was no significant change to OSI. The 

combined metric of LOS is then very similar. These observations are confirmed 

quantitatively in Figure S7.5 particularly for our primary regions of interest; the CIA 

aneurysm and abdominal aorta. 

It is common in smaller cohort CFD studies to apply a 3-element Windkessel model 

to the outlets to simulate the distal arterial bed. A flow split was applied to the CIAA cohort 

simulations as a simplification. The effect of this simplification was observed by applying 

a 3-element Windkessel model to one of the CIAA cohort cases. Visually, the simulations 

were very similar for TAWSS, OSI and LOS. These results are then confirmed 

quantitatively in Figure S7.5. 

The negligible effect of these assumptions on our primary metric of interest, LOS 

justify the simplifications made, particularly in a relatively large cohort CFD study. 
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Figure S7.4. A. TAWSS results under the standard simulation parameters used for the 

CIAA cohort (left column), with a non-Newtonian Carreau-Yasuda model (center 

column) and with 3-element Windkessel outlets (right column). B. OSI results under 

these three regimes. C. LOS results under these three regimes. 
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Figure S7.5. A. CIAA, B. contralateral CIA and C. abdominal aorta surface LOS 

conditions across the three models. 
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Sources of Patients in the Validation Cohort 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7.6. A two single clinician study of consecutive patients enrolled in a study 

comparing CTA and duplex ultrasonography for planning endovascular intervention, 

January 2008 to December 2009.  The threshold for diagnosing an incidental CIAA was 

an external (outer-outer) diameter 25 mm. 

  

194 patients enrolled 

32 excluded because 

bowel gas obscured 

117 large 9 CIAA: 

5 with small 

AAA 4 isolated 

36 patients with iliac 

artery stenosis

117 large AAA 

36 patients with 

CIAA: 

26 unilateral 

162 patients included          

mean age 76y, with 25 
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Characteristics of the Validation Cohort 

Table S7.4. The validation cohort of endovascular intervention patients.  

 

Note: * For cohort, mean diameter + 2SD is 25 mm, 10 patients had bilateral CIAAs. 

† In one case, no tortuosity measurement was available for both CIAs. 

 

 

 

 

 

 

 

 

  

Left 

CIA 

Right 

CIA 

CIAA present, n  - 30 25 

External aorto-iliac angle, n (%):    

<90° - 55 (34) 15 (9) 

90°-120° - 63 (39) 49 (30) 

>120° - 44 (27) 98 (61) 

Mean (SD) CIA diameter (mm):    

Deflection to the left (n=86) 21.9 (11.4) - - 

Deflection to the right (n=25) 23.6 (10.4) - - 

No significant deflection (n=51) 19.9 (14.2) - - 

Aortic deflection towards aneurysm in 35 

unilateral cases of CIAA, n (%):  
  

 29 (83) - - 
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In Silico Hypothetical Series Haemodynamic Plots 

 
Figure S7.7. A. The mean LOS in the abdominal aorta as bifurcation angle widens. B. 

The maximum LOS in the abdominal aorta as bifurcation angle widens. C. The mean 

LOS in the RCIA as the angle of aortic deflection is reduced. D. The maximum LOS in 

the RCIA as the angle of aortic deflection is reduced. E. The mean LOS in the RCIA as 

bifurcation angle widens. F. The maximum LOS in the RCIA as bifurcation angle widens. 
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Validation Cohort Morphological Parameter Measurement 

Table S7.5. The parameters recorded in the validation cohort. 

Parameter Definition Notes 

Aortic diameter All external Includes any ILT 

Common iliac 

artery diameter 

Maximum external diameter measured at 

least 5 mm distal to the bifurcation 
Includes any ILT 

Tortuosity 

Centreline distance from aortic bifurcation 

point to internal/external iliac bifurcation 

divided by the linear distance between 

these two points 

Defined as a tortuous artery when 

this ratio was ≥1.25 

External aorto-iliac 

angle 

Angle between aorta and first discontinuity 

in the common iliac artery 

3 categories only because of high 

inter-observer variability (inter-

observer repeatability 22o) <90o, 

90-120o and >120o 

Aortic curvature to 

right (R), left (L) or 

none (N) 

This was based on the intersection of lines 

from the midpoint of the infra-renal 

aneurysm neck (or 5 mm below the most 

distal renal artery for those without AAA) 

to the centre of the aorta/aneurysm and the 

line from the aortic bifurcation point to the 

centre of the aorta/aneurysm.  

Curvature was attributed when the 

acute angle between these lines 

was 150o or less. 
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Bifurcation Angle Grades Assigned to the Validation Cohort 

The aortic bifurcation angle was not available from the cohort assessed for endovascular 

intervention, however the external aorto-iliac angles were measured (see Figure 7.2 in main 

text). Aortic bifurcation angles were then assigned a grade ranging from 1 to 5 based on 

the combined left and right aorto-iliac angles.  

 

Table S7.6. The bifurcation angles assigned to the validation cohort. 

Bifurcation Angle 

Grade 

Aorto-iliac Angles 

Observed (°) 

Resulting 

Bifurcation Angle 

Range (°) 

n (%) 

1 <90, <90 180-360 4 (2) 

2 <90, 90-120 150-270 23 (14) 

3 90-120, 90-120 120-180 57 (35) 

4 90-120, >120 60-150 50 (31) 

5 >120, >120 0-120 28 (17) 
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Association Between Bifurcation Angle and CIA Maximum Diameter in the 

Validation Cohort

 
Figure S7.8. The average maximum CIA diameter for each bifurcation grade as 

bifurcation angle narrows in the validation cohort. Bifurcation angle has been assigned a 

grade from 1-5 based on the measured external aorto-iliac angles, with 5 indicating the 

most acute bifurcation angle. 
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Surface LOS Values in the In Silico Hypothetical Series with Varying Bifurcation 

Angle

 
Figure S7.9. The surface LOS values for the in silico hypothetical series with straight 

aortas and varying bifurcation angles. The magnification shows the uneven distribution of 

LOS in the CIA as bifurcation angle widens leading to a high peak LOS but decreased 

surface average LOS. 
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ABSTRACT 

Objectives Isolated common iliac artery aneurysms (CIAAs) are uncommon and evidence 

concerning their development, progression and management is weak. Our objective was to 

describe the morphology and haemodynamics of isolated CIAAs in a retrospective study. 

Methods Initially a series of 25 isolated CIAAs (15 intact, 10 ruptured) in 23 patients were 

gathered from multiple centres, reconstructed from computed tomography (CT), then 

morphologically classified and analysed with computational fluid dynamics. The 

morphological classification was applied in a separate, consecutive cohort of 162 patients 

assessed for elective aorto-iliac intervention, in which 45 patients had intact CIAAs. 

Results In the isolated CIAA cohort, three distinct morphologies were identified: complex, 

fusiform and kinked (distal to a sharp bend in the CIA), with mean diameters 90.3, 48.3 

and 31.7 mm, and mean time-averaged wall shear stress of 0.16, 0.31 and 0.71 Pa, 

respectively (both ANOVA p<.001). Kinked cases, compared to fusiform cases, had less 

thrombus and favourable haemodynamics similar to the non-aneurysmal contralateral CIA. 

Ruptured isolated CIAA were large (mean diameter 87.5mm, range 55.5-138.0mm) and 

predominantly complex. Mean CIA length for aneurysmal arteries was greatest in kinked 

cases followed by complex and fusiform (100.8mm, 91.1mm and 80.6mm respectively). 

The morphological classification was readily applicable to a separate elective patient 

cohort. 

Conclusions A new morphological categorization of CIAAs is proposed. This is potentially 

associated with both haemodynamics and clinical course. Further research is required to 

determine whether the kinked CIAA is haemodynamically protected from aneurysm 

progression and establish the wider applicability of the categorization presented. 
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INTRODUCTION 

Isolated common iliac artery aneurysms (CIAAs) are uncommon. The development and 

progression of these aneurysms has received scant attention, with the few available studies 

focusing on the outcomes of surgery. One of the largest published series, 59 patients, was 

collected over a 10-year period 1990-1999, where Reber et al. classified these aneurysms 

according to the extent of the disease (unilateral, bilateral, involvement of internal iliac 

artery) (Reber et al., 2001). More recently others have proposed classifying CIAAs from 

the perspective of suitability for endovascular repair, with classification according to the 

proximal and distal landing zones (Melas et al., 2011). As with abdominal aortic aneurysm 

(AAA), isolated CIAAs are usually asymptomatic and many present with rupture (Reber et 

al., 2001, Kobe et al., 2018). Therefore, professional bodies in both Europe and the USA 

have recommended elective repair of CIAAs when the threshold of 35 mm is reached 

(Khosa et al., 2013, Wanhainen et al., 2019), although the diagnostic threshold of >25 mm 

has also been proposed (Khosa et al., 2013). Recent data (Laine et al., 2017) shows that 

few internal iliac artery aneurysms rupture below 40 mm, an observation which may also 

be relevant to CIAAs. 

Computational fluid dynamics (CFD) has been used to investigate thrombus 

formation and risk of rupture in AAA (Di Achille et al., 2014, Kelsey et al., 2016b, 

Bhagavan et al., 2018, Doyle et al., 2014a, Salsac et al., 2004). Low shear stress and high 

oscillation in the flow are established as contributing to aneurysm initiation and progression 

as well as increased thrombus and calcification burden (Parker et al., 2019, Ku et al., 1985, 

Salsac et al., 2004, Salsac et al., 2006). Unilateral isolated CIAAs offer unparalleled 

opportunities for haemodynamic research, as the contralateral artery provides an in-built 

control. Nevertheless, the literature on this topic is sparse. There are two case reports of the 

application of CFD to explore the haemodynamics in CIAAs and very recently we have 

reported on the association between CIAA and proximal aortic remodelling (Kelsey et al., 

2016c, Kelsey et al., 2016a, Parker et al., 2019). As part of our programme of work on 

CIAAs, we also identified a novel morphological classification of CIAAs. This novel 

classification and associated morphological and haemodynamic changes is presented here. 
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METHODS 

Isolated CIAA Cohort 

We identified 23 Caucasian patients (two with bilateral CIAAs) without an AAA, with pre-

operative contrast-enhanced CT imaging (slice thickness 1-4mm) before either elective 

repair of intact CIAA (n=15) or emergency repair of ruptured CIAA (n=10). None of the 

CIAAs were reported as being associated with either connective tissue disorders or 

infection (mycotic aneurysm). Patients were from the UK (n=6), Finland (n=6), Serbia 

(n=9) and the Osirix Dicom Image Library (Pixmeo SARL, Switzerland) (n=2). For all 

cases except those from the online library, local ethics approvals were obtained before data 

were anonymised at the local institution and included in this study. 

 

Patient-Specific Reconstructions and Geometric Analyses 

The CT scans were used to reconstruct the CIAAs into three dimensions (3D) using 

commercially available software (Mimics v18.0, Materialise, Belgium) with each 

reconstruction beginning immediately distal to the renal arteries and terminating distal to 

the CIA bifurcation. All reconstructions were performed by one analyst (L.P.P) and were 

processed further using the surface repair tools of STAR-CCM+ (v11.06, Siemens, Berlin) 

in order to remove reconstruction artefacts, conservatively smooth the lumen wall and 

remove the minor branching arteries that are not critical to the analyses (Kelsey et al., 

2016a). For each case; the aortic bifurcation angle, maximum CIAA diameter 

(perpendicular to the centreline, outer-to-outer diameter) and length of the CIA from the 

aortic bifurcation to the iliac bifurcation were measured (the repeatability of CIA length 

measurement was 0.17 mm and the repeatability of other measurements is given in the 

supplement to Parker et al (Parker et al., 2019)). The most acute 3-point angle in the CIA 

(each point 1cm apart) was also used for morphology classification, these measurements 

were made in the coronal plane of the CT data. Calcification and intraluminal thrombus 

(ILT) were also reconstructed into 3D by Hounsfield value and volume was measured. 

Reconstruction and morphological measurement followed methods used previously, where 

inter- and intra-user variability was quantified and determined to be low (Parker et al., 

2019). 
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Computational Fluid Dynamics Simulations and Haemodynamic Metrics 

All simulations follow previous methods (Parker et al., 2019) but in brief, STAR-CCM+ 

was used to create high quality computational meshes with data independent of element 

number. We applied a generalised mass flow waveform obtained from 36 patients with 

AAA at the infrarenal aorta and flow splits at the outlet (Les et al., 2010). We have showed 

previously that these boundary conditions do not noticeably affect the distributions of 

haemodynamic surface conditions and have included further sensitivity analysis in the 

Supplemental Material (Parker et al., 2019). We simulated each case for at least six cardiac 

cycles and extracted time-averaged wall shear stress (TAWSS) and oscillatory shear index 

(OSI) data from the three final cycles: the ratio OSI/TAWSS was calculated and termed 

low and oscillatory shear (LOS), which is a useful metric of haemodynamic conditions (low 

is favourable, high indicates adverse conditions). Simulations were performed on the 

Magnus Supercomputer (Pawsey Supercomputing Centre, Perth, Western Australia) and 

typically took 60 min of computing time on 512 cores for a mesh with 2 million elements.  

 

Validation Cohort 

To determine if the morphological classification suggested in the isolated CIAA cohort was 

applicable more widely, a separate validation patient cohort was analysed. This was a 

consecutive series of 162 patients (including 25 women) at Charing Cross Hospital 

(London, UK), from a previous study comparing contrast-enhanced CT and duplex 

ultrasonography to evaluate suitability for a range of elective aorto-iliac endovascular 

interventions, including AAA repair and iliac angioplasty. This cohort included 117 

patients with large AAA (5.6-9.4 cm diameter) evaluated for repair (of whom 36 also had 

CIAA; 26 unilateral and 10 bilateral) and 9 patients with CIAA evaluated for repair (4 

isolated CIAA with maximum infrarenal aortic diameters of <3 cm and 5 with small AAA 

3.2-4.8 cm diameter): none of the aneurysms were of an infectious aetiology or had a 

connective tissue disorder. Morphological parameters had been measured (using semi-

automated methods for CT scans) and entered on to a database by vascular scientists. The 

morphological parameters assessed included abdominal aortic deflection, maximum aortic 

and CIA diameters (both outer-to-outer measurements), whether the CIA was tortuous or 

straight (tortuosity index ≥1.5 versus <1.5) and aortic bifurcation angulation. As there is no 

consensus on the definition of CIAA using diameter, CIAA was defined when the 

maximum external diameter was ≥25 mm (2 SD above the mean diameter for this cohort), 

in agreement with a previously recommended diagnostic threshold (Khosa et al., 2013). On 
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this basis, intact CIAAs were identified in 45 patients, with bilateral CIAAs in 10 patients 

but isolated CIAAs (no AAA) in only 4 patients. The morphology of the CIAAs was 

assessed in the CT image by 2 independent observers (one vascular scientist and one 

vascular surgery research fellow), according to a protocol abstracted from Table 8.1 by a 

senior vascular radiologist. Any differences of opinion were to be resolved by discussion 

with the radiologist.  

 

Data Analysis 

Data were adjusted for maximum CIA diameter and we compared the predictive quality of 

geometry and haemodynamic variables in the ruptured and intact groups. Morphological 

parameters were inspected for normality using the Shapiro-Wilk test, with summary data 

presented as mean (SD) for parametric data and median (IQR) for non-parametric data. 

Comparison of quantities across morphology categories were made using a student’s t-test 

for normally distributed data and the Mann-Whitney U test for all non-normally distributed 

data. Haemodynamic quantities in the CIAA were compared with the corresponding 

contralateral artery using a paired student’s t-test for normally distributed data and a 

Wilcoxon signed-rank test for non-normally distributed data. All statistics were performed 

using Real Statistics Resource Pack software (Release 5.4) for Excel (Microsoft, 

Washington, USA). 
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RESULTS 

Three Morphological Variants of Isolated CIAA 

Inspection of the imaging of this relatively large number of different CIAAs made it 

apparent that they could be visually classified into three distinct morphological categories 

which we have named: complex, fusiform or kinked CIAA, this latter being an aneurysm 

which occurs distal to a tight bend in a tortuous common iliac artery (CIA) (Table 8.1). 

These classifications were initially made by an experienced vascular surgeon (P.E.N) and 

the primary analyst (L.P.P). To make these distinct morphological groups identifiable by 

others, a classification based on repeatable morphological measurements was defined in 

the isolated CIAA cohort. Complex cases had evidence of either aortic or iliac bifurcation 

involvement in the aneurysmal sac whilst fusiform cases displayed normal aortic and iliac 

bifurcation morphology. Kinked aneurysms then had a unique angulation in the coronal 

plane <100° and no bifurcation involvement. 

The details and measurements according to morphological category are shown in 

Table 8.2. The diameter range for the unilateral or index CIAAs was 25 to 138 mm, and 

the diameters of the two contralateral CIAAs were 28 and 35 mm. All kinked aneurysms 

occurred in left CIAs, whereas fusiform CIAAs occurred in left and right CIAs. The 

complex group were the largest in diameter (versus fusiform, p=0.001), with the most ILT 

(versus fusiform, p=0.02) and calcification (versus fusiform, p=0.96). Furthermore, most 

complex cases (8/9) presented with rupture and were on the left side (8/9). Aneurysmal 

CIAs were longer than their corresponding contralateral CIA (90.8(22.0) versus 78.8(20.0) 

mm, p<.001) and kinked CIAAs occurred in the longest arteries (100.8(24.1) mm) followed 

by complex (91.1(23.3) mm) and fusiform (80.6(10.9) mm). 
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Table 8.1. The three morphologies identified in the isolated CIAA cohort. 

 

Kinked CIAAs (n=8) had the least ILT (versus fusiform (n=8), p=0.001; versus complex 

(n=9), p<.001) but there were no significant differences in calcifications and no ruptures.  

Category Description 

Typical 

Anterior 

Appearance 

Complex 
Antero-lateral projection involving aortic or  

common iliac bifurcation 

 

Fusiform 

Fusiform aneurysm between the aortic and 

common iliac bifurcations (>10mm from centre of 

the bifurcation) 

 

Kinked 
Fusiform aneurysm distal to sharp coronal plane 

angulation in the CIA <100° 
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Application of the Three Morphological Variants to a Separate Validation Cohort 

In the validation cohort, 45/162 patients had CIAAs ≥25 mm diameter (10 bilateral) but 

only four of these were isolated CIAAs, the remainder being associated with an AAA (from 

3.2 to 9.4 cm diameter). One case with a post-dissection aneurysm (large dissected flap at 

the proximal aneurysm) was difficult to classify but all the remaining CIAAs (54/55) could 

readily be classified as either kinked (n=28), fusiform (n=23) or complex (n=3). Kinked 

cases were more common in the left CIA (19/28), whilst fusiform CIAAs were more 

common in the right CIA (14/23). Fusiform aneurysms were larger than kinked aneurysms 

(mean diameter 44 versus 29 mm, p<.001) and complex aneurysms, one on the right and 

two on the left, projected anteriorly and were larger still (diameters 41, 52 and 62 mm). 

 

Haemodynamics and Morphology of Isolated CIAAs 

In all eight kinked CIAA cases the angulation of the CIA was observed to direct blood at 

high velocity close to the aneurysm wall, creating high wall shear stress (i.e. high TAWSS) 

and favourable haemodynamic conditions, in contrast to the fusiform cases (Figure 8.1). 

Both TAWSS and LOS were similar in unilateral kinked CIAA and the non-aneurysmal 

contralateral artery (TAWSS: 0.71 versus 0.70 Pa, p=0.58 and OSI: 0.19 versus 0.17, 

p=0.47). In contrast, for the complex variants, TAWSS was lower than in the non-

aneurysmal contralateral artery (p=0.004, Table 8.2). Wall shear stress was lowest in the 

large complex CIAAs and although fusiform and kinked CIAAs had an overlapping 

diameter spectrum, TAWSS in fusiform CIAAs was less than half that in the kinked 

variants (0.31 versus 0.71 Pa, p=0.01). The changes in OSI were less marked. However, 

the LOS increased markedly in fusiform and complex aneurysms, was higher than in the 

contralateral non-aneurysmal artery and was higher in fusiform and complex aneurysms 

compared with kinked variants (p=0.01 and p=0.01, respectively).  
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Figure 8.1. Kinked and fusiform velocity streamline representations. A. The laminar flow 

conditions proximal to the iliac arteries. B. The vectors of velocity inside the iliac 

aneurysm showing blood being directed at high velocity towards the arterial wall. The 

time point in the cardiac cycle for both cases is indicated on the infrarenal mass flow 

waveform. These are cases 20 and 16, respectively, in an earlier publication on this cohort 

(Parker et al., 2019). 
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Table 8.3. Characteristics of the three morphology categories in the validation cohort. 

 

  

Morphological 

classification 
N 

Left-sided 

N (%) 

Tortuous CIA  

N (%) 

Maximum Diameter 

(mm) 

mean (SD) 

Complex 3 2 (67) 2 (67) 52.0 (8.6) 

Fusiform 23 9 (39) 16 (70) 43.8 (13.2) 

Kinked CIAA 28 19 (68) 28 (100) 29.5 (4.9) 
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DISCUSSION 

Inspection of the morphology of isolated CIAAs, has suggested a novel morphological 

categorization; kinked (fusiform aneurysm distal to a sharp bend in the proximal CIA), 

fusiform and complex. This simple categorization also was readily applicable to 54/55 

CIAAs in a separate cross-sectional clinical cohort, where the majority of CIAAs occurred 

distal to an AAA. The haemodynamic studies showed that wall shear stress decreased with 

increasing CIAA diameter and that although there were adverse haemodynamic 

characteristics for the fusiform and complex variants, the unilateral kinked variants had 

similar haemodynamics to the non-aneurysmal contralateral artery. Therefore, this study 

suggests a new classification of CIAAs, which is pertinent to questions concerning the 

natural history and clinical progression of CIAAs. 
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Figure 8.2. A flow chart showing our hypothesis for the progression of CIAAs. 

 

First, are the three morphological variants at different stages of CIAA progression (Figure 

8.2)? The kinked morphologies were predominantly in the left CIA and could have 

stabilised at an early phase of progression because of the proximal angulation of the CIA 

creating high wall shear stress throughout the CIAA (similar to the non-aneurysmal 
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contralateral CIA for unilateral cases). Our snapshot data provide no information as to 

whether any of these kinked CIAAs would progress to the fusiform variant, although this 

seems unlikely since it would involve loss of the sharp bend in the proximal CIA if, and 

when, they enlarge, or whether tortuous remodelling of the CIA might halt CIAA 

progression altogether. Fusiform CIAAs were larger, in shorter arteries with less tortuosity 

and were not predominantly in left CIAs and had more adverse haemodynamic conditions 

than kinked CIAAs (Figure 8.1). The reduced wall shear stress in fusiform CIAAs is likely 

to drive both aneurysm growth and ILT deposition, potentially increasing the risk of 

rupture. Over time, the aneurysm enlarges and assumes a complex morphology with rising 

thrombus burden, the haemodynamic characteristics worsen to further increase the 

likelihood of rupture. However, longitudinal studies are needed to answer such hypotheses.   

Second, what should the threshold for intervention be, based on diameter alone? 

Current guidelines recommend elective repair of CIAAs when they reach 35 mm diameter 

(Wanhainen et al., 2019). However, this recommendation is not based on high quality 

evidence and the present data question whether this is an appropriate intervention threshold, 

especially since some of these CIAAs will have a kinked morphology and favourable 

haemodynamics. 3/8 of the kinked CIA cases observed in this study exceed this threshold 

and yet no ruptures were observed in the group. Adherence to the 35 mm threshold would 

make longitudinal studies of CIAAs very challenging or even impossible. 

Third, could the development of adverse haemodynamic indices in larger CIAAs 

be an indication for urgent CIAA repair? In the cohort of patients with isolated CIAAs, the 

very large complex CIAAs had the most adverse haemodynamics with the highest LOS 

(indicative of low TAWSS and high OSI) and the point of rupture usually was associated 

with regions of high LOS gradient (Parker et al., 2019). The complex CIAAs also had the 

greatest thrombus burden of the three groups. Indeed, this link between adverse 

haemodynamic characteristics, in particular, low shear stress, and aneurysm rupture has 

been recently described for AAAs (Boyd et al., 2016) as well as CIAAs (Parker et al., 

2019). Boyd et al. (Boyd et al., 2016) showed in seven AAAs that the site of rupture 

occurred in areas of flow recirculation and low shear stress. Doyle et al. (Doyle et al., 

2014a) investigated a single AAA case over four imaging time-points until eventual rupture 

and showed that the AAA expanded locally in the region of recirculating flow and low 

shear stress, before also rupturing in the same location.  

Fourth, does the involvement of the iliac and/or aortic bifurcation indicate increased 

rupture risk? Complex CIAAs had the highest rupture rate of the three groups and it is 
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possible that the involvement of the bifurcation in the aneurysmal sac adversely affects the 

haemodynamics, significantly increasing the risk of rupture. With involvement of the iliac 

bifurcation comes a risk of internal iliac artery occlusion, another potential risk factor for 

CIAA rupture that warrants further investigation. 

 

Limitations 

This study started as a retrospective analysis of sporadic cases of CIAA and another 

retrospective study was used to assess the applicability of the morphological classification, 

whereas a prospective study would have provided stronger evidence. Whilst consecutive 

data was analysed in the validation cohort this was not possible for the initial cohort of 

isolated CIAAs which were sourced from multiple centres and collected intermittently. 

Patient-specific inlet waveform data and blood-pressure measurements were not available 

for the isolated CIAA cohort; the sensitivity of the model to these assumptions is shown in 

the Supplemental Material (Figures S8.1-2, Table S8.1). CIAAs are not detected in 

population-based ultrasonographic screening programmes for AAA, so population-based 

studies are not currently feasible. Therefore, it is likely that the isolated CIAAs analysed 

here are more likely to be large and/or ruptured when compared with those in the general 

population. The relative rarity of isolated CIAA means that the analysed cohort is small, 

particularly once divided into subgroups. These aneurysms do however represent 

clinically-relevant cases where such a classification system may be of particular use. It is 

possible that the proposed morphological categorisation of smaller CIAAs into kinked and 

fusiform will not be applicable to other cohorts and ethnic groups and further work is 

necessary to apply the categorization to more complex CIAAs, including those with co-

existing internal iliac aneurysms. Structural wall stress calculations have not been 

performed in this study given the absence of patient specific blood pressure measurements 

and a method of accurately quantifying arterial wall thickness (i.e. MRI data). Where in the 

future these data are available, any potential relationship between aneurysm morphology 

and wall stress would be worthwhile defining. For the ruptured CIAAs, we only had CTA 

post-rupture and therefore the geometry pre-rupture may be slightly different. However we 

know from previous work that the overall geometry may not differ greatly (Doyle et al., 

2014b). Single time-point data allows us to appreciate the instantaneous haemodynamics 

of these aneurysms but does not elucidate any progression between morphology groups 

over time. Serial CIAA CT data will form the basis of further studies into these morphology 

categories. 
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CONCLUSIONS 

The morphology of CIAAs appears to fall predominantly into one of three basic categories 

that can be defined by routine measurements. Each has distinct haemodynamic qualities 

with kinked cases displaying favourable haemodynamics. The proposed morphological 

classification of CIAAs, and the impact on prognosis, should be assessed in a prospective, 

cross-sectional cohort. 
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SUPPLEMENTAL MATERIAL 

Sensitivity Analysis to Blood Pressure Variations 

 
Figure S8.1. Surface TAWSS conditions for the three blood pressure scenarios simulated 

in the sensitivity analysis. 

 

A case from the isolated CIAA cohort was selected to test the effect of blood pressure 

variations on a three-element Windkessel model. The model was simulated with low 

(100/60 mmHg), normal (120/80 mmHg) and high (140/100 mmHg) blood pressure. 

Variations in TAWSS, OSI and LOS were negligible throughout the model and are shown 

in Table S8.1. 
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Table S8.1. Numerical results for the sensitivity analysis. TAWSS, OSI and LOS 

conditions for the abdominal aorta, contralateral CIA and aneurysmal CIA. 

 Low BP (100/60 mmHg) 
Normal BP (120/80 

mmHg) 

High BP (140/100 

mmHg) 

 Aorta 
Contra

.CIA 
CIAA Aorta 

Contra

. CIA 
CIAA Aorta 

Contra

. CIA 
CIAA 

TAWSS (Pa) 0.76 0.93 0.95 0.76 0.92 0.96 0.76 0.92 0.95 

OSI 0.22 0.15 0.17 0.22 0.15 0.17 0.22 0.15 0.17 

LOS (Pa ') 0.28 0.17 0.18 0.28 0.17 0.17 0.28 0.16 0.18 

 

Note: Contra. = Contralateral. 
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Effect of a Healthy Inlet Waveform 

In this study, a generalised waveform from 36 patients with AAA was applied (Les et al., 

2010). A typical healthy aortic waveform (Steele et al., 2007) was also applied to quantify 

the effect of the assumption made here. As can be expected, the increased mass flow rate 

of the healthy, younger participant increased TAWSS. The spatial distributions of TAWSS 

however are relatively unchanged and this is observed in Figure S8.2 where TAWSS in the 

healthy participant has been scaled down according to the peak flow rates of the two 

models. The interpatient comparisons carried out in this study would only be affected if 

there was a significant difference in the spatial distribution of haemodynamic quantities. 

Further sensitivity analysis regarding the scaling of inlet waveforms on the haemodynamic 

metrics applied in this study has been carried out previously (Parker et al., 2019). 
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Figure S8.2. Surface TAWSS, OSI and LOS results for a geometry from the isolated 

CIAA cohort. The models on the left have the inlet waveform derived from 36 AAA 

patients that was applied in this study. The models on the right have had a healthy aortic 

waveform applied. On the right, TAWSS (and the TAWSS component of LOS) has been 

scaled down according to the difference in peak mass flow rate between the healthy and 

diseased waveforms to appreciate the spatial differences. 
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Centreline Length Measurement Repeatability 

Table S8.2. CIAA and contralateral CIA length measurement repeatability for one case 

from the isolated CIAA cohort. Measurements 1-3 were completed by the primary analyst 

whilst 4-6 were reconstructed by three separate analysts. Error (ε) is the difference from 

the mean of the three measurements made.  

 

  

Measurement 
CIAA length 

(mm) 
ε (%) 

Contralateral CIA 

length (mm) 
ε (%) 

1 72.9 0.02 71.0 0.09 

2 72.9 0.02 70.9 0.07 

3 72.9 0.00 70.9 0.02 

Mean 72.9  71.0  

Std. dev. 0.01  0.05  

4 72.9 0.27 71.1 0.24 

5 73.3 0.30 71.6 0.88 

6 73.1 0.03 71.0 0.03 

Mean 73.1  71.2  

Std. dev. 0.17  0.25  
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Isolated CIAA Cohort Characteristics by Morphology Group 

Table S8.3. Summary of haemodynamic data for the isolated CIAA cohort. Parameters 

TAWSS, OSI and LOS are the surface averages of the CIAA. 

  

Classification 
Bifurcation 

Angle (°) 

TAWS

S (Pa) 
OSI 

LOS 

(Pa¯¹) 

Maximum 

CIAA Diameter 

(mm) 

Minimum 

CIA Angle 

(°) 

Saccular 89.7 0.091 0.055 0.597 85.8 164.6 

 108.9 0.086 0.208 2.424 85.1 146.01 

 71.1 0.222 0.108 0.487 79.0 149.68 

 124.0 0.080 0.096 1.196 138.0 144.25 

 71.7 0.307 0.106 0.345 71.0 120.08 

 84.7 0.057 0.330 5.777 87.1 138.74 

 46.1 0.161 0.186 1.154 64.8 158.7 

 93.0 0.066 0.298 4.537 113.7 163.75 

 93.8 0.402 0.156 0.388 88.0 168 

Fusiform 84.3 0.127 0.257 2.021 92.1 163.95 

 84.1 0.200 0.263 1.315 55.5 174.28 

 84.1 0.705 0.185 0.262 27.7 161.16 

 84.1 0.344 0.210 0.610 36.6 171.32 

 80.9 0.509 0.227 0.447 39.1 162.28 

 70.4 0.308 0.275 0.893 52.3 175.52 

 69.7 0.187 0.288 1.541 41.3 169.33 

 68.3 0.099 0.328 3.300 42.2 177.56 

Kinked CIA 84.1 0.389 0.273 0.701 35.5 83.46 

 50.0 0.937 0.191 0.204 24.5 93.05 

 59.9 0.881 0.217 0.247 31.6 79.88 

 72.8 0.945 0.152 0.161 28.9 48.29 

 60.6 0.802 0.174 0.216 26.6 84.47 

 49.3 1.109 0.155 0.140 25.6 76.27 

 91.6 0.351 0.165 0.471 36.9 78.91 

 68.9 0.235 0.166 0.707 43.7 67.1 
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Table S8.4. Number of cases and standard deviations/ interquartile ranges for 

haemodynamics in the iliac arteries of the isolated CIAA cohort. 

 

Note: * indicates non-parametric data. Standard deviations shown in brackets after the 

number of cases for normally distributed data, interquartile range shown for all other data. 

  

Morphological 

classification 

Contra.  

TAWSS 

mean  

N 

Contra.  

OSI 

mean 

N 

Contra. 

LOS 

mean 

N 

CIAA 

TAWSS 

mean 

N 

CIAA  

OSI 

mean  N 

CIAA 

LOS 

mean  N  

Contra. 

length 

mean N 

CIAA 

length 

mean N 

Saccular 9 (0.28) 9 (0.04) 9 (0.30)* 9 (0.11) 9 (0.09) 9 (1.94)* 8 (18.5) 9 (23.3) 

Fusiform 5 (0.05)* 5 (0.02) 5 (0.13) 8 (0.19) 8 (0.04) 8 (0.94) 5 (14.1) 8 (10.9) 

Kinked CIA 7 (0.19) 7 (0.03) 7 (0.15) 8 (0.31) 8 (0.04) 8 (0.34)* 7 (23.8) 8 (24.1) 
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Figure S8.3. Scatter plots for the major morphological and haemodynamic quantities 

observed in the saccular, fusiform and kinked groups. 
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CONCLUSION 

Computational fluid dynamics (CFD) methods have, in the past six decades, steadily 

improved in accuracy and robustness for challenging applications. From their infancy in 

the aerospace industry they have now found a place in the field of biomedical engineering 

through the simulation of the patient-specific haemodynamics of disease. Early application 

in abdominal aortic aneurysm (AAA) caused researchers to confront challenges like 

accurate characterisation of blood rheology, efficient reconstruction and meshing of 

complex geometries and the assignment of physiological boundary conditions. Resolved in 

innovative ways, computational models of the aorta are now validated by in vivo imaging 

techniques like 4D Magnetic Resonance Imaging (MRI) (Cheng et al., 2014) and when well 

executed can be expected to reflect reality. 

Simultaneously, there has been an exponential increase in the capacity of parallel 

computing resulting in access to vast computational power. In 1995 when CFD methods 

were first being applied in haemodynamics, the processing power of the world’s leading 

supercomputers were around 100 Giga FLOPS (floating point operations per second) 

increasing exponentially to 10,000,000 Giga FLOPS by 2011 (Tsuji and Takemoto, 2012). 

Given that the numerical techniques to recreate in vivo conditions and the computational 

capacity to apply these methods to large cohorts of patients are developed, we might expect 

CFD studies to: 

 Generate novel basic science discoveries about the nature of vascular disease. 

 Have a tangible impact on clinical management of vascular disease.  

These two objectives are the driving force behind this thesis and are applied in two diseases 

that are relatively under-represented in computational research; type B aortic dissection 

(TBAD) and common iliac artery aneurysm (CIAA). The specific research outcomes of 

each chapter can be summarised as: 
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SECTION 1 – TYPE B AORTIC DISSECTION 

In this section we aim to develop an accurate patient-specific model for TBAD and apply 

it to a large cohort. We then seek to use this data to better understand the mechanics of 

complication and help identify high-risk cases. 

 

Chapter I The application of computational modelling for risk prediction in type B 

aortic dissection 

In this chapter the clinical potential of CFD modelling for TBAD is considered. It outlines 

37 previous CFD investigations of TBAD and summarises their key findings. A range of 

purely morphological approaches to risk prediction which have been applied previously are 

also described. The emergent theories about the interplay between haemodynamics and 

complication are summarised as: high relative residence time (RRT) and low wall shear 

stress (WSS) correlate with areas of thrombosis, high shear stress in the false lumen likely 

drives dissection propagation and a positively pressurised false lumen (relative to the true 

lumen) may predict expansion. 

These observations are all based on idealised models and small groups (N≤10) of 

patients-specific cases. The chapter concludes by stating that although there are similarities 

between findings and there is clear potential for computational modelling of TBAD, there 

is a need to examine larger cohorts of patient-specific cases and develop a risk assessment 

method which can be used in clinical decision-making. 

 

Chapter II Computational fluid dynamics methods for type B aortic dissection 

Whilst Chapter I focuses on the clinical potential of CFD for TBAD, Chapter II examines 

the technical aspects of previous studies and outlines the challenges that must be overcome 

before specific methodologies can be used with some degree of confidence. Furthermore, 

a list of best practices is compiled for future studies. In brief, boundary layer refinement is 

essential for accurate calculation of wall shear stress (WSS) and computational efficiency; 

quantification and reporting of discretisation error is important; the application of a fully 

developed inlet flow profile is needed if a generalised waveform is applied, with allometric 

scaling possible for generalised inlet flow conditions; non-Newtonian blood model and 

lumped parameter outlets are also best practice and readily implementable. The current 

challenges of fluid structure interaction (FSI) models are also detailed, namely: the 

difficulty of accurate geometric reconstruction, correct characterisation of external 
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constraints and the lack of reliable patient-specific material properties. Until such 

challenges can be overcome, a CFD approach is recommended over FSI. 

 

Chapter III Simulating platelet transport in type B aortic dissection 

This chapter examines a single case of TBAD and combines a traditional CFD model with 

a one-way Lagrangian particle model to simulate the injection of 1.5M platelets, the blood 

cells responsible for thrombosis. Elevated residence times of platelets in regions of both 

stagnant (low WSS) and recirculating flow (high oscillatory shear index, OSI) were 

observed suggesting the need to consider both OSI and WSS in the identification of regions 

of active thrombosis. The streamlined workflow and implementation of high performance 

computing (HPC) in this work demonstrates that patient-specific CFD simulations, even 

with particle tracking, can now be carried out within a clinical timescale applicable to the 

management of TBAD (i.e. within one day). 

 

Chapter IV The haemodynamics of complication in type B aortic dissection 

This Chapter presents a pilot study designed to examine the haemodynamics of a 

retrospective group of TBAD patients (N=15) of which some (n=9) experienced 

complication at a later date. High false lumen OSI was observed to be statistically 

significant predictor of complication, finally providing robust evidence to support this 

assertion in earlier works. Low time averaged WSS (TAWSS) in the true lumen and 

elevated low and oscillatory shear stress (LOS) in the false lumen also both show promise, 

though not significant in this small group of cases. When compared to a publicly-available 

risk score based on radiological measurements, these haemodynamic metrics prove 

superior. Finally, when partial thrombosis was investigated, which is a common 

morphological risk factor, we found mixed results in this pilot group, inconsistent with 

previous studies. From this chapter we conclude that not only do haemodynamic metrics 

show promise, but further research into what defines ‘partial thrombosis’ is needed.  

 

Chapter V Location and extent of false lumen thrombosis is associated outcome in 

acute type B aortic dissection 

The same methodology as Chapter IV was applied to a larger retrospective cohort of 91 

patients. Through further analysis of the partial thrombosis definition, we find that cases 

can be classified into two clear subgroups: proximal thrombosis and distal thrombosis. 
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Proximal thrombosis cases were at a low risk of complication, largely due to the negative 

pressure of the false lumen relative to the true lumen, as demonstrated using CFD. Patients 

with distal thrombosis of the false lumen are more likely to experience higher false lumen 

pressures and become complicated, often through malperfusion. Not only does the data 

show that these two subgroups differ significantly in outcome but the CFD models suggest 

a logical haemodynamic mechanism behind the complication. The difference between the 

groups was stark, as patients with proximal thrombosis had the best outcomes of the entire 

cohort whilst those with distal thrombosis had the worst. Cases with a fully thrombosed 

false lumen may not be as benign as currently assumed, with a large number developing 

issues of persistent pain, a strong predictor of in-hospital mortality. Shear derived 

predictors (WSS and OSI) were weak predictors of complication in this group where a large 

proportion had acute complications (<2 days). The reasons for complication were observed 

to differ greatly over time and suggest that WSS and OSI may be more applicable to later 

complications where gradual expansion predominates whilst pressure differences are more 

predictive of acute complications. 

  



 

   Conclusions and Future Work 

  275 

SECTION 2 – AORTO-ILIAC ANEURYSMAL DISEASE 

In this section we aim to develop and apply a patient-specific model of CIAA in a relatively 

large group of isolated CIAAs. We then use this data to better understand the 

haemodynamics of CIAA and suggest improvements to clinical management. 

 

Chapter VI Haemodynamics and stresses in abdominal aortic aneurysms: a fluid-

structure interaction study into the effect of proximal neck and iliac bifurcation angle 

Section 2 begins with a parametric study of the effect that neck angle and iliac bifurcation 

have on idealised AAA models. The rationale for this study is based on an observation from 

the IMPROVE trial, a multicentre study on the effectiveness of emergency endovascular 

aortic repair (EVAR) for AAA (N=613) (Improve trial investigators, 2014). They observed 

that a wider bifurcation angle correlated with a lower risk of AAA, which contradicts an 

earlier computational study (Xenos et al., 2010). As the methods in the previous study were 

debatable we sought to examine the same question using current best practice. A 

conventional CFD model is combined with compliant walls to form a fluid structure 

interaction (FSI) model. This allows for the analysis of both haemodynamics and artery 

wall mechanics. Peak WSS, TAWSS and von Mises wall stress in AAA were observed to 

significantly increase with iliac bifurcation angle, whereas low and oscillatory shear (LOS) 

decreases significantly. This suggests that a wider angle of bifurcation between the 

common iliac arteries may be protective of AAA. Neck angle was observed to have less of 

an impact on AAA mechanics, although neck angle has important implications on the 

suitability for endovascular repair. 

 

Chapter VII Morphology and haemodynamics in isolated common iliac artery 

aneurysms impacts proximal aortic remodelling 

Moving below the aortic bifurcation, a cohort of 25 isolated CIAAs were reconstructed for 

CFD analysis. As the largest cohort of CIAAs to be analysed with CFD yet, several novel 

observations are made about the haemodynamics and their relation to clinical course. 

Unilateral CIAA appears to induce adaptive remodelling of the abdominal aorta, to direct 

flow to the contralateral side and this simultaneously appears to create a kink in the 

aneurysmal side. High LOS predominates at sites of rupture suggesting that similar 

observations made in AAA are applicable in the common iliac arteries. These observations 

are bolstered by a series of 24 idealised CFD models of the aorto-iliac region (with a range 
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of aortic bifurcation angles and lateral deflections of the abdominal aorta) as well as clinical 

data from 162 patients awaiting endovascular repair in the aorto-iliac region. 

 

Chapter VIII Morphology and computational fluid dynamics support a novel 

classification of common iliac aneurysms 

Throughout the process of reconstruction and simulation it became apparent that there were 

several distinct types of CIAA. These could be summarised by a simple morphological 

categorisation: kinked, fusiform and complex. Kinked forms of the disease retain high 

WSS, have low intraluminal thrombus volumes and were not observed to rupture. This 

simple morphological categorisation signifies a fundamental difference in aneurysm 

haemodynamics and may find clinical value if observed longitudinally. 

 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Section 1  

Fluid structure interaction (FSI) is currently not suitable for accurately quantifying the 

haemodynamics of large cohorts of TBAD patients, though this is likely to change with 

further work. For FSI models to be widely applied in TBAD, further research will be 

required to confront the issues outlined in Chapter II. MRI and CT-based reconstructions 

of TBAD with accurate characterisation of arterial wall thickness are needed to quantify 

inter-patient variance and determine whether a generic thickness is acceptable. 

Experimentation with external constraints to the aorta should continue and be based on a 

fundamental understanding of aortic anatomy rather than arbitrary constraints for numerical 

stability. A moving boundary for the aortic root is likely required for a high degree of 

accuracy here. The correctness of external constraint configurations should then be judged 

against 4D PC-MRI. Experiments to characterise the material properties and structure of 

the diseased aortic wall are required. If properties are significantly different from those of 

AAA, new material models need to be generated. Excised tissue from emergency open 

repair or autopsy are a natural starting point for such investigations. Tissue from acute and 

chronic complications should be compared to develop an understanding of how the material 

properties of the wall and septum change over time. If FSI models reach a reasonable degree 

of accuracy, demonstrated with in vivo 4D imaging in multiple cases, they will offer 

valuable insights into wall mechanics and may prove to predict acute complications like 

rupture. The number of late complications in both the Liège and Munich cohorts in 
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Chapters IV and V was small. High false lumen OSI showed statistical significance as a 

predictor of late complications whilst low WSS in the false lumen was promising but not 

significant. A larger cohort of strictly late phase complicated and uncomplicated cases will 

conclusively determine if low false lumen WSS predicts late complication. The refined 

definition of partial thrombosis presented in this thesis, as a purely morphological measure, 

should be applied to a much larger group of both complicated and uncomplicated cases. 

Machine learning techniques might assist in automated categorisation. If cases with distal 

thrombosis are proven to have poor outcomes in a sufficiently large cohort, such 

information might inform surgical management guidelines.   

 

Section 2 

Observations in Chapter VI detail the role that aortic bifurcation angle has on AAA wall 

stress and haemodynamic conditions, with a wider aortic bifurcation angle associated with 

improved conditions in the AAA. These results should be confirmed in a large cohort of 

patient-specific AAA cases. Though FSI is likely not practical here, a large scale CFD study 

will be able to confirm any relationship between bifurcation angle, WSS and clinical 

outcome. In Chapter VII, the opposite relationship is observed further downstream in 

CIAA; a wider bifurcation appears to correlate with worse haemodynamic conditions. A 

similar investigation to that conducted in Chapter VI should be performed on idealised 

models of CIAA to confirm this observation. The contrasting haemodynamic effects of 

aortic bifurcation angle proximally and distally suggest an optimal angle which, if defined, 

could have implications for bifurcating stent-graft design. Longitudinal CT data should be 

gathered for isolated CIAA and analysed with CFD to confirm that reduced WSS and 

increased OSI, over time, contribute to growth. Additionally, experimental studies to 

reduce TAWSS in the common iliac artery (through ligation) in an appropriate animal 

model might establish whether these conditions initiate CIAA. Finally, in Chapter VIII a 

new morphological categorisation of CIAA is presented. As with the new partial 

thrombosis definition presented in Chapter V, removing the need for CFD analysis means 

that this risk predictor can be applied more readily. The new categorisation should be 

applied to a much larger group of ruptured and unruptured CIAAs. If a potential clinical 

benefit is demonstrated, this observation may also improve clinical management 

guidelines.  
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FINAL REMARKS 

Through streamlined methodologies and high-performance computing, this research 

demonstrates the ability of large cohort studies of patient-specific haemodynamics to 

generate new insights into the development of disease and suggest improvements to clinical 

management. In TBAD, high OSI in the false lumen appears to drive expansion whilst a 

high false lumen pressurisation was predictive of acute complications like rupture and 

malperfusion. A refined definition of a common risk factor, partial thrombosis, is presented. 

Distal thrombosis has a far higher risk of complication compared to proximal thrombosis 

and this distinction has the potential to improve patient selection for endovascular 

intervention. In aneurysmal diseases of the aorto-iliac region, a wider aortic bifurcation 

angle appears to reduce AAA expansion and rupture risk. Disturbed flow resulting from 

CIAA seems to induce abdominal aortic remodelling to direct flow to the contralateral iliac 

artery. The same low WSS, high OSI theories of expansion and rupture developed in AAA 

are then shown to correlate with size and rupture in CIAA. A new morphological 

categorisation is presented for CIAA, which with further validation, could assist clinicians 

in avoiding unnecessary intervention in some patients.  

This thesis is positioned in the direct intersection of biomedical engineering and 

vascular surgery. It is hoped that by translating insights from vast haemodynamic data 

derived from complex computational models into simple morphological groupings, clinical 

management and therefore patient outcomes for these two diseases can be improved. 
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