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Abstract 

Almeida, Gabriela C.; Nieckele, Angela O.; Gomes, Bruno A. A. Numerical 
prediction of hemodynamic patterns during a cardiac cycle for one 
healthy and 30 aneurysmatic aortas. Rio de Janeiro, 2024. 172p. Tese 
de Doutorado – Departamento de Engenharia Mecânica, Pontifícia 
Universidade Católica do Rio de Janeiro. 

This study presents the validation of a physical/numerical model designed to 

predict the ascending aorta flow in a healthy patient, aiming to extend its 

application to analyze other patients, specifically, with ascending aortic aneurysm 

(AAoA). Applying the patient-specific model (PSM) concept, the results provided 

by the Four-dimensional Flow Magnetic Resonance Imaging (4D-Flow MRI) 

technique were used in the simulation employing the Computational Fluid 

Dynamics (CFD) approach, with a turbulence model capable of predicting 

laminar/turbulent regime transitions during the cardiac cycle. Boundary condition 

based on measured flow rate was imposed at the aorta´s inlet. At the outlets, the 

physiological percentages of inlet flow rate corresponding to each output were 

considered, as well as the three-element Windkessel model to establish a more 

accurate approximation of the pressure-flow relationship. The favorable results 

obtained on pressure, flow rate and shear stress profiles at various positions along 

the aorta and throughout the cardiac cycle, validated the potential application of 

PSM to other patients, in particular patients with AAoA. AAoA is a silent disease 

with high mortality, and factors associated with a worse prognosis are not yet fully 

known. Aiming to relate flow dynamics characteristics with the disease, 

personalized anatomic models were obtained from angiotomography scans of 30 

patients in two different years (with intervals of one to three years between them). 

Based on the volume difference of the ascending aorta from one year to another, 

two groups were defined: one with aneurysm growth and another without growth. 

The flow field during the cardiac cycle and the geometry corresponding to each 

group were compared to find patterns that may indicate the aneurysm growth from 

the first exam. Although there was no clear trend between the two patient groups, 

higher time-averaged pressure ( ) values were observed in patients with 

aneurysm growth, as well as longer time periods during the cycle with the aorta 

subjected to high values of shear stress. The present study explored the 
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remodeling process of patients with aneurysm and how the geometry and flow 

pattern can impact its growth, contributing to a better understanding of aortic 

pathophysiology. 
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Resumo 

Almeida, Gabriela C.; Nieckele, Angela O.; Gomes, Bruno A. A. Predição 
numérica de padrões hemodinâmicos durante um ciclo cardíaco para 
uma aorta saudável e 30 aortas aneurismáticas. Rio de Janeiro, 2024. 
172p. Tese de Doutorado – Departamento de Engenharia Mecânica, 
Pontifícia Universidade Católica do Rio de Janeiro 

Este estudo apresenta a validação de um modelo físico/numérico para 

prever o escoamento na aorta ascendente de um paciente saudável, com o 

objetivo de estender sua aplicação para analisar outros pacientes, 

especificamente, com aneurisma da aorta ascendente (AAoA). Aplicando o 

conceito paciente-específico (PSM), os resultados fornecidos pela técnica de 

Ressonância Magnética Quadridimensional (4D-Flow MRI) foram utilizados na 

simulação empregando a abordagem de Dinâmica dos Fluidos Computacional 

(CFD) com um modelo de turbulência capaz de prever transições entre regimes 

laminar/turbulento durante o ciclo cardíaco. Condição de contorno baseada na 

vazão medida foi imposta na entrada da aorta. Nas saídas, foram considerados 

os percentuais da vazão de entrada correspondentes à cada saída, bem como o 

modelo Windkessel de três elementos para estabelecer uma aproximação mais 

precisa da relação pressão-vazão. Os resultados favoráveis obtidos dos perfis de 

pressão, vazão e tensão de cisalhamento em várias posições ao longo da aorta e 

ao longo do ciclo cardíaco validaram a aplicação potencial do PSM a outros 

pacientes, em particular, pacientes com AAoA. O AAoA é uma doença silenciosa 

com alta mortalidade, e os fatores associados ao pior prognóstico ainda não são 

totalmente conhecidos. Com o objetivo de relacionar características da dinâmica 

do escoamento com a doença, modelos anatômicos personalizados foram obtidos 

a partir de angiotomografias de 30 pacientes em dois anos diferentes (com 

intervalos de um a três anos entre eles). Com base na diferença de volume da 

aorta ascendente de um ano para outro, dois grupos foram definidos: um com 

crescimento do aneurisma e outro sem crescimento. O escoamento durante o ciclo 

cardíaco e a geometria correspondente a cada grupo foram comparados para 

encontrar padrões que possam indicar o crescimento do aneurisma a partir do 

primeiro exame. Embora não tenha havido uma tendência clara entre os dois 

grupos de pacientes, foram observados valores mais altos da pressão média-
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temporal ( ) em pacientes com crescimento do aneurisma, bem como períodos 

mais longos durante o ciclo com a aorta submetida a altos valores de tensão de 

cisalhamento. O presente estudo explorou o processo de remodelação de 

pacientes com aneurisma e como a geometria pode impactar em seu crescimento, 

contribuindo para uma melhor compreensão da fisiopatologia aórtica. 

Palavras-chave 

Aorta, CFD, 4D Flow MRI, Aneurisma de Aorta Ascendente.   
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You can’t connect the dots looking forward; you can only connect them looking 
backwards.  
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1 INTRODUCTION 

Cardiovascular diseases (CVDs) are the principal cause of global mortality 

(Roth et al., 2020) as well in Brazil (Oliveira et al., 2022). The Global Burden of 

Disease Study (GBD) is a systematic, multinational collaborative and scientific 

effort research used to quantify the magnitude of diseases and risk factors burden 

for every country and region in the world. The GBD 2019 (Roth et al., 2020; 

Abbafati et al., 2020) reveals that, in Brazil, CVDs are estimated in 6,1% of the 

population and has grown from 1990 to 2019. 

The heart valve diseases increased 50% from 1990 to 2019 in Brazil (Roth 

et al., 2020). Focusing on pathologies in the aortas, the aortic aneurysm, which 

consists of dilatation of the artery, in 2019 reached 3.32 million years of life lost 

(YLLs) (it was 2 million in 1990) and 172,000 deaths (in 1990 was 100,000) (Roth 

et al., 2020). In Brazil, the aortic aneurysm is the 7th cause of death when is 

considered the deaths by CVDs in 2019 (Oliveira et al., 2022).  

An aneurysm is a localized widening or ballooning of a portion of an artery, 

when its diameter exceeds 1.5 times the normal calibre, usually due to the 

weakness of the wall of the blood vessel (Marinov et al., 2013). It can occur in any 

part of the body, being very dangerous since its rupture or dissection causes 

massive internal bleeding. 

Ascending thoracic aortic aneurysms (ATAAs) are the most common (Bicer 

et al., 2020) and frequently, an asymptomatic disease. In so many cases, it is 

discovered by accident when a chest X-ray or other screening exam is required for 

different reasons (Aggarwal et al., 2011). 

This condition can be associated to the population growth and population 

aging (Roth et al., 2020; Oliveira et al., 2022). Besides that, factors risks such as 

sex (more incidence in men over women) (Lederle et al., 2000), arteriosclerosis 

(Messika-Zeitoun et al., 2007), hypertension (Kato et al., 2008), smoking 

(Pendergraft, 2016; Landenhed et al., 2015), obesity (Eckstein & Maegdefessel, 

2020) and inflammatory or autoimmune diseases (Chen et al., 2006) can affect the 

aorta, which may lead to the development of an aneurysm.  

ATAA is usually associated with aortic valve diseases, especially aortic 

stenosis (AS) (Silva et al., 2019). AS is the obstruction of blood flow across the 
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aortic valve, that occurs with a narrowing of the patient’s aortic valve opening. 

Etiologies include congenital (bicuspid/unicuspid), rheumatic disease and 

calcification (Pujari & Agasthi, 2023). 

The Calcific Aortic Valve Disease (CAVD) is a condition that calcium deposits 

form on the aortic valve and in atherosclerotic vascular lesions. The CAVD is a 

slow and progressive disorder, that ranges from mild valve thickening without 

obstruction of blood flow, until severe calcification with impaired leaflet motion, as 

showed in Figure 1.1. The thick increment at aortic valve leaflets and the 

progressive narrowing of aortic annulus leads to increase mechanical stress on the 

left ventricle and reduces cardiac output, ensuing further complications (Lerman et 

al., 2015). 

 

Figure 1.1 – Progression of a normal cardiac valve to a severe aortic 

stenosis. Adapted from Otto (2008). 

The treatment for patients with significant aortic valve insufficiency includes 

repair or replacement of the aortic valve. The election is made considering factors 

as age, type of the valve disease and the mechanisms that causes the regurgitation 

(Ramlawi et al., 2014).  

If the timing for valve replacement is not clearly determined, a typical 

consequence from either reduced valve area or atherosclerosis is the dilation of 

the ascending aorta (Otto & Prendergast, 2014). This dilatation can evolve to an 

aneurysm or even an aortic dissection (rupture).  

For an aneurysm larger than 5.5 cm of diameter, a replacement surgery is 

indicated, since if an ATAA ruptures, the mortality is nearly 100% (He et al., 2021). 

Nonetheless, when it is not recommended, the patient must be followed up in order 

to avoid rupture or dissection.  

Notwithstanding, some aneurysms smaller than threshold of 5.5 cm have 

ruptured while some larger aneurysms do not (Coady et al., 1999; Bürk et al., 

2012). Thus, this simple geometrical criterion is controversial since it may 
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underestimate the rupture risks of small aneurysms as well overestimated  the risk 

of large aneurysms (He et al., 2021). In the same way, for some patients, the 

aneurysm does not grow, therefore, remaining with the same diameter in years of 

follow-up, while others present a significant growth. The mechanisms for the 

different behaviors are not well known (Kuzmik et al., 2012; Weininger et al., 2022).  

Researchers point out that changes of flow patterns can influence the 

disease (Almeida et al., 2022; Hope et al., 2007; Weigang et al., 2008). Vessel 

morphology with an associated aneurysm repair show changes in local vortical, 

helical flow formations and flow acceleration (Frydrychowicz et al., 2007) as well, 

in the increase of wall shear stress (Salmasi et al., 2021).  

In order to understand the impact of blood flow behavior inside arteries and 

vessels, Computational Fluid Dynamics (CFD) is emerging as an excellent 

mechanical engineering tool to figure out the pathophysiology of the development 

and progression of cardiovascular diseases, as well to establish and refine the 

individually assessment of adequate treatment of patients (Lee B-K., 2011; 

Randles et al., 2017). Combining CFD parameters with proper and consistent 

validation, it may be possible to revolutionize aortic treatment decisions, helping to 

decide how, when and where to intervene (Ong et al., 2020).  

The Four-dimensional Flow Magnetic Resonance Imaging (4D-Flow MRI) is 

a technique that combines Magnetic Resonance Imaging with specialized software 

to capture a detailed picture of blood flow patterns throughout the body. Integrating 

both techniques (CFD and 4D-Flow MRI), Patient-Specific Modeling is used to 

perform patient-specific simulations, employing the geometry and boundary 

conditions determined from 4D-Flow MRI data. It is gaining interest due to the 

potential to improve diagnosis and optimize clinical treatment by predicting 

outcomes of therapies and surgical interventions. 

From this analysis, it was observed a gap in the literature related to the 

relationship between flow patterns and tensions in the aortic wall and aneurysm. 

Furthermore, since the flow depends directly on the geometry and the aortas’ 

geometries vary significantly, it is imperative to analyze a large number of patients.  

Therefore, this work aims to contribute in this field by analyzing the complete 

cardiac cycle of a large number of patients with indications of the growth or not of 

the aneurysm, providing information of which parameters may in the future lead to 

greater dilation of the aneurysm. Furthermore, the correlation analysis of 

hemodynamic variables and geometry, delving into the remodeling process, helps 

to improve the understanding of aortic pathophysiology and contributes to the 

advancement of knowledge in this area. 
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In the modelling process, several hypotheses are necessary. To assist in this 

evaluation, this thesis presents a comparison between a CFD simulation and 4D-

Flow MRI data of a healthy patient, to verify the performance of the methodology.  

1.1 Objectives 

This doctoral thesis aims to achieve two main objectives: 

• Propose a fluid-flow model to numerically analyze the blood flow in the 

ascending aorta.  

• The methodology is evaluated by comparing the CFD predictions of a 

healthy specific-patient with an in vivo measurements.  

• In addition, it is performed an investigation of the impact of different models 

for the outlet boundary conditions on flow results. 

• Anatomic-specific analysis to identify flow variables correlation with aneurysm 

growth. More specifically: 

• Selection of the volume as a criterion to classify patients into two groups: 

with and without growth of the ascending aortic aneurysm. 

• Analysis and evaluation of hemodynamic variables of the complete cardiac 

cycle of 30 patients with ascending aortic aneurysm with non-surgical 

indication, based on their anatomy. 

• Identification of hemodynamic variables that indicate progression of the 

ascending aortic aneurysm. 

1.2  Research Ethics 

Research involving human beings, individually or collectively, directly or 

indirectly, including the management of their data, information or biological 

materials must be submitted to a Research Ethics Committee, which is coordinated 

by the National Council of Ethics in Research, that is one of the commissions of 

National Health Council of the Ministry of Health, that analyses, decides and 

becomes co-responsible for ensuring the protection of participants.   

As this research uses images and data from real patients, it was necessary 

to have the assessment by an ethics committee. In this way, the research project 

was subjected by the approval of the Research Ethics Committee of the National 

Institute of Cardiology with the register number CAAE 86716318.3.0000.5272. 
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1.3  Thesis outline 

The thesis contains 8 chapters including this introduction. Since this is a 

multidisciplinary study, to aid the engineer reader, in the next chapter, fundamental 

concepts related to the heart are presented. In the sequence, a literature review is 

presented in Chapter 3. Chapter 4 shows the mathematical model employed in the 

present analysis. The numerical modeling is in Chapter 5, explaining the 

preprocessing, processing and post-processing steps. Chapter 6 presents the 

validation of the methodology through a healthy patient-specific analysis. The 

results of the numerical simulation of the 30 patients are analyzed in Chapter 7. 

Finally, in Chapter 8 the final comments and suggestions for future work are given.  

Figure 1.2. presents the thesis workflow, i.e., a step by step of how the 

research was developed. First, a healthy patient volunteered for the study. Then it 

was necessary the selection of ATAA patients, who underwent Computed 

Tomography Angiography (CTA) scanning and the healthy patient recruitment, that 

underwent a Four-Dimensional Flow Magnetic Resonance Imaging technique or 

4D-Flow MRI. After that, procedures of preprocessing, processing and post-

processing of data were done aiming to validate the methodology, to understand 

the impact of different boundary conditions imposed, as well, the comparison 

between the results of patients with and without aneurysm growth.  

 

Figure 1.2 – Thesis workflow.



 

2 FUNDAMENTAL CONCEPTS 

In this chapter, some fundamental concepts of the circulatory system are 

described, such as the heart structure, cardiac cycle, aorta, aortic valve, and heart 

diseases. 

2.1  Heart Structure 

The central part of the circulatory system is the heart, which is a muscular 

organ, with the function of pumping the blood to provide oxygen and nutrients to 

body, as well as to withdraw metabolic waste as dioxide carbon from the human 

tissues.  

Figure 2.1 shows a heart with it principal parts. It is divided into four different 

chambers; the two uppers are called atria, and the two lower are known as 

ventricles. The blood travels unidirectionally, due to the presence of valves inside 

the cardiac cavities. The opening and closing of the valves are controlled by 

difference of pressure. 

 

Figure 2.1 – Heart and its principals’ parts (CC BY-SA 3.0, 2023).   

The chambers located at the right part receive deoxygenated blood from the 

body and forward to the lung. The right atrium, located at the upper part, receives 
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blood from the inferior vena cava (blood from legs and lower torso) and superior 

vena cava (blood from head and upper body). The left atrium is located at upper 

left chamber of the heart. During the cardiac cycle, it receives oxygenated blood 

from the lungs through the pulmonary vein. Once both atria are full, they contract. 

The deoxygenated blood in the right atrium flows into the right ventricle through 

the open tricuspid valve and the oxygenated blood from the left atrium flows into 

the left ventricle through the open mitral valve. 

The ventricles pump blood away from the heart, its walls known as 

pericardium, are fibrous and thicker than the wall of atria to resist the high 

pressures at these chambers. When the ventricles contract, there is a pressure 

gain and at the right side, the tricuspid valve opens while at the left side, the aortic 

valve opens. The right ventricle pumps venous blood toward the pulmonary artery 

that is connected to the lungs and, and on the other side, the left ventricle pumps 

rich oxygen blood to the aorta, that sends it to the rest of the body. 

2.2  Cardiac Cycle 

The cardiac cycle begins when venous blood from the body flows into the 

right atrium. After the chamber is full, blood flows to the right ventricle and then 

goes to the lungs, through the pulmonary artery, which is split into smaller arteries 

that are progressively subdivided, becoming arterioles. The gas exchange occurs 

by capillary microcirculation. During this trajectory, blood releases the waste 

gases, becomes rich in oxygen, and returns through the pulmonary vein, flowing 

to the left atrium. After the chamber is completely full, the blood flows into the left 

ventricle. Finally, the left ventricle pumps it to the aorta that carries blood to all 

parts of the body, and one cycle is completed.  

The cardiac output, i.e., the volume of blood pumped out of the heart, is for 

an average person at rest, about 5 l/min (normal range 4-8 l/min) (Bacon, 2013). 

To enable this pumping, the sinoatrial node located at the posterior wall of the right 

atrium generates a powerful periodical heartbeat, at constant frequencies. The 

interval between the start of one heartbeat until the beginning of the next is known 

as cardiac cycle, i.e., from relaxation through contraction and back to relaxation 

again.  

The average rate of the pulse for a healthy adult is 72 beats per minute (bpm) 

(Sharma, 2015), meaning that the cardiac cycle happens 72 times in a minute. 

However, the American Heart Association accepts as a normal beat range 

between 60 and 100 bpm (American Heart Association, n.d.). 
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The maximum pressure experienced when heart contracts and ejects blood 

into the aorta from the left ventricle (approximately 120 mmHg) is defined as the 

systolic blood pressure. In contrast, the minimum pressure occurs when the heart 

is relaxing before ejecting blood into the aorta from the left ventricle (approximately 

80 mmHg) (Homan et al., 2012). 

2.3 Heart Valves 

During the cardiac cycle, the blood flows through the system of chambers, 

valves, and vessels. The valves open due to the pressure differential between 

chambers or chamber/vessel, and the flow through them is unidirectional. The 

valves are formed by endothelial and connective tissue, forming flaps (termed 

leaflets or cusps) that separates two chambers (the atrium and the ventricle – 

atrioventricular valves (AV), that is the mitral and tricuspid valve) or a chamber of 

a great vessel (the semilunar valves, that isolates right ventricle and pulmonary 

artery – the pulmonary valve –, and left ventricle and aorta – the aortic valve). 

Figure 2.2 shows AV and semilunar valves in two different time instants on 

the cardiac cycle. Figure 2.2a displays diastolic period, when semilunar valves are 

closed to prevent backward flow, and AV valves are open due the pressure 

difference present between atria and ventricles. Figure 2.2b corresponds to 

systolic time instant, when the maximum pressure occurs, forcing the opening of 

the aortic and pulmonary valves, while AV valves are closed. 

 

Figure 2.2 – a) Valves during diastolic phase. b) Valves during systolic phase 

(Sun, 2014). 

2.4  The Wiggers Diagram 

The Wiggers Diagram shown at Figure 2.3 is a graphical representation of 

the cardiac cycle. It is separated into cardiac events through diastole, systole and 

back to diastole.  

As described by Courneya & Parker (2011), the diagram illustrates pressures 

and volumes in the left heart. The top panel Y-axis corresponds to pressure (in 
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mmHg) and shows: aortic pressure (AP), left atrial pressure (LAP) and left 

ventricular pressure (LVP). The middle panel Y-axis indicates the left ventricular 

volume (LVV), in ml. Electrocardiogram (ECG) waveforms shown at bottom panel 

(P, QRS and T waves) are associated with changes in voltage as a result of 

electrical conduction through the heart muscle and finally, the curve of the four 

heart sounds (S1, S2, S3 and S4) are illustrated. 

 

Figure 2.3 – Wiggers Diagram (Courneya & Parker, 2011). 

Observing the left side of the graphic, it is seen the diastole, when left atrium 

and ventricle are fully relaxed, so the pressure is low. Note that aortic pressure is 

considerably higher than left ventricular pressure, during the relaxation period, but 

there is not backward because the aortic valve is closed. In the end of ventricular 

filling, there is a point when the left ventricular volume is expected to rise. The 

pressure of the left ventricle is slightly lower than left atrial pressure, so the mitral 

valve is opened, and left ventricle continues to fill passively with blood. 

The sinoatrial node located at the posterior wall of the right atrium sends a 

potential impulse in a cluster of cells and begins to excite the atria. Atrial 

depolarization generates de “P wave” on ECG, what makes atrial contracts and 

fills the ventricle with the rest of blood present in this chamber. 

After that, the ventricles begin to depolarize (“QRS wave” in the ECG), they 

contract and systole initiates. The mitral valve closes and for a briefly moment while 
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the aortic valve is still closed, there is no change in left ventricular volume, but there 

is an increase in left ventricular pressure, being this part of cardiac cycle called as 

isovolumetric contraction.  

When aortic valve opens, blood is injected into aorta, causing a rise in the 

aortic pressure, as well a rapid reduction of the left ventricular volume. After 

reaching the aortic pressure peak, ventricles begin to repolarize and a “T wave” 

can be seen on ECG; indicating that contraction of the ventricle has ended. As a 

result, the pressure begins to fall, eliminating the injection of blood into the aorta. 

During a moment when the left ventricular pressure is below the aortic pressure, 

the aortic valve leaflets are still opened, due the inertia of the blood flowing through 

the valve, but the mitral valve has not opened. This period is called isovolumetric 

relaxation and pressure falls. When mitral valve reopens, diastole starts and 

cardiac cycle initiates again. 

2.5  Aorta 

Aorta is the major artery in the human body. Figure 2.4 shows an aorta, 

where it is possible to visualize the connection with the heart and its principals’ 

parts. The physiological normal diameter in adults is established as 33.4 mm, with 

interquartile range (IQR) around 30.7-36.7 mm (Eliathamby et al., 2021; Rahmani 

et al., 2016). Its length from the aortic valve to the iliac bifurcation measures a 

median of 83.2mm, with IQR 74.5-90.7 mm (Eliathamby et al., 2021).  

 

Figure 2.4 – Aorta in a human body (CC BY-SA 3.0, 2023). 

Human aorta is classified in two differed ways (Criscione, 2013). The first 

one is according to the anatomical region. The thoracic aorta extends from the 

aortic annulus to the diaphragm. After that, there is the abdominal aorta, which 
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runs up to the aortic bifurcations. The other classification is based on the pathway 

of blood flow ejected from the aortic valve. First, there is the ascending aorta, which 

is turned into the aortic arch, being responsible to distribute blood to the upper 

limbs and head, continuing the blood trajected, it becomes the descending aorta 

that presenting a vertical downward trajectory until its bifurcation into two iliac 

arteries. 

A thoracic aorta is presented in Figure 2.5. The aortic root is a bulb-shaped 

fibrous structure situated between the left ventricle outflow and ascending aorta, 

which supports the aortic valve leaflets and where is located the origin of the 

coronary arteries (right and left coronaries) (Saremi et al., 2010). The coronaries 

are responsible for supplying blood that recoils during diastole to the heart.  

 

Figure 2.5 – Physiologic thoracic aorta (Criscione, 2013). 

Figure 2.6 shows an external view of the reconstructed aortic root with the 

different anatomic entities that compose it: aorto-ventricular junction (AVJ); 

leaflets; interleaflet triangles; right coronary; left coronary; valsalva sinus and 

sinotubular junction (STJ). 

After the ascending aorta, the aortic arch starts at the brachiocephalic trunk 

and ends at the origin of the left subclavian artery. Three branches arise from the 

aortic arch: the brachiocephalic trunk (that is divided into the right common carotid 

artery and the right subclavian artery) the left common carotid artery, and the left 

subclavian artery. These arteries are responsible for distributing blood to the head 

and upper limbs. After the ends of the aortic arch, there is the descending aorta. 
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Figure 2.6 – Aortic root reconstructions: principal anatomic components of the 

aortic root (Morganti, 2011). 

The aortic tissue is compounded by three distinct layers: outer adventitia, 

middle media, and inner intima. The outer adventitia is formed of irregularly 

arranged collagen bundles, providing support and structure to the artery, with the 

greatest tensile strength of the three aortic wall layers (Augoustides & Cheung, 

2014). The middle layer, media, is thicker and contains arranged elastic fibers, 

connective tissue, and smooth muscle cells. The inner layer, intima, is the surface 

where blood flows. The media layer accomplishes the compliant function being the 

largest thickness at the ascending aorta wall, which are the most requested of the 

entire aorta (Marieb & Hoehn, 2018).  

2.6  Aortic Valve 

Normal aortic valves are composed of three flexible semilunar leaflets (or 

cusps). As already described, during systole, they open and close in an efficient 

way and during diastole they remain closed throughout final stage of the cardiac 

cycle, as shown in Figure 2.7. 

 

Figure 2.7 – Aortic valve during a) systole. b) diastole (Mendelson & Schoen, 

2006). 
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By virtue of the significant number of deformations and coaptation cycles, the 

layers which composes the valve need to have properties that make possible the 

rearrangements, being known as Extra Cellular Matrix (ECM) (Mendelson & 

Schoen, 2006). 

Microscopically, an aortic valve is composed of three layers: ventricularis, 

spongiosa and fibrosa. Together, these layers, composed respectively by elastin 

fibers, glycosaminoglycans and collagen fibers, comprise the valve ECM (Figure 

2.8). A large proportion of interstitial cells are on the matrix of the heart valve, 

communicating to smooth muscle cells. The function of the elastin fibers that are 

on the structure of the ventricularis is to aid the leaflets to reduce the surface area 

when the valve is fully open and expand when blood pressure is increased 

(Thubrikar, 2011). The spongiosa facilitates the interchange between interstitial 

and endothelial cells, and serves as a shock and shear absorber, protecting the 

leaflets from stress-related damage and structural deterioration (Saremi et al., 

2010). Lastly, fibrosa within endothelial cells covers the surface within an 

arrangement of aligned collagen fibers, maintaining a nonthrombogenic blood-

tissue interface and regulating immune and inflammatory reactions (Mendelson & 

Schoen, 2006). 

  
Figure 2.8 – Aortic valve histology within the three layers and interstitial and 

endothelial cells (Mendelson & Schoen, 2006). 

Sripathi et al. (2004) showed that the aortic annulus approaches to a circular 

shape during the systolic period. In Bertaso et al. (2012) study, it is discussed that 

although there is a difference in aortic annular diameter measurement during 

systole and diastole, it is small.  

Nonetheless, since the complex shape of the aortic valve, for numerical 

simulation, several authors simplify the aortic root inlet as a circular-shaped hole 

as an approximation of the aortic valve area (Ibanez et al., 2021; Al-Jumaily et al., 

2023). The diameter used is determined using the effective orifice area (EOA). 

EOA is the minimal cross-sectional area of the flow jet, that corresponds of the 
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cross-sectional area of the vena contracta, downstream of an aortic heart valve 

(Garcia et al., 2004). 

Cosentino et al. (2020) studied patients with ascending aortic aneurysm and 

employed the largest orifice area captured by CTA scan in the reconstruction of 

the orifice valve. The same approach were followed by Brown et al. (2012) Ha et 

al. (2016), Pirola et al. (2018), Salmasi et al. (2021) and Cherry et al. (2022). 

2.7  Blood Rheology 

Blood is a multi-phase heterogeneous mixture of solids bodies (red blood 

cells or erythrocytes (RBC), white blood cells and platelets) dispersed in a plasma 

fluid (an aqueous solution of proteins, organic molecules and minerals) (Figure 2.9 

with rheological characteristics and properties affected by intake of fluids, nutrients 

and medication (Sochi, 2013). 

 

Figure 2.9 – Main blood composition (Sochi, 2013). 

While the plasma is essentially a Newtonian fluid, i.e., the viscous stress 

tensor is directly proportional to the rate of deformation tensor, the blood behaves 

as a non-Newtonian fluid, which includes in its rheology: deformation rate 

dependency, viscoelasticity, yield stress and thixotropy. 

Blood viscosity is determined by several factors such as the viscosity of 

plasma, hematocrit level, blood cell distribution and the mechanical properties of 

blood cells (Sochi, 2013b). The viscoelasticity is an important rheological property 

of blood that is associated with the pronounced elastic deformability of the red 

blood cells, which can aggregate forming three-dimensional structure known as 

rouleaux (Stoltz, 1985). Rouleaux is the aggregation of blood red cells and is most 

common at low shear rates, i.e., low flow rate. It makes that viscosity becomes 

more pronounced at regimes of low deformation and decreases as the fluid is 

subjected to a higher shear rate (Figure 2.10). This rheological property of blood is 

time independent and is known as shear thinning. 
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Figure 2.10 – Blood viscosity x Shear Rate for a range of hematocrit 

concentrations (Sochi, 2013). 

Chien et al. (1970) initiated the studies to understand the impact of shear-

thinning on blood. For small diameters vessels, it is recommended suitable models 

that include non-Newtonian properties of blood (Criscione, 2013). However, for 

large arteries, it does not appear to be a consensus in the literature the important 

of non-Newtonian effects on unsteady flows (Johnston et al., 2006). 

Since there is no full consensus of a homogenized model of non-Newtonian 

fluid that can predict the viscoelastic response of blood (Bodnár et al., 2011), 

several models were developed by parameters fitting with experimental viscosity 

data obtained at certain deformation rates under steady-state conditions (Walburn 

& Schneck, 1976; Ballyk et al., 1994; Cho & Kensey, 1991).  

Carreau model is one of the generalized Newtonian fluid models which is 

also considered as a viscosity model since it is a mixture of power-law and 

Newtonian fluid models and is widely applied on the study of blood vessels fields 

(Ahmad et al., 2021). Firstly proposed by Carreau (1972), it models the fluid flow 

in high shear regions and at narrow arteries with low shear rates.  

Almeida et al. (2021) investigated the influence of viscosity in the flow pattern 

and tension distribution on patients with ascending aorta aneurysm. The blood was 

modelled as a Newtonian fluid, with two different viscosities values, and as a non-

Newtonian fluid described within Carreau model. It was shown that all cases 

presented very similar results, showing the small impact of viscoelasticity in large 

diameter vessels. 

Fåhræus & Lindqvist (1931) found that blood viscosity changes with the 

vessel diameter. The responsible for this variation are the erythrocytes that can be 

rearranged depending on the vessel diameter. They are highly deformable 

biconcave disks which transport oxygen in the blood. As presented in Figure 2.11, 

in capillaries smaller than 10 , erythrocytes develop into a unique profile which 
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raises the sheer force to its maximal. For vessel diameters below 5 , the 

viscosity increases dizzily due the narrowing of the tube, making it difficult for the 

erythrocytes to slip. An increase in the vessel’s diameter causes the concentration 

to decrease at the boundaries, and the viscosity decreases drastically. For wider 

vessels, this effect is not presented, due to the low shear rate since erythrocytes 

do not have difficulty to flow. 

According to Long et al. (2004) for deformation rates below 50 , blood 

cannot be modeled as a Newtonian fluid, since in that range, the viscosity 

increases exponentially due the formation of large aggregates of RBC, Figure 2.12. 

However, when shear rate increases, the blood cells start to disaggregate, they 

disperse and align in the flow direction, behaving as Newtonian fluid, as observed 

by several authors (Rosencranz & Bogen, 2006; Stuart & Kenny, 1980). 

Since aortas are characterized by high shear rate (Deutsch et al., 2006; 

Simão et al., 2017), and as defined by Gy et al. (2016) having a value of 150 , 

the hypothesis that the blood behaves as a Newtonian fluid is acceptable. 

 

Figure 2.11 – Dependence of blood viscosity on the internal diameter of a 

vessel (Mogensen, 2011). 

 

Figure 2.12 – Viscosity profile of whole blood and plasma (Rosencranz & 

Bogen, 2006).               



 

3 LITERATURE REVIEW 

In this chapter, a review of hemodynamic studies involving the physiologic 

environment of aortic valve is presented, including the pathologies focus of this 

study. The use of techniques to assess the flow field using Computational Fluid 

Dynamics and Four-Dimensional Flow Magnetic Resonance Imaging technique 

and the concept of patient-specific simulation are presented.   

3.1  Physiologic Environment 

Blood is a heterogeneous multi-phase mixture that transports oxygen and 

nutrients to cells and carries away waste products. It is a complex fluid formed by 

a liquid matrix called plasma, which is an aqueous solution with dissolved proteins, 

organic molecules, and minerals, besides erythrocytes, leukocytes (white blood 

cells) and platelets (thrombocytes). RBC typically comprise ~40% of blood by 

volume (Wootton & Ku, 1999). 

Viscosity of blood may vary depending of: viscosity of plasma; hematocrit 

level; blood cell distribution; mechanical properties of blood cells; deformability of 

erythrocytes; aggregation ability; deformation forces, which can be extensional as 

well as shearing and the ambient physical conditions (Sochi, 2013; Gy et al., 2016). 

Plasma behaves as a Newtonian fluid, although blood is a non-Newtonian fluid, 

with variable rheological aspects such as deformation rate dependency, 

viscoelasticity, yield stress and thixotropy (Sochi, 2013; Faitelson & Jakobsons, 

2003; Rodkiewicz, 1983).  

In healthy blood, the erythrocytes are grouped into aggregates, i.e., 

“rouleaux”. This phenomenon tends to increase especially due to the low flow in 

smaller vessels (Bishop et al., 2001). 

Furthermore, due to the pulsatile nature of cardiac cycle induced by pressure 

changes, which causes acceleration and deceleration of flow that stabilizes and 

destabilizes the flow field (Yoganathan et al., 1988), formation of rouleaux may 

occur. 

It has been observed that endothelial surface exposed to a high rate of 

shearing stress by the acceleration of the blood flow presents cell deformation, 

disintegration and finally dissolution and erosion of cell substance (Fry, 1968).  
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In a pulsatile flow, the spatiotemporal variation in shear rate has a crucial role 

in the aggregate formation, with some studies demonstrating an inverse 

relationship between them, i.e., when shear rate fluctuates more significantly, it 

may lead to less aggregation or clot formation (Cloutier & Shung, 1993; Lee & 

Paeng, 2021; Snabre et al., 1987; Lei et al., 2013).  

Alteration of endothelial cells play a central role in various human diseases 

such as atherosclerosis (Rajendran et al., 2013) and aneurysms (Spartalis et al., 

2020).  

3.2  Pathologies in Aortic Valve 

Atherosclerosis is a multifactorial pathology that occurs when protein, 

cholesterol crystals and/or calcium deposit under the endothelium and above the 

elastic lamina causing chronic inflammation in the vessel wall (Kuusisto et al., 

2005). 

According with Otto and colleagues (1994), aortic valvular stenosis (AVS) 

indicates an active inflammatory disease process with some similarities to 

atherosclerosis. Aortic stenosis is characterized by severe valvular calcification, 

impaired leaflet motion and outflow obstruction. Researches point out oscillatory 

shear stress can induce endothelial dysfunction and be initiating factor in both 

atherosclerosis and aortic stenosis pathologies (Glagov et al., 1988; Yearwood et 

al., 1989; Goody et al., 2020)  

The established risks factors for AVS as well as for atherosclerosis (Otto et 

al., 1994) are few (Larsson et al., 2019), but evidences indicate that 

cardiometabolic risk factors as age (Mohler et al., 1991; Hoagland et al., 1985), 

obesity (Eveborn et al., 2014), hypertension, diabetes, dyslipdemia (Yan et al., 

2017) and smoking (Yamaura et al., 2023) can influence the increase of these 

diseases. 

Valvular aortic stenosis is a progressive disease which can completely 

obstruct the left ventricular outflow, resulting in inadequate cardiac output, 

decreasing exercise capacity, causing heart failure and death (Otto & Prendergast, 

2014).  

There are three factors which are considered when examining a patient to 

help the decision of the aortic-valve replacement: severity of the valve obstruction, 

clinical symptoms, and the left ventricular pressure overload.   

As a result of the valve area reduction, an increase in velocity is induced in 

the valve accompanied by a decrease in pressure. In this way, aortic stenosis is 



3. Literature Review  40 
 

not a pathology that is limited to the valve leaflets, affecting the entire 

cardiovascular system, such as the upstream left ventricle and downstream 

systemic vasculature, besides the valve itself (Lindman et al., 2013). The dilatation 

of the ascending aorta is a common consequence of the valve obstruction, and the 

time of valve replacement must be well indicated in order to prevent the occurrence 

of an aortic dissection (Otto & Prendergast, 2014). 

3.3  Pathologies in Aorta 

Aneurysm is an abnormal permanent localized (i.e., focal) dilatation or 

bulging of a blood vessel or artery in any part of the human body, involving the 

three layers of the wall. It is considered when the diameter is at least 50% greater 

than the normal size of the vessel (Hallett, 2009).  

This pathology is frequently asymptomatic and, in many cases, detected as 

an incidental finding on ultrasonography, abdominal computed tomography (CT) 

or magnetic resonance imaging (MRI) performed for other purposes (Aggarwal et 

al., 2011). 

Aortic aneurysm is correlated with aortic wall deformities and injury, because 

of inflammation, matrix metalloproteinases activation, oxidative stress, and 

apoptosis of vascular smooth muscle cells. The endothelial wall has a critical part 

in the inflammation of the aorta and endothelial heterogeneity has proven to be 

significant for modeling aneurysm formation (Spartalis et al., 2020) 

Considering the segment where the dilatation occurs in an aorta, a possible 

classification refers to the thoracic part. Thoracic aortic aneurysms (TAAs) can be 

classified considering the segment where the dilatation occurs, which can be the 

aortic root and/or ascending aorta, aortic arch, or descending aorta. 

ATAAs are the most common subtype of thoracic aortic aneurysms (Figure 

3.1, comprising 60% of cases of TAAs occurrence (Bicer et al., 2020). Established 

risk factors associated within the aneurysm growth rate include the presence of 

aortic valve disease (stenosis), congenital abnormalities (bicuspid aortic valve), or 

connective tissue disorders (Bürk et al., 2012). For elderly people, the major cause 

is due to atherosclerosis (Lavall et al., 2012), which leads to weakening of the aortic 

wall (Kharawala et al., 2023).   

The guideline to determine when the intervention should be performed is 

given by maximum-diameter criterion greater than 5.5 cm or when the aorta 

diameter increases rapidly (Coady et al., 1997; Isselbacher et al., 2022). An 

intervention is also performed, in the presence of symptoms or for diameter greater 
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than 5.0 cm, if a tricuspid aortic valve is being replaced (Isselbacher et al., 2022).  

Once an aneurysm reaches a maximum diameter of 5.5 cm, the annual 

probability of rupture, dissection, or death is 14.1% (Elefteriades, 2002). 

Approximately 50% of patients with acute untreated ascending aortic dissection 

die within 48 hours, and those undergoing emergency surgery have 15-26% 

mortality (Hagan et al., 2000; Ehrlich et al., 2000).  

Thus, the treatment decisions should be very careful analysed, due the 

increased risk of dissection or rupture with aneurysm enhancement (Coady et al., 

1997). Rupture rates in patients not treated surgically are high and the risk of 

operation is about 5% to 9% in elective operation and emergency operation is 

higher than 57% (Davies et al., 2002; Isselbacher, 2005) 

When the surgery is not indicated, a option of treatment of the ascending 

aortic aneurysm consists of a careful monitoring and referral for surgical 

consultation to avoid rupture or dissection of the aneurysm, reducing the morbidity 

and mortality associates of this pathophysiology (Saliba et al., 2015). 

 

Figure 3.1 ‒ A typical example of an ascending aortic aneurysm. Adapted from 

Criscione (2013). 

3.4 CFD Modelling and Hemodynamic Variables 

Cardiovascular CFD modeling is nothing more than combining physical 

models to predict blood flow in vessels of the circulatory system, with numerical 

methods to solve the resulting conservation equations, followed by the 

interpretation of the results for a particular application. Therefore, the first step to 
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analyze the flow is to define appropriate hypothesis to create a physical model, 

followed by different techniques to solve the equations.  

As pointed out by Yoganathan et al. (1988), to examine patient results based 

on imaging modalities such as Doppler ultrasound and nuclear magnetic 

resonance imaging, cardiologists need to apply basic fluid flow concepts to analyze 

the flow. The authors adapted the conversation equations derived for confined jets 

to predict the cardiac blood flow. De Leval et al. (1988) have also performed 

simulation of some basic hydrodynamic flows, to aid the interpretation of the blood 

flow. Years later, de Leval et al. (1996) numerically evaluated the flow in 

cavopulmonary connections, indicating the use of CFD as an important tool in the 

design of surgical procedures.  

The most common medical application of CFD in biomedical engineering and 

medicine is in the cardiovascular system (Bluestein, 2017; Ueda et al., 2018). 

Nonetheless CFD shows up as a powerful tool, some cares need to be taken 

in order to accurately represent the actual flow in a patient. Taylor & Figueroa 

(2009) reviewed methods to create anatomic and physiologic models, to obtain 

properties, to assign boundary conditions (BCs) and solve the equations governing 

blood flow and vessel wall dynamics. As emphasized by Bluestein (2017), several 

conditions and steps need to be followed at preprocessing stage. Appropriate 

boundary conditions are extremely necessary to achieve high fidelity and accurate 

physiological flow scenarios.  

After attaining a successful converged solution, a postprocessing stage 

comprehends the tools for visualizing, quantification and interpretation of the 

results. In CFD, these tools commonly encompass the velocity flow field and 

profiles within the flow domain, pressure distribution and parameters as Wall Shear 

Stress (WSS), Time-Averaged Wall Shear Stress ( ) and the Oscillatory 

Shear Stress Index (OSI; Ku et al., 1985; Bluestein, 2017). OSI gives the shear 

stress direction preferential direction, being 0 for uniaxial flows and 0.5 when there 

is no preferential direction (Alimohammadi et al., 2017). 

In the aortic dilation line, several authors regard the WSS distribution as an 

important hemodynamic variable in the development of the atherosclerotic lesion 

(Caro et al., 1971; Friedman et al., 1981; Ku et al., 1985). 

Six patients with abdominal aortic aneurysm and a control patient without 

aneurysm were computational evaluated by Raghavan et al. (2000). It was noticed 

that the wall shear distribution was complexly distributed with large regional 

variations while the control patient presented a relatively low and uniformly 

distribution. 
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Malvindi et al. (2016) performed a pre-dissection computational fluid analysis 

at peak systole of an ascending aortic aneurysm associated with unicuspidal aortic 

valve of a patient that refused an elective operation. Then, he developed a type A 

aortic dissection and underwent emergency surgical repair. The researchers were 

able to compare the location of the aneurysm rupture with the hemodynamic 

variable’s distribution in that area. Figure 3.2 (A) and (B) show the computed 

tomography image determining the site of the rupture. The circle in Figure 3.2(C) 

represents that region in the aorta WSS’ mapping, showing an area with high shear 

stress. 

 

Figure 3.2 – A) and B) Computed tomography determining the site of the 

rupture. C) WSS’ mapping with the red circle delimitating the rupture region 

(Malvindi et al., 2016). 

Boyd et al. (2016) studied three-dimensional geometries generated from 

CTA images of ruptured abdominal aortic aneurysms. It was observed that the 

rupture location coincided with regions of reduced flow velocity and in most cases, 

in recirculation zones, where low WSS happened. The authors discuss that the 

WSS was significantly lower, and the thrombus deposition was abundant at the 

site of rupture. 

Nonetheless, there is no consensus in the literature about the influence of 

WSS on the growth of an aneurysm, whether this occurs due to high or low WSS 

values. Thus, this variable is still not included as a clinical management 

(Rodríguez-Palomares et al., 2018). 

Some authors have found that regions with low average shear stress 

combined with high oscillatory shear stress can influence the increase risk of the 
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development of the atherosclerotic lesions (Cecchi et al., 2011; Meng et al., 2014; 

Alimohammadi et al., 2016). 

Gülan and colleagues (2018) observed that in the systolic phase, for healthy 

cases, counterclockwise helical flow patterns develop towards the aortic arch, 

while for aneurysmatic cases, large rotational regions, as noticed by Weigang et 

al. (2008). 

The abrupt enlargement of the aorta’s diameter causes the separation of the 

boundary layer, leading to the formation of a separation bubble. Gülan et al. (2018) 

emphasizes the analogy between the separation, the associated turbulence and 

pressure loss to the aneurysm growth. 

Ibanez et al. (2021) investigated the influence of the prosthetic valve 

inclination angle in the mechanical stresses acting in the ascending aortic wall. For 

the inclination of 4º directed to the left main coronary artery, the area with high 

values of WSS and pressure decrease. The authors indicate that these changes 

may be important to reduce the aortic remodelling process.  

Duronio & Di Mascio (2023) aimed to understand the thoracic aortic flow 

characteristics. Applying CFD simulation, it is seen that the aneurysm onset 

causes instability to the flow field, recirculation zones grow in the enlargement 

section with the consequent deposition or aneurysm formation. Besides that, it was 

identified regions with WSS levels that may be more prone to dilatation or 

aneurysm formation. The magnitude of the WSS reaches the maximum values in 

the enlarged zone. 

In Ascending Aortic Aneurysm (AAoA) field, Almeida et al. (2022) conducted 

an analytical and observational study aiming to analyze velocity fields and coherent 

structures to correlate with the presence or absence of aneurysm growth to 

compare within the clinical data. Nine patients were simulated, and the results 

revealed that when it was evaluated the systolic peak, the incident jet in the aortic 

wall created recirculation areas in the posterior region, resulting in the formation of 

complex vortices in the group with aneurysm growth. Furthermore, it impacted to 

an average increase in pressure in the ascending aortic wall, while the group 

without aneurysm growth decreased the average pressure. In Azevedo et al. 

(2024), thirty patient-specific models with and without aneurysm growth were 

investigated also during peak systole to observe any pattern that would indicate 

the dilation of the vessel. The authors concluded that the association of high-

pressure region and high WSS in the ascending aortic wall can indicate a growth 

of ATAA. 

Xiao et al. (2023) performed the simulation on one-hundred ATAA patients 
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to examine the relationship between hemodynamic conditions, ascending aortic 

volume (AAV), ascending aortic curvature and aortic ratios. It was separated 

groups of ATAA geometries based on AAV. Comparing the results, the authors 

founded that ATAAs with enlarged AAV showed significantly higher maximum OSI 

and WSS, suggesting that the volume might be a feasible risk identifier for ATAAs. 

Researchers are still seeking the best way to compare numerical simulation 

to reality, either by obtaining more reliable boundary conditions or validating 

simulations. Comparison approaches used can come from In Vivo measurements 

as the noninvasive methodology, 4D-Flow MRI.  

3.5  4D-Flow MRI 

In Vivo refers to measurements or experiments directly in an artery or organ, 

which is crucial to the development of medical devices, procedures, or novel 

therapies. It can use invasive or noninvasive approach.  

Invasive strategy is conducted inside of a living organism, during a surgery 

procedure. Cousins et al. (2019) proposed a universal definition for invasive 

procedures with key components aimed to facilitate the selection of relevant 

methods for study design, streamline evidence synthesis and improvement of 

research tracking.  

Noninvasive methodology is based in images acquisition tools, as 

ultrasound, MRI or CTA. In this context, it is possible to obtain the aorta 

morphology and dimensions, as well as information about biological processes and 

physiological functions. Thus, the aortic diameter root and data as pressure and 

velocity can be measured. 

Blood flow variables has been determined with one-dimensional (1D) 

formulation (Mynard & Nithiarasu, 2008; Epstein et al., 2015). Two-dimensional 

(2D) formulation is a well-established technique (Lotz et al., 2002) that utilizes 2D 

slice planes positioned during scanning, but it requires a high degree of operator 

skill (Brix et al., 2009). Three-dimensional (3D) formulation are based on phase 

contrast technique, where the entire 3D volume is imaged (Pelc et al., 1991; 

Wigström et al., 1996).   

The 3D technique helps the understanding of measurements as material 

properties and boundary conditions. Alastruey et al. (2016) implemented an in vivo 

non-invasive strategy to simulate the upper aorta of a young healthy volunteer. 

They demonstrated that this kind of modelling can minimize the number of arbitrary 

modelling decisions, improving the assumptions about pressure and blood flow. 
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The technique that allows the measurement and visualization of blood flow 

in a 3D volume over time (the fourth dimension) is the Four-Dimensional Flow 

Magnetic Resonance Imaging or 4D-Flow MRI. 4D-Flow combines MRI with 

specialized software to capture a detailed picture of blood flow patterns throughout 

the body. From the 2D images by MRI over time, a software processes and 

analyzes the motion of the blood in each voxel (3D pixel) within the image. By 

tracking the motion of the blood in each voxel over time, the software can create a 

blood flow four-dimensional map.  

Hemodynamics studies can help to understand the circulation patterns 

through arteries. Pressure and velocity fields are provided, as well the information 

about the WSS, granting valuable information to researchers and physicians. 

Figure 3.3 shows an example of the velocity field in an aorta captured by 4D-Flow 

MRI technique. 

 

Figure 3.3 – Velocity field of an aorta captured by an CTA exam (Own 

Authorship). 

Bieging et al. (2011) compared 11 patients with ascending aortic dilatation 

(AscAD) with 10 healthy volunteers using 4D-Flow MRI. It was demonstrated a 

delayed onset of of peak systolic WSS of patients with AscAD in relation to the 

healthy ones. These finds are in convergence with the reported of Hope et al. 

(2007), that found a delay in peak flow velocity in patients with ascending aortic 

dilatation. The authors assign this delay through the increased volume of patients 

with ascending aorta and the dissipation of kinetic energy during systole. Besides 

that, it was observed changes in WSS associated with alterations in flow patterns. 

Figure 3.4 shows the difference between the flow streamlines during the peak 

systole with a patient with an AscAA in relation to a normal healthy volunteer. For 

the patient with an AscAA (a), vortical flow (arrowheads) with higher velocities are 
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present along the anterior surface of the aneurysm (arrow), corresponding to areas 

of highest WSS. For the healthy volunteer (b), the flow is laminar (arrows), without 

vortices and with relatively uniform velocity distribution around the aorta surface, 

corresponding to observed uniform distribution of wall shear stress values. 

 

Figure 3.4 - Flow streamlines during peak systole in (a) a patient with an 

AscAA and (b) and normal healthy volunteer (Bieging et al., 2011). 

Burris & Hope (2015) discussed 4D-Flow MRI in the aortic research field by 

highlighting that aortic quantitative hemodynamic markers are the relation of the 

flow field and WSS. The authors suggest how this technique can be beneficial to 

predict aortic valve and aortic wall diseases.  

Takehara (2022) showed the application of 4D-Flow MRI for abnormalities 

detection in WSS non-invasively, stating that this technique is an important tool to 

predict future vascular lesions on abdominal aorta. 

Takahashi et al. (2022) reviewed the use of 4D-Flow MRI in thoracic aortic 

diseases. The clinical advances are shown, as also, a systematic overview of key 

evidence regarding normal thoracic aortas, thoracic aortic aneurysms, aortic 

dissections and thoracic aortas with prosthetic graft replacement. The authors 

listed the benefits of 4D-Flow MRI, stressing that the assessment of thoracic aortic 

diseases in vivo has been significantly enhanced. It is described in their work that 

4D-Flow MRI depicts flow alterations, which may cause aneurysm formation, 

particularly in Bicuspid Aortic Valve (BAV) patients. In dissected aortas, the 

accurate assessment of flow alteration are potential predictive factors for delayed 

complications. Furthermore, the technique provides detailed hemodynamic 

information of surgically replaced. Nonetheless, the clinical predictive relevance of 

the 4D-Flow MRI analysis remains a matter of speculation, since all research 

involves cross-sectional observational studies based on evaluations in advanced 

aortic diseases. To understand the causal relationship between flow dynamics and 
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clinical prognoses, prospective data in a large cohort are essential; therefore, 4D-

Flow MRI application is expected to become widely used. 

3.6  CFD x 4D-Flow MRI 

Although both 4D-Flow MRI and CFD simulation enable 3D blood flow 

visualization during the cardiac cycle, there are substantial differences in the 

techniques. As discussed by Itatani et al. (2017), while 4D-Flow MRI enables the 

acquisition of data on the actual measurement, CFD simulation is the creation of a 

model with computer technology. Since it captures the measurement of the 

streamline, MRI can detect the actual flow even when the accurate geometry of 

the artery is not well known  but has a poor spatial and temporal resolution. In the 

other hand, CFD simulation model needs, besides a physical model and a 

mathematical model (which can be solved with numerical approximations), the 

geometry creation, the mesh and boundary conditions establishment. The 

resolution can be increased depending on available computer memory. A mesh 

refinement study should be performed before model creation considering the 

importance between mesh size and time step when a pulsatile flow is being 

simulated. Figure 3.5 presents the difference between 4D-Flow MRI and CFD 

simulation from the perspective of temporal and spatial resolution.  

 

Figure 3.5 – Difference between 4D-Flow MRI and CFD simulation (Itatani 

et al., 2017).  

Soudah et al. (2017) evaluated the WSS distribution of aortic a blood flow 

using the combination of 4D-Flow MRI and CFD technique considering a healthy 



3. Literature Review  49 
 

aorta at the peak of systole. The main goal of the study was to investigate the 

differences between the resolution of the models (computational mesh). The 4D-

Flow MRI was used to obtain the spatial domain and boundary conditions. Similar 

WSS fields were found for the cases simulated.  

Cherry et al. (2022) discussed how 4D-Flow MRI provided a robust, accurate 

and reliable method to determine the flow field and reproduce repetitive results in 

studies involving diagnosis of the impact a diagnosis of BAV had on the WSS in 

the thoracic aorta (Barker et al., 2010; Hope et al., 2011; Barker et al., 2012)  as 

well the assessment of the flow field in patients with aortopathy (Rose et al., 2016; 

de Beaufort et al., 2019). However, despite proving to be a method with many 

advantages, it is necessary to understand the impact of accuracy dependence on 

the spatial and temporal resolution. In this way, the authors compare different 

spatial resolution mesh distributions of a patient-specific CFD simulation aiming to 

establish the minimum spatial resolution requirement needed to produce reliable 

patient-specific CFD simulations. It is suggested that a minimum spatial resolution 

of 1.5 mm x 1.5 mm x 1.5 mm should be used to avoid inaccurate data. 

Besides that, Aycan et al. (2023) discuss the importance of the mesh type in 

the accuracy and computational cost of simulations. According to the findings, the 

polyhedral mesh type is clearly demonstrated as superior over other mesh types.  

3.7  Patient-Specific Simulation 

Patient-specific simulation is possible when 4D-Flow MRI and CFD 

techniques are combined, i.e., the CFD simulation is done employing the geometry 

and boundary conditions determined from 4D-Flow MRI data.  

The concepts of Patient-Specific Modeling (PSM) began to appear in the 

1990´s, when researchers (Krams et al., 1997; Milner et al., 1998) performing 

image processing in consonance of CFD, considered all geometric characteristics 

of a patient for its simulation. Taylor et al. (1999) proposed the utilization of 

computational tools by physicians to construct and evaluate a combined 

anatomic/physiologic model to predict the outcome of alternative treatment plans 

for an individual patient. In 2009, Neal & Kerckhoffs reported that PSM was gaining 

more attention because of its potential to improve diagnosis, optimize clinical 

treatment by predicting outcomes of therapies and surgical interventions besides 

inform the design of surgical training platforms.  

Since the boundary conditions can strongly influence the results, the 

combination of CFD Modeling with 4D-Flow MRI to perform patient-specific 
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simulations has emerged as widely accepted method as shown in studies as 

Miyazaki et al. (2017), Kimura et al. (2017), Bakhshinejad et al. (2017), Pirola et 

al. (2018), Hellmeier et al. (2018), Nannini et al. (2021) and Stokes et al. (2021).  

Pirola et al. (2019) have combined 4D-Flow MRI and CFD, and presented a 

comparison between both methodologies. They used the data from 4D-Flow MRI 

to obtain the BCs. The measured flow rate was adopted as the inlet boundary 

condition and for the outlets, the 3-Element Windkessel Model (3E WM) was 

imposed, based on pressure measurements. The hemodynamic flow distribution 

of the arterial system was determined, and resistance and compliance of the aortic 

wall was discussed. The comparison of CFD results and in vivo measurements 

showed good qualitative agreement between the flow patterns, however for low 

velocities – the visualization is difficult for 4D-Flow MRI. Quantitative comparison 

revealed maximum higher velocity peaks of 4D-Flow MRI than CFD simulation. 

Systolic and diastolic pressure presented the same levels, with the largest 

difference (11 mmHg) found in peak systolic pressure in the descending aorta 

region. 

Focusing in ascending aortic aneurysm, Jayendiran et al. (2020) integrated 

Computational Fluid Dynamics and 4D-Flow MRI to anticipate the progressive 

changes in hemodynamics induced by morphological changes in the ATAAs of 

patients. An analytical equation has been devised to project aneurysm progression 

based on age, sex, and body surface area. Various parameters, including helicity, 

WSS),  and , were assessed for two patients at distinct stages of 

aneurysm growth and compared with age- and sex-matched healthy subjects. The 

findings indicate that despite the gradual nature of hemodynamic changes in 

ATAAs, they are significantly influenced by morphological alterations, potentially 

affecting biomechanical factors and aortic mechanobiology.  

Salmasi et al. (2021) corroborate this finding with the investigation of WSS’ 

mapping using CFD simulation of eleven patients with aortic aneurysm that have 

underwent pre-operative 4D-Flow MRI scanning. Velocity profiles generated by 

CFD simulation were quantitatively and qualitatively analyzed. The numerical 

model employed data coming from 4D-Flow MRI to provide the patient-specific 

simulation. The study points out that geometry parameters as tortuosity, curvature 

and aortic length can be important influence roles in the pathogenesis of ATAAs. 

Moreover, the authors conclude that abnormal flow patterns, including accelerated 

velocity and higher WSS, may provide predictors of aneurysm prognosis.  



 

4 MATHEMATICAL MODELING 

The mathematical model to evaluate the hemodynamic characteristic of the 

blood flow during a cardiac cycle is presented in this chapter. First, the problem 

definition is presented. In the sequence, the conservation equations and the 

turbulence model are defined. Then, the boundary conditions are discussed, and 

the Windkessel model is described.  

4.1  Problem Definition 

As already described in Chapter 1, this research aims to numerically analyze 

and evaluate the hemodynamic variables of a complete cardiac cycle in the 

ascending aorta of specific patients, based on their actual anatomy. To this end, it 

is necessary to determine the blood flow behavior during two sequential 

heartbeats, after the blood is ejected by the heart and enters the aorta artery.  

Figure 4.1 illustrates a reconstructed 3D aortic model. The oxygenated blood, 

after being pumped by the heart, enters through the aortic valve, develops in the 

ascending part and then, part of the blood is ejected on the three great vessels of 

the aortic arch. The brachiocephalic artery, the left common carotid artery, and the 

left subclavian artery, are the arteries which provide blood to the head, neck and 

upper extremities. Most of the remaining blood flow goes into the descending aorta 

to be distributed to the lower parts of the body. 

  

Figure 4.1 – Illustration of a reconstructed 3D aortic model (Own Authorship). 
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To model the flow, the first step is to define the aorta domain. All patients’ 

aortas were obtained from theirs CTA images. Due to the high number of patients 

and the lack of detailed images of each patient's valves, the aorta flow entrance 

was modelled as a circular orifice, adopting the measured effective diameter of the 

valve for each patient as utilized by Al-Jumaly et al (2023).  

Another simplification employed related with the aortas’ geometry, was to 

neglect vascular compliance, since the use of rigid wall simulations have been 

reported to produce comparable hemodynamic variable distribution (Stokes et al., 

2023; Jayendiran et al., 2020; Ibanez et al., 2020; Alimohammadi et al., 2016). 

The blood flow through the aorta is evaluated by examining the distribution 

of the pressure and velocity field, and all correlated variables, such as, the shear 

stress. To obtain these variables, a model must be created based on hypothesis 

applied to the problem of interest, and the first issue to address is the nature of the 

flow, i.e., laminar or turbulent.   

The nature of a flow can be determined by the predominance of the inertia 

forces or the viscous forces. If the viscous forces are dominant, the flow is known 

as laminar, with particles moving in parallel layers, or sheets, with small variations. 

However, when the inertia forces dominate, perturbations are amplified, 

inducing the formation of vortices with a large variety of sizes, presenting a 3D and 

transient behavior. The flow becomes turbulent. 

To evaluate the nature of the flow the ratio between these two forces can be 

estimated with the Reynolds number ( ) as 

(4.1) 

where  is the density,  is the molecular viscosity,  is the inlet valve diameter, 

which is the effective valve diameter (Flachskampf et al., 1990),  is the inlet 

normal velocity and  is the inlet volumetric flow rate. 

The transition between laminar and turbulent depends on several 

parameters like geometry, boundary conditions, perturbations, etc. For the 

particular case of an aorta, at the systolic peak the flow is turbulent (Celis et al., 

2020; Davies et al., 1986; Gomes et al., 2017), as well as at the valve region, due 

to jet expansion after leaving the valve (Sallam & Hwang, 1984; Yoganathan et al., 

1988). However, along the remaining of the cardiac cycle, transition to laminar flow 

develops, due to the low flow rate during diastolic phase.  

Since turbulent flow is intrinsically three-dimensional and unsteady, with 

vortex structures with different orders of magnitude of time and length scales, the 
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analysis of turbulent flow is computationally very costly, since a very small-time 

step and mesh size must be employed to capture the phenomena at Kolmogorov 

scales. Thus, there are several approaches with different levels of accuracy and 

computational effort to simulate turbulent flows (Pope, 2000), as illustrated in 

Figure 4.2. 

 

Figure 4.2 – Turbulence resolution approaches. Adapted from Sporschill 

(2021). 

The Direct Numerical Simulation (DNS) solves the full Navier-Stokes 

equation without any turbulence model. The high computational demand results in 

the high cost of this methodology. 

The Large Eddy Simulation (LES) directly simulates large turbulent structure 

while smaller scales are filtered out and modelled. In comparison to DNS is more 

computationally economic, but still considered with high cost. 

Hybrid methods combine LES with Unsteady Reynolds-Averaged Navier-

Stokes (URANS), that is an approach where all the scales are modelled 

statistically. The hybrid methods have been developed to retain the accuracy and 

time-dependence of LES on regions away from the walls and using URANS close 

to walls, where scales are very small. 

At the base of pyramid presented in Figure 4.2, is the URANS methodology, 

which was originally proposed for statistically steady state situation, called 

Reynolds-Averaged Navier-Stokes (RANS) methodology (Pope, 2000).  

The URANS methodology uses a time filter that removes out high-

frequencies based on the Reynolds average definition. Any generic variable  

(like pressure or velocity) varies in a random form around a mean value , and 

only the mean value is determined and is defined as  

 (4.2) 
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Figure 4.3 shows the fluctuation of a random variable in a turbulent flow 

depending on time.  

 

Figure 4.3 - Fluctuation of a random variable in a turbulent flow 

depending on time (Own Authorship). 

In this case, all scales are modelled, and the time average conservation 

equations are solved to determine the mean flow field. Therefore, URANS allows 

coarser spatial discretization and time step than LES or DNS, resulting in 

computational economy. Aiming to capture the transition from laminar to turbulent 

flow, turbulence intermittency has been added in the formulation, acting on the 

production and destruction of turbulent quantifies (Menter et al., 2004). Despite 

involving a higher level of modeling, it is cheaper to compute, and it has been 

shown to predict good results for similar application (Celis et al., 2020). Due to the 

high number of cases to be analyzed, computing effort is a critical parameter, thus 

this approach was selected in this work. 

4.2 Conservation Equations  

In the present work, the following hypotheses were made to model blood flow 

in arteries: 

i. Isothermal flow, as the temperature gradient is small inside the human 

body (Hao, 2010); 

ii. Negligible gravitational effects regarding the pressure variations that 

are dominant inside the artery; 

iii. Incompressible fluid ( ), due to its very small pressure 

dependence (Feijoo & Zouain, 1988; Li, 2000); 

iv. Blood is modeled as a Newtonian fluid (Crowley & Pizziconi, 2005; 

Almeida et al., 2021), due to large shear rate present along most of the 

cardiac cycle, with constant viscosity ( ; 
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v. Rigid wall (Stokes et al., 2023); 

vi. Valve represented by an orifice (Cherry et al., 2022); 

vii. Transitional flow. 

Based on these hypotheses, the physical laws describing the instantaneous 

blood flow in arteries are the conservation of mass and momentum: 

(4.3) 

(4.4) 

where corresponds to coordinate axes,  is time,  is the velocity vector 

components,  is the pressure,  and  are the density and molecular viscosity, 

respectively. 

In accordance with the URANS approach, all variables are decomposed by 

the sum of a time average variable with its fluctuation, as defined by Eq. 4.2. To 

obtain the time average variables, the time averaging procedure is applied to the 

conservation equations, resulting in following time average continuity equation  

(4.5) 

being the components of the time average velocity vector. The time average 

linear momentum conservation equation is 

(4.6) 

where the viscous stress tensor , for an incompressible Newtonian fluid is 

(4.7) 

and  is the time average strain rate tensor, corresponding to the symmetric part 

of the time average velocity gradient tensor, 

(4.8) 
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 is a new variable, called turbulent tensor or Reynolds stress tensor, which 

needs closure. Utilizing the Boussinesq approximation, the deviatoric part of the 

Reynolds tensor (trace-free) can be modeled through an analogy with the viscous 

stress. In this way, the traceless Reynolds stress tensor is defined as  

 (4.9) 

where  is the turbulent viscosity and  is the turbulent kinetic energy, defined as  

 (4.10) 

The second term in the Eq. 4.9 can be interpreted as turbulent dynamic pressure, 

where  is the Kronecker delta. 

Substituting the Reynolds stress tensor in the time average momentum 

equation, we obtain  

(4.11) 

where is a modified pressure, which includes the turbulent dynamic pressure  

 (4.12) 

To close the modeling, the turbulent viscosity needs be defined, and it is 

presented in the next section. 

To solve the conservation equations, appropriate boundary and initial 

conditions must be defined. Boundary conditions are presented in Section 4.4. 

However, since we are interested in the periodic regime, the initial condition is only 

relevant to initiate the numerical solution, and further details will be presented in 

Chapter 5 (Numerical Modeling). 

4.2.1 Turbulent viscosity 

To determine the flow inside an aorta, Celis Torres (2017) recommended to 

employ the  SST model (Menter et al., 2004) to define the turbulent viscosity. 

This recommendation was based on a comparison of the velocity field obtained at 

steady state, considering the flow rate at systole peak inside an aorta, with 

experimental data of Gomes (2017).  
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The model was developed by Menter (1994), where SST stands for shear-

stress-transport,  is the turbulent kinetic energy and  is the specific dissipation. 

This model is based on a blending of the  model (Wilcox, 1988) and the 

 model (Harlow & Nakayama, 1968; Jones & Launder, 1972), where  is the 

dissipation rate, . It takes advantage of accurate formulation of the  

model in the near-wall region and of the  model in the far field. The 

characteristic length of the  is while the characteristic length of 

the  model is . The turbulent eddy viscosity is given by 

 (4.13) 

where  is the blending factor between  and   models. This model 

requires the solution of conservation equations for the turbulent kinetic energy  

and specific dissipation which are presented in Appendix A1. 

Due to the periodic nature of the physiological flow, the ascending aortic flow 

is indicated as disturbed (Nerem & Seed, 1972). Several authors point out the 

importance of a transition model application, a suitable approach which consider 

the potential transition from laminar to turbulent flow (Sengupta et al., 2023; 

Kousera et al., 2013; Tan et al., 2009a; Tan et al., 2009b).  

In order to capture the regime transition, the Intermittency Transition  

SST model was selected (Menter et al., 2004). The flow intermittency , refers to 

the percentage of time that the flow is turbulent (0 = fully laminar, 1 = fully turbulent) 

and acts on the production of the turbulent kinetic energy transport equation in the 

SST model, its conservation equation is also presented in Appendix A1.  

4.3 Boundary Conditions 

To define the boundary conditions, it is necessary to establish the flow inlet, 

outlet, and wall regions. For an aorta, the inlet plane is the plane where the aortic 

valve is located and the outlets planes, namely ‘out1’, ‘out2’, ’out3’ and ‘out4’, 

correspond to the brachiocephalic artery; the left common carotid artery; the left 

subclavian artery; and the descending aorta, respectively, as shown in Figure 4.4. 

The wall is the aorta surface. 

Inlet 

During the cardiac cycle, it is possible to impose as input the time variation 

of mass flow rate or pressure. In this study, the mass flow rate  was imposed 
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since the simulation presented more stability. Therefore, the velocity profile is 

uniform. It was assumed that the flow is perpendicular to the plane. 

 

Figure 4.4 – Inlet and outlets in a 3D aorta (Own Authorship). 

The system of coordinates is defined at the inlet plane, with the  direction 

perpendicular to the plane and the  direction aligned the left coronary close to the 

valve (Figure 4.4). Thus, the normal velocity component of the inlet plane, which is 

intrinsically the average inflow velocity, is in the direction and it is defined as 

�
 (4.14) 

Both  and  velocities components are null at the inlet. 

At the inlet, the turbulent quantities  and  are also considered uniform. 

The turbulent kinetic energy, , is based on the inlet velocity and the turbulent 

intensity �.  

��
�

� �� �
� (4.15) 

The turbulence intensity was defined as 10% based on Celis Torres (2017) 

recommendation for the inlet aorta flow, in accordance with the experimental work 

of Gomes et al. (2017). 

The specific dissipation, , is based on the empirical constant , 

and on a length scale, which was defined equal to the inlet diameter , as 

��

	

 �⁄  (4.16) 
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Outlet 

At each outlet, is possible to impose the flow rate percentage or the 

Windkessel model, described in the next subsection. Independently of the 

modelling, at all output regions, a null diffusive flow condition was applied. 

�
 (4.17) 

being the direction normal to the outflow plane. 

Wall 

At the aorta’s surface, a non-slip condition was specified as a boundary 

condition for the velocity’s components 

 (4.18) 

The boundary condition of κ  at the solid surface is also zero. Nonetheless, 

the boundary condition for the specific dissipation in the walls is given, according 

to Menter (1994), as a function of its dimensionless value, and considers the 

thickness of the molecular sub layer 



� ∞
∗ � �

 (4.19) 

where  is the dimensionless wall distance of the first internal node 

�  (4.20) 

and ∞  is an empirical constant, and  is the friction velocity, where  is 

wall shear stress, 

�

�
 (4.21) 

based on the normal gradient to the wall of the tangential velocity, .  

Since the fluid was considered incompressible, the pressure level is not 

relevant. The solution was obtained as a function of a reference pressure defined 

at the inlet, , at the center of the aortic valve, which in turn is the geometric origin 

of the inlet plane. 

4.3.1 Windkessel model 

To better represent the boundary condition at the outlet, Frank (1899) 
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formulated a simplified mechanical model used to describe the behavior of the 

arterial system, being called Windkessel (WK) model. The term ‘Windkessel’ is 

German and it is translated as ‘air chamber’ or ‘air vessel’, which refers to the 

model’s analogy with an ‘elastic reservoir’.  

This model aims to consider the interaction between the heart’s pumping 

action and the compliance (elasticity) and peripheral resistance of the arterial wall. 

Large arteries such as the aorta can distend and store larger amount of blood, 

which is afterward distributed in diastolic phase. This leads to a pulsatile pressure 

waveform, which can induce wave propagation and reflection throughout the 

vessel. The peripheral resistance is present in small vessels. That resistance can 

be referred to Poiseuille’s law, which defines that for laminar flow inside tube, the 

flow resistance is inversely proportional to the fourth power of the tube diameter.  

Figure 4.5 shows the concept of the Windkessel. The air reservoir is the 

actual Windkessel and the large arteries act as the Windkessel. The combination 

of compliance, together with aortic valves and peripheral resistance, results in a 

rather constant peripheral flow. 

 

Figure 4.5 – Concept of Windkessel model (Westerhof et al., 2009). 

WK model is widely used as the outlet boundary condition in cardiovascular 

modelling field. Blood pressure is correlated with the blood flow rate, considering 

compliance, peripheral resistance, impedance and blood flow inertia.  

The basic WK model is the two-element Windkessel. One evolution is the 

Three-element Windkessel, which was selected to be employed in this work, 

following the works of Deyranlou (2021). These models are described next. 

Two-element Windkessel (2E WK) 

The simplest WK model considers the arterial compliance and peripheral 



4. Mathematical Modeling  61 

resistance to correlate pressure and blood flow rate. This is made through an 

analogy with electrical circuit with two components: a capacitor and a resistor. The 

capacitor represents the elasticity of the arteries and the resistor reflects the 

peripheral arteries effects. Therefore, employing Kirchhoff’s law for the current and 

voltage in an electrical circuit, the theoretical model can be formulated as  

(4.22) 

where  is the volumetric rate,  the pressure,  the distal resistance (or 

peripheral resistance),  time and  the capacitance (wall compliance). The circuit 

representing the two-element Windkessel model is shown in Figure 4.6. 

 

Figure 4.6 – Two-element Windkessel model (Own Authorship). 

Three-element Windkessel (3E WK) 

The three-element Windkessel model is an improvement on the classical 

two-element Windkessel and was introduced by Westerhof et al. (1969). While 2E 

WK poorly predicts the pressure waveform at high frequencies, since the resulting 

waveform is significantly different from the realistic measured pressure data 

(Deyranlou, 2021), 3E WK considers the wave effects through a characteristic 

impedance for the proximal region.  

The characteristic impedance can be defined as , where  is the 

pulse wave velocity,  the density and  the cross-sectional area. It represents the 

overall resistance of a system or element and it has a similar unit to resistance. If 

impedance is included in addition to the resistance, the compliance and 

capacitance of the system or element will be considered. The 3E WK is also 

referred to as RCR WK (Resistance‒Capacitance‒Resistance Windkessel) 

However, if it is considered as another resistance in 3E WK model, it induces small 

error at low frequency region. In this way,  is introduced as the proximal 

resistance (Figure 4.7). Note that the two-element Windkessel is obtained if  is 

null (2E WK). 
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�

� �
 (4.23) 

 

Figure 4.7 - Three-element Windkessel model (Own Authorship). 

WK parameters 

The WK resistances and capacitance must be defined based on the 

pressure, and volume flow rate. Thus, to apply the WK model to an aorta, it is 

convenient to visualize how the pressure and flow rate vary during the cycle, as 

well as a schematic of the aorta.  

Figure 4.8 illustrates a typical mass flow rate and pressure at the aorta inlet 

during the cycle. The mass flow,  entering the aorta increases until it reaches 

a maximum value, when the pressure in the heart drops, due to its emptying and 

the valve is closed, resulting in a drop in flow. This initial period of the cycle is called 

systole and lasts approximately 1/3 s. The final period of the cycle, called diastole, 

lasts 2/3 s, and corresponds to the heart's relaxation period, when the valve is 

closed and almost no flow enters the aorta.  

 

Figure 4.8 Diagram of the flow rate (systole and diastole) and pressure inlet 

during a cardiac cycle. Adapted from Borazjani et al. (2008) and Ibanez (2019). 

Figure 4.9 shows the schematic representation of an aorta, with one inlet and 

four outlets as already shown in Figure 4.4. For each outlet the WK model can be 

applied.  
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Figure 4.9 – Schematic representation of the inlet and boundary (Own 

Authorship). 

According to Deyranlou (2021), the proximal resistance ( ) and the distal 

resistance ( ) for each outlet are a percentage fraction of the total resistance, 

equal to 9% and 91% respectively. 

 (4.24) 

The total resistance, , is determined by the ratio of the available potential 

(average pressure) over the available current (flow rate at each outlet, which is a 

fraction of the average flow rate) (Deyranlou, 2021) 

���

���
 (4.25) 

The average arterial pressure , and average volumetric flow rate  

during the cycle are (Deyranlou, 2021) 

������� �������� (4.26) 

 (4.27) 

where  is the peak pressure during systole, and  the average 

pressure during diastole. The fraction of the flow rate of each outlet (  in 

relation to the inlet flow rate  is (Deyranlou, 2021) 

���

��
 (4.28) 
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The total capacitance is defined as (Deyranlou, 2021) 

���

��������

���������

 (4.29) 

where  is the period of the cardiac cycle. 

4.4 Hemodynamic Variables 

The hemodynamic variables are an important tool to evaluate the flow inside 

the aortas and are defined below. 

•  Wall Shear Stress 

The WSS, , is defined as  

�

�
 (4.30) 

where  is the tangential velocity component to the wall and  the coordinate 

normal to the wall. 

4.4.1 Strain Indices 

The shear indices are time average values along the period: 

• Time Average Pressure ( ) 

The  variable evaluates the average pressure over the cardiac cycle as 

(Ibanez, 2019) 

 (4.31) 

• Time-averaged wall shear stress ( ) 

The time-averaged wall shear stress describes the average magnitude of the 

shear stress and can be written as (Black et al., 2023) 

 (4.32) 

where  is the wall shear stress on the wall. 

• Oscillatory Shear Index ( ) 

Another mechanical factor related to flow oscillation is the OSI, representing 
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the change of direction of the WSS vector from a predominant blood flow direction 

during the cardiac cycle. OSI is calculated by (Ku et al., 1985) 




� 
�

�



� 
�

�

 (4.33) 

The OSI value can vary from 0.0, for no-cyclic variation of WSS vector, when 

the direction of  does not change during the cardiac cycle, to 0.5 when the 

vector  changes its direction in 180°, which is related to low values of WSS.               



 

5 NUMERICAL MODELING 

To analyze the blood flow, it must be determined the velocity field coupled 

with the pressure field. Ansys Fluent software 2021vR1 (Ansys, 2021) were used 

to perform the CFD analysis. Three steps are essential and must be followed: pre-

processing, processing itself and post-processing.  

In the pre-processing step, initially the aorta geometry must be defined. 

Thereunto, medical images were used for the geometrical extraction which defines 

the physical boundaries of simulated geometry. Several medical imaging 

techniques can be applied for this purpose, including CTA or MRI exams (Ueda et 

al., 2018), as they guarantee sufficient anatomical resolution to enable subsequent 

segmentation and data extraction. In this research, CTA and MRI images were 

employed. Once the object of interest was generated, spatial discretization, or 

meshing, was performed with Meshing from Ansys Inc. (2021), which consists into 

the division of the geometry in a number of discrete volumetric elements or cells 

that are linked to the resolution of solution. 

The processing step consists in the solution of the discretized form of the 

flow governing equation of mass and momentum, coupled with the relevant 

boundary conditions. The discretized conservation equations were solved with the 

software Fluent (Ansys, 2021), which is based on the finite volume numerical 

method. 

Finally, at the post-processing step, several auxiliary variables are 

determined to allow the analysis of the flow, such as: shear rate, pressure, 

maximum and mean quantities. At this stage, different types of graphs are also 

created to analyze the flow in a qualitative form with 3D contours, and in a 

quantitative form, with the spatial and temporal variation of selected variables in x-

y plots. 

In the next sections, the systematic methodology created and followed to 

evaluate the flow during a cardiac cycle of different patients’ aortas are described.  

5.1 Preprocessing  

The image exams of patients with aneurysm were provided by the National 

Institute of Cardiology, from a CTA scan in DICOM format, in a 64-slice scanner 
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SOMATOM Sensation 64 (Siemens, Germany). It was excluded patients with a 

history of cardiac surgery, percutaneous intervention of the aortic valve or 

ascending aorta, aortic coarctation, ascending aortic dissection, collagen disease 

or Marfan syndrome. Patients with unavailable CTA images or inadequate 

radiological techniques (e.g., artefacts or no use of contrast agent) were also 

excluded. All CTA exams were performed as recommended by the attending 

medical team.  

The image exams of the healthy patient were collected by MRI scanner 

MAGNETOM Prisma 3 Tesla (Siemens, Germany). All the slices were spanned 

from the aortic annulus to the thoracic aorta and were first evaluated by Synedra 

View Personal software (Synedra, Austria) (Figure 5.1). 

 

Figure 5.1 – CTA slices views with Synedra View Personal (Own 

Authorship). 

In order to guarantee the real size of the 3D geometry, the DICOM images 

were transferred to FIJI (Fiji is Just ImageJ) software, which is distributer of the 

popular open-source software ImageJ, focused on biological-image analysis 

(Schindelin et al., 2012) (Figure 5.2).  

Pixels, that means “picture elements,” are the smallest units of information 

in a digital image or display. Each pixel contains color and brightness information 

and for same geometry proximal values are found. It enables the usage of filters 

image which separates pixels in a range, selecting what is inside this cutting and 

removing pixels outside of it. 
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Aiming to obtain the 3D geometry of the aorta, a large area of the exam 

containing the object of interest of this study was demarcated in all slices 

transferred to FIJI software, as shown in the yellow square line in Figure 5.3(a). 

The biggest circle corresponds to ascending aorta while the smallest circle the 

descending aorta. A semi-automatic approach was used. After that, just the 

demarcation was considered [Figure 5.3(b)], and then the pixels corresponding to 

the aorta was isolated through a series of filters, to finally obtain only the aortic 

geometry at slices, Figure 5.3(c). 

 

Figure 5.2 – Step to collect slice distance at Fiji Software (Own Authorship). 

 

Figure 5.3 – (a) All images transferred to Fiji (b) Aortic region selected (c) 

Segmented aorta (Own Authorship). 

After that, the slices were transferred Mimics software (Materialise, Belgium) 
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to segment the aorta, i.e., transforming into a 3D object. The data contained in 

Table 5.1. such as pixel size and slice distance, besides aorta orientation, were 

given to the software aiming to adjust the object into its real size (Figure 5.4). 

Table 5.1 – Example of slice distance and pixel size. 

Slice Scale 

[pixels/mm] 

z  

[mm] 

Slice Distance 

[mm/slice] 

Pixel Size  

[mm/pixel] 

659 1.28 527.58 0.80 0.78 

 

Therefore, the methodology discussed above was applied to all patients 

analyzed. After these steps, the geometry was transferred to Design Modeler, 

where the orientation of the object was done, i.e., the definition of the reference 

system. Figure 5.5. shows two views of the geometry detailing the axes of 

reference system used, where the z-axis is positioned perpendicularly at the 

entrance and y-axis pointed to the left coronary, defining the inlet plane. The outlets 

planes are defined as showed in Figure 4.4. 

The subsequent step was the grid creation, i.e., the computational domain, 

using the Meshing Tool from Ansys Inc. (2021). It was defined with tetrahedral 

elements and five prism layers near the wall, to guarantee the proper refinement 

of this region. In Figure 5.6 an aorta’s grid and a perpendicular slice is shown. 

To define the mesh to be used, a grid test was performed, and its results is 

presented in Appendix A2. It was obtained that a domain of  cells can be 

used without compromising the results of the simulations. 

 

Figure 5.4 – Reference system (Own Authorship). 
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Figure 5.5 – Aorta’s grid and a perpendicular slice (Own Authorship). 

5.2 Processing  

The Finite Volume Method, as introduced by Patankar (1980) stands as a 

discretization technique that ensures the global conservation of the variables of 

interest. This method is highly recommended to solve fluid flow problems. It 

involves the subdivision of the computational domain into small control volumes, 

each possessing a central node. The discretized equations are derived by 

integrating the differential equations over each control volume. Additionally, 

various schemes are applied to estimate the convective and diffusive fluxes across 

the faces of these control volumes, as well as source terms of the resulting balance 

equation (Tanyi & Thatcher, 1996) 

The conservation of mass, conservation of momentum and turbulence 

equations that delineate the study were solved using the finite volume method 

provided by the ANSYS Fluent software v2021R1 (Ansys Inc.,2021). 

The liquid flux through each control volume face has a convective and 

diffusive contribution. In order to estimate the flux, the Second Order Upwind was 

the approach selected. 

The Pressure-Velocity Coupling, that solves all momentum and turbulent 

quantities equations in a sequential form, and the pressure field is obtained to 

enforce mass conservation, was solved using the Coupled scheme.  

The system of algebraic conservation equation of each variable was solved 

with the Green Gauss-Seidel Cell Based.  

Due the fact that conservation equations are non-linear, sub-relaxation was 

employed. Appropriate sub-relaxation factors decrease the oscillations of the 

variables. The sub-relaxation parameters were defined as: 0.5 for the momentum 
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and pressure, 0.3 of intermittency, 0.5 for the Turbulent Kinetic Energy (κ), 0.5 for 

Specific Dissipation Rate (ω) and 0.3 for the Turbulent Viscosity. The system was 

considered converged when the residual of all differential equations were inferior 

to 10-6. 

5.2.1 Coupling with Windkessel model 

When adopting the Windkessel model at the boundaries, the solution of the 

3E WK model for each outlet must be coupled with the flow solution. The approach 

employed was developed by Deyranlou (2021). It is a regression method, where 

the WK equation is rewritten for each outlet  as  

� � �

�
 (5.1) 

The flowchart of the employed algorithm with the coupling between the 

Fluent 3D-domain and the Windkessel model is present in Figure 5.6. The area-

averaged volumetric flow  at the boundary of the 3D-Domain is computed and 

used by RCR model to compute the correspondingly static pressure  at this 

boundary for the next iteration step. The initial condition for this process is an initial 

pressure  at . 

 

Figure 5.6 – (a) Coupling of 3D geometry and the Windkessel RCR model. 

(b) Iterative update scheme for pressure and flow (Own Authorship).  

5.3 Post-processing 

The present numerical study concerns an entire cardiac cycle, which is 
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periodic. Thus, the initial numerical condition does not affect the overall results 

after a stable periodic solution is reached. To obtain the periodic solution, the initial 

values for pressure, velocity components, turbulent kinetic energy and specific 

dissipation were computed based on the inlet plane values. The intermittency was 

set as zero. Five cycles were solved and, each cycle was compared with the 

previous one. In Appendix A3, it is shown that the solution of the 4th cycle presented 

is equivalent to the fifth cycle, therefore, all post-processing were performed with 

the data of the last cycle. 

There are several types of post-processing that were used: iso-surfaces of 

selected variables, streamlines, profiles along a line for a particular time instant, or 

along time for a particular position, etc. Due to the huge volume of data in transient 

3D problems, area-average values and average in the period (a complete cardiac 

cycle) are important measures to be evaluated, as well as maximum and minimum 

values. 

Considering  as any variable of interest, to determine an area-average, first 

the area of interest  must be selected. The area-average is defined as, 

  
 (5.2) 

The average on a desired time interval of interest, , can be written as 

  
 (5.3) 

where  is time. 

To compare the variables between the two groups (with and without growth), 

the relative difference variable  was calculated as 

�!��" ��"��� �!��"

�!��"

�!��"
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 (5.4) 

 



 

6 HEALTHY PATIENT  

To approximate the methodology described in the previous chapters, a 

simulation of the blood flow along the aorta of a healthy specific patient was 

performed. The volunteered patient, that is the author of this thesis, underwent an 

CT exam, which allowed the definition of the 3D aorta´s model. The input flow data 

to perform the simulations were obtained from measurements of the 4D-Flow MRI 

technique.  

The simulations were performed specifying the measured mass flow rate at 

the inlet. With respect to the boundary conditions at the four outlets, two types of 

conditions were imposed: the WK and a simpler and faster approach, based only 

on the mass flow rate percentage at each outlet. In both cases, the data needed 

for the simulations were determined from the measured values.  

In this way, a thorough study was established with the comparison between 

the results of CFD simulations and the measured quantities provided by 4D-Flow 

MRI.  

6.1 Measured 4D Flow MRI Variables 

The 4D-Flow MRI software provides graphs of the volumetric flow rate, 

pressure, WSS at several planes along the aorta, as well as streamlines colored 

by velocity.  

The pressure and WSS data made available by the 4D-Flow MRI software, 

are in fact determined indirectly from the velocity. Further, it is not clearly presented 

by the software documentation how these quantities are obtained. This issue will 

be better discussed when presenting the data related with these two variables.  

The volumetric flow rate ( was converted to mass flow rate (  considering 

the blood density equal to 1054 kg/m³ (Vitello et al., 2015), as employed here. 

 (6.1) 

The standard clinical reading was performed using cvi42 v5.14.2 4D-Flow 

(Circle Cardiovascular Imaging Inc., Calgary, AB, Canada). The software provides 

the 3D aorta visualization, as shown on the left side of Figure 6.1, and allows the 

placement of planes which are used to obtain the hemodynamic variables based 
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on the collected data from the CT scan. The plans are freehand placed by the 

operator, which may cause inaccuracy of results from 4D-Flow MRI.  

Since all experimental data were provided only by the image, as presented 

in Figure 6.1, it was necessary to extract the data with the Engauge software, to 

allow comparison with the simulation, which results in an additional data 

uncertainty. 

For the analyzed patient, it was considered the measured pressure values at 

the exam’s day, which was  and . 

6.2 Boundary Condition 

Figure 6.1 and Figure 6.2 illustrate the measured volumetric flow rate 

variation during the cycle, at the different selected planes. From the image shown, 

the cycle period  was defined as 0.96 s.  

 

Figure 6.1 – Volumetric flow rate in planes along the ascending aorta 

provided by cvi42 v5.14.2 4D-Flow MRI software. 

The curve ‘AV’ colored in yellow, illustrated in Figure 6.1, corresponds to the 

volumetric flow rate of the inlet plane. For the abdominal aorta volumetric flow, it is 

used the curve ‘desc2’ from Figure 6.1, which corresponds to ‘out4’. Besides that, 

the planes namely ‘asc1’, ‘asc2’ and ‘asc3’ are located in the ascending aorta, 
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while ‘desc1’ and ‘desc2’in the descending aorta. 

Figure 6.2 presents the volumetric flow for the exits in the aortic arch, where 

the curves ‘TBC’ refers to the brachiocephalic trunk (‘out1’), ‘Carotida esq’ to the 

left subclavian (‘out2’) and ‘Subclavia esq’ to left common (‘out3’).  

 

Figure 6.2 – Volumetric flow rate curves of outlet planes provided by cvi42 

v5.14.2 4D-Flow software. 

The data ‘AV’ of Figure 6.1 was extracted as the inlet boundary condition for 

the simulation and it is shown in Figure 6.3 (the curve data is presented in Appendix 

A4).  

 

Figure 6.3 – Mass flow rate input curve. 

In the absence of detailed velocity field at the aorta inlet, a uniform velocity 

profile normal to the inlet plane was imposed. Although Pirola et al. (2019) argues 
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that the blood flow in the aorta is helical, according to Morbiducci et al. (2013) 

findings, this approximation could serve as a suitable inlet BC, allowing the 

accurate representation of wall shear distributions in normal aortas. Further, for 

individuals with good health, valvular velocity profiles typically exhibit symmetry, 

featuring a predominant axial component. 

As mentioned, two types of outflow boundary conditions were imposed for 

the numerical simulation. As shown in Figure 2.5, the aorta presents four outlets, 

corresponding to the brachiocephalic trunk, left subclavian, left common and the 

abdominal aorta. For both types of boundary conditions, it is necessary to know 

the flow rate percentage in relation to the inflow rate, at each outlet.  

The present model considers the fluid as incompressible, flowing through a 

rigid aorta, therefore, due to uncertainties in the measurements, the mass 

conservation is never experimentally conserved. However, the mathematical 

model employed requires mass conservation, thus, it is important to verify if the 

same mass enters and leaves the domain. The total mass conservation of blood 

inside the aorta is 

 (6.2) 

where the mass inside of the aorta is  with  as the blood density, and  

the volume inside the aorta,  is the mass flow rate entering the aorta, and  

the total mass flow rate leaving the aorta.  

Figure 6.4 shows a comparison between the mass flow inlet curve and the 

total mass outflow (sum of the 4 outflow planes). As it is possible to notice, for each 

instant of time, the mass flux that enters in the aorta does not correspond to what 

comes out.  

 

Figure 6.4 – Comparison between the mass flow inlet curve and sum of all 

mass outflow curve of the experimental results. 
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Figure 6.5 presents the difference between the mass flow inlet and the sum 

outflow. The biggest difference occurs at the systolic peak and this may have 

occurred due the vessel’s dilation (Ibanez, 2019) and also due to a possible 

compressibility of the blood flow, but more likely due to uncertainties on the 

measurements. However, considering the overall balance of the cycle, the 

continuity equation is preserved, with an error of less than 0.03%. 

 

Figure 6.5 – Difference between inlet mass flow and the sum outflow of the 

experimental results. 

For the present model (incompressible and rigid aorta), an adjustment of the 

outflow rate percentages was performed, so that the mass balance was 

guaranteed at each time instant. Therefore, to determine the outflow percentage, 

the mass flow rate over the complete cycle of each outlet was calculated in relation 

to the total inflow, and the time percentages are shown in Table 6.1. 

Table 6.1 – Flow percentage art each outlet. 

Plane Flow percentage [%] 

out1 13.1 

out2 4.9 

out3 2.2 

out4 79.8 

For the case based on the RCR WK model, the resistances and capacitance 

at each outlet must also be determined, as boundary conditions. Considering the 

analyzed patient, the pressure values at exam’s day (

) were imposed, resulting in an average 

pressure equal to . The average flow rate was calculated based 
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on the input curve shown in Figure 6.3 as . The calculated 

parameters for each outlet are shown in Table 6.2.  

Table 6.2 – Three-element Windkessel model parameters for each outlet. 

Plane 
 

 

 

 

 

 

out1 8.35 8.45 1.35 

out2 22.30 22.60 50.50 

out3 49.70 50.30 22.70 

out4 1.37 1.39 8.22 

6.3 Post-processing definitions 

To compare the results numerically obtained with the measured 

experimental data, five planes were created in the aorta geometry, based on the 

locations of the measured data during the exam. Figure 6.6 shows these planes. 

There is one at the entrance, the ‘inlet’ plane, and four at the outputs: ‘out1’, ‘out2’, 

‘out3’ and ‘out4’. Further, four planes were created at the ascending aorta, namely 

‘asc1’, ‘asc2’ and ‘asc3’ and two at the descendent aorta, ‘desc1’ and ‘desc2’. 

These planes were defined such that they are perpendicular to the aorta’s wall, 

aiming to obtain reproducibility of the data. 

 

Figure 6.6 – Inlet, outlets and selected planes along the aorta (Own Authorship). 
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To aid the understanding of the graphs, the experimental results are 

represented by ‘exp’ and the numerical results by ‘num’. 

The ascending aorta was defined as the region of interest of the study and 

is shown in Figure 6.7. The region was limited between the entrance and the 

beginning of the brachiocephalic trunk.  

 

Figure 6.7 –Region of interest (Own Authorship). 

Initially, the results obtained with the Windkessel model are compared with 

the experimental data. In the sequence, the impact of employing the simple outflow 

percentage boundary condition is addressed. All results considered are from the 

4th cycle, since according on the test presented in Appendix A3, the periodicity is 

achieved. 

6.4 Mass Flow Rate 

To evaluate the numerical model, a comparison of the predicted mass flow 

rate over one period for each output with the experimental data is shown in Figure 

6.8. It is possible to visualize a qualitative agreement between the experimental 

and numerical results at all outlets.  

To carry out a quantitative analysis, the average mass flow rate along the 

cycle at each outlet , was determined as 

 (6.3) 
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Figure 6.8 – Numerical-experimental comparison of mass flow rate at outputs
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The percentage ratio of each average outflow in relation to the average inflow 

was determined and shown in Table 6.3. In the same table, it is shown the error  

between the experimental and numerical results, expressed as 

�+� ��,

�+�

��,

�+�
(6.4)

Table 6.3 – Numerical-experimental comparison of inlet x outputs mass flow rate  

 Experimental Numerical Error 

Plane 
 

[kg/s] 
 

 

[kg/s] 
   

inlet 8.47  8.47   

out1 1.11 13.1 0.96 11.28 13.96 

out2 0.42 4.9 0.59 6.94 43.33 

out3 0.19 2.2 0.28 3.27 48.33 

out4 6.75 79.8 6.62 78.15 1.86 

Total  8.47 100.0 8.44 99.65 0.35 

 

Analysing Table 6.3, it is possible to observe that the agreement between 

numerical and experimental data with the last output, ‘out4’, is very good. Due to 

large number of uncertainties, the agreement with ‘out1’ can be considered 

acceptable. Examining the agreement between the data for ‘out2’ and ‘out3’, a 

large percentage error is seen. However, at these two outflow regions, the mass 

flow measured is very small, leading to large uncertainties.  

To better analyse the results, Figure 6.8 illustrates the time mass flow evolution 

at the four-outflow region during the cardiac cycle. ‘out1’ presents after the systolic 

period, an oscillation around the experimental data which may be explained by the 

pressure waves not captured by the experimental device, leading to an error of 

13.96%. An overprediction is observed during the systole at ‘out4’, while there is 

practically null flow rate during the diastole (underprediction), ensuring overall mass 

balance. Considering the entire cycle, the error is calculated as 1.86%, indicating 

that the percentage of output flow matches by the captured in 4D-Flow MRI. 

As mentioned, the second and third outputs, ‘out2’ and ‘out3’, exhibit the 

highest error due to their low flow rate and the overprediction of the mass flow rate 

during the systole. This discrepancy might be a consequence of the imbalance in 

mass flow rate rates observed in the experimental data during the systole, as 

illustrated in Figure 6.5. Notably, practically no outflow was predicted at outlets 2 

and 3 during diastole, aligning with the experimental findings. 
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To aid in the evaluation of the mass flow rate through the aorta, Table 6.4 

shows the numerical-experimental comparison of the average mass flow rate along 

the cycle at each selected plane, indicated in Figure 6.6. The average plane velocity, 

corresponding to the maximum flow rate, , at each plane is also included in 

Table 6.4, since this information was experimentally measured (Figure 6.1). 

The mass flow rate at each time instant, at the planes in the interior of the 

domain and the peak velocities were numerically determine by 

-

..
 (6.5) 

where  corresponds to each cell in the plane.  

As already shown at the boundary planes, there is a discrepancy at the 

maximum flow rate during the cycle, as a consequence,  errors are higher 

than the average mass flow rate. However, we believe that  errors at the 

planes closer to the curvature are high, also due to the lack of accuracy of 4D-Flow 

software to capture the turbulence flow and recirculation in this region, as 

discussed in the literature Kalpakli Vester et al. (2016). The average mass flow 

rate during the cycle at each plane presents similar value, with equivalent error as 

the ones obtained at the boundaries. These results indicate the mass balance 

throughout the complete cycle and a reasonable agreement between numerical 

and experimental results. 

Table 6.4 – Numerical-experimental comparison of velocity peaks and average 

mass flow rate at auxiliary planes 

 Experimental Numerical   

Plane 
 

[m/s] 

 

[kg/s] 

 

[m/s] 

 

[kg/s] 

 

[m/s] 

 

[kg/s] 

asc1 1.09 74.23 0.86 81.09 21.10 9.24 

asc2 1.67 82.74 0.95 80.97 43.11 2.14 

asc3 0.78 83.08 1.19 66.51 52.56 19.94 

desc1 1.08 63.28 1.55 63.19 43.52 0.15 

desc2 1.60 66.68 1.54 63.58 3.75 4.65 

 

A final important comment related to the flow comparison is related to the 

definition of the blood density, which was not measured, and as it is well known 

influences the flow. Thus, in spite of this additional uncertainty, reasonable results 

were obtained. 
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6.5 Pressure 

The cvi42 v5.14.2 4D-Flow software calculates the pressure difference 

between a particular position, chosen by the operator, in relation to a reference 

location, all placed freehand. Here, it was assumed that the displayed values along 

the cycle, obtained by the images, represent average values at the plane 

containing the selected position, since full velocity and pressure field were not 

provided. 

On the left side of Figure 6.9, the selected planes along the aorta geometry 

are shown, and on the right side, the graph with the experimental pressure 

differences, ()* /(0, between the defined planes and the reference plane. 

The plane namely ‘asc’ refers to ‘asc1’. The reference plane was defined by the 

operator as the inlet plane. 

The numerical pressure difference �&' was calculated employing the 

pressure field obtained by the solution of the conservation equations. It is based 

on the area average pressure of the selected plane � and the reference plane /(0 

�&' � /(0  (6.6) 

 

Figure 6.9 – Pressure drops of planes in ascending aorta provided by cvi42 

v5.14.2 4D-Flow software 

The maximum and cycle time-average of the average-area pressure 

difference at the five selected planes (Figure 6.6) are shown in Table 6.5. Table 

6.5 reveals that the error of  is smaller at the planes in the ascending aorta, 
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showing agreement between numerical and experimental results. Conversely, the 

planes at the descending part exhibit considerable error, indicating substantial 

divergence between the results. Similarly,  shows elevated error values, likely 

attributed to the influence of the diastolic phase during the cardiac cycle.  

Table 6.5 –Numerical-experimental comparison of maximum and cycle 

time-average of the average-area pressure difference 

 Experimental Numerical |  

Plane 
123

 

[mmHg] 

 

[mmHg] 

123

[mmHg] 

 

[mmHg] 

 

[%] 

 

[%] 

asc1 1.34 0.01 1.18 -0.02 11.9 300.0 

asc2 2.69 0.00 2.49 -0.07 7.4 NA 

asc3 3.27 -0.07 4.25 -0.26 30.0 271.4 

desc1 3.66 0.52 117.00 -3.18 3096.7 711.5 

desc2 6.05 0.60 200.81 -4.74 3219.2 890.0 

 

To elucidate the aforementioned high error, Figure 6.10 illustrates a 

comparison of area-average pressure difference along the cycle at the selected 

planes. To reduce the numerical oscillations captured in the planes, the 8th order 

Fourier series was used in the data. Planes ‘asc1’, ‘asc2’ and ‘asc3’, present a 

good agreement between the results, approximating the model developed. 

However, the same conclusion is not obtained in the descending part, where the 

experimental data is significantly smaller than the numerical results. Nevertheless, 

the predicted numerical results seen more realistic than the displayed values 

obtained from the exam.  

Kalpakli Vester et al. (2016) presented an extended review regarding the 

effect of curvature on transition to turbulence, pressure losses, swirling and 

pulsating flow. They have indicated that recirculation’s arise due to the secondary 

flow of the fluid due to the irreversibility’s associated with the geometry, leading to 

a high pressure drop. The effect of load loss caused by mass outflow from the 

aortic arch was investigated, but no significant results were found, suggesting the 

great contribution of the curvature effects. 

It should be mentioned that the cardiovascular pressure fields are not a trivial 

task to measure. Usually, it is determined indirectly from the velocity field. The 

result obtained may indicate that 4D-Flow software does not consider the real 

pressure that occurs in the evaluated plane when the pressure drop is calculated 

from the velocity profile.     



6. Healthy Patient  85 

 

Figure 6.10 – Numerical-experimental pressure drops comparison of planes along the aorta using Eq. 6.9. 
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Several researchers (Ebbers & Farnebäck, 2009; Bouaou et al., 2019; Nolte 

et al., 2021¸Rengier et al. (2014), Krittian et al. (2012), Saitta et al. (2019) and Nolte 

et al. (2021)) have determined the pressure gradients from the 3D time resolved 

velocity MRI measurements using the full velocity field, , provided.  

However, these procedures require the complete velocity field (in time and 

space), which rarely are available. Thus, simplified approaches are applied to 

estimate the pressure. Ramaekers et al. (2023) in its clinician’s guide investigated 

the aortic 4D-Flow MRI data, and they pointed out that compared to other flow 

related variables, the acquired pressure field accuracy, reproducibility, and clinical 

applicability using this technique are still relatively unknown. 

The cvi42 v5.14.2 4D-Flow software manual is not clear exactly which 

approximation is employed to present the pressure evolution with time at the 

selected planes. A few approximations are found in the literature and are discussed 

in the sequence. 

6.5.1 Approximated pressure difference 

The simplest approximation to estimate the pressure difference is to neglect 

all pressure losses, and to estimate the pressure applying steady state Bernoulli’s 

equation (Shi et al., 2019),  

678
9

2 678
2

;
2 9

2 ;
2 <678

<;

2

 (6.7) 

where =  � is the average velocity at plane , and is the volumetric flow rate. 

This pressure difference is named as “convective pressure” since it is due to the 

variation of the velocity, because of the plane transversal area change. 

This approximation depends strongly on the definition of the reference 

velocity, requiring the definition of the plane cross-section area. Note that, since 

the plane is defined manually with the indication of a point in the interior of the 

aorta, and if there is a small difference in the plane inclination, the resulting area is 

completely different. 

To simplify even further this estimation, Hatle et al. (1978) approximated the 

steady state Bernoulli equation, by considering the blood density equal to 1060 

, and maximum velocity module ( ), as 

>? �
� @!�A

@�

�

'B)
�  (6.8) 
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This last approximation is widely applied in techniques such as 

catheterization and Doppler, being considered the ‘gold standard’ when the 

pressure drop across a stenotic valve is considered (Heys et al., 2010). 

The simplified Bernoulli approximation  was also employed by Archer 

and colleagues (2020), that performed a comparison of four-dimensional flow 

technique, considering the peak pressure drop in the aorta during systole. This was 

the first study to compare the peak pressure gradient across the aortic valve by 

4D-Flow Cardiovascular Magnetic Resonance (CMR) against Transthoracic 

Echocardiography (TTE) and the gold standard invasive method. They point out 

that previous studies have demonstrated a discordance between the invasive and 

Doppler TTE peak pressure gradient assessment and that Doppler methods 

overestimate the peak pressure drop. The authors found out that 4D-Flow CMR 

described in their study also relies on the maximum instantaneous pressure 

gradient but did not result in any overestimation. Reduction in overestimation could 

be because the peak velocity plane was spatially identified by velocity vector 

visualization. This technique is not routinely applied in Doppler TTE as peak 

velocity assessment is made by continuous-wave Doppler, which summates all 

velocities in one direction. In this way,  despite the requirement of a significant 

acquisition data and post-processing competence, the 4D-Flow offers an 

alternative method for non-invasive assessment of aortic stenosis in relation to 

invasive methods, agreeing with Saitta et al. (2019). 

Donati et al. (2017) argue that these formulations neglect the unsteady term 

and suggested to include the transient contribution to the Bernoulli equation. Thus, 

the pressure loss due to the transient inertia portion, called by the authors as blood 

inertia, C/B�, is added 

(6.9)

So, the pressure difference is represented by two contributions, the 

traditional convective contribution and the transient one, as described by Shi et al. 

(2019). 

D 678 E6FG (6.10) 

The transient contribution depends not only on the distance  between 

plane  and the reference plane, , but on the time variation of the velocity 

between planes. It can be approximated, assuming constant area between 

sections, corresponding to velocity  as 
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C/B�

H
;

�  (6.11) 

where  is the length of the vessel segment, i.e., the distance between sections. 

Further, to calculate the pressure drop at the descending planes, it is necessary to 

consider the difference of mass flow rate from the ascending part (subscript ‘asc’) 

and the descending part (subscript ‘desc’) due to outflow in the arteries of the aortic 

arch.  

As outlined by Shi et al. (2019), since inertial effect is determined by the 

density of the blood, length and sectional area of the vessel segment, as the length 

of the vessel segment increases, so does the magnitude of the inertial effect. 

Analyzing the results, it seems that only the convective inertia pressure loss, 

, is being considered to calculate the pressure of ‘desc2’. However, it is 

important to emphasize that the pressure captured by the numerical simulation 

considers the transient contribution, as well as the pressure loss associated with 

friction and geometry curvature. As it is possible to notice, Eq. 6.10 described 

above does not contemplate viscous pressure losses and pressure loss related 

with the vessel geometry and the aortic arch outflow. 

Patankar et al. (1975) has shown that the head loss associated with friction 

depends strongly on the difference between the curvature radius and the vessel 

radius. The aorta analyzed has a low ratio of radial curvature and the radius of the 

vessel ( ), what suggests that the friction factor is highly relevant and cannot 

be ignored. 

Since it is not known how the 4D-Flow software determines the pressure, an 

investigation of the different propositions of the literature is carried on. Figure 6.11 

shows the comparison between ()*, 
D
, C/B� and IJ�K of each plane through 

the cardiac cycle. In the ascending planes (‘asc1’, ‘asc2’ and ‘asc3’), the blood inertia 

curve, C/B�, which is dominant, presents a similar behavior to the experimental 

pressure drop curve, ()*. The combined 
D
 curve does not present as good 

adherence with the data, what can be explained by the significant uncertainty in 

the determination of IJ�K, regarding the chosen reference velocity. In the 

descending planes (‘desc1’ and ‘desc2’), C/B� overestimates the pressure in 

comparison with the experimental data (consequently also 
D
), what can be 

explained by the fact that this term is estimated considering a straight pipe with 

constant area, neglecting the head loss associated with the curvature, which 

induces strong recirculation just after the curve. The most similar curve of plane 

‘desc2’ refers to the convective inertia pressure loss curve, IJ�K.   
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Figure 6.11 – Numerical-experimental pressure drops planes comparison. 
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To complete this analysis, Table 6.6 presents quantitively the maximum pressure 

drop through the cycle, related with the different contributions. As it is possible to 

visualize in Table 6.6, the minimum error (that was calculated in relation to ()*) for 

‘asc1’ and ‘asc2’ refers to 
,�+

, while for ‘asc3’ is
D,�+

, agreeing with what 

was perceived in Figure 6.11. For ‘desc1’ and ‘desc2’, the minimum error is for 

,�+
.  

Table 6.6 –Numerical-experimental comparison of maximum pressure drops. 

 
Experi

mental 
Numerical |  

Plane 
[mmHg] 

L123

[mmHg] 

123

[mmHg] 

123

[mmHg] 

L123

[%] 

123

[%] 

123

[%] 

asc1 1.34 0.61 1.38 0.00 54.48 2.99 100.00 

asc2 2.69 1.67 2.19 0.00 37.92 18.59 100.00 

asc3 3.27 3.32 2.87 0.98 1.53 12.33 70.03 

desc1 3.66 7.13 6.25 4.97 94.81 70.77 35.79 

desc2 6.05 10.20 8.80 6.93 68.60 45.45 14.55 

 

Analyzing Figure 6.11, it is clear that the transient behavior is dominant at 

the ascending aorta and should be considered as stated by Shi et al. (2019), when 

the focus of the research is the ascending aorta to study aorta aneurysm, for 

example. At the descending aorta, approximated estimations of the pressure with 

simplified models are not adequate due to the high-pressure loss related with the 

curvature of the aortas arch.   

6.6 Wall Shear Stress 

The 4D-Flow software presents a variable named “WSS” at each selected 

plane, as shown in Figure 6.12. Once again, what exactly the software is 

determining is not known. It should represent the average WSS along the perimeter 

of the selected plane but there is no certainty as to how this is done. 

As previously discussed, due to the uncertainty of the descending part 

results, the ascending part will be the focus of this analysis. Therefore, Figure 6.13 

shows a comparison of the CFD WSS ( ) and the experimental WSS data (
�+�

) 

extracted from Figure 6.12, at the three selected planes of the ascending aorta. In 

the CFD analysis,  is the average value along the perimeter of the aortic wall of 

the selected planes. Due to the significant difference between the two sets of data, 
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logarithmic scale was employed, to allow visualization of the data. The only 

agreement between the results, is the fact that it has the same behavior but at 

different scales. There is an increase of the values close to the systolic peak and 

then a decrease during diastole. Higher WSS can also be observed in planes 

further away from the inlet plane. 

 

Figure 6.12 - WSS curves of ‘asc1’, ‘asc2’, ‘asc3’, ‘desc1’ and ‘desc2’ 

planes provided by cvi42 v5.14.2 4D-Flow software. 

 
Figure 6.13 – Numerical-experimental WSS in planes of the ascending aorta. 
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Pa were obtained, as reported by several authors as Rinaudo & Pasta (2014), Celis 

Torres et. al. (2017), Kimura et al. (2017), Youssefi et al. (2017) and Ibanez et al. 

(2021). 

Hence, realizing the discrepancy between the 4D-Flow and CFD simulation 

findings, it was decided to plot the WSS field based on velocity field, since there is 

also a discussion in the literature speculating which methodology employed by the 

4D-Flow software to determined WSS. 

According to Stalder et al. (2008), the WSS calculated by 4D-Flow software 

is based on the measured volume flow rate, assuming that the aorta can be 

represented by a circular pipe with a constant diameter, with the blood flowing in 

laminar regime, steady-state and fully developed. With these assumptions, the 

WSS, denoted as 
��,

 is 

��,
�A
M  (6.12) 

where  is the volumetric flow rate, is the effective radius of the 

plane.  and  are the plane area and average velocity in the plane. The previous 

equation can also be written as  

��,

��, �A (6.13) 

where  is the Reynolds number evaluated at the selected plane. Since the mass 

flow rate varies during the cardiac cycle, as also the Reynolds number  and the 

flow regime. Figure 6.14 illustrates the inlet Reynolds number variation during the 

cycle, where it can be seen that during almost the whole systole period, the flow is 

turbulent. However, it is true that, the time interval that the flow is turbulent is smaller 

than the time period with low Reynolds number, enforcing the need of employing a 

turbulent model capable of predicting the transition, as it was done here.  

 

Figure 6.14 – Inlet Reynolds number. 
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To consider the variation of the flow regime during the cardiac cycle, a similar 

approximate estimation of the WSS as proposed by Stalder et al. (2008) was 

determined here, also assuming a straight circular pipe, steady state, fully 

developed, but considering laminar and turbulent regime during the cycle, 

determined based on a friction factor as 

 (6.14) 

where the friction factor  was assessed using the following correlation (Swamee, 

1993), which can be employed for both laminar and turbulent regimes. 

�.O
 (6.15) 

being  the relative roughness, which was neglected. 

Figure 6.15 shows the comparison of the WSS provided by 4D-Flow software, 

�+�
, with 

��,
(Eq. 6.13) and 

��!P
 (laminar and turbulent, Eq. 6.14 and 6.15) The 

CFD data was not included, since it is two orders of magnitude higher.  

 

 

Figure 6.15 – WSS Comparison. 
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regimes when the Reynolds number is above a threshold, results as expected as 

in higher shear.  

The smaller order of magnitude of WSS measured here by 4D-Flow software 

agrees with Callaghan & Grieve (2018) measurements, who employed 4D-flow 

MRI to examined thoracic aorta of healthy patients, reporting values in the order of 

0.5–1.0 Pa. Salmasi et al. (2021) point out that the restricted temporal and spatial 

resolution and the uncertainties involved in velocity encoding, may lead to a 

considerable underestimation of WSS values. In contrast, CFD studies consistently 

reports WSS in a range of 2.0 –30.0 Pa (Biasetti et al., 2011; Celis Torres et. al., 

2017; Ibanez et al., 2021), which is more realistic if one considers that curvature 

and recirculation increases the shear stress.   

6.7 Streamlines 

Numerical streamlines coloured by velocity module are presented in Figure 

6.16, at four-time instants, while the experimental data are shown in Figure 6.17. 

For each case, the time instant corresponding to the image is illustrated as a red 

dot in the graph of the inlet mass flow rate profile, in the bottom part of the figure, 

to relate with the time instant during the cycle. The first sub-figure corresponds to 

the systole peak and the second with the end of the systole, while the last two 

figures are associated with the diastole period. The same scale was employed for 

both data, with very similar colour palette, since exactly the same was not possible. 

The same point of view of the aorta was selected, to aid in the comparison of 

numerical results with the experimental data. However, the numerical streamlines 

present more information than the image with the experimental data.  

At the systole peak , high velocities can be seen both numerically 

and experimentally, Figs. (a), especially at the descending aorta. Numerically [(a)]) 

although no recirculation can be clearly observed at this time instant, smaller 

velocities (yellow) can be seen around the inlet jet, near the aorta valve, indicating 

a possible recirculation in that region. Experimentally [Figure 6.17 (a)], a high 

velocity jet can be seen at the aorta valve, with smaller velocities around it, clearly 

indicating the presence of a recirculating flow. 

After the systolic peak (b), a significant drop at the velocity level is observed 

in both data set. In both cases, it can be seen a recirculation near the inlet jet 

followed by a strong recirculation right after the aorta´s arch, with higher velocities 

at the descending aorta. Qualitatively, the flow is similar, although, as mentioned, 

there are more information when examining the numeral image at the descending.          
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Figure 6.16 – Numerical simulation streamlines over the cardiac cycle colored by velocity vector magnitude.    
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Figure 6.17 – 4D-Flow experimental streamlines over the cardiac cycle colored by velocity vector magnitude. 
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aorta. Qualitatively, the flow is similar, although, as mentioned, there are more 

information when examining the numeral image.  

During the diastole period, low velocity and great recirculation are captured 

in the numerical results [Figure 6.16(c) and Figure 6.16 (d)], with very similar flow 

field. Experimental results in Figure 6.17 (c) and Figure 6.17 (d), also show very 

similar flow field at the two-time instants of the diastole period, the recirculation 

near the aortic valve and after the aorta´s arch, although with significant less 

details. 

The streamlines results corroborate the analysis of the pressure distribution, 

i.e., an increase in the pressure loss due to the large recirculation in the beginning 

of the descending part of the aorta. This head loss was not capture by the 4D-Flow, 

probably due to the indirect way to estimate the pressure. 

6.8 Three-element Windkessel model x Percentage Outflow as 
Boundary Condition 

To verify the influence of the BC on the results, a comparative analysis 

between the three-element Windkessel model and the percentage outflow model 

was performed. The flow percentage BC considers the percentage described in 

Table 6.1 for each outlet.  

Table 6.7 presents the strain indices for the area of interest (ascending aorta) 

of the healthy patient analysed using these two different BC. The error was 

computed in function of 3E WK, with the subscript ‘WK’ representing the 

Windkessel results and ‘per’ the percentage outflow results. 

Analyzing Table 6.7, it becomes apparent the low error values associated 

with the analysed strain indices. This result is very positive, as it shows the small 

variation in the wall when the simpler BC model is employed.  

Figure 6.18 and Figure 6.19 show the  and  fields for the 

percentage outflow and 3E WK BC, respectively. Examining the figures, a great 

similarity is seen for the different BC of each image, reinforcing the result shown in 

Table 6.7.  

Figure 6.20 presents the pressure field for each plane, as done in the analysis 

of Figure 6.10 and Figure 6.11. It was decided to analyse the pressure field using 

the planes since this variable was extensively explored in subchapter 6.5. 

In this way, the experimental pressure drop data, , was compared with 

the results obtained for the 3E WK BC,  (that was previously called by ), 

and percentage outflow BC, . 
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Table 6.7 – 3E WK x Outflow variables comparison. 

Variable 

Three-element 

Windkessel 

[mean ± SD] 

Percentage 

outflow 

[mean ± SD] 

|
∅RST

∅UV

[%] 

 [Pa] 0.57±0.21 -0.56±0.35 1.61 

 [Pa] 19.88±0.08 19.89±0.06 0.06 

 [Pa] 5.14±0.20 5.05±0.09 1.65 

 [Pa] 1.30±0.20 1.27±0.09 2.15 

 4.97e-1±0.20 4.99e-1±0.09 0.28 

  2.48e-1±0.20 2.41e-1±0.09 2.72 

 4.02e-3±0.20 4.14e-3±0.09 2.82 

 

 

Figure 6.18 –  field using as BC (a) Percentage Outflow. (b) WK. 
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Figure 6.19 – field using as BC: (a) Percentage Outflow. (b) WK. 

Evaluating Figure 6.20, a good correspondence is perceived between the 

 and  showing, therefore, the possibility of imposing the simplified 

percentage mass flow model boundary condition without loss of analysis. 
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Figure 6.20 – Pressure comparison considering the two different BC. 
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7 PATIENTS WITH ASCENDING AORTIC ANEURYSM 

In this chapter, the flow field along the aorta during the cardiac cycle of 30 

patients with ascending aortic aneurysm with non-surgical indication are examined. 

Based on the volume difference of the ascending aorta within a specific time 

interval, two groups were defined: one with aneurysm growth and another without 

growth. The flow field corresponding to both groups was compared, with the 

objective of finding patterns that may indicate the aneurysm growth. The focus is 

to assess whether from the first exam there would be signs that the aneurysm 

would grow. Therefore, the information about the second-year exam was used only 

to classify the patients into two groups: with and without aneurysm growth.  

This investigation expands the conclusions of the study of Azevedo et al. 

(2024) that evaluated the same geometries by modeling the flow on steady state, 

considering the flow rate critical condition, i.e., the systolic peak phase. 

To compare the solution between the two groups of patients, time average 

and area average, as defined in Chapter 5, were employed. Further combination 

of the two types of average were also considered.  

To visualize the results, contours of selected variables were used, as well as 

time variation during the cardiac cycle. The main variables examined here were 

pressure and WSS. 

7.1 Aortic Geometry and Methodology in Patient Classification 

As described by Azevedo et al. (2024), the study included a convenience 

sample of patients with AAoA who were examined at an outpatient clinic 

specialized in aortic diseases (Instituto Nacional de Cardiologia, Rio de Janeiro, 

RJ, Brazil) between April 2019 and August 2020.  

Exclusions comprised patients with a history of cardiac surgery, 

percutaneous intervention on the aortic valve or ascending aorta, aortic 

coarctation, ascending aortic dissection, collagen diseases, or Marfan syndrome. 

Additionally, individuals lacking CTA images or those subjected to inadequate 

radiological techniques (e.g., artifacts or absence of contrast agent) were 

excluded. All CTA examinations adhered to the guidelines provided by the 
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attending medical team. The flowchart in Figure 7.1 shows the procedure used that 

30 patients were selected among 389 patients with AAoA. 

 

Figure 7.1 - Selection of patients with ascending aortic aneurysm (Azevedo et al., 
2024). 

From the group of patients selected, it was noticed that while some had 

increased dilatation, others had approximately the same dimensions. Thus, it was 

necessary to establish a standard to evaluate and separate the patients into two 

different groups: with aneurysm growth and without aneurysm growth. 

To achieve this purpose, the parameter selected to aid this classification was 

the ascending aortic volume. According to Raghavan et al. (2000) and Xiao et al. 

(2023), the volume is more sensitive and can capture any change in the entire 3D 

geometry. As pointed out by Renapurkar et al. (2012), the aneurysm may 

potentially undergo remodeling without experiencing alterations in their maximum 

diameter. Aneurysm growth was considered when the difference in volume of the 

ascending aorta (region of interest) was superior than 5% between exams 

(Azevedo et al., 2024).  

The region of interest of the ascending aorta is shown colored in red in Figure 

7.2. Detailed methodology description used to delimit this region is presented in 

Almeida et al. (2022). To define this region, allowing a comparison of the volume, 

the entry flow plane was positioned in the centroid of the aortic annulus, with the 
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x-axis crosses the centroid of the left coronary artery, pointing towards the anterior 

aortic wall and the y-axis pointing to the right coronary artery. Then, the 3D aortic 

models for each patient corresponding to two different years were super-imposed, 

aiming to overlap the beginning of the brachiocephalic trunk and the right coronary 

artery. Once the arteries were overlapping, the aortic valve and the descending 

part were sliced, ensuring that the inflow and outflow sections had the same spatial 

reference.  

 
Figure 7.2 – Region of interest colored in red (Own Authorship). 

Appendix A5 presents the collected information of each patient. The 

subscript ‘year1’ and ‘year2’ refer to the first and second years that the exams were 

taken.  

Time between scans, , the maximum aneurysm diameter measured by 

the doctor on the day of the exam, , the volume measured in the ascending aorta 

from the 3D geometry, and  are shown in Table A5.1. As it is possible to visualize, 

some patients presented a reduction in volume growth from the first year to the 

second one, which can be explained by measurement uncertainty during the 

scans.  

Note also, in Table A5.1, that during the scans, the physician measured the 

same diameter for Patient Y5. Nonetheless, a volume increase can be observed in 

Figure 7.3. Figure 7.3 (a) and (b) depict distinct perspective of patient Y5’s aorta 

overlapped in two different years. The first year is colored in pink and the second 

one in gray. As it can be seen by the indicated circles in the figure, the gray image 

(2nd year) is larger indicating an increase in the size of the aneurysm in relation to 

the size of the first year (pink). Therefore, comparison based only in the diameter 

size to assess if the aneurysm has growth or not, can generate conclusions not 

well founded and create the false impression that there was no dilatation of the 
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vessel. This observation demonstrates the significance of selecting volume instead 

of diameter, as a superior indicator of aneurysm growth.        

 

Figure 7.3– Same aorta overlapped in two different years with circles 

indicating the difference in the size of the of patient Y5: (a) View 1. (b) View 2 

(Own Authorship). 

Additionally, geometrical biomarkers are important studies subjects, since its 

association with other hemodynamics variables and flow patterns can provide 

better prognosis in association with mechanical variables, as discussed by 

Kauhanen et al. (2020) and Salmasi et al. (2021). 

Kauhanen et al. (2020) studied the computed tomography angiograms of a 

large group of subjects (n=1000) and identified that aortas more angulated (or less 

aligned to the axis of the heart) were associated with dilatation of the aortic root.  

Salmasi et al. (2021) defined the left ventricular outflow tract (LVOT) aortic 

angle. The LVOT is linked with a ‘heart-aortic angle’, , and is measured from the 

center line, as shown in Figure 7.4. The authors suggest that higher LVOT-angle 

is associated with larger aneurysm diameter, accelerated velocity on outer curve 

and increased WSS, being a predictor of disease severity in AAoA.  

To characterize the aorta´s shape, Almeida et al. (2022) proposed the angle 

 [Figure 7.5 (a)] to be measured between the line connecting the brachiocephalic 

trunk centroid with the left main coronary artery centroid and the x-axis centered in 

the inflow plane and  [Figure 7.5 (b)], formed by the angle between the line that 

connects the brachiocephalic trunk centroid with a point on the extreme position 

on the x-axis of the inflow plane, and the line connecting this point with the extreme 

position on the y-axis of the inflow plane. Here, these geometrical parameters were 

measured for all patients, and it was examined their relationship with aneurysm 

growth.  
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Figure 7.4 -  angle (Salmasi et al., 2021). 

 

Figure 7.5 – Angles proposed by Almeida et al. (2022): (a) . (b) . 

Believing in the importance of aorta’ angulation, Table A5.2 in Appendix A5 

presents the angle  proposed by Salmasi et al. (2021) and the angles  and  

proposed by Almeida et al. (2022). Table A5.2 also shows the effective inlet 

diameter, . The patients are separated into two groups: with aneurysm growth 

and without aneurysm growth. The label ‘ ’ refers to patients without aneurysm 

growth and ‘ ’, patients with growth. The relation of these geometric parameters 

with the volume ratio of the 2nd year exam to 1st year exam are also shown 

graphically in Figure 7.6. A trend line was added to enhance the analysis of the 

data pattern.  

The relation of the inlet effective diameter, , and the ascending aorta volume 

variation can be seen in Figure 7.6 (a). The trend behavior for all patients indicates 

that the volume ratio increases (indicating aneurysm growth) as the effective inlet 

diameter decreases. This behavior is expected, since smaller inlet diameter, leads 
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to higher velocities, consequently higher impinging pressure, which can impact on 

the growth. 

 
     (a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.6 – Aorta´s geometric parameters as a function of volume ratio of 

second to first exam: (a) inlet diameter, (b) angle  (c) angle  (d) angle  

Figure 7.6 (b) shows a significant dispersion of  data in relation to the 

volume ratio, with a trend line practically constant, not indicating a clear relation 

with the volume variation. The same is true with respect to the angle angulation , 

Figure 7.6 (c), with no clear difference between the groups. However, as shown in 

Figure 7.6 (d), there is a clear volume ratio increase from year 1 to year 2 and a 

decrease of . 

Finally, to compile the variables featured in Table A4.1 and Table A4.2, Table 

7.1 gives a summary displaying both the average geometric parameters and 

standard deviation (SD), allowing an analysis of the behavior of the two groups of 

patients.    

Table 7.1 indicates smaller average effective inlet diameter for patients with 

aneurysm growth, which is expected due to the higher inlet velocity. Note also 

higher average values of  for patients with aneurysm growth. A hypothesis to be 

raised is that stronger curvature (due to higher ) implies in higher angulation 

between the aortic orifice and the middle of the ascending aorta, what will direct 

the flow to the anterior aorta’s wall, instead of the along the artery (Figure 7.4). 

This interpretation agrees with Salmasi et al. (2021) analysis, who concluded that 

more angulated orientation is associated with larger aortic diameters.        

Contrasting the observed  relation with volume variation, Table 7.1 shows 

that lower  and  contribute to the growth of the aneurysm. As shown in Figure 

7.5,  is an angle that explores the length extension of the aorta, whereas  its 

inclination considering y-axis in relation of z-axis. Therefore, patients with 
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aneurysm growth, present lower mean values, indicating more tortuous aortas, 

leading to more complex flow structures, with more intense recirculation, resulting 

in higher stress at the aorta´s wall. 

Table 7.1 – Mean values and the standard deviation of analyzed variables. 

Adapted from Azevedo et al. (2024). 

Variables 
30 patients 

[mean ± SD] 

Patients  
Without Growth 

[mean ± SD] 

Patients  
With Growth 
[mean ± SD] 

 [cm3]  150.00± 38.98 152.87± 45.35 147.49± 33.78 

 [cm3]  156.48± 41.94 145.92± 45.68 165.73± 37.37 

WS2TX

WS2TY
 [%]  4.53±10.42 -4.83± 5.86 12.71± 5.20 

  [cm]  5.04±0.35 4.97±0.39 5.11±0.31 

  [cm]  5.23±0.52 4.97±0.44 5.46±0.47 

WS2TX

WS2TY
 [%] 3.77±7.57 -0.02±4.30 7.07±8.35 

 [cm]  2.61±0.32 2.72±0.28 2.52±0.34 

 [˚]  43.56± 13.01 42.49± 15.57 44.49±10.72 

 [˚]  127.64± 15.73 130.13± 19.61 125.46±11.59 

 [˚]  58.40± 14.04 60.98± 14.40 56.14±13.78 

 

Analyzing the Table 7.1 and Figure 7.6, we note that patients with aneurysm 

growth presented an increase of the aorta diameter and a more significative 

increase of the ascending aorta volume. This group has smaller inlet diameter; 

larger  angle and smaller angles  and .   

7.2 Boundary Condition 

As already shown in Figure 4.4, to define the boundary condition for the 

aorta, one must define one inlet condition and four outflow conditions.  

In the absence of information regarding the boundary conditions of each 

patient, and following the procedures of Xiao et al. (2023), it was presupposed that 

all patients had similar stroke volume and cardiac output to focus in the impact of 
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the geometry in the aneurysm growth. Thus, to examine the complete cardiac 

cycle, a generic inlet mass flow rate curve as shown in Figure 7.7 (Lo et al., 2019) 

was employed to all patients and has its profile code shown in Appendix A4. The 

maximum volumetric flow rate, , was adjusted to 25 l/min aligning with Borazjani 

et al. (2008). This decision was made to allow the comparison between the 

transient and the permanent analysis evaluated in the research of Azevedo et al. 

(2024), who studied the same 30 patients. 

 

Figure 7.7 – Complete cardiac cycle for patient with aneurysm. 

With respect to the four outflow conditions, the simplified boundary condition of 

neglecting diffusion, and imposing a percentage of inlet flow rate was defined at each 

outlet. For all cases, the same outlet flow rate distribution was imposed based on 

average values in the human body (Alastruey et al., 2016), as shown in Figure 7.8:  

• Descending aorta: 69.1%  

• Brachiocephalic artery: 19.3% 

• Left carotid artery: 5.2% 

• Left subclavian artery: 6.4%  

 
Figure 7.8 – Percentage of outflow distribution. 
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This simplified boundary condition was imposed, once the number of cases 

to be analyzed was high and the approach was significantly faster. As presented 

in the previous chapter, very similar predictions were obtained when the results 

obtained with this approximation were compared with the predictions obtained by 

imposing the Windkessel model at each outlet. 

7.3 Pressure  

Following the approach of Almeida et al. (2022) and Azevedo et al. (2024)to 

correlate the pressure data between the two groups of patients (with and without 

aneurysm growth), a region of interest was defined, where the pressure was above 

a threshold of 100 Pa. This is a conservative threshold, selected based on the 

results of healthy patients as shown on the previous chapter and by Ibanez et al. 

(2021), who found a pressure difference between the aortic valve and the 

ascending aortic wall of approximately 1 mmHg (133 Pa).  

Figure 7.9 (a) and Figure 7.9 (b) present the area average pressure in the 

region of interest with pressure above 100 Pa ( ) as a function of time, for 

patients with and without aneurysm growth. For both groups, a similar trend is 

found, with a first higher peak, followed by a smaller peak right after. Further the 

pressure level is also similar. The time interval during the cycle with pressure above 

the threshold of 100 Pa, was defined as . Analyzing the figures, it is 

noticeable that the high-pressure field occurs for a shorter time period, , 

for the no growth group, indicating the aorta is subjected to high pressure for a 

smaller time. 

Table 7.2 shows a quantitative comparison between the two groups, 

presenting the mean average within the patients’ groups, regarding the time average 

of the area average pressure in the region with pressure above 100 Pa, . 

The difference between predictions of the two assemblies is very small, indicated by 

a difference  of 1.31%. However, considering the meantime interval of the patient’s 

group, that the aorta is under higher pressure, , a greater difference is 

noticed when the two groups are compared (17.80%). This larger time interval with 

high pressure was already discussed in the analysis of Figure 7.9 leading to 

aneurysm increase. 
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(a) patients with growth 

 

(b) patients without growth 

Figure 7.9 –Area average pressure above 100 Pa, time evolution along 
the cardiac cycle: (a) patients with growth; (b) patients without growth.  

Table 7.2 – Quantitative analysis of patients: mean  and . 

Variable 
30 patients 

[mean ± SD] 

Patients  

Without Growth 

[mean ± SD] 

Patients  

With Growth 

[mean ± SD] 

 

[%] 

 [Pa] 157.51±27.91 158.65±27.50 156.58±29.13 1.31 

 [s] 0.28±0.08 0.25±0.07 0.30±0.08 17.80 

 

In Figure 7.10, all patients belonging to the same group were gathered (“ ” 

for no growth and “ ” for growth) and the dispersion of  between the 

groups data was assessed. The limits of the bars indicate the standard deviation 

and the horizontal line, the median. Note that the dispersions data are equivalent 

for both groups, with a higher standard deviation for the growth group. The median 
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value of  for the no growth group is slightly lower when compared to the 

patients with aneurysm growth.  

 

Figure 7.10 - Dispersal of high pressure  values. 

Unlike what was observed by Azevedo et al. (2024), when analyzing the 

same group of patients, at the systolic peak, the small difference between the data 

of both groups does not allow inferring a relationship between this variable and the 

aneurysm growth. 

An analysis of the dispersion, standard deviation and median of the period with 

high pressure, , can be examined in Figure 7.11. Once again, despite 

longer average time period with high pressure, similar medians were obtained, with 

a significant larger dispersion for the non-growth group. 

 

Figure 7.11 - Dispersal of time period with high pressure. . 

To evaluate the relation of the geometry with the pressure level, Figure 7.12 

presents the association of  with the inlet diameter  and angles ,  

and . The larger pressure associated with the smaller diameter is clearly seen, 

due to the resulting higher velocity, as mentioned, leading to an increase of the 

aorta´s volume, as shown in Figure 7.6. The correspondence of the geometric 
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angles with the average high pressure also follows the same relation as observed 

with the volume increase. One unexpected result was obtained with the relation of 

angle  and  with the average high pressure . Completely different 

trend of the pressure with these geometric parameters and their relationship with 

the volume growth. Perhaps indicating, contrary to the first expectation, that these 

variables might not be directly related to the aneurysm growth. 

 
     (a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.12 – Time and area average high pressure dependence on 

aorta´s geometric parameters: (a) inlet diameter , (b) angle  (c) angle  (d) 

angle . 

7.3.1    

The time average pressure over the cycle, , was evaluated for all patients 

and the isolines of  over the aorta surface are shown in Figure 7.13. Most 

patients of the growth group presented a well-defined and large area of high 

pressure, while for the patients without growth, lower  values are seen, with a 

few exceptions that also presented a large area of high pressure. 

To attempt to find a quantitative differentiation between the two groups, Table 

7.3 shows for the region of interest indicated in Figure 7.2: the minimum ( ), 

area average ( ) and maximum ( )  values of each group.  

The minimum  is similar for both groups, however, the maximum  

value is larger for the group that presented aneurysm growth, as well as the area 

average  value, which presents a significant difference (127.98%). Such a 

difference indicates the average  value as an important variable to be 

monitored to control the disease. 
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Figure 7.13 -  for patients without and with aneurysm growth.               
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Table 7.3 - Quantitative analysis of ,  and . 

Variable 
30 patients 

[mean ± SD] 

Patients  

Without Growth 

[mean ± SD] 

Patients  

With Growth 

[mean ± SD] 

[%] 

 -0.2.61±0.16 -0.298±0.23 -0.232±0.07 22.16 

 0.085±0.08 0.050±0.06 0.113±0.09 127.98 

 0.329±0.20 0.238±0.09 0.404±0.24 69.85 

        

To further exam the average TAP of each group, , it is presented in 

Figure 7.14, its dispersion values, median and standard deviation corresponding 

to each group. For this variable, the growth group shows a larger dispersion, as 

well as standard deviation, resulting in similar median. Although both groups 

present almost the same median, the results clearly indicate different behaviors for 

each group, with a higher average value for the growth group, as discussed. 

 

Figure 7.14 - Dispersal of  values. 

Like the analysis conducted for pressure exceeding 100 Pa, the  was 

evaluated in relation to geometric parameters and the results are illustrated in. The 

same trend was obtained as with high average pressure, corroborating the notion 

that smaller inlet diameter and higher the  angulation led to greater pressure, 

which can increase the size of the aneurysm. The relation between the  and 

angles  and , is equivalent with what was discussed in relation to . 
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     (a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.15 –  dependence on aorta´s geometric parameters: (a) inlet 

diameter, (b) angle  (c) angle  (d) angle . 

7.4 Wall Shear Stress 

According to Simão et al. (2017), the critical WSS is 5 Pa, whereas Etli et al. 

(2021) propose 9 Pa as the critical threshold. In this study it was adopted an 

intermediate value for the threshold of the average WSS, i.e., above 7 Pa, denoted 

by  (Almeida et al., 2022; Azevedo et al., 2024).  

Figure 7.16 (a) displays the time variation of  for patients with 

aneurysm growth during the cycle, and Figure 7.16 (b) for patients without 

aneurysm growth. Both groups present a peak in wall shear stress close to the 

systolic peak and then decline throughout the cycle. With similar behavior as seen 

for the pressure, patients who did have aneurysm growth also suffered high values 

of shear stress for a longer period of time. 

Table 7.4 displays the quantitative analysis of the average values of WSS 

above 7 Pa and the time period during the cardiac cycle with high shear stress, 

 The patients without growth present higher values of  in 

comparison of the other group. Nonetheless, the average period that it remains 

through the high value of 7 Pa, , is smaller and the difference between the 

groups is high (40.74%).  
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(a) patients with growth 

 

(b) patients without growth 

Figure 7.16 – Average high WSS time evolution during the cardiac cycle, 

. (a) patients with growth; (b) patients without growth. 

Table 7.4 - Quantitative analysis of  and . 

Variable 
30 patients 

[mean ± SD] 

Patients  

Without Growth 

[mean ± SD] 

Patients  

With 

Growth 

[mean ± SD] 

 

[%] 

 [Pa] 8.38±0.52 8.43±0.43 8.34±0.58 1.15 

 [s] 0.29±0.16 0.23±0.09 0.33±0.19 40.74 

 

An analysis of the dispersion of , with median and standard 

deviation is provided in Figure 7.17 for both groups, while Figure 7.18 presents the 

dispersion of the time period with high shear stress, . As shown visually in 

7

8

9

10

11

12

13

14

0.0 0.2 0.4 0.6 0.8 1.0

[P
a

]

t[s]
Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8

Y9 Y10 Y11 Y12 Y13 Y14 Y15 Y16

7

8

9

10

11

12

13

14

0.0 0.2 0.4 0.6 0.8 1.0

[P
a

]

t[s]
N1 N2 N3 N4 N5 N6

N7 N8 N10 N11 N12 N13



7. Patients with ascending aortic aneurysm          117 

Figure 7.17 patients with aneurysm growth have a larger dispersion and standard 

deviation of , resulting in a lower median. The dispersion of the time 

interval with high shear  is also higher for the growth group, and despite the 

also higher standard deviation of this group, the median is significantly higher. 

 

Figure 7.17 - Dispersion of  values. 

 

Figure 7.18 - Dispersion of  values. 

The analysis of the average  during the cycle  may be 

misleading, because, it is clearly seen that higher  are present during 

not only the systolic period, but also during the diastolic period for the aneurysm 

growth group. Due to the longer time period of high shear, the resulting time 

average is lower. On the other hand, exposing the patient to higher shear for a 

longer time clearly contributes to the aneurysm growth.  

To finalize the analysis of the WSS, the impact of the geometric parameters 

on the  is investigated in Figure 7.19. A prominent drop in WSS values 
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is noticeable with increase effective inlet diameter, as depicted in Figure 7.18 (a), 

due to the smaller inlet velocity. 

 
(a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.19 -  dependence on aorta´s geometric parameters: (a) inlet 

diameter, (b) angle  (c) angle  (d) angle . 

Previously, it was shown that a stronger curvature (big  angle) is related 

with larger pressure (Figure 7.12). Here, the opposite tendency is shown with 

respect to (Figure 7.19). Perhaps, these opposite behaviors, explain 

why the impact of this angle in the volume variation is small (Figure 7.6).  

The impact of the curvature measured by the angles  and  in 

, shown in Figure 7.19 (c) and Figure 7.19 (d) are also reversed in 

relation to what was shown for (Figure 7.12), i.e., no impact of , and 

increased WSS with an increase of .  

7.4.1  

The , that refers to the time average stress on the wall of a vessel 

over the cycle, is shown for all patients in Figure 7.20. Patients without growth 

appear to have smaller area of high WSS values, while in the growth group, 

patients with large areas of high wall shear stress values during the cycle are 

observed. 

Table 7.5 presents the quantitative analysis of the minimum ( ), the 

average ( ) and the maximum (  values in the region of interest 

(Figure 7.2). 
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Figure 7.20 –  of patients without and with aneurysm growth.          
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Table 7.5 - Quantitative analysis of ,  and . 

Variable 
30 patients 

[mean ± SD] 

Patients  

Without Growth 

[mean ± SD] 

Patients  

With Growth 

[mean ± SD] 

[%] 

 0.24±0.16 0.22±0.13 0.25±0.19 11.69 

 1.11±0.37 0.97±0.28 1.22±0.41 26.17 

 4.18±1.19 3.69±1.31 4.58±0.95 24.08 

 

As observed in Figure 7.20, patients who presented aneurysm growth exhibit 

a notably higher mean value in comparison with the patients without aneurysm 

growth, with a difference of 26.17%. The limiting values of ,  and 

, are also higher for the group with aneurysm growth. 

Figure 7.21 shows equivalent dispersion of  for both groups, but 

with smaller standard deviation and higher median for the patients with increase of 

the aneurysm. For this variable, both mean and median are higher for the growth 

group, indicating a possible correlation of  with the progression of the 

disease. 

 

Figure 7.21 Dispersal of  values. 

Figure 7.22 depicts the relation of the aorta´s geometric parameters ( , , 

, with . As seen previously, in relation to their impact to  

(Figure 7.15), the same tendency with respect to  is seen here. Higher 

 with smaller inlet effective diameter  and larger angle  corresponding 
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to larger volume increase. The correlation of the angle  with a deterioration of the 

disease was speculated by Salmasi et al. (2021), who suggested that aortas 

exposed to abnormal WSS over time may have accelerated wall degeneration, 

what can result in rupture or dissection. This hypothesis is being confirmed with 

the present work. The correlation of the other two angles  and  (proposed by 

Almeida et al., 2022) with higher strain (pressure and shear) and volume increase, 

is different for each variable, and cannot be considered as valid variables to 

analyze the disease. 

 
(a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.22 -  dependence on aorta´s geometric parameters: (a) inlet 

diameter , (b) angle  (c) angle  (d) angle . 

7.4.2  

The variable to characterize the degree of shear reversal in a pulsatile flow, 

, is shown for all patients in Figure 7.23. Note that most of the patients of the 

aneurysm growth group present lower values of OSI at the impinging jet flow region 

at the anterior aorta´s wall, indicating the shear vector does not change direction 

in that region during the cardiac cycle. Except for patient Y12, who shows high 

level of OSI all over the ascending aorta, with only a small region with slightly lower 

values. Actually, the no-growth group also shows smaller levels of OSI at the 

anterior aorta´s wall, but not as defined as the other group. 

Table 7.6 presents the minimum ( ), average ( ) and maximum 

( ) values for each group and the percentual difference of theses quantities 

among the groups. No significant difference between the groups is perceived, 

although, 13.03% was observed for the minimum , indicating as mentioned in 

the previous paragraph, that the growth group, presents the flow slightly more 

aligned than the no-growth group. 
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Figure 7.23 –  for patients without and with aneurysm growth.                  



 

Table 7.6 - Quantitative analysis of ,  and . 

Variable 
30 patients 

[mean ± SD] 

Patients  

Without Growth 

[mean ± SD] 

Patients  

With Growth 

[mean ± SD] 

[%] 

 
5.80  

±0.01 

6.25  

±0.01 

5.43  

±0.01 
13.03 

 0.212±0.06 0.213±0.06 0.211±0.05 1.07 

 0.497±0.00 0.496±0.00 0.497±0.00 0.05 

 

Figure 7.24 explores the dispersal of , standard deviation and median 

of the two groups. A greater dispersion in the values of  for patients without 

aneurysm growth is seen, and a larger standard deviation, and equivalent 

medians. The smaller dispersion of  may suggest that for the patients that 

presented aneurysm growth, the shear stresses were more aligned with the flow 

throughout the cycle. 

 

Figure 7.24 - Dispersal of  values. 

In Figure 7.25 the correlation between the geometric parameters , , and 

 with  is presented. As seen in all previous analyses, a smaller effective 

inlet diameter , leads to a higher velocity, higher pressure and WSS levels, and 

volume increase. It is also related with smaller , agreeing with the results of 

Figure 7.23 and Figure 7.24. The correlation of  with  is very small, with an 

almost horizontal trend. The angles and  have opposite impact in , and 

as already mentioned, these angles do not present a consistent dependence with 
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the significant flow variables, that we believe are related with the growth of an 

aneurysm. 

 
(a) inlet diameter         (b) angle                   (c) angle           (d) angle . 

Figure 7.25 -  dependence on aorta´s geometric parameters: (a) inlet 

diameter, (b) angle  (c) angle  (d) angle .    
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8 FINAL COMENTS 

This thesis aimed to understand the aortic remodeling of 30 patients with 

AAoA using CFD simulation. The investigation covered the entire cardiac cycle, 

employing the same boundary conditions to all patients. A physiological mass flow 

rate temporal curve was imposed at the inlet of the aorta, with identical mass flow 

rate percentages at each outflow, also based on physiological values. This 

approach was adopted due to the unavailability of all the necessary information 

required for a PSM simulation. It was prioritized the evaluation of the hemodynamic 

variables focusing on the geometric influences on disease progression. 

To compare this methodology, a healthy patient with 4D-Flow MRI data was 

compared with the prediction obtained employing a CFD simulation. This 

approximation relied on data collected from the 4D-Flow MRI exam, which 

contained the patient’s flow curve, in addition to systolic and diastolic pressure 

measurements taken on the day of the exam. This information is extremely relevant 

as a requirement for a PSM simulation.  

The software 4D-Flow software provided volume flow rate temporal profiles 

at hand defined planes, during the exam. Pressure and WSS results were also 

graphically presented. Good mass flow rate agreement between the numerical and 

experimental data, despite the large number of uncertainties to numerically 

represent the actual fluid and planes definitions. Very similar streamlines 

distributions were also captured by the numerical simulation. The comparison of 

pressure and WSS were not satisfactory, since it was not available the 

methodology employed by the 4D-Flow software to measure these quantities.  

4D-Flow MRI is a powerful tool to help in defining boundary conditions for 

numerical simulation, especially to be used in PSM methodology. Although 

promising, 4D-Flow MRI has limited spatial and temporal resolutions, 

compromising the accuracy of parameters derived from spatial gradients of 

measured velocities (Manchester et al., 2021), particularly in the descending part 

of the aorta. The lack of information related with the measurement technique is a 

major drawback to use this tool to compare with a numerical simulation. 

Nevertheless, the tool has potential to become a useful engineering/medical 

instrument, aiding treatment planning, disease progression, hemodynamics 
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predictive and surgery indication, if solving the limitations mentioned. 

After performing the numerical-experimental comparison, simulations with 

different boundary conditions models at the outputs were performed, considering 

the 3E-WK versus the percentage outflow models. As discussed, the evaluated 

error was very low between the solutions, proving that percentage outflow rate 

methodology can be used for the numerical simulation of the 30 patients with 

AAoA, due to a significantly smaller computing effort. 

Using the volume variance of the ascending aorta over a defined time span, 

two distinct groups were delineated: those exhibiting aneurysm growth and those 

without growth. A comparative analysis between the two groups of pressure and 

shear stress at the ascending aorta wall was conducted to identify potential 

quantities indicative of aneurysm progression. 

Aiming to correlate the patient’s geometry with the flow variables and 

consequently the growth of the aneurysm, the impact of geometric parameters in 

the flow field were examined. The inlet effective diameter was selected, and it was 

observed that as it decreases, the volume ratio of the ascending aorta increases, 

indicating aneurysm growth. This correlation was expected since the same mass 

flow rate was imposed at the inlet, and smaller inlet diameters result in higher 

velocities and subsequently elevated impinging pressure and shear stress, 

potentially influencing growth. 

Believing in the significance of aortic angulation in the disease progression, 

the angles  proposed by Salmasi et al. (2021) and the angles  and  proposed 

by Almeida et al. (2022) where selected to evaluated the impact of the aorta´s 

shape in the volume ratio between the 2nd and 1st year of the exams, as well as in 

the pressure and shear stress at the ascending aortas’ wall. 

The angle  is defined as the angle between the aortic orifice and the 

midpoint of the ascending aorta. High  indicates greater curvature, redirecting the 

flow towards the anterior wall of the aorta, rather than along the artery. Salmasi et 

al. (2021) examined a set of patients, without the knowledge of the disease stage, 

and showed that more angulated orientation correlates with larger aortic diameters, 

and speculated that it might induce an increase of the aneurysm. This assumption 

was confirmed at the present work. 

Although the angles  and  proposed by Almeida et al. (2022) seem to be 

also promising variables to correlate the aorta’s shape with the aneurysm 

progression, the results obtained were not conclusive.  

Based on previous works of Almeida et al. (2022) and Azevedo et al. (2024), 

pressure above the threshold of 100 Pa at the ascending aorta’ wall was examined. 
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Azevedo et al. (2024) examined the flow for the same 30 patients, but employed a 

steady state analysis, considering the critical flow rate at the systolic peak and 

found a statistical correlation between the average pressure at a region with 

pressure above 100 Pa, , with the aneurysm growth. Here, the complete 

cardiac cycle was examined. It was shown equivalent time evolution of  

during the cycle, with similar pressure levels for both groups. Equivalent time 

average during the time period with high pressure, with similar median. However, 

it is observed that the patient group with aneurysm group is exposed to higher 

pressure for a longer time period ), implying that the patient is under 

stress for a longer period, which can induce the aneurysm growth. Furthermore, it 

was concluded that the average values during the time interval of high pressure 

are not adequate, as longer exposure time masks the results. Thus, to better 

evaluate the pressure along the cycle, the time average along the whole cycle  

was analyzed. The area-averaged  value exhibits a notable difference between 

the groups. This substantial variance underscores the significance of monitoring 

the  value as a crucial variable for disease management and control. 

The time behavior of the average high WSS  along the cycle, 

indicates elevated  values are present not only during the systolic phase 

but also persist throughout the diastolic phase for the group with aneurysm growth, 

corresponding to a significant longer time interval  for the group with 

aneurysm growth. Due to the longer time interval of exposition to high shear , 

the mean during this interval is misleading, as discussed for the pressure, and the 

time average during the total cycle  is more adequate. It's evident that 

subjecting patients to higher shear stress for an extended duration significantly 

contributes to aneurysm growth.  

Examining the mean value among the patients of the cycle time average 

stress, , patients displaying aneurysm growth demonstrate a significantly 

higher mean value compared to those without aneurysm growth, showing a notable 

difference. These results also validate the speculation of Samalsi et al. (2021), who 

suggested that aortas exposed to abnormal wall shear stress (WSS) over time may 

experience accelerated wall degeneration, potentially leading to rupture or 

dissection.  

Finally, the narrower dispersion of  suggests that in patients with 

aneurysm growth, shear stresses were more consistently aligned with the flow 

throughout the cardiac cycle. 
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To conclude, the most relevant variables found in patients with aneurysm 

growth and that may indicate the growth of the ascending aortic aneurysm, are: 

• Longer time interval with high strain:  

o Pressure: .  

o Shear Stress: . 

• High values of:  

o Curvature: .  

o Period Time Average, and Area Average Pressure: . 

o Period Time Average, and Area Average Shear Stress:  

8.1 Conclusion 

This present thesis serves as a valuable contribution to cardiovascular 

research. Whether through comparing results between 4D-Flow MRI and CFD 

simulations in a healthy aorta, investigating the impact of employing different BC, 

or conducting CFD simulations on patients with ascending aortic aneurysm 

throughout a cardiac cycle.  

Considering AAoA research field, this thesis fills a gap in the literature by 

analyzing a great number of patients with indicative of the grow or not of the 

aneurysm in the transient regime, providing information on whether patients 

experienced greater dilation of the aneurysm in the future. Furthermore, the 

correlation analysis of hemodynamic variables and geometry, delving into the 

remodeling process, helping to improve the understanding of aortic 

pathophysiology and contributes to the advancement of knowledge in this field. 

Therefore, this study can potentially aid the development of more accurate 

diagnostic tools and treatment strategies. By bridging the gap between theoretical 

understanding and clinical practice, this research paves the way for more effective 

identification and management of aortic pathologies, ultimately leading to improved 

patient outcomes. 

8.2 Future developments 

Future developments and improvements of this work may include: 

• Aortic Valve: consideration the aortic valve is an important step to more 

accurately represent the flow at the inlet of the aorta. 

• Fluid Structure Interaction (FSI): incorporating FSI into aortic simulations 

enables a more realistic representations of its behavior and provides 
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insights about wall motion, elasticity and compliance. 

• 3E-WK model for all 30 AAoA patients as outflow boundary condition: 

although the solution obtained with the WK model and the flow 

percentages were close, the WK models depends on the pressure level 

during the cycle, resulting in a more faithfully representation of the patient 

condition. 

• Personalized boundary condition:  

o Inflow: each patient presents a slightly different inlet mass flow rate, 

which has a significant impact in the flow velocity, acting on the 

pressure and WSS distribution. However, this condition is very 

difficult to be available.  

o Outflow: to improve the outflow boundary condition, the measured 

systolic and diastolic pressures of each patient to determine the 

coefficients of the WK model. 

• Statistical Analysis: correlation coefficient of the analyzed variables and 

evaluation of covariance matrix. 

• Artificial Intelligence Models: clusterization technique for Artificial 

Intelligence training as well the increase of patient data can enable the 

integration of aneurysm growth prediction with artificial intelligence based 

in machine learning and deep learning, offering better predictive analyses 

and optimizing treatment strategies.                
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A1. Intermittency Transition Model 

The turbulent eddy viscosity for the Intermittency Transition  SST model 

(Menter et al., 2004) is given by 

 (A1.1) 

where  is the blending factor between  and   models. 

The blending factor is defined as 

∗
� 


 (A1.2) 

where  is the magnitude of the strain rate tensor 

 (A1.3) 

and the empirical function  is 

� � Z

� Z
 (A1.4) 

 and  are damping factors, based on the wall distance  and are used to define 

which model to use. In this way,  

Φ Φ �
[,� [

� �
 (A1.5) 

Φ Φ �
(A1.6) 

[,� . .
 (A1.7) 

The empirical constants are default suggested by Ansys (2021): 

. 

To obtain  and , the following conservation equations must be solved 

(Menter, 1994), 

.

. .

�

Z .
 (A1.8) 
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The generation (  and ) and destruction (  and  of  and , for the 

Transition  SST model are given by  

�
 (A1.10) 

 (A1.11) 

where  is defined as 

�

.
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with  and  defined as  
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The blended parameters are the  and  Prandtl number ( ) and  

 (A1.14) 

 (A1.15) 
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where ; ; ;  

  (Ansys, 2021). 

The flow intermittency , in Eqs. A1.10 and A1.11, refers to the percentage 

of time the flow is turbulent (0 = fully laminar, 1 = fully turbulent) and acts on the 

production of the turbulent kinetic energy transport equation in the SST model to 

simulate laminar/turbulence flows.  is introduced to improve the predictions of 

separated flow transition 

_

`a
 (A1.17) 

is the critical momentum thickness Reynolds number and can be calculated 

as  

 (A1.18) 
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The others parameters are 
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 (A1.22) 
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where  is the streamwise velocity: 

The intermittency  transport equation is 

.

. .

�

e .
 (A1.25) 

where  is the transition sources and  the destruction/relaminarization source, 

defined as 

 (A1.26) 

being , , ,  the magnitude of the absolute vorticity 

rate and  (Ansys, 2021). The transition onset is controlled by  

_

`a
 (A1.27) 

�

�  (A1.28) 

b�
�

�

[
�

 (A1.29) 

where  and 

(Ansys, 2021). 



 

A2. Grid Test 

Roache (1994) proposed the Grid Convergence Index ( ) to establish a 

consistent approach for reporting the outcomes of grid convergence test. Three 

levels of grid are recommended for a more accurate estimation of the convergence 

order and to verify if the solutions are within the asymptotic range of convergence. 

The  is defined as  

 (A2.1) 

where  represents the variable chosen to be examined, the subscript  is the 

coarse mesh and  is a finer mesh,  is the convergence order of the scheme 

(defined as 2, corresponding to 2nd order upwind scheme),  the relative error,  

the safety factor (chosen as 1.25),  the average grid size and  the ratio between 

the grid sizes.  

In this way, three meshes with different refinement levels, (

 and  cells) were created using the Ansys Meshing tool (Ansys, 

2021). The meshes were designed employing the tetrahedron method, and near 

the surface of the aorta, additional refinement was applied to enhance the capture 

of the boundary layer region, as already shown in Figure 5.5. A first mesh was 

defined and the subsequent meshes were created by dividing the control volumes 

by two, imposing restrictions of maximum and minimum control volume size. 

The dimensionless wall distance  (Eq. 4.20) was also verified. For all cases, 

, indicating an adequate refinement near the wall for the turbulence model 

selected.  

The representative grid size  was estimated based on a tetrahedron edge, 

with volume given by . The cell volume  was determined by 

simply dividing the total volume  by the number of cells, .   

The healthy patient’s aorta was selected for the mesh convergence test. The 

total volume of that aorta ( ) is .  

To analyse the variables, it was considered the time interval  of 0.06s, 

which is equivalent to 1/5 of the systolic period. This interval contains the most 
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expressive values of this period, specifically after the systolic peak, as illustrate by 

Figure A2.1.  

 

Figure A2.1 – The complete cardiac cycle demarcated by the interval  

considered to analyze the hemodynamic variables. 

First, the grid test was conducted focusing on a defined region of interest at 

the ascending aortic wall, shown in Figure A2.2, investigating pressure and shear 

stress as the most significant variables. More precisely, the time average in the 

interval  of the average pressure in the region with pressure above 100 Pa, 

, and the average WSS in the region with WSS above 7 Pa, . 

To evaluate the intermittence of the flow, the maximum and the average Oscillatory 

Shear Index,  and  were also determined. Table A2.1 presents 

these variables. Note that small relative errors between the meshes were obtained. 

Large was obtained between the coarser and intermediate mesh for the 

pressure, but it is small between the intermediate and fine mesh. Analysing the 

average WSS and maximum , a small increase was obtained for both the 

relative error and , although the differences are very small for. Analysing the 

flow intermittence thorough the average , when the mesh is refined, the error 

and  decrease. These results indicate that the intermediate mesh was 

satisfactory to be employed, considering an accuracy of 0.4% for the pressure, but 

5% for WSS and . 
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Table A2.1 – Variables in the region of interest. 

Grid Number [ ] 1.87 3.48 7.31 

Grid Size [cm] 0.56 0.46 0.36 

f

fgY

  1.2 1.3 

 [Pa] 185.75 213.53 213.91 

[%]  13.01 0.18 

GCI [%]  31.66 0.34 

 [Pa] 15.29 15.07 15.53 

[%]  1.51 2.97 

GCI [%]  3.68 5.80 

 0.496 0.497 0.499 

[%]  0.17 0.32 

GCI [%]  0.43 0.62 

 0.156 0.277 0.285 

[%]  43.58 2.71 

GCI [%]  106.03 5.28 

To further analyze the mesh impact in the WSS and  distribution, the 

average cycle variables,  and  in the region of interest are shown in 

Figure A2.2 and Figure A2.3, respectively. Very similar distributions can be seen, 

indicating a small impact of the mesh in the overall distribution. 

 

Figure A2.2 –  field for the three different meshes: (a)  

cells. (b) cells. (c)  cells. 
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Figure A2.3 - OSI field for the three different meshes: (a)  cells. 

(b) cells. (c)  cells. 

A second investigation of the impact of mesh size was performed, analysing 

specific field variables within the interior of the domain. To this end, a -line was 

defined, aligned with the axial -coordinate, in the direction of the inlet flow, as 

shown in Figure A2.4. 

 

Figure A2.4 – Z-line. 

Table A2.2 shows the maximum variables along the -line and time interval 

. The selected variables were the time average maximum values of: the velocity 

magnitude, ; the velocity component in  direction, 
,�+

, and the 

turbulent kinetic energy . Note that for all variables, not only the relative error 

was quite small between the intermediate and fine mesh, but also the . The 

variation of the velocities in  direction, , and in the direction, , with the mesh 

size were negligible and they were not included in the table. 
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Table A2.2 – Variables in z-line. 

Grid Number [ ] 1.87 3.48 7.31 

Grid Size [cm] 0.56 0.46 0.36 

f

fgY

  1.23 1.28 

 [m/s] 0.958 0.854 0.851 

 [%]  12.18 0.35 

 [%]  29.63 0.69 

123
 [cm/s] 5.82 4.91 5.55 

 [%]  18.48 11.41 

 [%]  44.96 22.25 

 [cm2/s2] 60.0 31.5 31.9 

 [%]  90.35 1.30 

 [%]  219.83 2.54 

 

From the results obtained at the wall as well as at in the interior domain, for 

selected variables, as the mesh was refined, it is observed a significant reduction 

in the variables variation, with an acceptable  between the intermediate and 

fine mesh. Since the finer mesh requires a significant larger computing effort and 

does not improve the solution, the most efficient choice is the intermediate mesh 

of cells.  



 

A3. The Cardiac Cycle Periodicity  

In order to guarantee the periodicity of the cardiac cycle, a patient with 

aneurysm was tested throughout 6 cycles. The variables as the average WSS in 

the region with WSS above 7 Pa  and the average pressure in the 

region with pressure above 100 Pa  on the wall were evaluated during 

each complete cardiac cycle. The strain indices  and , as well 

the  , the , the  and the  were also analyzed. Table 

A3.1 presents the values of the 6th cycle compared to the other cycles to determine 

the error associated and in Figure A3.1, the average cycle variables, ,  

and  in the region of interest is presented. 

Table A3.1 – Comparison of the cardiac cycles. 

Cycle 3rd 4th 5th 6th 

 [Pa] 166.08 167.01 167.93 167.03 

 [%] 0.57 0.01 -0.53  

 [Pa] 9.12 9.05 9.01 8.97 

 [%] -1.68 -0.95 -0.42  

 [Pa] 8.89e-1 8.80e-1 8.64e-1 8.73e-1 

 [%] -1.80 0.78 1.02  

 [Pa] 2.93e-1 2.96e-1 2.88e-1 2.82e-1 

 [%] -3.84 -4.62 -1.95  

 [Pa] 4.498 4.427 4.328 4.415 

 [%] -1.84 -0.22 2.02  

 [Pa] 1.994 1.999 1.985 1.996 

 [%] 0.12 -0.15 0.56  

 4.96e-1 4.97e-1 4.96e-1 4.95e-1 

 [%] -0.03 0.32 -0.03  

  1.720e-1 1.738e-1 1.742e-1 1.731e-1 

 [%] 0.60 -0.43 -0.69  
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Figure A3.1 – The average cycle variables fields on 4 different cycles: (a) . (b) . (c) . 
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Evaluating the qualitative outcomes illustrated Figure A3.1, is perceived the 

minimal disparity among the average cycle variables fields between the examined 

cycles. The quantitative results, presented in Table A3.1, reveal that the 4th cycle, 

for the most of variables presented, has the smallest errors when it is compared to 

the 6th cycle. This observation underscores the effectiveness of selecting the 4th 

cycle, when periodicity is achieved, thereby resulting in minimal variance between 

the subsequent cycles and consequently saving computational time 



 

A4.  Inlet Flow Rate 

The data of the mass flow rate input curve presented in Figure 6.3 is detailed 

in Table A4.1. 

Table A4.1 – Mass flow rate input data for healthy patient. 

Time  
[s] 

  
[kg/s] 

0.01 0.056495 
0.02 0.071357 
0.03 0.087819 
0.04 0.107416 
0.05 0.128456 
0.06 0.154048 
0.07 0.183256 
0.08 0.215994 
0.09 0.24623 
0.10 0.272648 
0.11 0.299585 
0.12 0.320767 
0.13 0.342331 
0.14 0.353624 
0.15 0.360011 
0.16 0.361293 
0.17 0.356794 
0.18 0.347592 
0.19 0.335754 
0.20 0.323362 
0.21 0.309443 
0.22 0.294015 
0.23 0.278125 
0.24 0.260196 
0.25 0.246946 
0.26 0.221981 
0.27 0.20274 
0.28 0.177788 
0.29 0.158003 
0.3 0.137194 

0.31 0.120362 
0.32 0.10213 
0.33 0.085907 
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0.34 0.069548 
0.35 0.054799 
0.36 0.0391 
0.37 0.026689 
0.38 0.014944 
0.39 0.005556 
0.4 0.000785 

0.41 0.004021 
0.42 0.003307 
0.43 0.000114 
0.44 0.004377 
0.45 0.009212 
0.46 0.01532 
0.47 0.01949 
0.48 0.022463 
0.49 0.022493 
0.5 0.018599 

0.51 0.013895 
0.52 0.009155 
0.53 0.005012 
0.54 0.002997 
0.55 0.001898 
0.56 0.001701 
0.57 0.002786 
0.58 0.004831 
0.59 0.008035 
0.6 0.010165 

0.61 0.012493 
0.62 0.01427 
0.63 0.014638 
0.64 0.01468 
0.65 0.014313 
0.66 0.011279 
0.67 0.009289 
0.68 0.007322 
0.69 0.005394 
0.7 0.003422 

0.71 0.002108 
0.72 0.001027 
0.73 0.000389 
0.74 0.000119 
0.75 0.000212 
0.76 0.000853 
0.77 0.002147 
0.78 0.003735 
0.79 0.004437 
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0.8 0.006913 
0.81 0.008335 
0.82 0.009516 
0.83 0.009824 
0.84 0.009438 
0.85 0.009065 
0.86 0.009058 
0.87 0.008566 
0.88 0.006611 
0.89 0.003699 
0.9 0.001432 

0.91 0.000348 
0.92 0.000808 
0.93 0.000265 
0.94 0.001923 
0.95 0.006359 
0.96 0.010218 

 

The inlet mass flow rate curve showed in Figure 7.7 was made based on the 

code used in the udf document depicted below: 

 

/********************************************************************** 

 unsteady.c  

 UDF for specifying a transient pressure and mass flow rate profile boundaries 

conditions 

 ***********************************************************************/ 

  

 #include "udf.h" 

 

DEFINE_PROFILE(unsteady_massflow_inlet_Sistole_diastole, thread, 

position) 

 { 

    face_t f; 

    real t = CURRENT_TIME; 

    begin_f_loop(f, thread) 

      { 

 

 if(t<=0.86) 

 

        F_PROFILE(f, thread, position) =  0.1136 - 0.05632*cos(t*7.426) + 

0.1674*sin(t*7.426) - 0.07484*cos(2*t*7.426) - 0.03332*sin(2*t*7.426) - 
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0.0123*cos(3*t*7.426) - 0.03708*sin(3*t*7.426) + 0.02886*cos(4*t*7.426) - 

0.01666*sin(4*t*7.426) + 0.004523*cos(5*t*7.426) + 0.01195*sin(5*t*7.426) -

0.0009959*cos(6*t*7.426) + 0.002558*sin(6*t*7.426) - 0.001048*cos(7*t*7.426) - 

0.001928*sin(7*t*7.426) + 0.001602*cos(8*t*7.426) + 0.001619*sin(8*t*7.426); 

         

 else if (0.86<t, t<=1.72) 

 

        F_PROFILE(f, thread, position) =  0.1136 - 0.05632*cos((t-0.86)*7.426) + 

0.1674*sin((t-0.86)*7.426) - 0.07484*cos(2*(t-0.86)*7.426) - 0.03332*sin(2*(t-

0.86)*7.426) - 0.0123*cos(3*(t-0.86)*7.426) - 0.03708*sin(3*(t-0.86)*7.426) + 

0.02886*cos(4*(t-0.86)*7.426) - 0.01666*sin(4*(t-0.86)*7.426) + 0.004523*cos(5*(t-

0.86)*7.426) + 0.01195*sin(5*(t-0.86)*7.426) -0.0009959*cos(6*(t-0.86)*7.426) + 

0.002558*sin(6*(t-0.86)*7.426) - 0.001048*cos(7*(t-0.86)*7.426) - 0.001928*sin(7*(t-

0.86)*7.426) + 0.001602*cos(8*(t-0.86)*7.426) + 0.001619*sin(8*(t-0.86)*7.426); 

         

 else if (1.72<t, t<=2.58) 

        

 F_PROFILE(f, thread, position) =  0.1136 - 0.05632*cos((t-1.72)*7.426) + 

0.1674*sin((t-1.72)*7.426) - 0.07484*cos(2*(t-1.72)*7.426) - 0.03332*sin(2*(t-

1.72)*7.426) - 0.0123*cos(3*(t-1.72)*7.426) - 0.03708*sin(3*(t-1.72)*7.426) + 

0.02886*cos(4*(t-1.72)*7.426) - 0.01666*sin(4*(t-1.72)*7.426) + 0.004523*cos(5*(t-

1.72)*7.426) + 0.01195*sin(5*(t-1.72)*7.426) -0.0009959*cos(6*(t-1.72)*7.426) + 

0.002558*sin(6*(t-1.72)*7.426) - 0.001048*cos(7*(t-1.72)*7.426) - 0.001928*sin(7*(t-

1.72)*7.426) + 0.001602*cos(8*(t-1.72)*7.426) + 0.001619*sin(8*(t-1.72)*7.426); 

            

 else if (2.58<t, t<=3.44) 

        

 F_PROFILE(f, thread, position) =  0.1136 - 0.05632*cos((t-2.58)*7.426) + 

0.1674*sin((t-2.58)*7.426) - 0.07484*cos(2*(t-2.58)*7.426) - 0.03332*sin(2*(t-

2.58)*7.426) - 0.0123*cos(3*(t-2.58)*7.426) - 0.03708*sin(3*(t-2.58)*7.426) + 

0.02886*cos(4*(t-2.58)*7.426) - 0.01666*sin(4*(t-2.58)*7.426) + 0.004523*cos(5*(t-

2.58)*7.426) + 0.01195*sin(5*(t-2.58)*7.426) -0.0009959*cos(6*(t-2.58)*7.426) + 

0.002558*sin(6*(t-2.58)*7.426) - 0.001048*cos(7*(t-2.58)*7.426) - 0.001928*sin(7*(t-

2.58)*7.426) + 0.001602*cos(8*(t-2.58)*7.426) + 0.001619*sin(8*(t-2.58)*7.426); 

} 

    end_f_loop(f, thread)  }
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Table A5.1 – Time between exams, inlet diameter and volume of patients 

with aneurysm. 

 

Patient 
hi2j 

[year] 

WS2TY 

[cm] 

WS2TX 

[cm] 

WS2TX

WS2TY

 

[%] 

WS2TY 

[cm³] 

WS2TX 

[cm³] 

∀WS2TX

∀WS2TY

[%] 

W
IT

H
 G

R
O

W
T

H
 

Y1 1.7 5.5 5.8 5.5 180.8 191.5 5.9 

Y2 1.2 5.2 6.3 21.2 165.7 174.5 5.3 

Y3 3.6 4.6 4.5 -2.2 82.0 96.2 17.3 

Y4 2.1 4.9 4.9 0.0 142.1 168.2 18.4 

Y5 1.7 5.5 5.5 0.0 136.7 145.4 6.4 

Y6 2.1 5.2 5.6 7.7 178.0 191.0 7.3 

Y7 1.7 5.0 5.3 6.0 208.7 246.3 18.0 

Y8 1.8 5.2 5.4 3.8 145.5 159.7 9.7 

Y9 3.4 5.1 4.9 -3.9 180.8 198.6 9.8 

Y10 3.0 5.7 6.2 8.8 153.1 169.2 10.6 

Y11 2.4 5.0 5.5 10.0 162.6 186.2 14.5 

Y12 2.0 5.2 5.8 11.5 108.9 124.8 14.5 

Y13 2.7 4.9 5.1 4.1 164.0 198.0 20.7 

Y14 1.3 4.5 5.8 28.9 96.5 115.2 19.4 

Y15 1.0 5.0 5.4 8.0 128.4 141.2 10.0 

Y16 1.9 5.2 5.4 3.8 126.1 145.7 15.6 

W
IT

H
O

U
T

 G
R

O
W

T
H

 

N1 2.6 5.0 5.3 5.0 152.0 154.0 1.3 

N2 2.7 4.5 4.6 2.9 141.9 119.6 -15.7 

N3 1.0 5.2 5.3 1.9 146.8 132.0 -10.0 

N4 1.6 5.1 5.1 0.0 118.6 111.4 -6.1 

N5 2.6 4.6 4.6 0.0 116.4 110.6 -5.0 

N6 1.1 4.7 4.8 2.1 109.9 100.5 -8.6 

N7 1.3 6.0 6.2 3.3 293.0 280.0 -4.4 

N8 1.9 5.2 5.0 -3.8 174.3 175.2 0.5 

N9 0.8 4.9 4.8 -2.0 137.4 139.3 1.4 

N10 1.1 5.1 4.5 -11.8 175.5 176.9 0.8 

N11 2.2 4.7 4.8 2.1 141.9 119.6 -15.7 

N12 0.8 4.6 4.5 -2.2 139.5 133.4 -4.3 

N13 2.2 5.2 5.1 -1.9 124.0 122.8 -1.0 

N14 1.5 4.8 5.0 4.2 169.0 167.4 -1.0 
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Table A5.2 – Geometric parameters of patients with aneurysm. 

 

Patient 
 

[cm] 

  

[º] 

l  

[º] 

ll  

[º] 

W
IT

H
 G

R
O

W
T

H
 

Y1 2.33 47.33 135.44 49.82 

Y2 2.27 36.05 121.07 90.11 

Y3 2.27 58.30 115.12 72.45 

Y4 2.15 39.51 148.25 52.66 

Y5 2.03 46.77 119.52 65.26 

Y6 1.96 29.85 137.17 58.16 

Y7 2.63 48.08 138.80 63.56 

Y8 2.63 40.32 117.33 34.79 

Y9 3.11 41.42 126.68 50.56 

Y10 2.77 30.14 124.14 51.71 

Y11 2.80 41.66 101.69 40.82 

Y12 2.55 32.92 135.79 51.30 

Y13 2.77 36.86 129.54 51.37 

Y14 2.31 43.26 123.73 71.68 

Y15 2.92 64.44 116.64 51.34 

Y16 2.77 67.47 116.51 42.61 

W
IT

H
O

U
T

 G
R

O
W

T
H

 

N1 2.53 47.91 136.91 66.14 

N2 2.77 42.51 120.89 36.99 

N3 2.92 43.72 86.60 89.64 

N4 2.63 33.73 156.42 42.63 

N5 2.72 50.71 119.22 64.07 

N6 2.87 48.76 112.71 71.55 

N7 2.81 40.03 154.29 36.68 

N8 2.55 63.74 155.26 52.81 

N9 3.32 19.06 116.37 67.73 

N10 2.81 62.69 129.21 64.14 

N11 2.23 63.1 139.71 64.17 

N12 2.85 16.83 116.52 65.51 

N13 2.83 21.61 142.48 62.51 

N14 2.24 40.48 135.17 69.21 

   


