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"Answer. That you are here - that life exists, and identity; that the powerful play goes on and you may 
contribute a verse. That the powerful play *goes on* and you may contribute a verse. What will your 
verse be?" 
 

John Keating – Dead Poets Society 
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Resumo 

Palavras chave: Aorta ascendente, Válvula aórtica bicúspide, Síndrome de Marfan, Tomografia Axial 

Computorizada, Interação Fluido-Estrutura, Simulação Numérica 

 

 

A dilatação aórtica (DA) está associada à doença congénita da válvula aórtica bicúspide (VAB) e à 

doença genética de Síndrome de Marfan (SM). A principal causa de DA em SM é o enfraquecimento 

da parede aórtica, mas, na doença de VAB, este processo não está completamente compreendido. 

Neste trabalho, considera-se a hemodinâmica sanguínea em pacientes de VAB com diferentes 

dilatações e regurgitação aórtica (RA) e num paciente com SM e raiz aórtica dilatada, 

comparativamente a uma aorta saudável. Implementa-se um modelo numérico de interação fluido-

estrutura, considerando geometrias realistas com válvulas aórticas definidas por orifícios analíticos. Os 

resultados mostram que, enquanto a aorta saudável apresenta comportamento hemodinâmico típico 

de fluxo em geometrias curvilíneas, nas aortas de VAB existe fluxo acelerado ao longo da parede 

aórtica exterior. Obtiveram-se tensões de cisalhamento (TC) elevadas na curvatura exterior e, no centro 

da aorta ascendente (AA), observou-se comportamento helicoidal, fatores salientados em aortas mais 

dilatadas. Estes resultados mostram que os fatores hemodinâmicos são importantes na formação e 

desenvolvimento de DA em pacientes com VAB, causada por exposição prolongada da curvatura 

exterior da AA a TC anormais. Alternativamente, associou-se maior regurgitação a distribuições atípicas 

de TC na AA durante a diástole, concluindo-se que uma regurgitação severa pode facilitar a dilatação 

da raiz aórtica. Contrariamente, o paciente de SM apresentou baixos valores de TC na raiz dilatada, 

condição encontrada em aneurismas. Através da modelação numérica obtêm-se biomarcadores 

importantes na descrição do ambiente hemodinâmico em várias patologias aórticas, que podem 

constituir um guia valioso na intervenção médica preventiva. 
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Abstract 

Keywords: Ascending aorta, Bicuspid aortic valve, Marfan Syndrome, Computed Tomography, Fluid-

Structure Interaction, Numerical Simulation 

 

 

Aortic dilation (AD) is associated with the congenital bicuspid aortic valve (BAV) disease and with the 

genetic Marfan Syndrome (MFS) disorder. Although the main cause for AD in MFS is aortic wall 

weakening, in BAV disease this is still not completely understood. In this work, we consider blood 

hemodynamics in BAV patients with different AD and aortic regurgitation (AR), and in an MFS patient 

with dilated aortic root, in comparison with a healthy aorta. A fluid-structure interaction numerical 

approach is implemented regarding patient-specific geometries, where the aortic valves are defined by 

analytical orifices. Results show that, while the healthy aorta displayed a typical hemodynamic behavior 

of flows in bends, BAV related aortas present an accelerated flow along the outer aortic wall. Wall shear 

stress (WSS) overload in the outer curvature was observed, more marked in more dilated aortas. 

Moreover, helices in the ascending aorta (AA) were present in all BAV patients, enhanced with greater 

dilation. These findings support that hemodynamic factors play an important role in AD formation and 

development in BAV patients, caused by a prolonged exposure of the outer AA curvature to altered 

WSS. Alternatively, greater regurgitation was associated with abnormal WSS distributions in the AA 

during diastole, showing that severe AR can facilitate aortic root dilation. Besides, the MFS patient 

presented very low WSS in the dilated root, a condition seen in intracranial aneurysms. Numerical 

modeling can therefore provide important biomarkers for the description of the hemodynamic 

environment in several aortic pathologies, hence guiding preventive medical intervention. 
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1. Introduction 

1.1. Motivation 

 

Nowadays, cardiovascular diseases stand as a major cause of death worldwide, accounting for about 

30% of global deaths [1]. These involve several types of cardiovascular problems, depending on the 

organs/vessels affected. Over the past few decades, aortic dilation (AD) has received large attention 

from both medical and scientific communities [2, 3]. Although it comes naturally with the aging process, 

the presence of specific cardiovascular pathologies can cause a faster and/or abnormal rate on disease 

progression [4]. AD has been highly associated with the congenital bicuspid aortic valve (BAV) disease 

as a related aortopathy [2, 3, 5] and with the genetic Marfan Syndrome (MFS) disorder, as a disease 

consequence [6, 7]. In both diseases, AD remains as a key risk factor for aortic wall dissection [4, 8] and 

rupture, two major causes of morbidity and mortality in these patients [6, 7, 4]. 

In MFS, AD is known to arise from a genetic defect on the aortic wall that makes it thinner and weaker 

[10, 9] and therefore not able to sustain physiological hemodynamic stress [10, 11]. However, the 

etiology of AD when associated with BAV remains unclear and is yet to be fully discovered [12, 13, 14, 

15]: current evidence suggests that it results from the interaction between genetic and hemodynamic 

factors [16, 17]. 

Regarding this, a detailed comprehension of the cardiac function as well as of blood flow through the 

aorta is highly important for diagnostic and treatment purposes of these diseases. The great 

technological advances of noninvasive cardiac imaging techniques allow nowadays for the acquisition 

and processing of more accurate and detailed medical images, and even visualization of three-

dimensional (3D) velocity vector flows [18, 4]. Nonetheless, noninvasive evaluation of relevant 

physiological behaviors such as the relationship between blood hemodynamics and the aortic wall 

deformation in AD is not possible. Therefore, to overcome this issue, mathematical modeling and 

numerical simulations of blood flow arise as a viable alternative [13]. This field of study has hugely 

evolved during the last years [19], being nowadays able to provide useful information on blood 

hemodynamics with less invasiveness, more accuracy and flexibility than in-vitro experiments. The most 

recent numerical simulations use medical data obtained from imaging modalities to simulate patient-

specific (PS) situations and model crucial vascular parameters like wall shear stress (WSS). Additionally, 

computation of the complex blood flow velocity fields associated with AD as well as quantification of 

helical flow or other important indexes play a critical role in the study and improvement in knowledge of 

PS BAV and MFS related AD [20, 21, 22].  

However, the use of mathematical models and numerical simulations to study and comprehend blood 

flow behavior and cardiovascular pathologies, such as AD in diseases like BAV and MFS, is very recent 

[23, 24], and therefore, is still a very challenging task and a field of active research. 
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1.2. Objectives 

 

Even though several computational studies have been made to analyze the hemodynamics related 

to AD in BAV subjects, deeper insight on the formation and development of blood flow patterns in the 

ascending aorta (AA) of these patients needs to be provided, especially having into account the 

mechanical interaction between blood flow and vessel wall deformation (FSI). Additionally, and although 

valve stenosis has been numerically modeled in BAV patients, computational studies of the association 

between AD and aortic regurgitation (AR) in BAV cases have not been made. On the other hand, almost 

no computational studies have been performed to study aortic hemodynamics in MFS patients with AD. 

In this work, we try to provide further understanding on blood hemodynamics in non-stenotic BAV 

patients with different degrees of AA dilation, as well as in an MFS patient with dilated aortic root. 

Besides, a preliminary qualitative assessment of the impact of AR on AA hemodynamics in diastole, and 

in AD, when associated with BAV, is made. In order to do so, 3D PS aortic geometries are obtained 

from medical images through segmentation and further used in numerical simulations: FSI mathematical 

models using the ALE method and discretized with FE are implemented and evaluation of several flow 

variables, such as the WSS and flow helicity, is made. 

 

1.3. Methodology 

 

 Data concerning 82 patients with BAV, one patient with MFS and one healthy patient (control patient) 

were provided and analyzed. From the BAV patients, three with different degrees of AD were selected 

for consecutive computational analysis. By using thorax computed tomography images, patient-specific 

aortic models were created through manual segmentation aided by automatic tools, using the software 

3D Slicer (version 4.4, https://www.slicer.org/). Aortic geometry processing was performed afterwards 

in MeshLab in order to repair and smooth the model surface. Then, in order to design fluid-structure 

interaction models, an open-source tool from Politecnico di Milano devised in the finite element library 

LifeV (http://www.lifev.org) was used to generate the aortic wall from the vessel lumen surface models 

previously obtained. After wall models surface decimation in MeshLab (version 1.3.3, 

http://meshlab.sourceforge.net/) and file type conversion in SolidWorks 2010 

(http://www.solidworks.com/), the models were imported into COMSOL Multiphysics (version 5.0, 

https://www.comsol.com/) for numerical FSI modeling and simulating. The aortic geometries are then 

processed in COMSOL and aortic valve anatomic orifices are designed in order to represent tricuspid 

and bicuspid valves, being used as inlets. The used FSI approach in COMSOL was the Arbitrary 

Lagrangian-Eulerian (ALE) one. Proper solid and fluid material characteristics have been attributed. 

Appropriate boundary conditions (BC) have been imposed, including the application of physiological 

blood velocity curves in the inlet as representative of the heart action, with each curve being adapted to 

the respective patient. In the outlets, absorbing BC were used to avoid numerical artifacts such as 

backflow and following misleading solutions. Computational mesh sensitivity analysis was performed in 

order to evaluate mesh density influence in the numerical results. Regarding numerical simulations, a 

https://www.slicer.org/
http://meshlab.sourceforge.net/
http://www.solidworks.com/
https://www.comsol.com/
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fully-coupled approach was chosen, with the equations governing fluid and structure being solved at the 

same time. Finally, parameters for subsequent hemodynamics characterization were designed. 

 

1.4. Thesis Outline 

 

This thesis is divided into 5 chapters: it begins with the present introduction (Chapter 1) where the 

motivations and goals of this work are summarized.  

In Chapter 2, a brief insight on the aortic vessel, as well as the imaging techniques used to visualize 

this artery, is given. Furthermore, information regarding aortic dilation related to BAV and MFS is 

explored. The concepts of cardiovascular flows modeling, with particular focus on blood properties in 

the aorta and the importance of using FSI in the study of aortic blood flow are elucidated. Finally, a 

review of previous computational studies of blood flow in BAV and MFS related diseased aortas is 

presented. 

Chapter 3 includes all the methodologies used in this work, from patient selection to image 

segmentation and patient-specific aortic geometries reconstruction, to aortic wall creation and aortic 

valve anatomic orifice creation, as well as the choice of proper BC for numerical simulations and 

adequate numerical settings, and selecting parameters for subsequent hemodynamics characterization. 

In Chapter 4, numerical results obtained using the introduced methodology are presented and 

discussed.  

At last, in Chapter 5, conclusions concerning this work are drawn and future work is proposed. 
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2. State of the art 

2.1. Anatomy and physiology 

 

2.1.1. The heart and the aorta: a brief insight 

  

 A proper study of the anatomy and the physiology of the cardiovascular system began with Leonardo 

da Vinci during the Renaissance [25], being intensively developed since then and to this date, with 

several books and publications dedicated to the understanding of this complex system. The heart, 

located in the center of the chest in the thoracic cavity [26], functions as a mechanical cycling pump: 

during the cardiac cycle phase called diastole, it fills with blood and the ejection chamber, called 

ventricle, is relaxed, with no significant blood being pumped out of the heart; during the cardiac cycle 

phase called systole, the ventricle contracts sending blood out of the heart [26, 27].  

 In the left part of the heart, the left ventricle (LV) pumps oxygenated blood throughout the arterial 

tree across the largest and most important artery in the human body – the aorta [26]. This artery divides 

into the thoracic and the abdominal aorta, bifurcating into the common iliac arteries in this area (Figure 

1 – left) [4, 28]. 

The thoracic aorta (TA) itself is divided into the AA and the descending aorta (DA). The aortic valve 

separates the LV and the lower part of the AA: during systole, it opens to allow the passage of 

unidirectional blood flow to the aorta; during diastole, it closes to prevent backflow into the left ventricle 

[26, 28]. It integrates the aortic root, which initiates at the annulus and broadens to the sinotubular 

junction (STJ). The tricuspid aortic valve (TAV) is composed by three sinuses of Valsalva, three valvular 

cusps or leaflets and fibrous interleaflet triangles (Figure 1 - right) [25, 28]. From the sinuses of Vasalva 

arise two coronary arteries, whose function is to supply blood to the heart itself [26, 28]; the upper part 

of the AA begins at the STJ and ascents to the aortic arch. The fact that this portion of the aorta receives 

blood directly from the heart makes it the most vulnerable part of the aorta, which can cause further 

clinical complications in this area [10, 29]. Regarding the aortic arch, it gives rise to the innominate (IA), 

left common carotid (LCCA) and left subclavian arteries (LSA), which deliver blood to the head and 

upper body [4]. The DA starts after the left subclavian artery, gradually coursing downward and 

becoming the abdominal aorta at the level of the 12th thoracic vertebra [4]. 



State of the art 

5 

 

 

 Figure 1 - Aortic anatomy (left), adapted from http://www.massgeneral.org/heartcenter/aortic_anatomy.aspx; 
Aortic valve structure (right): the green circle represents the aortic annulus (tightest part of the aortic root). LCC = 

left coronary cusp; NCC = noncoronary cusp; RCC = right coronary cusp 
(http://imaging.onlinejacc.org/article.aspx?articleid=1559122). 

 

The well-functioning of the aorta and aortic valve structures, as well as their ability to adapt to altered 

stress state imposed by turbulent blood flow, rely on the mobility, elasticity and structural integrity of 

both the valve cusps and the ascending aortic wall [25, 30]. Elastic arteries, like the aorta, possess 

specific wall biomechanical properties which allow them to manage blood flow: it turns pulsatile blood 

that is pumped by the LV into a continuous flow while maintaining the arterial blood pressure above a 

certain threshold [27]. The ascending portion of the aortic wall has a great number of elastic fibers, which 

decreases down the length of this artery. This is due to the fact that this number is apparently 

proportional to the estimated amount of hemodynamic stresses existing on the vessel wall: since a 

higher hemodynamic stress is generated in the entrance of the aorta, derived from high velocity and 

turbulent blood flow, higher protection needs to be given to this portion of the aortic wall in order to 

support this stress [4]. Those elastic fibers allow the aorta to deform due to changes in the arterial blood 

pressure, turning it into a very compliant structure [4, 18, 30]. 

 

2.1.2. Imaging techniques 

 

Current imaging techniques are extremely important to diagnose and monitor diverse cardiac 

diseases such as AD, especially at timing of surgical intervention [18, 31]. As the first line imaging tool, 

echocardiography (Figure 2 – left) is used to access cardiac function and blood flow over time, as well 

as to present information regarding the size of heart chambers and aortic muscle thickness [8, 31]. This 

is a relatively inexpensive ultrasound exam and it works by transmitting a high-frequency beam into the 

body, producing images via the resulting echoes from backscattering of mechanical energy from 

boundaries between tissues [8, 12]. On echocardiography, the aortic valve and the aorta are very well 

http://www.massgeneral.org/heartcenter/aortic_anatomy.aspx
http://imaging.onlinejacc.org/article.aspx?articleid=1570122
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visualized and therefore this technique is a reference method for detection and follow-up of aortic 

diseases [8].  

However, and although the development of three-dimensional (3D) echocardiography has brought 

several improvements in relation to the usual two-dimensional (2D) one [4], it has some limitations 

regarding measurement reproducibility, since it may give wrong estimates for aortic dimensions, unlike 

computed tomography (CT) and magnetic resonance imaging (MRI) [12]. Cardiac CT (displayed in the 

middle of Figure 2 as an exemplar of the images to be used during this work) is based on the acquisition 

of 2D X-ray images of several “slices” through the body, which are joined a posteriori to reconstruct a 

3D volume [12]. It provides images of the coronary arteries [31], as well as of the lung parenchyma and 

the pulmonary vessels, but is not able to measure blood flow [8]. Also, this technique uses ionizing 

radiation and contrast agents in order to improve contrast between tissues, which can be prejudicial to 

the human body [12]. Yet, it allows a rapid and rigorous imaging of the cardiovascular system and 

associated structures [4]. From cardiac CT, CT angiography (CTA) stands out as one of its most used 

variations, since it uses a contrast material which grants better visualization and evaluation of blood 

vessels and related diseases [7, 26]. 

As for cardiac MRI, this technique works by making a strong magnet interaction with the protons 

inside the human body, detecting afterwards the magnetization arising from those protons [12, 18]. It 

yields both anatomical and functional images of the heart [4, 31], allowing accurate evaluation of cardiac 

function and cardiovascular flows [31]. This exam is radiation free and has excellent soft-tissue contrast, 

being also better at analyzing moving structures [12], which makes it the method of choice for extensive 

cardiovascular flows and perfusion studies [31]. Phase-contrast MRI (PC-MRI) is an advanced MRI 

alternative that allows visualization of 3D velocity vector flows on large vessels [4, 18]. This technique 

works by gating the acquisition to the cardiac rhythm, overcoming the image acquisition problem related 

to structure movement and permitting the formation of time-resolved images of hemodynamic velocities, 

which is usually referred to as four-dimensional (4D) flow MRI (Figure 2 – right) [18]. 

  

   
Figure 2 – Most used cardiac imaging techniques: echocardiography (left) shows blood flow regurgitation 

(prejudicial backflow) on the heart chambers due to a valve condition [8]; CT (middle) displays the aortic and heart 
structures; 4D-flow MRI (right) exhibits blood flow with time-resolved velocity vector field and color-coded 

according to velocity magnitude [32]. 
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2.1.3. Aortic Dilation 

 

2.1.3.1. Bicuspid aortic valve (BAV) 

 

 BAV is a congenital heart malformation, with the proportion of about 3 to 1 for male vs female, 

respectively [3, 15, 33] and with great phenotypic heterogeneity [2]. It is defined as a valve formed by 

two leaflets instead of three, with or without a central raphe, and with a fully or partially functional 

commissure between the fused leaflets [2, 34]. There are different BAV phenotypes, which can be 

associated with diverse complications such as AR, aortic stenosis (AS) [2, 3] and distinct AD patterns 

[12, 34]. According to this, several classifications regarding BAV morphology and functionality have 

been created [2, 35]. However, the most usual classification is related to leaflets fusion type [2, 34], 

which is displayed in Figure 3: fusion of the right-coronary and left-coronary leaflets (R-L) is the most 

common one, followed by fusion of the right-coronary and non-coronary leaflets (R-N) and fusion of the 

left-coronary and non-coronary leaflets (L-N) is the least common pattern [2, 34, 35, 36, 37]. In some 

rare cases, there is also a BAV with no raphe and with two completely developed leaflets and 

commissures, which can have different orientations [2, 35]. 

 

 
Figure 3 - BAV morphology types (adapted from [2]). 

 
Regarding AD associated with BAV, it is known that it starts developing during childhood and 

continuously evolves during life [38], affecting from about 20 to 85% of the adult BAV population [15, 2, 

33] and having higher progression rates in the ascending aortic portion [3, 15, 33]. Therefore, BAV 

patients have a long-term follow-up with echocardiography, with aortic valve replacement and aortic 

surgery appearing as the main clinical approaches for severe cases [39]. 

There are two main hypotheses which attempt to explain this BAV associated aortopathy: the genetic 

theory and the hemodynamic theory [39, 44].  

 

2.1.3.1.1. Genetic theory  

 

It has been established by several studies that BAV has an underlying genetic basis [14, 40, 41], 

either linking this congenital disease to mutations in specific genes [41] or acknowledging its familial 

inheritance without confirming the definite genes involved [13, 14, 40, 42, 43]. Therefore, similar 

reasoning has been applied towards BAV with AD, where aortic wall fragility, caused by a defect on both 

valve and wall tissues, is considered the leading cause for AD [36, 39, 44, 45]. This hypothesis is 

supported by studies saying that AD can occur in patients with normally functioning BAV and even after 

Type 1 without raphe 
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aortic valve replacement surgery [39, 46]. This implies that alterations on molecular and/or metabolic 

characteristics in the aortic wall do exist, leading to a weaker aorta [45, 47]. Histological studies have 

demonstrated that degeneration of the media layer of the ascending aortic wall occurs [45, 47], with cell 

loss and extracellular matrix remodeling, including elastic fibers and several proteins reduction [47]. All 

together, these events increase the vulnerability of the aortic wall in BAV by diminishing its thickness 

[48], which also seems to have a direct proportional relation with the AA diameter [36] and leads to an 

increased risk of AD [45, 47]. 

 

2.1.3.1.2. Hemodynamic theory  

 

 According to this theory, BAV morphology and abnormal valve mechanics cause perturbations on 

blood flow patterns and hemodynamic stress on the aortic wall, which can induce AD [3, 14, 39, 37, 44]. 

Different studies have used 4D-flow MRI and standard PC-MRI to analyze blood hemodynamics on the 

TA, both in BAV and TAV cases [16, 37, 49, 50, 51]. Regarding TAV associated with healthy aortas, it 

has been shown that normal blood flow has a slight degree of skewing of bulk systolic flow to the right 

hand side of the AA, which is a right-handed helical flow (Figure 4 – left) [16, 37]. However, in BAV 

patients, a higher flow displacement with associated abnormal systolic flow and higher jet angles have 

been observed [52, 37, 51]. This abnormal flow is characterized as an asymmetrical one [49, 37], in 

which the flow jet is directed by the fused cusp [53], with nested right- or left-handed helices [49, 50, 

16]. These helices are more pronounced in the ascending portion of the aorta (Figure 4 – right) [50, 16]. 

In addition, different types of flow displacement have been recognized: rightward displacement has been 

linked to BAV R-L fusion phenotype while leftward displacement has been linked to BAV R-N fusion 

phenotype [37, 16]. 

Nonetheless, this type of flow pattern makes the blood hit the aortic wall at a more acute angle, 

something that might contribute towards wall fragility and therefore AD [50]. Additionally, AR (backflow 

from the aorta into the LV during diastole) might play a role in facilitating aortic root dilation, since higher 

rates of AD are associated with more severe AR [65]. 

 

                   

 

 

 

 

 

 
Figure 4 – 4D flow MRI data. Left – normal flow in peak systole in a patient with a TAV and normal aortic 

dimensions: (a.) from right side of the AA; b.) from left side of the AA. Right – helicoidal flow in a patient with a 
BAV and an ascending aortic aneurysm: (c.) from right side of the AA; d.) from left side of the AA [16]. 

 

a. b. c. d. 
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In [52], strong correlations between blood flow jet angles and aortic diameters have been found, 

suggesting that larger aortic diameters are associated to larger angles of misdirected flow [52]. 

Moreover, helical flows have been observed in both dilated and healthy aortas associated with BAV, 

implying that these blood patterns are not secondary to dilation and may instead be involved in AD 

pathogenesis [16].  

Further support for the importance of flow in AD pathogenesis in BAV comes from in vivo studies, 

which show that flow-induced vascular remodeling might contribute towards AD origin [54, 52]. Flow-

induced vascular remodeling is a process in which there is an increase in luminal diameter, but not much 

in wall thickness, in response to increased blood flow and consecutive inflation in hemodynamic stress 

[54]. This process involves matrix remodeling, especially regarding reorganization of elastic fibers [54], 

and it has been correlated with an increase in aortic diameters and therefore, in AD development          

[52, 54].  

 

2.1.3.1.3. Types of AD associated with BAV 

 

 AD associated with BAV can occur in specific portions of the aorta, according to its etiology and 

pathogenesis [2]. Usually, 59% of the AD involves the aortic root and/or AA, 39% involves the DA, 10% 

involves the arch and 10% involves thoracoabdominal aorta [55]. Regarding this behavior, a 

classification for BAV related aortopathies has been created [2], which is displayed in Figure 5: 

 Type A – aortic enlargement involving the tubular portion of the AA. This is the most common 

type [2, 37] and is mostly connected to the BAV R-L fusion pattern [36, 37] and rightward flow 

displacement [37]; 

 Type B – involvement of the entire AA, including the tubular portion and the aortic root [5]. This 

dilation type is highly associated with the BAV R-N fusion pattern and leftward flow displacement 

[37]. 

 Type C – dilated aortic root, which is the rarest type [2, 37] and is more associated with AR [5].  

 

 

Figure 5 – Schematic of AD phenotypes, in comparison with a normal aorta (top left): (A) Dilation of the tubular 

AA; (B) Dilation of the entire AA, including the root portion; (C) Only aortic root dilation [56].  



State of the art 

10 

 

 As one can see, BAV associated aortopathies have high heterogeneous expression [2, 37] and not 

all patients with a BAV will develop AD over time [15, 2, 33]. Therefore, current evidence suggests that 

AD correlated with BAV results from the interaction between genetic and hemodynamic factors: a 

genetic predisposition in patients with a BAV might cause an intrinsic aortic wall abnormality, which 

confers it susceptibility for AD, and the presence of altered hemodynamics acts as a triggering and 

maintaining factor of that dilation [16, 17]. 

 

2.1.3.2. Marfan Syndrome (MFS) 

 

 MFS is a connective tissue disorder, of genetic origin, which can perturb different parts of the human 

body such as the skeletal, ocular or cardiovascular systems [57]. This disease is caused by a mutation 

in the protein fibrillin 1 gene (FBN1) [11] and affects males and females in equal proportion [9]. The 

FBN1 mutation induces changes in the homeostasis of the extracellular matrix of several tissues, with 

alterations in their mechanical properties by loss of cell-matrix interactions [58]. Therefore, regarding 

vascular alterations, MFS causes disruption of the elastic fibers on vessel walls, especially on the aortic 

wall [10], which in turn leads to vascular remodeling [9] and a thinner and weaker aortic wall [10]. These 

events can give rise to severe aortic complications, such as AD or aortic dissection, which are the main 

determinants of survival in MFS patients [11, 6]. 

 Although the entire aortic wall is weakened in MFS, AD associated with this disease is more 

prominent in the aortic root region (at the level of Valsalva sinuses) [11, 6, 7, 5] which can influence 

local hemodynamics as well as hemodynamics in several parts of the aorta [24]. Dilation associated 

with MFS initiates in childhood [11] and progresses through life, with estimates saying that at least 80% 

of the adult population will have this type of AD by the age of 39 [7]. Studies such as those of [6] have 

shown that there is loss of elasticity in the aortic wall in MFS patients, which results in increased aortic 

stiffness and decreased distensibility, especially in dilated aortic roots [6]. For this reason, dilation of the 

aortic root is highly associated with AR, making this condition the most serious aspect of MFS [11]. 

Therefore, follow-up of the aortic structure through echocardiography is routinely performed [7, 59] and 

aggressive pharmacotherapeutics for the management of this disease are widely established [59] and 

surgical repair of the aorta or valve replacement are done when dilation exceeds certain thresholds or 

the aortic wall presents severe issues [9].   

 

2.2. Modeling cardiovascular flows 

 

2.2.1. Governing equations for blood 

 

Blood is a very complex fluid and the definition of mathematical equations that represent accurately 

its behavior is essential for hemodynamics modeling [19, 18, 60]. Basically, blood is a suspension of 

several particles such as red blood cells, white blood cells and platelets in a fluid called plasma               

[19, 27, 18, 60]. Since the red blood cells are the most numerous of all particles in blood [18, 19], they 

account for the majority of its mechanical properties [18]. Regarding shearing deformation applied to 
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blood particles, red blood cells have the ability to change their behavior: at low shear rates, they tend to 

form its 3D microstructure; at high shear rates, they deform and tend to align with the flow field [18, 60]. 

Therefore, blood resistance to deformation by shear stress, or viscosity, is not constant, decreasing 

when the rate of deformation increases, which turns blood into a Non-Newtonian fluid [18, 60]. This 

effect is, however, stronger in smaller vessels, since the size of blood cells in these vessels becomes 

comparable to that of the vessel [19, 18]. 

Otherwise, in large vessels such as the aorta, Non-Newtonian viscous effects are small and can be 

ignored [18], since this artery undergoes high shear rates [64]. Thus, in the aorta, blood viscosity 

approaches an asymptotic value [60] and blood can be considered as a Newtonian fluid [18, 60, 19], 

with the predominance of inertial effects over the viscous ones [18]. Blood in the aorta can also be 

assumed to have constant density [18, 19], meaning that this fluid is taken as an incompressible and 

isothermal one [19]. This yields, for a domain Ω ⊂ R3 representing the lumen of the vessel and 

independent of time, the continuity equation: 

 

div(u)=0,                                                                  (2.1) 

 

where u represents the velocity vector and the continuity equation represents the conservation of mass 

for an incompressible fluid [18, 19]. 

 One must also take into account the conservation of linear momentum, which says that forces acting 

on the fluid must be in equilibrium [19]. For an incompressible Newtonian fluid, we have the equation of 

the conservation of linear momentum takes the form, 

 

∂u

∂t
+  ρ(u∇)u + ∇P − div(μD(u)) = f,                                            (2.2) 

 

where t represents the time, ρ is the fluid density, P is the pressure, µ is the dynamic viscosity and D(u) 

is the strain rate, given by 

 

D(u) =  
∇𝑢+ ∇𝑢𝑇

2
                                                              (2.3) 

 

On the right hand side, f accounts for the action of external forces, being often taken equal to zero in 

hemodynamics problems [18]. 

 Equations (2.1) and (2.2) are the Navier-Stokes (NS) equations for Newtonian, incompressible fluids, 

which govern blood flow in large size vessels such as the aorta [18, 19, 60]. This is a time-dependent 

nonlinear system that needs to be closed with appropriate initial and BCs. 
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2.2.2. Blood flow properties in the aorta 

 

 As previously said, blood flow in large vessels like the aorta presents a predominance of inertial 

effects over the viscous ones [18]. This fluid’s characterization is described by the dimensionless 

Reynolds number (Re), 

Re =  
ρLu

μ
 =

inertial forces

viscous forces
 ,                                                       (2.4) 

 

where L is a characteristic length representing the diameter of the vessel [18, 60, 19]. If viscous effects 

are dominant, the fluid will be characterized by a smooth, constant motion – laminar flow – and the Re 

is low; on the other hand, if inertial effects are dominant, blood flow is turbulent, which is represented by 

large values of the Re [18, 19]. Turbulence only appears when the Re exceeds greatly the usual critical 

value of 2300, which causes the existence of vortices and other flow instabilities [60].  

 Several flow instabilities occur at the exit of the aortic valve during the systolic phase [18], such as 

little backflow into the LV during valve closure [60]. Such events increase the Re in the AA, which can 

get to values between 3000 and 3900 [18, 19, 60] in the peak systole [18]. The aortic geometry itself 

also undergoes flow disturbances due to its irregular shape, strong curvature effects and branching, 

which induce recirculation patterns. However, complete turbulence doesn’t occur in normal physiological 

situations in the aortic vessel [18]. This is due to the fact that main flow disturbance only occurs during 

a very small temporal portion of the cardiac cycle [18] and therefore there isn’t enough time for a full 

turbulent flow to develop in the aorta [18, 19]. Furthermore, since blood flow in the aorta is pulsatile, 

turbulence occurs for a Re much larger than the usual value expected for steady flow. Therefore, in 

modeling problems, we often assume that blood in the aorta has a laminar flow behavior [23, 61, 21].  

Nonetheless, in BAV disease, sometimes the abnormal structure of the valve can lead to transitional 

blood flows, which approach turbulent models [20]. Still, appropriate turbulence models for the aortic 

flow are a current problem and therefore, even in this disease, the assumption of a laminar flow still 

subsists [61, 20]. 

 

2.2.3. Fluid-structure interaction: basic notions 

 

 In human physiology, vessel wall deformation under the action of the pulsatile blood flow during the 

ongoing of successive cardiac cycles is a relevant aspect [18, 19]. This deformation is crucial in large 

vessels, most especially in the aorta, since this is a very compliant structure [4, 30, 18, 19]. In the 

transition between diastole and systole, the ascending aortic lumen radius can suffer an increase of 5% 

to 10%, which is a relatively large wall displacement and affects the blood flow [19].  

 However, and even in large vessels such as the aorta, computational fluid dynamics (CFD) modeling 

do not take into account wall displacement, because the essential characteristics of flow can be already 

detected with the use of fixed wall models [18]. On the other hand, if accurate pulsatile characteristics 

of blood flow in the AA are to be studied, especially in abnormal situations like in BAV disease of MFS, 

compliant aortic models are required [18, 19]. Therefore, mechanical interaction between blood flow and 
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vessel wall deformation must be taken into account [18], since, in physiological situations, it is 

responsible for the propagation and management of pulsatile blood waves [19, 27], as previously 

mentioned in Chapter 2.1.1. Then, the study of hemodynamics in the aorta turns into a Fluid-Structure 

Interaction (FSI) problem, where the solid structure is the vessel wall [19]. Yet, this increases the 

complexity of the problem [18, 19], given the fact that it requires more computational power [18, 19] and 

that data regarding mechanical parameters of the vessel wall may be lacking in some cases [18]. Thus, 

in most CFD problems, those values are inferred from literature data gathered from experiments on 

animal or human cadaver tissues [18]. 

 

2.3. Computational studies 

 

2.3.1. BAV disease 

 

Computational modeling as well as analysis tools of the hemodynamics in BAV disease and related 

aortopathies, especially AD, is relatively recent, with the first study dating from 2010 [23]. Creation of 

specific computational analysis tools for quantification of important hemodynamics parameters in the 

aortic structure from the use of 4D flow MRI has been a main goal throughout the years [49, 53, 50], 

especially in order to validate the hemodynamic theory of BAV aortopathy [50, 53]. 

One of the most important parameters that have been extensively associated with BAV aortopathies 

is the wall shear stress (WSS) [50, 53], which is a secondary vascular parameter that can induce 

vascular remodeling [49] and is defined as the force per unit area exerted by the fluid tangentially to the 

aortic wall [18].  

 Studies such as those in [50, 53] focused on investigating abnormal hemodynamic patterns in BAV 

patients as well as its association with altered WSS through the use of 4D-flow MRI data. Their results 

shown that BAV is associated with highly elevated peak velocity [53] and WSS in comparison to age/size 

controls (Figure 6) [50, 53]. 

 

 

 

 

 

 

 

 

 
Figure 6 – Calculated WSS magnitude during systole using a 3D velocity field measured at the middle of the AA 

for BAV R-L fusion and age-appropriate patients: A indicates anterior; LA, left-anterior; L, left; LP, left-posterior; P, 
posterior; R, right; RA, right-anterior; RL, right-left, and RP, right-posterior. A significant increase of the WSS 

magnitude is notable in BAV patients, especially in the RA area. [46]. 
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In BAV patients, elevated WSS was mainly seen in the AA portion [50, 53], something that is 

correlated with the asymmetrical flow jets caused by abnormal valve shape [50, 53, 16].  

As previously mentioned, higher helical flows are associated with more acute angles through which 

blood jets hit the aortic wall, weakening it [50, 53]. For example, in [50], obtained values for jet angles 

were 23.1°±12.5° versus 7.0°±4.6° in the normal case. This process causes a larger amount of the jet 

rotating along the aortic wall, inducing altered and elevated shear forces and augmenting the WSS      

[50, 53, 62]. Such fact means that there is an intrinsic correlation between abnormal valve shape and 

mobility and the local aortic WSS, with the latter increasing downstream from the aortic valve in response 

to greater flow disturbance and even more in the presence of AR [53].  

 Besides this, elevated WSS was more associated with higher AA diameters, implying that WSS may 

be a triggering factor in AD [50]. In fact, it is hypothesized that abnormal flow initiates AD as a 

compensatory response to keep constant WSS, through processes referred before regarding flow-

induced vascular remodeling [50, 54, 52]. On the other hand, and even though the majority of analyzed 

patients in these studies presented a rightward flow displacement, it was observed that, in left-handed 

flow patients, a trend towards an even worse aortopathy exists, since these patients presented 

increased aortic diameters, systolic flow angle, helical flow and WSS [50]. 

 Although the previously spoken studies explore the connection between BAV, its related AD and 

WSS, some studies have shown that MRI-derived WSS values are not completely trustworthy and that 

computational modeling is highly beneficial for such analysis [66, 67]. Besides, other physiological 

behaviors lack analysis, such as the relationship between blood hemodynamics and the aortic wall 

during AD formation, which can be studied through the application of computational FSI techniques    

[21, 64, 63], or even the possibility to study the influence of different configurations of BAV’s orifice area 

and orientation in aortic hemodynamics [61, 23, 20]. Therefore, computational simulations can provide 

even further insights on these issues and more subjects related to BAV and its subsequent AD. 

 

2.3.1.1. First years of BAV modeling 

 

 As previously said, the first computational work that tried to clarify the role of BAV morphology and 

orientation on AA blood hemodynamics was developed in 2010 and arose as a novel approach to 

investigate blood flow through the aorta in these pathological cases in a noninvasive way [23]. This 

study was pioneer in terms of developing BAV models through the use of effective valve orifices [23], a 

valve modeling approach that was used later on by other researchers [61, 20]. Basically, analytical 

normally functioning models of a bicuspid valve orifice for two different BAV phenotypes – R-L and R-N 

fusion types –, and of a TAV orifice, were mathematically defined. A PS surface model of a healthy 

thoracic aorta, including the aortic root and aortic arch branches, was obtained from cardiac MRI and 

the valve orifice models were sampled on the surface representing the aortic root entrance (Figure 7) 

[23]. 
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 CFD numerical simulations using the geometries presented above were performed with the objective 

of obtaining the velocity field and the WSS of blood in the AA, in order to investigate qualitative 

differences in aortic blood flow between TAVs and BAVs and also evaluate the risk for AD formation 

[23]. Their results demonstrated the same increase in peak velocity in early systole and in WSS for the 

AA portion as the 4D flow MRI studies previously mentioned [50, 53], in comparison with TAV [23]. 

Regarding blood velocity, asymmetry was present, with the jet hitting the mid-AA wall, and recirculation 

areas appeared in late systole, especially in BAV aortic models (Figure 8).  

 

 

Figure 8 – Vectors of the velocity field (in mm/s) plotted in a longitudinal section at late systole for BAV R-L fusion 
type (a), BAV R-N fusion type (b) and TAV (c). All models present recirculations, which are evidenced in (a) and 

(b) [23]. 

 

The blood jet asymmetry presented differences with respect to BAV phenotypes: for BAV R-L fusion 

type, this asymmetry was more pronounced, but for BAV R-N fusion type, recirculation areas were more 

evident and higher jet velocity was seen, especially at the sinuses of Valsalva level [23]. 

 Similar to the previous studies [50, 53], correlation between blood jet asymmetry and the maximum 

values computed for WSS in the mid-AA region was obtained for the two BAV configurations, with the 

highest values corresponding to the BAV R-N fusion type (Figure 9):  

Figure 7 – Two different BAV phenotypes, the R-L (left-above) and the R-N (left-below) are 
chosen to create the respective valve orifices, which are then sampled on the aortic root from the 
obtained aortic models: (a) represents the R-L BAV aorta, (b) represents the R-N BAV aorta and 

(c) represents the TAV aorta [23]. 
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Figure 9 – Computed WSS (in dyn/cm2) for BAV R-L fusion type (a), BAV R-N fusion type (b) and TAV (c). 
Maximum WSS values (red area) are found at the convexity of the mid-AA for BAV cases [23]. 

  

 Apart the fact that this study shows that even normally functioning BAV associated with healthy 

aortas can create blood flow patterns and velocity similar to those seen in the dilated ones, it is also 

possible to see that the orientation of the BAV orifices results in different blood jet shapes and different 

distribution of WSS in the aorta [23]. This was also observed in a subsequent study, [61], where several 

valve orifice configurations (stenotic and non-stenotic) with different orientations were created for a 

surface aortic model obtained from cardiac MRI. In this work, quantitative assessment of the influence 

of valve geometry on localization and magnitude of WSS in four different locations of the AA (annulus, 

Valsalva sinuses, STJ and mid-AA) as well as quantitative insight on blood flow jet asymmetry were 

studied [61]. Similar results to [23] were obtained, with higher values of WSS being obtained at the mid-

AA region in peak systole, irrespective of the valve area. Also, it was observed that higher valve stenosis 

(meaning, smaller valve area) would be associated with higher values of WSS as well as incremental 

blood flow asymmetry, suggesting that BAV patients with severe aortic stenosis (AS) might be at risk 

for AD development [61].  

Both [23] and [61] studies show that the risk of aneurysm formation may be high also for healthy 

individuals with BAV, especially because both studies present the highest values of WSS in mid-AA, a 

region that is more prone to dilate in BAV patients. 

 [20] was the first computational work to analyze blood jet asymmetry and WSS distribution in BAV 

patients with dilated aortas. For this, creation of TAV and BAV orifices was made recurring to PC-MRI 

images obtained at the valve plane and manually delineating the orifice. A surface model of a dilated 

aorta from a BAV patient with R-L fusion type was obtained and the three different non-stenotic 

configurations at diastolic phase of the BAV orifice were created and then sampled onto the aortic root 

surface, as well as the TAV configuration [20]. CFD simulations using the dilated geometry with different 

BAV configurations, as well as differently prescribed inflow were performed and quantitative 

measurements regarding retrograde flow, flow asymmetry and helical patterns were made. Results 

regarding flow asymmetry and its increase with decreasing valve area in BAV simulations were similar 

to the ones obtained in [61]. Moreover, blood jet deflection towards the aortic wall was observed without 
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modeling the leaflets, which suggests that the shape of the orifice in BAV patients combined with the 

shape of the AA are the primary cause in the generation of the flow deflection [20]. 

 High values for retrograde flow were also obtained in BAV cases, by decreasing the area of the valve 

orifice or by increasing the flow rate and reaching almost 30% [20]. 

 The presence of a right-handed helical flow in BAV cases was also seen, as shown in the 4D flow 

MRI study from [47] and in concordance with the R-L fusion type [37, 16] (Figure 10). In this case, the 

helical flow was more pronounced with smaller valve areas and higher blood flows [20]. 

 

 

Figure 10 – Top view of a slice defined in mid-AA with the computed 3D velocity and the corresponding h values 
for one BAV configuration (left) and the TAV configuration (right) (Q1 = 1 * original flow rate; Q2 = 1.2 * original 

flow rate; Q3 = 1.4 * original flow rate): h red colors stand for local right-handed helical structure, blue colors stand 
for local left-helical structure and green colors stand for no helical structure [20]. 

 

 Regarding the WSS, once again, high-localized values were present in the mid-AA region for BAV 

configurations, corresponding in this case to the location of AD. TAV configurations, on the other hand, 

presented low WSS, meaning that fluid dynamics in dilated aorta correlated with a BAV is greatly 

different from the same geometry associated with a TAV [20]. 

 

2.3.1.2. A second approach for BAV modeling 

 

 Despite the fact that the previously described studies were a mark in the beginning of the 

computational work of BAV related aortopathies, they present some limitations, such as the assumption 

of the aortic wall as a rigid structure and the use of only one PS geometry [23, 61, 20]. In order to 

overcome such limitations, a different approach on BAV associated aortopathies modeling appeared in 

2013 with the first FSI study in this specific area [21]. In this work, ECG-gated CTA images obtained at 

the cardiac phase with the largest aortic valve opening area, were used to reconstruct PS aortic dilated 

geometries: two with a BAV (one with R-N fusion type and another one of type 1 without raphe) and 

three with a TAV [21]. Reconstruction of the valve leaflets was also made and flow extensions were 

added at the valve entrance and at the exits, in order to guarantee a full blood flow development at those 

regions. On the other hand, the aortic wall was modeled as having two different layers, and 

computational FSI analysis was then used to investigate aortic dilation and understand mechanical 

factors involved in the initiation of aortic wall dissection, in BAV and TAV cases [21]. In order to do this, 

hemodynamic predictors such as blood pressure, flow patterns, WSS and principal stress were 

measured.  

Similar results to the previous ones were obtained, highlighting eccentric blood flow jet angle and 

helicity patterns in BAV aortas versus the TAV ones and, once again, maximum WSS was localized on 
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the AA portion [23, 61, 20, 21]. However, abnormal flow was seen in a TAV patient with AS and AR in 

an analogous manner to BAV patients. These last ones exhibited left-handed nested helical flows in the 

AA and a retrograde flow toward the aortic valve for one of the BAV patients appeared (Figure 11) [21]: 

 

 

Figure 11 – Streamlines of blood velocity over one cardiac cycle for BAV patients with AD: Patient (A) – R-N 
fusion type with an AA diameter of 56 mm; Patient (B) – Type 1 without raphe with an AA diameter of 15 mm. 
Left-handed helical flow patterns are displayed in the AA portion in both BAV patients and patient (A) presents 

some degree of AR [21]. 

 

In BAV cases, regions of peak WSS appeared more extended than those in patients with TAV and 

corresponded to sections of high blood pressure [21]. It was also seen that wall shear stress is 

discontinuous at the interface between aortic layers in dilated portion above the STJ, which is caused 

by differences in elastic material properties of those layers and will most commonly result in tearing and 

dissection of that area of the aorta [21]. 

 The relevance of WSS distribution in AD was further studied in a CFD work, [22], which used the 

aortic models from [21] for WSS quantification through the calculation of time-averaged WSS (TAWSS) 

magnitude over one cardiac cycle (amount of stress that the aortic wall is subjected over time) and 

oscillatory shear index (OSI), a marker of blood flow-predominant direction (the higher is this index, the 

more oscillatory is the flow) [22]. Their results shown lower values of TAWSS and higher values of OSI 

for BAV related AD (especially in the left and inner layers of the wall) compared to those of TAV. 

Therefore, these two parameters appear to have an inverse relation and the high values of OSI are most 

probably caused by the highly skewed flow throughout the AA wall in BAV cases [22]. 

 

2.3.1.3. Most recent approaches 

 

 The most recent technique in modeling BAV related aortopathies concerns the creation of idealized 

3D pulsatile TAV and BAV type 1 inflow velocity profiles that represent the action of the aortic valve 

through a cardiac cycle. This new approach has been used in two complementary studies, [64, 63], 

which reconstructed a 3D healthy human aortic geometry from CT images through manual contour of 

the arterial wall on each CT slice, with the purpose of using it for FSI computational simulations [64, 63]: 

while in [64] the main goal was to study the contribution of BAV hemodynamic abnormalities on 
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ascending aortic wall remodeling, in [63] they intended to study the influence of distinct BAV fusion types 

(L-R, R-N and N-L) on AA hemodynamics and WSS. 

 In order to create 3D velocity inflow profiles, 2D pulsatile velocity profiles previously predicted at the 

STJ by [109] were extrapolated and then scaled to match physiologically accurate flow rates in TAV and 

BAV cases [64, 63]. In [63], the extrapolated 3D profiles were obtained for the different types of BAV 

cusp fusions by rotating them, as seen in Figure 12: 

 

 

Figure 12 – Aorta inflow conditions: peak-systolic 3D velocity profiles (top: velocity vector field; bottom: transverse 
view of the velocity contour field and sinus wall outline; L: left-coronary sinus; R: right-coronary sinus; N: non-

coronary sinus) [63]. 

 

 Once more, helical patterns associated with an increase in the WSS values in peak systole for the 

proximal AA were seen in both studies [64, 63], associated with the existence of a systolic retrograde 

flow near the BAV STJ in [64]. Furthermore, in [63], dependence of the WSS distribution in regards to 

BAV fusion type was recognized: with respect to flow development along the curved aortic wall,           

BAV R-N and BAV L-N fusion types were associated with large amplification of flow helicity in the middle 

AA in contrary to BAV R-L fusion type, a phenomenon that raised WSS in the first two models. Such 

WSS increase was aggravated during diastole in comparison to TAV and BAV R-L.  

 

2.3.2. MFS disease 

 

Very few computational studies have been made to study aortic hemodynamics [24, 70] or aortic 

valve function in MFS [68], although several recurred to 4D flow MRI to analyze blood flow and WSS 

patterns in the aorta in MFS patients [62, 69]. Studies [62] and [69] have shown local helical flow patterns 

in the inner curvature of AA for MFS patients, but only in [69] these patterns were associated with dilated 

aortic roots. Also, helical flow was seen in the DA [69], being hypothesized that local abnormal flow, 

such as the one observed in the AA, might influence downstream the hemodynamics of the entire aorta 

and therefore generate further blood flow alterations [69]. In association with localized disturbed flow in 

the AA, subtly increased localized WSS was also seen in the same region, especially in peak systole 

[62]. This supports the hypothesis that MFS and its connective tissue associated disorder originates 

altered hemodynamics, therefore leading to further alteration in WSS patterns which develops at the 

same time as aortic root dilation [62, 69]. 
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 The studies from [70, 24] have tried to understand the phenomenon of aortic root dilation associated 

with MFS and related hemodynamics alterations. In the former, a hydraulic loop was built to simulate 

the left ventricle outflow tract and only the aortic root portion was used to measure time resolved 2D 

velocity maps. This study shown that the shape of a dilated root in MFS patients gives rise to abnormal 

vortices in the root during systole, with mainly clockwise rotations at late systole [70]. Moreover, such 

flow oscillations lead to residual flow patterns during diastole. These factors might enhance the leaflet 

stresses, increasing the risk of valve injury and malfunction [70]. 

 On another note, in the study from [24], PS 3D aortic models with a dilated root were obtained from 

cardiac MRI images and CFD computational simulations were carried on afterwards. Local right-handed 

helical flows at the inner wall of the AA were observed, in agreement with what was previously said     

[24, 62, 69], and additionally up to the proximal aortic arch. Also, left-handed helices were seen on the 

outer wall from the AA to the aortic arch, where the highest helicity densities were present. Regarding 

the dilated aortic root, areas of low velocities and recirculation were present, especially at peak systole, 

associated with low WSS (Figure 13) in comparison with the aortic arch and the DA, which featured high 

velocity and helicity densities, and consequently higher associated WSS [24]. Therefore, and having in 

consideration the previously spoken WSS-related works [24, 62, 69], one can see that low WSS is 

associated with aortic root dilation, while the inner ascending portion of the aorta and the arch present 

higher WSS associated with higher blood flow velocities. 

 

 

 

Figure 13 – TAWSS contours in the aorta of one MFS patient (the left-oblique view is on the left and the right-
oblique view is on the right). A low TAWSS is shown for the dilated aortic root, associated with low velocity and 

helicity [24]. 
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3. Methods 

3.1. Patient clustering 

 

Data concerning 82 patients with BAV, one patient with MFS and one healthy patient were provided 

and analyzed.  

Firstly, criteria for AD, AR and AS are defined. Aortic root dilation is characterized as having an 

annulus’ diameter greater than 36 mm and AA dilation as having a diameter greater than 35 mm [71]. 

For AR, there is criteria dividing it into mild, moderate and severe, having into account diverse 

hemodynamic parameters such as the blood jet width (less than 25% for mild AR, between 25% and 

64% for moderate AR and above 65% for severe AR) or the regurgitant fraction (less than 30% for mild 

AR, between 30% and 49% for moderate AR and above 50% for severe AR) [71]. More details on the 

various AR parameter classification can be found on reference [71]. Finally, regarding AS, there are 

several stages of this valve condition but, for the sake of this work, we shall consider only a stage at risk 

of having AS, characterized by an aortic maximum velocity below 2 m/s, and progressive AS in a mild 

stage, characterized by an aortic maximum velocity between 2 and 2.9 m/s [71], among other 

parameters that can be found on reference [71]. 

It is also important to mention that the age referred for all patients is the one corresponding to their 

respective image acquisition time. 

Concerning the healthy patient, this is a 9 year-old female without any aortic valve problems and with 

normal aortic sizes, apart the fact that she presents a very slight coarctation in the distal aortic 

arch/proximal DA. The MFS patient, on the other hand, is a 24 year-old male with severe aortic root 

dilation, presenting a diameter of 46 mm at the STJ, but without any valve problem. Additionally, he 

presents a coarctation in the aortic arch. 

Regarding BAV disease, 22 of the 82 patients present cardiac CT exams and, from these, a thorough 

patient clustering is created for consecutive computational analysis. AD and AR are then addressed for 

comparative studies and patients with different clinical characteristics are selected (Table 1). 

 

Table 1 – Patient clustering for AD and AR. Patients L (which presents coarctation in the aortic arch), M and T 
have non-stenotic R-L fusion type BAV, while patient K presents progressive mild AS. 

Patient Age [years-old] 
/ Gender [M/F] 

Aortic 
dilation 

Aortic 
regurgitation 

Aortic root 
diameter [mm] 

AA diameter 
[mm] 

K 25 / M Type B Mild 42 50 

L 34 / M Without Mild 28 30 

M 33 / M Type A Mild 36 38.6 

T 35 / M Without Severe 26 30 

 

 

In addition, BAV patients L and T present arterial hypertension. The other BAV patients (K and M) 

do not present any extra clinical condition. 
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3.2. Image acquisition 

 

All provided images belong to Hospital de Santa Marta (Centro Hospitalar de Lisboa Central) and 

are of thorax CT obtained with high resolution. These images are in DICOM format, which is extremely 

used in treatment, storage and transmission of medical images. They were acquired using LightSpeed 

VCT from General Electric Medical Systems, a very fast and with wide anatomical coverage CT 

machine. Most of the image studies were made without the application of endovenous contrast and with 

a distance of 1.25 mm between each slice acquisition, except for patient M, with a distance of 0.625 

mm. The number of acquired CT slices was different for every patient (see Table 2). 

  

Table 2 – Number of slices for each patient CT dataset. 

Patient Healthy M K L T MFS 

Nr. slices 314 504 275 254 270 276 

 

 

3.3. Image segmentation and geometry reconstruction 

 

To obtain PS 3D models of the TA, enhancement and segmentation of CT images and geometry 

reconstruction procedures are performed.  

Image segmentation is an image-based model creation technique, in which CT or MRI images are 

subdivided into sets of pixels, the smallest addressable element that constitutes those images. In this 

process, groups of pixels with similar properties, such as the gray level of the image, are created, with 

the objective of delineating an anatomical region of interest (ROI) [18].  

 

3.3.1. 3D Slicer 

  

  For the image segmentation and geometry reconstruction step, an open source image processing 

software, 3D Slicer (version 4.4, https://www.slicer.org/), is used.  

 First, criteria regarding the structure to be segmented is necessary. Only the main aortic vessel and 

the artery branches arising from the aortic arch are chosen to undergo segmentation, leaving out the 

coronary arteries and the arteries originating from the abdominal aorta, as well as the sinuses of 

Valsalva in some patients. Regarding the main aortic vessel, models are originated at the middle of the 

aortic root plane and extended to the end of the DA. 

 Each set of CT images is imported into 3D Slicer and the respective study series is chosen: for 

patient M, it is the study called “TX C/ GATING” and for the remaining patients, it is the one named 

“MEDIASTINO”. 

 After image import, it is necessary to obtain a good approximation of the localization of the TA and 

select a preset for visualization of the volume obtained by assembling of the CT image slices            

(Figure 14). 

 

https://www.slicer.org/
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Figure 14 – Thorax CT images of patient M display, on axial (red), sagittal (yellow) and coronal (green) 
perspectives, as well as visualization of the 3D volume obtained with a selected preset (in this case, “CT-

coronary-arteries-2”). 

 

 Afterwards, to create a good distinction between the aortic structure and its involving structures, 

contrast and brightness of the images need adjustment (a process that can be repeated several times 

during segmentation), a task that reveals itself arduous for reasons mentioned in Appendix A. Then, 

image cropping is performed, an operation which allows for the elimination of unwanted image 

information and the choosing and visualization of the ROI: in this case, the TA.  

 Manual segmentation aided by 3D Slicer automatic tools is chosen as the main segmentation 

procedure for all patients to increase the accuracy of the final 3D aortic models. For this, a label map is 

created in 3D Slicer. This map generates an association between a certain number and the intensity of 

a certain tissue in a determined location, meaning that to a different number corresponds a different 

color. In this work, only one label is created for the aortic lumen, in all segmentation procedures.  

The axial visualization plane is then chosen for manual slice segmentation, because it allows for a 

better visualization of the aortic structure evolution, slice by slice. However, image visualization on all 3 

planes, as well as segmentation procedures, is made, especially to overcome interpretation difficulties 

regarding low contrast CT images (Figure 15) and streaking image artifacts.  

 

 
Figure 15 – Visualization of a CT slice in the axial plane: segmentation procedure in patient K. To overcome the 

low contrast between the TA and the surrounding tissues, slice segmentation on the coronal and sagittal planes is 
done. 
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 Segmentation of the aortic lumen is carried out mostly by using the Paint editor tool of 3D Slicer, 

more specifically a radius changing brush. However, several other 3D Slicer editor tools are used to aid 

manual segmentation procedures:  

 Level tracing – Tool in which moving the mouse on a certain slice defines an outline where the 

pixels have the same intensity to the pixel corresponding to the position of the mouse; 

 Save island – Tool that allows to select a region on a slice, named island, and removes 

disconnected pixels with the same label; 

 Model maker – Tool that creates a crude version of the model for a respective label map, without 

any smoothing. This tool is very useful to keep track of how the model is getting built. 

 

Proceeding with the segmentation, a full TA model is created. Subsequently, it is necessary to 

reconstruct the previously segmented vessel lumen to create a surface model. Since the models to be 

created are PS, they have increased complexity and therefore cannot be solved analytically [18]. Thus, 

several numerical techniques are used to achieve approximated solutions [18]. In this work, the Finite 

Element Method (FEM) is used [18, 72]. This method takes into account the subdivision of a certain 

geometric computational domain (in this case, the aortic geometry) [18] in subdomains of simple shape 

and finite dimensional size (for example, tetrahedrons) called finite elements (FE) [18, 73], generating a 

computational mesh [18]. Afterwards, in the modeling software, approximation functions associated to 

each FE are used to derive algebraic relations between the respective elements [73]. Finally, assembling 

of the solutions for flow and wall are made, guaranteeing the continuity of velocities and normal stress 

at the interface boundary [18, 73].  

Surface reconstruction from the previously segmented label map in 3D Slicer is carried on using the 

Model Maker module. Regarding the surface reconstruction parameters available, a reconstruction with 

five smoothing iterations is chosen for a Laplacian filter type, which is equivalent to a 5% smoothing. 

Such a small smoothing percentage is chosen to maintain the aortic models the most realistic possible. 

A default decimation (surface complexity reduction) value of 0.25 is chosen. After model creation, it 

needs to be exported with an .stl extension format, which saves the surface as a raw unstructured 

triangular mesh. 

 

3.3.2. MeshLab 

 

The models exported from 3D Slicer are then imported to MeshLab, an open source software for 

processing and editing of unstructured three-dimensional triangular meshes. In MeshLab, it is first 

necessary to check the model’s surface integrity. For that, selection of self-intersecting faces, non-

manifold vertices and non-manifold faces is made for following deletion. During this deletion procedure, 

holes sometimes appear on the surface and therefore the “Fill Hole” operation becomes necessary. 

Afterwards, smoothing is applied. The chosen 3D Slicer filter (in the Smoothing, Fairing and 

Deformation Module) is Taubin Smooth, which allows effective smoothing of very large and complex 

surfaces without loss of realistic characteristics (Figure 16) [74]. Finally, export of the repaired .stl file is 

performed. 
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Figure 16 – Use of Taubin Smooth filter on the aortic surface of the healthy patient on the left – original model; on 

the right – smoothed model. 

  

3.4. Aortic wall creation 

 

3.4.1. LifeVFSI: Open-source tool for PS fluid-structure vessel mesh generation 

 

 To design FSI models of the aortic vessel, it is necessary to generate the aortic wall from the vessel 

lumen surface models previously created. For this, an open-source tool for PS fluid-structure vessel 

mesh generation developed in a FE library called LifeV by Elena Faggiano in Politecnico di Milano is 

used. This tool uses as an input a surface mesh representing the vessel lumen (interface between blood 

and wall, more exactly) and creates as an output two tetrahedral meshes: one for the fluid volume and 

another one for the wall [75]. Even though the main purpose of this tool is to form high quality meshes 

for both fluid and wall structure, in this work it is used for vessel wall creation from the lumen surface. 

This option was made due to the fact that the following software to be used in computational simulations 

does not accept previously created meshes as inputs in FSI modules. Therefore, some of the options 

presented in this tool are discarded. 

This tool aggregates methods available in the Vascular Modeling Toolkit                                                   

(vmtk - http://www.vmtk.org/) (a “collection of libraries and tools for 3D reconstruction, geometric 

analysis, mesh generation and surface data analysis for image-based modeling of blood vessels”), with 

ad-hoc algorithms developed specifically for this application [75]. It needs to be run in an Ubuntu 

machine with vmtk installed and all the commands need to be given with the directory being the folder 

where both the tool script in python and the files exist. 

 Before running the tool, the inlet (surface where blood flow comes inside the aorta) and outlets 

(surfaces from where blood flow comes out of the aorta) from the input model must be opened. For this, 

a specific command from vmtk needs to be run in the Ubuntu command line (Figure 17): 

 

 vmtk vmtksurfaceclipper –ifile “file name” –ofile “file name_out”, where “file name” is the 

interface surface file and “file name_out” is the output file with a capped geometry. It is important 

http://www.vmtk.org/
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to mention that the DA is cut up to its middle in all aortic geometries except for the healthy one, 

to reduce complexity for subsequent numerical simulations. 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

Before running the tool, the following command must be run: 

 

 chmod u+x LifeVFSIMeshGenerationOpt.py, which allows for the tool script 

(“LifeVFSIMeshGenerationOpt.py”) to be run in the machine. 

 

Finally, the tool script can be run using the following command in the Ubuntu command line: 

 

 ./LifeVFSIMeshGenerationOpt.py -ifile InterfaceSurface.stl –fluidname 

LifeVFluidMeshName.mesh -solidname LifeVSolidMeshName.mesh, where 

 “InterfaceSurface.stl” is the capped interface surface .stl file, which serves as input, 

“LifeVFluidMeshName.mesh” is the output fluid mesh, in .mesh file format, and 

“LifeVSolidMeshName.mesh” is the output wall mesh, in .mesh file format. A full script tool 

workflow is displayed on Appendix B.  

 

Initially, a graphical interface window appears and a list of inlet and outlet profiles needs to be 

provided. This process allows for proper centerlines (shortest paths traced between two extremal points) 

computing, which accurately describe the shape of the aortic vessel structure. 

 Then, interface meshing is set. Since the extrusion method for the wall mesh generation takes into 

account the type of interface meshing, a radius dependent scheme must be chosen. This option is made, 

because, in the aorta, wall thickness varies according to the radius of the lumen [76, 64, 63]. This 

meshing scheme works by making the dimension of local triangular elements proportional to the local 

lumen radius. This local radius is computed by coupling information about the local distance between 

the interface surface and the vessel centerlines and the local maximum inscribed sphere radius [75]. 

Figure 17 – Capping procedure on the healthy patient’s aorta using vmtk. All the aortic structure 
is displayed in the tool graphical interface (left) and then the user must choose an inlet or outlet 

to cap (in this case, inlet), intersecting it with a cube (middle). Finally, by pressing the Space Bar, 
the inlet is capped (right). 
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This process allows for adequate mesh refinement, avoiding over refinement of larger portions of the 

aortic vessel such as the AA and providing a mesh fine enough for the branches arising from the aortic 

arch [75]. A similar process is also computed afterwards for the wall mesh generation. 

 The mathematical formula used by the LifeVFSI tool for radius dependent meshing is 

 

h =  α ∗ 𝑟𝛽,                                                                 (3.1) 

 

where h is the aortic wall thickness, r is the lumen local radius and α and β are fitting parameters. 

 

3.4.1.1. Interface meshing: healthy patient 

 

 For the healthy patient, and to find appropriate α and β for equation (3.1), correspondences between 

the aortic thickness (h) and the lumen diameter (d) are obtained from the literature: for d equal to              

29 mm, we have h equal to 1.63 mm [77] and for d equal to 3 mm, we have h equal to 0.22 mm [76]. 

With these correlations, the following equation is determined: 

 

h = 0.1538 ∗ r0.88277                                                        (3.2) 

 

3.4.1.2. Interface meshing: BAV and MFS patients 

 

 According to AD criteria previously defined, patients L and T do not present a characteristic aortic 

dilation and therefore, in each case and for interface mesh generation, equation (3.2) is chosen. For 

patients M and Q, which present small AA dilations, equation (3.2) is also chosen without further wall 

creation changes. This option is taken, because literature correlating AA lumen diameter and aortic wall 

thickness in dilation cases only exists for diameters above 45 mm [78] and thus, values below that one 

are not considered representative of a severe dilation. For patient K, which presents a significant dilation, 

equation (3.2) is also chosen for the interface meshing procedure, but further alterations in wall 

generation are made. Regarding the MFS patient, and despite being widely known that this disease 

causes aortic wall thinning [10], no appropriate wall thickness values were found in literature. However, 

in the computational study described in [68], normal aortic wall thickness values are considered. 

Therefore, equation (3.2) is also applied to its aortic interface meshing. 

 

3.4.1.3. Fluid and structure mesh generation 

 

 With respect to fluid mesh generation, default options given by the tool are chosen: a volume element 

factor of 0.8 is adopted, as well as no existence of boundary layers. With these options, a tetrahedral 

fluid mesh is generated.  

 Concerning the wall mesh generation, this method works by projecting each surface mesh triangle 

vertex along the direction of the normal outgoing the surface. To avoid self-intersections, vertex normal 

direction is iteratively corrected using information coming from the normal of the vertices directly 
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connected with the considered one [75]. For all aortic models, 1 sublayer is chosen, as well as a radius 

dependent extrusion method that recurs to equation (3.2). A default thickness ratio of 0.1 is used. 

Regarding patient K, an additional procedure is made. Since he has the greatest AA dilation (with a 

maximum lumen diameter of 50 mm), a different wall thickness is applied to the dilated region. For this, 

a delineation of the AA is executed and a constant thickness of 1.6 mm [78] is applied for that area only. 

 

3.4.2. Wall geometry simplification and conversion into .IGS 

 

After this, and to prepare the aortic geometries for subsequent computational simulations, several 

additional procedures need to be made. These are applied to all the aortic wall files (for numerical 

simulations) as well as the fluid file from the healthy patient (for mesh sensitivity analysis). Fluid files 

from all the other patients are not used in this work for reasons to be further explained. 

First, the software Gmsh (version 2.11.0, http://gmsh.info/), a three-dimensional FE mesh generator 

with built-in pre- and post-processing facilities, is used for conversion from .mesh to .stl file, through the 

import of the .mesh file and save as an .stl with binary format. Then, mesh simplification is required to 

diminish the complexity of the structure itself, since the software used in the subsequent procedures is 

not able to import very complex .stl files. The .stl file is imported into MeshLab and then the “Quadric 

edge collapse decimation filter” (from the Remeshing, Simplification and Reconstruction Module) is used 

with its default options. The filter is used several times until a good simplification of the structure surface 

mesh has been achieved (Table 3). 

 

Table 3 – Mesh simplification. 

Patient 
Initial number of mesh 

surface elements 
Final number of mesh surface 

elements 

Healthy (fluid geometry) 228808 14292 

Healthy (wall geometry) 132084 16510 

M 109168 15716 

K 134112 15924 

L 137960 16372 

T 95184 15228 

MFS 108984 15466 

 

 

Next, the geometry is exported as a .stl file. Since the simulating software is not able to import 

irregular .stl files properly, conversion of this file format into a CAD file type, such as .igs, is performed. 

For this, the software SolidWorks 2010, a solid modeling computer-aided design (CAD) and computer-

aided engineering (CAE) software program, is used. One must import the previously simplified mesh .stl 

file into SolidWorks, choosing in the options the import as a solid body and centimeters as the import 

unit. Then, the geometry must be saved as an .igs file. 

 

 

 

 

http://gmsh.info/
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3.5. Numerical simulations development 

 

 The software used for numerical simulations is COMSOL Multiphysics (version 5.0, 

https://www.comsol.com/), a software platform based on advanced numerical methods for modeling and 

simulating physics-based problems. 

 

3.5.1. Aortic geometry preparation 

3.5.1.1. Import and processing 

 

 Firstly, import of the aortic wall geometries into COMSOL as well as some additional geometrical 

processing are performed. Each geometry is imported as a solid 3D CAD file, with an absolute import 

tolerance of 10−5 and with checking of errors in imported objects, repairing of imported objects and 

remoting of redundant edges and vertices. Afterwards, repair of the imported CAD geometry is made, 

as well as appropriate scaling: upon import, the geometry scale changes, and, to match it with the most 

accurate as possible and realistic scale, a re-scaling is necessary. For this, the scaling factor from 

equation (3.3) is used: 

 

scaling factor =  
r_real

r_Comsol
,                                                     (3.3)  

where r_real is the realistic measured radius and r_Comsol is the measured radius of a certain fluid inlet 

or outlet of the geometry in COMSOL. 

 For this procedure, the measurements are made at the TA outlet, assumed as circular, to simplify 

the calculations. r_real is determined through the use of the software MeshMixer, a similar software to 

MeshLab for processing of triangular mesh structures. By importing the lumen surface of the aorta into 

MeshMixer, one can select the “Analysis” module and measure the diameter of the TA outlet, retrieving 

r_real from it. It is important to mention that this measurement is approximated, which can influence the 

results.  

To find r_C, a COMSOL function named “Cap Faces” (to be explained further) is used for lumen 

surface creation on the TA outlet and its area is measured, retrieving r_C from it. 

 Values of r_real, r_C and scaling factors for each aortic geometry are presented in Table 4. 

Regarding the healthy patient, since she is 9 years old, her aortic geometry scaling is altered to match 

accurate adult aortic sizes. Therefore, the scaling is applied having into account the aortic inlet, in this 

case, and r_real is assumed equal to 0.015 m, a reasonable value for normal aortic sizes [71].  

 

 

 

 

 

https://www.comsol.com/
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Table 4 – Values of r_real, r_C and scaling factor for all patients. 

Patient r_real [10] r_C [10] Scaling factor 

Healthy 0.015 0.09042 0.165892 

M 0.009045305 0.0919473 0.098375 

Q 0.01122117 0.1187616 0.094485 

K 0.00910825 0.093934 0.09696 

L 0.0092949 0.096128 0.096693 

T 0.01047963 0.11623 0.090163 

Marfan 0.01204106 0.1223134 0.098444 

 

  

After re-scaling the geometries, one must make sure that the inlet and outlets surfaces (as well as 

the wall on the same cross sections) are plane, to further impose specific physics conditions. For this, a 

cube is created in COMSOL for each boundary, in a manner that the wall corresponding to each inlet or 

outlet is fully intersected by the cube. Afterwards, the Boolean operation “Difference” is applied between 

the aortic geometry and each cube, so that a clear wall boundary is defined.   

  Then, the “Cap Faces” tool is used in every wall boundary corresponding to inlet and outlets. This 

tool adds a lid to inlet/outlets orifices and, if every inlet and outlets are picked, virtually fills the inside 

with the vessel lumen (Figure 18), and this is why only the aortic wall needs to be imported into 

COMSOL. By using this tool, we will have two physical domains - the structure (wall) and the fluid 

(lumen).  

  Finally, the last step of geometry preparation in COMSOL concerns the use of a virtual tool called 

“Form composite faces”, which, through the selection of all faces besides the inlet/outlets orifices and 

respective wall boundaries, unites the surface (Figure 18 - right). 

 

                      

Figure 18 – Aortic wall geometry processing in COMSOL: the “Cap faces” tool is applied by selecting the edges of 
the interior wall that one wants to cap (on the left), creating a lid on the respective inlet/outlet orifice (in the 

middle). On the right, it is shown the final look of both wall and lumen domains. 

 

3.5.1.2. Valve anatomic orifice creation 

 

To better analyze the influence of the BAV shape in AA hemodynamics, BAV anatomic orifices are 

created in the inlet of every BAV aortic geometry. Since none of the BAV patients presents aortic 

stenosis, these orifices are created resorting to the geometric orifice area (GOA) of the aortic valve 

orifice given in the literature for a standard BAV [23, 61]. An analytical model of a BAV anatomic orifice 

is mathematically defined in COMSOL in a similar way to what is explained in [23]: the orifice is designed 

in a two-dimensional plane by the intersection of two circle functions with radius of 14.005 mm and 
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11.0033 mm, respectively, yielding an orifice area of about 2 cm (Figure 19). This orifice is sampled into 

each aortic inlet through the use of a work plane defined by three vertices from the inlet plane. Regarding 

the MFS patient, a circular orifice is created as the inlet in a similar way to what was done in [24]. 

 

                         

Figure 19 – BAV orifice creation: from the intersection of two circles of different radii (left), a BAV orifice is created 
(right).  

 

 The orifice is delineated for BAV type R-L. Given the fact that information regarding valve cusps 

position and orientation isn’t available in any of the CT sets, BAV orifices are positioned in a similar way 

to what was done in [23]. Since the main goal of this work is to analyze the hemodynamics during 

systole, valve leaflets are not modeled, because it has been shown that the valve orifice shape in BAV 

configurations associated with the format of the aorta are sufficient to recreate related hemodynamic 

abnormalities [20]. The valve is then modeled only by the GOA and inflow conditions to be subsequently 

prescribed on the orifice. On the other hand, valve leaflets strongly influence blood hemodynamics 

during diastole due to valve closing. Although the use of the GOA is not accurate for the diastole, we 

can still get qualitative information during this period. Therefore, inflow conditions will have into account 

physiological aspects of a full cardiac cycle (systole and diastole). 

 Additionally, since previous segmentation procedures suffered difficulties, extrusions were added to 

the AA entrance of the healthy patient and patient L in order to simulate an accurate length of this vessel 

portion. 

 All of the aortic processed geometries inside COMSOL are presented below: 
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 Figure 20 – Aortic structures for all patients. 

 

3.5.2. Numerical modeling  

3.5.2.1. Physics: FSI – ALE general formulation 

 

 To solve the partial differential equations (PDEs) arising from a specific modeling physics in 

COMSOL, these are frequently formulated either in a spatial frame (Eulerian formulation), or in a 

material frame (Lagrangian formulation). In the former, the mesh of a certain domain remains fixed in 

space while the material passes through it, therefore having each material point and respective mesh 

node as functions of time; in the latter, the coordinate system is fixed to the material itself, in its own 

reference configuration, and follows the material as it deforms, meaning that its respective domain mesh 

moves with the material [80, 79, 18]. 

Healthy patient Patient K 

Patient M MFS Patient 

Patient L 

Patient T 
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In structural mechanics, for example, where the physics is based in possibly anisotropic, solid 

materials, Lagrangian formulation is mostly used, due to the fact that it causes the anisotropic material 

properties to be independent of the current spatial orientation of the material [80, 79, 18]. Alternatively, 

for fluid problems, quantities such as pressure or temperature studied at fixed positions in space are of 

most interest. Therefore, it is more reasonable to use an Eulerian formulation [80]. However, this 

formulation presents the inability to handle moving domain boundaries, which is of interest in FSI 

modeling. Thus, the equations in the Eulerian frame must be rewritten, and, for this, a different 

coordinate system is used. In this system, the domain is fixed, and there is a one-to-one map from the 

mesh coordinates to the current spatial configuration of the domain. Rewriting the Eulerian equations 

like this, on a freely moving mesh, results in an Arbitrary Lagrangian-Eulerian (ALE) formulation, which 

couples the Lagrangian and Eulerian formulations [80, 19, 79, 18] and it is the method which COMSOL 

uses to solve FSI physics [80]. Regarding the one-to-one map, when this follows the material 

deformation, the ALE method becomes purely Lagrangian; alternatively, when the map is an identity 

map, meaning that the mesh coordinates match the current spatial configuration of the domain, the ALE 

method becomes entirely Eulerian [80]. The ALE method therefore joins the best features of both 

Eulerian and Lagrangian approaches: it allows moving boundaries without the need for the mesh 

movement to follow the material [80]. 

Specifically for the FSI problem of the aorta in this work, in which we want to couple the equations of 

blood flow – NS – and those for the aortic wall deformation, the ALE approach is a highly feasible one 

[19, 18]. Let us define a reference domain corresponding to a certain portion of an arterial vessel at 

some initial time, Ω̂. We have Ω̅̂ = Ω̅̂s⋃Ω̅̂f, where Ω̂f is the section of the fluid domain and Ω̂s is the portion 

of the wall domain, and Γ̂ = Ω̂s⋂Ω̂f is the fluid-structure interface [19, 18]. During a specific time interval 

[0, T], the domain deformation is described by 

 

Ls ∶  Ω̂s × [0, T] → Ωs(t), Af ∶  Ω̂f × [0, T] → Ωf(t), 

 

where Ωs(t) represents the wall domain and Ωf(t) the fluid domain at time t (Figure 21). The boundary 

𝜕Ω(𝑡) of Ω(𝑡) is composed of a physical boundary (external surface of the wall, which has suffered 

deformation) and a virtual boundary (vertical walls in the domain of Figure 21) with fixed position over 

time.  

 

Figure 21 – Parametrization of the domain. The vessel in the initial configuration (on the left) suffers deformation 
(on the right) [19]. 
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Regarding the wall domain deformation, its displacement is given by 𝜂(x̂, t) = Ls(x̂, t) − x̂, x̂ ∈ Ω̂s and 

the velocity of any point x̂ is given by η̇(x̂, t) = ∂tL
s(x̂, t) = ∂tη(x̂, t), respectively. On the other hand, and 

in what concerns the fluid domain, we have, for the domain velocity, ŵ(x̂, t) = ∂tA
f(x̂, t). According to the 

fact that in the vertical boundaries from Figure 22 the velocity of the fluid is null, we have ŵ ∙ n = 0 (n is 

the unit external normal to the boundary), whereas on Γ̂ this velocity is equal to that of the wall, this is, 

ŵ = �̇�.  

 To obtain the appropriate ALE formulation for a vessel coupled FSI problem, it is necessary to 

present additional equations regarding the deformation tensors for both solid and fluid domains, namely 

 

Fs(x̂, t) = ∇x̂L
s(x̂, t) = I + ∇x̂η(x̂, t) and Ff(x̂, t) = ∇x̂A

f(x̂, t), 

 

where I is the identity matrix, and their determinants, 

 

Js(x̂, t) = detFs(x̂, t) and Jf(x̂, t) = detFf(x̂, t). 

 

 For the wall deformation, we can consider that it is governed by the linear elastic equations given by 

 

ρs ∂2η

∂t2
− divx̂(𝜎) = 0, in Ω̂s, t > 0,                                               (3.4) 

 

where ρs is the density of the wall in the reference configuration and 𝜎 = FsΣs is the Cauchy stress 

tensor, where Σ𝑠 is the second Piola-Kirchoff stress tensor. This tensor is given by 

 

Σs =
∂Ψ

∂E
,                                                                    (3.5) 

 

being E the Green-St. Venant strain tensor and Ψ the density of a given elastic energy.  

 

 By joining equation (3.4) with the NS equations (2.1) and (2.2) previously defined for the fluid in 

Chapter 2, we get the full coupled FSI problem, for t > 0: 

 

ŵ = H(η̇|Γ̂) in Ω̂f, w = ŵ ∘ (𝐴𝑓)−1,                                              (3.6) 

∂uf

∂t|x̂
+ ρf(uf − w) ∙ ∇uf + ∇P − div(μfD(u)f) = f, in Ωf(t),                               (3.7) 

div(uf)=0, in Ωf(t),                                                           (3.8) 

ρs ∂2η

∂t2
− divx̂(𝜎) = 0, in Ω̂s,                                                  (3.4) 

u = η̇ ∘ (Ls)−1, on Γ(𝑡),                                                      (3.9) 

𝜎 ∙ n̂s = Jf(−PI + 2μfD(u)f) ∙ (Ff)PI−2μfD(u)f ∙ n̂s, on Γ̂,                             (3.10) 

 

where n̂s represents the outward unit vector on the boundary Γ̂, 
∂

∂t|x̂
 denotes the ALE time derivative and 

H(. ) represents any continuous extension operator from Γ̂ to Ω̂f. To sum up, equations (3.7) and (3.8) 
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are the NS equations that represent the fluid motion, as well as equation (3.6) for the domain velocity, 

and equation (3.4) represents the vessel wall deformation. Moreover, the fluid-structure interface is 

characterized by equation (3.10), which represents the fluid and wall stresses continuity and by equation 

(3.9), which denotes fluid and wall velocities continuity. These equations are therefore used in COMSOL 

for the ALE approach in FSI. 

 

3.5.2.2. Physics: Domain assumptions and material attribution 

 

All the characteristics concerning the model are expressed in the FSI physics module of the 

COMSOL interface. Blood is approximated as an incompressible, homogeneous and Newtonian fluid 

[76, 81, 82, 61, 20, 22, 64, 63], for reasons previously explained in Chapter 2.2., and to solve its 

governing equations, values of density ρf = 1050 kg/m3 [18, 64, 63] and viscosity μf = 0.004 Pa s            

[18, 82] are provided, being defined in COMSOL as global parameters. 

 Concerning the aortic wall, this is a rather complex structure, being composed of three layers with 

different properties [26] and with anisotropic behavior [48, 4,30, 76]. In order to simplify the FSI modeling 

problem and decrease the computational power required for numerical simulations [81], the aortic wall 

is assumed as a linear, elastic and isotropic one layer material, in agreement with references [64, 63]. 

 The Cauchy stress tensor from equation (3.4) depends on the Young’s modulus € and the Poisson’s 

ratio ν. The Young’s modulus defines the relationship between stress and strain in the solid material, 

being a measure of its stiffness: the higher the Young’s modulus is, the stiffer it is. Moreover, the 

Poisson’s ratio measures the expansion of a material perpendicularly to the direction of some 

compression, with most materials having a Poisson’s ratio ranging between 0 and 0.5. 

 The governing equations for the solid require values of density, Young’s modulus and Poisson’s ratio. 

For all patients (healthy, BAV and MFS), values of ρs = 1120 kg/m3 [21] and ν = 0.45 [64, 63, 68] are 

prescribed. Moreover, the values for the Young’s modulus vary according to the patient: in BAV cases, 

increased AD leads to an increase in wall stiffness and in MFS cases, the aortic wall is also generally 

stiffer [4, 30, 10, 83]. According to this, for the healthy patient and for all BAV patients except Patient K, 

E = 2 MPa is established [64, 63], for Patient K a value of E = 4.48 MPa is assigned [84] and for the 

MFS patient, E = 4 MPa is attributed [68]. The previous parameter values are also defined as global 

parameters. 

 

3.5.2.3. Boundary conditions 

 

 All BC are defined in the FSI physics module. 

 

3.5.2.3.1. Inlet 

 

At the inlet, physiological blood velocity curves, adapted from flow rate curves for TAV [85] and BAV 

[86], are chosen as representative of the heart action. To obtain velocity curves in COMSOL, a               



Methods 

36 

 

pre-processing procedure must be done using the software WebPlotDigitizer (version 3.8). This is an 

open-source software that allows to extract accurate numerical data out of plots saved as image formats. 

A similar workflow is followed for the curves: 

 Firstly, one must load the plot image to be analyzed – in this case, a .PNG image plot of flow 

rate through the aortic valve – and choose what type of image it represents (2D (x-y) Plot); 

 Then, calibration of the x and y axes is performed and afterwards, manual selection of data 

points takes place; 

 Finally, on the “Acquired Data” option, one can visualize the obtained data points. Then, it is 

necessary to sort them by X (which corresponds to the time) and insert “\t” as a column 

separator, with the remaining parameters as default. The data can then be copied to a notepad 

and saved. 

 

In COMSOL, the flow rate curves are uploaded on the definitions of the Model through creation of a 

linear interpolation function. The time for the initial data point is put equal to zero and, for each curve, 

the plot is created as a flow rate (m3/s) in function of time (s) (Figure 22). 

Afterwards, analytic functions of blood velocity curves as a function of time are created through 

division of the inflow rate by the inlet area. Five different velocity curves are created according to the 

patient in analysis: for healthy patient and the MFS patient, the TAV velocity curve are maintained 

unaltered; for the BAV patients K, L and M, the curves were re-scaled to match PS peak systolic 

velocities of 2.51 m/s, 1.41 m/s and 1.63 m/s, respectively; finally, for the BAV patient T, since he 

presents severe AR, an appropriate curve is chosen without further alterations. Additionally, since BAV 

patients K, L and M present mild AR, alteration of the BAV curve initially obtained is made in order to 

include mild AR [87]. The final velocity curves present periods of 0.87 s (healthy and MFS patients), 

0.753 s (BAV patients K, L and M) and 0.83 s (BAV patient T). 

Lastly, piecewise functions are defined with constant extrapolation and without smoothing to 

represent three cardiac cycles for each physiological curve. These functions are then applied to the inlet 

as a plug profile. 

 

 



Methods 

37 

 

 

Figure 22 – Flow rate curves representing the heartbeat and used in order to create appropriate blood velocity 
curves. The figure displays the curve to be adapted for healthy patient and the MFS patient [85], the curve to be 
adapted for BAV patients K, L and M (adapted from [86] and [87]) and the curve to be adapted for BAV patient T 

[87]. 

 

3.5.2.3.2. Outlets 

 

FSI numerical simulations in a 3D vessel domain feature a propagative behavior: as the domain 

usually represents just a small part of the entire cardiovascular system, the pulsatile blood outgoing the 

vessel is partially reflected by the remaining portion of the system, originating numerical artifacts such 

as spurious backflow from the outlets into the vessel under consideration [18]. Therefore, to avert this, 

a specific type of absorbing BC, called Linear Absorbing Conditions (LAC) is applied at the four outlets 

of the aorta model (IA, LCCA, LSA and DA) [88]. These BC have been previously verified as good 

absorbing BC in comparison with standard ones and especially for high values of the Young’s modulus 

[88]. 

 The LAC are considered by assuming that the average pressure at a certain current time step can 

be computed based on the flow rate at the previous time step, meaning that we have 

 

P̅(n+1) ≈ RQ(n),                                                            (3.11) 

 

where P̅(n+1) is the average pressure at the current time step, Q(n) is the flow rate at the previous time 

step and R is a constant coefficient. Such type of absorbing BC corresponds to a certain resistance that, 

at each time step, absorbs the pressure waves going out of the 3D FSI domain [88].  

 The flow rate Q(n) crossing a cross-section reference area at rest 𝐴0 is defined as 

 

Q(n) = ∬ u
A0

 dA0 = ∬ (ux ∗ nx + uy ∗ ny + uz ∗ nz)A0
 dA0,  

 

where ux, uy and uz are the spatial components of velocity in x, y and z coordinates, respectively, and 

nx, ny and nz are the spatial components of the normal (perpendicular vector) to 𝐴0. 
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The coefficient R  is defined by 

 

R =
√ρfβ

√2A0
5/4,                                                               (3.12) 

 

where β is a coefficient related to the mechanical properties of the vessel wall, given by 

 

β =
√π∗h∗E

1−ν2 ,                                                                (3.13) 

 

where h is the wall thickness at 𝐴0 [88]. 

Due to the fact that the aortic wall thickness varies proportionally with the lumen radius according 

to equation (3.2), h needs to be determined through the following equation: 

 

h = √
Acirc+A0

π
− √

A0

π
,                                                        (3.14) 

 

where Acirc is the annulus cross-section area at the outlet’s wall. 

 Pressure P̅(n+1) is therefore applied at each one of the outlets according to their specific mechanical 

and geometrical properties, which vary for each model. 

 

3.5.2.3.3. Surrounding tissue effects and remaining boundary conditions 

 

Although usually the surrounding tissue effects on the aortic wall are not considered, because of the 

difficulty involved in their modeling [89], these are shown to significantly change the obtained results. 

Therefore, in this work, a linear elastic support added as a “Spring Foundation” with a foundation 

stiffness of 75 mmHg/mm is prescribed on the outer aortic wall to account for the damping effect 

generated by the surrounding tissues on the aorta [64, 63, 89]. This means that, by applying 75 mmHg 

of pressure to the wall, it will be displaced 1 mm. Therefore, if the pressure decreases, the wall will move 

back accordingly [89]. The equation modeling this behavior is given by 

 

𝜎 ∙ 𝑛 = −𝑘 ∗ (∆𝑢𝑠),                                                        (3.15) 

 

where 𝑘 is the foundation stiffness constant and ∆𝑢𝑠 is the change in the wall velocity. 

 A fixed constraint BC is also applied at the distal ends of the AA entrance, the aortic arch branches 

and the DA, which causes the displacement of those wall portions to be null in all directions.  

 Finally, a coupling condition of no-slip between blood and wall is defined in the “Wall”, meaning that 

the fluid at the wall do not move.  
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3.5.2.4. FSI approach and study settings 

 

To solve the PDE equations arising from the FSI problem, a fully coupled approach, where the 

equations governing fluid and structure are solved at the same time, is chosen. Segregated approaches, 

in which these equations are solved separately, are also available in COMSOL: however, despite their 

fastness and requirement of less computational power in comparison with fully coupled approaches, 

these are not successful at handling FSI hemodynamic problems due to the large artificial added mass 

effect [88], an effect that occurs when fluid and solid are modeled with similar density (which is the case 

of blood vessels). Therefore, to have accurate and efficient FSI solving, blood and wall need to be 

coupled implicitly with very small time steps [88] in order to have a robust equation solving approach. 

Fully coupled approaches in COMSOL use the Newton-Raphson method (with damping), an iterative 

method for finding successively better approximations to the roots of a real-valued function. 

In this work, the linear solver chosen in the fully coupled approach is the direct solver PARDISO. 

This solver works on sparse matrix systems in which most of the elements are zero (linear systems) of 

the form  

 

Ax = b,                                                                 (3.16) 

 

where A is a non singular matrix, x is the unknown solution vector and b is a known vector. The solution 

for x is computed by decomposing the matrix A in simpler matrices through factorization [80]. 

 For the fully coupled solver, all the chosen COMSOL options are the default ones. 

Since we intend to study the hemodynamic behavior in the aorta throughout the cardiac cycle, a time 

dependent study is selected in COMSOL for all patients. The chosen time dependent solver is based 

on the backward differentiation formula (BDF) and therefore called BDF. BDF is a multistep formula 

based on numerical differentiation of ODEs: for a given function and time, the multistep methods 

approximate the derivative of that function using information from previously computed times [80]. A 

BDF method of order n computes the solution using an nth-grade polynomial through the use of 

backward differences: in this work, the selected BDF minimum order is 1 (which is called the backward 

Euler method) and the maximum order is 2. Regarding the time stepping, the initial step is 0.001 seconds 

and the maximum step is 0.004 seconds. The absolute and relative tolerances, as well as the event 

tolerance, remain with default values. 

 All simulations but the one regarding patient T are carried out over three cardiac cycles to achieve 

temporal convergence (Appendix D) [81, 64, 63], and the one for patient T was performed for two cardiac 

cycles, with the results being retrieved from the last cycle.  
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3.5.2.5. Mesh settings 

 

3.5.2.5.1 Mesh element discretization and smoothing type 

 

As previously said, the FEM is used for the numerical simulations in COMSOL. The FE order (order 

of the respective approximation functions) has a direct influence on the number of degrees of freedom 

(DOF) for a specific physics problem (number of independent parameters that can be described by an 

approximate function) and the accuracy of the obtained solution [80]. Terminologically speaking, a 

Pm+Pn FE discretization means that the velocity and pressure are solved using m and n order 

computational elements, respectively [https://www.comsol.com/blogs/understanding-stabilization-

methods/]. 

In this work, a discretization for the fluid domain of P1+P1 elements (linear elements) is used [80]. 

Due to the fact that solving the NS equations using this element discretization can become unstable, a 

consistent stabilization of the equations is required [https://www.comsol.com/blogs/understanding-

stabilization-methods/] and COMSOL presents two default consistent stabilization methods for the NS 

equations: Streamline diffusion and Crosswind diffusion. The former stabilizes the fluid flow on its normal 

motion direction through diffusion while the latter is orthogonal to the streamline diffusion and specifies 

the smallest allowable concentration change across a mesh element, therefore providing extra diffusion 

in the region of sharp concentration gradients [80]. Using P1+P1 discretization in combination with 

consistent stabilization turns the former a valid discretization choice, since linear elements are 

computationally cheaper than the higher-order ones and the probability of adding spurious oscillations 

is smaller, therefore increasing the numerical robustness [80]. 

Regarding the aortic wall, its deformation is correlated to free displacement of the structure mesh. In 

this process, COMSOL solves an equation that smoothly deforms the mesh according to the given BC 

of the model. The chosen mesh smoothing method is the hyperelastic one [21], which is a robust, 

nonlinear method and is able to give a good smooth result, even in regions where the mesh is stretched 

[80]. 

 

3.5.2.5.2 Mesh sensitivity analysis and mesh properties choosing 

 

The geometrical properties of the computational mesh also contribute towards the accuracy or 

inaccuracy of the obtained solution – a higher mesh density gives rise to more accurate results, since 

the geometric domain is better approximated [18]. 

Since the FSI model problem is governed by a system of PDEs, to measure the error of the numerical 

solutions it is necessary to introduce the functional spaces where the problem is defined. In this case, 

the system is defined in a Hilbert space (H1(Ω)), and the chosen measures for the error are the H1(Ω) 

semi-norm and the L2(Ω) norm. The L2(Ω) norm and the H1(Ω) semi-norm are defined by (3.17) and 

(3.18), respectively: 

  

  

https://www.comsol.com/blogs/understanding-stabilization-methods/
https://www.comsol.com/blogs/understanding-stabilization-methods/
https://www.comsol.com/blogs/understanding-stabilization-methods/
https://www.comsol.com/blogs/understanding-stabilization-methods/


Methods 

41 

 

‖𝑢‖𝐿2 = (∫ |𝑓|2𝑑𝑥
Ω

)
1/2

,                                                      (3.17) 

 

|𝑢|𝐻1 = ‖∇𝑢‖𝐿2 = (∑ ‖
𝜕𝑢

𝜕𝑥𝑖
‖

𝐿2

2
3
𝑖=1 )

1/2

,                                               (3.18) 

 

where Ω is the integration domain of the previous formulas. 

The mesh sensitivity analysis is performed for healthy patient’s geometry, without scaling, in three 

different scenarios: laminar flow (study of convergence for the fluid domain only), solid mechanics (study 

of convergence for the solid domain only) – addressed on Appendix C - and FSI. 

The FSI physics is resolved with a stationary solver. This is taken into account instead of a time-

dependent study because it is much less memory consuming and needs less computational power and 

time. Besides, the behavior regarding convergence on results due to mesh refinement is similar for 

stationary and time-dependent simulations. 

Concerning the geometry, 2 points are defined in the fluid domain for subsequent velocity 

measurement: one located in the AA portion and another in the DA portion. Regarding the physics 

settings of the model, bloodis characterized with the same parameters as described in Chapter 3.5.2.2. 

and wall is characterized with ρs = 1062 kg/m3, ν = 0.45 and E = 0.4 MPa. The aortic inlet is defined with 

a BC of velocity constant and equal to 0.04 m/s and in the outlets a normal stress of 0 N/m2 is prescribed.  

 The fully coupled approach with the direct solver PARDISO is chosen.  

 Meshing in COMSOL is made using mostly tetrahedral elements, but also prism, triangular, 

quadrilateral, edge and vertex ones. Two boundary layers in the fluid domain are used to represent for 

the blood viscosity effects when close to the wall. Mesh refinement is achieved by progressively 

decreasing the maximum and minimum element sizes of the fluid domain mesh up to a final decrease 

of about 45% in comparison with the initial mesh, with solid domain mesh adaptation to the fluid domain 

refinement. 

 In total, ten meshes are created, with the settings defined in Table 5: 

 

Table 5 – Mesh refinement settings for mesh sensitivity analysis. 

Mesh 
Element size (solid domain) [mm] Element size (fluid domain) [mm] Nº mesh domain 

elements Maximum Minimum Maximum Minimum 

1 1.56 1.41 1.56 1.41 334274 

2 1.3 1.15 1.3 1.15 537362 

3 1.3 1.15 1.2 1.05 655010 

4 1.3 1.15 1.1 0.95 818641 

5 1.3 1.15 1 0.85 1048816 

6 1.3 1.15 0.9 0.75 1390127 

7 1.3 1.15 0.8 0.65 1917700 

8 1.3 1.15 0.77 0.62 2128754 

9 1.3 1.15 0.73 0.58 2471997 

10 1.3 1.15 0.7 0.55 2781021 

  

 

Velocity measurements for the points defined in the fluid domain are presented below: 
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Figure 23 – FSI study: x component of the velocity vector as a function of the DOF for the points located in the AA 
portion.  

 

 

Figure 24 - FSI study: x component of the velocity vector as a function of the DOF for the points located in the DA 
portion. 

 

 The L2(Ω) norm and H1(Ω) semi-norm are computed having Mesh 10 as the reference mesh: 

 

 

Figure 25 – L2(Ω) norm as a function of the DOF for the mesh corresponding to both fluid and structure domains 
(in blue) and to fluid domain only (orange). 
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Figure 26 – H1(Ω) semi-norm in function of the DOF for the mesh corresponding to both fluid and structure 

domains (in blue) and to fluid domain only (orange). 

 

One can see, in Figures 23 and 24, that stabilization of the results with increasing DOF does not 

occur, even with a global number of DOF of about five million (about two million for the fluid domain 

only). Alternatively, both Figures 25 and 26 show that the error of the results decreases with mesh 

refinement and subsequent increase of DOF, which demonstrates that, with increasing refinement, 

convergence of the results to a steady solution gets closer. 

Still regarding Figures 23 and 24, an acceptable window of values appears after about two and a half 

million DOF for both fluid and solid domains (one million DOF for the fluid domain), which is equivalent 

to a L2(Ω) norm below about 3% and a H1(Ω) semi-norm between 10% and 15%. 

However, the higher the number of used mesh elements, the higher the number of DOF and therefore 

the greater the computational cost of the simulation [18]. So, mesh and DOF settings need to have into 

account computational costs and are defined according to the Tables below: 

 

Table 6 – Mesh settings for numerical simulations. 

Patient 
Element size (solid domain) [mm] Element size (fluid domain) [mm] Nº mesh domain 

elements Maximum Minimum Maximum Minimum 

Healthy 1.9 1.52 1.9 1.6 620175 

M 2 1.6 1.85 1.4 498881 

K 3 1.4 2.5 1.4 427127 

L 2.5 1.6 1.85 1.4 333236 

T 2.5 1.75 1.8 1.4 434501 

MFS 2.5 1.6 2.1 1.5 486933 

 

Table 7 – DOF settings for numerical simulations. 

Patient DOF (fluid domain) DOF (solid domain) DOF (total) 

Healthy 457852 1100694 1558546 

M 362800 802968 1165768 

K 306764 820215 1126979 

L 340572 765456 1106028 

T 326720 680826 1007546 

MFS 351548 832137 1183685 
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These settings are correlated with an 79 norm between 5% and 7% and a H1 semi-norm between 

17% and 21%. A workstation with 64 RAM Gigabytes is used, with a total memory use varying between 

62% and 85%. Each simulation requires different computing time, varying from 4 to 9 days. 

 

3.5.2.6. Hemodynamics characterization 

 

Aortic hemodynamics is assessed in terms of velocity, streamlines, helicity and WSS. Results are 

created under the COMSOL “Results” module and captured during four different temporal moments for 

each patient: systolic peak (BAV – 0.119 s), deceleration phase (BAV - 0.235 s), end-systole (BAV – 

0.319 s) and end-diastole (BAV - 0.65 s).  

 Fluid streamlines are computed by creating a 3D streamline plot with the x, y and z components of 

the velocity, respectively. Color expression, dependent on the velocity magnitude, is added. Streamlines 

in the form of tubes with radius equal to 0.0001 m and a scale factor of 2.5 are used and inlet and outlets 

boundaries are chosen for streamline creation. 

 The spatial variations of the velocity profile along the streamwise direction are explored by depiction 

of the local velocity field over two cross-sections created in the aortic geometry: these are created in the 

COMSOL “Datasets” module using the tool “Cut plane” and defining said plane with three points. These 

planes are situated in the AA region, namely in the middle segment and distal segment (downstream of 

the aortic inlet), as depicted in Figure 27. Then, 2D Surface plots are defined, with analysis of velocity 

magnitude. 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 – The aortic geometry from healthy patient is displayed on the left with cross-sections in the AA: 1-1 
represents the middle section and 2-2 represents the distal section; On the right, anatomical section quadrants 

are shown with the terminology to be used forward in the results. 

 
Additionally, the WSS magnitude is computed. The shear stress is defined as the tangential 

component of the traction vector σn. In Newtonian fluids, we have 

 

WSS = σn − (σn ∙ n)n = τn − (τn ∙ n)n,                                         (3.19) 
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where τn is the viscous stress, given by 

 

τn = [μ((∇uf)
T + ∇uf)] ∙ n [81]                                               (3.20) 

 

 In order to evaluate WSS evolution in time, its behavior is quantified in terms of the time-averaged 

WSS (TAWSS) magnitude, defined as  

 

TAWSS =
1

T
∫ |WSS⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |

T

0
 dt,                                                     (3.21) 

 

where T is the cardiac cycle period [22, 63]. The calculation of this index allows to have a more precise 

notion on the behavior of WSS over time. On the other hand, evaluation of the temporal oscillations in 

WSS is performed through the use of the oscillatory shear index (OSI), an important indicator of flow-

predominant direction during the cardiac cycle [22]. This index is used to identify regions on the vessel 

wall subjected to highly oscillating WSS values during the cardiac cycle. It is computed as shown in 

equation (3.26): 

 

OSI =
1

2
{1 −

1

T
| ∫ WSS⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   dt|

T
0

1

T
∫ |WSS⃗⃗⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  |
T
0  dt

} [22].                                                 (3.22) 

 

To quantify the helical behavior of blood flow, an index called Localized Normalized Helicity (LNH) is 

used: 

 

LNH(x,t) =
u∙ω

|u|∙|ω|
,                                                           (3.23)  

 

where ω is the vorticity vector [90]. This index measures the alignment/misalignment of the local velocity 

and vorticity vectors, being a useful indicator of the direction of rotation of helical structures [90, 91].  
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4. Results and Discussion 

4.1. BAV: Database analysis 

 

 Clinical data regarding the 82 BAV patients is analyzed concerning classifications previously 

explained. The study population is entirely Portuguese and its mean age at the last medical 

echocardiogram was 36.7 years (range 19-76 years) and about 35% was below 30 years. A higher 

prevalence of men vs women is observed (74.4% vs 25.6%), which is in agreement with the literature 

[3, 33, 15]. Regarding health issues that can indirectly cause cardiovascular problems, 32.9% of the 

patients present arterial hypertension, 2.4% had diabetes mellitus, 12.2% dyslipidemia, 13.4% were 

active or previous smokers and 10% had intraventricular communication. Coarctation of the aorta, a 

congenital condition also associated with BAV [I6] is present in 17% of the patients. 

 Most patients (53.7%) have BAV morphology of R-L fusion type, with the R-N fusion in second place 

(32.9%) which is, again, in concordance with the literature [2, 34, 35, 36, 37]. Figure 28 displays the 

male/female patient distribution between the several morphology types of BAV. 

 

 

Figure 28 – BAV morphology type distribution in the study population, according to male and female genders. 
One can see that, although male prevalence is higher than female, BAV fusion type distribution is similar in both 
genders: R-L fusion accounts for 53.7% of the population, R-N fusion for 32.9%, Type 1 without raphe for 8.5% 

and L-N fusion for 4.9%. 

 

An AD of any degree was present in 35.4% of the BAV patients, with the Type A aortopathy being 

the most frequent (23.2%) and Type C being the rarest type (1.22%), which is in agreement with the 

literature [2, 37, 3, 15]. Besides this, only about 16% of the total study population presented a completely 

functional BAV, with the remaining 84% possessing additional problems, such as AR (present in 70.7% 

of the population) and/or AS (present in 42.7% of the population). In fact, less than 7% of the patients 

with any type of AD had a functional BAV, which means that AD is highly correlated with AR and AS 

(Figure 29), as previously shown in the retrospective studies described in [33, 65]. 
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Figure 29 – Distribution of AD types in subgroups of patients divided according to aortic valve function. It is 
possible to see that only two patients present a normal functioning valve, while AR alone was the most highly 

characteristic cardiac issue associated with AD. 

 

Regarding the relationship between BAV fusion type and AD type in this study population (Figure 

30), it is shown that BAV L-N fusion type and BAV Type 1 without raphe patients had the highest 

prevalence of any type of AD, with the former only presenting Type A AD. On the other hand, BAV R-L 

fusion type is the only one which is correlated with all three AD types. In the study made by [33], this 

BAV morphology type was found to be strongly associated with higher rates of aortic dilation, something 

that is not verified in the present study population. 

 

 

Figure 30 – Correlation between BAV fusion type and AD type in percentage distributions. 

 

 In general, we can confirm, through this population study, that BAV patients’ predisposition towards 

AD of any type is something highly heterogeneous, since multiple factors such as hypertension, the 

aortic valve disease itself or the presence of AS or AR can be differently combined in the determination 

of each clinic-anatomical picture [3]. 

 

4.2. Numerical simulations analysis 

 

In this section, the numerical results obtained for the different PS situations are presented.  
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4.2.1. Flow analysis  

4.2.1.1. Flow patterns and velocity 

 

Aortic hemodynamics during the cardiac cycle is analyzed for all patients in this section. Fluid 

streamlines and velocity contour plots are displayed at peak systole, systolic deceleration phase, late 

systole and late diastole. 

 

During the systolic acceleration phase, streamlines in the AA of the healthy patient are mainly parallel 

to the aortic wall, especially in the proximal area. Further downstream the AA, due to the wall curvature, 

the flow is smoothly skewed towards the inner curvature [91, 64, 92]. These secondary flow structures 

are usually observed in bends [64], giving rise to higher velocities in the inner curvature and lower 

velocities in the outer curvature. This behavior is also observed in the aorta from BAV patient L, adding 

to the building up of the systolic high velocity jet. For the remaining BAV patients (M, K and T), the 

systolic high velocity blood jet builds up. In the MFS patient, some flow turbulence is observed at the 

dilated aortic root and in the proximal DA, after the arch coarctation, but regardless of that, flow at the 

AA is essentially parallel. 

At the systolic peak, the difference between the fluid-dynamics in the AA in the healthy patient and 

BAV patients intensifies (Figure 31): for the former, the degree of skewing to the inner curvature (with 

higher velocities in the left posterior quadrant) of the AA increases [92], but with minimal fluid streamlines 

deviance from the direction of bulk-flow, in agreement with the studies from [64, 63, 16]; for patients K 

and T, and as observed in previous studies such as in [20, 22, 63, 53, 16], a peripheral skewing of the 

main flow jet exiting the BAV towards the middle/proximal section of the outer ascending aortic wall is 

shown. At this stage, only patient T presents a marked skewing towards the right-anterior quadrant at 

the proximal/middle section. This is due to his elevated systolic velocities, which cause the main blood 

jet to travel along the AA faster than in the remaining BAV patients. At the distal AA, the systolic jet fills 

completely the right quadrant. 

 On the other hand, patients M and L do not present any evident flow skewing in the mid-ascending 

aorta at this stage. For patient L, some skewing towards the inner arch (left quadrant) can be seen, 

especially at the local of coarctation and owing to it. Additionally, aortic flow in the AA in the MFS patient 

resembles the one obtained in the results from the study of [24]: areas of low velocity are found at the 

dilated root and velocities increase throughout the middle and distal sections of the AA with a flow 

skewing to the inner curvature and inner arch. This is similar to the behavior displayed in the AA of the 

healthy patient, as mentioned by the computational study from [24] and the in vivo study from [69]. 

 

 

 

 

 

 

 



Results and Discussion 

49 

 

left right 

a
n

te
ri
o

r 
p

o
s
te

ri
o

r 

2--------------------------------2 

----------------------------- 

 

    

 

 

 

 

 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 31 – Peak systole: velocity (m/s) and streamline fields are displayed for all patients. Regarding the velocity 
contour plots the two from the left are associated with the streamline plots on the left and the two from the right 

are associated with the streamline plots on the right (1-1: middle section; 2-2: distal section).  

 

In the healthy patient, blood flow reaches maximum velocities close to 1 m/s at the inner curvature 

of the AA, decreasing slightly in the arch and increasing again further downstream on the supra-aortic 

arteries and the proximal DA. This is consistent with previously published findings in normal aortas       

[91, 93, 92, 51, 64]. Regarding BAV patients, systolic jet velocities are higher, in agreement with the 

literature [53]: for patients L, M, K and T, the blood jet reaches about 1.46 m/s, 1.67 m/s, 2.58 m/s and 

5.39 m/s, respectively, depending on the PS prescribed inlet velocities. In both the MFS and L patients, 

due to the arch coarctation, relatively high velocities (above 1 m/s) are seen in the aortic arch, and low 
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velocity recirculation is displayed after it. Moreover, slightly swirling of very few low-velocity peripheral 

streamlines beginning at the end of the proximal segment of the AA and extending to the inner arch 

curvature start appearing in these patients. In patients M, K and T, and along with the blood jet skewing, 

slow velocity recirculating streamlines with retrograde behavior start appearing around it, caused by the 

jet hitting the wall. In patient T, these vortices intensify in the distal inner curvature of the AA. 

In the aortic arch and proximal DA of patient M, blood velocities are relatively similar to those of the 

healthy patient, but in the supra-aortic arteries, they are slightly lower. On the other hand, for patients 

K, T and MFS, velocities in the proximal DA are higher in comparison with the other patients (about         

1 m/s for K and MFS and 1.5 m/s for T) and those of the supra-aortic arteries resemble those of the 

healthy patient. 

  

 It is after the systolic peak and during the systolic deceleration phase that blood flow patterns in BAV 

related aortas become clearly defined (Figure 32). In all patients, blood velocity decreases due to axial 

flow declining. For the healthy patient, a migration of his highest velocities (about 0.61 m/s at the          

mid-deceleration phase) from the inner curvature of the AA to the arch is observed, as well as to the 

proximal DA. Moreover, a slight swirling of very few low-velocity peripheral streamlines beginning at the 

outer wall of the middle and distal segments of the AA and extending throughout the inner arch curvature 

starts to be seen. 

 Regarding BAV patients, the peripheral skewing of the main flow jet becomes more clear, especially 

through the visualization of the contour plots presented in Figure 32 for these patients. Moreover, patient 

L now presents the same main flow jet skewing towards the proximal/middle section of the outer 

ascending aortic wall as patients M, K and T, something that was still not present in peak systole and 

that correlates with the results from [23] (Figure 8). While in BAV patients M, K and L the jet hits the wall 

between the anterior and posterior directions of the right quadrant, in agreement with previous results 

obtained for R-L fusion in computational studies [63], in patient T it is directed to the right-anterior 

quadrant.  

 The streamlines corresponding to the main jet in these cases then accelerate along the outer 

curvature of the aortic wall until they reach the end of the distal AA section. This corresponds to an 

expected nested helical behavior previously seen in 4D-MRI [53, 32] and computational studies            

[22, 21, 20, 23, 63], for both healthy and dilated aortas from BAV patients. We also can see through the 

contour plots from Figure 32 that the main blood jet in patients K, L and M suffers deflection from the 

right-anterior quadrant to the left-anterior one (from the middle section to the distal one). On the other 

hand, in patient T, this deflection occurs along the right quadrant, from the anterior to the posterior 

locations.  

 Additionally, at this stage, the loss of momentum generates an overall increase in flow helicity in the 

AA of BAV patients T, M and K. Regarding the non-dilated aorta of patient T, this translates into the 

recruitment of additional low velocity streamlines in swirling motion which extend from the beginning of 

the inner curvature of the AA throughout the aortic arch and to the proximal DA. Such results are 

corroborated by those obtained by the computational studies from [23, 64, 63], which show a similar 

behavior for non-dilated AA with an R-L fusion type BAV [23, 61, 64, 63].  
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Figure 32 – Deceleration phase: velocity (m/s) and streamline fields are displayed for all patients. Regarding the 
velocity contour plots the two from the left are associated with the streamline plots on the left and the two from the 

right are associated with the streamline plots on the right (1-1: middle section; 2-2: distal section).  

 

 The other non-dilated aorta with a BAV from this work, related to patient L, does not present evident 

helical behavior throughout the AA, even if some low velocity turbulent flow can be seen on the inner 

curvature.  

 Concerning dilated aortas from BAV patients (patients M and K), and in agreement with the results 

from the studies performed by [22, 21, 20, 94], there is the initiation of peripheral recirculating vortices 
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with lower velocities than the main systolic jet, but still reaching relatively moderate values (between 0.4 

and 0.8 m/s for patient M and between 0.5 and 1.2 m/s for patient K). In both patients the larger 

recirculating vortices arise from the main systolic jet, in the outer curvature area, and reach the inner 

curvature of the AA. On the other hand, smaller vortices, with lower velocities, are seen in the center of 

the AA, between the main jet and the larger ones.  

 Regarding patient K, since he presents a larger AD, the recirculation areas are obviously larger, in 

comparison with patient M. Moreover, the recirculating vortices present in patient M are more 

pronounced from the beginning of the middle section to the end of the distal one, with no significant 

retrograde behavior. Alternatively, in patient K, moderate velocity vortices appear in the outer proximal 

AA, wrapping up to the inner curvature of the AA in the middle section. 

 In the MFS patient, blood recirculation starts exaggerating at the aortic root owing to its dilation, 

which is consistent with previous findings regarding dilated aortic roots [24, 70]. Additionally, swirling of 

some peripheral streamlines beginning at the middle and distal segments of the AA and extending 

throughout the inner arch starts taking place, just like in the healthy case and as visualized in previous 

studies [24]. At this stage, and for this patient and patient L, the recirculating behavior after the arch 

coarctation is highly intensified, giving rise to a low velocity area at the inner proximal DA and to a high 

velocity area in the outer proximal DA. Such behavior is in agreement with the one usually found 

downstream a stenosis in a vessel [60]. Regarding MFS disease, increased helical flow has been 

observed in the proximal DA of several subjects in the in vivo study from [69], although these did not 

present any coarctation. 

 Moreover, in patient L the main jet hits the outer wall of the proximal DA and this, joined with the 

recirculation in the inner proximal DA, prevents the flow from going further downstream. Apart from this, 

in the healthy patient and patients M, K and MFS, blood flow further downstream in the DA is 

characterized by relatively parallel streamlines. 

 

With the ongoing of the deceleration phase, blood velocities in all patients continue to decrease, until 

the late systole/diastolic starting (Figure 33), where the flow entering the aorta is practically null.  

At this stage, and for the healthy and MFS patients, a solid helix associated with retrograde flow is 

set throughout the inner curvature of the AA and the inner arch, derived from the asymmetric forward 

momentum joined with the decline in forward blood flow [51, 95, 91]. Additionally, strong helices are 

seen in the entire aortic root in the MFS patient, with higher velocities than the flow in the remaining AA. 
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Figure 33 – Late systole: velocity (m/s) and streamline fields are displayed for all patients. Regarding the velocity 
contour plots the two from the left are associated with the streamline plots on the left and the two from the right 

are associated with the streamline plots on the right (1-1: medial section; 2-2: distal section).  

 

For BAV related aortas, the helical behavior previously seen continues growing: at the stage of late 

systole, and in patients L, T and K, it occupies the entire AA and a portion of the arch; in patient M, it 

occupies the AA from the end of the proximal section to the entire arch. This increase in helical behavior 

is consistent with the data obtained by a 4D-MRI study [32]. It is important to mention that, while the AA 

of the healthy aorta presents blood velocities close to zero, in BAV related aortas the velocities in the 

AA present the greatest values, related to the main systolic jet. This happens because of the helical 
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behavior in the AA set throughout the entire deceleration phase, preventing high velocity systolic blood 

to be properly driven towards the supra-aortic arteries and DA.  

On the other hand, the proximal DA presents helical behavior in all patients, which is more intensified 

in patients L and T. High velocity areas are present in the beginning of the proximal DA of the healthy 

and MFS aortas: the former is associated with the slight coarctation present in the beginning of the DA 

and the latter with the coarctation in the arch. In the supra-aortic arteries, vortices are also seen, with 

more prevalence in the dilated BAV aortas in comparison with the remaining aortas due to the strong 

helical behavior displayed throughout the AA for these patients.  

 

With the ongoing of the cardiac cycle through the diastolic phase, the amount of blood passing to the 

AA decreases and therefore the net forward flow continues declining slowly. According to [95], the low 

velocities present in a healthy aorta during diastole are favorable for the prevalence of some secondary 

helical and retrograde flows, especially in the inner curvature of the AA and in the arch. This is verified 

in the healthy and the MFS patients, as it can be seen in Figure 34, in agreement with the helical 

behavior initiated in late systole. Moreover, in the MFS patient, the strong helical behavior in the dilated 

aortic root triggered during the systolic deceleration phase is enhanced during diastole and this portion 

undergoes higher velocities than the remaining AA.  

 On the other hand, non-dilated aortas from BAV patients have a distinct behavior among each other: 

while in patient L the AA shows turbulent streamlines with relatively helical behavior, in patient T the 

helical behavior previously seen in the AA for late systole loses intensity. However, a few helices can 

be seen in the aortic root, at the outer AA and some swirling motion is also noticed from the arch to the 

proximal DA. Additionally, while patient L presents relatively low velocities in the AA in the inner AA, 

patient T presents his highest velocities in the middle/proximal AA, with the maximum values present in 

the region close to the inlet. This difference between AA hemodynamics in these two patients is caused 

by the existence of severe AR in patient T, which is portrayed by blood backflow from the aorta into the 

LV. Therefore, the high velocity area shown in the inlet of this patient at late diastole represents that 

physiological pattern of blood flow taking into account severe AR. 

 For dilated aortas with a BAV (patients M and K), the helical behavior seen in the AA, aortic arch and 

supra-aortic arteries at late systole prevails throughout the diastole, in agreement with the in vivo study 

about ascending aortic dilation from [97]. In these patients, a migration of the highest velocities from the 

AA to the arch and base of the supra-aortic arteries is observed, but relatively moderate velocities are 

maintained in the helices present in the AA. 

Additionally, helices are set throughout the proximal DA [97] for all patients except patient T: helicity 

in the DA of the healthy patient is not very pronounced and, alternatively, in BAV patients M, K and L, 

helical behavior is more enhanced. Both patterns are in agreement with [98]. Alternatively, the helices 

previously seen in the DA of patient T disappear throughout diastole. This can happen because of the 

backward flow movement in the aorta driven by the AR. 

Moreover, in patients L and MFS, recirculation in the proximal DA are enhanced due to the previously 

located coarctation, and these are the places where the respective flow velocities are higher. 
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Figure 34 – Late diastole: velocity (m/s) and streamline fields are displayed for all patients. Regarding the velocity 
contour plots the two from the left are associated with the streamline plots on the left and the two from the right 

are associated with the streamline plot on the right (1-1: medial section; 2-2: distal section).  

 

4.2.1.2. Helicity 

 

Flow helicity is described by the use of the nondimensional quantity LNH (equation (3.23) from 

Chapter 3.5.2.6.). This indicator assumes absolute values varying between 1, which characterizes a 

purely helical flow, and zero, which portrays symmetry in fluid dynamics [91]. Furthermore, the sign of 
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LNH indicates the direction of fluid rotation: positive values correspond to local right-handed rotations 

(clockwise) and negative values to local left-handed rotations (counter clockwise), when viewed in the 

direction of forward movement [90, 91, 92]. In case of retrograde flow, the sign of this index will reflect 

inverted rotation directions: however, the intensity of helicity will remain unaltered [98]. 

The evolution of helical flow through the cardiac cycle is assessed in three different ways: firstly, LNH 

values in form of streamlines are displayed in Figures 35 and 36; secondly, for all patients except patient 

T, the right- and left-rotations are quantified in terms of average fraction (from 0 to 1) on a specific cross-

section. For the healthy patient and BAV patients M, K and L, this cross-section is located at mid-AA 

and for the MFS patient, it is located at the dilated root area. For that, threshold values of LNH above 

0.4 and below -0.4 were chosen to represent significant right- and left-handed rotations, respectively, 

and the results are exposed in Figures 37 and 38. Additionally, to analyze the quantity of helicity in the 

defined cross-section, absolute LNH averaged values for the entire cardiac cycle are computed and 

displayed in Table 8.  

 

 Systolic peak Deceleration phase Late diastole 

H
e
a
lt
h
y
 

   

M
 

   

K
 

   

 

Figure 35 – Aortic flow helicity measured by means of the LNH index at the systolic peak, deceleration phase and 
late diastole, for the healthy patient and BAV patients M and K. 
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Figure 36 – Aortic flow helicity measured by means of the LNH index at the systolic peak, deceleration phase and 
late diastole, for BAV patients L and T and the MFS patient. 

 

 

Figure 37 – Average fraction of marked positive (above 0.4) index LNH at the defined cross-section plane through 
the cardiac cycle.  
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Figure 38 – Average fraction of the marked negative (below -0.4) index LNH at the defined cross-section plane 

through the cardiac cycle.  

 

Table 8 – Values for the absolute averaged index LNH at the defined cross-section plane for systole, diastole and 
the entire cardiac cycle. 

Patient Systole Diastole Whole cycle 

Healthy 0.1973 0.1741 0.1861 

M 0.3685 0.3452 0.3550 

K 0.3934 0.3754 0.3834 

L 0.1847 0.1727 0.1781 

MFS 0.2734 0.3965 0.3451 

 

 

 In Figures 35 and 36, we can see that counter-rotating (both right-handed and left-handed) helical 

structures are present in the aortic structure of all patients throughout the cardiac cycle, in agreement 

with in vivo observations [91, 92] and computational studies [99]. This is also observed in the graphics 

from Figures 37 and 38 for the AA, where both types of helical rotation are prevalent. Regarding these 

graphics, we can see that, for some patients, the average fraction of LNH at 0% and at 100% of the 

cardiac cycle do not match. This happens because, in all patients, the final timestep used to compute 

these results is not exactly the one that gives rise to a new cardiac cycle. Therefore, such data should 

be taken with caution. Nonetheless, the results from the majority of the cycle are trustworthy. 

 On the healthy patient’s proximal AA, no evident flow rotations can be appreciated in the entire cycle. 

However, further along the ascending aorta some helical patterns are formed during systole, extending 

throughout the aortic arch and up to the proximal DA. In the latter, at peak systole, right-handed rotations 

that transform into left-handed rotations further on are present, a phenomenon reported in vivo [95, 98].  

 In particular, the helical structures present from the AA to the proximal DA resemble those of [99], 

having the highest density in the aortic arch, with both clockwise and counter clockwise rotations, which 

is comparable to findings in previous studies [91]. In addition, and looking at the graphics from Figures 

37 and 38, the healthy patient presents a slightly more dominant  counter clockwise behavior in the AA 

during the majority of systole, while during the ongoing of diastole the intensity of left-handed rotations 

decreases and clockwise rotations become more dominant. This is in agreement with [98], which shows 
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that the majority of healthy patients presented systolic counter-clockwise helicity and diastolic clockwise 

helicity in the AA [98]. Besides, according to the values presented in Table 8 and corroborated by the 

data from [98], absolute helical behavior in the AA loses intensity from systole to diastole (0.1973 to 

0.1741). 

 BAV related aortas, on the other hand, present diverse variations in direction of flow rotation during 

systole and diastole. Patients L and T show bi-helical behavior throughout the cardiac cycle – in fact, 

we can see in Figures 37 and 38 for patient L that, during systole, the prevalence of right- and left-

handed rotations in the AA is not substantially increased in comparison with the healthy patient, 

maintaining a similar gamma of value intervals. This is also shown in Table 8, where the absolute LNH 

average at the AA at systole for patient L is slightly smaller than that for the healthy patient, but yet being 

quite similar (0.1847 versus 0.1973).  

 Moreover, there is not a significant dominance of one type of helical rotation towards the other in 

these two patients, with both right- and left-handed rotations remaining equally prevalent in the AA of 

patient L. This is not in agreement with the literature: in vivo [98] and computational studies [20, 94] 

mention that a BAV with R-L fusion type is more likely to give rise to a right-handed systolic flow. 

However, and as shown in [98], the helicity behavior is somehow complex and, even among BAV 

patients with the same fusion type, vast differences can be found in their blood flow patterns and 

therefore in the averaged helicity and helical rotation type. Moreover, as previously said, the aortic 

geometry of patient L has a straight AA, without an evident curvature. This alters the blood flow pattern, 

preventing the creation of marked right-handed systolic flows.  

 On the other hand, in agreement with the literature [98] and as observed in Figure 36, flow in the 

aortic arch of patients L and T is predominantly right-handed during systole, something that becomes 

more evident during the deceleration phase. Regarding patient L, Figure 36 shows that, at late diastole, 

helical behavior is predominant throughout the entire aorta, with strong bi-helical rotations. Nonetheless, 

this is not captured by the values presented in Table 8, which represent slightly decreased absolute 

helicity in patient L in comparison with the healthy patient (0.1781 versus 0.1861). This is due to the fact 

that these values are calculated only in one plane in the AA and therefore they might not be 

representative of the flow behavior throughout the entire AA. In fact, patient L presents significant helical 

behavior in the proximal and medial AA, while the healthy patient does not. 

 In patient T, although the majority of vortices disappears during diastole, the helicity present in the 

aorta is still high. However, since this patient presents severe AR, the sign of the LNH index inverts and 

therefore negative values correspond to clockwise rotations and positive values to counter clockwise 

ones. This is the main reason why right-handed flow in the arch which previously appeared red now 

appears blue in Figure 36. Moreover, helicity increases in the proximal AA and close to the inlet, showing 

strong flow bi-helical profiles in that region. 

 Alternatively, patients M and K present a different pattern of flow helicity during systole: at peak 

systole, the main systolic jet gives mostly rise to right-handed helices in the AA and aortic arch; on the 

other hand, during the deceleration phase, the peripheral streamlines that arise from the main jet and 

reach the inner AA wall are mainly right-handed, while the recirculating vortices present in the center of 

the dilated AA are mostly left-handed. This gives rise to a higher prevalence of counter clockwise 
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rotations in the AA than clockwise ones during systole, as shown in Figures 37 and 38. Left-handed 

rotations in the dilated ascending aorta are more associated with BAV R-N fusion types, as 

demonstrated by the computational studies presented in [22, 21], not being a typical helical behavior in 

BAV R-L fusion types. However, as previously said, the helicity behavior is not linear. Moreover, the in 

vivo study from [98] has shown that some patients with BAV R-L fusion type, with and without additional 

valve complications, present left-handed rotations (or not so marked right-handed rotations) in the AA. 

On the other hand, in the computational studies from [64, 63], helical structures rotating in the counter 

clockwise direction were obtained throughout the inner curvature of the AA during the deceleration 

phase for non-dilated aortas with an R-L fusion type BAV. 

 Furthermore, and as seen in the graphics of Figures 37 and 38 and Table 8, these patients present 

increased helicity throughout the majority of the cardiac cycle, in comparison with the healthy patient 

and patient L. In addition, patient K presents higher averaged helicity in the mid-AA plane than patient 

M, for both systolic and diastolic phases (0.3934 versus 0.3685 for systole and 0.3754 versus 0.3452 

for diastole). Such result is in agreement with the ones obtained by the computational study described 

in [94], which enhances that BAV patients with aortic dilation present higher helicity in the AA than the 

BAV patients with a normal sized aorta. Therefore, we can retrieve that greater AD will give rise to higher 

helicity, either right- or left-handed. Moreover, during diastole, the direction of rotation in the AA for 

patients M and K is the opposite: while the former presents a higher prevalence of right-handed 

rotations, in the latter left-handed rotations are more significant. Such results are corroborated by [98], 

which shows BAV patients with both helical patterns in the AA during diastole. 

 Additionally, flow in the aortic arch of these BAV patients remains mainly right-handed during systole, 

which is in agreement with [98], and in the DA it presents bi-helical rotations, better delineated during 

the deceleration phase.  

 With the ongoing of the deceleration phase, and up to late diastole, helical behavior intensifies, with 

counter-rotating helices present throughout the entire aorta in all BAV patients. 

Concerning the MFS patient, the systolic phase is marked by local counter-rotating flows, with bi-

helical patterns present from the end of the aortic root to the entire aorta, in agreement with the results 

from [24]. Additionally, these counter-rotating flows change in specific sites with the ongoing of the 

deceleration phase: the left-handed rotation helical region present in the proximal AA and at distal 

arch/proximal DA during peak systole disappears or loses intensity during the deceleration phase; 

moreover, at the distal arch/proximal DA, and especially after the coarctation, the dominant rotation type 

becomes the counter-rotating one. The aortic root is marked by significant helical behavior throughout 

the cardiac cycle, presenting an absolute averaged LNH higher than the ones for the healthy patient 

and patient L in the systolic and diastolic phases (Table 8). Particularly, and unlike the remaining 

patients, absolute helicity in the dilated root from the MFS patient is higher during diastole than systole: 

during diastole, helicity increases hugely, presenting an absolute averaged LNH of 0.3965 for the root 

plane, the highest value of all patients for the diastolic phase. Moreover, strong counter-rotating helices 

are seen, not only in the root, but throughout the aorta (more enhanced at the inner curvature of the AA 

and after the arch coarctation). These regions are mainly dominated by right-handed helices (in 

agreement with the study from [70]) and in the root they are highly present, especially during late 
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diastole, as we can see in Figure 36 and in the graphic from Figure 37. On the other hand, the DA is 

represented mostly by left-handed helices. 

 

4.2.2. WSS analysis  

4.2.2.1. Global WSS magnitude 

 

The WSS magnitude throughout the cardiac cycle is investigated for all patients in this section. Plots 

are shown at peak systole, systole deceleration phase, late systole and late diastole. 

It is necessary to mention that the high WSS area seen in the proximal AA (near to the aortic inlet) 

for the healthy patient is the result of numerical instabilities and therefore should not be considered. 

 

Throughout the cardiac cycle, the WSS magnitude distribution is shown to be highly correlated with 

the flow streamlines and respective velocity field and flow helicity shown in the previous chapter, as 

expected. In the systolic acceleration phase, the healthy aorta presents a relatively moderate WSS 

distribution in the proximal AA section, becoming asymmetric further downstream: due to the wall 

curvature and subsequent flow skewing towards the inner wall, an area of high WSS appears in the 

beginning of the inner curvature of the AA; alternatively, lower values of WSS are present on the outer 

wall, increasing slightly when moving onto the distal AA [64, 63]. Such behavior is also displayed by 

patients L and MFS. For both BAV dilated aortas from patients M and K, lower values of WSS are also 

present on the outer wall of the AA, although if slightly more evident for patient K, which presents the 

lowest WSS values in this region. Additionally, this patient presents a slightly high WSS area at the STJ 

during the acceleration phase, something not present on other aortas.  

At peak systole, and due to the high blood velocities seen for this cardiac moment, the maximum 

values of WSS magnitude rise tremendously for all aortas, as shown in Figure 39. For the healthy aorta, 

the WSS distribution at this cardiac moment follows the trend initiated in the acceleration phase, with 

the highest WSS values seen in the inner curvature of the AA and ranging from about 75 dyn/cm2 to a 

maximum of 118 dyn/cm2 [64, 63]. Since blood flow velocities decrease slightly in the arch and at the 

entrances of the supra-aortic arteries, the WSS in these areas is lower, but, further downstream on 

these branches, maximum values of WSS are observed, correlating with the high velocities seen for 

those regions. WSS also increases in the proximal DA, following the trend of blood flow. 

On the other hand, the WSS distribution for the BAV related aortas shows notable differences in 

comparison with the healthy one, as seen in Figure 39 - sites of marked systolic WSS begin to be seen 

in the outer curvature of the ascending aortic wall for all patients, in agreement with the results from the 

literature [21, 22, 23, 61, 94, 20]. Regarding non-dilated aortas, WSS appears more marked for patient 

T than for patient L. This is due to the fact that the systolic jet of patient T has higher inlet velocities than 

that of patient L and therefore accelerates faster along the outer curvature, giving rise to higher WSS in 

that area. Moreover, at this stage, values of WSS for patient L range from about 40 to 60 dyn/cm2 and 

for patient T from about 200 to 700 dyn/cm2 in the AA. Another difference between the results from 

patients L and T is that the arch coarctation existent in the former gives rise to the manifestation of very 

high WSS in that region. 
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Figure 39 – Peak systole: WSS magnitude is displayed for all patients, in dyn/cm2.  

 

Concerning dilated aortas, patient M presents sites of marked systolic WSS in the proximal outer 

curvature of the ascending aortic wall, with values from about 60 dyn/cm2 to a maximum of 107 dyn/cm2. 

These values correspond to the region where the main systolic jet hits the wall; for patient K, such region 

can be also seen, even if presenting slightly lower values than patient M (from about 50 dyn/cm2 to about 

90 dyn/cm2). Additionally, high values of WSS are observed in the supra-aortic arteries in these patients, 

in agreement with the velocities previously seen at this stage. Moreover, relatively moderate WSS 

distributions are seen from the inner aortic arch and throughout the DA in these patients, which is not 

observed in patients L and T.  

(Healthy) (M) 

(K) (L) 

(MFS) (T) 
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On the other hand, the WSS plot for patient MFS shows a highly diminished WSS magnitude in the 

dilated aortic root (below 10 dyn/cm2), something corroborated by a previous computational study [24] 

and by an in vivo one [96]. Additionally, WSS remains relatively low throughout all AA, being locally 

augmented at the beginning of the inner curvature of the AA and in the outer curvature of the distal AA. 

High WSS values are also localized at the arch branches, in a similar way to the healthy aorta and at 

the arch coarctation region. Finally, the DA presents moderate WSS distributions, also resembling those 

of the healthy aorta. 

 

After the systolic peak, and during the deceleration phase, differences in WSS magnitude distribution 

between the BAV dilated aortas and the healthy aorta become even more evident. All BAV patients 

demonstrate delayed onset of peak systolic WSS when compared with the healthy and the MFS 

patients, although peak velocity remained that of the supposed systolic peak. Such delayed onset of 

peak systolic WSS has been observed in AD associated with TAV and explained by the dissipation of 

kinetic energy during systole as the increased volume of the AA is filled with blood [97]. A similar 

reasoning could explain this delay for the dilated aortas from patients M and K. However, no other study 

related to non-dilated aortas from BAV patients has shown such systolic delay. On the other hand, since 

the results from patient T were obtained each 0.1 seconds, it is not possible to know exactly the peak 

systolic WSS for this patient. Nonetheless, the majority of WSS values in the AA are contained in a 

range from 300 to 500 dyn/cm2 between the systolic peak and the mid-deceleration phase. For the 

remaining BAV patients, maximum systolic WSS values of 170 dyn/cm2, 276 dyn/cm2, 126 dyn/cm2 are 

reached for patients M, K and L, respectively.  

Afterwards, along with the deceleration phase, systolic WSS decreases in all aortas. As displayed in 

Figure 40 (mid-deceleration phase), due to the decrease in forward net flow, the global WSS magnitude 

is diminished in the healthy aortic model. This is more evident in the proximal and middle AA, as well as 

in the inner curvature of the AA, which present great decrease in WSS magnitude when compared to 

those of the acceleration phase and peak systole (with the majority of values ranging from 0 dyn/cm2 to 

40 dyn/cm2). Such behavior is corroborated by the study from [64]. The maximum WSS (71 dyn/cm2) is 

attained in the supra-aortic arteries. 

In contrast, although in the proximal AA the WSS values are close to zero, the skewness of the BAV 

systolic jet towards the outer ascending aortic wall subjects the outer curvature to increased systolic 

WSS in these patients, when compared with the healthy aorta. This is in agreement with Figures 6 [53] 

and 9 [23], from Chapter 2, which show that WSS is increased in BAV patients in comparison with the 

control ones. Moreover, high WSS values correspond to the sites where flow moves rapidly (movement 

of the main systolic jet) and extend from the end of the proximal AA section to the end of the distal one, 

in agreement with the computational study from [22] and the 4D-MRI study from [53].  

Even though high WSS values are seen throughout the AA in all BAV related aortas, in patients L 

and T the high WSS distribution seen in the AA possesses the majority of its values in the middle of its 

scale (between 50 and 90 dyn/cm2 for patient L and between 170 and 350 dyn/cm2 for patient T), while 

in patients M and K there are local WSS regions which correspond to the highest values of the WSS 

color range. These high WSS local regions (corresponding to close to 186 dyn/cm2 in patient K and       
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131 dyn/cm2 in patient M) are localized in the middle and distal sections of the AA. Moreover, the study 

by [22] has shown that greater dilation is associated with wider WSS distribution, something verified 

hereby, since marked WSS appears wider in patient K. Such difference between non-dilated and dilated 

aortas may be the result from the intense flow helicity predicted in BAV patients M and K versus that of 

patients L and T [63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 40 – Deceleration phase: WSS magnitude is displayed for all patients, in dyn/cm2.  

 

On the other hand, the flow instability in the AA of BAV patients M and K, namely the recirculating 

vortices present in this region, results in fluctuations of systolic WSS on the middle section of the inner 

ascending aortic wall, with increased local WSS values in that region.  

(Healthy) (M) 

(K) (L) 

(MFS) (T) 
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Additionally, the WSS distribution in the aortic arch, arch branches and proximal DA also presents 

differences among BAV patients: patient M has relatively low WSS values associated with these regions, 

while patient K only presents moderate values in the supra-aortic arteries; in patient L, the highest values 

are located in the arch close to the arch branches and a wider high WSS region is observed between 

the end of the arch and the beginning of the proximal DA; finally, patient T presents his highest WSS 

values in the supra-aortic arteries and a relatively high WSS distribution is also seen throughout the 

arch and proximal DA. 

The MFS patient, alternatively, shows at this stage a locally increased WSS region between 35 and 

40 dyn/cm2 in the upper portion of the dilated aortic root, something not present at peak systole. Such 

behavior is caused by an increase in helicity in the root, verified in Chapter 4.2.1.2. At the distal AA 

section, a locally increased WSS region also appears. Nonetheless, the largest portion of the dilated 

aortic root and the remaining AA present very low WSS values. Moreover, the highest WSS area in this 

patient is seen after the arch coarctation, in the proximal DA, associated with increased recirculation. 

 

With the ongoing of the deceleration phase, and due to continuous blood velocity declining in all 

patients, WSS magnitude also diminishes, up to late systole (Figure 41), where flow entering the aorta 

becomes null. Regarding the healthy patient, the WSS magnitude is diminished in the supra-aortic 

arteries, due to the low amount of blood now passing through these arteries. Alternatively, the increased 

flow helicity throughout the inner curvature of the AA and the inner arch (as well as in the inner part of 

the proximal DA) and high velocities previously seen for late systole generate high WSS values in those 

regions. 

In BAV patients, the same trend previously observed at mid-deceleration phase (Figure 40) is also 

observed here: moderate WSS values are observed in the AA of non-dilated aortas, not only in the outer 

curvature, but also extending to the inner curvature. This characteristic is more evident in patient L, 

where fluctuations of high WSS regions are observed a bit all over the AA, both in the inner and outer 

curvatures. In patient T, on the other hand, WSS is more intensified in the distal AA, being more 

prominent in the outer curvature. Moreover, fluctuations of high WSS are seen throughout the arch, 

supra-aortic arteries and proximal DA. 

In dilated aortas we can observe that, with increasing dilation, the WSS distribution diffuses over the 

outer curvature of the ascending aortic wall, as we can see by comparing the figures from patients M 

and K. Additionally, patient M presents a region of marked WSS in the distal AA, which extends to the 

inner curvature, to the IA and also a bit to the arch. In the aorta from patient K, an increase in local WSS 

in the proximal AA and close to the STJ starts appearing, due to the vortices present in that area that 

derive from some streamlines wrapping up back to the valve. 

Enhanced WSS previously seen at the upper portion of the dilated aortic root region for the MFS 

patient is still shown at this stage, due to the strong helices present in that area, while the remaining 

root maintains low WSS values. Moreover, the WSS magnitude is diminished all over the remaining AA 

(although punctual increases in WSS are seen in the inner curvature of the AA) and in the supra-aortic 

arteries. Finally, the intense recirculation behavior displayed after the arch coarctation, in the proximal 

DA, continues subjecting the respective wall to increased WSS. 
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Figure 41 – Late systole: WSS magnitude is displayed for all patients, in dyn/cm2. 

 

In agreement with the hemodynamic behavior observed during diastole, as net forward flow declines, 

so does the WSS magnitude over all aortas. Regarding the healthy and the MFS patients, the AA 

presents very low WSS values, as well as the supra-aortic arteries, as shown in Figure 42. On the other 

hand, and concerning the healthy patient only, the increased flow helicity previously seen in mid AA, in 

the arch and in the proximal DA accounts for the existence of punctually increased WSS in those 

regions. For the MFS patient, WSS magnitude in the root is decreased at late systole and the highest 

WSS values are seen in the proximal DA, owing to recirculation behavior. 

(Healthy) (M) 

(K) (L) 

(MFS) (T) 
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Figure 42 – Late diastole: WSS magnitude is displayed for all patients, in dyn/cm2.  

 
The dilated aortas from BAV patients M and K also show highly diminished WSS magnitude 

throughout the AA, as seen in Figure 42. Yet, some fluctuations of slightly higher WSS can be observed 

in these patients (for example in the proximal AA – outer curvature - of both patients), even if they are 

not very significant. Such behavior is in agreement with the study from [97], which shows that increased 

WSS during diastole, in correspondence with increased helical flow patterns, is found in patients with 

ascending aortic dilation with a TAV [97]. 

Moreover, the majority of the aortic arch and the proximal DA also present low WSS, with the highest 

values being located in the region of the supra-aortic arteries.  
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(K) (L) 
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The WSS distributions from non-dilated aortas of BAV patients differ, however, from the previous 

explained results: patient L presents punctually increased WSS throughout the arch and proximal DA, 

associated with the existent helices in these regions. Moreover, the turbulent helical flow previously 

seen in the AA of this patient gives rise to locally high WSS at the middle section, both in the inner and 

outer curvatures. On the other hand, the WSS distribution for patient T is highly heterogenic: punctually 

increased WSS is seen throughout the AA, with greater incidence in the root region, the inner curvature, 

the arch and the further ends of the supra-aortic arteries.  

Such results for BAV patients show that mild AR does not greatly affect the stresses imposed in the 

aortic wall during diastole (as seen for patients M, K and L), while severe AR is associated with increased 

WSS throughout the aorta in diastole and more especially in the AA. 

 

4.2.2.2. TAWSS and OSI 

 

Other important hemodynamic indicators in this study are the TAWSS and OSI previously defined in 

Chapter 3.5.2.6 (equations (3.21) and (3.22), respectively). For the evaluation of TAWSS and OSI, a 

cross-section plane in the AA is defined for all patients except for the BAV patient T. The results for 

these vascular parameters are displayed below (Figures 43 and 44). It is important to mention that, in 

order to be able to calculate TAWSS and OSI in COMSOL, a parametric extrusion of the defined cross-

section had to be created. This is the reason why the images from Figures 43 and 44 present depth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 43 - TAWSS at the mid-ascending aortic plane (for all patients – healthy, M, K, L - except the MFS patient) 
and at the root plane for the MFS patient, in dyn/cm2. From left to right and up down: the healthy patient, patients 

M, L and K and the MFS patient. 

a
n

te
ri
o

r 

left right 

p
o

s
te

ri
o

r 

--------------------------------- 

--------------------------------- 

p
o

s
te

ri
o

r 
a

n
te

ri
o

r 

left right 

--------------------------------- 

--------------------------------- 

a
n

te
ri
o

r 

left right 

p
o

s
te

ri
o

r 

--------------------------------- 

--------------------------------- 

p
o

s
te

ri
o

r 
a

n
te

ri
o

r 

left right 

--------------------------------- 

--------------------------------- 

0 

16.7 

0 

31.3 

0 

30.9 

0 

52.4 

0 

16.5 



Results and Discussion 

69 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 44 – OSI at the mid-ascending aortic plane (for all patients – healthy, M, K, L - except the MFS patient) 
and at the root plane for the MFS patient. From left to right and up down: the healthy patient, patients M, L and K 

and the MFS patient. 

 

In the middle AA section, the flow development occurring along the curvature throughout systole 

causes an asymmetric distribution of the TAWSS in the healthy patient, as we can see in Figure 43: 

maximum values (up to 16.7 dyn/cm2) are located in the left-posterior quadrant, corresponding to the 

high velocity flow previously seen in the inner curvature for this patient. On the other hand, the opposite 

quadrand (right-anterior one) presents the lowest TAWSS values (about 5 dyn/cm2). Such behavior is 

in agreement with the results from [63], which shows a similar asymmetry for the patient with a TAV. 

 BAV patients, alternatively, have markedly different TAWSS distributions: maximum values for all 

patients are correlated with the sites characterized by passing of the main systolic jet, owing to its 

deflection towards the mid-ascending aortic outer wall [22]. Patient M displays a highly marked TAWSS 

(up to 31.3 dyn/cm2) between the right anterior and posterior quadrants, with relatively high values 

present in the right-anterior quadrant and also in the left-posterior quadrant. The latter is connected to 

the peripheral streamlines arising from the main jet during systole. On the other hand, patient L shows 

increased TAWSS in the entire right quadrant, with maximum values of 30.9 dyn/cm2, while the left-

posterior quadrant attains the lowest ones (to a minimum of about 10 dyn/cm2). Finally, patient K is the 

BAV patient with the most asymmetric TAWSS distribution, since the highest values are confined to the 

right-anterior and a bit of the right-posterior quadrants (52.4 dyn/cm2), while the remaining presents very 

low values. Nonetheless, in the left-posterior quadrant (inner curvature of the AA) a slightly higher 
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TAWSS area appears (up to 25 dyn/cm2), owing to the peripheral streamlines that arise from the main 

systolic jet. 

 The plane corresponding to the dilated root of the MFS patient, on the other hand, shows maximum 

TAWSS values in the right-anterior and left-posterior quadrants, with a maximum of about 16.5 dyn/cm2. 

Minimum values of TAWSS are therefore seen in the remaining quadrants (left-anterior and right-

posterior ones), although they do not go below approximately 7 dyn/cm2. Even though the maximum 

TAWSS values observed for this patient resemble those of the healthy one, the latter presents an 

evident asymmetry in the plane that it is not very evidenced in the former. Therefore, we can say that 

the flow helicity present in the dilated root of the MFS patient during the systolic deceleration phase and 

diastole exherts shear stress forces all around the dilated root. 

 Regarding OSI distributions (Figure 44), the TAV of the healthy patient generates a pratically 

bidirectional longitudinal WSS (OSI > 0.2), which becomes nearly purely oscillatory in the right-anterior 

and left-anterior quadrants, with the majority of OSI values above 0.35. Such oscillatory behavior in the 

outer curvature is in agreement with previous studies [64]. 

 BAV patients, on the other hand, show marked flow-predominand direction differences. In the non-

dilated aorta from patient L, the longitudinal WSS is mainly unidirectional (OSI < 0.15) on the right-

anterior quadrant, that is, the wall region where the systolic blood jet hits. This is in agreement with the 

results obtained by [63] for non-dilated R-L fusion type BAV. When moving away from that area, flow 

becomes highly oscillatory (OSI >0.35), especially in the left-posterior quadrant. This corresponds well 

to regions of lower systolic TAWSS as shown in Figure 43 [22].  

 Dilated aortas from patients M and K, alternatively, present different OSI patterns. In patient M, there 

is also a mainly unidirectional longitudinal WSS region between the right-anterior and right-posterior 

quadrants (OSI < 0.15), corresponding to the wall area impinged by the valve jet. Additionally, 

unidirectional longitudinal WSS is also found in the left-anterior quadrant, correlated with the inner AA 

curvature (OSI < 0.2). Higher OSI values are seen in the left-posterior (OSI > 0.35) and in the                  

left-anterior quadrants (OSI > 0.25), characterizing bidirectional and oscillatory flow in these regions. In 

this patient, low OSI corresponds relatively well to higher systolic TAWSS and vice-versa [22]. 

 In patient K, however, highly oscillatory behavior characterizes most of the quadrants: the wall region 

where the systolic jet hits (between the right-anterior and right-posterior quadrants and corresponding 

to the outer curvature) presently high OSI values (OSI > 0.35), something that is present throughout the 

entire right quadrant and a bit of the left-posterior one. This differs from the previous results. 

Nonetheless, a slightly lower OSI region can be seen for the jet hitting associated region: while the 

remaining oscillatory region is purely oscillatory (OSI > 0.4), in that region it is about 0.35. Finally, 

unidirectional longitudinal WSS is seen at the left-anterior quadrant (OSI < 0.15).  

 The OSI index results obtained for patients M and K do not resemble any of those shown in the 

literature [22, 63]. However, as the study from [22] indicates, the OSI distribution is highly variable from 

patient to patient and therefore we should not take just one pattern of the results as the correct one. 

 Concerning the MFS patient, he maintains a relatively low oscillatory flow in the dilated root: while 

the entire left quadrant shows mainly unidirectional WSS (OSI < 0.15), most of the flow in the right 

quadrant displays bidirectional longitudinal WSS, with the majority of OSI values between 0.2 and 0.3. 
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4.2.3. General discussion  

In recent years, substantial attention was dedicated to the study of the hemodynamic hypothesis 

regarding BAV related aortopathies. Both in vivo [98, 49, 37] and computational studies [20, 94, 23, 61] 

have shown that BAV is highly associated with the presence of an eccentric flow jet in the AA. Such jet 

deflection, associated with increased hemodynamic viscous stress places in the ascending aortic wall, 

have been significantly correlated with AD. Moreover, helical systolic flow has been observed in the 

dilated AA when associated with a BAV [16, 21, 22, 94]. On the other hand, MFS disease is highly 

associated with dilation in the aortic root and conclusions regarding if this dilation is purely a genetic 

defect consequence or if hemodynamic factors might also contribute towards it still remain                       

[96, 69, 24, 70]. 

In this work, we tried to provide a deeper insight on the hemodynamics in the AA in several PS cases 

with different pathologies, as well as in a control subject: Different degrees of AD in BAV patients have 

been studied just like dilation of the aortic root in a MFS patient. Besides, a preliminary qualitative 

assessment of the impact of AR on AA hemodynamics in diastole, and in AD, when associated with 

BAV, was performed. In order to assess aortic hemodynamics, blood flow velocity, streamlines, helicity, 

WSS and related parameters were computed.  

Regarding the created aortic models, we can say that the used BCs associated with the appropriate 

inlets for TAV and BAV cases gave rise to satisfactory results. However, and concerning the healthy 

aorta, some in vivo and computational studies have shown that, during the systolic deceleration phase, 

peak velocity flows tend to migrate toward the outer curvature and then to curve back towards the inner 

curvature in a right-handed helix in the AA and arch [91, 64]. Such hemodynamic effect was not captured 

by the healthy aortic model used in this work, with the higher velocities deviating always towards the 

inner curvature of the AA and inner arch. On the other hand, the in vivo study from [16] has not reported 

helical streamlines in the control subjects, nor have the computational studies from [94, 23]. Therefore, 

this particular flow behavior is shown to have inter variability. 

 On the other hand, this work demonstrates clearly that the aortic valve morphology induces notable 

flow abnormalities in the AA of BAV patients, either with or without dilation, in comparison with a normal 

TAV. Consistent with previous studies [53, 32, 22, 21, 20, 23], and regardless of the shape of the AA, 

these FSI results show that the BAV gives rise to a peripheral skewing of the systolic jet towards the 

outer mid-ascending aortic wall, then accelerating along the outer curvature. Such hemodynamic 

behavior corresponds to an expected nested helical one, present in non-dilated and dilated aortas. 

Moreover, such behavior was obtained without modeling the aortic valve and assuming that the blood 

flow profile generated by the valve can be replaced by an idealized BAV orifice joined with appropriate 

inflow BC. 

 However, patient L did not present evident helical behavior throughout the AA, due to the fact that 

his aortic geometry presents a very straight AA, without the curvature usually seen for this vessel portion. 

Therefore, this alters the results and does not allow for a proper flow recirculation development during 

the deceleration phase. Moreover, the coarctation presented by this patient might also influence the 

development of turbulent flow previous to it, in the AA. However, this hypothesis has not been shown in 

any previous study and should be further investigated. 
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 Helical behavior is intensified in dilated aortas from BAV patients: peripheral recirculating vortices 

arising from the main systolic jet appear in these patients (M and K), reaching the inner AA, while low 

velocity vortices fill the center of the dilated AA. Such behavior contrasts with the smooth streamlined 

flow observed downstream of the TAV healthy patient. Additionally, these patients present increased 

average helicity in comparison with non-dilated aortas from BAV patients and TAV related aortas, in 

agreement with the study from [94]. While in the healthy aorta helical flows started developing just at 

late systole and through diastole, in BAV patients they originated at systole [20]. This means that high 

helicity is intrinsically connected with AD and might be an important factor for its development, 

maintenance and progression [98]. 

 Moreover, flow rotation directions in all patients presented bi-helical patterns. In BAV patients, the 

obtained results do not correspond entirely to the ones from the literature: although the peripheral 

streamlines arising from the main jet and flow in the arch presented right-handed rotations, the vortices 

from the center of the AA in dilated aortas appeared left-handed. Additionally, patients L and T presented 

bi-helical behavior throughout the cardiac cycle. As previously mentioned in Chapter 4.2.1.2., this is not 

in agreement with the literature, since in vivo [98] and computational studies [20, 94] have shown that a 

BAV with R-L fusion type is associated with right-handed systolic flow in the AA. However, the helicity 

behavior is somehow complex, and, even among BAV patients with the same fusion type vast 

differences can be found in their blood patterns and therefore in the helical rotation type [98]. In addition, 

differences between the patterns given by helicity measurement with the LNH index in in vivo situations 

[98] and in computational studies have been observed [24, 90]. Nonetheless, this index could 

demonstrate well the helicity patterns associated with blood flow in the aorta in this work which means 

that it allows a good measurement of helicity.  

 On the other hand, the MFS patient presented bi-helical rotations throughout the aorta, which were 

more enhanced in the dilated root with the ongoing of the cardiac cycle [24, 70]. Nonetheless, in the 

remaining AA, this patient presented similar hemodynamics to the healthy one, in agreement with 

previous computational studies [24].  

 We can say that the characteristics of blood flow and helicity in the healthy aorta are complex and 

highly dependent on the geometry and shape of this vessel [98, 95], presenting high inter-individual 

variability. For example, the curvature/non-planarity of the AA or the curvature of the aortic arch can 

have effects on fluid motion in the AA [92, 98].  

 Flow abnormalities seen in the BAV patients also affected the WSS environment of the AA by altering 

its local magnitude and distribution. In the healthy patient, WSS was relatively uniform in the proximal 

AA, in agreement with previous studies [64, 63], becoming asymmetric further downstream due to the 

wall curvature, which causes the existence of high WSS in the beginning of the inner curvature of the 

AA and the presence of low WSS values on the outer wall. Alternatively, the BAV generated strongly 

asymmetric WSS distributions along the entire AA during systole, causing regions of WSS overload in 

the outer curvature which were highly associated with the skewness of the BAV jet. Moreover, more 

marked WSS was found with increasing AD in these patients. Recent in vivo studies have reported that 

BAV patients present locally elevated systolic WSS on the outer dilated wall, as shown in this work      

[16, 86]. 
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 The flow patterns and WSS distributions reported in this work for BAV patients therefore favor the 

hypothesis that underlying flow abnormalities play a direct role in the pathogenesis of BAV related 

aortopathies, namely the development of AD, and that this is not solely a genetic manifestation of 

connective tissue disorders. Indeed, WSS is an important vascular regulator that can induce vascular 

remodeling [49, 101] by directly influencing endothelial cell function [54]. In fact, it is hypothesized that 

abnormal flow initiates AD to try to keep constant WSS through processes of vascular remodeling         

[50, 54, 52]. Therefore, the prolonged exposure of the outer curvature of the AA to altered WSS in BAV 

patients may be one of the main factors contributing to aortic degeneration and giving rise to a more 

fragile vessel wall, which induces the AD development. 

For the healthy and the MFS patients, peak systolic WSS values of 118 dyn/cm2 and 80 dyn/cm2 

were obtained, respectively. Regarding BAV patients, maximum WSS values of 170 dyn/cm2,                 

276 dyn/cm2 and 126 dyn/cm2 were predicted for the AA of patients M, K and L, respectively, while in 

patient T the maximum ranged from about 300 to 500 dyn/cm2. Such values are in agreement with the 

PS inflow conditions used, which gave rise to distinct blood flow velocity values and therefore distinct 

WSS magnitudes. On the other hand, when comparing our velocity and WSS results for BAV patients 

with computational studies, only the work from [22] obtained similar values, with the remaining 

computational works presenting much lower values [63, 20, 94].  

 Interestingly, a recent study recreated an in vitro flow system in an endothelial cell (cells covering 

the interface between blood and wall) culture chamber and found that very high WSS values (about    

284 dyn/cm2) increased cell apoptosis relative to lower WSS (35 dyn/cm2) conditions, a biological event 

that occurs with vessel expansive remodeling [101]. The values of peak-systolic WSS in patient K (with 

the greater AD) resemble those measured in cell culture by [101]. This study then suggests that very 

high WSS values may cause detrimental effects on the endothelial cell layer, causing mechanical 

damage to cell-cell junctions or cell surface integrity [101]. Furthermore, it also showed that, in high 

WSS conditions, positive WSS gradients appeared to have an increased effect in endothelial cell 

dysfunction. 

On the other hand, the WSS levels computed by all models in this work were systematically higher 

than those reported by in vivo 4D-flow MRI measurements. In the study from [93], cross-sections were 

defined at mid-AA and distal AA and the WSS magnitude was quantified and averaged at each plane. 

Maximum averaged peak-systolic WSS magnitudes of 7.2 dyn/cm2 and 10 dyn/cm2 in mid-AA and         

7.5 dyn/cm2 and 7.9 dyn/cm2 in distal AA were reported for TAV and BAV patients without AD, 

respectively [93]. For BAV patients with AD, maximum WSS magnitudes of 23 dyn/cm2 have been 

observed [22]. However, the accuracy of MRI measurements is narrowed by low temporal and spatial 

resolutions of the order of 40 ms and 2 mm3, respectively [32]. This therefore causes an averaging of 

the in vivo measured velocity field, giving rise to spurious errors in the calculated velocity gradients at 

the interface between blood and vessel walls [22]. Moreover, WSS estimations from MRI measurements 

are usually underestimated [22]. This supports diverse studies which say that MRI is not currently able 

to provide accurate quantification of parameters such as WSS and thus computational modeling is 

definitely advantageous in that matter [100, 66].  
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In our study, the plane-wise analysis of TAWSS and OSI revealed, for BAV patients M, K and L, a 

TAWSS overload located mainly between the right-posterior and right-anterior quadrants, corresponding 

to the outer wall marked by the acceleration of the systolic jet. The healthy patient also presented a 

TAWSS deviation towards the inner curvature of the AA, in agreement with the literature [63]. Moreover, 

stress abnormalities generated by the BAV gave rise to a unidirectional WSS (low OSI) in patients M 

and L, corresponding to the region marked by the acceleration of the systolic jet, which contrasted with 

the bidirectional and oscillatory WSS distribution seen in the healthy patient. These observations 

suggest that the unidirectional environment on the outer wall of the AA in BAV patients could somehow 

trigger a local injury response causing the progressive degradation of the aortic wall. Nonetheless, in 

the healthy patient and BAV patients M and L, high OSI regions were also seen and well associated to 

regions of low TAWSS, which suggests an inverse relationship between these vascular hemodynamic 

parameters. Such condition has been speculated to be correlated with the development of 

atherosclerosis or ulcerating lesions in the aorta, as shown by diverse studies [101, 102, 103, 104]. This 

occurs because atherosclerotic lesions are preferentially located at low flow regions that experience 

disturbed flow, which means in regions with low TAWSS and high OSI [101]. 

 Regarding BAV patient K, he shows elevated TAWSS associated with high OSI throughout the outer 

curvature of the AA, unlike the remaining BAV patients. Nonetheless, in the right- and left-posterior 

quadrants, we can see that a portion of low TAWSS is associated with high OSI, showing the relationship 

connected with the potential development of atherosclerosis. On the other hand, a correlation of high 

TAWSS with high OSI means that the aortic wall of patient K is subjected to highly increased stress: 

there is an overload of WSS combined with elevated oscillatory flow, suggesting a very fragile aortic 

wall in this patient. 

On the other hand, it is important to notice that this is the first computational work to study AR in PS 

cases and relevant conclusions can be withdraw. We can say that there are significant differences 

between the types of AR and their effects on normal blood flow and related wall stresses. While mild AR 

did not show any prejudicial effect in BAV patients L, M and K during diastole, severe AR has shown to 

cause important vascular changes in the aorta. Patient T is the only one which presented severe AR 

and he displayed high WSS values throughout diastole, especially in the AA vessel portion and more 

localized in the aortic root. Such characteristics seem to demonstrate that severe AR and the associated 

abnormal hemodynamics do play a role in facilitating AD, especially in the aortic root, in agreement with 

the retrospective study from [65].  

 Alternatively, the MFS patient seemed to demonstrate a completely different behavior concerning 

WSS distributions. Although the high helicity felt at the dilated root area during the systolic deceleration 

phase caused the appearance of slightly higher WSS located there, the root presented very low WSS 

values throughout the majority of the cardiac cycle, in agreement with the study from [24]. Moreover, 

the only reason why TAWSS distribution in this patient resemble those of the healthy patient is because 

the respective cross-section was located in a plane where helical behavior was intensively felt. 

Additionally, the OSI distributions for that plane shown that unidirectional and bidirectional WSS were 

dominant. 
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 In the computational study from [105], PS models of intracranial aneurysms were highly associated 

with very low WSS distributions and the results shown that the aneurysms are more likely to grow in 

regions with lower WSS [105]. This therefore shows that both very high and very low WSS values can 

be highly prejudicial towards the homeostasis of the vessel wall, since both can lead to processes of 

vessel wall remodeling [101, 105, 106]: in fact, very low levels of WSS have shown to lead to endothelial 

apoptosis [106]. Thus, the obtained results for the MFS patient show that low WSS is associated with 

aortic root dilation, namely, aneurysm development. In addition, the increased helical behavior displayed 

in the aortic root from this patient might have also some influence regarding dilation development, 

maintenance and progression, as previously spoken for BAV dilated aortas [98]. 

 On the other hand, this aortic root dilation in MFS derives from a combination between genetic and 

hemodynamic factors: the root wall is weakened due to vascular remodeling originated by connective 

tissue disorder, which influences local hemodynamics towards the development of aortopathy [24]. Such 

events are also correlated with the increased aortic wall stiffness displayed by this patient in comparison 

with the healthy one: clinical studies suggest that aortic stiffness can be an early marker of aortic disease 

in MFS, and that the increased stiffness usually seen in these patients can precede aortic dilation [6].
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5. Conclusions, limitations and future work 

In this work, we provided deeper insight on the hemodynamics in the AA in diverse PS cases of BAV 

and MFS. From the results previously showed and discussed, we can conclude that BAV related aortas 

display blood flow abnormalities characterized by an accelerated peripheral flow along the outer AA 

curvature and the formation of low-velocity helices in the inner AA, more enhanced in dilated aortas. 

Moreover, we can say that these flow alterations are correlated with abnormalities in WSS magnitude, 

directionality and distribution: regions of WSS overload in the outer curvature, associated with the 

skewness of the BAV jet and more marked in more dilated aortas, were observed. From this, we can 

conclude that the prolonged exposure of the outer curvature of the AA to altered WSS in BAV patients, 

as well as increased helicity, may contribute towards aortic degeneration, inducing AD development. 

Therefore, helicity quantification used in combination with WSS data presents a valuable strategy for 

the prediction of AD progress [98]. 

 Regarding AR, while mild AR didn’t seem to greatly influence hemodynamics and WSS at diastole, 

severe AR caused the appearance of altered WSS environments in the AA of patient T, especially in 

the aortic root. Thus, we can hypothesize that severe AR plays a role in facilitating aortic root dilation. 

Nonetheless, more studies are needed to confirm this hypothesis.  

 Finally, the root dilation present in the MFS patient associated with very low WSS magnitudes, a 

condition usually seen in intracranial aneurysms [105]. Then, we can conclude that the dilation present 

in this MFS patient can be associated with aneurysm development. However, future work is necessary 

to confirm such association. 

 Given these results, we can therefore conclude that the estimation of vascular parameters (such as 

the WSS) through numerical modeling can provide valuable biomarkers for the accurate description of 

the hemodynamic environment in diverse aortic pathologies. Nonetheless, every PS case is different, 

and in BAV patients, the progress of aortopathy is usually unpredictable [5] and we should not generalize 

the conclusions from the numerical results obtained for a small group of patients. 

 

This work presents some limitations, a few associated with the difficulties encountered during its 

progress. First of all, the segmentation procedure to obtain PS aortic geometries was challenging, given 

the fact that artifacts were present in some of the CT images and that in most of them differentiation 

between the TA and the surrounding tissues barely existed. Therefore, the images were of difficult 

interpretation and, in order to create the most possible accurate aortic models possible, this process 

took longer than expected, especially associated with the usual time taken by manual segmentation. 

This factor was crucial in the development of this work, since the first obtained geometries were not 

properly segmented in the aortic root area, giving rise to erroneous results on subsequent numerical 

simulations. Therefore, re-segmentation of the aortic structure with focus on the aortic root and 

additional post-processing needed to be performed once more in order to produce better results, 

something that took even more time. 
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Moreover, the model surface mesh simplification procedure in MeshLab retrieves characteristics 

from the original aortic model. However, this was necessary regarding the process to be able to import 

properly the aortic geometries into COMSOL. In the future, a more suitable process between image 

segmentation and geometry import in COMSOL needs to undergo further investigation, since the one 

used in this work is complex and time-consuming.  

Regarding numerical simulations, some limitations must be taken into account. To start, the aortic 

flow was modeled as laminar in this study, an approximation that may cause a slight inaccuracy at peak 

systole and in the early deceleration phase [63]. A turbulence or transition model should be considered 

when studying the hemodynamics of the AA [94]. Nonetheless, modeling blood as a laminar flow in this 

case allowed to assess the accurate general hemodynamics in the AA during most of the cardiac cycle. 

Finding a proper turbulence model for aortic flow remains a current open problem [23, 61, 20], since it 

requires a computational grid able to resolve all the scales and so it is not practical for FSI problems 

[63]. However, such feature should be included in future works, because it would grant more accurate 

indications about the fluid dynamics in the AA in the presence of a BAV.  

Additionally, the aortic wall was assumed as an isotropic material, even though the aortic wall tissue 

presents an anisotropic behavior [48, 4, 30, 76]. Also, the velocity inflow curves used in the aortic inlets 

were adapted from the literature and scaled to match PS peak systolic velocities, not being completely 

PS. 

Moreover, the mesh densities used in the numerical simulations are not the ideal ones, since they 

have associated a relatively high error. The choice of using less refined meshes was due to different 

facts: firstly, the workstation used in numerical modeling did not have enough RAM memory to solve 

FSI problems with very dense meshes; secondly, regarding the results presented in this work, simulation 

running times up to a maximum of five or six days, for most, were necessary, and according to the time 

given, it would not be possible to increase the mesh density. 

In order to improve the methods used for numerical modeling of compliant vessels, a recent research 

line in Cardiovascular Mathematics has been exploring the integration of simulation and data extracted 

by 4D imaging methods [107]. Such procedure is called “data assimilation” and it involves tracking of 

the vessel wall motion by registering images taken at different times and from different sources and 

viewpoints to estimate the full motion of the structure. Afterwards, fluid dynamics simulations are 

computed using the data obtained from structure tracking. Such procedure presents a very interesting 

alternative to usual FSI, since it reduces the associated computational cost, while being able to identify 

important related parameters and quantifying the effects of surrounding tissues [107]. Nonetheless, this 

is still under investigation and “data assimilation techniques” still present many unanswered questions. 

Alternatively, when optimized, this procedure will be able to improve both the knowledge extracted from 

medical imaging data and the accuracy of numerical results [107]. 

On the other hand, the valve was modeled by the GOA and inflow conditions, and so opening and 

closing mechanisms, as well as the influence of leaflets, were not taken into account. Although in systole 

this approximation is sufficiently valid, in diastole it is not accurate. Therefore, the results obtained for 

diastole, for all patients, in this work, are purely qualitative. Additionally, the simulations regarding the 

BAV patient with severe AR (patient T) were only obtained for two cardiac cycles: even though the 
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second cycle was correlated with some stability of the results, it is the third cycle that guarantees 

temporal convergence (see Appendix D). Therefore, the results regarding this patient are qualitative 

during the entire cycle (systole and diastole) and AR should only be taken into account as a qualitative 

illustration of the impact of AR in association with BAV and AD. Nonetheless, it is the first time that AR 

is studied through computational modeling and numerical simulations and so these results, even if 

qualitative, are of great importance.  

As future work, numerical modeling of the aortic structure with the valve orifice changing through 

time based on data obtained from MRI should be considered. Such subject was investigated in [82], 

where the hemodynamic behavior in aortas with a TAV and a BAV was explored. In this work, the valve 

orifice displayed at temporal PC-MRI images was segmented and smoothed at specific times during 

systole using a custom-designed program. Afterwards, these segmentations were applied to the model 

inflow in order to generate a time-varying mask of the inflow for the TAV and BAV [82].  

The use of such method in the study of AD hemodynamics in patients with a BAV during the cardiac 

cycle would be enlightening, either in the systolic phase, or during diastole. Moreover, more research 

regarding numerical modeling of AR should be performed: since in this work the final conclusions to 

withdraw on this subject are qualitative, the exploration of this pathology should be ensured, especially 

when joined with BAV. This would allow to intensify the understanding on the effects of AR in these 

patients. 

On another hand, the inclusion of the valve leaflets in BAV related numerical modeling should be 

investigated. The work from [94] analyzed the inclusion of the TAV and BAV leaflets in two different 

aortic geometries (one non-dilated and another dilated) through fluid-dynamic numerical simulations. 

Their results shown that leaflets do alter the AA hemodynamics, since they canalize the systolic jet, 

highlighting the abnormalities of BAV flow. Therefore, even though the BAV orifice shape in combination 

with the aortic geometry is enough to recreate BAV related hemodynamics in the AA, research towards 

the inclusion of the valve leaflets should be also considered. 

Finally, and regarding the numerical simulation from patient T, this presented numerical instabilities 

owing to the shape of the AR inflow curve prescribed at the inlet, which has an accentuated gap from 

diastole to systole. Thus, results from the third cycle were impossible to use and therefore the results 

from the second cycle were used in this work. However, since these were retrieved in larger time steps 

(from 0.1 to 0.1 seconds), some results were impossible to compute, such as averaged LNH, TAWSS 

or OSI, because these depend on large amounts of data through one cycle to be computed. Therefore, 

that is the main reason why such results are not presented for this patient and work is under 

development in order to obtain them for a third cycle. 

Regardless of some limitations, this work allowed to study blood hemodynamics in BAV and MFS 

related pathologies. Moreover, a first insight on the hemodynamics and WSS related to AR in BAV was 

given. In general, the results obtained are relevant, but further research on these topics should be 

performed. Mathematical modeling and numerical simulations of cardiovascular problems is a very 

promising and challenging research field that aims at obtaining the most accurate numerical models and 

results, motivated by the fact that cardiovascular diseases have a major impact in developed countries. 
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Appendix A 

 There are several sets of CT images in which differentiation between the TA and the surrounding 

structures hardly exists (Figure A1 – on the right). This happens because the given image format 

is current CT and not CTA, which doesn’t provide accurate contrast between the aorta and the 

surroundings, and also because some of the image sets were not acquired with ECG-gating, 

which diminishes the general quality of the set. 

 

           
Figure A1 – Sagittal view of the aortic structure after contrast and brightness enhancement for patients M (on the 
left) and K (on the right). Patient M images have ECG-gating and exhibit an acceptable contrast between the TA 

and the surrounding structures, while in patient K images don’t have ECG-gating and present low contrast among 
the TA and the surrounding structures, even after contrast and brightness enhancement. 

 

 Artifacts are present in some of the images. In the present CT image sets, these artifacts are 

physics-based (resulting from the physical processes involved in image acquisition), namely 

beam hardening with streaking effects artifacts (Figure A2). This type of artifact derives from 

the existence of heterogeneous cross sections among each slice, meaning that dark bands (or 

streaks) will appear between two dense structures in an image [108]. 

 

            
Figure A2 – Patient M images: streaking artifacts near the AA. 
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Figure B1 – Workflow of LifeVFSI tool. 
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Appendix C 

Mesh sensitivity analysis was performed for two additional problems besides FSI: Laminar flow and 

Solid mechanics. Both problems were resolved with a stationary, fully-coupled, iterative solver. While 

on the fluid study, 2 points were defined in the fluid domain for subsequent velocity measurement (one 

located in the AA portion and another in the DA portion), on the structure only one point was defined for 

displacement measurement in the AA part. 

  

Regarding the problem settings of the model for Laminar flow simulations, COMSOL solved the NS 

equations for fluid and blood was characterized with the same parameters as described in the FSI mesh 

sensitivity analysis study, in Chapter 3.5.2.5.2. The BC applied at the aortic inlet and outlets were also 

the same as prescribed in the same Chapter. 

A similar procedure to the FSI study for mesh refinement was taken into account: the initial coarse 

mesh consisted of 38583 elements and, through mesh element size decrease, a final mesh of 3232771 

elements was obtained, with a total refinement of about 84% in comparison with the initial mesh. 

The L2 norm and H1 semi-norm were computed having the most refined mesh as the reference mesh 

and the graphics presented in Figures C1, C2, C3 and C4 are thereby plotted: 

 

 

Figure C1 – Laminar flow study: x component of the velocity vector as a function of the DOF for the point located 
in the AA portion. 
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Figure C2 - Laminar flow study: x component of the velocity vector as a function of the DOF for the point located 
in the DA portion. 

 

 

Figure C3 – Laminar flow study: L2(Ω) norm as a function of the DOF for the mesh corresponding to the fluid 
domain. 

 

 

Figure C4 – Laminar flow study: H1(Ω) semi-norm as a function of the DOF for the mesh corresponding to the fluid 
domain
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In Figures C1 and C2 one can see that the values for the x component of the velocity vector have 

different stabilization times: while for the point in the AA portion this stabilization is more evident after 

two million DOF, for the point in the DA portion it occurs much faster, after one million DOF. However, 

by looking at the error of the results associated with the L2 norm and H1 semi-norm and displayed in 

Figures C3 and C4, only around two million DOF they are sufficiently small (below 2% for the L2 norm 

and between 7% and 8% for the H1 semi-norm). Therefore, an ideal mesh for the fluid domain in a 

laminar study would be one with around two million DOF. Nonetheless, the error of the results decreases 

with mesh refinement and consequently it increases with DOF, which shows that, with increasing 

refinement, convergence of the results to a steady solution gets closer. 

 

Concerning the problem settings of the model for Solid mechanics simulations, COMSOL solved the 

equations for a linear, elastic and isotropic material and the wall was characterized with the same 

parameters as described in the FSI mesh sensitivity analysis study, in Chapter 3.5.2.5.2. A boundary 

load of 100 Pa is applied at the outer wall as a BC. 

A similar procedure to the FSI study for mesh refinement was considered: the initial coarse mesh 

consisted of 74605 elements and, through mesh element size decrease, a final mesh of 539617 

elements was obtained, with a total refinement of about 7% in comparison with the initial mesh. 

The L2 norm is computed having the most refined mesh as the reference mesh and the graphics 

presented in Figures C5 and C6 are thereby plotted: 

 

 

Figure C5 – Solid mechanics study: Displacement as a function of the DOF for the point located in the AA portion 
(wall). 

-0.01714

-0.01712

-0.0171

-0.01708

-0.01706

-0.01704

-0.01702

-0.017

0 500000 1000000 1500000 2000000 2500000 3000000

D
is

p
la

ce
m

en
t 

[m
]

DOF



C4 

 

 

Figure C6 – Solid mechanics study: L2(Ω) norm as a function of the DOF for the mesh corresponding to the solid 
domain. 

 

In Figure C5 one can see that the values for the displacement of the point defined in the aortic wall 

do not stabilize completely with mesh refinement and increasing DOF, although some degree of 

convergence is achieved. On the other hand, the error of the results associated with the L2 norm 

displayed in Figure C6 is very small, even for the coarser mesh, and decreases even more with 

increasing DOF. Therefore, convergence of the results for a global mesh analysis is observed. 

 

Comparing the mesh sensitivity for both problems, one can see that the convergence of the results 

is achieved much faster for the solid mechanics than for the laminar flow, with the L2 norm having a 

value of about 1% for the former and 15% for the latter, for the coarser mesh. 
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Appendix D 

In order to verify time convergence with the third cardiac cycle, the numerical results from BAV patient 

L were used for additional computations. More specifically, the average of the x component of the 

velocity vector was measured in the IA surface boundary through the three cardiac cycles. The resulting 

plot is displayed below: 

 

 

Figure D1 – Average of the x component of the velocity vector in function of time, at the IA boundary. 

 

As we can see in Figure D1, the first cycle gives rise to unstable numerical results, unlike the second 

and third cycles. The results for the second and third cycles are very similar to each other and therefore 

we can say that, for the third cycle, time convergence is assured. Such results can be extrapolated for 

the remaining patients. 

On the other hand, we can say that the second cardiac cycle is good enough to assure somewhat 

reliable results, although these should be taken with caution. Such verification is valuable for the results 

from patient T, since these are withdrawn from the second cycle.  
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Appendix E 

In order to evaluate the influence of the aortic geometry with the respective inlet orifices on the results 

from numerical simulations, additional computations were performed. FSI stationary simulations were 

run for all geometries: the physics of each model remained unaltered (regarding the one used for time-

dependent FSI simulations) except the inlet velocity. For BAV patients, a constant, inlet velocity of       

1.05 m/s was assigned. In order to have equal flow rate for all patients, velocities of 0.2952 m/s for the 

healthy patient and 0.2964 m/s for the MFS patient were attributed. Besides, a fully-coupled approach 

was chosen, with the direct solver PARDISO.  

Figures of flow streamlines with color expression given by velocity magnitude and WSS plots are 

displayed below in the figures presented. It is important to mention that any comparison made with the 

literature in this Appendix is only in qualitative terms, since previous computational studies in this field 

use time-dependent simulations. 

 

 

 

 

 

 

 

 

 

 

 

Figure E1 – Stationary study for the healthy patient: Velocity streamlines [m/s] (left) and WSS magnitude 
[dyn/cm2] (right) are displayed. 

 

 

 

 

 

 

 

 

 

 

 

Figure E2 – Stationary study for the BAV patient L: Velocity streamlines [m/s] (left) and WSS magnitude [dyn/cm2] 
(right) are displayed
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Figure E3 – Stationary study for the BAV patient T: Velocity streamlines [m/s] (left) and WSS magnitude [dyn/cm2] 
(right) are displayed. 

 

 

 

 

 

 

 

 

 

 

 

Figure E4 – Stationary study for the BAV patient M: Velocity streamlines [m/s] (left) and WSS magnitude 
[dyn/cm2] (right) are displayed. 

 

 

 

 

 

 

 

 

 

 

 

Figure E5 – Stationary study for the BAV patient K: Velocity streamlines [m/s] (left) and WSS magnitude [dyn/cm2] 
(right) are displayed.



E3 

 

 

 

 

 

 

 

 

 

 

 

Figure E6 – Stationary study for the MFS patient: Velocity streamlines [m/s] (left) and WSS magnitude [dyn/cm2] 
(right) are displayed. 

 

First of all, the velocity streamlines distribution among the healthy patient, the MFS patient and the 

BAV patients differ: while on the first two the simulated TAV gives rise to a uniformly distributed flow on 

the proximal AA, for BAV patients the blood flow entering the aorta has the shape of a jet with increased 

velocities, in agreement with the results obtained in [23, 61]. This is due to the valve orifice itself, which 

presents the usual bicuspid shape with reduced area. Thus, there is a great difference between the 

velocity ranges in the AA of TAV and BAV aortas (with maximum values of about 0.5 m/s for the healthy 

patient, 0.4 m/s for the MFS patient and 1.1 m/s for the BAV patients).  

 Moreover, the same flow trend in the AA observed in Chapter 4.2.1.1. is observed here, for all 

patients: the healthy [91, J, 92] and MFS [24] patients present a flow deviation towards the inner 

curvature of the AA, where higher velocities are seen. The healthy patient presents also a slight swirling 

of peripheral low-velocity streamlines from mid-AA to the inner arch [64, 63]. Additionally, the MFS 

patient presents recirculation patterns in the dilated aortic root [24, 70] and after the arch coarctation in 

the proximal DA. Besides, his highest velocities are present in the proximal DA, after the arch 

coarctation; on the other hand, in BAV patients, the high velocity jet hits the outer mid ascending aortic 

wall, then accelerating along the outer curvature and up to the arch. Such nested helical behavior has 

been previously seen in 4D-MRI [53, 32] and computational studies [22, 21, 20, 23, 63, 94], for both 

healthy and dilated aortas. 

Moreover, the creation of vortices depends on each BAV patient’s aortic geometry: on patient L, even 

though some flow disturbance can be observed towards the inner curvature of the AA, low velocity 

vortices are more pronounced in the DA after the arch coarctation; in patient T, on the other hand, solid 

low velocity vortices start developing in the beginning of the aortic arch and extend to the proximal DA 

[23, 61, 64, 63]. This shows that, even among non-dilated aortas, differences in the aortic geometry 

strongly influence the hemodynamics results. In this case, we can see that the appropriate AA curvature 

from patient T gives rise to solid vortices throughout the aorta, while in patient L the flat AA prevents the 

formation of such well-shaped vortices in the AA. Finally, in BAV dilated aortas (patients M and K), the 

main blood jet gives rise to peripheral streamlines that reach the inner curvature of the AA in a helical 
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manner, in agreement with the studies from [22, 21, 20, 94]. Additionally, in these patients, low velocity 

vortices appear in the center of the dilated AA, extending up to the inner arch [94, 20, 22, 21].  

Regarding WSS magnitude distributions, once again, they are highly correlated with the flow 

streamlines and respective velocity field for all patients. The healthy [23, 61] and the MFS patients 

present the lowest WSS values: in the former, the higher WSS is displayed in the supra-aortic arteries, 

with the majority of values ranging from 25 to 40 dyn/cm2. Moreover, the WSS remains relatively low 

throughout the AA of the healthy patient. 

Such distribution is similar to that of the MFS patient, although WSS values between 30 and                

50 dyn/cm2 are seen in the distal AA, in the supra-aortic arteries and in specific spots throughout the 

arch and proximal DA. Additionally, the dilated root is associated with very low WSS values, close to      

0 dyn/cm2, as corroborated by the study from [24]. 

On the other hand, the WSS magnitude distribution obtained for all BAV patients highlights the 

asymmetry of the blood jet in BAV configurations, which gives rise to much higher WSS values in 

comparison with the healthy patient. Furthermore, higher WSS regions are localized in the outer 

curvature of the AA, while the inner curvature presents lower WSS values. Such distribution enhances 

the greater effect of the jet on this region and matches the results obtained by previous computational 

studies [23, 61, 22, 21, 20, 94] and in vivo studies [50, 53]. 

More precisely, the WSS magnitude ranges in the outer curvature in these patients and do not differ 

much among them: the higher WSS region ranges from a minimum of 35 dyn/cm2, common to all 

patients, to a maximum of 85 dyn/cm2, for patients L and M, 100 dyn/cm2, for patient T and 90 dyn/cm2, 

for patient K. Additionally, the WSS distribution is diverse and depends highly on the aortic geometry: 

even though patients L and T do not present aortic dilation, they differ in maximum WSS values and 

slightly on WSS distribution. They share the same maximum WSS values location – distal AA -, but 

patient T presents enhanced WSS in that area. Moreover, in the latter, the WSS on the outer curvature 

of the AA has enhanced maximum distribution values in comparison with patient L. This shows, once 

again, that the appropriate AA curvature from patient T gives rise to higher WSS values throughout that 

portion of the aorta, in comparison with the flat AA from patient L.  

Alternatively, and regarding the dilated aortas from BAV patients M and K, we can see that, with 

greater AD, the higher WSS region in the outer AA appears more spread, in agreement with the results 

obtained by [22, 21], even though maximum values are localized in specific portions. Additionally, while 

on non-dilated aortas the WSS maximum values are seen in the distal AA, in dilated aortas these are 

displayed in the medial/distal sections. 

Besides, the WSS distribution varies throughout the aortic arch and supra-aortic arteries in all BAV 

patients: in patient L, there is a very high WSS area located in the arch coarctation; in patient T, these 

high WSS distributions are located preferentially close to the supra-aortic arteries and in the inner arch; 

in patient M, the WSS is moderately distributed through the entire arch; finally, patient K presents 

moderate WSS values only in the supra-aortic arteries.
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