Analysis of Blood Flow in Patient-specific Models

of Type B Aortic Dissection

by

Zhuo CHENG

A thesis submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy and Diploma of Imperial College London

Department of Chemical Engineering and Chemical Technology
Imperial College London

September 2011



Abstract

Aortic dissection is the most common acute catastrophic event affecting the aorta. The
majority of patients presenting with an uncomplicated type B dissection are treated
medically, but 25% of these patients develop subsequent dilatation and aortic aneurysm
formation. The reasons behind the long-term outcomes of type B aortic dissection are
poorly understood. As haemodynamic factors have been involved in the development
and progression of a variety of cardiovascular diseases, the flow phenomena and
environment in patient-specific models of type B aortic dissection have been studied in
this thesis by applying computational fluid dynamics (CFD) to in vivo data. The present
study aims to gain more detailed knowledge of the links between morphology, flow

characteristics and clinical outcomes in type B dissection patients.

The thesis includes two parts of patient-specific study: a multiple case cross-sectional
study and a single case longitudinal study. The multiple cases study involved a group of
ten patients with classic type B aortic dissection with a focus on examining the flow
characteristics as well as the role of morphological factors in determining the flow
patterns and haemodynamic parameters. The single case study was based on a series of
follow-up scans of a patient who has a stable dissection, with an aim to identify the
specified haemodynamic factors that are associated with the progression of aortic
dissection. Both studies were carried out based on computed tomography images
acquired from the patients. 4D Phase-contrast magnetic resonance imaging was
performed on a typical type B aortic dissection patient to provide detailed flow data for
validation purpose. This was achieved by qualitative and quantitative comparisons of

velocity-encoded images with simulation results of the CFD model.

The analysis of simulation results, including velocity, wall shear stress and turbulence
intensity profiles, demonstrates certain correlations between the morphological
features and haemodynamic factors, and also their effects on long-term outcomes of
type B aortic dissections. The simulation results were in good agreement with in vivo
MR flow data in the patient-specific validation case, giving credence to the application of
the computational model to the study of flow conditions in aortic dissection. This study
made an important contribution by identifying the role of certain morphological and
haemodynamic factors in the development of type B aortic dissection, which may help
provide a better guideline to assist surgeons in choosing optimal treatment protocol for

individual patient.
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Chapter 1

Introduction

1.1 Clinical Background
1.1.1 Aortic dissection and the patient population

More than 200 years ago, Morgagni, the father of modern anatomical pathology,
described a patient who developed a tear in the ascending aorta with subsequent
rupture into the pericardial space in his masterpiece “The Seats and Causes of Disease”.
This is the first time aortic dissection has been pathologically described in history. Since
then, aortic dissection has been gradually unveiled to the medical world. In 1819,
Laennec first used the term “aneurysme dissequant” to describe this disorder. Because
of this ancient description, the disease had been referred to as “dissecting aneurysm” for
more than a hundred years. However, as the affected aorta is infrequently aneurysmal,
the simple term “aortic dissection” has been preferred since late 1900s, and widely used

in both clinical and medical applications.
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Il

aortic dissection

Figure 1.1: Proposed mechanism of initiation of aortic dissection (adopted from

www.iradonline.org).

The initial event of classic aortic dissection is a sudden tear in the aortic intima that
directly exposes an underlying diseased medial layer to the driving force of the
intraluminal blood (see Figure 1.1). This is rapidly followed by a surge of blood into the
diseased media layer. The blood cleaves the laminar plane of the media in two, and then
separates the intima from the adventitia, thus dissecting the aortic wall (Wheat 1983).
Most aortic dissections propagate distally from their point of origin driven by the
forward force of aortic blood flow, but proximal extensions can also be seen (Benedikt
2000). The so-called false lumen, adventitially and partly medially bound, represents the
blood-filled space between the dissected layers of the aortic wall, while the true lumen is
bounded by the endothelium entirely and is the normal passageway of blood. The layer
of intimal and part of media tissue separating the false lumen from the true lumen is
known as the intimal flap. Typically, one or more tears in the intimal flap produce exit
sites or additional entry sites allowing flow communication between the two lumens,

thus maintaining false lumen patency.

Classic aortic dissection is one of the aortic pathologies of a new cardiovascular
syndrome - acute aortic syndrome (AAS). AAS describes the acute presentation of
patients with characteristic “aortic pain” caused by one of several life threatening
thoracic aortic pathologies including classic aortic dissection, intramural haematoma,
and penetrating atherosclerotic ulcer (Ahmad et al. 2006). The clinical profile of patients
with intramural haematoma and aortic ulcer is similar to that of classic aortic dissection.
Penetrating atherosclerotic ulcer is a condition in which ulceration of an aortic
atherosclerotic lesion penetrates the internal elastic lamina into the media and may

precipitate intramural haematoma (Vilacosta & San Roman 2001). Aortic intramural
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haematoma represents a novel variant of aortic dissection characterised by the absence
of an identifiable intimal tear (Vilacosta & San Roman 2001). Being different from classic
aortic dissection, it begins with the rupture of vasa vasorum within the aortic media
with the development of a hematoma followed by a secondary rupture through the
intimal layer. Aortic ulcer and intramural haematoma are linked and may progress to

the classic aortic dissection.

starts in
({_'_71 i3 '\_/I( il :‘-’.-’ dESCEIldII'IB
starts in l'/f//—\ ‘ 1
aorta "\,_)I ¥ N 1

-’I,f\ \

Type A Dissection Type B Dissection
| |

Figure 1.2: Commonly used Stanford classification system for aortic dissection with
arrows demonstrating openings or communications between the true lumen and false
lumen. Left: type A dissection; Right: type B dissection (adopted from

www.iradonline.org).

Most classification schemes for aortic dissection are based upon its anatomic location
and time from onset. These two variables play an important role in determining both
therapy and prognosis. Anatomically, the vast majority of aortic dissections originate in
one of two locations: (1) the ascending aorta, within several centimeters of the aortic
valve, and (2) the descending aorta, just distal to the origin of the left subclavian artery
at the site of the ligamentum arteriosum (Roberts 1981). Based on the site of origin and
proximal or distal involvement, Stanford classification, which was proposed by Dailey
and his colleagues from Stanford University in 1970, has been the most widely used (see
Figure 1.2). Under this system, aortic dissection is grouped into Stanford type A, which
involves the ascending aorta, and Stanford type B, which is confined to the descending
aorta. Type A dissection is more common than type B and approximately sixty-five per

cent of intimal tears occur in the ascending aorta (Crawford et al. 1990). In addition to
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its location, aortic dissection is also subclassified based on its duration from symptom
onset to medical evaluation. Acute dissection has traditionally been used to describe
presentation within the first two weeks, while the term subacute is sometime used to
describe the period between 2 weeks and 2 months. Chronic dissection is reserved for
those patients presenting at more than two months following the initial event (Green &
Kron 2003). At diagnosis, about two-thirds of aortic dissections are acute, and the

remaining one-third are chronic (Spittell et al. 1993).

The true incidence of aortic dissection is difficult to estimate because of its rapid fatality
and its ability to mimic other more common conditions (Hiratzka et al. 2010). As
reported, it is not as common as some other cardiovascular diseases, such as aortic
aneurysm and coronary artery diseases. Population-based studies suggest an incidence
of aortic dissection of around 30 cases per million people per year, which corresponds
to 6000 to 10 000 cases annually in the US. Among the patients, aortic dissection is more
likely to affect males over 60 years old (Hagan et al. 2000). Although it is relative rare,
aortic dissection is highly lethal causing more than twice as many deaths as attributed to
ruptured abdominal aortic aneurysms (Svensson & Rodriguez 1997). Early mortality of
aortic dissection was reported as high as 40 per cent and 1-2 per cent per hour
thereafter (Hirst et al. 1958). Although survival may be significantly improved by the
timely administration of appropriate medical and/or surgical therapy, the morbidity and
mortality of this debilitating disease remain alarmingly high, with an overall in-hospital
mortality of 27.4% reported by Hagan et al. (2000) from the International Registry of
Aortic Dissection (IRAD). However, the in-hospital outcomes of type B dissection are far
more acceptable than that of type A dissection, with 90% of patients surviving the initial

episode (Klan & Nair 2002).
1.1.2 Treatment for aortic dissection

Because of its rapid lethality, aortic dissection is regarded as a medical emergency
requiring immediate treatment. Therapy may include medical or surgical treatment,
according to the type and complication level of dissection. Based on the report from
IRAD (2000), the in-hospital mortality rate from type A patients treated with medical
therapy alone was 55.9%. Successful surgery could significantly decrease the mortality
rate (26.6%) of type A dissection, and is also associated with excellent 1- and 3-year
follow-up survival rates (Tsai et al. 2006). As surgery has a clear prognostic advantage

over medical treatment, type A dissections are considered as a surgical emergency,
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mandating replacement of the ascending aorta and sometimes aortic valve to reduce the

risk of death.

Entry Tear

Thrombosed
False Lumen

Distal Tear

N

Figure 1.3: Endovascular stent graft in type B aortic dissection and the subsequent

thrombosis in the false lumen (adopted from Nienaber et al. 2009).

The management of type B dissection classically depends on whether the dissection is
considered complicated or not. For patients with uncomplicated type B dissections,
medical management is usually advocated, because of its lower mortality than surgical
intervention (Suzuki et al. 2003). Medical treatment focuses initially on haemodynamic
monitoring, normalization of blood pressure, beta-blockers and on pain control with
morphine sulfate (Ince & Nienaber 2007). However, type B dissection presenting with
complications such as peripheral malperfusion syndromes and haemodynamic
instability, requires intervention in the acute phase, owing to its high risk of subsequent
death. Nevertheless, mortality rates for surgical intervention are extremely high that an
overall in-hospital mortality rate of 29% has been reported from the IRAD database
(Trimarchi et al. 2006). In 1990s, following the successful application of endovascular
treatments in managing diseases of the coronary artery, abdominal aorta, and arteries of
the legs, the concept of endovascular stenting and fenestration to treat aortic dissection
became popular (Williams et al. 1997). The main approach is to place one or more
covered stents over the intimal entry tears through which blood flows to the false lumen,
hence, directing flow into the true lumen and promoting thrombosis in the false lumen
(as shown in Figure 1.3). Endovascular treatment has now exceeded standard open
surgery as the dominant procedure to treat complicated type B aortic dissections.

Fattori and colleagues from IRAD (2008) stated that endovascular treatment could offer
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better short-term outcomes in terms of mortality and associated complications than

open repair.

The premise of endovascular treatment is that stent graft placement over the primary
entry tear will prevent blood flow into the false lumen and stimulate aortic remodeling.
Positive aortic modeling, defined as false lumen obliteration and true lumen recovery,
often serves as a surrogate measure of treatment success in aortic dissection. The
INSTEAD trial showed that aortic remodeling occurred in 91.3% of the patients who
underwent thoracic endovascular aortic repair for uncomplicated acute Type B
dissections compared to only 19.4% in patients under medical treatment (P < .001),
which is suggestive of continued remodeling following stenting (Nienaber et al
2009). Sayer et al. studied the early clinical outcome and morphological changes after
endovascular stenting in both acute and chronic type B aortic dissection. They found
that the acute group, which demonstrates significant aortic remodeling, presented
better mid-term survival than the chronic group. (Sayer et al. 2008). Kim et al. found
that aortic remodeling could occur as early as within days after stenting and remain
predictable in long-term with continuous expansion of true lumen and regression of
false lumen in acute complicated dissection. Failure in increasing the true lumen volume

may lead to endoleaks or distal reperfusion (Kim et al. 2011).
1.1.3 Risk management for uncomplicated type B aortic dissection

Although uncomplicated type B aortic dissection has an acceptable in-hospital mortality
rate of 10% with medical treatment, the long-term survival rates are not optimistic: 60%
at five years and 40% at 10 years (Umana et al. 2002; Bernard et al. 2001). About 20%
to 50% of patients with uncomplicated type B dissection will develop aneurysmal
dilation within 1 to 5 years, eventually leading to the need for surgery repair to prevent
aortic rupture (DiMusto et al. 2010). Once a patient develops complications, the
prognosis can worsen significantly, with an in-hospital mortality of 50% or higher (Tang
et al. 2009). Therefore, surgical intervention is classically reserved for those patients
who evolve late complications in the chronic phase. As the in-hospital results of
endovascular treatment in complicated type B dissection appear to be favourable, the
use of covered stents for uncomplicated type B patients was proposed. However, the

application of endovascular treatment of uncomplicated type B remains controversial.

Limited trial studies have been conducted to examine the use of endovascular treatment
in uncomplicated type B dissections to prevent late complication of aneurysm

development and rupture. Arts et al. (2007) suggested equivalent mortality in patients
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with uncomplicated type B dissection who were treated medically or by endovascular
stents combined with medical therapy at 1 year. The Investigation of STEnt grafts in
patients with type B Aortic Dissection (INSTEAD) randomized trial, which was designed
to compare covered stents with medical treatment alone for uncomplicated type B
dissection, presented no improvement of endovascular treatment, with a 2-year
cumulative survival rate of 95.6% with optional medical therapy versus 88.9% with
covered stents (Nienaber et al. 2009). Although the long-term outcome of endovascular
treatment in uncomplicated type B dissection is still unclear, those patients who will
evolve late complications could benefit from early endovascular procedure by reducing
the risk of mortality after complication onset. However, there is currently no reliable
indicator which can predict the late dilatation or aneurysmal complications in type B
dissection at early phase. Hence, choosing an optimal treatment, medical and/or
endovascular therapy, for patients with uncomplicated type B is still a dilemma for

surgeons.
1.2 Motivation for research

Although no reliable prognostic indicators are currently available, there is some
evidence suggesting that certain geometrical and hemodynamic factors may help
identify type B dissection patients who are at higher risk of developing complications

and thus may benefit from early endovascular treatment.

Aortic diameter has long been associated with the risk of rupture. According to the early
reviews from the Yale aortic database, median size at time of rupture for descending
aorta is 7.2 cm, and the risk of rupture for an aorta larger than 7.0 cm is significant
increased. A general guideline has also been proposed that operative intervention is
recommended in asymptomatic patients with enlargement larger than 6.5 cm (Coady et
al. 1997; Elefteriades et al. 1999). Another review from Davies et al. (2006)
demonstrated that relative aortic size, defined as the aortic diameter divided by body
surface area, was more important than absolute aortic size in predicting complications.
Song et al. (2007) established that the upper descending thoracic aorta was the major
site of late aneurysmal dilation, and a large diameter of this part portended late
aneurysm and adverse outcome warranting early intervention. Patients with initial
upper descending thoracic aorta diameter of larger than 22 mm were reported with
higher event rate of aneurysm or death (Song et al. 2007). However, a report from IRAD

in 2007 challenged the aortic diameter concept with data showing that majority of the
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patients didn’t fall within the current criteria, thus, indicators other than aortic size are

needed to predict the risk of late complications (Pape et al. 2007).

In addition to aortic diameter, patency of the false lumen has been closely linked to false
lumen expansion and rupture over time. Bernard et al. (2001) analysed data from 109
patients including type B dissections. Postoperative false lumen patency of the thoracic
descending aorta in this group of patients was demonstrated as a predictor of late
mortality, and was also suggested to be responsible for progressive aortic dilation. In a
report of 101 patients with uncomplicated type B dissections, Marui et al. (1999)
established that the independent predominant predictors for aortic enlargement in the
chronic phase were a maximum aortic diameter of larger than 40 mm combined with a
patent false lumen during the acute phase. The values of actuarial freedom from aortic
enlargement in patients with a relative small maximum aortic diameter (< 40 mm) and a
closed false lumen are much higher than those with a maximum aortic diameter of 40
mm and a patent false lumen at 1, 5, and 10 years (Marui et al. 1999). The impact of
partial thrombosis of the false lumen in uncomplicated type B dissection was evaluated
by IRAD (Tsai et al. 2007) based on a series of 201 dissection patients. Interestingly, the
report demonstrated that partial thrombosis of the false lumen, compared to complete
patency, was a significant independent predictor of mortality after hospital discharge. It
was speculated that partial thrombus in the false lumen might occlude the re-entry tears,
thus impeding outflow and increasing pressure in the false lumen. But the situation of
lacking a distal tear in a dissected aorta with partial thrombosis is regarded as relatively

uncommon (Tang et al. 2009).

Various previous studies have suggested that abnormal hemodynamic stresses, as well
as recirculating and turbulent flow within the diseased aorta, are an important influence
in the formation, degeneration, and ultimate rupture of aortic aneurysms,
atherosclerosis, and other cardiovascular diseases (Malek et al. 1999; Thubrikar et al.
2001; Fillinger et al. 2002; Slager et al. 2005). Shear stress can affect endothelial cell
functions, such as proliferation, apoptosis, migration, permeability, and remodelling
(Lehoux et al. 2006; Li et al. 2005). Low shear stress may increase monocyte adhesion
due to flow reattachment, and recirculating flow would enhance the delivery of
monocytes to the vessel wall (Pritchard et al. 1995). On the other hand, high shear
stresses in the bulk flow were found to activate platelets, which were then more likely to
adhere to the wall in the recirculation regions immediately downstream (Ramstack et al.
1979). Disturbance and turbulence in the blood flow influence physiological parameters

and processes, such as flow resistance, pressure, wall shear stress (WSS), wall
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remodelling, inflammation, and mass transport from the blood to the vessel wall
(Giddens et al. 1976). In the case of aneurysms, turbulence has also been suggested to
result in wall vibration, with additional stresses on the aneurysmal wall, which can
accelerate the progression of the aneurysm, and further increase the rate of wall dilation
(Berguer et al. 2006; Khanafer et al. 2007). Hence, haemodynamic factors may
potentially have a key role in the complicated degeneration of type B dissection during

chronic phase.

To the best of the author’s knowledge, no systematic study of flow patterns and
haemodynamic factors in dissected aorta has been reported, owing to the complexity of
the problem and uncertainties associated with the mechanical properties of the
dissected wall layers. If the haemodynamic factors that are associated with late dilation
and aneurysmal degeneration in uncomplicated type B aortic dissections could be
identified, they may provide a more reliable guideline for predicting the long-term
outcome of patients, and assist surgeons in choosing treatment protocol. In doing so,
those patients who have high risk of developing late complications could be treated with

endovascular therapy at early phase, thus improving their long-term survival rate.
1.3 Objectives of the study and research strategy

As pointed out previously, the lack of understanding of flow patterns and
haemodynamic conditions in type B aortic dissection has motivated this study. The
overall aim of the research is to gain detailed knowledge of the effect of morphology and
flow characteristics on clinical outcomes in type B aortic dissection by combining
computational fluid dynamics with patient-specific imaging. It is hoped that associations
can be found between morphologic and haemodynamic factors and progression and
long-term degeneration or stabilization of type B aortic dissection. As detailed fluid
dynamics of dissected human aorta has not been studied previously, this work may offer
the first quantitative data on the complex flow field in aortic dissection, thereby
contributing to a better understanding of the role of haemodynamics in the progression
of aortic dissection. In this study, a number of specific objectives have to be

accomplished in order to achieve the overall aim. The objectives include:

e Determining the anatomical features, flow patterns and distribution of
haemodynamic stresses in type B aortic dissection based on patient-specific data.
e Identifying the common geometrical characteristics of type B dissection and the
key haemodynamic factors which have potential effects on the degeneration of

dissected aorta.
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e Examining the relationship between morphological factors and flow patterns in
aortic dissection.

e Examining the effects of key haemodynamic factors on the long-term
degeneration or stabilization of aortic dissection

e Evaluating the assumptions made in the image-based patient-specific aortic
dissection flow model and validating the computational model using in vivo or in

vitro data.

A research strategy has been developed to achieve these objectives. The patient-specific
models are used to investigate anatomical and flow characteristics under physiologically
realistic conditions using image data acquired from individual patients. First, data from
a group of patients with type B dissection are analysed to investigate the characteristics
of haemodynamic parameters. This subset of study demonstrates the complexity of
geometry and flow in dissected aorta, and allows the key parameters to be identified. As
the geometry varies from patient to patient, it is important to examine the role of
morphological factors in determining the flow patterns and haemodynamic stresses.
Subsequently, analysis is performed on a series of follow-up scans of a patient with an
aim to assess whether any of the haemodynamic factors identified from the multi cases
study can predict the progression of aortic dissection. Phase contrast magnetic
resonance images, which contain patient-specific flow information, are utilized to

evaluate the computational results from patient-specific simulations.
1.4 Plan of the thesis

The thesis contains seven chapters, which are organized in a logical sequence. In
Chapter 2, a comprehensive literature survey is given for the research covering both
medical and engineering aspects. In Chapter 3, the materials and methodology utilized
to accomplish the objectives of the study are described. Chapter 4, 5 and 6 present the
findings and analysis of results of patient-specific study. Chapter 4 includes the cross
sectional study based on a series of type B aortic dissection subjects, and Chapter 5 is
focusing on a single case with multiple follow ups. Chapter 6 subsequently presents the
model validation work by comparing the simulation results to phase contrast MR data.

Finally, conclusions and suggestions for future work are given in Chapter 7.

28



Chapter 2 Literature review

Chapter 2

Literature Review

2.1 Introduction

In this chapter, a comprehensive literature review is presented covering both medical
and engineering aspects of the project. First, the relevant medical background is given
which provides a brief introduction to the components and functions of the
cardiovascular system. This is followed by the pathology and aetiology of aortic
dissection for further understanding of the disease. The most common and latest
diagnosis imaging methods of aortic dissection are introduced, followed by a review on
previous studies of haemodynamic factors in aortic disease. The engineering
background is focused on the basic knowledge of computational fluid dynamics (CFD)
and its development and applications in physiological environments. Then, a brief
review of wall mechanics studied of diseased aorta is given to understand the
biomechanical behaviour of the aortic wall and finite element stress analysis. Relevant

experimental studies of blood flow in aortic dissection are summarized in the third part.
2.2 Medical background

2.2.1 The human cardiovascular system

The cardiovascular system is a very important organ system to support human’s life. Its
primary function is the rapid convective transport of oxygen, nutrients and water to
every organ and tissue; and the rapid washout of metabolic waste products from cells. It
is also a control system, distributing hormones to the tissues and secrets a hormone

itself, and a cooling system for body temperature regulation (Levick 2003). The
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cardiovascular system consists of the pulmonary circuit and the systemic circuit (as
shown in Figure 2.1). The pulmonary circuit, starting at the right ventricle and ending at
the left atrium, is composed of arteries and veins that transport blood between the heart
and the lungs. In the pulmonary circuit, deoxygenated blood enters the lungs via arteries,
and oxygenated blood leaves the lungs in veins. The systemic circuit is the portion of the
cardiovascular system between the heart and the other organs and tissues. It transports
oxygenated blood away from the left ventricle to the rest of the body other than the
pulmonary exchange surface, and returns deoxygenated blood to the right atrium. The
systemic circuit is much longer than the pulmonary circuit, and contains about 84% of

total blood volume at any moment.

The main components of cardiovascular system are: the heart, the blood vessels and the
blood. The three parts, each with specific responsibilities, work together making up the

functional network of the cardiovascular system.

Pulmonary
Circuit

Systemic
Circuit

Figure 2.1: The human cardiovascular system (Courtesy from Revision World).
Heart

The heart is one of the critical organs in the body. It is a four-chambered organ that
pumps oxygen-poor blood to the lungs and oxygen-rich blood to the organs and tissues
(see Figure 2.2). The right atrium collects blood from the systemic circuit through the

superior vena cava and inferior vena cava, and passes it to the right ventricle, which
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pumps blood into the pulmonary circuit through pulmonary arteries. The left atrium
then receives blood from the pulmonary circuit via pulmonary veins and transports it
into the left ventricle, which pumps blood into the aorta, thus, entering the systemic

circuit (Martini 2009).

The left ventricle is the largest chamber of the heart with thick walls that enable it to
generate sufficient pressure to push blood through the whole systemic circuit. Blood
leaves the left ventricle by passing through the aortic valve into the ascending aorta. The
tricuspid aortic valve, which is located at the root of the aorta, prevents the backflow of
blood from the aorta into the left ventricle. Each cusp of the aortic valve is adjacent to
the aortic root which bulges out forming a saclike dilation (Martini 2009). The most
common valve abnormalities include aortic stenosis in which the incompletely opened
valve obstructs blood flow out from the heart, and aortic insufficiency in which the

incompetence of valve induces wrong direction blood flow back to the heart.

=/ Pulmonary

Figure 2.2: The front sectional anatomy of the heart, showing major landmarks and the

path of blood flow marked by arrows (Courtesy from Texas Heart Institute Online).

The contraction of the heart is controlled by the electrical impulses conducted through
the whole heart. The electrical events occurring in the heart can be detected on the
surface of the body, and recorded as an electrocardiogram (or an ECG) (as shown in
Figure 2.3). The ECG includes three features: P wave, QRS complex and T wave. The QRS
wave is a relatively strong electrical signal, and is followed almost immediately by the
onset of ventricular contraction (Levick 2003). The R wave is generally used as the
trigger in ECG-gated medical imaging techniques, which aims to synchronize imaging

process with a phase of the cardiac cycle. The techniques are useful to minimize motion
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artifacts when data acquisition is too slow to accomplish during a short section of the

cardiac cycle.

A cardiac cycle, which is the period between the starts of two continuous heartbeats, can
be divided into two phases: systole and diastole. The systole is the period time when the
heart contracts and pushes blood into the arterial trunk. It is followed by diastole which
is the resting phase for the chambers to relax and prepare for the next heartbeat. When
the cardiac cycle starts, the atria contract and push blood into the ventricle. After the
atria’s contraction, the ventricle which is completely filled with blood enter systole
phase. When ventricular pressure exceeds arterial pressure, the outflow valves are
forced open, and the blood is pushed through the systemic and pulmonary circuits and
back to the atria. Three quarters of the blood is ejected in the first half of the ejection
phase. Then the ventricle enters diastolic phase, and the whole heart keeps resting for
the rest of the cardiac cycle. The ventricular diastolic phase lasts for almost two-thirds of
a cardiac cycle (Martini 2009). Figure 2.3 illustrates the phases of the cardiac cycle

based upon changes of pressure, volume and flow in aorta, ventricle and atrium.
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Figure 2.3: Changes in pressure, volume and flow in aorta, left ventricle and left atrium

during human cardiac cycle (Courtesy from Mountain West Digital Library).
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Aorta

The aorta is the largest artery in the systemic circuit, originating from the left ventricle,
arching over the top of the heart and descending to the abdomen, where it branches off
into the common iliac arteries (see Figure 2.4(a)). The aorta carries oxygen-rich blood
away from the heart, and transports to connected arteries, thus, delivering to every
organs and tissues. The main sections of the aorta are: the ascending aorta, aortic arch
and descending aorta. The ascending aorta begins at the aortic valve of the left ventricle,
and extends obliquely upward, forward, and to the right, in the direction of the heart’s
axis, presenting a slight curve in its course with a total length of approximately 5 cm.
The aortic arch is situated across the superior surface of the heart in a shape of the
handle of a cane. Three arteries, which are deriving from the aortic arch and delivering
blood to the upper part of the body above the heart, are: the innominate artery, left
common carotid artery, and left subclavian artery, from left to right along the arch. The
descending aorta is continuous with the aortic arch. It can be divided into two sections
by the diaphragm: the thoracic and abdominal aorta. Several groups of branches derive
from the descending aorta servicing the tissues and organs in the body trunk. The
terminal segment of the abdominal aorta divides to the right and left common iliac
arteries which transport blood to the pelvis and lower limbs.

Left common
_carotid artery

Left
subclavian
artery

Innominate
artery

Ascending aorta

Nervi vasorum

Descending

/. Vasa vasorum
thoracic aorta ’ o

Tunica adventitia
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Diaphragm
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elastic lamina
Tunica intima
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Abdominal tunica inima
aorta
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Figure 2.4: (a) The scheme of the aorta indicating the main branches and sections; (b)

the principal structural features of the elastic artery (adapted from Gray’s anatomy).
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The wall of aorta contains three distinct layers: the tunica intima, tunica media, and
tunica adventitia, from internal to external. Blood flows in the interior volume of the
aorta known as the lumen (see Figure 2.4(b)). The tunica intima includes the
endothelium and an underlying layer of connective tissue. The internal elastic
membrane, which is a thick layer of elastic fibres, situates at the outer margin of the
tunica intima. The primary function of endothelium is to retain the plasma and formed
elements of blood within the circulation by forming a semipermeable membrane
between the blood and tissues, thus, allowing nutrients to be transported rapidly. It also
secretes the vascular regulation and anti-haemostatic agents and a clotting factor,
thereby preventing thrombosis. Endothelium is associated with the inflammatory
defence against pathogens. Disordered endothelial function could lead to the
development of arterial atheroma (Levick 2003). The tunica media, usually the thickest
layer, consists of concentric sheets of smooth muscle tissue and a high density of elastic
fibres with the external elastic membrane at the outbound. The elastic fibres make the
wall extremely resilient tolerating the pressure changes within cardiac cycle and
smoothing the surging pressure and flow waves (windkessel function). The tunica
adventitia is a connective tissue sheath including collagen fibres with scattered bands of
elastic fibres. The diameter of aorta can reach up to 25 mm (Martini 2009). The
thickness ratio of intima/media/adventitia in aorta is found to be 1/6/3 (Gao et al.

2006).

Blood

The blood circulating in the cardiovascular system provides nutrients, oxygen, and
chemical instructions to each cell, as well as a way of removing wastes. Despites its
transporting function, the blood also contributes to the regulation of the pH and ion
composition of interstitial fluids, restriction of fluid losses at injury sites, defence against
toxins and pathogens, and the stabilization of body temperature. Blood volume (litres)
in a human body can be estimated by calculating 7% of the body weight (kilometres). It
consists of plasma and formed elements. About 8% of the plasma is plasma proteins and
other solutes, while the rest 92% is all water. Formed elements, which are produced
through the process of hematopoiesis, compose of three types of blood cells: red blood
cells, white blood cells, and platelets. Red blood cells consist 99.9% of the formed
elements, and is responsible to transport oxygen in the blood. The white blood cells,
although less numerous, play an important role in the body’s defence mechanisms.
Platelets are small, membrane-bound cell fragments which are important to the process

of clotting (Martini 2009).

34



Chapter 2 Literature review

Hemostasis is the process that halts the loss of blood through the walls of damaged
vessels and maintains the integrity of a closed, high-pressure circulatory system. The
process starts with an injury in the vessel wall and the extravasation of blood from the
circulation. The local smooth muscle fibres are subsequently contracting to stop the
blood loss at the damage site. Afterwards, circulating platelets, which become a main
component of the developing thrombus, are accumulated at the site of injury, and form a
platelet plug. The attachment of platelets to the exposed surfaces is called adhesion, and
the sticking bound between platelets is called aggregation. Then, the blood coagulation,
initiated by tissue factor, culminates in the generation of thrombin and fibrin and forms
a blood clot which efficiently seals off the wall damage (Martini 2009). When pathologic
processes overwhelm the regulatory mechanisms of hemostasis, excessive quantities of
thrombin is produced, thus, initiating thrombosis (Furie 2008). Thrombosis Exposed
subendothelial collagen and tissue factor to the flowing blood are believed to be the
trigger of the accumulation and activation of platelet, thus, initiating the formation of
thrombus (see Figure 2.5). In the developing of thrombus, some platelets continue to
accumulate at the site, whereas others separate from the thrombus. In the dynamic
process of thrombus formation, haemodynamic factors, such as shear, flow, turbulence,
and the number of platelets in the circulation, play an important role in the platelet

adhesion and aggregation (Furie & Furie 2008; Fuster et al. 1990).

Tissue
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Figure 2.5: Formation of thrombus in vessels response to vascular injury (Furie 2008).

The collagen and tissue factor are indicated with yellow and blue arrows, respectively.
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2.2.2 Pathology and aetiology of aortic dissection
Direct trauma

The initial event of classic aortic dissection is a sudden tear in the aortic intima, which is
rapidly followed by a surge of blood into the aortic media and subsequently separates
the intima from the adventitia. The most common site of origin for aortic dissection is
the ascending aorta (Hagan et al. 2000). The reason behind this may involve
hemodynamic and torsional forces, as well as aortic root motion, that impact upon this
section of the aorta which is closest to the heart (Wheat 1983; Beller et al. 2004). The
descending aorta just beyond the insertion of the ligamentum arteriosum is the second
most common site of origin. This sensitive point, where the mobile aortic arch can move
against the fixed descending aorta that is bounded by the spine, is at greatest risk from
the shearing forces of sudden deceleration (Eagle & Desanctis 1989). This region is also
frequently involved in traumatic aortic rupture due to blunt trauma to the chest and is
particularly susceptible to traumatic transvers tears, which may then initiate localized
aortic dissection (Hirst 1983). Cardiac surgery is also proposed to be linked with a small
risk of aortic dissection occurring at an aortic incision site or the site of aortic cross-
clamping (Murphy 1983). Intra-arterial catheterization and the insertion of intra-aortic
balloon pumps (Jacobs et al. 1992) both are likely to cause direct trauma to the aortic

intima, hence, inducing aortic dissection.

Medial degeneration

The elastic tissue and smooth muscle cells, which are the main supporting elements
within the aortic media, provide most of the tensile strength for the aortic wall. Medial
degeneration, as evidenced by deterioration of the medial collagen and elastin, is
suggested to be the main predisposing factor in most nontraumatic cases of aortic
dissection (Coselli et al. 1995). Therefore, any of a variety of processes that lead to the
degeneration or destruction of the elastic or muscular components of the media could
predispose the aorta to dissection. The three main inherited connective tissue disorders,
which are currently known to affect the arterial walls, are Marfan’s syndrome, Ehlers-
Danlos syndrome and familial forms of thoracic aneurysm and dissection (Nienaber &
Eagle 2003). Marfan’s and Ehlers-Danlos syndromes are marked by striking
degenerative changes in the medical elastic tissue. Patients with the Marfan’s syndrome,
usually presenting a long and thin habitus, lenticular dislocations, a higharched palate,

arachnodactyly, and any of several chest disformities, are indeed at high risk of
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developing aortic dissection as Marfan’s syndrome accounts for 6 to 44 per cent of all
aortic dissection (Spittell et al. 1993; Hagan et al. 2000; Larson & Edwards 1984).
Enhlers-Danlos syndrome is a heterogeneous group of hereditable connective tissue
disorders, which is characterized by articular hypermobility, skin hyperextensibility,
and tissue fragility (Nienable & Eagle 2003). Histologically classic cystic medial
degeneration is also identified in a minority of cases of aortic dissection (Spittell et al.

1993).

Hypertension

The most important disorder predispose to the development of aortic dissection is
systemic hypertension. Among 121 cases of aortic dissection which were analysed by
Larson and Edwards (1984), 52% had present hypertension with a higher incidence of
clinical history of systemic hypertension in type B dissections. According to a new
statistical study in IRAD, a coexisting history of hypertension is also found in almost 80%
in a series of 452 cases of aortic dissection from IRAD, and is particularly common in
patients with type B aortic dissection (Hagan et al. 2000). The arterial wall composition
could be affected by chronic hypertension which is associated with intimal thickening,
fibrosis, calcification, and extra cellular fatty acid deposition (Nienaber & Eagle 2003).
All of the mechanisms may weaken and degrade the arterial wall, and eventually lead to

intimal disruption.

Other acquired conditions

A relationship between pregnancy and aortic dissection has also been noticed. About
half of all aortic dissection occurs during pregnancy in women under 40 years of age
(Mazzucotelli et al. 1993). The increase in blood volume, cardiac output, and blood
pressure are thought to be associated with the risk of dissection (Pumphrey et al. 1986).
However, the situation is relatively rare, and the relationship is currently unexplained.
The risk of suffering acute aortic dissection in women is significant only with
concomitant existence of Marfan’s syndrome and a dilated aortic during pregnancy. The
preliminary data from IRAD also suggests that pregnancy in Marfan’s syndrome is not

associated with aortic tears unless root size exceeds 40 mm (Hagan et al. 2000).

The peak incidence of aortic dissection is in the sixth and seventh decades of life, with
men being affected twice as often as women (Hagan et al. 2000). Certain other
congenital cardiovascular abnormalities, including unicuspid aortic valve and possibly

coarctation of the aorta, could predispose the aorta to dissection (Larson & Edwards
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1984). Bicuspid aortic valve is also a well-established risk factor for proximal aortic
dissection. Aortic dissection has also been reported to occur in association with the
Noonan and the Turner syndromes (Spittell et al. 1993). In addition, smoking,
dyslipidemia, and cocaine abuse are modulating risk factors (Om et al. 1992; Nienaber &

Eagle 2003).
2.2.3 Imaging on aorta dissection

Aortic dissection is one of the most dramatic cardiovascular emergencies with extremely
high mortality and mobility if left undiagnosed and untreated. Therefore, once the
diagnosis of aortic dissection is suspected on clinical grounds, it is essential to confirm
the presence of dissection and to assess the emergent nature of the problem both
promptly and accurately to reduce the possibility of death (0’Gara & DeSanctis 1995).
Diagnostic imaging techniques are needed to rapidly confirm or refute the initial
diagnosis, classify the classification in proximal (type A) or distal (type B) dissection,
and identify a number of the anatomical features of the dissection, including its extent,
the sites of entry and re-entry, the involvement of the coronary arteries by the intimal
flap, branch vessel involvement by the dissection, the presence and extent of pericardial
effusion, the presence and severity of aortic regurgitation, false lumen patency, and the
presence of thrombus in the false lumen (Khan & Nair 2002). All these diagnostic
information is essential and critical for decision making regarding surgical or
conservative intervention, as well as the surgery access site. The imaging modalities
currently used for the diagnosis of aortic dissection include aortography, contrast-
enhanced computed tomography (CT), magnetic resonance imaging (MRI) and
echocardiography. Each modality has certain advantages and disadvantages with
respect to diagnostic accuracy, speed, convenience, risk, and cost. According to the
statistics from IRAD, the current use of diagnosis resources is CT in 61%,
echocardiography in 33%, MRI in 2%, and aortography in 4% at the initial diagnostic
test (Hagan et al. 2000).

Beginning in the 1960s, retrograde aortography was the first accurate diagnostic
technique for assessing patients with clinically suspected thoracic aortic dissection. It
had long been considered the procedure of choice for the evaluation of aortic dissection
for several decades because it was the only accurate method for diagnosing aortic
dissection ante modern (Erbel et al. 2001). However, the recent introduction of
alternative diagnostic imaging techniques has indicated that the diagnostic accuracy of

aortography is not as high as originally thought. According to a prospective study by
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Erbel et al. in 1989, the sensitivity and specificity for the diagnosis of aortic dissection
were 88% and 95%, respectively. The other disadvantages of the technique include the
risk associated with the use of contrast materials and ionized radiation, invasive
procedure, long duration and high expense (Erbel et al. 2001). Hence, aortography has
been used less frequently over the last two decades, and has been gradually replaced by
noninvasive imaging techniques including echocardiography, helical computational
tomography, and magnetic resonance imaging. The diagnostic sensitivity and specificity
is comparable between the three imaging techniques, and the diagnostic value of each
technique is acceptable for confirming or disputing aortic dissection (Shiga et al. 2006).
The choice of imaging method is according to patients’ presentation, local availability of

equipment, and observer experience in interpretation (Golledge & Eagle 2008).

Because echocardiography is usually readily available in most hospitals and larger
centres, as well as its accuracy, safety, speed and convenience, it has been considered
well suited for the evaluation of patients with suspected aortic dissection. The diagnosis
of aortic dissection in echocardiography is the presence of an undulating intimal flap
separating true and false lumens (Mohr-Kahaly et al. 1989). Transthoracic
echocardiography (TTE) has a relatively low sensitivity and specificity for the diagnosis
of aortic dissection, with limitations in visualising the distal ascending, transverse, and
descending aortas in patients (Cigarroa et al. 1993). Conversely, the sensitivity of
transesopghageal echocardiography (TEE) is as high as 98%, and the specificity ranges
from 63 to 96% as reported (Khan & Nair 2002). Compared with MRI and helical CT,
TEE is advantageous in emergency situations with time constraints as the diagnosis time
needed for TEE is the shortest (Shiga et al. 2006). However, the main disadvantages of
TEE are its inadequate ability to evaluate the distal part of the ascending aorta and the
branches of the aortic arch, as well as its strong dependence on the investigators’
experience (Borner et al. 1984). Although TEE is widely used as the first imaging
method in diagnosing aortic dissection, it has difficulty in objectively recording the

pathologic changes with follow-up studies in chronic dissections (Khan & Nair 2002).

Multi-slice computed tomography (CT)

Currently, conventional CT scanning is probably the most widely used imaging
technique in the diagnosis of aortic dissection (Hagan et al. 2000}, because it is available
in most hospitals; can be rapidly done; and provides important information about the
morphological features including the extent of dissection, relation between the true and

false lumen, and aortic branch compromise (Golledge & Eagle 2008). In conventional CT
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scanning, aortic dissection is diagnosed by the presence of two distinct aortic lumens,
but it is associated with an insufficient sensitivity of 83 to 94% and a specificity of 87 to
100% (Erbel et al. 2001; Sommer et al. 1996). The new generation of imaging
technology, helical (or spiral) CT, which permits a three-dimensional display of the aorta
and its branches, offers many improvements and advantages over conventional CT. It
allows diagnosis of aortic dissection with a sensitivity and specificity of nearly 100%,
and yields the best value for disputing thoracic aortic dissection when a patient is at low
risk for thoracic aortic dissection when compared to other imaging modalities (Shiga et
al. 2006). Sebastia et al. (1999) have studied the helical CT features in the diagnosis and
follow-up of aortic dissection, and concluded that helical CT is very useful in defining
anatomical features, and follow-up procedure by allowing assessment of early and late
changes after surgery or medical treatment including post-operative complications, the
presence of thrombus in the false lumen, and aneurysmal degeneration of false and true
lumen. The disadvantage of helical CT is the need for an intravenous contrast agent
(Shiga et al. 2006), and limitations of spatial resolution when longer scan ranges have to

be covered.

In 1996, multi-slice CT was first introduced (Hu 1998) and gradually replaced the older
helical CT. It has several improvements overcoming past limitations of helical CT that
scan length and spatial resolution can be simultaneously optimized, and the evaluation
of large anatomic areas and vessels smaller than 1 mm become possible (Prokop 2000).
The principle of CT scan is that different tissues of human body are characterised by
different levels of attenuation reflecting the tissue density. Each X-ray beam incident on
patient body is attenuated by the tissues it goes through, and is subsequently collected
by an array of detectors positioned on the opposite side of the X-ray source. During CT
scanning, the patient’'s bed moves within the X-ray tunnel, and the X-ray beam is
perpendicular to the patient’s axis and is rotating around the patient body, thus, tracing
a spiral path relative to the patient. The recorded attenuated X-ray at each angle is
constructed mathematically using reconstruction algorithms to form a two-dimensional
cross sectional slice of the body. In multi-slice CT, a multiple-row detector array, which
is shaped to a cone-beam geometry parallel to the patient bed moving axis, is equipped
to simultaneously collect data at different slice locations (see Figure 2.6). The multi-slice
CT is able to rapidly scan large longitudinal volume with high axial resolution (Hu 1998).
It is reported that the performance of the system is increased by a factor up to 8 over

that of a single slice scanner depending on the chosen scan mode, as well as significantly
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reduced scan duration time that only up to 50s is needed for the whole arterial system

of the chest and abdomen (Prokop 2000).

The application of multi-slice CT in detecting and classifying a suspected aortic
dissection has also been widely discussed. As concluded by Prokop in 2000, multi-slice
CT is in adventurous for the evaluation of the whole aorta including the side branches, in
light of its superior spatial resolution even for long scan ranges. Hence, it is considered
as an excellent tool for detecting complications of dissected aorta especially in follow-up
period of chronic dissection, planning vascular interventions, and minimally invasively
monitoring the effect of therapy. Johnson et al. (2007) investigated the utilization of 64-
slice CT with ECG gating in vascular imaging, emphasizing the potential to accurately
diagnose coronary atherosclerosis, pulmonary embolism and aortic dissection in one
method. Hence, multi-slice CT will remain to be the first choice for diagnostic

examination of aortic dissection.

___— X-ray resource

X-ray detector array ——

Figure 2.6: The process of helical CT scanner with rotating multi-conductor (adapted

from http://pgmcqs.com/radiology).
Magnetic resonance imaging (MRI

As MRI is entirely noninvasive and does not usually need a contrast agent, the use of
MRI has a particular appeal for diagnosing aortic dissection. Both the sensitivity and
specificity of MRI are in the range of 95 to 100% for detecting all forms of dissection
(Stanford type A and B), thus, MRI has been considered the most accurate imaging
technique in diagnosing thoracic aortic dissection (Erbel et al. 2001). The remarkably
high accuracy of MRI has made it the current gold standard for testing and monitoring

the presence and follow-up of aortic dissection. MRI has quite a few functional
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assessment abilities including delineating the extent of the dissection, demonstrating
the site of the entry tear, identifying the involved arch vessels, and assessing the renal
artery involvement (Khan & Nair 2002). Although it is both highly sensitive and specific
in diagnosing aortic dissection and powerful in producing high-quality images, MRI is
rarely used as an initial diagnostic method for aortic dissection in most centres and
hospitals because of its lack of availability on an emergency basis, time delay,
incompatibility with implanted metal devices, or monitoring difficulties during
examination (Erbel et al. 2001; Shiga et al. 2006). Guidelines recommend the use of MRI
in the assessment of chronic dissection, as serial follow-up imaging is very important in
patients with aortic dissection and MRI has the advantage of avoiding ionising radiation

(Golledge & Eagle 2008).

Clinical MRI is based on the principles of nuclear magnetic resonance (NMR) to image
nuclei of atoms inside the body. It utilizes the magnetic properties of nuclei which
possess an odd number of protons or neutrons, and their interaction with a strong
external magnetic field and radio-frequency pulses to produce highly detailed images of
the inner structure of human body. These nuclei are charged particles with a
characteristic precession. Hydrogen imaging is the most widely used MRI procedure, as
hydrogen nuclei are in high abundance in human body as well as possessing the
strongest magnetic moment. The main structure of the MRI scanning system is shown in

Figure 2.7.

Main field magne

z-gradient coil
y-gradient coil
x-gradient coil

Antenna

Gradient
control

Radio
transmitter I
Computer [
. 09 |
Radio E—
receiver
Signal
converter

Figure 2.7: Schematic representation of a MRI scanning system.

When a human body is placed in a strong magnetic field, B,, most of the free nuclei align

themselves in the direction of the magnetic field and simultaneously experience a torque.
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This behaviour is termed Larmor precession. The frequency of Larmor precession is
proportional to the strength of applied main magnetic field as defined by the Larmor

frequency, wy:
(A)O = y ) BO (21)

where y is the gyromagnetic ratio and B, is the strength of main magnetic field. The
gyromagnetic ratio is unique for each nucleus. For a hydrogen nucleus, the gyromagnetic
ratio is 42.6 Hz/Tesla. In a clinical MRI scanner, the strength of the main magnetic field,

By, is usually between 0.5 to 1.5 Tesla.

In a magnetic field, the spin axes are not exactly aligned with the direction of By, they
precess around the By axes in a perpendicular plane with a characteristic frequency
(shown in Figure 2.8(b)). The spin of the nuclei creates a net magnetic moment, M,
parallel to By. The nucleus can spin in one of two orientations with respect to B, parallel
(lower energy) state and anti-parallel (higher energy) state. The two states are shown in
Figure 2.8(a) marked with the angle, 6, subtended by the orientations and the direction
of main magnetic field By. Then, a radio-frequency (RF) pulse, with the same frequency
as the Larmor frequency of the nuclei, is applied perpendicular to By, causing the net
magnetic moment M to tile away from By. Once the RF signal is removed, the nuclei
enter relaxation period, trying to return to its equilibrium state. During this period, the
nuclei lose the energy given to it by the RF pulse by emitting their own RF signal. The
signal is measured by the coil placed around the patient body, and is subsequently

processed to create 3D MR images.
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Figure 2.8: (a) Nuclei are constrained to one of two orientations in the external magnetic
field, By, forming an angle, 8, between the directions of orientations and By; (b) A

magnetic moment precessing around B,

In order to acquire MR images, the RF pulse needs to be repeated at a predetermined

rate. The interval time from the application of one RF pulse to the next one is called the
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repetition time, TR. The time from the application of the RF pulse to the peak of the
response signal induced in the coil is called the echo delay time, TE. By adjusting TR and
TE, the acquired MR images can be created to contrast different tissue types. The
contrast of MR images depends on the proton density of the human tissue that higher
proton density leads to stronger emitting RF signal from the nuclei. Another two tissue-
specific parameters can also affect the MR image contrast: the longitudinal relaxation
time, T;, and the transverse relaxation time, T,. T; is the time constant which describes
the return of the longitudinal net magnetization to equilibrium, while T, constant
presents how the transverse magnetization returns to its equilibrium. T; and T,time are
different in fat and water in the human body in that fat has shortT; and T,, while
conversely water has long T; and T,. Hence, according to the interest of objective tissue
type, TR and TE are adjusted depends on the specific T; and T, of tissue. When TR < Ty,
and TE < T,, the image contrast is predominantly caused by differences in T of the
tissues, called a T;- weighted image. Similarly, when TR > T;, and TE = T,, the MR
images are T,-weighted image. The proton density weighted images are produced when

TR » Ty, and TE < T,.

There are many pulse sequences available for MR imaging. The specific MR examination
for the aorta includes black blood imaging, noncontrast white blood imaging, contrast-

enhanced MR angiography, and phase-contrast imaging (Hiratzka et al. 2010).

Black Blood Imaging: The black blood imaging, using spin-echo sequences, is utilized to
assess anatomical and morphological information of the aorta (such as aortic size and
shape), as well as the aortic wall for hematoma or other causes of wall thickening. ECG
gating should be applied in the sequence, together with double inversion recovery

techniques to null the signal from blood.

Noncontrast White Blood Imaging: Either basic gradient echo sequences or the more
advanced balanced steady-state free precession techniques (SSFP) are used in
performing the noncontrast white blood imaging. As the signal is generated from blood,

the blood region appears white in the images due to the absence of contrast.

Contrast-Enhanced Magnetic Resonance Angiography: The contrast enhanced MR
angiography is suitable for patients without a contraindication to receiving contrast
agent, as most diagnostic information can be obtained. This technique is usually

performed with ECG gating, and could markedly reduce the acquisition time.
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Phase Contrast Imaging: These pulse sequences are useful to evaluate velocity gradients
across an area of stenosis, an intimal or cardiac valve with ECG triggering. Detailed

discussion is presented in the following section.

Phase contrast magnetic resonance (PCMRI)

The utilization of MRI for quantitative flow measurement was first introduced in 1980s.
The tissue movement, resulting in alteration of MR signal, has brought advantages for
phase contrast (PC) imaging to measure velocities (Bryant et al. 1984). When the
magnetic spin moves along a magnetic field gradient (shown in Figure 2.9), it acquires a
shift in the phase of rotation as compared to stationary moments. If the field gradient is
linear, the amount of the phase shift @ is proportional to the velocity of the moving spin.
As presented in Figure 2.9, a bipolar magnetic gradient is firstly applied to encode
motion for velocity measurement in MR. By repeating an equal but opposite poles of
bipolar gradient, the phase shift of static spins are eliminated. The phase difference that
remains after subtraction of with and without the applied bipolar gradient can be used

to accurately calculate the velocities of each voxel in images (Lotz et al. 2002).

positive lobe applied  —— +— negative lobe applied

Slationary Tissue Stationary

Bipolar Gradient 2

Figure 2.9: Principle of phase-contrast sequences available in clinical MR imaging units.
Two equal but inverted bipolar gradients are performed to encode the flow velocity and

eliminate the phase shift of static tissue (adapted from Lotz et al. 2002).

The velocity v can be determined by the phase difference A@ acquired from two

interleaved measurements:
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AQ=y-Am-v (2.2)

where y is the gyromagnetic ratio of magnetic nuclei and Am denotes the difference of

the first moment of the gradient time curve.

The phase shifts are measured in degree unit within a range of +180°. To transfer the
phase shift to velocity, the peak velocity of the moving tissue should be estimated before
starting the measurement. The threshold value of velocity in the sequence is called
velocity encoding, I,,,., corresponding to a phase shift of 180°.V,,,. is a very important
parameter which determines the highest and lowest detectable velocity encoded by the
phase contrast sequence. Overestimated or insufficient,,. value could affect the
accuracy of the imaging results. The better the V,,,. value matches the real maximum
velocity of the region of interest, the more precise the measurement becomes. If the V,,.
is too high, the sensitivity to lower velocities will be decreased as noise in velocity
images increases with larger V., values. If the V,,,. value is set below the real velocity,
velocities exceeding the value will be aliased or wrapped (Gatehouse et al. 2005). If
aliasing happens, repeated flow measurements with modified V,,,. is needed to correct
the aliased data set. Hence, different 1/, values have to be adopted according to the

target area to acquire accurate VEIOCity measurements.

Another important setting in phase contrast MR scanning is to position the imaging
plane properly in the region of interest. Measurements of flow are the most precise if the
location of imaging plane is orthogonal to the main direction of flow. However, it is not
easy to accurately place the imaging plane during implementation especially when the
flow situation is complicated. It has been reported that deviation of +15° from the
orthogonal imaging plane is acceptable for flow estimation as the increase of vessel area

could be compensated (Tang et al. 1993).

The information from phase contrast measurement yielded from every MR imaging data
acquisition includes two sets of images: magnitude image affording information for
anatomic orientation and velocity image including phase information for velocity
calculation. Figure 2.10 presents an example phase contrast MR images of the ascending
and descending aorta. The magnitude image (middle) resembles a normal bright blood
image. In the velocity image, the grey value of each pixel presents its phase or velocity
magnitude information, as well as the direction of velocity. Black values indicate the

flow toward the viewer, whereas white values show the opposite direction.
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In order to get the velocity variation during a cardiac cycle, a set of frames, each of which
presents the anatomy and velocity information at a different point of time in the cardiac
cycle, needs to be obtained from cardiac-gated flow measurement. A technique of k-
space segmentation is usually employed in the sequences to acquire data of all frames as
quickly as possible. It was suggested that, a number of 30 cardiac frames would be
sufficient to represent the time-varying flow with a good compromise between use of

disk space, post-processing time, and flow measurement accuracy (Lotz et al. 2002).

MR-Angiography Magnitude Image Phase Difference, Flow V, [cm/s]

- _‘-\J‘ ‘\_‘l

Figure 2.10: Through plane measurement of blood flow in the ascending (AAo) and
descending (DAy) aorta. From left to right, the images are MR-angiography of the upper

part of aorta, the magnitude image and velocity image (adapted from Markl et al. 2003).

Two-dimensional (2D) phase contrast MR imaging has wide applications in assessing
cardiac function, heart valves, congenital heart diseases, major blood vessels, coronary
arteries and myocardial wall velocity, with the functions of measuring many different
aspects of the complicated blood flow in the heart and vessels, including volumetric flow,
peak blood velocity, velocity profiles and timings of velocity waveforms and flow

distributions within heart chambers and vessels (Gatehouse et al. 2005).

However, 2D phase contrast MR can only provide information about the through plane
flow in a prescribed plane with the lack of three-dimensional (3D) flow information. In
3D phase contrast MRI, or four-dimensional (4D) MR, all three velocity components can
be measured at the prescribed plane (as shown in Figure 2.10(a)). True 3D data set of
velocities can be created by stacking sequential 2D planes. Over time, data can be
acquired in one acquisition without stacking multiple planes of acquired data in time-
resolved 3D phase contrast MRI (Markl et al. 2003). This advantage has reduced the
acquisition time and improved the image quality, and also overcome the plane

alignment issues in 2D phase contrast MRI.

The raw image data of a time-resolved 3D MR velocity imaging can be imported into 3D

visualization software programs to present 4D flow data. Vectors, streamlines and
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particle traces are usually used to demonstrate the flow patterns in blood vessels.
Individual vectors in a plane represent the velocities of each voxels at the level of the
plane surface, but are unable to describe complex 3D flow patterns. Streamlines (shown
in Figure 2.10(b)) and particle traces are widely used to display complicated helical flow

and vortices (Napel et al. 1992; Wigstrom et al. 1999).

Figure 2.11: (a) The 4D flow data acquired results in a magnitude image (Mag) and three
velocity encoded images (Vx, Vy, and Vz). (b) 4D visualization of flow streamlines

created from four images on the left (adopted from Hope & Herfkens 2008).

3D phase contrast MRI has been widely applied in investigating the flow patterns in both
healthy and diseased vessels. Kilner et al. (1993) were among the first to describe the
right hand helical flow pattern in the ascending aorta by using 3D MR velocity mapping.
The blood flow was reported to take longer time to enter the descending aorta in older
and coronary artery disease patients when compared to younger healthy people
(Bogren et al. 2004). The flow patterns in patients with aneurysms have also been
investigated (Hope et al. 2007; Markl et al. 2004). The flow pattern in the ascending
aorta of healthy people is described in detail by using 4D MRI (Gatehouse et al. 2008)
that the jet from the aortic valve could be observed to hit the anterior right wall of the
ascending aorta, thus, creating recirculating vortex in the region, and regurgitate flow
develops in the diastolic portion of the cardiac cycle. Left-handed helical flow can also be
seen in the descending aorta. The common flow pattern in ascending aortic aneurysm
revealed considerable differences in local flow patterns compared to healthy individuals

that the flow may fold inferiorly along the inner curvature, thus, creating a large region
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of retrograde flow (Hope et al. 2007; Weigang et al. 2008). Limited studies have utilized
3D phase contrast MRI to investigate the flow patterns in aortic dissection. Silverman et
al. (2000) assessed the accuracy of phase contrast cine MR angiography in the detection
of type B aortic dissection with operative correlation on 197 symptomatic patients, and
concluded it as a reliable imaging technique for evaluating aortic dissection. The flow
pattern in a 54-year-old female dissection patient was presented by Gatehouse et al.
(2008) revealing a velocity acceleration in the compressed true lumen, as well as a
minimal amount of flow in the false lumen and rich clot in the remainder. Marked flow
and abnormal shear stress was also indicated in a small group of dissection patients

studied by Pitcher et al. (2011).
2.2.4 Haemodynamics and aortic diseases

Haemodynamics describes the physical aspects of blood circulation, including the
dynamic behaviour of blood, forces and physical mechanisms concerned within the
circulation. Haemodynamic forces have long been considered as key factors regulating
blood vessel structure and influencing development of vascular pathology (Malek et al.
1999). Although no research has been published on the flow environment in aortic
dissection before this study, a number of studies have been established to investigate
the role of haemodynamic factors in other vascular diseases in the coronary, carotid,
abdominal, and femoral arteries (Taylor et al. 1999; Taylor et al. 1998; Fillinger et al.
2002; Chatzizisis et al. 2007; Slager et al. 2005). The most important haemodynamic
factors include wall shear stress (WSS), oscillating shear stress, flow disturbances, and
pressure gradient. These factors are believed to be associated with the initiation and,

perhaps most important, the progression of aortic diseases.
Roles of wall shear stress

The haemodynamic shear stress is the frictional force per unit area on the luminal vessel
wall and endothelial surface, engendered by the blood flow by virtue of viscosity (Malek
et al. 1999). It can be calculated as a function of time during the cardiac cycle at each
location using a least-square fit of velocities measured at three radial positions near the

wall as the following equation (Ku et al. 1985):

Tw = #E (2-3)

where 1, is the wall shear stress, u is the dynamic viscosity, V is the velocity parallel to

the wall, and r is the radial distance from the wall. In pulsatile flow, as the magnitude
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and direction of the flow velocity change with time, the absolute shear stress, which is
defined as the time-averaged magnitude of wall shear stress is usually adopted. The
time-averaged wall shear stress (TAWSS) can be calculated as follows (Taylor et al.

1999):
TAWSS =~ [[|z, | dt (2.4)

where T is the cycle period, and t,, is the instantaneous wall shear stress. In addition to
altering in magnitude, shear stress also changes its direction in pulsatile flow. An
oscillatory shear index (OSI) is formulated to account for the cyclic altering of the wall
shear stress vector from its predominant axial alignment. The OSI can be defined as

(Taylor et al. 1999):

_1 _ Tmean
0SI' = 2 (1 TAWSS) (2:5)

where 7,;,.45 1S the magnitude of the time-averaged wall shear stress.

The normal time-averaged level of fluid shear stress was reported at approximately 15
to 20 dyne/cm? in the arterial circulation in human (Moake et al. 1988; Girerd et al
1996). Abnormal shear stress conditions, including elevated wall shear stress, low
magnitude of shear stress, and highly oscillating shear stress, could present in the
cardiovascular system, due to abnormal properties of blood, insufficient heart function,
and most important and commonly the geometry of artery. Many studies have
attempted to investigate the correlation between abnormal shear stress and vascular

diseases.

Shear stress can affect endothelial cell functions, such as proliferation, apoptosis,
migration, permeability, and remodelling (Lehoux et al. 2006; Li et al. 2005; Tricot et al.
2000). Malek et al. (1999) reviewed the studies which have identified haemodynamic
shear stress as an important determinant of endothelial function and phenotype. It was
concluded that arterial level shear stress, which is larger than 15 dyne/cm?, could
induce endothelial quiescence and an atheroprotective gene expression profile, while
low shear stress, which is defined as below 4 dyne/cm?, may stimulate an atherogenic
phenotype (Malek et al. 1999). Wentzel et al. (2003) established an in vivo measuring
technique to study the role of shear stress in restenosis. It was demonstrated that shear
stress is the main biomechanical factor regulating both neointimal formation and
vascular remodelling as up to 50% in-stent neointimal formation could be reduced by

high shear stress. Lehoux et al. (2006) emphasised the pulsatile nature of blood flow and
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encompassing cyclic mechanical strain on the blood vessel, thus affecting vascular
remodelling. Slager et al. (2005) reviewed the varying mechanobiological mechanisms
in the surrounding area of plaque, and concluded that high shear stress acting on the
endothelium has a regressive effect on the intimal tissue and can disturb the balance,
thus determining the stability of the caps of vulnerable plaques at the upstream location
of stenosis. As shown in Figure 2. 12, areas of high wall shear stress stimulate the
endothelial cells to produce plasmin, transforming growth factor, and probably suppress
matrix production by smooth-muscle cells, while low shear stress at the downstream
part of the stenosis can stimulate endothelial cells to be apoptotic and dysfunctional
(Slager et al. 2005). Increased shear stress was proved to elevate nitric oxide and
prostacyclin release, and inhibit atherosclerotic processes (Niebauer & Cooke 1996).
Richardson et al. (2002) also noted that mechanical disruption of an endothelial cell
layer can promote atherosclerosis in blood vessel as the endothelial cells are sensitive to
shear stress, thus altering apoptotic responses under high shear stress. Nakahashi et al.
(2002) researched the role of flow loading in abdominal aortic aneurysm. They found
that increased flow, wall shear stress, and relative wall strain may attenuate the aortic
dilation and aneurysm development. The role of complex haemodynamic insults in
cerebral aneurysm initiation was studied by Meng et al. (2007). Strong localization of
aneurysm-type remodelling to the region of accelerating flow proposed high wall shear
stress and high shear gradient can predispose the apical vessel wall to aneurysm
formation. Pritchard et al. (1995) investigated the role of haemodynamic factors in the
distribution of monocyte adhesion to the vascular wall with an in vitro flow model. It
was noted that the cell rolling velocity changes linearly with wall shear stress, and the
adhesion rate tended to decrease with increasing local wall shear stress combined with
the effects of radial component of velocity and the dynamics of the recirculation region

and flow reattachment.
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Figure 2.12: Proposed main mechanisms induced by high and low shear stress that

affect the stability of the cap of a vulnerable plaque (Slager et al. 2005).

Low shear stress, which is usually combined with oscillatory shear, could lead to human
monocytes suspension and binding to the endothelial, and cause plaque formation
(Honda et al. 2001; Soulis et al. 2006; Cheng et al. 2006). Chatzizisis et al. (2007)
reviewed the role of endothelial shear stress in the natural history of coronary
atherosclerosis and vascular remodelling, and concluded that low shear stress can
attenuate nitric oxide-dependent atheroprotection, and promotes low-density
lipoprotein cholesterol uptake, synthesis, and permeability. It can also promote
oxidative stress, inflammation, vascular smooth muscle cell migration, differentiation,
and proliferation. In vascular wall and plaque fibrous cap, low shear stress is proposed
to promote extracellular matrix degradation and attenuate extracellular matrix
synthesis. Moreover, it plays a potential role in plaque neovascularization and
calcification, and increasing plaque thrombogenecity (Chatzizisis et al. 2007). In 1981,
Friedman et al. noted that the low wall shear stress located at the lateral walls of the
abdominal aortic bifurcation could induce increased intimal thickening. Moreover, a
positive correlation between oscillatory shear and intimal thickness was also described
by Moore et al. (1994) based on the measurement of the intimal thickness in the distal
abdominal aorta. Based on a computational study of Taylor et al. in 1998, low time-
averaged wall shear stress and oscillatory shear could lead to a high probability of
occurrence of sudanophilic lesions on aorta wall. Low wall shear stress was also
suggested to induce aneurysm growth and may trigger the rupture by causing

degenerative changes of the aneurysm wall (Boussel et al. 2008; Shojima et al. 2004).
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Shear stress has also been found to play an important role in platelet adhesion and
aggregation in the process of thrombus formation (Furie 2008; Fuster et al. 1990).
Numerical and in vitro models have been utilized to investigate the effect of shear stress
magnitude in the platelet deposition and thrombus formation (Wootton & Ku 1999;
Berger & Jou 2000). High shear stress in the bulk flow was found to activate platelets
which were then more likely to adhere to the wall in underlying recirculation regions
(Ramstack et al. 1979; Moake et al. 1988). The same result was also observed via
rheological methods that increased fraction of active platelets and elevated tendency to
platelet aggregates can be induced by high shear stress in stroke patients (Hellums et al.
1994). Bluestein et al. (1997) examined the blood flow in stenosis numerical model with
different Reynolds numbers concluding that high shear stress and long exposure time
could enhance platelets activation, while low wall shear stress increase the level of
platelets deposition. The blood flow dynamics research from Nesbitt et al. (2009)
resealed that platelets prefer to adhere in low-shear zones with stabilization of

aggregates dependent on the dynamic restructuring of membrane tethers.

Role of disturbance and turbulent flow

Disturbance and turbulence in the blood flow influence physiological parameters and
processes, such as flow resistance, pressure, wall shear stress, wall remodelling,
inflammation, and mass transport from the blood to the vessel wall (Giddens et al. 1976).
In the case of aneurysms, turbulence has also been suggested to result in wall vibration,
with additional stresses on the aneurysmal wall, which can accelerate the progression of
the aneurysm, and further increase the rate of wall dilation (Berguer et al. 2006;
Khanafer et al. 2007). The time-varying vortices in recirculation region may enhance the
delivery of monocytes to the vessel wall (Karino & Goldsmith 1979; Schimid-Schonbein
& Wurzinger 1986). Local flow disturbances as a driving force appear to be obligatory in
the process of atherosclerotic plaque formation (van der Wal 1999). In arterial regions
with disturbed flow and low shear stress, atherosclerotic process could be promoted as
the atheroprotective genes are suppressed, while the pro-atherogenic genes are
upregulated (Gimbrone et al. 2000; Resnick et al. 2003). Turbulence as a characteristic
of blood flow was also identified as a risk factor for the formation of thrombi according
to the work in canine models (Stein and Sabbah 1974). Turbulence and recirculation
were found to be associated with increased shear stress and exposure time, thus
accelerating the process of thrombus formation (Stein and Sabbah 1976; Loree et al.
1991). The unsteady flow development in the recirculation flow region was

demonstrated to contribute to platelet deposition by Bluestein et al. (1999).
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Geometric factors

Complex geometric configurations determine the shear stress distribution and flow
patterns in arteries. Low shear stress typically occurs at the inner bend of curvatures
and downstream of stenosis (Ku 1997) and high shear stress can be found in the
upstream, while oscillatory wall shear usually occurs primarily downstream of stenosis,
at the lateral walls of bifurcations, and in the vicinity of branch points (Chatzizisis et al.
2007). Areas of complex flow in the coronary, carotid, abdominal, and femoral arteries,
where plaques are commonly found, often occur due to branching, bifurcations and
curvature of the arteries (Taylor et al. 1997). Lee et al. (2008) noted that certain
geometric features of carotid bifurcation, including proximal area ratio and bifurcation
tortuosity, are significantly related to disturbed flow. The dynamic curvature data and
high curvature variations of coronary artery were also demonstrated to have notable
effects on the flow patterns and wall shear stress by Prosi et al. (2004). Non-planarity of
the aorta was considered as an important factor influencing arterial flows, hence, the
pathogenesis of various disorders (Caro et al. 1996). Vorp et al. (1998) investigated the
mechanical wall stress in abdominal aortic aneurysm, and found both maximum
diameter and the shape factors have substantial influence on the distribution of wall
stress within the aneurysm. Hoi et al. (2004) also noted that the curvature of the artery
where aneurysms were located could lead to higher haemodynamic stresses, thus
implicating the site of aneurysm growth or regrowth of treated lesions. An aneurysm
surface index, which is defined as the ratio between the aneurysm area and the artery
area, was proposed by Valencia et al. (2007) to predict the wall shear stress distribution

in cerebral aneurysms.
Other factors

Elevated blood pressure could affect the ultimate thrombotic occlusion of the vessel
(van der Wal et al. 1999). High pressure in arteries was also suggested as a risk for early
atherosclerosis and persistent endothelial damage, as well as accelerating the
atherosclerotic process via inflammatory mechanisms (Li & Chen 2004). Moreover,
pressure oscillations in a flow cycle were believed to cause plaque to fatigue, thus
making plaque particles prior to be sheared off by wall shear stress (Stroud et al. 2000).
Elevated pressure could induce mechanical stress in the carotid artery bifurcation
where atherosclerotic lesions are highly susceptible to occur (Salzar et al. 2000). Stress
is a very important parameter determining the rupture and degeneration of diseased

vessel wall. Stresses that act on or within the arterial wall could affect the inflammatory
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process and the heterogeneous remodelling of vessel structure and composition (Davies
1988). Concentration of circumferential stress in the atherosclerotic plaque was
demonstrated to play an important role in plaque rupture and myocardial infarction
(Cheng et al. 1993; Richardson et al. 2002; Li et al. 2005). High wall stress in aneurysm
has been proved to be more closely correlated with the risk of rupture than the diameter

of aneurysm (Fillinger et al. 2003; Venkatasubramaniam et al. 2004).
2.3 Engineering background
2.3.1 Computational fluid dynamics (CFD)

The physical aspects of any fluid flow are governed by three fundamental principles: (1)
mass of a fluid is conserved; (2) Newton’s second law: the rate of change of momentum
in a fluid is equal to the sum of the forces that act on the fluid; and (3) First law of
Thermodynamics: energy can neither be created nor destroyed. These fundamental
principles can be expressed in terms of mathematical equations, usually in the form of
partial differential equations. Computational fluid dynamics (CFD) is, as defined in part,
the art of obtaining a final numerical description of the complete flow field of interest via
methods of replacing the governing partial differential equations of fluid flow with
numbers, and advancing these numbers in space and time (Anderson 2009). It is a very
powerful tool in engineering analyses, and is regarded as the third dimension in fluid

dynamics, of equal stature and importance to experiment and theory.

The fundamental basis of CFD problems is the Navier-Stokes equations, which describe
the motion of fluids. The governing equations are time-dependent and consist of mass,

momentum and energy balance giving a system of three equations:

Continuity equation: Z—[: +V-(pu)=0 (2.6)
. ou _ 1 U2

Momentum equation: P (u-Vu=- ;V'p +F + ;V u (2.7)

Energy equation: p (% +u- Vs) —V-(KgVT) +pV-u=0 (2.8)

where u is the instantaneous blood velocity at timet, € is thermodynamic internal
energy, p is the instantaneous static pressure relative to a datum level, T is the
temperature of the fluid, p and p are the density and viscosity of the fluid respectively,

K} is the heat conduction coefficient, and F is the external force per unit mass. For an
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incompressible, isothermal and Newtonian fluid, the Navier-Stokes equations can be

simplified as:
pa—u—uV2u+p(u-V)u+Vp=0 (2.9)
at )
Vu=0 (2.10)

Being different from analytical solutions of partial differential equations, numerical
solutions can only give answers at discrete points in the fluid domain. In CFD modelling,
the complex geometry is discretized into a large number of smaller elements. Two types
of elements are typically adopted in CFD modelling: tetrahedral element, a polyhedron
composed of four triangular faces, and hexahedral element, a uniform brick shape. The
numerical calculations are carried out in the single computational space by assuming the
shape of the velocity field within these elements. The governing Navier-Stokes equations
are solved iteratively at the nodes connecting these elements. The computed flow field is
driven by numerical boundary conditions which include the fluid behaviour and
properties at the defined boundaries of fluid domain, and dictate the particular solutions
to be obtained from the governing equations. Proper and accurate implementation of

the boundary conditions is essential for numerical calculations in CFD.

Discretisation of the conservation equations is the process of using a system of linear
algebraic equations to replace the partial differential equations. Two different
discretisation techniques are commonly used to solve the conservation equations in
current commercial CFD software packages: finite element method (FEM) and finite
volume method (FVM). The two methods vary in their approximation of flow variables,
as well as in the discretisation process. FEM uses simple piecewise polynomial functions
on local mesh elements to approximate the variations of flow variables. When the
functions are substituted into the governing equations, the concept of a residual is
utilized to measure the errors, which will subsequently be minimized by a set of
weighting and integrating functions. A set of algebraic equations can be achieved for the
unknown terms of the approximating functions, and hence yields the flow solution. FEM
is more popular in structural analysis of solids. FVM is the most popular method in
current commercial CFD software, especially for fluid mechanics, as it rigorously
enforces conservation and is also flexible in terms of both geometry and the variety of
fluid phenomena. It employs an integral form of the conservation equations over the
finite control volumes of the solution domain which is produced in the meshing. Finite

difference type approximations are substituted for the unknown terms of the integrated
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equations. This yields a set of algebraic equations which are solved by an iterative
method. From the solutions of CFD in haemodynamic research, velocity, WSS, and other

important quantities can be extracted straightforward.
2.3.2 CFD studies of blood flow in normal and diseased aorta

In the last 20 years, CFD has been proven to be a practical and reliable tool for
cardiovascular research, as it gives researchers full control of geometry and flow data
while studying time-varying, three-dimensional blood flow patterns in complex arterial
geometries. Since the mid-1990s, the convergence of high-resolution medical imaging,
sophisticated image processing techniques, and high-performance desktop workstations
have promoted image-based CFD studies of in vivo haemodynamics (Steinman 2002).
Now, CFD has almost completely supplanted traditional engineering flow measurement
techniques, such as laser Doppler velocimetry (LDV) and particle imaging velocimetry
(PIV), in the investigations of artery haemodynamics, and parametric studies of
geometric or flow-related factors (Steinman & Taylor 2005). Various image-based CFD
studies have been conducted to investigate the flow patterns and haemodynamic factors
in both healthy and diseased aortas, as well as their effects on vascular pathophysiology.
In this subsection, the development of CFD application in vascular research during the

last decade is briefly reviewed.
CFD studies in normal aorta

The aorta, as introduced in chapter 2, has a complex geometry including bending,
branching and tapering. Numerous clinical investigations, experimental studies, and
numerical simulations using idealized geometries have suggested the presence of
skewed and spiral flow patterns in human aorta. Besides these, several CFD studies,
usually combined with MRI data, have also been conducted to investigate the flow

patterns and haemodynamic factors in normal aorta.

Morris et al. (2005) studied the flow characteristics in realistic models of the aorta
created based on CT scans with different arch reconstructions and smoothing methods,
by using CFD. They concluded that the radius of arch curvature and the pulsatility of the
flow are the main influencing factors in determining aortic flow patterns. Leuprecht et al.
(2003) examined the blood flow through the ascending aorta of both healthy and
artificial valves planted individuals by using realistic flow simulation enabled by the
combination of MRI and CFD. It was demonstrated that flow profiles in the ascending

aorta and wall shear stress magnitude and distribution, depended significantly on the
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flow rate and profile from the aortic root controlled by the aortic valve. The wall motion
resulting from beating heart, and compliance of the aortic wall were found to affect the

flow patterns in the ascending aorta based on a MRI-based CFD study (Jin et al. 2003).

CFD models of the aortic arch were also developed with or without the arch branches
(Shahcheraghi et al. 2002; Mori & Yamaguchi 2001). Mori & Yamaguchi (2001) noted
that the torsion of the aortic arch centreline could lead to a complex localized
distribution of wall shear stress at the top of the arch. The flow pattern and shear stress
distribution in the aortic arch were also proved highly dynamic by Shahcheraghi et al.
(2002). The presence of the arch branches was suggested to affect the structure of
secondary flows in the aortic arch. Flow structure and haemodynamic conditions in the
descending aorta were studied by Wood et al. (2000) in a MRI-based CFD study. Good
agreement of the CFD results and MR velocity mapping was achieved in the study. A
detailed analysis of the haemodynamics in the thoracic aorta was implemented based on
the integration of flow-sensitive 3D MRI with rapid prototyping technology and CFD
(Canstein et al. 2008). Visualization of characteristic 3D flow patterns and quantitative
comparisons of in vitro experiments with in vivo data and CFD simulations in identical
vascular geometries were performed, and the accuracy of the vascular model system

was evaluated.

CFD studies in diseased artery

Image-based CFD analyses have been widely adopted to elucidate the role of
haemodynamic forces in vascular pathophysiology of diseased arteries, especially in the
development of atherosclerosis at the carotid and coronary arteries, and in
understanding haemodynamics in abdominal aortic aneurysms, owing to their
advantageous in providing patient-specific predictions by incorporating medical

imaging (Taylor & Steinman 2010).

CFD models of coronary arteries obtained from angiographically guided intravascular
ultrasound (IVUS) have been utilized to demonstrate a correlation between low wall
shear stress and vessel wall remodelling in a longitudinal study conducted by Stone et al.
(2003), as well as the role of haemodynamic factors in interventional cardiology such as
balloon angioplasty and stent implantation (Thury et al. 2002; Wentzel et al. 2001). A
number of CFD studies have been carried out to elucidate the role of haemodynamic
forces in the development of coronary artery plaques, and demonstrated the association
between distinct haemodynamic mechanisms and the development and rupture of

vulnerable plaques (Slager et al. 2005). Steinman et al. (2002) used MRI to investigate
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the association between low and oscillating shear and wall thickening in both normal
and mildly diseased carotid bifurcations. A serial MRI-based case study demonstrated an
association between the high shear stress and the location of plaque ulceration (Groen
et al. 2007). Another IVUS-based CFD study of 31 plaques presented an obvious
correlation between high wall shear stress and elevated wall strain within the plaque
(Gijsen et al. 2008). A negative correlation between plaque progression, and plaque wall
stress and wall shear stress was demonstrated by Tang et al. (2008) in a serial MRI-
based study of 21 carotid artery plaques. Lee et al. (2008) studied the relationship
between disturbed flow and lumen geometry based on 50 cases of carotid bifurcations
in a MRI-based CFD study, and determined certain geometric features as robust

surrogate markers of exposure to disturbed flow.

In addition to studies related to atherosclerosis in the carotid and coronary arteries,
image-based CFD modelling has been applied in assessing the haemodynamic factors
involved in the development and rupture of cerebral aneurysms (Hassan et al. 2004; Jou
et al. 2003; Steinman et al. 2003). CFD studies were carried out to relate the complex
haemodynamic factors to geometric factors. Shojima et al. (2004) investigated 20 cases
of cerebral aneurysm with CFD, and demonstrated that low wall shear stress could
accelerate the growth and trigger rupture of a cerebral aneurysm by causing wall
degeneration, as well as the role of aneurysm aspect ratio in wall shear distribution.
Furthermore, Cebral et al. (2005) found an association between the size and stability of
inflow and the risk of aneurysm rupture in a CFD study of 62 cerebral aneurysm cases.
Longitudinal studies were also implemented on unruptured aneurysms to examine the
effects of haemodynamic forces on long-term aneurysm growth. Low wall shear stress
and stagnant flow were demonstrated to play a key role in subsequent aneurysm growth

(Boussel et al. 2008), progression (Jou et al. 2005) and thrombosis (Rayz et al. 2008).

Haemodynamics of the human abdominal aorta has been studied by using CFD methods
to investigate the progression of abdominal aortic aneurysm (AAA). CFD models of 5
young and healthy abdominal aortas derived from MR images were examined by Tang et
al. (2005) with patient-specific flow data extracted from phase contrast MRI as
boundary conditions in their simulations. The haemodynamic conditions in the aorta
were quantified under both resting and mild exercise pulsatile flow conditions. The
results demonstrated that exercise could provide localized benefits to the
cardiovascular system through acute mechanical stimuli that trigger long-term
biological processes leading to protection against the atherosclerosis development and

progression in the abdominal aorta. The role of exercise in slowing the progression of
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small abdominal aortic aneurysms was also evaluated by using MR-based CFD modelling
techniques combined with MR flow imaging (Dalman et al. 2006). The significantly
higher risk of AAA in the abdominal aorta of patients with spinal cord injury than
normal control subjects was studied by image-based modelling techniques to identify
the differences in haemodynamic conditions (Yeung et al. 2006). The flow patterns in a
thoracic aortic aneurysm model reconstructed from MR images were assessed by
employing a transitional turbulence model showing a better agreement with the MR

data than laminar flow simulation (Tan et al. 2008).

Image-based CFD methods have also been utilized to study the effects of haemodynamic
factors on endothelium biology. Realistic CFD models of porcine iliac arteries were
established to understand the cellular and genetic responses to abnormal wall shear
stress magnitude and gradient, which may cause shear-induced endothelial cell
dysfunction (LaMack et al. 2005; Friedman et al. 2006). Low endothelial shear stress
was demonstrated to be associated with the localization of high-risk coronary
atherosclerotic plaques by an [VUS-based CFD study of cholesterol-fed swine
(Chatzizisis et al. 2008), and a CFD-inspired perivascular cuff study of mouse carotid
arteries (Cheng et al. 2006). The positive correlation between relatively low wall shear
stress and adhesion of molecules on the endothelial layer of aortic wall was examined in
an aortic arch model of mouse by Suo et al. (2007). Kadirvel et al. (2007) studied the
influence of haemodynamic forces on the expression of biomarkers associated with
vascular remodelling in the walls of elastase-induced aneurysms in rabbits. The canine
study implemented by Meng et al. (2007) presented that a combination of high wall
shear stress and a high gradient in wall shear stress at the apices of arterial bifurcations

could favour aneurysm formation.

Fluid-structure interaction modelling

Fluid-structure interaction (FSI) is concerned with dynamic interactions between a
movable or deformable structure with the contacting fluid flow. The lack of realistic
material properties and boundary conditions has restricted the application of FSI in
blood flow simulations. There have been a number of significant advances in FSI
simulation of blood flow and vessel wall motion since the middle of last decade, as
traditional FSI techniques, which are based on the arbitrary Lagrangian-Eulerian (ALE)
method, were improved to meet the requirements of modelling blood flow in arteries

(Taylor & Stainman 2010). A number of FSI simulations have been established to solve
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patient-specific problems using ALE methods including pulsatile fluid motion and

nonlinear continuum of vessel wall.

A robust partitioned, strongly-coupled ALE method was developed to solve the
interaction of blood flow and vessel wall dynamics in patient-specific models by Gerbeau
and colleagues (Gerbeau et al. 2005; Fernandez et al. 2007). Patient-specific FSI
simulations of blood flow in abdominal aortic aneurysm (AAA) models (Wolters et al.
2005; Leung et al. 2006) and thoracic aortic aneurysm (TAA) models (Borghi et al. 2007;
Tan et al. 2009) were carried out by using ALE-based methods. Scotti et al. (2005)
utilized a set of virtual AAA models with different degrees of asymmetry and wall
thickness to study the flow and wall dynamics by means of fully coupled FSI. The
parameters of aneurysm asymmetry and wall thickness were found to affect the
magnitude and distribution of Von Mises stresses in such a way that varying wall
thickness increased the peak Von Mises stress by 4 times its uniform thickness
counterpart. Torii and colleagues investigated blood flow in realistic cerebral aneurysms
by adopting a stabilized space-time FSI finite element method to assess the effects of
blood pressure (2006), and influence of structural modelling (2008). In a more recent
FSI study of cerebral aneurysms, 0D peripheral vasculature model was used to compute
the outflow through the two branches accurately (Torii et al. 2010). A new isogeometric
non-uniform rational B-spline (NURBS)-based FSI formulation, coupling incompressible
fluids with nonlinear elastic solids, and allowing for large structural displacements, was
developed to solve patient-specific blood flow problems by Bazilevs et al. (2006). The
method was applied to realistic models of cerebral aneurysms incorporated with a new
approach for the computation of the blood vessel tissue pre-stress (Bazilevs et al. 2010).
The coupled momentum method, which embeds the elastodynamics problem for the
deformation of the vessel wall within the variational equation of the fluid dynamics
problem, was introduced by Figueroa et al. (2006) to solve highly complex blood flow
and vessel wall dynamics by simplifying the problems into small deformations and thin-

walled vessels.
2.3.3 Biomechanical analysis of diseased aorta
Biomechanical behaviour of diseased aorta wall

The biomechanical behaviour of diseased tissue, especially aneurysm tissue, is different
from that of healthy aorta with changes in compliance or wall stiffness. Understanding
the tissue constitutive relations which relate the stress (force per unit area) and strain

(deformation) in a material, is an important part in wall stress analysis. The
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biomechanical behaviour of diseased wall can be examined by means of in vivo

measurements and ex vivo tensile testing (Vorp & Van de Geest 2005).

Noninvasive ultrasound or CT imaging techniques have been used to estimate the
mechanical behaviour of diseased wall. By using a phase-locked echo-tracking system, a
reduced compliance of AAA wall was demonstrated when compared to an age-matched
control group (Lanne et al. 1992). The pressure-strain elastic modulus was found to be
elevated in patients with AAA by using an M-mode ultrasonography (MacSweeney et al.
1992). The mechanical behaviour of intraluminal thrombus (ILT) in AAA was also
estimated in vivo. It was found that ILT could act like a cushion on the AAA wall that the
wall compliance was reduced as compared to the luminal surface of aneurysm via non-
invasive measurements (Vorp et al. 1996; Wang et al. 2002). Sonesson et al. (1997)
investigated wall stiffness of the abdominal aorta in patients with AAA in comparison to
healthy subjects, and found an increase in stiffness of AAA wall. A group of 112 patients
with non-operated AAA was recruited to determine the relationship between AAA
compliance, size, growth, and clinical outcome (Wilson et al. 1998). It was concluded
that baseline AAA compliance was significantly associated with rupture and
requirement for operative repair, and large size aneurysm tended to be less compliant.
The relationship between AAA distensibility and serum markers of elastin and collagen
metabolism was investigated by Wilson et al. in 2001, demonstrating the negative
effects of serum markers on AAA wall stiffness. The role of AAA wall distensibility in
predicting rupture time was estimated in a study of 210 patients (Wilson et al. 2003).
The measurement of wall distensibility, blood pressure, and aneurysm diameter were

suggested as a more accurate assessment of rupture risk than size alone.

The ex vivo tensile testing studies were mostly carried out by comparing the
biomechanical properties of aneurysmal tissue with nonaneurysmal tissue to investigate
the effect of extracellular matrix derangements on wall stiffness and strength. A stiffer
and less distensible uniaxial response for AAA was demonstrated by He and Roach
(1994), as well as a decrease in volume fraction of elastin in the aneurysm wall. Other
uniaxial tensile testing studies demonstrated that AAA wall tissue was about 50%
weaker than nonaneurysmal abdominal aorta with similar circumferentially-oriented
and longitudinally-oriented tissue strength (Raghavan et al. 1996; Vorp et al. 1996b).
The observations of spatially varying biomechanical properties of AAA have been
reported by several studies (Thubrikar et al. 2001; Vorp et al. 2001; Van de Geest et al.
2006a). The presence of ILT in aneurysm was also suggested to decrease local wall

strength as ILT serving as a barrier to oxygen flux from the lumen to the inner layers of
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the aortic wall, thus resulting in hypoxic conditions and wall degeneration (Vorp et al.
2001). The local hypoxic environment, which may be important in upsetting the local
balance of protein degradation and synthesis in the aneurysm wall, could lead to a
decrease in the overall structural integrity of the wall and its eventual rupture (Vorp &
Van de Geest 2005). Another ex vivo tensile test was established between AAA subjects
prior to surgery and those from electively repaired to investigate the association of wall
weakening with aneurysm rupture (Di Martino et al. 2006). Significant differences of
wall thickness and tensile strength were presented suggesting sever aneurysm wall
weakening could lead to aneurysm rupture. Witkewicz et al. (2005) studied the strength
of aneurysm tissue in different tensile direction, concluding that the tissue is stronger in
the longitudinal direction than in the circumferential direction. The uniaxial tensile tests
were also carried out on the thrombus illustrating the mechanical properties of ILT as a

hyperelastic isotropic material (Wang et al. 2001).

Most studies on mechanical properties of diseased aorta wall were conducted based on
ex vivo wall tensile testing of abdominal aneurysms. Very limited studies have been
performed on other aortic diseases and tissues. Okamoto and colleagues (2002)
investigated the mechanical properties of dilated human ascending aorta by
implementing opening angle, biaxial elastic, and uniaxial circumferential strength tests
on specimens from 54 patients undergoing elective aortic graft replacement surgery.
They found greater opening angle and increased wall stress in older patient group,
suggesting that age may influence the risk of aortic dissection or rupture of dilated

ascending aorta (Okamoto et al. 2002).

Wall stress analysis of diseased aortic wall

Wall stress is not a directly measurable quantity. To acquire accurate wall stress
distributions, essential information is required including aortic geometry, wall thickness,
applied forces and boundary conditions, governing equations representing the relevant
physical laws, constitutive models, material parameters, and a means to solve the

resultant system of partial differential equations (Vorp & Van de Geest 2005).

Hypothetical models of aneurysm were initially utilized to perform model evaluation
and sensitivity study. Vorp et al. (1998) generated a set of hypothetical computer
models of AAA with the purpose to determine the effect of maximum diameter and
asymmetric bulge on wall stress. It was concluded that the magnitude of peak stress
acting on the aneurysm increased with increasing maximum diameter or increasing

asymmetry. As the material parameters specific to each aneurysmal wall and ILT cannot
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be determined by destructive mechanical testing prior to surgery, the group mean
values of the material parameters obtained for a large number of AAA and ILT
specimens (Raghavan & Vorp 2000; Wang et al. 2001) have commonly been used in wall
stress analyses. These material parameters were evaluated by repeated finite element
stress parametric analyses on a hypothetical asymmetric AAA model (Raghavan & Vorp
2000; Di Martino & Vorp 2003). They suggested that the wall stress was not sensitive to
variations in material parameters, and the differences in aneurysm wall stress depended

more strongly on the difference in surface geometry.

Wall stress distribution in patient-specific aneurysm models has also been studied.
Raghavan et al. (2000) used a continuum-based constitutive model in the finite element
analyses of patient-specific aneurysms to investigate the stress distributions in three
AAA models. Complex stress distribution with localized regions of high and low stresses
was demonstrated, in comparison to more evenly distributed lower peak stress values
in a normal aorta. Fillinger et al. (2002) examined 48 patient models of AAA constructed
from CT scans to calculate wall stress in vivo for ruptured, symptomatic, and electively
repaired AAAs comparing with clinical indices related to rupture risk. Significantly
higher peak wall stress was found in AAAs near the time of rupture than those for
electively repaired ones. A later study was implemented by Fillinger et al. (2003) to
analyse rupture risk over time in patients under observation. Venkatasubramaniam et al.
(2004) also found much higher wall stress in ruptured AAAs than those of non-rupture
ones. In patients with an identifiable site of rupture on CT scan, the area of peak wall
stress was found correlated with the rupture site. Raghavan et al. (2005) developed an
automated algorithm to calculate the peak stress in numerous ruptured and
nonruptured AAA models, and emphasized the peak stress as a better predictor of
rupture. To investigate the influence of thrombus on AAA wall stresses, Wang et al.
(2002) incorporated the structure of ILT in the AAA models, and demonstrated that the
incorporation of ILT in AAA model could influent the magnitude and distribution of
stresses acting on AAA wall. The anisotropic material model determined by experiment
was incorporated into the AAA models, which was demonstrated to give an improved
prediction of stress distribution in the aneurysm (Van de Geest 2005). Variable wall
thickness and patient-specific wall calcifications were also incorporated in some studies,
which were believed to improve the estimation of wall stress and the location of rupture
(Raghavan et al. 2004; Speelman et al. 2005). Other recent multiple cases studies have
continued to focused on patient-specific AAA wall stress analyses in ruptured aneurysm

with small size (Truijers et al. 2007), its relationship with certain geometric features
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(Speelman et al. 2008), or its role in aneurysm growth and biomarkers (Speelman et al.

2010).
2.4 Experimental studies of blood flow in aortic dissection

Limited experimental studies of blood flow in aortic dissection have been published
probably owing to the difficulty of analysing flow results in models of aortic dissection
which have highly complicated geometric structure. Idealized aortic dissection models
are used in experimental studies to investigate the movement of flap and pressure

distribution, and their relationship with anatomic and physiologic factors of the models.

In the experimental study conducted by Chung et al. (2000), phantoms of a Stanford
type B aortic dissection model, with an aortic arch, true and false lumen with abdominal
branch vessels, and a distal bifurcation, were built to investigate the causative factors in
true lumen collapse in the model. The collapse of the true lumen was suggested as an
important mechanism for compromised flow in the aortic branch of aortic dissection
patients. Figure 2.12 presents the components of the pulsatile mock-flow loop that was
filled with water at 28°C to mimic the systemic circuit of human body. The pulsatile
pump was a ventricular assist device with controllable rates, hence physiologic
pressures and flow velocities could be achieved in the models. The systolic pressure and
systolic duration were set to 225 mm Hg and 250 msec, respectively, and the setting for

diastolic pressure varied between 5 and 75 mm Hg, which determined the pump output.
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Figure 2.12: The schematic diagram shows the pulsatile flow apparatus. FL = false lumen,

TL = true lumen, VAD = Ventricular assist device (Chung et al. 2000).
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Two models of type B aortic dissection were placed within the flow loop: one was a
compliant and opaque model (Figure 2.13(a)); and the other was rigid and transparent
(Figure 2.13(b)) to allow observation of flap movement and to test the effects of the
fenestrations. As can be seen in Figure 2.13, both models included an arch to turn the
flow as it went to the primary entry tear, a dissected aortic body made of vascular graft
material, branch vessels from false and true lumen, and a bifurcation with a re-entry
branch to allow communications between the two lumens. In the compliant model, the
tube for the aortic body was a 66X5 cm bicycle tire inner tube with a 32 mm internal
diameter at 70 mm Hg of pressure and the true lumen was made of 10 mm internal
diameter polytetrafluoroethylene (PTFE) dilated to 32 mm diameter. The true lumen
extended into the arch bend at the proximal segment with a primary entry tear, and
stretched distally through the aortic bifurcation. The flow from each lumen exited
through the exit tube of each limb tube below the bifurcation. Being different from the
compliant model, the aortic body was an acrylic tube with a length of 40 cm and an
internal diameter of 32 mm in the rigid model. Pressure taps were installed in the
proximal lumen and distal part to the exit branches to monitor the pressure.
Fenestration branch loops were also incorporated into the model to allow the fluid
exchange between the true and false lumen mimicking the artificial fenestrations
treatment in human body. With the two models, the morphology of the true lumen and
the branch-flow compromise situation were observed by Chung et al. based on a large
number of pump settings and model configuration. The pump parameters, flow
distributions and peripheral resistance in the branch vessels, phantom compliance,
entry-tear size, and flow communications between the true and false lumen were

investigated in either both models or one of them.
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Figure 2.13: The schematic diagram of (a) the compliant, opaque phantom, and (b) the
rigid, transparent phantom (Chung et al. 2000).

In the experimental studies, true lumen collapse was demonstrated in the aortic
dissection phantoms with pulsatile flow. The situation could be exacerbated by an
increase in the size of the proximal entry tear. The difference between the ratios of the
inflow and outflow capacity significantly affected the presence or absence of true lumen
collapse: a decrease in false lumen outflow and increase in true lumen outflow can cause
collapse of true lumen. The collapse also happened with low pump output and low
outflow resistance from the true lumen and with converse situation from the false
lumen. The distal re-entry communications presented a notable effect in preventing true
lumen collapse whereas little impact of fenestrations was demonstrated (Chung et al.
2000). Based on the same flow circuit system, another study was also performed to
discover and evaluate the treatment methods for true lumen collapse in models of aortic
dissection (Chung et al. 2000 Part II). It was suggested that direct repair of the entry tear
to decrease false lumen inflow was the most efficient treatment to prevent true lumen
collapse, whereas distal fenestrations and increased false lumen outflow were less

effective alternatives.

A more recent experimental study of Stanford type B aortic dissection was implemented
by IRAD in 2008. The purpose of the study was to investigate pressure changes within
the false lumen, and its relationship with the anatomic changes in tear size, tear number,
and tear location in a phantom model of chronic aortic dissection. A flow circuit (shown

in Figure 2.14(a)) was built with five main components including a pulsatile pump, and

67



Chapter 2 Literature review

aortic arch, the compliant dissection model, a compliance chamber with two resistance
clamps, and a collecting system. The working fluid in the circuit was Doppler Test Fluid
at 37°Cto mimic the physical properties of human blood. The stroke volume was
maintained at 60 ml/stroke with a fixed diastolic/systolic phase ratio of 60/40 in the
system, and the systemic pressure was varied from 93/44 mm Hg to 198/171 mm Hg.
The heart beat ranged between 40 and 80 beats per minute, determining the
corresponding flow rate and peripheral resistance. As seen in Figure 2.14(b), the glass
arch is connected to the dissection part with a proximal “windkessel” latex tube to divert
the flow. The dissection part was made of polydimethylsiloxane (PDMS) to mimic the
material properties of a human aorta with similar tensile strength. The length of the
dissection part was 340 mm, and the aortic diameter was 40 mm. Different thickness of
the flap and the wall of true and false lumen were utilized that the dissection flap
thickness was 2 mm, false lumen wall was 1 mm and true lumen was 3 mm (Tsai et al.

2008).
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Figure 2.14: (a) The schematic diagram of ex-vivo circulation with a dissection model;

and (b) photograph of the dissection model (Tsai et al. 2008).

The dissection flap was located at the middle of the dissection tube to mimic a chronic
type B aortic dissection with 50% of the circumference dissected. Holes in the flap were
used to mimic the proximal entry tear and distal re-entry tear. A diameter of 6.4 mm or
3.2 mm was regarded as the common size of real human tears. In order to investigate
the haemodynamic consequences of tear size, location, and patent false lumen, Tsai et al.
conducted three dissection models, based on the configurations (shown in Figure 2.15)

presenting the most common situations in type B aortic dissection, with different tear
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diameters in the experimental study. Model A presented the most common
haemodynamic state in chronic dissection with patent false lumen. Model B and C are
relative rare situations simulating partial thrombus in the false lumen and post stent

graft state, respectively.

Model A Model B Model C

U V Entry Tear _ U v | Entry Tear u U

True Lumen True Lumen

Re-entry Tear Distal Tear

A Al A

Figure 2.15: Dissection model configurations. From left to right: model A with proximal
and distal tear, model B with proximal tear only, and model C with distal tear only (Tsai

et al. 2008).

Tsai et al. measured the pressure in both true and false lumen of each model, and found
the false lumen had slightly lower systolic pressure and higher diastolic pressure
compared with the true lumen in model A. Elevated diastolic pressure was found in the
false lumen of both model B and C. The size of tear, as well as the heart rate, was also
found to affect the pressure in the false lumen. Smaller proximal tear size and the lack of
distal tear could potentially increase the diastolic pressure in false lumen in the chronic
type B aortic dissection. These determinants of inflow and outflow were suggested to be

possibly associated with false lumen expansion and rupture.

Another experimental study concerning aortic dissection was conducted by Sommer et
al. (2008) to investigate the dissection properties of human aortic media. In this study,
the direct tension and peeling tests were carried out demonstrating the strength and
dissection propagation of the media. Histological images at different peeling stages were
analysed to explore the development of irreversible microscopic changes during medial
dissection. Extremely higher resisting force/width was demonstrated from the axial
peeling tests, indicating the anisotropic dissection propagation of the human aortic

media. The axial direction peeling could lead to a significant “rougher” dissection surface
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when compared to the surface created by circumferential direction peeling. The
histological analysis also revealed that the tissue dissection damage can spread over
several elastic laminae which form a pronounced cohesive zone for about 15-18% of the

thickness on the dissection surface.
2.5 Summary

Detail review of the human circulatory system as well as the pathology and aetiology of
aortic dissection reveal that the development and degeneration of aortic dissection is a
complex multifactorial event. The Previous studies demonstrate the correlation between
haemodynamic factors, such as wall shear stress, disturbance and geometric factors, and
the initiation and development of other aortic diseases. However, no systemic analysis
of the effect of haemodynamic factors in aortic dissection has been found so far.
Technologies of computational fluid dynamic and biomechanical analysis have been
widely adopted in studying the blood flow and haemodynamic environment in normal
and diseased aorta. Combined with current medical imaging modalities, the detail
analysis of blood flow in dissected aorta could be carried out. The remaining chapters

will introduce details of this study.
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Chapter 3

Materials and Methodology

3.1 Introduction

In this chapter, a detailed description of the materials and methodology employed in this
study is given. Information on medical images including CT and phase contrast MR data
is described first. This is followed by the procedure designed to create the patient-
specific models: the former are generated from CT images. The details of computational
modelling, including the flow models, boundary conditions, and simulation settings, are

given in the third section. Finally, analysis procedure of simulation results is described.
3.2 Medical data

Medical data, especially medical images, are essential for clinically relevant flow
simulations by providing patient-specific anatomy and/or flow information. Two types
of medical images are used in this study for different purposes: contrast-enhanced CT
images and phase contrast MR image. High resolution CT images contain detailed
morphological information about the dissected aorta, thus, are ideally suited for creating
the aorta geometry. Phase contrast MR, on the other hand, can provide flow information

in the aorta of individual patient for personalised flow simulations.
3.2.1 CTimages

As described in the previous chapter, CT imaging is the most widely used diagnostic
technique for aortic dissection because of its high sensitivity and rapid scan process. All

of the CT images adopted in this study were acquired over the last six years using the
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16-slice Philips Mx8000 IDT CT scanner in the Radiology Department at St. Mary’s
Hospital, London.

The CT data were carefully selected from a large database according to the requirements
for the geometry generation of dissected aorta. For type B aortic dissection, as the
dissection can propagate from the aortic arch to the iliac arteries below the bifurcation,
a whole body trunk CT scan is required to cover the anatomy of the entire aorta. High in-
plane and axial resolutions are also important for the geometry reconstruction, as the
anatomic structure of dissected aorta is generally very complicated and the tear size can
be quite small in some cases. Four essential anatomic features should be identified from
the CT images clearly: the entry tear, the flap, the true and false lumen. Figure 3.1 is a
typical cross-sectional CT image of a dissected aorta, which was adopted in the study.
From this image, the lumen area, the flap, and the proximal tear site where the blood

enters the false lumen from the true lumen can be easily distinguished.

Descending Aorta (True Lumen)

Ascending Aorta

False Lumen

Figure 3.1: A cross-sectional CT image with arrows indicating the tear between true and

false lumen, the ascending aorta, and the spine.

Scan parameters of CT images include slice thickness, inter-slice distance, pixel spacing,
the volume of investigation, reconstruction matrix, to name only a few. The slice
thickness, pixel spacing, and the inter-slice distance are the most important parameters
that affect the accuracy of geometry reconstruction. The slice thickness is determined in
the centre of the field of view as the full width at half maximum of the sensitivity, and
the inter-slice distance is defined as the distance between adjacent cross-sectional
images (Chadwick & Lam 2010). It is believed that thinner and more closely
approximated cross-sectional CT images can provide more and better information by
identifying small objects and increasing the spatial resolution. The pixel spacing is the
size of a pixel in the CT images presenting the spatial resolution of the 2D plane. In

general, the smaller the pixel spacing, the greater the spatial resolution. Besides, the
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volume of investigation is the whole volume of the scan region determining the number
of CT images of one CT series, and the reconstruction matrix is defined as the array of
rows and columns of pixels in the cross-sectional CT images. For the CT data utilised in
this study, the scan parameters of each series of images are not identical. The values and

ranges of the key parameters of the CT images are listed in Table 3.1.

Table 3.1: Summary of the scan parameters of CT images used in the study.

Scan parameters Values or ranges among different series
Slice thickness (mm) 1.5-2
Inter-slice distance (mm) -1*
Pixel spacing (mm) 0.54-0.78
Volume of investigation (slices) 425-617
Resolution matrix (pixels) 512 x 512

*-1 for overlapping scan in helical CT meaning the inter-slice distance is 1 mm here.
3.2.2 Phase contrast MR imaging protocol

Phase contrast MRI is able to provide robust images with three-directional velocities at
each pixel in the volume. Although it is not practical to use it as an initial diagnostic
imaging method due to the relatively long scanning duration and availability, phase
contrast MRI is suggested to be an efficient tool for assessment of chronic aortic
dissection in follow-up period by monitoring the flow sufficiency and lumen patency of
the aortic dissection. In order to obtain patient-specific flow information for the fluid
simulations of aortic dissection, 3D phase contrast MR images are adopted. The images
were acquired by using a Philips MR system from the MRI department of Hammersmith

Hospital.

Due to the complex geometry structure of aortic dissection, three imaging planes,
instead of one for general scan, are required in order to acquire a full picture of the flow
information in dissected aorta. The locations of the three imaging planes are indicated in
Figure 3.2 with blue markers. Each plane was chosen to be perpendicular to the main
direction of local flow as accurately as possible. Plane 1 is located in the ascending aorta
usually at the level of the pulmonary bifurcation, and above the aortic valve with
sufficient distance to avoid the effect of possible valve disease on the flow measurement.
Plane 2 is the most difficult plane to be properly placed in the dissected aorta. The
purpose of this plane is to measure the flow rate going to the dissection part, as well as

the flow profile before the tear site. It is required to locate above the proximal entry tear
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but after the left subclavian artery. The proximal entry tear may be very close to the root
of the left subclavian artery in some dissection cases, causing difficulties for the
prescription of plane 2 in velocity imaging. Plane 3 is preferred in the middle section of
the descending aorta where both the true and false lumens are present. This plane is
prescribed to acquire the flow distribution in the lumens and the flow direction as well.
Usually plane 3 is located at the level of diaphragm for convenience. In addition to the
three planes described above, a fourth plane may be required in some cases where the
true and false lumens are merged before the iliac bifurcation. This imaging plane needs
to be positioned in the downstream part of the descending aorta after the merging site

of the two lumens and before the bifurcation.

Left subclavian artery \
Plane 2

Ascending aorta

\ False lumen
y

3

———— . Flap
Plane 1 ‘ '

True lumen

Plane 3

Figure 3.2: The locations of three imaging planes marked with blue lines in a coronal
image of type B dissection patient: Plane 1 at the ascending aorta, Plane 2 at the aortic
arch after the left subclavian artery and prior to the proximal entry tear, and Plane 3 at
the descending aorta where true and false lumen are both present. The ascending aorta,
true and false lumen, and the flap are also indicated with arrows.

For 3D phase contrast MR imaging, three velocity components can be obtained at each
imaging plane: foot to head (FH) direction, anterior to posterior (AP) direction, and right
to left (RL) direction (as shown in Figure 3.3). Each imaging plane has three series of
images which include the three directions’ velocity encoding images and the

correspondent magnitude images. The magnitude images contain the anatomic
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information of the aorta from which the region of aorta and other tissues can be
identified. To extract flow information from the phase images, the area of interest
should be selected from the magnitude images first. Then the position and shape of the
area will be projected on to the phase images to guide the extraction of flow information,
thus, excluding the noise and signal from the other tissues. The velocity encoding images
are acquired at multiple time points in the cardiac cycle. Certain number of time points
would be required to ensure the peak and other important phases of flow waveform are
not omitted. Through a series of tests on a MR phantom under pulsatile flow mimicking
cardiac cycles with different numbers of acquisition time points, 29 points were proved

sufficient for this study.

Magnitude image FH phase image AP phase image RL phase image

Ascending aorta - Ascending aorta - As i . - Ascending aorta

False lumen

Figure 3.3: The 3D phase contrast MR images including series of magnitude images, and
velocity encoding images in three directions. The ascending aorta, true lumen, and false

lumen are indicated with arrows.

Besides the location of imaging plane and number of time points, phase contrast MR
imaging has a few other important parameters. Velocity encoding V/,,,., which has been
defined in Chapter 2, is one of the most important parameters. As described previously,
the closer the V,,. to the real peak velocity, the more accurate the velocity
measurement results. Hence, for 3D phase contrast MR imaging, different values of V.
are applied to different directions, as the magnitude of velocity varies significantly. For
example, in the ascending aorta, the velocity in the FH direction can reach up to or even
above 150 cm/s, whereas velocities in the AP and RL directions are usually below 100
cm/s. Also, for different imaging planes, as the main flow direction changes, specific I/,
needs to be set carefully for each plane. The FH direction velocity usually dominants in
the ascending and descending aorta, whereas the flow velocity in the aortic arch is
usually the largest in AP direction. For accurate flow measurements, the sequence may
need to be repeated for more than once to adjust the value of1},.. Small values of
repetition time (TR) and echo time (TE) can improve the temporal resolution and image

quality, and make the measurement less sensitive to motion artifacts and turbulent flow,
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but they also reduce the signal-to-noise ratio (SNR) of the measurement. Hence, it is
necessary to increase the echo time in some cases to avoid excessive noise in the images.
Proper slice thickness should be chosen to balance partial volume effects and good
signal-to-noise ratio in the magnitude images. The ranges of TR, TE, and slice thickness
are determined by the MR imaging unit. The choice of field of view and matrix is closely
related to the anatomy of imaging target. The sequence and all the important

parameters used for the phase contrast flow measurement are listed in Table 3.2.

Table 3.2: Sequence and parameters used for phase contrast flow imaging

Parameters Philips Intera 1.5T*
Reconstructed frames per cardiac cycle 29
Velocity encoding V,,,. (cm/sec) 100 - 2008

Slice thickness (mm) 8

Repetition time (msec) 4.8t

Echo time (msec) 2.61

Flip angle (degree) 15

Pixel spacing (mm) 1.3

* Philips Medical Systems with 1.5 T field strength.
§ 200 cm/sec for the main direction velocity, and 100 or 150 cm/sec for the other directions.

F Minimum values are used for all measurements.

3.3 Model generation

Two groups of models are utilized in the study for different purposes: patient-specific
models. The patient-specific models are utilized to investigate the flow patterns,

morphological factors, and haemodynamic features in real patients’ aorta geometry.
3.3.1 Patient-specific models

Patient-specific models are based on CT images which contain the anatomic information
of dissected aorta. CT images are regarded as the gold standard for geometry
reconstruction of patient-specific models of aortic dissection. Figure 3.4 presents the
model generation process from raw CT images to the simulation including two
important steps: model geometry reconstruction and mesh generation. CT images were
firstly processed by medical imaging processing methods to segment the target area
from each of the 2D CT slices. The segmented and smoothed 2D shapes were

subsequently stacked up to construct the 3D geometry of the target. After geometry
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reconstruction, the surface data of the geometry was exported into the computational
mesh generation package ANSYS ICEM CFD where unstructured computational meshing
was created. Image processing and geometry reconstruction were mostly accomplished
by using a commercial medical image processing package Mimics (Materialise HQ,
Leuven, Belgium). The package affords a set of powerful functions including
segmentation, measurements, smoothing, and reconstruction. Here, the methods

employed in imaging processing and reconstruction are introduced.

| Mimics
Segmentation
CT data |3D geometrydatal

Reconstruction

ICEM CFD | N

Unstructured Mesh generatien] Surface data
mesh (.stlfile)

Input data Simulation

Figure 3.4: Flow chart of the process from raw images to flow simulation.
3.3.1.1 Image segmentation

Threshold: The raw CT data consist of a set of slices with 512 X 512 pixels in the 16-bit
grayscale. All the slices are stored in the format of DICOM (Digital Image and
Communication in Medicine) which is a standard format for handling, storing, printing
and transmitting information in medical imaging. A single DICOM image consists of two
parts: a header file and an image storage part. The header file includes a network
communications protocol for images exchanging between different systems, and a file
format definition containing the detailed information of the patient, the parameters of
image, and the image data storage format. The image storage part stores a series of
numbers each of which corresponds to a pixel in the CT image (shown in Figure 3.5(a)).
Each number is a grayscale from which the pixel can present a shade of grey colour. The
values of grayscale range between 0 and 255 with 0 for pure black and 255 for pure
white. For a computer, a digital image is a matrix of these numbers allowing a visual
image to be created on the screen. The process of thresholding was accomplished based
on grayscale intensities, which were used to create a first definition of the segmentation
target. A window of grayscale values was firstly selected based on the grayscale of the
target area; then all the pixels whose grayscales were within the selected range were
masked in a uniform colour (shown in Fig 3.5(b)). In this study, the lumen of aorta

which was the target area is always a bright region. This is because of the principle of
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the CT scanning. Different tissues are characterised by different levels of attenuation,
hence tissues which have a patently different attenuation from the surrounding tissues
can be easily distinguished. In CT images, bone usually has the highest level of
attenuation, and displays as the brightest region. The flowing blood also makes the
vessel lumen appear bright. When a proper grayscale window was chosen to cover the
area of the aorta, it was unavoidable to include other regions which are within the same

range as the target area, as well as some floating pixels introduced by noise.

Region Growing: The region growing algorithm was utilized to distinguish the target
area from all the regions masked in the threshold step. Firstly, all the masked pixels
were regarded as object pixels, and an initial seed pixel was designated in the
segmentation object, the lumen area. Then, a set of points within a certain distance from
the seed pixel, were searched to see if they were object pixels. For 2D image
segmentation, only the closest 8 pixels around the seed pixel were searched for at one
time, namely eight-neighbourhood algorithm (Fig 3.5(c)). Each masked pixel in the
neighbourhood was regarded as a new seed pixel, and the eight-neighbourhood
algorithm was repeated for every new seed pixel until there was no masked pixel within
the eight-neighbourhood of all the seed pixels. Others were regarded as scattered pixels
and erased from the mask (Fig 3.5(d)). Due to the presence of noise, sometimes manual

editing was needed to ensure the accuracy of segmentation.

Morphological Filter: The grayscale of the pixels within the lumen area is not unique, and
even vary considerably between pixels. The various grayscale in same tissues may be
caused by motion noise and artifacts which occur in CT scanning process. These noise
and artifacts could be abated by using filtering algorithms in image post-processing, but
cannot be completely eliminated. When we chose a grayscale window to segment the
region of interest, a clear contour of the region was the most concerned. Hence, it is
unavoidable that the segmented mask was honeycombed with holes as shown in Figure
3.5(d). In order to get rid of the holes, a set of morphological filters were applied on the
mask. All morphological filters are based on two basic operations: dilation and erosion.
They are defined in the following way. Objects A and B are defined as A(m,n) and
B(p, q) for two accidental sets of points in discrete two-dimensional spaces: {(m,n)} and

{(p, @)} The operation dilation is defined as follows:
D(A,B)(r,s) = max(j xyep(A(r — j,s — k) + B(j, k)) (3.1)

Operation erosion is defined as:
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E(A,B)(r,s) = max(jeg(A(r +j,s + k) — B(j, k)) (3.2)

In this study, A in the above expressions was called the segmented mask, and B the
structuring elements. The close filter is utilized here which consists of a dilation action

followed by an erosion action and expressed as
Close = E(D(A,B),A) (3.3)

The radius of the structuring element, which is the number of neighbourhood pixels
around each pixel of the mask, varies from 1 to 3 pixels in each direction depending on

the size of the holes. The larger the radius, the stronger the effect of the filter.

Smoothing: The Discrete Gaussian filter was applied for mask smoothing, which has
become extremely popular in image processing. Its wide application has to do with
certain properties of the Gaussian filter, such as the central limit theorem and minimum
space-bandwidth product, as well as several application areas such as edge finding and

scale space analysis.

Grayscale column

2 22 03 W08 184 N7 203 05 05 188 200

! Qazs| 1os 213 21x 150 78 sz 2 20 28 26

202 181 185 168 154 201 175 183 182 185 187

184 202 208 205 213 214 209 212 204 189 13

threshold

(f) (e) ' " (d)

Figure 3.5: Representation of the steps involved in imaging processing with (a)
grayscale column picture of the raw CT image, and (b)-(f) the processed pictures after

each step.

As the primary focus of this study is the flow behaviour in dissected aorta, especially the
thoracic descending aorta including the true and false lumen, the three aortic arch

branches and other small branches in the descending aorta were excluded during the
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geometry reconstruction process. This was also due to the lack of information on flow
through the aortic arch branches. The method adopted to compensate for the flow loses

in the branches will be explained in the modelling section.
3.3.1.2 3D geometry reconstruction

Surface Rendering: The surface rendering technology, which is the most common
technology in display of medical images, was used in lumen 3D reconstruction. Surface
rendering involves outlining the contours of the anatomical structures from the masks
of 2D images and forming a 3D surface with triangle grids (see Figure 3.6(a)). Then the
surface of these objects could be shown on the screen, and the colour defined in
previous steps was applied. It also allowed the lumen and incision surface to be
visualized from different angles (Figure 3.6(b)). The advantages of surface rendering are
precisely identification of small objects and fast rendering speed. But the surface
rendering result cannot provide information about points within the 3D object. In this
study, only the geometry of the aortic lumen was concerned, hence the surface
rendering method is appropriate for the reconstruction of aortic lumen.

(b)

proximal
entry tear

ascending aorta

true lumen

iliac bifurcations

Figure 3.6: (a) The polylines for the aorta lumen area from each CT slice stacked up to

form the 3D aorta geometry; (b) The reconstructed geometry of the whole dissected
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aorta with arrows indicating the ascending aorta, proximal entry tear, true and false

lumen, and iliac bifurcations.

3D Smoothing and Geometry Validation: Although the lumen contours were processed
by Gaussian filter, smoothing of the 3D surface reconstructed from CT data is still
necessary as the smoothing process on each isolated 2D image is not adequate for good
continuity of the 3D geometry reconstruction. A cubic spline algorithm is commonly
used to smooth the serial values of segmented areas by expanding or contracting the
area while keeping the shape of the contour. Usually, this smoothing procedure is
repeated for more than once to obtain a nice smoothed geometry. The more iteration
times the smoothing procedure is performed, the smoother the geometry surface
becomes. However, a large number of iterations could cause deviation of the smoothed
geometry from its original shape. Hence, a balance must be achieved between the
smooth factor and geometric authenticity. In this study, cross-sectional contours were
calculated at the level of each CT slice, and were then mapped back to the raw CT images

to check whether the contours well presented the edges of the aorta lumen.
3.3.2 Mesh generation

The reconstructed aorta geometry was subsequently imported to the computational
mesh generation software, ANSYS ICEM CFD, for meshing. Due to the complex geometric
structure of the dissected aorta, unstructured mesh was utilized in the patient-specific
model of dissection with a combination of several prism layers near the boundary wall
and tetrahedral elements in the core region (see Figure 3.7 (a)). The prismatic layer was
extruded from the boundary wall by specifying the height of the first layer nearest to the
wall, as well as the height ratio and numbers of layers, under the exponential growth law
of increasing height. The thin prism layer near the wall ensures a very fine resolution
within the boundary layer. The most complex part of the geometry is the region around
the tear, which usually has a narrow edge and irregular shape, and also endures velocity
acceleration and complex flow pattern. Outcome of the flow simulation can be very
sensitive to the mesh in this region. Hence, an entity bound was created in the geometry,
wrapping the tear region with a locally refined mesh as compared to the global mesh, to

ensure adequate mesh resolution in this region (as shown in Figure 3.7(b)).
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(a)

(b)

Figure 3.7: (a) A cross sectional view of the inlet of a type B dissection model presenting
unstructured mesh with a 12-layer prism mesh and tetrahedral element in the inner

blocks, and (b) locally refined mesh near the proximal entry tear.

As the aortic dissection model covers the whole aorta from the ascending aorta to the
iliac bifurcations, the large volume of the geometry meant a large mesh size for flow
simulations. The number of mesh elements ranged from 2.5 million to more than 5
million according to the volume of the model. Mesh sensitivity test was carried out for
each of the dissection models to ensure the simulation results were independent of the

mesh. Specific mesh sensitivity test procedures are described in the result chapters.
3.4 Computational modelling

After the geometry of the dissected aorta was meshed, the model was ready for
computational flow analysis. All the flow simulations in this study were implemented in
ANSYS CFX 12 (ANSYS Inc, Canonsburg, PA). Before starting each simulation, the flow
model needs to be specified to define the governing equations for the fluid motion, and
the boundary conditions and initial conditions. Numerical methods were subsequently
used to solve the equations with defined convergence criteria. After the simulation was

finished, the results were analysed and visualized.
3.4.1 Flow models

The geometric structure of the aortic dissection models is extremely complex and
tortuous with various geometric features including narrowing, expansion, bending,
bifurcation, and especially the presence of tear between two lumens. These geometric
features have been proved to induce abnormal haemodynamics and complex flow
patterns with secondary motions (Taylor et al. 1998; Caro et al. 1996; Suo et al. 2007;

Meng et al. 2007). The convergent-divergent geometries have been found to increase the
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likelihood of transition to turbulent flow (Giddens et al. 1976). Blood flow in the
ascending aorta, aortic arch, and descending aorta has been demonstrated to be helical
and retrograde with local recirculating vortex by phase contrast MR imaging (Kilner et
al. 1993; Gatehouse et al. 2008). Some studies have also reported complex flow patterns
in dissected aorta from 3D phase contrast MRI (Gate et al. 2008; Pitcher et al. 2011).
Moreover, the Reynolds number in dissected aorta is sufficiently high to warrant
consideration for possible presence of transition or even turbulence flow. The Reynolds
number, which is defined as the ratio of inertial-to-viscous forces in a flow, is the most
important dimensionless parameter for flow conditions. It indicates that when the
inertial stresses in a flow become sufficiently large compared with the viscous stresses
that laminar flow breaks down to a transitional state and even further to a turbulent
regime (Wood 1999). The critical Reynolds number, below which the flow remains
laminar, was suggested as approximately 2300 (Warhaft 1997). According to the
geometry dimension and flow waveform, the Reynolds number varies from 2500 to
3600 at the inlet of the dissection models involved in this study, and could go up to more
than 8200 at peak systole in local region of the model domain due to flow acceleration at
the tear. Hence, combined with flow pulsation during a cardiac cycle, it is reasonable to
assume that flow in type B aortic dissections is likely to be transitional or turbulent, at
least during part of a cardiac cycle, leading to our decision to apply a turbulence model

in this study.

To account for possible turbulence behaviour, a correlation-based transitional version of
Menter’s hybrid k — € /k — w shear stress transport (SST Tran) model (Menter et al.
2006) was adopted in this study. The SST Tran model combines the original k — w
model of Wilcox in the inner region of the boundary layer and the standard k — € model
(Wilcox 2006), in the outer region and in free shear flows, together with two additional
transport equations, intermittency, and transition momentum thickness Reynolds
number (Menter et al. 2004; 2006). The transport equation for the intermittency is used
to trigger transition locally, and to turn on the production term of the turbulent kinetic
energy downstream of the transition point. The other transport equation, solved in
terms of the transition onset momentum-thickness Reynolds number is used to capture
the nonlocal influence of the turbulence intensity, which changes according to the decay
of the turbulence kinetic energy in the freestream and the changes in the freestream
velocity outside the boundary layer (Menter et al. 2006). The additional transport
equation is the essential part of the transition model as it ties the empirical correlation

to the onset criteria in the intermittency equation and enables the models applicable in
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general geometries without interaction from the user (Menter et al. 2006). The
proposed transport equations in the model do not attempt to model the physics of the
transition process like other turbulence models, but form a framework for the
implementation of correlation-based models into general-purpose CFD methods
(Menter et al. 2006). This transition model has been proved to be compatible with

modern CFD methods using unstructured mesh and massive parallel execution.

This SST Tran model has been evaluated for physiological flows under two different
conditions. First, it was applied to an axisymmetric stenosis model, and a good
agreement with published experimental data for pulsatile flow in the model was found
(Tan et al. 2008). A further investigation was carried out to simulate flow in a patient-
specific thoracic aortic aneurysm (Tan et al. 2009). The velocity profiles obtained from
the SST Tran model was demonstrated to agree very well with the velocity data acquired
in vivo using phase contrast MRI from the same patients. Moreover, the agreement is
better than those given by either a laminar simulation or the shear stress transport (SST)
model alone. Hence, the SST Tran model was considered as a better flow model for
complex flows in aortic dissections as compared to the laminar flow simulation, and was

employed in the flow study of all the patient-specific models.
3.4.2 Boundary conditions

The boundary conditions required for the aortic dissection models include velocity or
pressure at all boundaries of the model: the inlet, the outlet, and the wall. Different types
of boundary conditions are afforded by ANSYS CFX-Pre 12 including velocity, pressure,
and mass flow, to name only a few. The choice of boundary conditions depends on
available flow information and model design. Proper boundary conditions are essential

for achieving physically correct results from flow simulations.

Inlet boundary condition

In this study, the inlet of the patient-specific dissection models was located at the root of
the ascending aorta above the aortic valve. Pulsatile velocity waveforms were applied to
the inlet boundary of each model based on information derived from phase contrast MR
images. A flat through-plane profile was assumed to allow the flow to develop naturally
in the ascending aorta before reaching the region of interest. It is assumed that there is
no secondary motion at the model inlet, which is at the root of the ascending aorta, due

to the lack of patient-specific flow information. This assumption is unlikely to have a
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significant effect on flow patterns in the distal aorta where the region of interest is in

this study, which has been further justified by the validation case presented in Chapter 6.

The phase contrast MR images cannot give the velocity value directly. Hence, a self-
developed programme was utilized to convert the image data to velocity values. The
programme was developed by using the Matlab programming language. Figure 3.8
presents the steps followed for flow information extraction from phase contrast MR
images. First, the two series of phase contrast MR images, magnitude images and phase
images were read and displayed separately. The aortic lumen was segmented from the
magnitude image to obtain the contour of the lumen. A manual segmentation process
was performed by abstracting landmark pixels at the lumen outline which can be easily
identified from the magnitude image. The cscvn function was utilized to generate a
parametric cubic spline curve based on the selected pixels. The contour was
subsequently projected onto the corresponding phase image obtained at the same time
point to define the aorta lumen area. Meantime, several important image parameters
were extracted from the header file for velocity calculation. The equation, which
converts image grayscale to velocity magnitude, depends on the velocity encoding
system of the MR scanner. The equation for the phase contrast MR images utilized in this

study (generated by Philips Medical Systems) is described as

Ve = Vencx(l;izﬁ;lgm))xlo (3.4)
where 1, is the velocity value at the chosen pixel, I, is the encoding velocity given in
centimetre per second, I is the grayscale of the pixel, I,,4, and I,,;, are the maximum
and minimum grayscale values of the phase image, respectively. Based on the velocity
value at each pixel, pixel spacing, and the aortic lumen area, the total flow rate and mean
velocity at the inlet can be calculated. This self-developed programme was validated by
comparing the obtained results with those obtained from the commercial processing
package within the Philips MR system. The maximum difference between the two results

observed from the test was less than 1%.
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Figure 3.10: The flow chart of the Matlab programme for flow information extraction

from phase contrast MR images.

For an easier and quicker implementation of the velocity transferring process, a
graphical user interface (GUI) (as shown in Figure 3.9) was designed. The buttons on the
interface were encoded with the functions of image importing, region segmentation,
velocity calculation, and profile display, as the button name described. The list box (a)
and (b) display the name of the imported magnitude and phase images, respectively, in
the order of scanning time. List box (c) shows all the parameters of phase contrast image,
and those needed for velocity calculation are automatically extracted. The inspector
window (e) and (f) display the magnitude and phase images respectively, corresponding
to the chosen files in (a) and (b). Lumen segmentation can be directly implemented in
window (e), and the created contour is projected to the phase image in window (f)
simultaneously. Velocity calculation can be done by pressing one button, and the flow
rate and mean velocity would be shown in window (d) and saved for flow waveform
construction. The spatial velocity profile is also generated automatically. The designed
programme interface can increase the efficiency of image processing, and both the self-

developed programme and the GUI worked well with the MR images in this study.
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Figure 3.11: The graphical user interface developed for extraction of velocity values
from phase-contrast MR images. The toolbox and windows (a)-(f) present the list of
imported images, the image parameters, the calculated velocity results, magnitude

images, and phase contrast images, respectively.

The velocity waveforms were transferred to a Fourier sum of harmonic components by
using the Fast Fourier Transform (FFT) algorithm. The harmonic pulsatile velocity
waveforms were applied at the inlet as boundary conditions for flow simulation,

expressed as:
N 2T N . 2T
w(t) = Ag + Xn=14n coS(-nt) + Y=y By sin(7-nt) (3.5)

where A is the mean velocity over a cardiac cycle, A,, and B,, are the Fourier coefficients
of the cos and sin term respectively, T is one cardiac cycle duration, and N is the degree
of the trigonometric polynomials. The two coefficients, 4,, and B,,, were determined
from the velocity value acquired from phase contrast MR images. In this study, Fourier
series of 20 degrees was used, which has been tested and proved to give a good

approximation of the velocity waveform.

An inlet turbulence level was required to represent initial disturbances in the flow and
allow transition to occur realistically. A low inlet turbulence intensity (defined as the
ratio of the root-mean-square of the turbulent velocity fluctuations to the mean velocity)

of 1.5% was chosen, since previous in vivo studies of canine aorta showed the presence
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of low level laminar disturbances pre-transition (Nerem et al. 1972; Giddens et al. 1976),
and the same level was also found to be appropriate for a human thoracic aortic

aneurysm (Tan et al. 2008).

Outlet boundary condition

The location of the outlet boundaries in the patient-specific models was determied
based on the geometric characteristics of each model. The proximal entry tear of type B
aortic dissection usually occurs in the thoracic descending aorta within a small distance
from the root of the left subclavian artery, however, the distal re-entry tear which allows
the blood in the false lumen to flow back into the true lumen can arise at any location
downstream from the proximal entry tear. For those distal re-entry tears occurring
before the iliac bifurcation, the model outlets were selected at a location where the true
and false lumens were confluent. While for those with a false lumen propagating down
below the bifurcation and re-entry tear in the iliac arteries, the outlets were specified at
the distal end of the descending aorta just above the iliac bifurcation, which were far
away from the proximal tear, thus minimising the effect of outlet boundary conditions
on the simulation. For this group of models, two outlets were present with one for each
lumen. A sensitivity test of the outlet location was carried out to examine the effect of
different outlet locations on flow distribution in two lumens. Five different patient-
specific dissection subjects were involved in the test, and each had two models with
outlet located in the thoracic aorta and distal descending aorta, respectively. The flow
rates in the false lumen were compared between the two models of each subject.
Considerable differences were found in some of the subjects as models with a higher
outlet location would exclude the influence of downstream descending aorta on the flow,
e.g. narrowing and tortuous sections could provide more resistance to blood flow. Hence,
the distal outlet boundary was considered as more reasonable and realistic for this

study.

The outlet planes were placed perpendicular to the main flow direction. The boundary
conditions for the patient-specific models were set as opening with relative static
pressure of 0 Pa normal to the outlet plane. While it appears to be unrealistic, it is a
reasonable approximation for a rigid wall model provided that the outlet is sufficiently
far from the region of interest (see Steinman et al. 2003). The pressures at the outlets of
the two lumens were assumed to be the same according to the results of the
experimental study from IRAD (Tsai et al. 2007). It was indicated that, in the type B

dissection models with a patent false lumen (in the presence of both proximal entry tear
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and distal re-entry tear), the pressure values in the true and false lumen were
comparable with a very small difference. For scalar quantities like turbulence, zero

gradient condition was set at the outlets.

Wall boundary

The wall of the patient-specific model was assumed to be rigid with no displacement.
The motion of intimal flap and aortic wall in type B aortic dissection was investigated by
using dynamic, ECG-gated CT imaging technique in vivo (Ganten et al. 2009). A
remarkable reduction of aortic distensibility in aortic dissection was observed when
compared to healthy subjects, which suggested a general loss of vessel wall elasticity in
dissected aortic segments. The flap motion, although could cause up to 29% narrowing
of the true lumen in some case, was reported with an average narrowing of only 4.4%. A
number of reasons have brought difficulties to incorporate wall compliance in the
patient-specific models. One is the mechanical properties of the dissected wall: in a
dissection aorta, neither the true nor the false lumen is bounded by a complete wall. The
intimal tear splits the layers of the aortic wall so that part of the true lumen shares the
intima (containing endothelial cells and a subendothelial layer) and media with the
inner side of the false lumen, whereas the outer wall of the false lumen comprises
mainly of adventitia. The heterogeneous mechanical models required for different parts
of the dissected aorta wall are currently unclear. Also, aortic dissection patients may
have varying degrees of dissection in the media layer, which could cause different
compositions of media tissue in the intimal flap and outbound layer of the false lumen,
thus leading to specific mechanical property for each subject. Another difficulty is the
identification of intimal flap and aortic wall from general CT images. The similar density
of wall, thrombus and other tissue around the aorta makes it impossible to accurately
acquire the geometry of the dissected aorta wall. Hence, in this study, the effect of was
compliance wall was only considered in hypothetical models, rather than patient-
specific models, in order to examine the importance of flap motion in flow in aortic
dissection. No-slip conditions were applied on the walls, where the fluid has zero

velocity relative to the boundary.

Blood properties

The blood was treated as an incompressible and Newtonian fluid with a dynamic
viscosity of 4.0 mPa and a density of 1060 kg/m? in this study. Although blood does not
exhibit a constant viscosity at all flow rate, it is widely accepted that blood behaves in a

Newtonian fashion in large arteries (Ku 1997). Previous numerical studies have also
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indicated that the influences of shear thinning properties of blood are not significant for
flow in large arteries (Perktold et al. 1991; Cho & Kensey 1991). In order to examine the
effect of non-Newtonian viscosity of blood in aortic dissection, the Quemada model,
which calculates the apparent viscosity based on a minimum energy dissipation analysis
(Quemada 1978), was incorporated into the transitional flow model on one model.
Comparison with the results of the Newtonian simulation showed a very similar wall

shear stress and pressure distribution between the two simulations.
3.4.3 Numerical methods and convergence criteria

All the simulations presented in the thesis were implemented in ANSYS CFX-Solver
Manager 12 based on the finite volume method (FVM). FVM is suitable for any type of
grid. The governing conservation equations are integrated over the finite control
volumes, namely the elements in the mesh, as well as to the whole fluid domain. The
computational node is at the centre of each element where the variables are calculated.
The values for the edges and surface can be reconstructed by interpolation of the
element average. The mesh size and quality was ensured to be sufficiently small and fine
to meet the requirement of the transitional turbulence flow model introduced in the
next section, and allows achieving well convergence and capturing the flow separation
and turbulence in the domain. The shape functions used in ANSYS CFX are linear in
terms of parametric coordinates. The spatial and temporal discretisation of the Navier-
Stokes equations were performed by a high resolution advection scheme and a second
order implicit backward Euler scheme, respectively (Barth & Jesperson 1989; Ferziger &
Peric 1999). A general multigrid method based on the additive correction strategy was
used to obtain the solution (Hutchinson & Raithby 1986). All simulations were carried
out for three cardiac cycles to achieve a periodic solution, and results obtained in the
last cycle were used for analysis. One cycle was divided into fixed uniform time steps,
which can be independent of the Courant number for implicit temporal discretization. A
maximum root-mean-square (RMS) residual of 107 was specified to ensure the

convergence of the solution.
3.5 Analysis of results

The simulation results was analysed using ANSYS CFX-Post 12 and CEI ENSIGHT 8
(Shark Ltd., UK). The most interesting parameters from the results are flow velocity,
turbulence intensity (Tu), wall shear stress and its time-integrated parameters, such as
the time-averaged wall shear stress (TAWSS) over the cardiac cycle and oscillatory

shear index (OSI). The velocity, wall shear stress, turbulence kinetic energy and other
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parameters can be obtained from the simulation results directly. The TAWSS, OSI and Tu
were calculated in the two post-processing packages based on their definition given

below.
1 T
TAWSS = ;fo |t | dt (3.6)
where T is the cycle duration and 7, is the instantaneous wall shear stress.
2 TAWSS

osI =1 (1 - Tm—“) (3.7)

where 7,045 1S the mean shear stress to express the magnitude of the time-averaged

surface traction vector, calculated as

1 T
Tmean = |;f0 det| (3.8)

Turbulence intensity is defined as

Tu = (3.9)

<|W
=

where k is the turbulence kinetic energy and V is the instantaneous local velocity.

The TAWSS and OSI were display by plotting the value onto the wall surface as contours.
The Tu was presented by iso-surfaces indicating the corresponding turbulence zone of
the specified value at chosen time points along the cardiac cycle. The particle pathlines
which show the trajectories of blood flow in the dissection model, as well as flow

animations, were generated using CEI ENSIGHT.
3.5.1 Effect of image spatial resolution on wall shear stress

The geometries of the dissected aorta were reconstructed based on in vivo images
acquired using a standard CT scanner for clinical examinations. The clinical CT scanner
has limited spatial resolution that will inevitably affect the accuracy of the reconstructed
aortic geometry, thereby introducing uncertainty in the calculated wall shear stress.
Given below is an estimation of errors caused by the limited spatial resolution of the

images adopted in this study.

The mean spatial resolution of the CT images used here is 0.66 mm, giving an

uncertainty of £0.66 mm in the measurement of aortic diameter. The mean diameter of
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the aorta in this study is approximately 20 mm. If we assume Poisseuille flow in the
aorta, the wall shear stress could be calculated as:

_ 4Q
mR3

(3.10)

where pis the viscosity of blood, Q is the volumetric flow rate, and R is the radius of
aorta. The means uncertainties in the measurement of aortic dimension will be
propagated to the calculation of wall shear stress, and in this case, the error will be
amplified owing to the inverse cubic relationship described above. Accounting for the
measurement error induced by the imaging resolution, and assuming the measured
aorta radius being: R; = R + AR. Hence, the fractional error in wall shear stress, §, can

be estimated as:

R 3
§=""= =1—(m) = 18% (3.11)

Note that this estimation does not account for uncertainties introduced in the 3D
reconstruction process. It has been shown that lumenal surface smoothing is an
essential step in model reconstruction from magnetic resonance images, and differences
in calculated wall shear stress between a smoothed and unsmoothed carotid bifurcation

model would be up to 15% (Moore et al. 1999).
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Chapter 4

Patient-specific study I: a multiple cases study

4.1 Introduction

This chapter illuminates a multiple cases cross-sectional study which is concerned with
computational fluid dynamics (CFD) analyses of patient-specific models of type B aortic
dissection. Here, the focus is blood flow through the aortic lumen, with the aortic wall
being assumed to be rigid. This study involved a group of ten patients with classic type B
aortic dissections to investigate the general characteristics of flow patterns as well as

the role of morphological factors in determining haemodynamic parameters.

Aortic dissection patients usually first come to hospital with symptom of severe pain
(Spittell et al. 1993; Slater et al.1976). Once the diagnosis of aortic dissection is
suspected on clinical grounds, diagnostic imaging, for which contrast-enhanced CT is by
far the most commonly used imaging modality (Hagan et al. 2000), is essential to
confirm the diagnosis both promptly and accurately. Based on the images acquired, in
addition to confirming diagnosis, a number of anatomical features of the dissection,
including its extent, the sites of entry and re-entry tear, the presence and severity of
aortic regurgitation, can also be identified. Each patient has unique anatomic
characteristics and geometry structure. The CT images of ten patients presenting type B
aortic dissection were utilized in this part of the study to reconstruct the dissection

models, on which flow simulations were carried out.
4.2 Patients information

A total of ten patients with type B aortic dissections on whom CT scans were performed
at initial presentation were selected for flow analysis (see Table 4.1). Each patient was
numbered with an initial ‘M’ (meaning Multiple cases study). All patients had patent

false lumens at the time of presentation. Three (M1, M2, M4) were females. All patients
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had initial CT scans as part of their routine evaluation and interval follow-up scans for
those entering surveillance. Ages of the patients ranged from 43 to 80 years, and initial
management was based upon clinical presentation. Two of the patients (M3, M5) were
diagnosed as acute complicated type B dissection and underwent urgent thoracic
endovascular aortic repair (TEVAR) immediately. Two patients (M7, M8) were acute
uncomplicated dissections and were medically treated, and six patients (M1, M2, M4,
M6, M9, M10) presented with acute complications of a chronic Type B dissection

mandating intervention with TEVAR. Clinical details are given in Table 4.1.

Table 4.1: Patient details for the multiple cases study.

Subjects Gender Age* Operative status Presentation Complication Treatment
Chronic . TEVAR,
. . Dissected )
dilatation. Acute abdominal stent,
M1 F 55 Urgent ) Type B )
transient arch + visceral
. aneurysm -
paraplegia. revascularization
M2 F 80 Elective Chronic TAT TEVAR
dilatation
M3 M 55 Emergent Acute . ' Limb. Femoro-femoral
Malperfusion ischemia cross over graft
Chroni
M4 F 43 Elective - 11Onic TAT TEVAR
dilatation
Acute .
M5 M 53 Emergent : Renal failure TEVAR
Malperfusion
Chronic Dissected
M6 M 80 Emergent dilatation + Type B TEVAR
rupture aneurysm
9] licated
M7 M 60 Medical neorpiicate N/A Medical
Type B
U licated
M8 M 68 Medical neomplicate N/A Medical
Type B
Chroni TEVAR, Arch
M9 M 58 Elective < 1ronie Arch + TAS e
dilatation revascularization
) Chronic
M10 M 73 Elective , . Arch +TAS TEVAR
dilatation

* Age at the time of scan

T Stanford type A dissection
§ Stanford type A dissection involving aortic arch

94



Chapter 4 Patient-specific study I: a multiple cases study

4.3 Patient-specific model generation

The 3D aortic dissection geometries were reconstructed from the initial CT scan images
of each patient based on which the patients were firstly diagnosed with type B aortic
dissection. The proximal entry tear, the flap between the true and false lumen, as well as
the patent false lumen, can be clearly observed from the CT images, thus supporting the
diagnosis. In order to examine the extent of the false lumen, all of the CT scans were
performed on the whole trunk covering the dissected aorta from ascending to the iliac
bifurcation. Contiguous 2-mm-thick slices were used with an interslice distance of 1 mm
and an in-plane resolution of less than 1 mm. The segmentation of all images and 3D
geometry reconstruction of inner wall surface for each patient was achieved by using an
image processing package Mimics (Materialise HQ, Leuven, Belgium). Details of the

reconstruction of the aortic lumen are described in Chapter 3.

Figure 4.1 shows the reconstructed aortic dissection geometries of the 10 subjects in
both whole-length view and transparent view of the initial tear region. The orientation
parameters of whole-length view were defined as right-anterior (R-A). The dissected
aorta geometry includes four main sections: the ascending aorta, the aortic arch, the
descending aorta, and the iliac arteries. The descending aorta is the most interesting
section of the geometry as the type B dissection derives from here. As the primary focus
of this study was the flow behavior in the dissected thoracic aortic segment, aortic
branches other than the iliac arteries were ignored during the geometry reconstruction
process. The transparent view, which is utilized to present the location and shape of the
proximal entry tear, is displayed on the right side of the whole-length view of each
subject. The locations of inlet, outlet and the proximal entry tear are indicated with
arrows in the transparent view. The inlet of the model was located at the ascending
aortic root above the aortic valve. The outlet of the model was in the distal descending
aorta before the iliac arteries, allowing sufficient length between the outlet and the
region of interest. The model was subsequently imported into ANSYS ICEM CFD (ANSYS
Inc, Canonsburg, PA) for mesh generation. Unstructured mesh was applied to all of the

patient-specific models with a mixture of prismatic and tetrahedral elements.
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Figure 4.1: Geometrical description of the ten aortic dissection models. Each subject has
two pictures: right-anterior view of the reconstructed model (left) and transparent view
(right). The ascending aorta lumen (AL), descending aorta lumen (DL) and iliac arteries
(IA), as well as the locations of inlet, outlet and primary entry tear, are indicated with

arrows. The primary entry tears can be seen clearly from the transparent views.
4.4 Flow simulation
4.4.1 Boundary conditions

With regard to boundary conditions, a flat velocity profile was specified at the model
inlet in the ascending aorta, allowing the flow to develop naturally before reaching the

region of interest. A time-varying inlet flow rate which is shown in Figure 4.2 was

97



Chapter 4 Patient-specific study I: a multiple cases study

imposed at the inlet of each subject. The cross-sectional averaged flow rate waveform at
the model inlet has a fundamental frequency of 1.25 Hz (pulse period: 0.8 s) and a
diastolic/systolic phase ratio of 60:40. The flow rate applied at the inlet of the present
model was scaled down about 15% to offset any possible effect caused by removing the
branch vessels, by providing a more appropriate flow rate for the descending aorta,
since the proportion of the total flow lost through the upper extremities’ branches is
around 10-15% of the flow in the ascending aorta (Shahcheraghi et al. 2002). The peak
flow rate of 345 cm3 /s occurred at 0.18 s in a cardiac cycle. Based on different inlet sizes
of each subject, flow parameters, such as velocity, Womersley number and Reynolds
number, varied from patient to patient. The mean velocity at the inlet varied from 0.1 to
0.204 m/s, Womersley number from 22.2 to 31.9, and Reynolds number from 2500 to
3600 based on the various inlet diameters of the ten subjects. An inlet turbulence level
of 1.5% was applied to represent initial disturbances in the flow and allow transition to
occur realistically. A constant relative static pressure of 0 Pa was applied to the outlet of
each model. The wall boundaries of the models, namely the inner surface of the aortic
wall, were assumed as rigid with no-slip condition. The blood was treated as a
Newtonian and incompressible fluid with a dynamic viscosity of 4.0 mPa and a density

of 1060 kg/m3.
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Figure 4.2: Volumetric flow rate used at the inlet of the aortic dissection model.
4.4.2 Mesh sensitivity test

The 3D geometry represented by surface triangles was exported into ICEM CFX for mesh

generation. The computational mesh consisted of 3-D tetrahedral cells in the core region
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and prismatic cells in the fluid boundary layer at the wall. To satisfy the requirements of
the ‘low-Reynolds number’ turbulence and transition models, a very fine near wall
resolution of y+ (a dimensionless distance perpendicular to the wall, defined by fluid
dynamic parameters) of approximately 2 for the prismatic cell adjacent to the wall, and
a minimum of 10 grid nodes for the prismatic cells needed to resolve the inner layers of
the boundary layer, were ensured. Mesh independence test was carried out on each
subject to make sure the results are independent of the element quantity. The initial
element size of the mesh for each model started from 1 mm combined with 10 prismatic
layers near the boundary wall. Finer mesh was further generated by decreasing the
element size and increasing the number of boundary layers. A mesh entity with a
maximum element size of 0.5 mm was created at the tear region due to the localized
complex geometry structure. The variables including maximum flow velocity, maximum
wall shear stress, and turbulence kinetic energy were compared between the meshes,
and the differences in each variable were calculated. The mesh was considered as
sufficient for the simulation when the differences in the variables were smaller than 5%
between the adopted mesh and a much finer mesh. Different mesh sizes were utilized
for the dissection models to obtain the final simulation results for analysis. The number
of elements varied from 2.8 million to 5.2 million depending on the size and structure of

the model geometry.
4.5 Results and discussion
4.5.1 Geometric features

The geometry of aortic dissection models can be very complicated. The false lumen
always originates from a tear on the outer curve of the descending aorta and is parallel
to the true lumen. It can propagate proximally by extending upward and beyond the top
of the arch and distally as far as below the abdominal bifurcation from the primary tear.
The propagation of the false lumen oppresses and narrows the true lumen, hence the
true lumen is always smaller than the false lumen and localized narrowing commonly
occurs. The narrowing of true lumen usually starts from the location of the primary tear
and sometimes even before the tear. According to Figure 4.1, the degree of narrowing
(shown in Table 4.2) was different from patient to patient. The narrowing scale was
calculated as the ratio of the diameter of the narrowed true lumen to the unaffected
aorta. It was apparent that the ten subjects presented different patterns of curvature of
the dissected aorta. Six subjects (M1, M2, M3, M6, M8 and M10) had highly distorted

structure of aorta with an extremely large curvature in the thoracic aorta just after the
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primary tear. This large curvature induces a sharp angle at the junction of the thoracic
and abdominal aorta, and even more complexities occur in the downstream aorta such
as secondary dissection and bending. However, the other four subjects (M4, M5, M7 and
M9) have a relatively simple structure as the dissection only caused a mild curvature in

the thoracic aorta and doesn’t have notable effects on the main trend of the aorta.

Among the ten subjects, M4 and M6 have different geometric patterns from the other
eight subjects. Unlike typical shapes of dissected aorta, M4 has an unclear primary tear
where the false lumen propagates upward for a short distance and just joins with the
true lumen at the tearing site. M6 has the most complicated geometry which has a
dilated aorta at the tear site which may propagate from the primary tear. The primary

tears in these two subjects are considered to be the cross section of the false lumens.

From the transparent views shown in Figure 4.1, we can see that the shape and
dimension of primary tears are quite different among the ten subjects. The shape of the
tear is irregular since intimal tear could propagate both longitudinally and
circumferentially. The primary tear dimension of the ten subjects ranges from 8 mm to
38.5 mm. The distance of the tear also varies considerably although the primary tears of
type B aortic dissection are restricted to the thoracic aorta and after the left subclavian

artery. Detailed geometrical parameters are listed in Table 4.2.

Table 4.2: Geometric features of the ten AD models.

Primary Tear Dimensions (mm)

Subject Narrowing Distance of Primary Tear
Scale f Longitudinal Circumferential Ratio * from Arch Top (mm)

M1 16% 37.3 38 0.73 21
M2 50% 13.5 8 0.21 54
M3 57% 33 36 0.93 8

M4 45% 24 20 0.58 45
M5 70% 28.8 19.6 0.82 1.2
M6 51% 15.4 32.4 0.29 99
M7 25% 24 9 0.31 12
M8 55% 18 10.8 0.32 20
M9 66% 38.5 24 0.55 0.6
M10 28% 38.5 35.4 0.88 10

*The ratio of tear diameter to true lumen diameter
t The ratio of the diameter of the narrowed true lumen to the unaffected aorta
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4.5.2 Flow pattern

As the region of most interest here is the upper descending aorta, especially the regions
surrounding the tear, further analysis of the results in terms of flow patterns, wall shear
stress, and turbulence intensity will be focused on this and the neighboring regions,

remote from the distal computational boundary.

Geometry plays a key role in determining the nature of hemodynamic patterns. Irregular
geometry, including narrowing, bifurcation and dilatation can induce disturbed and
turbulent flow, and its effect on arterial flow patterns has been studied by a number of
investigators. The blood flow patterns in bends and bifurcations are known to include
flow separation and disturbed flow. As seen from Figure 4.1, the geometries of dissected
aortas are extremely complicated which always combine various irregular geometric
shapes, especially in the upper descending aorta where the primary tear occurs. Figure
4.3 presents the particle pathlines of blood flow in the dissected aortas of the ten
subjects over more than 10 cardiac cycles. For each subject, 80 particles were emitted
and evenly distributed at the inlet. The color of the paths presents the velocity of blood
flow at the corresponding position. Although the flow patterns are not the same among
these subjects owing to different geometries, some similar characteristics can be
observed. The flow is always fairly organized in the ascending aorta, and accelerates
when passing through the narrowed true lumen sections. A certain volume of flow
enters the false lumen through the primary tear with high velocity, and impinges on the
inner surface of the false lumen opposite to the tear. After that, most of the fluid goes to
downstream part of the false lumen. For those subjects (M1, M2, M4, M8 and M10)
whose false lumen has propagated upward and forms a cavity above the level of the tear,
a small portion of the fluid reaches the superior region of the false lumen with relative

low velocities.

Flow in the false lumen is likely to be more complicated with the presence of vortices,
retrograde and strong amplification of instability than in the true lumen. Especially for
subjects who have relatively large false lumens, the dilated space could result in long
residence time of particles in the dissected aorta. For subjects M1, M4, M6, M7 and M9,
particles stay in the area of false lumen near the primary tear for more than three
cardiac cycles (2.4 s) before continuing along the lumen, while shorter particle residence

time is observed in other subjects.
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Figure 4.3: Particle paths of blood flow in each of the 10 aortic dissection models (left:

right-anterior view, right: left-posterior view)

The flow rate entering the false lumen is an important parameter in characterizing flow
in dissected aorta. The amount of blood flowing into the false lumen is associated with
false lumen patency which is regarded as a strongest predictor of late outcome of aortic
dissection including both short-term and long-term prognosis and mortality. Large
quantity of blood in the false lumen will increase the risk of aortic expansion, aneurismal
degeneration and late complication in aortic dissection, while limited flow in the false

lumen may promote false lumen thrombosis which is desirable for dissection patients.
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Table 4.3: Percentage of flow rate into false lumen in AD subjects at peak systole.

Subjects M1 M2 M3 M4 M5 M6 M7 M8 M9 M10

Percentage of Flow rate into
853 256 955 N/A* 767 604 51 403 78 9038
false lumen (%)

* Flow rate into false lumen in subject No. 4 is difficult to calculate due to geometric condition.

Table 4.3 presents the percentage of aortic flow that enters the false lumen in all
subjects except M4 whose flow rate into the false lumen is difficult to calculate owing to
highly rotating and swirling flow in the tear region and false lumen. All the data
recorded here correspond to peak systole when the flow rate is at the maximum. As can
be seen from the table, the percentage of flow into false lumen varies significantly from
subject to subject. Most of the subjects have more than 50% flow going into the false
lumen. M3 has 95.5% flow in the false lumen which indicates that only very limited flow
goes into the normal aorta in the dissected section, which may impair blood supply to
the organs and branches connected with the main aorta. Around % of flow enters the
false lumen in M2 which is the smallest amount compared to other subjects. Setting the
false lumen flow data against the key geometric parameters, such as the location and
size of tear, certain relationships can be found. Figures 4.4, 4.5 and 4.6 present the
relationships between the percentage flow rate in false lumen and the size and location
of primary tear, respectively. Each subject is colour coded with the patient’s category.
The red straight lines are regression lines obtained by performing linear regression

analysis of the corresponding data.
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Figure 4.4: The relationship between percentage flow rate in the false lumen and the

ratio of tear circumferential diameter to aorta diameter.
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Figure 4.5: The relationship between percentage flow rate in the false lumen and the

longitudinal diameter of tear.

Instead of using the tear circumferential diameter directly, its ratio to the diameter of
the aorta is used to examine the relationship with flow percentage in false lumen (see
Figure 4.4), since the size of the aorta varies considerably among subjects so that tears
of the same size may have less impact on a relative larger aorta, but more influence on a
smaller aorta. Figure 4.4 shows a strong linear relation, which demonstrates that as the
ratio increases, more flow is likely to enter the false lumen. The effect of tear
longitudinal diameter on flow rate in false lumen is also analyzed. Since the tear hole is
non-circular, the longitudinal diameter of tear is not the same as its circumferential
diameter and is usually larger in most of the subjects. It can be seen from Figure 4.5 that
larger longitudinal diameter correlates with higher percentage flow in the false lumen.
These two figures illustrate that tear diameters in both circumferential and longitudinal

directions have a strong influence on the amount of flow going into the false lumen.
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Figure 4.6: The relationship between percentage flow in false lumen and the distance

between tear and arch top.

Besides the size, the location of tear may also play an important role in determining the
flow distribution in dissected aorta. Although in type B aortic dissection subjects, the
primary tears are confined to the descending aorta after the left subclavian artery, some
tears occur in the middle section of the thoracic aorta, while others may be very close to
the root of the left subclavian artery. In this study, the top of arch is regarded as a
reference point, and the vertical distance between the arch top and upper edge of tear is
measured to find its relation to percentage of flow rate in false lumen. Figure 4.6 shows
an inverse relationship suggesting that there would be more flow in the false lumen if
primary tear is closer to the arch. But the correlation is not as strong as that between

false lumen flow rate and tear size.

The results demonstrate that each of the three geometric parameters of the tear has a
strong influence on the flow division between the true and false lumen. However, the
proportion of flow entering the false lumen shown in the results is affected by all the
geometric factors at the same time. In order to understand the effect of each individual
geometric factor on flow rate in the false lumen, while the other factors are fixed,
regression analyses were attempted in an effort to examine the relationship between

false lumen flow rate and tear geometric parameters.
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The multiple linear regression model with three explanatory variables was adopted. In
this model, the dependent variable is a linear combination of the independent variables

as described in the equation below:
E(Y) = B1x1 + B2x2 + Baxz +a (4.1)

where Y is the dependent variable, X; (i =1, 3) is the independent variables, and 3; (i =1,
3) is the correspondent parameters, a is the constant parameter. In this study, the false
lumen flow rate is the dependent variable Y, and the ratio of tear circumferential
diameter to aortic diameter, the tear longitudinal diameter and the distance between the
tear and arch top are X;, X, and X; respectively. Values for their corresponding
parameters can be calculated and these are given in Table 4.4. The correlation
coefficient of the multiple determination, R?, which measures the proportion of the total
variation in false lumen flow rate that is explained by the predictive power of all the

three factors, was calculated (also shown in Table 4.4).

Table 4.4: Parameters and coefficients of the multiple regression analysis

Unstandardized coefficients
Model variations Parameters R2
Value Stand. error
Ratio* X, B4 0.533 0.150
LONG. Diameter X, B, 0.014 0.005
0.947
Distance§ X5 B3 0.003 0.001
— o -0.089 0.117

* the ratio of tear circumferential diameter to aortic diameter
§ the distance between tear and arch top

According to the calculation results, the prediction equation is § = 0.533x; + 0.014x, +
0.003x5; — 0.089, and the correlation coefficient R? is 0.947, which means about 95% of
the presented flow rate data can be explained and well predicted by the predictive
power of all the variables, through the multiple regression model. The regression
equation appears to be very useful for making predictions since the value of R? is close

to 1.

The partial correlation of each of the geometric factors was also examined. It describes

the partial association between the false lumen flow rate and a particular factor by
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controlling the other two factors. The partial correlation is based on the ordinary
correlations between each pair of variables, and is calculated by the following equation:
_ ROy Xp%5) "RV Xp)

2
Iy, X X, = 2 (4.2)
$ovne =Ry (%1 x2)

In this expression, rsz(xg-xl,xz is the square of the partial correlation between Y and X3
; 2 2 p2 2 ;
controlling for X; and X, Ry(x, x, x,) denotes the value of R Ryx, x, x.) = Ryx, x,) IS
the increase in the proportion of explained variance from adding X3 to the model. The
denominator 1 — R%‘(XI,XZ) is the proportion of the variation left unexplained when X,

and X; are the only predictors in the model. The partial correlations of the three tear
geometric factors are presented in Table 4.5. The Pearson correlations, which describe
the linear dependence between the flow rate data and each of the variables, as well as

the significance level, are also given in Table 4.5.

Table 4.5: The Pearson and Partial correlations of the geometric factors.

Model variations Pearson Correlations Sig. Partial Correlations Sig.
Ratio* 0.915 0.001 0.846 0.016
LONG. Diameter 0.873 0.002 0.804 0.029
Distance § -0.447 0.228 0.735 0.060

* the ratio of tear circumferential diameter to aortic diameter
§ the distance between tear and arch top

As can be seen, both the ratio of tear circumferential diameter to aortic diameter and the
tear longitudinal diameter present significant positive correlations with the false lumen
flow rate. The significance level, which is smaller than 5%, demonstrates the
correlations are statistically significant. Also, the partial correlations of the two
geometric factors are quite close to the Pearson correlation, suggesting that the
correlation between each of the two variables and the false lumen flow rate is less
influenced by the other geometric factors. What's interesting here is that the partial
correlation between the tear location and the flow rate in false lumen is positive,
whereas the Pearson correlation is negative. So, the distance between the tear and arch
top is negatively correlated with the false lumen flow rate, but the part of the distance
that is independent of the tear size is positive. A substantive interpretation of this might
be that tears with a large size are located far away from the arch top. This situation can

be observed in the geometries of subjects M4 and M6. However, the significance level of
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the tear location is larger than 5%. Hence the correlation between the distance and flow

rate is not statistically significant.

Finally, it should be stressed that the above regression analyses were based on a small
data sample size (n=10). Although some interesting correlations were identified, they

should be treated with due caution.
4.5.3 Wall Shear Stress

Wall shear stress (WSS) is an important hemodynamic parameter, which still cannot be
measured directly, or determined accurately, by current in vivo techniques.
Determination of WSS via patient-specific CFD analysis remains the best option so far.
The distributions of TAWSS contours on the inner surfaces of the ten subjects are
presented in Figure 4.7. The color legend is set to range from 0 to 7 Pa as wall shear
stress greater than 7 Pa is believed to be abnormally high. All areas where TAWSS
exceeds 7 Pa are shown in red color in the figure. As can be seen, high TAWSS is located
at the throat of narrowed section if present where blood flow is accelerated and velocity
is high, or along the edge of the primary tear. As shown in the last section, the velocity of
blood flow through the tear into the false lumen is very high, which could explain the
high TAWSS along the edge of tear. Another region of high shear stress is the adventitial
bound surface of the false lumen bulge where the jet of fluid from the true lumen
impinges on. Depending on the direction of blood flow into the false lumen, moderately
elevated TAWSS could be found on the anterior and posterior surface, or the site
opposite the primary tear in the false lumen. Some areas of the true lumen also
experience high TAWSS owing to narrowing and bending. Nevertheless, most of the
dissected aortic wall experiences shear stress below 1.5 Pa especially in the superior
region of the false lumen which corresponds to low and stagnant flow. The maximum
TAWSS values vary from more than 20 Pa in some subjects to below 10 Pa in others.
Although not all of the highest TAWSS are located at the tear edge, the value in this

region is greater than 7 Pa for all the subjects.

The OSI map on the inner surface is shown in Figure 4.8. OSI is a measure of the
oscillatory character of the shear stress, and can also be related to the residence time of
particles near the wall. The OSI distribution presents an opposite trend to TAWSS.
Corresponding to extremely high TAWSS values, the throat of coarctation and narrowed
sections have low OSI values because of highly accelerated and unidirectional blood
flow. On the adventitial bound surface of the false lumen where blood flow through the

primary tear impinges on, OSI is also low owing to the persistent flow jets. Regions of
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high OSI values of up to 0.5 can be seen at a number of sites in these subjects, indicating
that directional changes and/or flow reversal occur frequently during the pulse cycle in
the dissected aorta. The ascending aorta presents moderate levels of OSI with localised
high OSI regions due to the periods of complete reversal of the flow direction and
surface irregularity. The flow reversal in the ascending aorta is most likely determined
by the shape of ascending aorta, and the velocity profiles in the proximal ascending
aorta, which was dictated by the inlet flow waveform applied. Localized high OSI can be
seen in the downstream part of both lumens as disturbed flow dominates in them.
Moderate OSI can be found in the superior region of the false lumen, where TAWSS is
close to zero. The areas around the primary tear, although experiencing high TAWSS,

present moderate OSI values.
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Figure 4.7: TAWSS contours in the aortic dissection models of the ten subjects (left:

right-anterior view; right: left-posterior view).
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Figure 4.8: OSI contours in the aortic dissection models of the ten subjects (left: right-

anterior view; right: left-posterior view).
4.5.4 Turbulence Intensity

The isosurfaces of turbulence intensity (Tu) levels at the midsystolic deceleration phase
are presented in Figure 4.9. Instantaneous local velocities were used in the calculation of

Tu in order to portray realistic levels. Since the level of turbulence intensity varies

114



Chapter 4 Patient-specific study I: a multiple cases study

among the ten subjects, the red and blue isosurfaces in each subject represent different
values of Tu. Among the ten subjects, subjects M1, M4 and M7 have very high turbulence
intensity, which can exceed 40% in the region near the primary tear. However, the other
subjects present relatively low turbulence intensities with the highest value being up to
5%. As shown in Figure 4.9, high turbulence intensity tends to be found in the vicinity of
the tear where the wall shear stress values are also high, especially in the false lumen.
The fluid, flowing from the true lumen, impinges on outbound surfaces of the false
lumen, causing flow recirculation induced high Tu levels in the false lumen. High
turbulence intensity can also be found in the true lumen in subject M7 where geometric
factors, such as the narrowed true lumen and partial primary tear, are likely to amplify
the turbulence. Hence the geometry, shape and location of the primary tear could also

affect the presence and intensity of turbulent flow.

The reason behind the large differences in Tu level between the subjects is likely
associated with the geometric factors of the dissected aortas. Setting the Tu levels
against the geometric factors presented in Table 4.2, it can be found that the subjects
with narrowing scales of less than 50% have high turbulence intensity. The narrowed
true lumen is similar to an arterial stenosis through which blood flow accelerates,
resulting in a high velocity jet from the throat; hence the combination of high velocity
(i.e. high local Reynolds number) and complicated geometry induces high turbulent
flow. Certainly the effects of other geometric factors cannot be neglected, but the
narrowing scale of the true lumen is the most obvious factor that can be concluded from

the ten subjects.
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Figure 4.9: Turbulence intensity isosurfaces in the ten subjects of aortic dissection at

midsystolic deceleration phase.
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4.5.5 Effect of non-Newtonian viscosity

In order to examine the influences of non-Newtonian properties of blood on the
simulation results, the Quemada model (Quemada 1978) was adopted and applied to
subject M1, which presented the highest value of turbulence intensity with the
Newtonian simulation. This model was incorporated into the transitional flow model by
calculating the apparent viscosity based on a minimum energy dissipation analysis.
Compared with the results of the Newtonian simulation, the non-Newtonian model has a
very similar wall shear stress distribution, but a slightly lower maximum WSS value
(17.98 Pa versus 16.75 Pa) and similar pressure distribution with a mildly reduced peak

(3544 Paversus 3100 Pa).

Turbulence intensity results were also compared between the Newtonian and non-
Newtonian models. The non-Newtonian model seems to have extended the regions of
Tu=40% and 70% in the true lumen, but reduced the region of Tu=8% in the false
lumen. The maximum turbulence intensity is also slightly higher with the non-

Newtonian model, reaching 82% in midsystolic acceleration (shown in Figure 4.10).

Newtonian model non-Newtonian (Quemada) model
B Tu=70%
. Tu =40%
B Tu=8%

\

Figure 4.10: Turbulence intensity isosurfaces of Newtonian model (left) and non-

Newtonian model (right) in aortic dissection subject M1 at midsystolic deceleration.

4.5.6 Effect of Turbulent Flow

According to the turbulence intensity results presented in the previous section, although
not all of the subjects showed elevated turbulence intensity, high value of turbulence
intensity could happen in some subjects. For example, in the model of subject M1, up to

70% (Newtonian) and 82% (non-Newtonian) turbulence intensity can be observed in
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the flow near the tear in both the true and false lumen during the mid-deceleration
phase. A laminar flow simulation was also performed to compare the results with those
from the transitional turbulence model in the model of subject M1. From Figure 4.11, it
can be observed that the TAWSS of the laminar flow simulation was quantitatively
different from that of the transitional model (maximum values of 12.6.Pa versus 17.98
Pa), although similar in qualitative terms. A much higher maximum value of TAWSS was
found in the transitional model. This finding is consistent with the previous suggestion

that the turbulent flow could increase WSS on the inner surface of arteries (Khanafer et

al. 2007).

Laminar SST
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Figure 4.11: TAWSS contours of the laminar flow model (left) and transitional model
(right). The scales have been chosen to show direct comparison between laminar and

transitional flows, but the differing peak levels have been highlighted.
4.5.7 Pressure Distribution

Pressure values presented here are relative to the outlet pressure and correspond to the
difference in instantaneous pressure between the aortic wall and the outlet of the
computational model resulting solely from the velocity variations. Pressure
distributions of the ten subjects show different patterns. Figure 4.12 presents the
pressure distributions in three subjects: M1, M7 and M10, at the peak velocity phase.

High pressure values can be found in the ascending aortas of all of the subjects due to
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coarctation of the arch. Different levels of narrowing scale of the true lumen result in
different pressure values in the subjects. The narrower the arch or the true lumen is, the
higher the pressure becomes in the ascending aorta. The pressure at the edge of the
primary tears is very low, owing to the high velocities of blood entering into the false
lumen. Another important common pattern found in all the ten subjects is that pressure
in the true lumen is generally higher than in the false lumen in the upper part of the
aortic segment, but the opposite is true in the lower segment, owing to different
directions of blood flow communicating between the two lumens. The relative pressures
predicted here are much higher than that in the abdominal aortic aneurysm model of
Khanafer et al. (2007) owing to the presence of large false lumens. Rather than the
pressure difference between the true lumen and false lumen, the shunting of flow to the
false lumen, combined with a concomitant reduction of the real lumen induced by shear

dependant remodelling, may contribute to the large compression of the true lumen.

Each subject has a typical pattern of pressure distribution according to his/her specific
geometric characteristics. The pressure distribution is highly non-uniform in subject M1
due to the highly narrowed true lumen sections and tortuous aorta. Subject M7, which
has a straight and relative simple geometry, has more uniform pressure gradient in the
lower section of both lumens, while disturbed and turbulent flow in the upper part of
the two lumens cause non-uniform pressure distributions in that area. A more uniform
pressure distribution is seen in subject M10 where although the geometry of the
dissected aorta is quite tortuous, the flow in both lumens is less disturbed as discussed
previously due to the high location and large size of the primary tear. Hence flow

patterns may have a strong influence on pressure distributions in the AD models.
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Figure 4.12: Pressure contours in the aortic dissection models of M1, M7 and M10. (left:

right anterior view; right: left-posterior view)
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4.5.8 Effects of middle tears

Aortic dissection begins with an intimal tear that allows the blood to enter the aortic
wall, splitting the middle and outer layers of the media until blood finds its way back
into the true lumen through a re-entry tear on the intima-media layer (Demos et al.
1986; Khan & Nair 2002). The primary entry tear and re-entry tear make blood circulate
through the false lumen and maintain it patency. The identification of primary entry tear
is important for understanding the original site of dissection and surgical decision
making. The location of the entry tear is fundamental to the successful performance of
the stent-graft repair (Marvin et al. 2006). However, in addition to these two tears, it is
typical that several middle tears between the primary and final re-entry tears in the
intimal layer are also present, allowing multi-channel communications between the two
lumens. The size of these middle tears is usually small compared to that of the primary
tear, and the identification of them strongly depends on the resolution of CT scans and
diagnosis of radiologists. Although the impact of middle tears on late development and
degeneration of aortic dissection is still unclear, the flow patterns and related
parameters in an aortic dissection model incorporating middle tears have been

examined as part of this study.

The location and size of the middle tears in the ten subjects are identified by a
professional radiologist from CT images which were used for geometry reconstruction.
The longitudinal and in-plane resolutions of the CT images are approximately 1 mm,
hence tears smaller than 1 mm could be missed out. Based on the radiologist’s
examination, middle tears are distributed in the intimal flap either longitudinally or
circumferentially, and the number ranges from two to eight among the ten subjects. The
sizes of middle tears also vary, with the largest being up to 3 mm. A detailed fluid
dynamics analysis was carried out on subject M1 who has the most and largest middle

tears.
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Figure 4.13: Geometric description and CFD analysis results of subject M1 with middle
tears. (a) the reconstructed model viewed from the right, (b) a zoomed in section
showing middles tears from the left-posterior view angle, and (c)-(e) the TAWSS,

particle paths and pressure distributions of the section with middle tears respectively.

The geometric description and flow simulation results are shown in Figure 4.13 Eight
middle tears are clearly displayed in Figure 4.13(a), and Figure 4.13(b) shows the
section where middle tears are the most concentrated. Compared to the results in the
model without middle tears, the TAWSS, pressure distributions and flow pattern in both
lumens are not affected by the presence of middle tears from a qualitative point of view,
but local quantitative changes are observed. Figure 4.13(d) shows the particle path lines
of 100 particles emitted evenly from the inlet during a total time of 18 cardiac cycles.
Although the flow is quite disturbed in the two lumens, only very limited path lines can
be seen through two of the middle tears (3 out of 100 path lines in all), and all of them
are from the true lumen to false lumen because of the pressure gradient. The small
proportion of flow is still sufficient to cause high TAWSS around the edge of the middle
tears as shown in Figure 4.13(c), but the pressure difference between the two lumens is
not affected. These small tears, which form several bridges allowing communications
between the two lumens, only have minor effects on small areas near the tears

(presented in Figure 4.13(e)).
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It seems that the presence of middle tears in dissected aorta have no obvious impact on
the flow condition and haemodynamics parameters. Localized flow communication and
pressure changes are quite limited and inconspicuous. However, the high wall shear
stress acting on the edge of the tears, which have been associated with matrix
degradation and disease progression, may play a role in weakening the intimal flap and

enlarging the size of the tears.
4.5.9 Discussion

Current management of acute Type B aortic dissection is hampered by the lack of
approach to predict the clinical sequelae of the dissection process in individual patients.
Treatment options currently fall into three categories: those patients who
spontaneously develop false lumen thrombosis who would benefit from best medical
management alone; those patients who rapidly develop acute complications requiring
urgent intervention and those who have persistent false lumen patency and
subsequently develop aortic dilatation. Confident prediction of which category an
individual patient will fall into will facilitate optimal management. TEVAR is not without
complications (Rodd et al. 2007), and intervention should only be undertaken in those
patients in whom a demonstrable benefit accrues. The results of the multiple cases study
demonstrate that the aortic geometry of individual dissections varies significantly. As a
consequence blood flow patterns and wall shear stress also vary. The key question is

whether these differences alter clinical progression of the dissecting process.

Current literature shows that false lumen size and patency are the most important
predictors of adverse early and later outcomes (Eggebrecht et al. 2005), but the reasons
for continued false lumen patency are yet to be elucidated. The data obtained in this
study suggest that tear size (both circumference and length) and position significantly
alter the flow rate into the false lumen, which in turn is associated with false lumen
patency. Figure 4.6 shows the relationship between the position of the tear and the flow
rate into the false lumen, with a sharp decrease in the flow rate the further the tear is
from the aortic arch. Figures 4.4 and 4.5 demonstrate that the greater the size of the
tear, the greater the flow rate into the false lumen. Clinical correlation is also revealing.
In terms of acute presentation, subjects M3 and M5 were both complicated by acute
malperfusion, whilst subjects M7 and M8 were acute uncomplicated presentations. The
two subjects complicated by malperfusion had larger dimension tears than the
uncomplicated cases with significantly larger tear to true lumen diameter ratio (93%

and 82% compared to 32% and 55% respectively). Table 4.3 shows the resultant flow
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rate into the false lumen was much higher in the patients with malperfusion (95% and

76.7% vs. 51% and 40.3% of total aortic flow respectively).

The remaining cases were chronic dissections, and all had patent false lumens with
associated aortic dilatation. The treatment of chronic aneurysmal degeneration
secondary to Type B dissection is predicated on size alone in order to prevent rupture.
Endovascular stent graft placement is used to treat these aneurysms, and a key question
is whether early placement of these grafts before dilatation occurs will prevent
aneurysm formation. As the aorta dilates it also elongates, introducing tortuosity into
the process. Proximal and distal landing zones are reduced or lost, rendering any
endovascular procedure more difficult or impossible at a later stage in the evolution of
the aneurysmal process. Early intervention would hypothetically confer significant
advantage, but a recent randomized trial failed to demonstrate survival advantage in
aorta related deaths in patients randomized to TEVAR vs. medical treatment alone in
uncomplicated Type B dissection (Nienaber et al. 2010), and complications occurred due
to the intervention. The trial did however demonstrate aortic remodeling (with true-
lumen recovery and thoracic false-lumen thrombosis) occurring in 91.3% with
endovascular repair vs. 19.4% with medical treatment. Accurate prediction of the group
of uncomplicated Type B survivors that go on to develop dilatation would mean the
associated risk of intervention would be justified. It is noteworthy that in this study all
chronic dilatation cases with patent false lumens had greater than 60% of blood flow
into the false lumen with the exception of subject M2. The inference is that failure of the
false lumen to thrombose is driven by high flow rates into the false lumen due to entry
tear size and position. Both entry tear dimensions and position in relation to the arch
peak are features that can be detected on CT scanning, and as such may prove to be

reliable indicators of both acute complications and future false lumen patency.

A number of common characteristics of the flow pattern and hemodynamic parameters
can also be deduced from the results. The flow pattern in the dissected aortas was found
to be complex with recirculating and disturbed flow dominating especially in the false
lumen and the region close to the tear experienced the highest levels of turbulent flow.
Relative stenoses of the true lumen were found to have significant influence in
determining flow patterns. High WSS can be found on the edge of the tear in all of the
dissection models, while low WSS was normally located in the superior region of the
false lumen which had extended upward. The helical and recirculating flow in the

dissected aorta also induced high OSI values in localized regions on the lumen surface.
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Previous studies have suggested that abnormal hemodynamic stresses and recirculating
and turbulent flow within the diseased aorta are an important influence in the
formation, degeneration and ultimate rupture of aortic aneurysms (Malek et al. 1999;
Thubrikar et al. 2001; Fillinger et al. 2002; Slager et al. 2005). Shear stress can affect
endothelial cell functions, such as proliferation, apoptosis, migration, permeability and
remodeling (Lehoux et al. 2006; Li et al. 2005). Low shear stress may increase monocyte
adhesion due to flow reattachment, and recirculating flow would enhance the delivery of
monocytes to the vessel wall (Pritchard et al. 1995). Disturbed flow and turbulence in
blood flow influence flow resistance, pressure, wall shear stress, wall remodeling,
inflammation and mass transport from the blood to the vessel wall (Giddens et al. 1976).
The subjects with a highly compressed true lumen at the tear site were more likely to
have an increased rate of wall dilatation. High WSS has been found around the edge of
primary tear point which may erode already weakened dissected aortic wall and lead to

further degeneration (Chatzizisis et al. 2007; Khanafer et al. 2007).

One point needs to be mentioned is that the ten subjects included in this multiple case
study were from three different classifications. Two of them are acute complicated, two
are acute uncomplicated, and the rest are chronic dissection. Flap thickness and
movement may be different between the acute and chronic categories. For acute
dissections, the intimal flap is relatively thin and elastic; hence flap motion is more often
observed in this group of patients. With the development of dissection, the flap becomes
thicker and more fragile, even with calcification. Hence, the motion of intimal flap can be
significantly restrained in chronic dissection patients. By applying the same
computational model to both the acute and chronic groups, the rigid wall assumption

may have different impacts on the simulation results for these patients.

4.6 Summary

This multiple case study found that the location and size of the primary tear determine
the amount of flow circulating in the false lumen; larger primary tear diameter or
shorter distance from the top of aortic arch can lead to increased flow rate into the false
lumen. Because large amount of blood flow would keep false lumen patent and less
likely to be thrombosed, aortic dissection patients who have a large primary tear with
proximal location may be at higher risk of developing aneurysm or late degeneration.
General characteristics of flow patterns in dissected aortas have been found, these
include extremely complex flow with recirculating and disturbed flow dominating in the

descending aorta especially in the false lumen. The flow is most likely to be turbulent,
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and the region surrounding the tear experiences the highest levels of disturbed or
turbulent flow. High wall shear stress has been found around the edge of the primary
tear in all cases, while shear stress in the proximal part of the false lumen is very low.
These hemodynamic factors have been suggested to be involved in the initiation, growth
and progression of aortic diseases, hence are suspected to play an important role in the
development and long term outcome of type B aortic dissection. This strong correlations
between morphological and hemodynamic factors reported in this chapter are
promising, and may lead to a better understanding of the morphological factors that can
be used to predict the likelihood of subsequent aneurismal degeneration and rupture in

the dissection patients.
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Chapter 5

Patient-specific Study II: a single case with

multiple follow-ups

5.1 Introduction

Generally, patients who have Stanford type B aortic dissection without complications
are treated medically, and are under surveillance after hospital discharge. Although the
in-hospital outcomes in this group of patients are generally acceptable (Hagan et al,,
2000), the short- and long-term outcomes are variable among patients. Some of the
affected aortas may progress to late degenerations requiring surgical intervention
during the chronic phase, while others may manage to survive without further
complications. Previous study of IRAD has shown that three-year survival for patients
who were treated medically was 77.6% (Tsai et al., 2006), demonstrating the high
follow-up mortality in patients after hospital discharge. The reason behind the long-
term stabilization or late degenerations of type B aortic dissection remains unclear. In
this chapter, detailed analyses are presented of a patient with uncomplicated type B
aortic dissection who has been under surveillance for three years with a specific aim to

better understand the role of hemodynamics in stabilized dissected aorta.
5.2 Patient information

A male patient who was treated medically for more than three years after the initial
diagnosis was studied. Sequential CT scans of the patient were available, which allowed
the progression of the dissected aorta to be examined and computational models
corresponding to different stages of the development to be generated. This patient was
admitted to St. Mary’s Hospital with an acute type B aortic dissection in February 2007
when he was 40 years old. He was diagnosed with hypertension in 1995. The diagnosis

of type B aortic dissection was established with CT angiogram of the aorta on admission.
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Based on the CT images, there was a dissection originating just distal to the left
subclavian artery origin, extending down into the common iliac arteries bilaterally and
into the right external iliac artery. The dissection had not extended more proximally,
and the coeliac axis, superior mesenteric artery (SMA) and left renal artery were patent
and arose from the true lumen. The maximum size of the thoracic aorta was estimated at
3.1 cm. As the etiological factor would appear to be his malignant hypertension
secondary to Conn’s syndrome, the patient was initially treated conservatively with
intravenous anti-hypertensive drug to control his blood pressure. A follow-up scan five
days later with maximum contrast density in the aortic arch again demonstrated the
presence of type B dissection, and excluded the possibility of type A aortic dissection.
Compared to the first scan, no significant interval change was seen since the previous
scan despite a little more thrombus within the false lumen posterior to the arch
extending towards the right innominate artery. As his symptoms settled down and there
was no further progression of the dissection, this patient was discharged from hospital.
After the discharge, he has been under a CT surveillance program until present.
According to the latest clinical report, the patient remains fairly well, and his blood
pressure has been very stable. Although the size of the dissected thoracic aorta has
increased slightly over the time, it is still well under control with no intervening

consideration.
5.3 Patient-specific model generation

Since the first CT scan, the patient has taken eight follow-up scans. The scans were
initially taken at weekly intervals to keep a close watch on the patient’s situation at the
beginning after hospital discharge. As the patient’s condition has remained stable, the
intervals between scans were gradually increased. Now, the patient is under an annual
surveillance program. All the eight series of CT scans are utilized in this study to observe
the anatomical changes of the dissected aorta. In order to get detailed geometrical
information, contrast enhanced CT slices of the chest, abdomen and pelvis were
acquired for each scan. The resolution of the CT images was kept at an in-plane pixel size
of less than 1 mm and an interslice distance of 1 mm. From the CT images, the initial tear
between the true and false lumen, and the thrombus between the lumens and aortic wall
can be seen clearly. Figure 5.1 shows the time series of the images acquired at the cross-
section where the initial tear occurred. Each series of CT images is numbered according
to the sequence of scan time with an initial ‘S’ (stands for Single case study). The time
interval between each scan is also shown in the figure. The initial tear is located near the

edge of the flap. The size of true lumen has not changed very much during the follow-up
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period. However the false lumen has gradually shrank due to the formation of thrombus

along the outer curvature of the descending aorta and the false lumen side of the flap.

S1 S2 S3
(initial scan) (1 week) (1 week)

S4
(3 months)

S6 S7
(6 months)

(3 months)

Figure 5.1: Cross-sectional CT images of the descending aorta at the section where initial
tear occurred with annotations for the primary entry tear (circled with ‘ET’), true lumen
(TL), false lumen (FL), and thrombus (TH). The time presented is the time interval

between two sequential scans.

The CT images were imported into a medical image processing software Mimics
(Materialise, Leuven, Belgium). The segmentation of all images and 3D geometry
reconstruction were accomplished to obtain the region of aortic lumens from each slice.
Smoothing factor of the reconstruction was adjusted by registration of 2D contours on
the corresponding CT images. The complete geometry of the aorta from the ascending
aorta to iliac arteries was created. Figure 5.2 shows the reconstructed aortic dissection
geometries for each follow-up scan. Closer views of the thoracic descending aorta are

also shown to show the tear region more clearly.
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Figure 5.2: Geometrical descriptions of the aortic dissection at eight follow-up stages.
The primary entry tear (PT), true lumen (TL), false lumen (FL), ascending aorta lumen

(AL) and descending aorta lumen (DL) are indicated.

Figure 5.2 presents the changes of the aorta geometry from the initial scan to the latest
follow-up scan. The most significant changes are the thrombosis of the false lumen and
the arising of a second entry tear. Based on the geometric changes observed, the
progression of the dissection over the follow-up period can be divided into two stages:
Stage I is from the initial scan S1 to S4 with thrombosis of the top part of the false lumen;
Stage Il is from S5 onwards, which presents the formation of the second entry tear in the
middle of thoracic aorta, and continuous thrombosis in the false lumen between the two
tears. In order to examine the role of flow related parameters in the observed changes,
initial models for each of the stages, S1 and S5, were analyzed. The small aortic branches
on the models were excluded, as the primary focus here is the flow behavior in the
dissected descending aorta, especially in the false lumen. The inlet of the model was
located in the ascending aorta just above the aortic root, and the outlet was at the end of
the descending aorta before the iliac arteries. As the true and false lumen converged
below the abdominal bifurcation, each model has two outlets corresponding to the two
lumens respectively. Figure 5.3 is the transparent images of the two models, which

shows the primary and secondary entry tears, inlets and outlets.
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Figure 5.3: Transparent view of models S1 and S5 with arrows indicating the location of

the tears, the inlet and outlet planes.
5.4 Flow simulation

Similar to the multi-case study described in Chapter 4, a correlation-based transitional
version of Menter’s hybrid shear stress transport (SST Tran) model (Menter et al., 2004)
was employed to simulate flow in the dissected aorta. The Navier-Stokes equations for
transient flows, together with the SST Tran model were solved using a finite-volume
based CFD solver, ANSYS CFX 12. The blood was treated as a Newtonian and
incompressible fluid with a dynamic viscosity of 4.0 mPa - s and a density of 1060 kg/

m3. The aortic walls were assumed to be rigid with no-slip condition.
5.4.1 Boundary conditions

A flat velocity profile was specified at the model inlet in the ascending aorta, allowing
the flow to develop naturally before reaching the dissection region. The realistic aorta
flow rate waveform extracted from phase contrast MRI data of another typical type B
aortic dissection patient was imposed. As the upper extremities’ vessels were excluded
in the models, the original velocity waveform was scaled down by 15% to account for
the flow lost through the branches (Shahcheraghi et al., 2002). The flow rate waveform

at the model inlet is shown in Figure 5.4, which was obtained by fitting through velocity
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data at twenty-nine time points during a cardiac cycle. The cycle duration was 1.054 s,
and the length of the systolic and diastolic periods was 0.413 s and 0.641 s respectively.
As the anatomy of the ascending aorta did not change from S1 to S5, the two models had
comparable flow parameters at the inlet. The mean and maximum Reynolds numbers
were 770 and 3498 respectively, and the Womersley number was 20.8. A low inlet
turbulence level of 1.5% was chosen to represent initial disturbances in the flow and
allow transition to occur realistically. At the model outlets, a relative static pressure of 0
Pa was applied to both surfaces. All simulations were carried out for three cardiac cycles
to achieve a periodic solution (Cebral et al. 2002), and the results of the last cycle were
extracted for further analysis. A uniform time step of 0.001 s was used and the same

convergence criteria as applied to the multi-case study was adopted.
400 ,
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Figure 5.4: Flow rate waveform applied at the inlet of models S1 and S5.

5.4.2 Mesh sensitivity test

The 3D geometries of models S1 and S5 were imported into ANSYS ICEM CFX for mesh
generation. 3D tetrahedral cells combined with prismatic cells in the fluid boundary
layer at the wall were generated for both models. A very fine near wall resolution and a
minimum of ten layers of prismatic elements were ensured to satisfy the requirements
of the turbulence and transition model. Enhanced mesh density and local refinement
were also applied to the tear region due to the small size and narrow edge of the tear.
Mesh independence tests were carried out on both models. The initial mesh contained
1,800,000 elements. This was further refined and the results in terms of maximum wall
shear stress (WSS) and turbulence kinetic energy were compared between different
meshes. The mesh consisting of 2,400,000 elements for S1 and 2,200,000 elements for
S5 was believed to be sufficient for mesh independent simulation results. The results of

mesh sensitivity tests are summarized in Table 5.1.
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Table 5.1: Results for mesh independence test results showing difference in maximum

WSS and turbulence kinetic energy values between meshes.

Model S1 Model S5
Difference (%) Difference (%)
Elements number Elements number
Max. WSS TKE* Max. WSS TKE*

1,900,000 1,800,000

4.5 3.5 3.8 3.3
2,400,000 2,200,000

3.9 3.0 3.1 2.5
3,500,000 3,000,000

*Turbulence kinetic energy
5.5 Results and discussion

The geometric features and anatomy changes of the dissection models, as well as the
flow pattern and other time-integrated parameters in terms of time-averaged wall shear
stress (TAWSS), oscillatory shear index (OSI) and relative residence time (RRT), were

derived from flow simulations.
5.5.1 Geometric features

As can be seen from Figure 5.2, models S1 and S5 have less complicated geometries
compared to the other cases described in the multiple cases study. The ascending aorta,
abdominal aorta and aortic arch have been normal without visible changes over time.
The descending aorta is quite straight without any abnormal tortuous sections, and no
obvious narrowing of the true lumen can be found. The false lumen is on the posterior
side and parallel to the true lumen along the entire descending aorta. It extends upward
beyond the primary tear and with its top being close to the left subclavian artery at the
initial scan. The two lumens are not merged before the iliac bifurcation as the false
lumen extends down into the common iliac arteries bilaterally and into the right

external iliac artery.

The most significant change happened in the false lumen. During Stage I, from S1 to S4,
the top part of the false lumen gradually vanished due to the formation of thrombus in
this region. Thrombus began to form on the inner side at the top of the false lumen first,

which extended to the entire region above the tear in less than 3 months. The process of
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thrombosis in the false lumen continued in Stage II. The region distal to the primary
entry tear became partially occluded from S5 to S8, while the area opposite the tear
remained patent over time. The downstream part of the false lumen had no sign of

narrowing and thrombus accumulation.

Another noteworthy change is about the tears. In this case, the primary entry tear
occurred at the inner curvature of the distal aortic arch, 32 mm below the arch top. The
size of the tear was only 1.9 mm at the initial scan. And then, the size increased rapidly
during Stage I and reached 2.93 mm at scan S4. From S4 onwards, although the primary
tear was slightly enlarged during Stage II, it has stabilised with a maximum value of 3.24

mm. The variations of the primary tear diameter are shown in Figure 5.5.

0 200 400 00 so0  Time (days)

Figure 5.5: Variation of primary entry tear diameter over time.

A secondary entry tear was noticed from scan S5. The diameter of the secondary tear
was 4.5 mm, which was larger than the primary tear, but no further enlargement was
found in subsequent surveillance. The location of the secondary tear is about 90 mm
distal to the primary tear in the middle of the thoracic descending aorta. The thrombosis
process in Stage Il mainly occurred between the primary and secondary entry tears in

the false lumen.
5.5.2 Flow pattern

The flow patterns in the dissection models are displayed by particle path lines which
track the motion of passive particles in the fluid domain over several cardiac cycles.
About 200 uniformly distributed particles were emitted from the inlet at the beginning,
and the paths of these particles were tracked for 18 cardiac cycles to allow enough time
for some particles to enter into the false lumen and reach the downstream part of the
descending aorta. Figures 5.6 and 5.7 present the particle paths of blood flow in models

S1 and S5 respectively with color indicating velocity values.
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From Figure 5.6, it can be seen that the flow is fairly organized in the ascending aorta
and true lumen. The flow begins to accelerate from the distal aortic arch where the true
lumen is partly compressed by the false lumen, and keeps at a relatively high velocity
throughout the true lumen. About 6.1% of the blood enters the false lumen through the
primary tear. The flow jets into the false lumen along its posterior side of the wall
imposing a zone of disturbance and recirculation in the thoracic section of the false
lumen. A small quantity of fluid goes up to the superior region of the false lumen along
the left side of the wall, while most of flow keeps swirling until reaching further
downstream. After 18 cardiac cycles, the particles going to the true lumen have all flown
out of the domain through the outlets rapidly, but only a few particles enter the
abdominal false lumen and at very low velocity. The final positions of particles in the
false lumen are mostly in the thoracic section, indicating a prolonged residence time in

this area. Helical and recirculating flow dominates in the false lumen.

Model S1:
right-anterior view right-posterior view left-anterior view left-posterior view

Velocity [m/s]

Figure 5.6: Particle paths of blood flow in aortic dissection model S1 from different view

angles.

As shown in Figure 5.7, the flow pattern in the ascending aorta and true lumen of model
S5 is also well organized with no abnormal features. Flow in the false lumen is highly
helical with strong secondary motion. The enlarged primary tear allows an increased
amount of flow, which is about 11% into the false lumen. This jet of flow, being
accelerated when passing through the primary, impinges on the posterior surface of the
false lumen and swirls down along the wall. Hence the top part of the false lumen is
filled with clock-wise helical flow. The presence of a secondary tear causes an additional
20% of the aortic flow to enter the false lumen after the primary tear. Again, the blood
jets through the secondary tear and hits the opposite wall, inducing disturbance in the

middle section of the false lumen. Part of the flow goes upwards, whereas the rest moves
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down along the posterior wall. In the middle section between the primary and
secondary tears, only a small quantity of flow goes to the region near the left and

anterior side of the false lumen wall.

Model S5:
right-anterior view right-posterior view left-anterior view left-posterior view

Velo<.:2ity [m/s]
Bl

Figure 5.7: Particle paths of blood flow in aortic dissection model S5 from different view

angles.
5.5.3 Wall shear stress analysis

The wall shear stress and oscillatory shear index (OSI) in models S1 and S5 are analyzed
in correspondence to the geometries reconstructed from their subsequent scan: models
S2 and S6, with an aim to examine whether there is any association between wall shear

stress derived parameters and observed geometry changes.

Figure 5.8 presents the TAWSS and OSI distribution on the lumen surface of model S1.
The edge of the primary tear experiences extremely high TAWSS with an average value
of 22 Pa where persistent flow scours through with high velocity. The highest TAWSS
value in the model is 50 Pa located on the top surface of the tear. A jet of fluid from the
tear surges into the false lumen, impinging on the inner surface of false lumen and
inducing an area of high TAWSS (>15 Pa) on the right and posterior wall opposite the
tear. Around this area, the recirculating flow in the false lumen section near the tear,
caused by the fluid jet, generates a moderately high TAWSS region which spreads to the
left side of the surface. The accelerated flow in the partially compressed true lumen also
results in moderately high TAWSS on the true lumen especially in the area around the
tear. Low (nearly 0 Pa) and less variable TAWSS is found in the superior region of the

false lumen due to sluggish flow.
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The OSI map shows moderate values on most of the ascending aorta with localized high
values due to flow reversal caused by the vessel curvature. The left posterior surface of
the false lumen, where TAWSS is high, has very low OSI of nearly 0. A localized high OSI
area can be seen on the left surface of the superior region of the false lumen due to low
and stagnant flow in the area. The low velocity flow in the downstream section of the

false lumen also leads to regions of moderately high OSI on the surface.

Comparing the geometry between S1 and S2, the most noticeable change is the much
reduced false lumen in the top section as a result of thrombus formation (indicated by
arrows in Figure 5.8). At the same location, extremely low TAWSS and high OSI can also
be found. Scan at S2 was taken seven days after S1. During this short period, the
abnormal wall shear stress condition in the top section of the false lumen might have

contributed to the formation and growth of thrombus in this region.

Model S1

Model 52

Figure 5.8: Left: TAWSS (top) and OSI (bottom) contours in model S1 from three

different views. Right: aortic lumen geometry of model S2. The arrows indicate the

thrombosed region in model S2 and the corresponding area in S1.

The distribution of TAWSS and OSI in model S5 is also examined (Figure 5.9). At this
stage, the top part of the false lumen has almost completely thrombosed. The highest
TAWSS of 18 Pa is also found on the edge of the primary tear, and the mean TAWSS
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along the tear surface is around 12 Pa. The fluid flowing into the false lumen produces
moderately high TAWSS (around 10 Pa) on the posterior surface. The flow swirling
down along the surface in clockwise direction induces TAWSS of 3 Pa on the left anterior
surface of the superior section of the false lumen, but leaves the downstream region at
the left side, which is not on the path of flow surge, a very low TAWSS (<1 Pa). The other
jet of flow entering the false lumen through the secondary tear results in a moderately
high TAWSS (7 Pa) on the posterior surface opposite the secondary tear. The ascending
aorta in model S5 experiences a similar level of TAWSS as in model S1, and localized
areas of moderately high TAWSS appear in the true lumen due to accelerated flow

caused by its compressed size.

Retrograde flow in the ascending aorta and aortic arch owing to the geometric curvature
and the nature of flow waveform introduces more spatial variation in OSI. The rather
frequent change in flow direction as shown in the waveform (see Figure 5.4) indicates
that OSI in the ascending aorta cannot be low. The isolated regions of high OSI spots in
this area, which can be observed in Figures 5.8 and 5.9, may also be related to surface
irregularity. Corresponding to the high and moderately high TAWSS regions, very low
OSI values can be found on the posterior surface of the false lumen. Between the
primary and secondary tears, an area of high OSI up to 0.5 is present at the right side
surface indicating unsteady flow reattachment in this region. The top region of the false

lumen also experiences very high OSI value, where the TAWSS is low.

Comparing models S5 and S6, it is clear that the top region of the false lumen above the
primary tear observed in S5 has completely disappeared in S6. The formation of
thrombus also happened on the right side of the false lumen just above the secondary
tear, thereby narrowing the false lumen. Compared with the TAWSS and OSI
distributions in model S5, these two regions also endure very low TAWSS and significant

OSI. This finding is consistent with that drawn from the analysis of models S1 and S2.
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Model S5

TAWSS

osl

Figure 5.9: Left: TAWSS (top) and OSI (bottom) contours in model S5 from three
different views. Right: aortic lumen geometry of model S6. The arrows indicate the

thrombosed region in model S6 and the corresponding area in model S5.

Another geometric change observed by comparing models S1 and S5 is the enlargement
of the primary tear from 1.9 mm to 3.1 mm. Referring to the variation of tear diameter
with time as previously shown in Figure 5.5, the rate of increase in tear size is much
slower and more stable in the second stage than stage 1. On the other hand, comparison
of TAWSS in both models revealed a much higher TAWSS in model S1 (50 Pa) than in S5
(15 Pa). High wall shear stress could affect endothelial cell functions, wall remodeling,
and matrix degradation (Lehoux et al. 2006; Li et al. 2005). It is speculated that the
excessively high TAWSS in S1 might lead to degeneration of the wall around the tear,

thereby enlarging the tear size.
5.5.4 Relative particle residence time
Residence time of solutes and formed elements of the blood in the neighborhood of

vascular endothelium has been shown to be important in the polymerization of fibrin,
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clot formation under flow conditions and vascular permeability modulation (Reininger
et al. 1995; Tozer et al. 1997; Himburg et al. 2004). Therefore, it is believed to be
important to also evaluate the residence time of particles near the inner surface of the

aorta in the dissection models.

Residence time, referring to the duration that a particle spends at a particular site, is a
relative concept, as all non-adherent particles in the flow are moving and, thus, have
zero “residence time” at any location (Himburg et al. 2004). As illustrated in Himburg et
al.’s paper, the residence time can be expressed in terms of the Cartesian distance, §(y),
the travel distance of a fully entrained particle locating at a small distance y from the
wall during a cardiac cycle. Thus the residence time, t,., of such a particle is proportional
to 1. When near the wall, the excursion of the particle is small enough that the spatial
variation in shear can be neglected (Himburg et al. 2004). Incorporating the equation for

TAWSS and OS], described in Chapter 3, the §(y) can be expressed as
5) = |fy uyat| = %|fOT 7, dt| = (%)(1 — 2 % 0SI) - TAWSS (5.1)
where T is the cycle duration, u is the dynamic viscosity. For any arbitrarily small value

Ty .
of y, the term 7” is a constant, hence

te~ 5~ [(1—2x0SI) - TAWSS] ! (5.2)
Himburg and co-workers (2004) proposed t;. = [(1 — 2 X 0SI) - TAWSS]™! as relative
residence time that combines the OSI and TAWSS variables. It should be noted that ¢;. is
not the exact residence time as it is calculated based on TAWSS and OSI. This variable
could be a useful measure of the shear environment for correlative purposes regarding
the level of the shear and its oscillatory character. Figures 5.10 and 5.11 show the
relative residence time (RRT) contours mapped onto the lumen surface of model S1 and

S5 respectively.

Regions of curvature in the ascending aorta and aortic arch may experience flow
reversal and possible flow separation, thus causing longer RRT at the right side of the
ascending aorta just above the aortic root and the aortic arch top in both models S1 and
S5. The true lumens in both models have very low RRT values as the flow follows a fairly
straight path without any recirculation. The distribution of RRT shows different patterns
in models S1 and S5. Markedly longer RRT on the right superior side at the top of the
false lumen is observed in model S1, where a large area of long RRT can also be seen in
the downstream segment of the false lumen. In model S5, most of the false lumen surface

presents a very small RRT close to 0, except a narrow area on the false lumen top and an
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area of moderate RRT with spots of focally long residence time at the left side and the

posterior side in the middle of the thoracic false lumen.

Geometries of models S2 and S6 are also shown for comparison. The areas which are
thrombosed in models S2 and S6 (indicated in Figure 5.10 and 5.11), have longer RRT
which might have contributed to the deposition of platelets leading to thrombus

formation in these locations.

Model S1 Model S2

1(C

Figure 5.10: Left: Relative residence time (RRT) contours in model S1 from three

different views. Right: aortic lumen geometry of model S2. The arrows indicate the

thrombosed region in model S2 and the corresponding area in model S1.

Model S5 Model S6

Figure 5.11: Left: Relative residence time (RRT) contours in model S5 from three
different views. Right: aortic lumen geometry of model S6. The arrows indicate the

thrombosed region in model S6 and the corresponding area in model S5.

5.5.5 Turbulence intensity

142



Chapter 5 Patient-specific Study II: a single case with multiple follow-ups

The isosurfaces of turbulence intensity (Tu) levels at the peak systole and mid-systolic
deceleration phase in model S1 are presented in Figure 5.12. At peak systole (0.1 s), the
jet of fluid from the tear impinges on the right-posterior surface of the false lumen, cause
flow recirculation and separations induced high Tu levels. The Tu levels are
approximately 8% near the primary tear in the left-posterior region of the false lumen.
At the mid-systolic deceleration phase (0.3 s), partly because of the lower instantaneous
time-mean velocity used in calculating Tu, the Tu level of 8% is observed in the entire
segment of the false lumen from the top until the middle of the thoracic segment. The
turbulence intensity can reach 60% at both peak systole and mid-systolic deceleration
phases distributing a local area of high turbulence intensity near the posterior surface.

About 8% turbulence intensity is also found in the downstream segment of the true

lumen at mid-systolic deceleration phase. The turbulence intensity in other regions of

’\
’ o
peak systole
»
y
.
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the dissection lumen is low.

Model S1

-

¥

mid-systolic deceleration

Figure 5.12: Turbulence intensity isosurfaces of the aortic dissection model S1 at peak

systole (top) and mid-systolic deceleration (bottom).
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Figure 5.13 presents the turbulence intensity levels in model S5. Because of the
presence of two entry tears, two regions of Tu levels of 8% are induced by the flow
injected from the true lumen in the vicinity of tears on the posterior surface at peak
systole. Areas of high turbulence intensity up to 40% can be found in each region just
opposite the tears, however the primary tear causes a larger area of high turbulence
intensity than the secondary tear. At mid-systolic deceleration phase, turbulence
intensity in the false lumen is much higher than at peak systole, with Tu reaching 60%
opposite the tears. A larger area of high Tu level, which is distal to the secondary tear,
can be observed in the abdominal false lumen. The same Tu level also exists in the

middle segment of true lumen which is proximal to the secondary tear.

Comparing models S1 to S5, the distribution of Tu levels differs owning to changes in
anatomy. However, high turbulence intensity (>40%) can be seen in both models at
similar locations near the tears. Model S1 has slightly higher turbulence intensities than
model S5 at peak systole, and both models have comparable Tu levels in mid-systolic

deceleration.

Model S5

peak systole

mid-systolic deceleration
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Figure 5.13. Turbulence intensity isosurfaces of the aortic dissection model S5 at peak

systole (top) and mid-systolic deceleration (bottom).
5.5.6 Discussion

There is a considerable body of evidence suggesting that haemodynamic factors are
involved in the initiation, growth and progression of aortic diseases. Among these
factors, WSS at the endothelium has probably received the most attention. Much has
been learned about its pathogenic influence in the case of atherosclerosis, where it
influences plaque localization, progression and rupture (Malek et al. 1999; Slager et al.
2005; Ali & Schumacker 2002). WSS, which is the tangential stress derived from the
friction of the flowing blood along the inner surface of a blood vessel, has been
demonstrated to induce morphologic changes in the endothelial lining of the aorta (Fry
et al. 1969). As shown in Figures 5.8 and 5.9, extremely high levels of TAWSS (>18 Pa)
were found at the tear in the dissection models. During the period between models S1
and S5, significant enlargement of the primary tear diameter occurred. The
exceptionally high level of wall shear stress found here suspected to play an important
role in the degenerative endothelial lesion at the site. High WSS has been suggested as
the main biomechanical factor regulating both neointimal formation and vascular
remodeling (Wentzel et al. 2003). It also stimulates the endothelial cells to produce
plasmin, nitric oxide and transforming growth factor -f causing matix breakdown by
expression of plasmin, matrix—metalloproteinases and smooth muscle cells apoptosis
(Lehoux et al. 2006; Li et al. 2005; Slager et al. 2005b). This could lead to weakening of
the aortic endothelium, and also cause degenerative lesions of the dissected wall,
altering wall thickness even eventual rupture (Ekaterinaris et al. 2006; Sakalihasan et al.
2005). Hence, the high shear stress exerted on the dissected wall around the tear, could
lead to further degeneration and erosion in this area, thus causing enlargement of the
tear. On the other hand, as the aortic wall is cleaved into two parts in the dissected aorta,
the torn wall is severely weakened with compromised elasticity and tensile strength
(Butcher 1960). Moreover, Akiyvama and his co-workers found an increased expression
of matrix metalloproteinase (MMPs) (responsible for matrix degradation) after the
onset of aortic dissection (Akiyama et al. 2006), while Wang et al. found increased
expression of aortic collagens and connective tissue growth factors (Wang et al. 2006);
all of which were expected to reduce the aortic distensibility and systemic compliance.
Thereafter, the tear is prone to further enlargement under high WSS. Considering the
enlargement rate of the primary tear in the surveillance period, the tear grew more

rapidly in Stage I while remained more or less stable in Stage II. Correspondingly,
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different maximum TAWSS values were observed in the models indicating that higher
WSS may induce more aggressive lesions on the tear. Hence, magnitude of WSS could

probably affect the degeneration process of tear.

On the other hand, high wall shear stress has also been associated with platelet
activation in blood. Much of the literature regarding the effects of bulk shear stress
suggested that shear stress activates platelets either directly or indirectly (Brown et al.
1975; Wurzinger et al. 1985; Kroll et al. 1996). Shear stress at low levels had no
measurable effect on platelet, but as the magnitude and exposure duration of WSS were
increased, higher activation value could be detected in blood flow (Nobili et al. 2008).
Platelets have long been regarded as the preeminent cell involved in pathologic
thrombosis. It is also hypothesized that the non-physiological flow patterns and stresses
which activate and enhance the aggregation of blood platelets could primarily initiate
and maintain thromboembolism (Bluestein 2004). The high WSS at tear site of the
dissection models is suspected to active platelets in the blood flowing through the tear,
hence leading to a flow environment more prone to thrombus forming in the false lumen

compared to other parts of the aorta.

According to the geometries from each scan presented in Figure 5.2, a continuous
formation of thrombus happened in the false lumen during the surveillance period. The
thrombus formed mainly in the thoracic segment proximal to the tears. Based on the
analysis of wall shear stress described earlier, very low and highly oscillating WSS as
well as relative longer residence time could be found at the same sites. The distribution
pattern of low and oscillating WSS in regions of low and circulating flow is shown to be
closely related to the development of atherosclerotic lesions (Ku et al. 1985). Oscillatory
shear stress in contrast to steady laminar shear stress has also been suggested to
stimulate atherogenic phenotype and abnormal endothelial cell function, leading to
further progression of atherosclerosis (Malek et al. 1999). Recirculating flow in the
regions may enhance the delivery of activated platelets and monocytes to the arterial
wall where longer residence time increases the likelihood of attachment. The pivotal
role of haemodynamic factors in thrombogenesis has also been recognized in
thrombosis research. The long residence time has been suggested to be critical for fibrin
clot formation (Reininger et al. 1995). Increased plasma levels of the substrate
fibrinogen have been implicated as a major factor in thrombus formation (Ernst 1993;
Reininger et al. 1994). Moreover, long residence time and low wall shear stress are
suggested as major determinants for the polymerization of fibrin under flow conditions

(Reininger et al. 1994; Tippe et al. 1993; Friedrich et al. 1994). Hence, the very low
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levels of WSS, high OSI and long residence time of flow in localized regions of the false
lumen may act together to significant cause the accumulation of blood clots on the

surface of the false lumen, thus, leads to thrombosis in these regions.

Turbulence intensities of 8% can be found in the false lumen with localized high levels
up to 40% indicating the presence of turbulence during part of the cardiac cycle.
Disturbance and turbulence in blood flow can influence physiological parameters and
processes, such as flow resistance, pressure, WSS, wall remodeling, inflammation and
mass transport from the blood to the vessel wall (Giddens et al. 1976; Slager et al. 2005).
Turbulent blood flow has also been proposed to contribute to thrombus formation
(Stein & Sabbah 1974; Bellhouse & Bellhouse 1969) and intravascular haemolysis
(Roberts et al. 1975).

The geometry of the dissection model analyzed in this chapter is relatively
uncomplicated compared to some of the subjects presented in the Chapter 4. The
dissection did not cause major alteration to the main geometrical features of the aorta.
Although the true lumen was partially compressed by the false lumen, no significant
narrowing or tortuous section could be found. Generally, regions of curvature and non-
uniformity experience complicated flow containing regions of low and high mean shear
stress as well as areas of flow reversal and possible flow separation. The normal
anatomy leads to a relative stable flow conditions in the true lumen. The size of the
primary tear is also found to be extremely small which has minimised the amount of
flow going into the false lumen. The flow rate at the primary tear was only 6% of the
total aortic flow at initial scan. Although the value increased slightly due to enlarged tear
size, the flow rate through the primary tear was still very low. Studies found that with
limited false lumen flow, thrombus formation was more likely to take place (Eagle et al.
1986; Mohr-Kahaly et al. 1989). A secondary entry tear developed in the middle of the
descending aorta. Although the secondary tear induced an additional amount of flow
into the false lumen (about 20%), as the location is quite distant from the aortic arch
and primary tear, its impact on flow pattern in the proximal thoracic false lumen is
minor. However, the progression of secondary tear is important and requires attention
and close surveillance. The reason behind the development of secondary tear is not
discussed here, as the etiology of tear is related to aortic wall weakening associated with

the high wall stress mechanism as well as connective tissue disorders.

5.6 Summary
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The role of the hemodynamic parameters identified in the multiple cases study
presented in Chapter 4 was further examined in this chapter based on longitudinal data
acquired from a single patient. The surveillance period of the patient was divided into
two phases with specific geometric changes. The initial CT data of each phase was
utilized for CFD simulations. The simulation results, including the wall shear stress
distribution, residence time, and turbulence intensity, were analyzed and contrasted
with geometric changes of the dissected aorta. The significant enlargement of the
primary tear diameter in stage 1 is thought to be a consequent of the high levels of
TAWSS acting on the edge of the tear, since as high wall shear stress may induce more
aggressive lesions on the tear. The high WSS at the tear site could also active platelets in
the blood flowing through the tear, thereby promoting thrombus formation in the false
lumen. Very low and highly oscillating wall shear stress as well as longer relative
residence time could be found at the same sites where thrombus was formed in the false
lumen. A turbulence zone was found with high intensity near the proximal tear, which
might also contribute to the rapid thrombosis process in the dissected aorta. The flow
rate in the false lumen, which was very low owing to the small size of the entry tear,
might also play a part in the rapid thrombus formation observed in this patient. The
results shown in this chapter are the first attempt to link hemodynamic parameters with
the progression of aortic dissection. Our data provided preliminary evidence for the
possible erosion effect of high wall shear stress on the tear, the influence of low and
oscillating wall shear stress on thrombosis process, and the correlation between the
flow rate and false lumen patency. However, similar studies on a larger scale are

required to assess the significance of these findings.
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Chapter 6

Model validation using MR flow data

6.1 Introduction

The computational model applied to the patient-specific studies described in the
previous two chapters involves a number of assumptions, including exclusion of the
aortic arch branches, a flat velocity profile at the inlet, constant pressures at the outlet
boundaries, and rigid walls. In order to validate the model, a comparison is made
between the computational simulation results and the flow data extracted from 3D
phase contrast MR images in this chapter. As introduced in Chapter 2, phase contrast MR
flow imaging is probably the only imaging technique that can provide measurement of
blood velocities in vivo with good spatial and temporal resolutions. In this chapter,
phase contrast MR images were considered as the ‘gold standard’ for measuring blood

flow patterns in dissected aorta.
6.2 Patient-specific model generation

Data acquired from a patient (not involved in the patient-specific studies described
earlier) with a typical type B aortic dissection were adopted in this validation study. The
patient is male and was 56-year old at the time of first diagnose. He was examined with
CT scan initially, and was diagnosed as type B dissection at St. Mary’s hospital. The
patient was subsequently scheduled for a MR scan for further examination of the

dissecting condition.

As shown in Figure 6.1(a), the generation of the model geometry was based on the initial
CT images covering the whole aorta. The CT slice thickness is 2 mm, and the spacing
between slices is 1 mm. The pixel resolution of the images is 0.86 mm. Approximately
300 slices were needed for the geometry generation. The transparent picture (Figure

6.1(b)) of the aorta is displayed from the right side of the model geometry, from which
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the proximal entry tear can be seen clearly. The anatomical MR images of this patient
were also available, but due to their relatively low axial resolution, they were only used

for registration and localization of imaging planes between the CT and MR data.

Phase contrast MR imaging was performed at three planes in the aortic dissection in
order to provide sufficient data for validation while minimizing the scan time for the
patient. The parameters of the phase contrast MR scan are given as follows: TE 2.6 ms,
TR 4.7 ms, Flip Angle 15 degrees, pixel spacing 1.3281 mm, and 8 mm slice thickness. At
the imaging planes 1 and 3, the encoding velocity V,,. was 200 mm/s for FH (foot-head)
direction and 100 mm/s for AP (anterior-posterior) and RL (right-left) direction. At the
imaging plane 2, the V,,,. was 200 mm/s for AP direction, and 100 mm/s for the other
two directions. The locations of the imaging planes are shown on the transparent model
in Figure 6.1(b). Plane 1 is located in the proximal ascending aorta in order to obtain
velocity profiles distal to the aortic valve. Plane 2 is in the aortic arch between the root
of the left subclavian artery and the site of proximal entry tear. Locating this plane was
difficult in this case, as the tear occurred very close to the left subclavian artery, leaving
very limited space for the imaging plane to avoid either extending to the artery branch
or interrupting the entry tear. Flow imaging at plane 2 was used to assess the amount of
flow left through the three branches on the aortic arch, as well as velocity profiles prior
to the tear. Plane 3 is in the middle of the thoracic descending aorta distal to the
proximal entry tear covering both the true and false lumen. The flow data from this
plane were used to compare with those from the computational simulation for model

validation.

Figure 6.1(c) presents the computational model used for validation, where the inlet
coincided with imaging plane 1 in the ascending aorta. To keep the approach consistent
with those of the patient-specific studies presented earlier, the validation model was
also simplified by excluding the three branches in the aortic arch and other small
braches in the descending aorta. As mentioned earlier, the false lumen originated from
the proximal site of the left subclavian branch root and propagated down at the lateral
side of the thoracic descending aorta. It not only propagated in the longitudinal direction
and stayed in parallel to the true lumen, but also expanded in the circumferential
direction around the true lumen toward the anterior side of the true lumen at the middle
of the descending aorta. The false lumen continued to twist to the right and posterior
side of the aorta, and propagated back to the lateral side in the distal segment of the

abdominal aorta. As it extended to the left iliac artery bellow the abdominal bifurcation,
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two outlets (one for each lumen) were included in the model, both being located in the
abdominal descending aorta far distal to the proximal entry tear as well as the imaging
plane 3 (as shown in Figure 6.1(c)). The length of the descending aorta is approximately
381 mm. The diameter of the proximal entry tear is about 22 mm in the circumferential
direction and 25 mm in the longitudinal direction, with the tear being only 0.4 mm
below the top of the aortic arch. The false lumen didn’t propagate upward due to the
restriction of the left subclavian artery. No other middle tears could be identified in this

case.

(@) ‘ Plane 2
.

tear

d
outlet

Figure 6.1: Reconstructed geometries of the aortic dissection used in validation. (a) The
entire aorta including the ascending aorta lumen (AL), the aortic arch branches, the
descending aorta lumen (DL), and the iliac arteries (IA), but excluding the branches off
the descending thoracic and abdominal aorta; (b) the locations of three imaging planes
where phase contrast MR velocity mapping was acquired, and (c) the computational
model used in validation, with arrows indicating the locations of inlet, outlet, tear, false

and true lumen.
6.3 Flow simulation

Simulation conditions adopted for the multiple cases and single case studies were also
applied to the validation model. These include the SST Tran model to account for

possible turbulence effect, a Newtonian assumption for blood with a constant viscosity
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of 4.0 mPa - s and a density of 1060 kg/m3. The aortic walls were assumed to be rigid
with no-slip condition. All the simulations of the validation study were carried out in

ANSYS CFX 12.
6.3.1 Boundary conditions

Relevant flow boundary conditions used in the simulations were extracted from the
patient-specific phase contrast MR images. The flow data at each imaging plane were
recorded at 29 time points along a cardiac cycle, and the duration of one cardiac cycle
was 0.98 s. The flow rate at imaging plane 1 (ascending aorta root) and imaging plane 2
(aortic arch after the three main branches) were calculated and presented in Figure 6.2.
The length of the systolic and diastolic periods was 0.38 s and 0.6 s, respectively. The
peak velocity happens at 0.2 s, and the maximum reversal flow velocity at 0.42 s. The
maximum flow rate is 446 cm3/s in the ascending aorta, and 370 cm3/s at the aortic arch.
Hence, the flow lost through the three main branches on the arch is 76 cm3/s, which is
about 17% of the total flow rate from the heart. This ratio is close to the value (15%)
adopted in the multiple cases and single case study for compensating the flow lost

through the upper extremities’ branches.

The flow waveform derived from the imaging plane 2 was specified at the model inlet in
the ascending aorta with a flat in-plane profile, which was the same as adopted in the
patient-specific studies. Based on the inlet area, the mean and maximum Reynolds
numbers are 850 and 3512 respectively, and the Womersley number is 10.4. A low inlet
turbulence level of 1.5% was chosen to represent initial disturbances in the flow and
allow transition to occur realistically. At the model outlets, a relative static pressure of 0
Pa was applied to both surfaces. A uniform time step of 0.001s was used. All simulations
were carried out for three cardiac cycles to achieve a periodic solution, and the results of

the last cycle were extracted for comparison.
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Figure 6.2: The flow rate waveforms at imaging plane 1 and plane 2 as defined in Figure

6.1 (b).
6.3.2 Mesh sensitivity test

The reconstructed model was imported into ANSYS ICEM CFX for mesh generation.
Unstructured mesh was assigned to the model with 3D tetrahedral cells combined with
prismatic cells in the fluid boundary layer at the wall. A very fine near wall resolution
and a minimum of ten layers of prismatic elements were ensured, and enhanced mesh
density and local refinement were also applied to the tear region. Mesh independence
tests were carried out with an initial mesh consisting of 2,600,000 elements, and finer
mesh by increasing the number of elements in the prismatic layer and mesh density. The
results in terms of maximum wall shear stress (WSS) and turbulence kinetic energy
were compared between different meshes. The differences in these parameters were
less than 4% between the initial 2,600,000 elements mesh and a 3,200,000 elements
mesh, and less than 3.5% between the 3,200,000 elements mesh and a 4,700,000
elements mesh. Hence, the mesh of 3,200,000 elements was considered to be sufficient

for the validation study.
6.4 Results and discussion

The analysis of results includes comparisons for model validation and analysis of
hemodynamic parameters in the model based on CFD results. The flow patterns
obtained from the simulation were compared with the velocity data extracted from the
phase contrast MR images. The flow distribution in the true and false lumen, and the

flow velocity profiles at the level of the imaging plane 3 were analyzed and discussed.
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6.4.1 Flow distribution in the true and false lumen

Because of the presence of two lumens in the descending aorta in type B aortic
dissection, the total flow was divided into the true and false lumen. As found in the
multiple cases study, the flow distribution in the two lumens was significantly affected
by the size and location of the proximal entry tear based on the assumption of equal
pressure at the end of each lumen. The pressure at the outlets could influence the
amount of flow into the lumen as it reflects the level of distal resistance to flow in the
model domain. The computed flow rates in the true and false lumens were compared
with the corresponding MR measurement. Figure 6.3 shows the comparison of time-
varying flow rate at the location of imaging plane 3 obtained from the CFD simulation

and the corresponding flow rate extracted from MR flow data acquired at imaging plane
3.

In CFD simulation, the maximum flow rate in the false lumen was 293 cm3/s, and was 72
cm3/s in the true lumen. Hence, about 80% of the total flow was diverted to the false
lumen. As shown in Figure 6.3, the flow rate waveforms from MR images present a
similar systolic profile to the CFD simulation with a slightly lower flow rate in the false
lumen. Based on the MR data, 269 cm3/s of flow went into the false lumen which
comprised about 76% of the total flow. Differences between the computed and
measured flow rates exist but these are considered reasonable. A number of factors
could have contributed to the differences observed, such as the flow calculation from the
phase MR data which could be easily affected by imaging noise, identification of the

lumen edge on MR image, and the motion of the flap,.
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Figure 6.3: The flow rate waveforms of the true and false lumen from both CFD

simulation results and phase contrast MR velocity data.
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Referring to the relationship between the anatomic features of the proximal entry tear
and the flow rate into false lumen concluded in the multiple cases study, the relatively
large size of the entry tear and its closeness to the arch top were very likely to have
contributed to the large amount of flow into the false lumen in this case. As described
earlier, the longitudinal diameter of the proximal entry tear is 25 mm, the ratio of the
circumferential diameter of the tear to aorta diameter is about 65%, and the distance
between the tear and the arch is 0.4 mm. These geometric and flow parameters fit very

well to the linear regression lines obtained in the multiple cases study.
6.4.2 Comparison of velocity profiles

Further comparison was made for the time-varying velocity profiles between the MR
measurements and flow simulation at plane 3 (defined in Figure 6.1(b)). As the 3D phase
contrast MR images provide the velocity information in three directions at the imaging
plane, the comparison was made for all three velocity components. Figures 6.4 - 6.7
present the velocity contours in FH (foot-head), AP (anterior-posterior), and RL (right-
left) directions extracted from the MRI data, compared with the computational results at
four time points along the cardiac cycle, respectively. In the left column of each figure,
the specific time point and the direction of velocity are displayed. Both sets of data are
displayed in the foot-head (inferior-superior) direction. The corresponding magnitude
image from the phase-contrast MR scan is also included which indicates the shape and
size of the false lumen (FL) and true lumen (TL) at plane 3. As can be seen, the false
lumen is 4 times larger than the true lumen at this location. The red color represents
velocities from head to feet, anterior to posterior, and right to left in the FH, AP, and RL
velocity contour maps , respectively, while the blue color represents velocities in the
opposite directions. Different color scales are used for different directions and time

points according to the range of velocity values.
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Time Points MRI Velocity Data Simulation Results

Figure 6.4: Comparison of velocity profiles in FH, AP and RL directions at mid-systolic
acceleration phase of the cardiac cycle between MR velocity data (in m/s) and

simulation results.

Figure 6.4 presents the velocity profiles at mid-systolic acceleration phase (t=0.14s). At
this time point, the main direction of the flow was from superior to inferior with a
maximum velocity of 0.45 m/s occurring in the true lumen. The high velocity flow was
skewed to the left and anterior side of the true lumen due to the curvature of the lumen
at this location. The simulation result presented the same distribution in the true lumen
area with higher velocity at the anterior and left side and lower in the right side. The
flow in the false lumen showed more spatial variation than in the true lumen. The

simulation result captured the relatively high velocity at the left anterior side near the
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flap and the middle area of the false lumen, as well as a narrow area of reversed flow at
the left side. Velocities in the AP and RL directions were lower than in the FH direction.
Both the MR data and simulation results presented the flow towards the posterior side
in the true lumen with higher value at the right side. In the false lumen, the
computational model predicted the velocity component towards posterior at the middle
and left posterior area, and towards anterior at the right and right-posterior area. The
velocity component in the RL direction was mainly from left to right in the true lumen
with a small region of reverse flow at the right-posterior corner and anterior side near
the wall, while two main contrary velocity trends in the RL direction existed in the false
lumen. The anterior half of the false lumen was dominated by flow towards the left side,
and the velocity component in the posterior half towards the opposite direction. The
simulation results agreed well t with the MR data in velocity profiles by capturing the
magnitude and velocity direction in the two lumens. Velocity profiles in the three
directions revealed the presence of clockwise helical flow patterns in the false lumen,
while the flow pattern in the true lumen was more organized with minor reverse flow at

the right posterior corner caused by the curvature of the lumen.

The velocity profiles at peak systole (t=0.2s) are displayed in Figure 6.5. The flow
patterns in the true lumen at this time point presented a similar distribution to those at
the mid-systolic acceleration phase but with a larger velocity magnitude. The simulation
results successfully predicted the same velocity profile in the true lumen. The well-
organized flow pattern in the true lumen was probably attributed to the compressed
lumen area which restricted the occurrence of secondary flow. The flow in the false
lumen was more complicated. The main velocity was still pointing down in the interior
direction with higher velocity values in the left area. This feature was also found in the
simulation result. The velocity components in AP and RL directions changed
significantly from the mid-systolic acceleration phase. The AP velocity component was
mainly towards the anterior direction with reverse flow in the middle anterior and
posterior area, which was correctly captured by the computational simulation. The
velocity component in the RL direction was quite disturbed. The simulation results had
caught the positive flow in the right anterior area and negative flow in the left area, but
failed to present the flow towards right in the area of posterior side. This was probably
owing to the small velocity component (<0.1 m/s) in the RL direction at this time point,
which was suggested to be affected by the MR velocity uncertainties (Wood et al. 2001).
The flow pattern in the false lumen at peak systole is likely to be highly disturbed and

even turbulent based on the non-uniform velocity profiles of AP and RL components.
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The simulation results were found to have captures the most important flow

characteristics presented by MR images at this time point.
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Figure 6.5: Comparison of velocity profiles (in m/s) between MR velocity data and

simulation results in FH, AP and RL directions at peak phase of the cardiac cycle.

Figure 6.6 presents the velocity comparison at mid-systolic deceleration phase
(t=0.32s). The flow in the true lumen was mainly moving downwards in the inferior
direction. The flow pattern was similar to those at mid-systolic acceleration and peak
systole. The simulation results have captured the main flow characteristics in the true
lumen, including the detailed velocity gradient and changes in local areas, such as the
decreased FH velocity component at the right and anterior side, the decreased AP

velocity component at the left side, and small area of reversal RL velocity component in
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localized area of the right and right anterior side. Moreover, the simulation results also
successfully predicted the velocity distribution in the false lumen. The flow recirculation
in the FH direction could be found. Unlike velocity profiles at the previous two time
points, the flow was moving down along the right and posterior side of the false lumen,
while reversed flow could be observed in the left anterior area. In the AP direction, as
most flow was moving towards the anterior direction, a localized area near the posterior
wall of the false lumen was dominated by flow in the opposite direction from posterior
to anterior. The RL velocity component was in the left direction in the anterior half of
the false lumen with the maximum value in the middle, and was in right direction at the
right posterior and posterior side. Hence, flow at the mid-systolic deceleration phase
was not only swirling helically in clockwise direction, but also included retrograde flow
along the left anterior wall of the false lumen. As can be seen from Figure 6.6, the
velocity profile calculated from computational results matched well with the MR velocity

data.

The comparison of velocity profiles between the MR measurement and simulation
results was also carried out for an early diastole phase when the maximum reverse
velocity occurred in the proximal ascending aorta (t=0.4s) (as shown in Figure 6.7). The
true lumen was dominated by flow in the inferior direction. The velocity component in
the AP direction remained in the posterior direction with a mean value around 0.1 m/s.
The RL velocity components were very small with negative flow in the right direction at
the left side of the true lumen. In the false lumen, the FH velocity component continued
the similar pattern as observed at the mid-systolic deceleration phase but moved
slightly in clockwise direction with higher velocity in the right and right posterior area
of the false lumen. The reversed flow was located in the left half of the lumen with
increased velocity magnitude of 0.25 m/s compared to the mid-systolic deceleration
phase. The area with posterior velocity component expanded to the left side of the false
lumen. The profile of the RL velocity component still included the positive flow region in
the anterior half, and negative flow in the posterior half of the false lumen. The elevated
flow in the left direction was concentrated along the flap with a maximum value above
0.2 m/s. Figure 6.7 demonstrated that the simulation results and MR velocity data were

in a good agreement at the early diastolic phase.
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Time Points MRI Velocity Data Simulation Results

Figure 6.6: Comparison of velocity profiles (in m/s) between MR measurement and
simulation results in FH, AP and RL directions at systolic deceleration phase of the

cardiac cycle.
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Figure 6.7: Comparison of velocity profiles (in m/s) between MR measurement and

simulation results in FH, AP and RL directions in early diastole when the reverse flow is

at the maximum.
6.4.3 Analysis of flow pattern and haemodynamic parameters

The validation study was accomplished by comparisons of flow distribution in the two
lumens and velocity profiles in the descending aorta between the MR velocity data and
computational simulation results. In order to obtain a complete picture of the flow
patterns and haemodynamic situation in this model, the simulation results were further

analyzed.

Figure 6.8 presents the particle paths in the model over 12 cardiac cycles. Around 100
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particles were emitted at the inlet in the beginning. The pathlines suggested a
complicated flow pattern in the dissected aorta. Retrograde flow could be seen in the
aortic arch, which was caused by the vertical flap at the distal arch. Most of the flow
went into the false lumen through the proximal entry tear along the anterior wall of the
aortic arch, while the rest into the largely compressed true lumen. The false lumen was
four times larger than the true lumen, and formed a bulge at the proximal region of the
entry tear. As discussed in the last section, both the MR data and simulation results
predicted a fairly organized flow pattern in the true lumen and highly disturbed flow
with strong recirculation in the false lumen. The flow characteristics can also be
obtained from the pathlines displayed in the figure. The flow was accelerated rapidly
when passing through the tear, and rushed onto the left and anterior wall of the false
lumen opposite the tear. It is obvious that the flow was almost straight forward in the
true lumen, while the false lumen was dominated by helical and retrograde flow

especially in the upper part where the imaging plane 3 was located.
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Figure 6.8: Particle paths of blood flow in the validation model from right anterior (left)

and left posterior (right) view angles.

The TAWSS and OSI contours on the lumen wall of the dissected aorta are displayed in
Figure 6.9. The TAWSS contours show the highest value of 11.3 Pa on the edge of the
entry tear, which is consistent with the TAWSS distribution patterns of the other
patient-specific models analyzed in the study. A moderately high TAWSS can be found
on the anterior surface of the false lumen bulge where the flow impinged on after
passing through the tear. Moderate TAWSS values can be found on the lateral surface of
the false lumen and the downstream part of the true lumen, while the other part of the

model experienced normal or low TAWSS around 0.2 Pa. The flow reversal and
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recirculation induced large region of high OSI values of up to 0.5. The organized flow has
led to a quite uniform and less variable OSI pattern in the true lumen. Corresponding to
high TAWSS values, the tear and the anterior wall of the false lumen bulge present a
region of low OSI values close to zero. The curvature of the arch induced flow reversal
and directional changes presenting a moderate OSI value with a number of localized
areas of zero value. The posterior surface of the false lumen bulge and the anterior
surface of the distal false lumen experienced high OSI owing to the unsteady flow

reattachment.

TAWSS [Pa]
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Figure 6.9: TAWSS (top) and OSI (bottom) contours in the validation model from right

anterior (left) and left posterior (right) view angles.

Based on the complex velocity profiles demonstrated by both the MR data and
simulation results, the flow in the validation model was highly disturbed, and may even
become transitional and turbulent in the false lumen. Owing to the application of SST
Tran model, the turbulence characteristics of the flow was also analyzed. Figure 6.10
shows the isosurfaces of Tu levels at the mid-systolic deceleration phase. The velocity

profiles have proved the presence of retrograde and highly helical flow in the false
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lumen at this time point. As can be seen from Figure 6.10, a large region of Tu levels of
5% was located in the upper part of the thoracic false lumen. The Turbulence intensity
can reach 44% in the middle of this region where the AP velocity profile revealed a flow
reversal. The high Tu levels were probably induced by the flow which was jetted from
the entry tear, subsequently impinged on the anterior lumen surface and expanded in
the false lumen bulge. A localized small region of 5% Tu can also be seen in the distal

part of the thoracic false lumen.
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Figure 6.10: Turbulence intensity isosurfaces of the validation model at midsystolic

deceleration phase.
6.4.4 Discussion

Flow rate in the false lumen is considered as a key feature for false lumen patency,
which is the most important predictor of adverse early and later outcomes (Eggebrecht
et al. 2005). One of the key findings of the multiple cases study was the correlation
between the size and location of the proximal entry tear and the false lumen flow rate.
This relationship was based on the computational results of ten patient-specific models
with a number of assumptions and simplified boundary conditions. In this validation
study, the flow rate in the false lumen calculated from the computational simulation was
compared with that from the MR data. As can be seen in Figure 6.3, the computational
model gave a comparable result to the MR data with similar flow rate waveform
especially during systole as well as the percentage of flow in the false lumen (80% vs.
76%). The size and location of the proximal entry tear and the percentage of false lumen
flow rate extracted from the MR data were found to fit well to the regression lines
presented in Figures 4.4-4.6. The normalized root-mean-square deviations (RMSD) of

the flow rate data of the validation model from the regression lines derived from the ten
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patient-specific cases are 0.8%, 6.5%, and 3.2% for the ratio of tear circumferential
diameter and aorta diameter, the tear longitudinal diameter and distance between the
tear and arch top, respectively. Although the regression lines were based on limited
number of cases, they could represent general relationships between the geometric

parameters and the flow distribution in dissected aorta.

Further careful comparison was carried out between the velocity profiles extracted from
MR images and the simulation results at the upper middle level of the descending aorta.
The velocity data were compared in each of the three directions for a more detailed
assessment. As shown in Figures 6.4 - 6.7, velocity profiles from the simulation results
were comparable to those from the MR data. The profiles in the true lumen were well
organized with similar patterns during the systolic period of the cardiac cycle. No
retrograde flow was found in the true lumen as the velocity component in the FH
direction was mainly pointing downwards (from head to feet) throughout the cardiac
cycle. Velocity components in the other two directions also showed consistent patterns
in pointing towards the posterior and right direction respectively, which were caused by
the bending, curvature, and cross-section changes of the true lumen. The organized flow
pattern in the true lumen, which has been demonstrated in many other cases included in
this study, was probably owing to the compressed size and relatively straight geometry
of the lumen. Velocity profiles in the false lumen presented much more complicated
flow patterns. At the mid-systolic acceleration and peak systole, the main direction of
the flow was from superior to inferior with the highest velocity close to the left and
anterior wall. Reversed flow started to appeal in the FH direction during the mid-
systolic deceleration period demonstrating the presence of retrograde flow in the left
anterior region of the false lumen. The flow reversal continued to the early diastolic
phase with expanded area and elevated velocity in the superior direction. The velocity
components in AP and RL direction both presented reversed flow during the whole
cardiac cycle. The profiles demonstrated the presence of highly helical flow swirling in
clockwise in the false lumen. Although the flow patterns are extremely complex as
shown in the velocity profile figures, the computational model has successfully captured
the regions of flow reversal and recirculation qualitatively and quantitatively. The good
agreement has confirmed the reliability and validity of the computational model utilized
in the multiple cases and single case studies in providing quantitative data on flow
patterns and hemodynamic parameters in dissected aorta. Differences can be observed
between the MR measured velocity profiles and the simulation results in localized

regions at some time points, especially when the velocity is low. This difference is most
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likely caused by the imaging noise of the MR images, which has a more appreciable
effect when the velocity magnitude is relatively low hence more sensitive to the noise.
The rigid wall assumption, which excluded the windkessel function of the proximal
aorta and the wall motion at the acute phase of the dissection, may also contribute to the

minor difference observed here.

The flow pathlines shown in Figure 6.8 displayed the disturbed and highly helical flow
pattern in the false lumen as well as organized flow in the true lumen. This was
confirmed by the high turbulence intensity levels of up to 44% in the false lumen
proximal to the entry tear. This region was found to be the most likely place to develop
disturbance and turbulence flow in the dissected aorta, as demonstrated by the multiple
cases study. The distribution of TAWSS and OSI in the validation model was
characterized by high TAWSS on the edge of the entry tear and low TAWSS on the
surface of upward extension part of the false lumen, similar to the other patient-specific
cases included in this study. A number of localized areas of high OSI are found on the
false lumen surface due to the flow disturbance. These general features of wall shear

stress and OSI are probably applicable to most of the dissection models.
6.5 Summary

To validate the computational model of aortic dissection utilized in the multiple cases
and the single case study, 3D MR images, which contain the velocity information of the
flow in three perpendicular directions, were used for validation. Comparisons of velocity
profiles were made in three directions of the velocity components between the
simulation results and MR data. A very good agreement was demonstrated in both the
velocity profiles and the flow distribution between the two lumens. The comparison
results have proved the reliability and validity of the computational model and the
simulation approach. Combined with the analysis of the hemodynamic conditions, the
validation model has also supported the results concluded from the multiple cases study

and the single case study.
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Chapter 7

Conclusion and Recommendations

7.1 Main conclusions

This study involved a group of patients who have suffered from uncomplicated type B
aortic dissection. As the most suitable treatment for these patients is still a dilemma for
surgeons, the aim of the study is to identify the haemodynamic factors that are
associated with late dilatation and aneurysmal degeneration in uncomplicated type B
aortic dissection, with an ultimate goal to assist surgeons in choosing the optimal
treatment protocol for individual patient. By means of computational fluid dynamics, the
present study investigated the flow patterns and haemodynamic factors in type B

dissection models that were reconstructed from patient-specific CT images.

The thesis includes three subsets of studies for different research purposes, and a total
of 12 patient-specific models were thoroughly analysed. Realistic pulsatile flow,
transitional turbulence flow model, and patient-specific geometries were applied in the
flow simulations. The multiple cases study involved 10 patients with typical type B
aortic dissections, and detailed flow analysis was carried out for each model to
investigate anatomical and flow characteristics in dissected aorta, especially the
correlations between the morphological factors, and the flow patterns and
haemodynamic parameters. The single case study was based on a series of follow-up
scans of a patient who has been under surveillance for a long time but stayed stable.
Flow analysis was performed on the initial and mid-term models to assess the role of the
key haemodynamic and morphological factors identified from the multiple cases study
in the progression of aortic dissection. The computational model, applied to the patient-

specific study, was then validated by quantitative comparisons of flow velocity contours
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between the simulation results and the flow data extracted from the 4D phase contrast
MR images. Velocity components in three orthogonal directions, which could show the

secondary flow patterns, were included in the validation.
The main findings of the thesis are as follows:

e The geometry of the aorta affected by type B aortic dissection can be extremely
complex with large variation from patient to patient. Morphological
characteristics, such as the extent of dissection, the curvature of dissected aorta,
the location and size of the primary tear, and the narrowing scale of the true
lumen, are highly patient-specific. These morphological factors, which determine
the flow pattern and haemodynamic environment in dissected aorta, are
believed to play an important role in the long-term development of aortic

dissection.

e The location and size of the primary tear determine the amount of flow
circulating in the false lumen. The results of multiple cases study demonstrate
that flow in the false lumen (expressed in terms of percentage of the total aortic
flow in the thoracic aorta) is strongly correlated with (i) the longitudinal
diameter of the primary tear, (ii) the ratio of circumferential diameter of the
primary tear to aorta diameter, and (iii) the distance between primary tear and
arch top. Larger primary tear diameter (both longitudinal and circumferential)
or shorter distance from the top of aortic arch can lead to increased flow rate
into the false lumen. As large amount of blood flow would keep false lumen
patent and less likely to be thrombosed, aortic dissection patients who have a
large primary tear with a proximal location may be at higher risk of developing

aneurysm or late degeneration.

e General characteristics of flow patterns in dissected aortas have been
demonstrated to be extremely complex with recirculating and disturbed flow
dominating in the descending aorta especially in the false lumen. High
turbulence intensity, up to 70%, can be found in some of the patient-specific
models. The results indicate that the flow is likely to be turbulent, and the region
surrounding the tear is the most possible site experiencing the highest levels of

disturbed or turbulent flow.
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The turbulence intensity in dissected aorta is found to be significantly influenced
by the relative stenosis of the true lumen. The dissection models with high levels
of turbulence intensity are characterised by a relative smaller narrowing scale
(defined as the ratio of the diameter of the narrowed true lumen to the
unaffected aorta). Hence, the flow is more likely to be turbulent in the dissected

aorta where the true lumen is highly compressed by the false lumen.

High WSS can be found on the edge of the tear in all the dissection models, while
low WSS was normally located in the superior region of the false lumen that had
extended upward. The high levels of WSS acting on the edge of tear could enlarge
the primary tear diameter, since high WSS may induce more aggressive lesions
on the tear. The helical and recirculating flow in the dissected aorta also induced
high OSI values in localized regions on the lumen surface. Very low and highly
oscillating WSS as well as longer relative residence time could be found at the
same sites where thrombus was formed in the false lumen. The high WSS at the
tear site which could activate platelets in the blood flowing through the tear, and
the extremely low and highly oscillating WSS, as well as long relative residence
time, could promote thrombus formation in the false lumen, thereby reducing

the risk of late degeneration.

The computational model has been validated by comparing flow distributions
between the true and false lumens and flow velocity profiles between the
simulation results and in vivo phase contrast MR images. The good agreement
achieved gives credence to the application of the utilized model, including the
assumptions and boundary conditions, as well as the application of SST-Tran
turbulence model.. The evaluation study shows the promise of the model in
capturing complex flow patterns in patient-specific models of type B aortic

dissection, thus providing a promising method for further research.

In this study, systemic examinations of the flow patterns and haemodynamic factors in

dissected human aortas have been performed, and possible links have been identified

between certain morphological and haemodynamic parameters and the progression of

aortic dissection. The results have provided preliminary evidence for the important

roles of high and low WSS, oscillating WSS, location and size of primary tear in the

development of dissection, which will require further assessment on a larger scale study.
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7.2 Model assumptions and limitations

A number of model assumptions and limitations exist in the present study, including the
assumption of rigid aortic wall, blood as a Newtonian fluid whereas it is in fact a shear-
thinning fluid, exclusion of smaller arterial branches in patient-specific models, and
limited number of cases. These assumptions and limitations are likely to have some

influences on the predicted flow patterns and implications of our findings.

7.2.1 Rigid wall assumption

The wall of the patient-specific model was assumed to be rigid with no displacement
although it is compliant in vivo. The flap and wall motion were not incorporated in the
simulation of patient-specific cases due to the unavailability of wall thickness and the
mechanical properties of the dissected wall. As discussed in Chapter 3, the similar
density of dissected wall, thrombus and other tissues around the aorta makes it
impossible to accurately acquire the geometry of the dissected aortic wall especially the
intimal flap from standard CT and MR images. In a dissected aorta, neither the true nor
the false lumen is bounded by a complete wall as the intimal tear splits the aortic wall in
the media layer. The intimal flap comprises the intima and part of the media, whereas
the outer wall of the false lumen contains the rest of media and entire adventitia. The
heterogeneous mechanical models required for different parts of the dissected aortic
wall are currently unavailable. Furthermore, the degree of dissection in the media layer
varies from subject to subject inducing different compositions of media tissue in the
intimal flap and outbound layer of the false lumen. This diversity leads to specific
mechanical property for each subject model. Also, as dissection commonly extends to
the abdominal aorta even affecting the iliac arteries, in order to get accurate simulation
results, the dissection model should ideally cover the whole dissected aorta. The large
size and complexity of the model will demand extensive computational resources for

fluid-structure interaction (FSI) simulations.

Ganten et al. (2009) investigated the intimal flap and wall motion in a type B aortic
dissection by using dynamic, ECG-gated CT imaging technique. It was found that the
aortic wall distensibility in aortic dissection could be remarkably reduced when
compared to healthy subjects, and the average narrowing degree induced by the flap
motion was 4.4%. The effect of wall motion on the flow patterns and wall shear stress
distribution was investigated in a thoracic aortic aneurysm model by incorporating FSI
simulation (Tan et al. 2009). The study demonstrated a marginal difference in the

results of the rigid and FSI simulations in the aneurysm model. Therefore, carrying out
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expensive FSI simulations may not be necessary at the current stage. But it would still be
desirable to include wall compliance to study the effects of flap and wall motion on the
flow patterns in aortic dissection model. Moreover, the “windkessel” function of the
proximal aorta, which converts intermittent flow from the heart to a continuous and
steady flow across the capillaries, can alter the blood pressure and flow rate waveforms
in the descending aorta, thus inducing possible changes in flow patterns in the distal
aorta. Hence, it would be desirable to consider the “windkessel” effect and incorporate a
compliant proximal aorta into FSI model. In the future, when a better understanding of
the material properties of each layer of aortic wall and a higher computing power
become available, as well as advanced imaging modalities providing better wall

identification, this assumption can be relaxed.

7.2.2 Blood as a Newtonian fluid

The blood was treated as an incompressible and Newtonian fluid in the patient-specific
flow models. Although blood does not exhibit a constant viscosity at all flow rate, it is
widely accepted that blood behaves in a Newtonian fashion in most arteries (Ku 1997).
Previous numerical studies have also indicated that the influences of shear thinning
properties of blood are not significant for flow in large arteries (Perktold et al. 1991; Cho
& Kensey 1991). As shear rates in the dissection model could be quite low especially in
the proximal region of the false lumen, blood may behaviour as a non-Newtonian fluid in
localised areas. In order to examine the effect of non-Newtonian viscosity of blood in
aortic dissection, the Quemada model, which calculates the apparent viscosity based on
a minimum energy dissipation analysis (Quemada 1978), was incorporated into the
transitional flow model on one of the aortic dissection model. Compared with the results
of the Newtonian simulation, the non-Newtonian model predicted a very similar TAWSS
and pressure distribution with a slightly lower peak value. Hence, this assumption is
unlikely to have a qualitative effect on the predicted flow pattern and TAWSS

distribution in the dissection model.

7.2.3 Simplified patient-specific model geometry

The patient-specific models usually include the entire aorta depending on the extent of
dissection. The aorta, starting from the root of ascending aorta to the iliac bifurcation,
branches into a number of arteries supplying blood to various organs. Due to the
unavailability of boundary information for the branches, the dissection models in this
study were simplified by excluding all the branches off the aorta. Shahcheraghi et al.
(2002) reported about 15-20% of the total blood is distributed to the upper extremities’
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vessels on the aortic arch. To compensate for the flow lost through the three arch
branches, the original velocity waveform applied at the inlet was scaled down to ensure
realistic flow rate into the descending aorta where type B aortic dissection occurs.
Except the three branches off the aortic arch, other arteries become successively smaller
in diameter. The small branches are likely to have limited influence on the overall flow
patterns of the dissection model, especially the region near the site of entry tear, which

is of the most interest in this study.

7.2.4 Limited patient-specific cases

In this thesis, ten patient-specific cases were included in the multiple cases study, which
were characterized by typical type B aortic dissection. Although similar patterns of WSS
distribution and strong correlations between morphological factors and flow
distributions in dissected lumens have been found from the simulation results, it is
necessary to perform flow analysis on a larger number of patients to further test the
findings for statistical significance. The longitudinal study and model validation study
were also limited to one case for each. Recruiting more cases with follow-up scans
would be highly desirable to further investigate the role of haemodynamic factors in the
progression of aortic dissection with various long-term outcomes. As type B aortic
dissection is a relatively rare cardiovascular disease, it is difficult to recruit a large
number of suitable patients for flow analysis. Collaborations between hospitals and
specialised medical centres could probably solve the problem by providing a broader
medical image database of dissection patients. Phase contrast MR images for more
dissection models are also essential for a more comprehensive validation. Although
phase contrast MR imaging is currently not a routine diagnostic method for aortic
dissection, its powerful function in identifying dissection and tear site has been noticed
and gradually adopted in diagnosis and surveillance of aortic dissection patients. This

would allow a thorough validation analysis on the dissection model utilized in this study.

7.3 Suggestions for future work
7.3.1 Haemodynamic investigation with dynamic wall motion

In the study, the absence of the wall motion in the flow analysis of patient-specific cases
is considered as a major limitation. The lack of information on material properties of
dissected aortic wall and pulsating pressure in the true and false lumen makes it difficult
to obtain reliable results from fluid-structure interaction study on patient-specific cases.
Although as mentioned in the previous section, the average wall motion of aortic

dissection subjects is limited, it is still necessary to estimate the effects of the dynamic
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wall motion on flow in patient-specific models to further complete the study. One
proposed method as a first step towards this goal is to set up a patient-specific model

with prescribed wall motion measured from cine MR imaging.

To set up such a model includes two important steps. The first step is to obtain realistic
wall motion from medical images of dissection patients. Current time-resolved imaging
modalities, such as ECG-gated dynamic CT or cine MR, can be utilized for the
development of patient-specific dynamic motion models as it can generate cross
sectional images of the aorta dissection at multiple time points during a cardiac cycle.
Ganten et al. (2009) examined a group of 32 patients with conservatively treated type B
dissection by using a 16-row multidetector-row CT. The motion of the flap and outbound
wall has been successfully observed from 20 time frames per heart cycle. The high
resolution of CT images makes it possible to record even small movements of the
dissected wall. 4D MR could also capture the images of dissected wall, as well as patient-
specific flow information, at multiple time points throughout the cardiac cycle by
specifying suitable trigger time and acquisition window. Once the cross-sectional images
are performed along the length of dissected aorta at any time point, the realistic motion

of the entire flap and outbound wall could be achieved.

The second step is to incorporate the measured wall motion into the flow model. Based
on the time-resolved CT or MR images, the geometries of the true and false lumen can be
reconstructed at various time points. The deformation of the lumen area can be
incorporated by specifying the coordinate of each nodal point of the lumen mesh as a
function of time. Torii et al. (2010) used an in-house finite-element program with the
lumenal-wall displacement prescribed in CFD as boundary conditions on the wall to
assess the effects of dynamic vessel motion on coronary hemodynamics. A fully subject-
specific model of the geometry, motion and input flow conditions of the right coronary
artery, was developed based on MR acquisitions, and the computational results showed
the effect of vessel motion on velocity profiles in the right coronary artery. The idea and
methods of incorporating prescribed wall motions in CFD as boundary conditions could
be applied to dissection models to investigate the effects of flap and wall motion on

aortic dissection haemodynamics.

7.3.2 Material properties of dissected aortic wall

It has been suggested by previous researches that increasing wall stress on aneurysmal
wall could be the ultimate cause of aneurysm rupture. Hence, to further continue this

study, knowledge of wall stresses in an aortic dissection may be helpful in evaluating the
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need for immediate surgical intervention to avoid rupture of dissected wall. The wall
stress analysis in aortic dissection must be preceded by the development of a suitable
material model for aortic dissection, which is currently unavailable. Patient-specific
material parameters of the dissected aortic wall are essential for reliable stress analysis

of clinical relevance. The parameters are difficult to determine via non-invasive methods.

A variety of methods have been developed and implemented to explore the material
properties of normal and diseased aortic tissue with respect to tensile, inflation, tearing,
splitting, and peeling tests performed on human, porcine, and canine aortic tissues.
These previous tests include tensile tests in radial, circumferential, and axial directions
(MacLean et al. 1999; Mohan & Melvin 1982; Vorp et al. 2003), and inflation tests
(Mohan & Melvin 1983; Groenink et al. 1999). The mechanical testing methods could be
applied to dissected aorta wall specimens to obtain the material parameters, such as
tensile strength, ultimate stress of inflation, and tear breaking stress. The experimental
data from dissection specimens can be used to determine and estimate the material

parameters of dissected wall model.

Also, as the three main components of arterial wall, including the rubberlike protein
elastin, the stiff fibrous protein collagen, and smooth muscle cells, were found to be
structured in medial lamellar units in the media layer of the aorta (Sommer et al. 2008),
this structure makes the media prone to be cleaved parallel to the elastic lamellae, and
the dissection could happen in any level of the media. Hence, the thickness and
composition of flap and outbound dissected wall are different from patient to patient.
The mechanical testing method could also be utilized to examine wall tissue with
different level of dissections in media to understand the effect of media layer thickness

on the material properties of dissected wall.

174



Appendix: List of Publications

Journal Publications

Cheng, Z., Tan, F. P. P,, Riga, C. V., Bicknell, C. D., Hamady, M. S., Gibbs, R. G., Wood, N. B,
Xu, X. Y. (2010), ‘Analysis of Flow Patterns in a Patient-specific Aortic Dissection Model’,
J. Biomech. Eng. 132(5):051007.

Xu, X. Y., Borghi, A, Nchimi, A., Leung, ]., Gomez, P., Cheng, Z., Defraigne, J. 0., Sakalihasan,
N. (2010), ‘High Levels of 18F-FDG Uptake in Aortic Aneurysm Wall Are Associated with
High Wall Stress’, Eur. ]. Vasc. Endovasc. Surg. 39: 295-301.

Xu, X. Y., Leung, J. H., Borghi, A., Cheng, Z., Wood, N. B. (2008), ‘Subject-specific Analysis
of Biomechanical Forces in Aortic Aneurysms’, Aortic aneurysm: New insights into an

old problem Liege: Les Editions de I'Universite de Liege, pp. 101-114.

Cheng, Z., Riga, C. V., Chan, ], Hamady, M. S., Wood, N. B., Cheshire, N. ]. W,, Xu, X. Y.,
Gibbs, R. G.]. (2011), ‘Computational Simulation of the Aorta in Acute Type B Dissection’.

Submitted to Journal of Vascular Surgery.

Conference Proceedings

Biomechanics Analysis of an Abdominal Aortic Aneurysm using Patient-specific Data
(poster & oral presentation), International Meeting on Aortic Diseases: New insights
into an old problem- CHU Liege, Belgium, September, 2008.

Comparison of Flow and Wall Shear Stress Patterns in Different Patient-specific Models
of Type B Aortic Dissection (poster presentation), International Meeting on Aortic

Diseases: New insights into an old problem- CHU Liege, Belgium, September, 2008.

Flow and Wall Shear Stress Patterns in a Patient-specific Model of Aortic Dissection

(poster presentation), Bioengineering 08, Imperial College London, September 2008.

175



Comparison of Flow and Wall Shear Stress Patterns in Different Patient-specific Models
of Type B Aortic Dissection (poster presentation), Cardiovascular Technology Network,
3rd Symposium, Institute of Biomedical Engineering, National Heart and Lung Institute

and Education Centre, Royal Brompton Hospital, London, December, 2008.

Comparison of Flow and Wall Shear Stress Patterns in Different Patient-specific Models
of Type B Aortic Dissection (oral presentation), The 4th Symposium on Biomechanics in

Cardiovascular Disease: Shear Stress in Vascular Biology, Rotterdam, April, 2009.
Elucidation of the Role of Morphological Changes and Biomechanical Forces in the
Progression of Type B Aortic Dissection (oral presentation), The 6th World Congress of

Biomechanics (WCB 2010), Singapore, August, 2010.

Computational Flow Analysis of Type B Aortic Dissection (oral presentation),

Endovascology 2011, Shanghai, China, October, 2011.

176



Bibliography

Ahmad F., Cheshire N. & Hamady M. (2006), ‘Acute aortic syndrome: pathology and
therapeutic strategies’, Postgrad Med ]. 82 (967): 305-312.

Akiyama, M., Ohtani, H., Sato, E., Nagura, H. & Tabayashi, K. (2006), ‘Up-Regulation of
Matrix Metalloproteinase-2 and Membrane-Type 1-Matrix Metalloproteinase Were
Coupled With That of Type [ Procollagen in Granulation Tissue Response After the Onset
of Aortic Dissection’, Virchows Arch. 448: 811-821.

Ali, M. H. & Schumacker, P. T. (2002), ‘Endothelial Responses to Mechanical Stress:
Where Is the Mechanosensor?’, Crit. Care. Med. 30(5): S198-5206.

Anaheim, CA.Truijers, M., Pol, ]. A, Schultzekoo], L. ]., van Sterkenburg, S. M., Fillinger, M.
F. & Blankensteijn, ]. D. (2007), ‘Wall Stress Analysis in Small Asymptomatic,
Symptomatic and Ruptured Abdominal Aortic Aneurysms’, Eur. ]J. Vasc. Endovasc. Surg.

33(4):401-7.

Arts, C. H. P, Muhs, B. E, Moll, F. L. & Verhagen, H. ]. M. (2007), ‘Endovascular
Management of Type B Aortic Dissection’, In: Davies, A. H., Mitchell, A. W. M, eds.
Vascular and endovascular surgery highlights 2006-07. Abingdon: Health Press.

Barth, T. ]. & Jesperson, D. C. (1989), ‘The Design and Application of Upwind Schemes on
Unstructured Meshes’, AIAA Paper 89-0366.

Bazilevs, Y., Calo, V. M., Zhang, Y. & Hughes, T.]. R. (2006), ‘Isogeometric Fluid-Structure
Interaction Analysis with Applications to Arterial Blood Flow’, Comput. Mech. 38(4-5):
310-322.

Bazilevs, Y., Hsu, M. C,, Zhang, Y., Wang, W, Liang, X., Kvamsdal, T., Brekken, R. & Isaksen,
J. G. (2010), ‘A Fully-Coupled Fluid-Structure Interaction Simulation of Cerebral

Aneurysms’, Comput. Mech. 46(1): 3-16.

Beller, C. ., Labrosse, M. R., Thubrikar, M. ]J. & Robicsek, F. (2004), ‘Role of Aortic Root

Motion in the Pathogenesis of Aortic Dissection’, Circulation. 109: 763 - 769.

177



Bellhouse, B. & Bellhouse, F. (1969), ‘Fluid Mechanics of Model Normal and Stenosed
Aortic Valves’, Circ. Res. 25(6):693-704.

Benedikt, V. C., Peter, W., Gustav F., Andreas, H. D., Kurt, E. R, Reto, ]J. B,, Reinhold, P. &
Werner, R. ]. (2000), ‘Treatment of Stanford Type B Aortic Dissection with Stent-Grafts:
Preliminary results’, Radiology 217: 544-550.

Berger, S. A. & Jou, L. D. (2000), ‘Flow In Stenotic Vessels’, Annu. Rev. Fluid Mech. 32:
347 - 382.

Berguer, R, Bull, J. L. & Khanafer, K. (2006), ‘Refinements in Mathematical Models to
Predict Aneurysm Growth and Rupture’, Ann. N.Y. Acad. Sci. 1085: 110-116.

Bernard, Y., Zimmermann, H., Chocron, S., Litzler, ].F., Kastler, B., Etievent, ]J. P,
Meneveau, N., Schiele, F. & Bassand, J. P. (2001), ‘False Lumen Patency as a Predictor of
Late Outcome in Aortic Dissection’, AM ] CARDIOL 87: 1378-1382.

Bluestein, D. (2004), ‘Research Approaches for Studying Flow-Induced Thromboembolic
Complications in Blood Recirculating Devices’, Expert Rev. Med. Devices. 1(1):65-80.

Bluestein, D., Gutierrez, C., Londono, M. & Schoephoerster, R. T. (1999), ‘Vortex Shedding
in Steady Flow Through a Model of an Arterial Stenosis and Its Relevance to Mural

Platelet Deposition’, Ann. Biomed. Eng. 27: 763-773.

Bluestein, D., Niu, L., Schoephoerster, R. T. & Dewanjee, M. K. (1997), ‘Fluid Mechanics of
Arterial Stenosis: Relationship to the Development of Mural Thrombus’, Ann. Biomed.

Eng. 25: 344-356.

Bogren, H. G., Buonocore, M. H., Valente, R. ]. (2004), ‘Four-Dimensional Magnetic
Resonance Velocity Mapping of Blood Flow Patterns in the Aorta in Patients with
Atherosclerotic Coronary Artery Disease Compared to Agematched Normal Subjects’, .

Magn. Reson. Imaging 19: 417-427.

Borghi, A. (2007), ‘Computational Analysis of Flow and Stress Patterns in Thoracic

Aortic Aneurysms: A Patient Specific Study’, PhD thesis, Imperial College London, UK.

178



Borner, N., Erbel, R, Braun, B., Henkel, B., Meyer, ]. & Rumpelt, ]. (1984), ‘Diagnosis of
Aortic Dissection By Transesophageal Echocardiography’, Am. J. Cardiol. 54(8): 1157-
1158.

Boussel, L., Rayz, V., McCulloch, C., Martin, A., Acevedo-Bolton, G., Lawton, M., Higashida,
R., Smith, W. S, Young, W. L. & Saloner, D. (2008), ‘Aneurysm Growth Occurs at Regions
of Low Wall Shear Stress: Patient-Specific Correlation of Hemodynamics and Growth in a

Longitudinal Study’, Stroke 39: 2997-3002.

Boussel, L., Rayz, V. McCulloch, C., Martin, A, Acevedo-Bolton, G. et al. (2008),
‘Aneurysm Growth Occurs at Region of Low Wall Shear Stress: Patient-Specific
Correlatin of Hemodynamics and Growth in a Longitudinal Study’, Stroke 39: 2997-
3002.

Brown, C. H. 3rd., Leverett, L. B, Lewis, C. W., Alfrey, C. P. Jr. & Hellums, ]J. D. (1975),
‘Morphological, Biochemical, and Functional Changes in Human Platelets Subjected to

Shear Stress’, ]. Lab. Clin. Med. 86(3):462-71.

Bryant, D. |, Payne, |. A., Firmin, D. N. & Longmore, D. B. (1984), ‘Measurement of Flow
with NMR Imaging Using a Gradient Pulse and Phase Difference Technique’, ]. Comout.
Assist. Tomogr. 8(4): 588-593.

Canstein C, Cachot P, Faust A, Stalder AF, Bock ], Frydrychowicz A, Kiiffer ], Hennig |,
Markl M. (2008), ‘3D MR flow analysis in realistic rapid-prototyping model systems of
the thoracic aorta: comparison with in vivo data and computational fluid dynamics in

identical vessel geometries’, Magn Reson Med. 59(3):535-46.

Caro, C. G., Doorly, D. ], Tarnawski, M., Scott, K. T., Long, Q. & Dumoulin, C. L. (1996),
‘Non-Planar Curvature and Branching of Arteries and Non-Planar-Type Flow’, Proc. R.

Soc. Lond. A 452(1944): 185 - 197.

Cebral, J. R, Castro, M. A,, Burgess, . E., Pergolizzi, R. S., Sheridan, M. ]. & Putman, C. M.
(2005), ‘Characterization of Cerebral Aneurysm for Assessing Risk of Rupture By Using
Patient-Specific Computational Hemodynamics Models’, AJNR Am. J. Neuroradiol 26:
2550-2559.

179



Cebral, J. R, Yim, P. ], Lohner, R. (2002), ‘Blood Flow Modeling in Carotid Arteries Using
Computational Fluid Dynamics and Magnetic Resonance Imaging’, Acad. Radiol. 9: 1286-
1299.

Chadwick, ]. W. & Lam, E. W. N. (2010), ‘The Effects of Slice Thickness and Interslice
Interval on Reconstructed Cone Beam Computed Tomographic Images’, Oral and

maxillofacial radiology 110(4): e37 - e42.

Chatzizisis, Y. S., Coskun, A. U, Jonas, M., Edelman, E. R., Stone, P. H. & Feldman, C. L.
(2007), ‘Risk Stratification of Individual Coronary Lesions Using Local Endothelial Shear
Stress: A New Paradigm for Managing Coronary Artery Disease’, Curr. Opin. Cardiol. 22:

552-564.

Chatzizisis, Y. S., Jonas, M., Coskun, A. U., Beigel, R, Stone, B. V., Maynard, C., Gerrity, R. G.,
Daley, W., Rogers, C., Edelman, E. R,, Feldman, C. L. & Stone, P. H. (2008), ‘Prediction of
the Localization of High-Risk Coronary Atherosclerotic Plaques on the Basis of Low

Endothelial Shear Stress’, Circulation. 117: 993-1002.

Cheng GC, Loree HM, Kamm RD, Fishbein MC, Lee RT. (1993), ‘Distribution of
circumferential stress in ruptured and stable atherosclerotic lesions. A structural

analysis with histopathological correlation’, Circulation. 87(4):1179-87.

Cheng, C., Tempel, D., van Haperen, R, et al. (2006), ‘Atherosclerotic Lesion Size and
Vulnerability are Determined By Patterns of Fluid Shear Stress’, Circulation 113: 2744-
2753.

Cho, Y. I. & Kensey, K. R. (1991), ‘Effects of the Non-Newtonian Viscosity of Blood on
Flows in a Diseased Arterial Vessel. Part 1: Steady Flows’, Biorheology 28: 241 - 262.

Cho, Y. I. & Kensey, K. R. (1991), ‘Effects of the Non-Newtonian Viscosity of Blood on
Flows in a Diseased Arterial Vessel. Part 1: Steady Flows’, Biorheology 28: 241-262.

Chung, ]. W, Elkins, C., Sakai, T., Kato, N., Vestring, T., Semba, C. P., Slonim, S. M. & Dake,

M.D. (2000), ‘True-Lumen Collapse in Aortic Dissection: Part I. Evaluation of Causative

Factors in Phantoms with Pulsatile Flow’, Radiology 214: 87-98.

180



Cigarroa, ]. E., Isselbacher, E. M., DeSanctis, R. W. & Eagle, K. A. (1993), ‘Diagnostic
Imaging in the Evaluation of Suspected Aortic Dissection - Old Standards and New

Directions’, Eng. ]. Med. 328(1): 35-43.

Coady, M. A, Rizzo, J. A, Hammond, G. L, Mandapati, D., Darr, U, Kopf, G. S. &
Elefteriades, J. A. (1997), ‘What is the Appropriate Size Criterion for Resection of

Thoracic Aortic Aneurysms?’, J. Thorac. Cardiovasc. Surg. 113: 476-491.

Cosellj, J. S., LeMaire, S. A. & Buket, S. (1995), ‘Marfan Syndrome: The Variability and
Outcome of Operative Management’, . Vasc. Surg. 21(3): 432-443.

Crawford, E. S. (1990), ‘The Diagnosis and Management of Aortic Dissection’, JAMA
264(19): 2537-3541.

Dailey, P. O., Trueblood, H. & Stinson, E. B. (1970), ‘Management of Acute Aortic
Dissection’, Ann Thorac Surg 10: 237-246.

Dalman, R. L., Tedesco, M. M., Myers, ]. & Taylor, C. A. (2006), ‘AAA disease.mechanism,
stratification and treatment’, Ann. N. Y. Acad. Sci. 1085, 92-1009.

Davies, R. R, Gallo, A., Coady, M. A,, Tellides, G., Botta, D. M., Burke, B., Coe, M. P., Kopf, G.
S. & Elefteriades, ]. A. (2006), ‘Novel Measurement of Relative Aortic Size Predicts

Rupture of Thoracic Aortic Aneurysms’, Ann. Thorac. Surg. 81: 169-177.

Demos, T. C., Posniak, H. V. & Churchill, R. ]. (1986), ‘Detection of the Intimal Flap of
Aortic Dissection on Unenhanced CT Images’, AJR Am. ]. Roentgenol. 146(3):601-3.

Di Martino ES, Bohra A, Vande Geest JP, Gupta N, Makaroun MS, Vorp DA. (2006),
‘Biomechanical properties of ruptured versus electively repaired abdominal aortic

aneurysm wall tissue’, ] Vasc Surg. 2006 Mar;43(3):570-6.
Di Martino, E. S. & Vorp, D. A. (2003), ‘Effect of Variation in Intraluminal Thrombus

Constitutive Properties on Abdominal Aortic Aneurysm Wall Stress’, Ann. Biomed. Eng.

31(7): 804-809.

181



DiMusto, P. D., Williams, D. M., Patel, H. ]., Trimarchi, S., Eliason, J. L. & Upchurch, G. R. Jr.
(2010), ‘Endovascular Management of Type B Aortic Dissections’, J. Vasc. Surg. 52: 26S -
36S.

Eagle, A. K. & DeSanctis, R. W. (1989), ‘Aortic Dissection’, Curr. Probl. Cardiol. 14(5):
225-278.

Eagle, K. A, Quertermous, T., Kritzer, G. A, Newell, ]. B,, Dinsmore, R., Feldman, L. &
Desanctis, R. W. (1986), ‘Spectrum of Conditions Initially Suggesting Acute Aortic
Dissection But With Negative Aortograms’, Am. J. Cardiol. 57(4): 322-326.

Eggebrecht, H., Herold, U., Kuhnt, 0., Schmermund, A., Bartel, T., Martini, S., Lind, A.,
Naber, C. K., Kienbaum, P., Kuhl, H., Peters, ], Jakob, H., Erbel, R. & Baumgart, D. (2005),
‘Endovascular Stent-Graft Treatment of Aortic Dissection: Determinants of Post-

Interventional Outcome’, Eur. Heart. ]. 26: 489-497.

Ekaterinaris, J. A, Ioannou, C. V. & Katsamouris, A. N. (2006), ‘Flow Dynamics in

Expansions Characterizing Abdominal Aorta Aneurysms’, Ann. Vasc. Surg. 20(3):351-9.

Elefteriades, J. A., Lovoulos, C. ], Coady, M. A, Tellides, G., Kopf, G. S. & Rizzo, J. A. (1999),
‘Management of Descending Aortic Dissection’, Ann. Thorac. Surg. 67: 2002-2005.

Erbel, R., Alfonso, F., Boileau, C., Dirsch, O., Eber, B., Haverich, A., Rakowski, H., Struyven,
], Radegran, K., Sechtem, U. Taylor, ]J.,, Zollikofer, C., Klein, W. W., Mulder, B. &
Providencia, L. A. (2001), ‘Diagnosis and Management of Aortic Dissection’, Eur. Heart. ].

22:1642-1681.

Erbel, R, Daniel, W,, Visser, C., Engberding, R., Roelandt, ]J., Rennollet, H. The European
Cooperative Study Group For Echocardiography (1989), ‘Echocardiography in Diagnosis
of Aortic Dissection’, The Lancet, 333(8636): 457-461.

Fattori, R, Tsai, T. T., Myrmel, T., Evangelista, A., Cooper, ]. V., Trimarchi, S., Li, ], Lovato,

L., Kische, S., Eagle, K. A,, Isselbacher, E. M. & Nienaber, C. A. (2008), ‘Complicated Acute
Type B Dissection: Is Surgery Still the Best Option?’, ]. Am. Coll. Cardiol. Intv. 1: 395-402.

182



Fernandez, M. A, Gerbeau, J-F. & Grandmont, C. (2007), ‘A Projection Semi-Implicit
Scheme for the Coupling of an Elastic Structure with an In compressible Fluid’, Int. ].

Numer. Methods Eng. 69: 794-821.

Ferziger, ]. H. & Peric, M. (1999), Computational Methods for Fluid Dynamics, Springer,

Berlin.

Figueroa, C. A, Vignon-Clementel, 1. E., Jansen, K. C., Hughes, T. ]. R. & Taylor, C. A.
(2006), ‘A Coupled Momentum Method for Modeling Blood Flow in Three-Dimensional
Deformable Arteries’, Comput. Methods Appl. Mech. Eng. 195: 5685-5706.

Fillinger MF, Marra SP, Raghavan ML, Kennedy FE. (2003), ‘Prediction of rupture risk in
abdominal aortic aneurysm during observation: wall stress versus diameter’, ] Vasc

Surg. (4):724-32.

Fillinger, M. F.,, Raghavan, M. L., Marra, S. P., Cronenwett, |. L. & Kennedy, F. E. (2002), ‘In
Vivo Analysis of Mechanical Wall Stress and Abdominal Aortic Aneurysm Rupture Risk’,

J. Vasc. Surg. 36:589-597.

Fishbein, M. C., Roberts, W. C. (1975), ‘Late Postoperative Anatomic Observations After

Insertion of Hufnagel Caged-ball Prostheses in Descending Thoracic Aorta’, Chest.

68(1):6-11.

Friedman, M. H., Himburg, H. A. & LaMack, ]. A. (2006), ‘Statistical Hemodynamics: A
Tool for Evaluating the Effect of Fluid Dynamic Forces on Vascular Biology In Vivo’, ].

Biomech. Eng. 128(6): 965-969.

Friedman, M. H., Hutchins, G. M., Bargeron, B., Deters, O. ]J. & Mark, F. F. (1981),
‘Correlation between Intimal Thickness and Fluid Shear in Human Arteries’,

Atherosclerosis, 39(3): 425-436.

Fry, D. L. (1969), ‘Certain Histological and Chemical Responses of the Vascular Interface
to Acutely Induced Mechanical Stress in the Aorta of the Dog’, Circ. Res. 24(1):93-108.

Furie, B. & Furie, B. C. (2008), ‘Mechanisms of Thrombus Formation’, N. Engl. ]. Med.
359: 938 - 949.

183



Fuster, V., Stein, B., Ambrose, ]. A, Badimon, L., Badimon, J. ]. & Chesebro, ]. H. (1990),
‘Atherosclerotic Plaque Rupture and Thrombosis. Evolving Concepts’, Circulation. 82 (3

Suppl): 1147 - 59.

Ganten, M. K., Weber, T. F.,, von Tengg-Kobligk, H., Bockler, D., Stiller, W., Geisbusch, P.,
Kauffmann, G. W. Delorme, S., Bock, M. & Kauczor, H. U. (2009), ‘Motion
Characterization of Aortic Wall and Intimal Flap by ECG-Gated CT in Patients With
Chronic B-Dissection’, Eur. ]. Radiol. 72: 146-153.

Gao, F., Watanabe, M. & Matsuzawa, T. (2006), ‘Stress Analysis in a Layered Aortic Arch
Model Under Pulsatile Blood Flow’, Biomed. Eng. OnLine 5: 25.

Gatehouse, P. D., Keegan, ], Crowe, L. A, Masood, S., Mohiaddin, R. H., Kreitner, K. &
Firmin, D. N. (2005), ‘Applications of Phase-Contrast Flow and Velocity Imaging in
Cardiovascular MRTI’, Eur. Radiol. 15(10): 2172-2184.

Gerbeau, |, Vidrascu, M. & Frey, P. (2005), ‘Fluid-Structure Interaction in Blood Flows on
Geometries Based on Medical Imaging’, Computers & Structures. 83(2-3): 155-165.

Giddens, D. P., Mabon, R. F. & Cassanova, R. A. (1976), ‘Measurements of Disordered
Flows Distal to Subtotal Vascular Stenoses in the Thoracic Aortas of Dogs’, Circ. Res.

39:112-119.

Gijsen F]J, Wentzel ]], Thury A, Mastik F, Schaar JA, Schuurbiers ]C, Slager C], van der
Giessen W], de Feyter PJ], van der Steen AF, Serruys PW. (2008), ‘Strain distribution over
plaques in human coronary arteries relates to shear stress’, Am ] Physiol Heart Circ

Physiol. 295(4):H1608-14.

Gimbrone, M. A. Jr,, Topper, J. N., Nagel, T., Anderson, K. R. & Garcia-Cardefia, G. (2000),
‘Endothelial Dysfunction, Hemodynamic Forces, and Atherogenesis’, Ann. N Y Acad. Sci.

902:230-9.

Girerd, X, London, G. Boutouyrie, P.,, Mourad, J. J., Safar, M. & Laurent, S. (1996),
‘Remodeling of the Radial Artery in Response to a Chronic Increase in Shear Stress’,

Hypertension. 27: 799-803.

Golledge, ]. & Eagle, K. A. (2008), ‘Acute Aortic Dissection’, Lancet. 372: 55 - 66.

184



Green G. G. & Kron I. L. (2003), ‘Aortic Dissection’ in Cohn L. H., Edmunds L.H. Jr, eds.
Cardiac Surgery in the Adult. New York: McGraw-Hill, 1095-1122.

Groen HC, Gijsen F], van der Lugt A, Ferguson MS, Hatsukami TS, van der Steen AF, Yuan
C, Wentzel J]. (2007), ‘Plaque rupture in the carotid artery is localized at the high shear
stress region: a case report’, Stroke. 38(8):2379-81.

Groenink, M., Langerak, S. E., Vanbavel, E., van der Wall, E. E., Mulder, B. ]. M,, van der
Wall, A. C. & Spaan, ]. A. E. (1999), ‘The Influence of Aging and Aortic Stiffness on
Permanent Dilation and Breaking Stress of the Thoracic Descending Aorta’, Cardiovasc.

Res. 43: 471-480.

Hagan, P. G., Nienaber, C. A, Isselbacher, E. M., Bruckman, D., Karavite, D. ]., Russman, P.
L., Evangelista, A., Fattori, R., Suzuki, T., Oh, ]. K,, Moore, A. G., Malouf, ]. F., Pape, L. A,
Gaca, C., Sechtem, U,, Lenferink, S., Deutsch, H. ]., Diedrichs, H., Marcosy Robles, ], Llovet,
A, Gilon, D, Das, S. K, Armstrong, W. F,, Deeb, G. M & Eagle, K. A. (2000), The
International Registry of Acute Aortic Dissection (IRAD): New Insights Into an Old
Disease’, JAMA, J. Am. Med. Assoc. 283: 897-903.

Hassan T, Timofeev EV, Saito T, Shimizu H, Ezura M, Tominaga T, Takahashi A,
Takayama K. (2004), ‘Computational replicas: anatomic reconstructions of cerebral

vessels as volume numerical grids at three-dimensional angiography’, AJNR Am ]

Neuroradiol. 25(8):1356-65.

He, C. M. & Roach, M. R. (1994), ‘The composition and mechanical properties of

abdominal aortic aneurysms’, ] Vasc Surg. 20(1):6-13.

Hellums, J. D. (1994), ‘1993 Whitaker Lecture: Biorheology in Thrombosis Research’,
Ann. Biomed. Eng. 22: 445-455.

Himburg, H. A.,, Grzybowski, D. M., Hazel, A., LaMack, ]. A, Li, X. M. & Friedman, M. H.
(2004), ‘Spatial Comparison Between Wall Shear Stress Measures and Porcine Arterial

Endothelial Permeaility’, Am. ]. Physiol. Heart Circ. Physiol. 286(5): H1916-H1922.

Hiratzka, L., Bakris, G., Beckman, ]., Bersin, R. M., Carr, V., Casey, D. Jr., Eagle, K,
Hermann, L. K, Isselbacher, E. M., Kazerooni, E. A., Kouchoukos, N. T., Lytle, B. W,,

185



Milewicz, D. M., Reich, D. L., Sen, S., Shinn, J. A,, Svensson, L. G. & Williams, D. M. (2010),
2010 ACCF/AHA/AATS/ACR/ASA/SCA/SCAI/SIR/STS/SVM Guidelines for the Diagnosis

and Management of Patients with Thoracic Aortic Disease’, Circulation. 121: e266-e369.

Hirst, A. E. (1983), ‘Gore I: The Etiology and Pathology of Aortic Dissection’, in
Doroghazi, R. M., Slater, E. E. (eds): Aortic Dissection. New York, McGraw-Hill Book Co,
pp 13-53.

Hirst, A, Johns, V. ]. & Kime, S. . (1958), ‘Dissecting Aneurysm of the Aorta: A Review of
505 Cases’, Medicine. 37: 217-279.

Hoi, Y., Meng, H.,, Woodward, S. H., Bendok, B. R., Hanel, R. A,, Guterman, L. R. & Hopkins,
L. N. (2004), ‘Effects of Arterial Geometry on Aneurysm Growth: Three-Dimensional
Computational Fluid Dynamics Study’, ]. Neurosurg. 101(4):676-81.

Honda, H. M,, Hsiai, T., Wortham, C. M., Chen, M., Lin, H., Navab, M. & Demer, L. L. (2001),
‘A Complex Flow Pattern of Low Shear Stress and Flow Reversal Promotes Monocyte

Binding to Endothelial Cells’, Atherosclerosis, 158(2): 385-390.

Hope, T. A. & Herfkens, R. ]. (2008), ‘Imaging of the Thoracic Aorta with Time-Resolved
Three-Dimensional Phase-Contrast MRI: A Review’, Semin. Thorac. Cardiovasc. Surg. 20:

358-364.

Hope, T. A, Markl, M., Wigstrom, L., et al. (2007), ‘Comparison of Flow Patterns in
Ascending Aortic Aneurysms and Volunteers Using Four-Dimensional Magnetic

Resonance Velocity Mapping’, ]. Magn. Reson. Imaging 26:1471-1479.

Hu, H, He, H. D,, Fox, S., Ackelsberg, S., Strong, G. & Seidenschnur, G. (1998), ‘Multi-Slice
Helical CT: Principles, Imaging Characteristics, and Performance’, Proceedings of the
20th Annual International Conference of the IEEE Engineering in Medicine and Biology

Society, (20): 637-639.

Hutchinson, B. R. & Raithby, G. D. (1986), ‘A Multigrid Method Based on the Additive

Correction Strategy’, Numer. Heat Transfer 9: 511- 537.

Ince, H. & Nienaber, C. A. (2007), ‘Diagnosis and Management of Patients With Aortic
Dissection’, Heart. 93: 266 - 270.

186



Jacobs, L. E., Fraifeld, M., Kotler, M. N. & Ioli, A. W. (1992), ‘Aortic Dissection Following
Intraaortic Balloon Insertion: Recognition By Transesophageal Echocardiography’, Am.

Heart ]. 124(2): 536-540.

Jin S, Oshinski ], Giddens DP. (2003), ‘Effects of wall motion and compliance on flow
patterns in the ascending aorta’, ] Biomech Eng. 125(3):347-54.

Johnson, T. R. C., Nikolaou, K., Wintersperger, B. ]., Knez, A., Boekstegers, P., Reiser, M. F.
& Becker, C. R. (2007), ‘ECG-Gated 64-MDCT Angiography in the Differential Diagnosis of
Acute Chest Pain’, AJR Am. ]. Roentgenology 188(1): 76-82.

Jou LD, Quick CM, Young WL, Lawton MT, Higashida R, Martin A, Saloner D.(2003),
‘Computational approach to quantifying hemodynamic forces in giant cerebral

aneurysms’, AJNR Am ] Neuroradiol. 24(9):1804-10.

Jou, L. D., Wong, G., Dispensa, B., Lawton, M. T., Higashida, R. T, et al. (2005), ‘Correlation
Between Lumenal Geometry Changes and Hemodynamics in Fusiform Intracranial

Aneurysms’, Am. ]. Neuroradiol. 26: 2357-2363.

Kadirvel, R., Ding, Y., Dai, D., Zakaria, H., Robertson, A. M., Danielson, M. A., Lewis, D. A,
Cloft, H. J. & Kallmes, D. F. (2007), ‘The influence of hemodynamic forces on biomarkers
in the walls of elastase-induced aneurysms in rabbits’, Neuroradiology, 49(12): 1041-

1053.

Karino, T. & Goldsmith, H. L. (1979), ‘Adhesion of human platelets to collagen on the

walls distal to a tubular expansion’, Microvasc. Res. 17(3): 238-262.

Khan, I. A. & Nair, C. K. (2002), ‘Clinical Diagnostic and Management Perspectives of
Aortic Dissection’, Chest 122: 311-328.

Khan, I. A. & Nair, C. K. (2002), ‘Clinical Diagnostic and Management Perspectives of
Aortic Dissection’, Chest. 122: 311-328.

Khanafer, K. M., Bull, J. L, Upchurch, G. R. Jr. & Berguer, R. (2007), ‘Turbulence

Significantly Increases Pressure and Fluid Shear Stress in an Aortic Aneurysm Model

Under Resting and Exercise Flow Conditions’, Ann. Vasc. Surg. 21(1): 67-74.

187



Kilner, P.]., Yang, G. Z., Mohiaddin, R. H., et al. (1993), ‘Helical and Retrograde Secondary
Flow Patterns in the Aortic Arch Studies by Three-Dimensional Magnetic Resonance

Velocity Mapping’, Circulation 88: 2235-2247.

Kilner, P. ., Yang, G. Z., Mohiaddin, R. H., Firmin, D. N. & Longmore, D. B. (1993), ‘Helical
and Retrograde Secondary Flow Patterns in the Aortic Arch Studied by Three-

Directional Magnetic Resonance Velocity Mapping’., Circulation 88(5 Pt 1): 2235-2247.

Kim K. M., Donayre C. E., Reynolds T. S., Kopchok G. E., Walot I., Chauvapun ]. P. & White
R. A. (2011), ‘Aortic remodelling, volumetric analysis, and clinical outcomes of
endoluminal exclusion of acute complicated type B thoracic aortic dissections’, ] Vasc

Surg 54(2): 316-325.

Kroll, M. H., Hellums, ]. D., Mclntire, L. V., Schafer, A. I. & Moake, ]. L. (1996), ‘Platelets and
Shear Stress’, Blood, 88(5): 1525 - 1541.

Ku, D. N. (1997), ‘Blood Flow in Arteries’, Annu. Rev. Fluid Mech. 29: 399-434.

Ku, D. N,, Zarins, C. K. & Glagov, S. (1985), ‘Pulsatile Flow and Atherosclerosis in the
Human Carotid Bifurcation. Positive Correlation Between Plaque Location and Low

Oscillating Shear Stress’, Arterioscler. Thromb. Vasc. Biol. 5: 293-302.

Ku, D., Giddens, D., Zarins, C. & Glagov, S. (1985), ‘Pulsatile Flow and Atherosclerosis in
the Human Carotid Bifurcation. Positive Correlation Between Plaque Location and Low

Oscillating Shear Stress’, Arterioscler. Thromb. Vasc. Biol. 5(3): 293-302.

LaMack, J. A., Himburg, H. A. Li, X. M. & Friedman, M. H. (2005), ‘Interaction of Wall Shear
Stress Magnitude and Gradient in the Prediction of Arterial Macromolecular

Permeability’, Annals. Biomed. Eng. 33(4): 457-464.

Lanne, T., Sonesson, B., Bergqvist, D., Bengtsson, H. & Gustafsson, D. (1992), ‘Diameter
and Compliance in the Male Human Abdominal Aorta: Influence of Age and Aortic

Aneurysm’, Eur. ]. Vasc. Surg 6: 178-184.

Larson, E. W. & Edwards, W. D. (1984), ‘Risk Factors for Aortic Dissection: A Necropsy
Study of 161 Cases’, Am. ]. Cardiol. 53(6): 849-855.

188



Lee SW, Antiga L, Spence ]D, Steinman DA. (2008), ‘Geometry of the Carotid Bifurcation
Predicts Its Exposure to Disturbed Flow’, Stroke. 39(8):2341-7.

Lehoux, S., Castier, Y. & Tedgui, A. (2006), ‘Molecular Mechanisms of the Vascular
Responses to Haemodynamic Forces’, ]. Intern. Med. 259: 381-392.

Leung, ]. H,, Wright, A. R,, Cheshire, N., Crane, J., Thom, S. A., Hughes, A. D. & Xu, Y. (2006),
‘Fluid-structure interaction of patient specific abdominal aortic aneurysms: a

comparison with solid stress models’, Biomed. Eng. Online May 5, 33.

Leuprecht, A., Kozerke, S., Boesiger, P. & Perktold, K. (2003), ‘Blood Flow in the Human
Ascending Aorta: A Combined MRI and CFD Study’, ]. Eng. Math. 47: 387-404.

Levick, J. R. (2003), An Introduction to Cardiovascular Physiology, 4th edn, Arnold,
London, UK.

Li, J.J. & Chen, ]. L. (2004), ‘Inflammation May Be a Bridge Connecting Hypertension and
Atherosclerosis’, Med. Hypotheses. 64(5):925-9.

Li, Y. S.]., Haga, J. H. & Chien, S. S. (2005), 'Molecular Basis of the Effects of Shear Stress
on Vascular Endothelial Cells’, ]. Biomech. 38: 1949-1971.

Loree, H. M., Kamm, R. D., Atkinson, C. M. & Lee, R.T. (1991), ‘Turbulent Pressure
Fluctuations on Surface of Model Vascular Stenoses’, Am. . Physiol. 261(3 Pt 2): H644-
50.

Lotz, ]., Meier, C., Leppert, A. & Galanski, M. (2002), ‘Cardiovascular Flow Measurement
with Phase-Contrast MR imaging: Basic Facts and Implementation’, RadioGraphics

22(3): 651-671.

MacLean, N. F,, Dudek, N. L. & Roach, M. R. (1999), ‘The Role of Radial Elastic Properties
in the Development of Aortic Dissection’, ]. Vasc. Surg. 29: 703-710.

MacSweeney, S. T. R, Young, G., Greenhalgh, R. M. & Powell, J. T. (1992), ‘Mechanical
Properties of the Aneurysm Aorta’, Br. ]. Surg. 79: 1281-1284.

189



Malek, A. M., Alper, S. L. & Izumo, S. (1999), ‘Hemodynamic Shear Stress and Its Role in
Atherosclerosis’, JAMA, ]. Am. Med. Assoc. 282(21): 2035-2042.

Markl, M., Chan, F. P., Alley, M. T., Wedding, K. L., Draney, M. T., Elkins, C. ]., Parker, D. W.,
Wicker, R., Taylor, C. A, Herfkens, R. ]J. & Pelc, N. J. (2003), ‘Time-Resolved Three-

Dimensional Phase-Contrast MRI’, Journal of Magnetic Resonance Imaging, 17: 499-506.

Markl, M., Draney, M. T., Hope, M. D., et al. (2004), ‘Time-Resolved 3-Dimensional
Velocity Mapping in the Thoracic Aorta: Visualization of Three-Directional Blood Flow

Patterns in Healthy Volunteers and Patients’, ]. Comput. Assist. Tomogr. 28: 459-468.

Martini, F. H. (2009), Fundamentals of Anatomy and Physiology, 8th edn, Pearson-

Benjamin Cummings, San Francisco.

Marui, A., Mochizuki, T., Mitsui, N., Koyama, T., Kimura, F. & Horibe, M. (1999), ‘Toward
the Best Treatment for Uncomplicated Patients with type B Acute Aortic Dissection: A

Consideration for Sound Surgical Indication’, Circulation. 100: 275-280.

Marvin, D. A. ], James, H. B. & Richard, P. C. (2006), ‘Aortic Dissection: Perspectives in
the Era of Stent-Graft Repair’, ]. Vasc. Surg. 43: 30A-43A.

Mazzucotellj, ]. P., Deleuze, P. H., Baufreton, C., Duval, A. M., Hillion, M. L., Loisance, D. Y.
& Cachera, J. P. (1993), ‘Preservation of the Aortic Valve in Acute Aortic Dissection:

Long-Term Echocardiographic Assessment and Clinical Outcome’, Ann. Thorac. Surg. 55:

1513-1517.

Meng, H., Wang, Z., Hoi, Y., Gao, L., Metaxa, E., Swartz, D. D. & Kolega, ]. (2007), ‘Complex
Hemodynamics at the Apex of an Arterial Bifurcation Induces Vascular Remodeling

Resembling Cerebral Aneurysm Initiation’, Stroke. 38: 1924-1931.

Menter, F. R, Langtry, R. B. & VOlIker, S. (2006), ‘Transition Modelling for General
Purpose CFD Codes’, Flow Turbulence Combust. 77: 277-303.

Menter, F. R, Langtry, R. B, Likki, S. R, Suzen, Y. B,, Huang, P. G. & Volker, S. (2004), ‘A

Correlation Based Transition Model Using Local Variables Part 1 - Model Formulation’,

ASME-GT-2004-53542.

190



Moake, J. L., Turner, N. A., Stathopoulos, N. A., Nolasco, L. & Hellums, ]. D. (1988), ‘Shear-
induced platelet aggregation can be mediated by vWF released from platelets, as well as
by exogenous large or unusually large vVWF multimers, requires adenosine diphosphate,

and is resistant to aspirin’, Blood 71(5): 1366-1374.

Mohan, D. & Melvin, J. W. (1982), ‘Failure Properties Of Passive Human Aortic Tissue I-
Uniaxial Tension Tests’, J. Biomech. 15: 887-902.

Mohan, D. & Melvin, ]. W. (1983), ‘Failure Properties of Passive Human Aortic Tissue II -
Biaxial Tension Tests’, ]. Biomech. 16: 31-44.

Mohr-Kahaly, S., Erbel, R.,, Rennollet, H., Wittlich, N., Drexler, M., Oelert, H. & Meyer, ].
(1989), ‘Ambulatory Follow-Up of Aortic Dissection By Transesophageal Two-
Dimensional and Color-Coded Doppler Echocardiography’, Circulation 80: 24-33.

Moore J. A, Steinman D. A, Holdsworth D. W. & Ethier C. R. (1999), ‘Accuracy of
computational hemodynamics in complex arterial geometries reconstructed from

magnetic resonance imaging’, Annals of Biomedical Eng. 27: 32-41.

Moore, |. E., Xu, C.,, Glagov, S., Zarins, C. K. & Ku, D. N. (1994), ‘Fluid Wall Shear Stress
Measurements in a Model of the Human Abdominal Aorta: Oscillatory Behavior and

Relationship to Atherosclerosis’, Atherosclerosis 110: 225-240.

Mori, D. & Yamaguchi, T. (2001), ‘Construction of the CFD Model of the Aortic Arch based
on MR Image and Simulation of the Blood Flow’, Proceedings of International Workshop

on MIAR 2001, pp.111-116.

Morris L, Delassus P, Callanan A, Walsh M, Wallis F, Grace P, McGloughlin T. (2005), ‘3-D
numerical simulation of blood flow through models of the human aorta’, ] Biomech Eng.

127(5):767-75.

Murphy, D. A, Craver, ]. M., Jones, E. L., Bone, D. K., Guyton, R. A. & Hatcher, C. R. (1983),
‘Recognition and Management of Ascending Aortic Dissection Complicating Cardiac

Surgical Operations’, ]. Thorac. Cardiovasc. Surg. 85: 247-256.

Nakahashi, T. K., Hoshina, K., Tsao, P. S., Sho, E., Karwowski, J. K., Yeh, C, Yang, R. B,
Topper, J. N. & Dalman, R. L. (2002), ‘Flow Loading Induces Macrophage Antioxidative

191



Gene Expression in Experimental Aneurysms’, Arterioscler. Thromb. Vasc. Biol. 22(12):

2017-2022.

Napel, S, Lee, D. H,, Frayne, R. & Rutt, B. K. (1992), ‘Visualizing Three-Dimensional Flow
with Simulated Streamlines and Three-Dimensional Phase-Contrast MR Imaging’,

Journal of Magnetic Resonance Imaging, 2(2): 143-153.

Nerem, R. M., Seed, W. A. & Wood, N. B. (1972), ‘An Experimental Study of the Velocity
Distribution and Transition to Turbulence in the Aorta’, J. Fluid. Mech. 52: 137-160.

Nesbitt, W. S., Westein, E., Tovar-Lopez, F. ], Tolouei, E., Mitchell, A., Fu, ]J., Carberry, J.,
Fouras, A. & Jackson, S. P. (2009), ‘A Shear Gradient-Dependent Platelet Aggregation
Mechanism Drives Thrombus Formation’, Nature Medicine. 15(6): 665 - 673.

Niebauer, J. & Cooke, J. P. (1996), ‘Cardiovascular Effects of Exercise: Role of Endothelial
Shear Stress’, ]. Am. Coll. Cardiol. 28: 1652-1660.

Nienabe, C. A, Kische, S., Akin, 1., Rousseau, H., Eggebrecht, H., Fattori, R., Rehders, T. C,,
Kundt, G., Scheinert, D., Czerny, M., Kleinfeldt, T., Zipfel, B., Labrousse, L. & Ince, H.
(2010), ‘Strategies for Subacute/Chronic Type B Aortic Dissection: the Investigation Of
Stent Grafts in Patients with type B Aortic Dissection (INSTEAD) Trial 1-year Outcome’,
J. Thorac. Cardiovasc. Surg. 140(6 Suppl):S101-8.

Nienaber, C. A. & Eagle, K. A. (2003), ‘Aortic Dissection: New Frontiers in Diagnosis and
Management; Part I: From Etiology to Diagnostic Strategies’, Circulation 108: 628-635.

Nienaber, C., Rousseau, H., Eggebrect, H., Kische, S., Fattori, R., Rehders, T. C., Kundt, G.,
Scheinert, D., Czerny, M., Kleinfeldt, T. Zipfel, B., Labrousse, L. & Ince, H. (2009),
‘Randomized Comparison of Strategies for Type B Aortic Dissection; the Investigation of

STEnt Grafts in Aortic Dissection (INSTEAD) Trial’, Circulation. 120: 2519-2528.
Nobili, M., Sheriff, ]J., Morbiducci, U., Redaelli, A. & Bluestein, D. (2008), ‘Platelet

Activation Due to Hemodynamic Shear Stresses: Damage Accumulation Model and

Comparison to In Vitro Measurements’, ASAIO J. 54(1):64-72.

192



0’Gara, P. T. & DeSanctis, R. W. (1995), ‘Acute Aortic Dissection and Its Variants: Toward

a Common Diagnostic and Therapeutic Approach’, Circulation. 92:1376-1378.

Okamoto, R. ], Wagenselil, ]. E., DeLong, W. R, Peterson, S. ]., Kouchoukos, N. T. & Sundt,
T. M. (2002), ‘Mechanical Properties of Dilated Human Ascending Aorta’, Annals of
Biomedical Engineering, 30: 624-635.

Om, A, Porter, T. & Mohanty, P. K. (1992), ‘Transesophageal Echocardiographic
Diagnosis of Acute Aortic Dissection Complicating Cocaine Abuse’, Am. Heart J. 123(2):

532-534.

Pape, L. A, Tsai, T. T, Isselbacher, E. M., Oh, ]. K,, O’Gara, P. T., Evangelista, A., Fattori, R.,
Meinhardt, G., Trimarchi, S., Bossone, E., Suzuki, T. Cooper, ]J. V. Froehlich, ]J. B,
Nienaber, C. A, Eagle, K. A, on behalf of the International Registry of Acute Aortic
Dissection (IRAD) Investigators. (2007), ‘Aortic Diameter = 5.5 cm Is Not a Good
Predictor of Type A Aortic Dissection: Observations From the International Registry of

Acute Aortic Dissection (IRAD)’, Circulation. 116: 1120 - 1127.

Perktold, K., Resch, M. & Florian, H. (1991), ‘Pulsatile Non-Newtonian Flow
Characteristics in a Three-Dimensional Human Carotid Bifurcation Model’, ASME ]J.

Biomech. Eng. 13: 464 - 475.

Perktold, K., Resch, M. & Florian, H. (1991), ‘Pulsatile Non-Newtonian Flow
Characteristics in a Three-Dimensional Human Carotid Bifurcation Model’, ASME ].

Biomech. Eng. 13: 464-475.

Pitcher, A., Cassar, T. E., Leeson, P., Francis, ]. M., Blair, E., Wordsworth, P. B., Forfar, |. C,,
Petersen, S. E., Markl, M. & Neubauer, S. (2011), ‘Aortic Dissection: Visualisation of
Aortic Blood Flow and Quantification of Wall Shear Stress Using Time-Resolved, 3D
Phase-Contrast MRI’, Journal of Cardiovascular Magnetic Resonance. 13(Suppl 1): P392.

Pritchard, W. F., Davies, P. F., Derafshi, Z., Polacek, D. C,, Tsao, R,, Dull, R. O., Jones, S. A. &
Giddens, D. P. (1995), ‘Effects of Wall Shear Stress and Fluid Recirculation on the

Localization of Circulating Monocytes in a Three-Dimensional Flow Model’, ]. Biomech.

28(12): 1459-1469.

193



Prokop, M. (2000), ‘Multislice CT Angiography’, Eur. ]. Radiol. 36(2): 86-96.

Prosi, M., Perktold, K., Ding, Z. & Friedman, M. H. (2004), ‘Influence of Curvature
Dynamics On Pulsatile Coronary Artery Flow in a Realistic Bifurcation Model’, ].

Biomech. 37: 1767-1775.

Pumphrey, C. W,, Fay, T. & Weir, I. (1986), ‘Aortic Dissection During Pregnancy’, Br.
Heart]. 55: 106-108.

Quemada, D. (1978), ‘Rheology of Concentrated Disperse Systems IIl. General Features
of the Proposed Non-Newtonian Model. Comparison with Experimental Data’, Rheol.

Acta. 17: 643-653.

Raghavan, M. L. & Vorp, D. A. (2000), ‘Toward a Biomechanical Tool to Evaluate Rupture
Potential of Abdominal Aortic Aneurysm: Identification of a Finite Strain Constitutive

Model and Evaluation of Its Applicability’, . Biomech. 33(4): 475-482.

Raghavan, M. L., Fillinger, M. F.,, Marra, S. P., Naegelein, B. P. & Kennedy, F. E. (2005),
‘Automated Methodology for Determination of Stress Distribution in Human Abdominal

Aortic Aneurysm’, ] Biomech Eng. 127(5):868-71.

Raghavan, M. L., Kratzberg, J., and da Silva, E. S. (2004), ‘Heterogeneous, Variable Wall-
Thickness Modeling of a Ruptured Abdominal Aortic Aneurysm’, 2004 ASME

International Mechanical Engineering Congress and Exposition,

Raghavan, M. L., Webster, M. W., and Vorp, D. A, 1996, “Ex vivo Biomechanical Behavior
of Abdominal Aortic Aneurysm: Assessment Using a New Mathematical Model,” Ann.

Biomed. Eng., 24_5_, pp. 573-582.

Ramstack, J. M., Zuckeman, L. & Mockros, L. F. (1979), ‘Shear-Induced Activation of
Platelets’, ]. Biomech. 12(2): 113-125.

Rayz, V. L., Boussel, L., Acevedo-Bolton, G., Martin, A. J., Young, W. L., et al. (2008),

‘Numerical Simulations of Flow in Cerebral Aneurysms: Comparison of CFD Results and

In Vivo MRI Measurements’, ]. Biomech. Eng. Trans. ASME 130: 051011.

194



Reininger, A. ], Heinzmann, U., Reininger, C. B., Friedrich, P. & Wurzinger, L. ]. (1994),
‘Flow Mediated Fibrin Thrombus Formation in an Endothelium-Lined Model of Arterial

Branching’, Thromb. Res. 74(6):629-41.

Resnick, N., Einav, S., Chen-Konak, L., Zilberman, M., Yahav, H. & Shay-Salit, A. (2003),

‘Hemodynamic Forces as a Stimulus for Arteriogenesis’, Endothelium. 10(4-5):197-206.

Richardson, P. D. (2002), ‘Biomechanics of Plaque Rupture: Progress, Problems, and
New’, Ann. Biomed. Eng. 30(4): 524-536.

Roberts W. C. (1981), ‘Aortic Dissection: Anatomy, Consequences, and Causes’, Am Heart

J101: 195-214.

Rodd, C. D., Desigan, S., Hamady, M. S., Gibbs, R. G. & Jenkins, M. P. (2007), ‘Salvage
Options After Stent Collapse in the Thoracic Aorta’, ]. Vasc. Surg. 46(4): 780-785.

Sakalihasan, N., Limet, R. & Defawe, 0. D. (2005), ‘Abdominal aortic aneurysm’, Lancet
365(9470), 1577-1589.

Salzar, R. S., Thubrikar, M. ]. & Eppink, R. T. (2000), ‘Pressure-Induced Mechanical Stress
in the Carotid Artery Bifurcation: A Possible Correlation to Atherosclerosis’, J. Biomech.

28(11): 1333-1340.

Sayer D., Bratby M., Brooks M., Loftus I, Morgan R. & Thompson M. (2008), ‘Aortic
morphology following endovascular repair of acute and chronic type B arotic dissection:

Implications for management’, Eur ] Vasc Endovasc Surg 36: 522-529.

Schimid-Schonbein, H. & Wurzinger, L. ]. (1986), ‘Transport phenomena in pulsating
post-stenotic vortex flow in arteries. An Interactive Concept of Fluid-Dynamic,
Haemorheological and Biochemical Processes in White Thrombus Formation’, Nouv.

Rev. Fr. Hematol. 28(5):257-67.
Scotti, C. M., Shkolnik, A. D., Muluk, S. & Finol, E. A. (2005), ‘Fluid-Structure Interaction in

Abdominal Aortic Aneurysms: Efects of Asymmetry and Wall Thickness’, Biomed. Eng.
Online 4(64).

195



Sebastia, C., Pallisa, E., Quiroga, S., Alvarez-Castells, A., Dominguez, R. & Evangelista, A.
(1999), ‘Aortic Dissection: Diagnosis and Follow-Up With Helical CT’, RadioGraphics 19:
45-60.

Shahcheraghi, N.,, Dwyer, H. A, Cheer, A. Y., Barakat, A. I. & Rutaganira, T. (2002),
‘Unsteady and three-dimensional simulation of blood flow in the human aortic arch’,

ASME J. Biomech. Eng. 124(4), 378-387.

Shahcheraghi, N., Dwyer, H. A, Cheer, A. Y., Barakat, A. . & Rutaganira, T. (2002),
‘Unsteady and Three-Dimensional Simulation of Blood Flow in the Human Aortic Arch’, J.

Biomech. Eng. 124: 378-387.

Shiga, T., Wajima, Z., Apfel, C. C, Inoue, T. & Ohe, Y. (2006), ‘Diagnostic Accuracy of
Transesophageal Echocardiography, Helical Computed Tomography, and Magnetic
Resonance Imaging for Suspected Thoracic Aortic Dissection: Systematic Review and

Meta-Analysis’, Arch. Intern. Med. 166: 1350 - 1356.

Shojima, M., Oshima, M., Takagi, K., Torii, R.,, Hayakawa, M., Katada, K., Morita, A. &
Kirino, T. (2004), ‘Magnitude and Role of Wall Shear Stress on Cerebral Aneurysm:
Computational Fluid Dynamic Study of 20 Middle Cerebral Artery Aneurysm’, Stroke 35:
2500-2505.

Silverman, ]. M., Raissi, S., Tyszka, M., Trento, A. & Herfkens, R.]. (2000), ‘Phase-Contrast
Cine MR Angiography Detection of Thoracic Aortic Dissection’, The International Journal

of Cardiac Imaging 16: 461-470.

Slager, C. J., Wentzel, ]. ]., Gijsen, F. J. H,, Schuurbiers, ]. C. H.,, van der Wal, A. C,, van der
Steen, A. F. W. & Serruys, P. W. (2005), ‘The Role of Shear Stress in the Generation of
Rupture-Prone Vulnerable Plaques and Related Therapeutic Implications’, Nat. Clin.

Pract. Cardiovasc. Med., 2: 401-407.

Slater, E. E. & DeSanctis, R. W. (1976), ‘The clinical recognition of dissecting aortic
aneurysm’, Am ] Med. 60(5):625-33.

196



Sommer, G., Gasser, T. C., Regitnig, P., Auer, M. & Holzapfel, G. A. (2008), ‘Dissection
Properties of the Human Aortic Media: An Experimental Study’, ASME ]. Biomech. Eng.
130(2): 021007 (12 pages).

Sommer, T., Fehske, W., Holzknecht, N., Smekal, A. V., Keller, E., Lutterbey, G., Kreft, B.,
Kuhl, C., Gieseke, ], Abu-Ramadan, D. & Schild, H. (1996), ‘Aortic Dissection: A
Comparative Study of Diagnosis with Spiral CT, Multiplanar Transesophageal
Echocardiography, and MR Imaging’, Radiology 199: 347 - 352.

Sonesson B, Hansen F, Lanne T. (1997), ‘Abdominal aortic aneurysm: a general defect in
the vasculature with focal manifestations in the abdominal aorta?, | Vasc Surg.

26(2):247-54.

Song, J., Kim, S., Kim, J,, Kim, M., Kang, D., Seo. ]. B,, Lim, T,, Lee, ]. W,, Song, M. & Song, ].
(2007), ‘Long-Term Predictors of Descending Aorta Aneurysmal Change in Patients With
Aortic Dissection’, ]. Am. Coll. Cardiol. 50: 799-804.

Soulis, ]. V., Giannoglou, G. D., Chatzizisis, Y. S., et al. (2006), ‘Spatial and Phasic
Oscillation of Non-Newtonian Wall Shear Stress in Human Lest Coronary Artery

Bifurcation: an Insight to Atherogenesis’, Coron. Artery. Dis. 17: 351-358.

Speelman, L., Bosboom, E. M., Schurink, G. W., Hellenthal, F. A., Buth, ]., Breeuwer, M.,
Jacobs, M. ]J. & van de Vosse, F. N. (2008), ‘Patient-specific AAA Wall Stress Analysis: 99-
Percentile Versus Peak Stress’, Eur ] Vasc Endovasc Surg. 36(6):668-76.

Speelman, L., Hellenthal, F. A, Pulinx, B., Bosboom, E. M., Breeuwer, M., van Sambeek, M.
R, van de Vosse, F. N,, Jacobs, M. ], Wodzig, W. K. & Schurink, G. W. (2010), ‘The
Influence of Wall Stress on AAA Growth and Biomarkers’, Eur. J. Vasc. Endovasc. Surg.

39(4):410-6.
Spittell, P. C., Spittell, ]J. A. Jr., Joyce, ]J. W,, Tajik, A. ], Edwards, W. D., Schaff, H. V. &
Stanson, A. W. (1993), ‘Clinical Features and Differential Diagnosis of Aortic Dissection:

Experience with 236 Cases (1980 through 1990)’, Mayo. Clin. Proc. 68(7): 642-651.

Stein, P. D. & Sabbah, H. N. (1974), ‘Measured Turbulence and Its Effect on Thrombus
Formation’, Circ. Res. 35: 608-614.

197



Stein, P. D. & Sabbah, H. N. (1976), ‘Turbulent Blood Flow in the Ascending Aorta of

Humans with Normal and Diseased Aortic Valves’, Circ. Res. 39: 58-65.

Steinman, D. A. & Taylor, C. A. (2005), ‘Flow imaging and computing: large artery
hemodynamics’, Ann Biomed Eng. 33(12):1704-9.

Steinman, D. A. (2002), ‘Image-Based Computational Fluid Dynamics Modeling in
Realistic Arterial Geometries’, Ann. Biomed. Eng. 30(4): 483-497.

Steinman, D. A, Milner, J. S, Norley, C. ], Lownie, S. P. & Holdsworth, D. W. (2003),
‘Image-Based Computational Simulation of Flow Dynamics in a Giant Intracranial

Aneurysm’, AJNR Am. ]. Neuroradiol 24: 559-566.

Stone PH, Coskun AU, Kinlay S, Clark ME, Sonka M, Wahle A, Ilegbusi O], Yeghiazarians Y,
Popma J], Orav ], Kuntz RE, Feldman CL. (2003), ‘Effect of endothelial shear stress on the
progression of coronary artery disease, vascular remodeling, and in-stent restenosis in

humans: in vivo 6-month follow-up study’, Circulation. 108(4):438-44.

Stroud, J. S. (2000), ‘Numerical Simulations of Blood Flow in Stenotic Vessels’. PhD

thesis, Univ. Calif, Berkeley.

Suo, ], Ferrara, D. E,, Sorescu, D., Guldberg, R. E., Taylor, W. R. & Giddens, D. P. (2007),
‘Hemodynamic Shear Stresses in Mouse Aortas’, Arterioscler. Thromb. Vasc. Bio. 27:

346-351.

Suzuki, T, Mehta, R. H,, Ince, H., Nagai, R, Sakomura, Y., Weber, F., Sumiyoshi, T.,
Bossone, E., Trimarchi, S., Cooper, ]J. V., Smith, D. E., Isselbacher, E. M., Eagle, K. A. &
Nienaber, C. A. (2003), ‘Clinical Profiles and Outcomes of Acute Type B Aortic Dissection
in the Current Era: Lessons From the International Registry of Aortic Dissection (IRAD)’,

Circulation. 108 Suppl 1: I1 312- 11 317.

Tan, F. P. P, Borghi. A, Mohiaddin, R. H.,, Wood, N. B, Thom, S. & Xu, X. Y. (2009),
‘Analysis of Flow Patterns in a Patient-Specific Thoracic Aortic Aneurysm Model’,

Comput. Struct. 87: 680-690.

198



Tan, F. P. P,, Soloperto, G., Bashford, S., Wood, N. B.,, Thom, S., Hughes, A. & Xu, X. Y.
(2008), ‘Analysis of Flow Disturbances in a Stenosed Carotid Artery Bifurcation Using
Two-Equation Transitional and Turbulence Models’, ASME ]. Biomech. Eng. 130(6):
061008.

Tan, F. P. P, Torii, R,, Borghi, A., Mohiaddin, R. H., Wood, N. B. & Xu, X. Y. (2009), ‘Fluid-
structure interaction analysis of wall stress and flow patterns in a thoracic aortic

aneurysm’, Int. J. Appl. Mech. 1(1): 179-199.

Tang D, Yang C, Zheng ], Woodard PK, Sicard GA, Saffitz JE, Yuan C. (2005), ‘3D MRI-
based multicomponent FSI models for atherosclerotic plaques’, Ann Biomed Eng.

32(7):947-60.

Tang, C., Blatter, D. D. & Parker, D. L. (1993), ‘Accuracy of Phase-Contrast Flow
Measurements in the Presence of Partial-Volume Effects’, Journal of Magnetic Resonance

Imaging, 3: 377-385.

Tang, D. G. & Dake, M. D. (2009), ‘TEVAR for Acute Uncomplicated Aortic Dissection:
Immediate Repair Versus Medical Therapy’, Semin. Vasc. Surg. 22: 145-151.

Tang, D., Yang, C., Mondal, S,, Liu, F.,, Canton, G., Hatsukami, T. S. & Yuan, C. (2008), ‘A
Negative Correlation Between Human Carotid Atherosclerotic Plaque Progression and

Plaque Wall Stress: In Vivo MRI-based 2D /3D FSI Models’, ]. Biomech. 41: 727-736.

Taylor, C. A. & Steinman, D. A. (2010), Image-based modeling of blood flow and vessel
wall dynamics: applications, methods and future directions: Sixth International Bio-
Fluid Mechanics Symposium and Workshop, March 28-30, 2008 Pasadena, California.
Ann Biomed Eng. 38(3):1188-203.

Taylor, C. A., Hughes, T. ]J. R. & Zarins, C. K. (1998), ‘Finite Element Modelling of Three-
Dimensional Pulsatile Flow in the Abdominal Aorta: Relevance to Atherosclerosis’, Ann.

Biomed. Eng. 26: 975-987.

Taylor, C. A., Hughes, T. ]. R. & Zarins, C. K. (1999), ‘Effect of Exercise on Hemodynamic
Conditions in the Abdominal Aorta’, ]. Vasc. Surg. 29(6): 1077-1089.

199



Thubrikar, M. ], Al-Soudi, J. & Robicsek, F. (2001), ‘Wall Stress Studies of the Abdominal
Aortic Aneurysm in a Clinical Model’, Ann. Vasc. Surg. 15: 355-366.

Thubrikar, M. |, Al-Soudi, J. & Robicsek, F. (2001), ‘Wall Stress Studies of the Abdominal
Aortic Aneurysm in a Clinical Model’, Ann. Vasc. Surg. 15: 355-366.

Thury A, van Langenhove G, Carlier SG, Albertal M, Kozuma K, Regar E, Sianos G, Wentzel
J], Krams R, Slager C], Piek J], Serruys PW; DEBATE Investigators. Doppler Endpoints
Balloon Angioplasty Trial Europe. (2002), ‘High shear stress after successful balloon
angioplasty is associated with restenosis and target lesion revascularization’, Am Heart

. 144(1):136-43.

Tippe, A. & Miiller-Mohnssen, H. (1993), ‘Shear Dependence of the Fibrin Coagulation
Kinetics In Vitro’, Thromb. Res. 72(5):379-88.

Torii, R, Keegan, ]., Wood, N. B.,, Dowsey, A. W., Hughes, A. D, Yang, G. Z., Firmin, D. N,,
Thom, S. A. M. & Xu, X. Y. (2010), ‘MR Image-Based Geometric and Hemodynamic
Investigation of the Right Coronary Artery with Dynamic Vessel Motion’, Ann. Biomech.

Eng. 38(8): 2606-2620.

Torii, R, Oshima, M., Kobayashi, T. Takagi, K. & Tezduyar, T. E. (2006), ‘Computer
Modeling of Cardiovacular Fluid-Structure Interactions With the Deforming-Spatial-

Domain’

Torii, R., Oshima, M., Kobayashi, T., Takagi, K. & Tezduyar, T. E. (2008), ‘Fluid-Structure
Interaction Modeling of a Patient-Specific Cerebral Aneurysm: Influence of Structural

Modeling’, Comput. Mech. 43: 151-159.
Torii, R., Oshima, M., Kobayashi, T., Takagi, K. & Tezduyar, T. E. (2010), ‘Role of 0D
Peripheral Vasculature Model in Fluid-Structure Interaction Modeling of Aneurysms’,

Comput. Mech. 46: 43-52.

Tozer, E.C. & Carew, T. E. (1997), ‘Residence Time of Low-density Lipoprotein in the
Normal and Atherosclerotic Rabbit Aorta’, Circ. Res. 80(2):208-18.

200



Tricot, O., Mallat, Z., Heymes, C., Belmin, ]., Leseche, G. & Tedgui, A. (2000), ‘Relation
Between Endothelial Cell Apoptosis and Blood Flow Direction in Human Atherosclerotic

Plaques’, Circulation 101(21): 2450-2453.

Tricot, 0., Mallat, Z., Heymes, C., Belmin, ]., Leseche, G. & Tedgui, A. (2000), ‘Relation
Between Endothelial Cell Apoptosis and Blood Flow Direction in Human Atherosclerotic

Plaques’, Circulation 101(21): 2450-2453.

Trimarchi, S., Nienaber, C. A., Rampoldi, V., Myrmel, T., Suzuki, T., Bossone, E., Tolva, V.,
Deeb, M. G., Upchurch, G. R,, Cooper, |. V., Fang, |., Isselbacher, E. M., Sundt, T. M. & Eagle,
K. A. (2006), ‘Role and Results of Surgery in Acute Type B Aortic Dissection: Insights
From the International Registry of Acute Aortic Dissection (IRAD)’, Circulation 114:
1357-1364.

Tsai, T. T., Evangelista, A., Nienaber, C. A., Myrmel, T., Meinhardt, G., Cooper, ]. V., Smith,
D. E., Suzuki, T., Fattori, R, Llovet, A., Froehlich, ]., Hutchison, S., Distance, A., Sundt, T.,
Beckman, |, Januzzi, |. L., Jr., Isselbacher, E. M. & Eagle, K. A. (2007), ‘Partial Thrombosis
of the False Lumen in Patients With Acute Type B Aortic Dissection’, N Engl ] Med 357:
349-359.

Tsai, T. T., Fattori, R.,, Trimarchi, S., Trimarchi, S., Isselbacher, E., Myrmel, T., Evangelista,
A., Hutchison, S., Sechtem, U., Cooper, J. V., Smith, D. E., Pape, L., Froehlich, ]., Raghupathy,
A, Januzzi, ]. L., Eagle, K. A, Nienaber, C. A, on behalf of the International Registry of
Acute Aortic Dissection (2006), ‘Long-Term Survival in Patients Presenting With Type B
Acute Aortic Dissection’, Circulation. 114: 2226-2231.

Tsai, T. T., Schlicht, M. S., Khanafer, K., Bull, ]. L., Valassis, D. T., Williams, D. M., Berguer,
R., Eagle, K. A. (2008), ‘Tear size and location impacts false lumen pressure in an ex vivo

model of chronic type B aortic dissection’, ] Vasc Surg. 47(4):844-51.

Umana, J. P, Lai, D. T., Mitchell, R. S., Moore, K. A, Rodriguez, F., Robbins, R. C,, Oyer, P. E.,
Dake, M. D., Shumway, N. E,, Reitz, B. A. & Miller, D. C. (2002), ‘Is Medical Therapy Still
the Optimal Treatment Strategy for Patients With Acute Type B Aortic Dissections?’, ].
Thorac. Cardiovasc. Surg. 124: 896-910.

201



Valencia, A., Morales, H., Rivera, R., Bravo, E. & Galvez, M. (2008), ‘Blood Flow Dynamics
in Patient-Specific Cerebral Aneurysm Models: the Relationship Between Wall Shear

Stress and Aneurysm Area Index’, Med. Eng. Phys. 30(3):329-40.

van der Wal, A. C. & Becker, A. E. (1999), ‘Atherosclerotic Plaque Rupture--Pathologic
Basis of Plaque Stability and Instability’, Cardiovasc. Res. 41(2): 334-44.

Vande Geest JP, Sacks MS, Vorp DA. (2006), ‘A planar biaxial constitutive relation for the
luminal layer of intra-luminal thrombus in abdominal aortic aneurysms’, ] Biomech.

39(13):2347-54

Venkatasubramaniam AK, Fagan M], Mehta T, Mylankal K], Ray B, Kuhan G, Chetter IC,
McCollum PT. (2004), ‘A comparative study of aortic wall stress using finite element
analysis for ruptured and non-ruptured abdominal aortic aneurysms’, Eur ] Vasc

Endovasc Surg. 28(2):168-76.

Vilacosta I. & San Roman J. A. (2001), ‘Acute aortic syndrome’, Heart 85: 365-368.

Vorp DA, Raghavan ML, Muluk SC, Makaroun MS, Steed DL, Shapiro R, Webster MW.
(1996), ‘Wall strength and stiffness of aneurysmal and nonaneurysmal abdominal aorta’,

Ann N'Y Acad Sci. 18;800:274-6.

Vorp, D. A. & Van de Geest, ]. P. (2005), ‘Biomechanical determinants of abdominal aortic
aneurysm rupture’, Arterioscler Thromb Vasc Biol 25(8): 1558-1566.

Vorp, D. A, Lee, P. C,, Wang, D. H,, Makaroun, E. M., Ogawa, S. & Webster, M. W. (2001),
‘Association of Intraluminal Thrombus in Abdominal Aortic Aneurysm With Local

Hypoxia and Wall Weakening’, J. Vasc. Surg. 34: 291-299.

Vorp, D. A, Raghavan, M. L. & Webster, M. W. (1998), ‘Mechanical Wall Stress in
Abdominal Aortic Aneurysm: Influence of Diameter and Asymmetry’, J. Vasc. Surg. 27:

632-639.
Vorp, D. A, Schiro, B. ], Ehrlich, M. P,, Juvonen, T. S., Ergin, M. A. & Griffith, B. P. (2003),

‘Effect of Aneurysm on the Tensile Strength and Biomechanical Behavior of the

Ascending Thoracic Aorta’, Ann. Thorac. Surg. 800: 1210-1214.

202



Wang DH, Makaroun M, Webster MW, Vorp DA. (2001), ‘Mechanical properties and
microstructure of intraluminal thrombus from abdominal aortic aneurysm’, ] Biomech

Eng. 123(6):536-9.

Wang, D., Makaroun, M., Webster, M. & Vorp, A. (2002), ‘Effect of Intraluminal Thrombus
on Wall Stress in Patient-specific Models of Abdominal Aortic Aneurysm’, ASME J. Vasc.
Surg. 36(3): 598-604.

Wang, X,, LeMaire, S. A, Chen, L., Shen, Y. H,, Gan, Y., Bartsch, H., Carter, S. A.,, Utama, B,,
Ou, H,, Cosellj, ]. S. & Wang, X. L. (2006), ‘Increased Collagen Deposition and Elevated
Expression of Connective Tissue Growth Factor in Human Thoracic Aortic Dissection’,

Circulation. 114: 1-200-1-205.

Weigang, E., Kari, F. A, Beyersdorf, F., et al. (2008), ‘Flow-Sensitive Four-Dimensional
Magnetic Resonance Imaging: Flow Patterns in Ascending Aortic Aneurysms’, Eur. J.

Cardiothorac. Surg. 34:11-16.

Wentzel J], Krams R, Schuurbiers ]JC, Oomen JA, Kloet ], van Der Giessen W], Serruys PW,
Slager CJ. (2001), ‘Relationship between neointimal thickness and shear stress after

Wallstent implantation in human coronary arteries’, Circulation. 103(13):1740-5.

Wheat, M. W. (1983), ‘Pathogenesis of Aortic Dissection’, in Doroghazi R. M., Slater E. E.
(eds): Aortic Dissection, New York, McGraw-Hill Book Co, p55.

Wigstrom, L., Ebbers, T., Fyrenius, A., Karlsson, M., Engvall ]., Wranne, B. & Bolger, A. F.
(1999), ‘Particle Trace Visualization of Intracardiac Flow Using Time-Resolved 3D Phase

Contrast MRI’, Magnetic Resonance in Medicine, 41: 793-799.

Wilcox, D. C. (2006), Turbulence Modeling for CFD, 3rd ed., DCW Industries Inc., La
Canada, CA.

Williams, D. M., LePage, M. A. & Lee, D. Y. (1997), ‘The Dissected Aorta. Part I. Early
Anatomic Changes in an In Vitro Model’, Radiology. 203: 23-31.

Wilson KA, Lindholt JS, Hoskins PR, Heickendorff L, Vammen S, Bradbury AW. (2001),
‘The relationship between abdominal aortic aneurysm distensibility and serum markers

of elastin and collagen metabolism’, Eur ] Vasc Endovasc Surg. 21(2):175-8.

203



Wilson, K. A, Lee, A. ], Lee, A.].,, Hoskins, P. R,, Fowkes, F. G., Ruckley, C. V. & Bradvury, A.
W. (2003), ‘The Relationship Between Aortic Wall Distensibility and Rupture of
Infrarenal Abdominal Aortic Aneurysm’, J. Vasc. Surg. 37(1): 112-117.

Wilson, K., Bradbury, A., Hoskins, P., Lee, A., Fowkes, G., McCollum, P. & Ruckley, C. V.
(1998), ‘Relationship Between Abdominal Aortic Aneurysm Wall Compliance and

Clinical Outcome: a Preliminary Analysis’, Eur. ]. Vasc. Endovasc. Surg. 15: 472-477.

Witkewicz W, Gnus ], Hauser W, Czernilewski L. ‘Biomechanical characterization of the

wall of abdominal aortic aneurysm exposed to infection’, Angiol Sosud Khir. 11(1):25-9.

Wolters, B. J. B. M., Rutten, M. C. M., Schurink, G. W. H., Kose, U., de Hart, J]. & van de
Vosse, F. N. (2005), ‘Patient-specific Computational Model of Fluid-Structure Interaction
in Abdominal Aortic Aneurysms’, Med. Eng. Phys. 27(10): 871-883.

Wood NB, Weston SJ, Kilner PJ, Gosman AD, Firmin DN. (2001), ‘Combined MR imaging
and CFD simulation of flow in the human descending aorta’, ] Magn Reson Imaging.

13(5):699-713.

Wood, N. B. (1999), ‘Aspects of Fluid Dynamics Applied To the Larger Arteries’, ]. Theor.
Biol. 199(2): 137 - 161.

Wood, N. B.,, Weston, S. ]. & Gosman, A. D. (2001), ‘Combined MRI imaging and CFD
simulation of flow in the human descending aorta’, ]. Magn. Reson. Imaging 13(5): 699-
713.

Wootton, D. M. & Ku, D. N. (1999), ‘Fluid Mechanics of Vascular Systems, Diseases, and
Thrombosis’, Annu. Rev. Biomed. Eng. 01: 299-329.

Wurzinger, L. ], Opitz, R, Wolf, M. & Schmid-Schonbein, H. (1985), ‘Shear Induced
Platelet Activation’ - A critical reappraisal. Biorheology 22: 399.

Yeung J], Kim H]J, Abbruzzese TA, Vignon-Clementel IE, Draney-Blomme MT, Yeung KK,

Perkash I, Herfkens R], Taylor CA, Dalman RL. (2006), ‘Aortoiliac hemodynamic and
morphologic adaptation to chronic spinal cord injury’, ] Vasc Surg. 44(6):1254-1265.

204



	Title
	Abstract
	Acknowledgement
	Declaration
	List of content
	List of figure
	List of table
	Notation
	Chapter 1 Introduction
	Chapter 2 Literature Review
	Chapter 3 Materials and Methodology
	Chapter 4 Patient-specific Study I a multiple cases study
	Chapter 5 Patient-specific Study II a single case study
	Chapter 6 Model validation using MR flow data
	Chapter 7 Conclusion and Recommendations
	Appendix
	Bibliography

