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Véronique Paule-Alberte Peiffer

Department of Aeronautics

Imperial College London

South Kensington Campus

London SW7 2AZ

This thesis is submitted for the degree of Doctor

of Philosophy of Imperial College London

2012



Declaration

I hereby declare that this submission is my own work and that it contains no material

previously published or written by another person, nor material which to a substan-

tial extent has been accepted for the award of any other degree or diploma of the

university or other institute of higher learning, except where due acknowledgment

has been made in the text.
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Abstract

Atherosclerosis develops non-uniformly within the arterial system and the distribu-

tion of lesions has been observed to change with age. This thesis investigates the

concept that the patchiness of the disease is related to local variations in blood flow.

Based on the insights from a systematic literature review, a novel study was

designed to analyse the relation between haemodynamic factors and age-dependent

atherogenesis in the thoracic aorta of rabbits. Arterial geometries were reconstructed

by micro-Computed Tomography of vascular corrosion casts, with particular atten-

tion to the anatomical accuracy of the dataset. Blood flow was simulated in these

geometries using a spectral/hp element method. Distributions of traditional shear-

related metrics were calculated and both qualitatively and quantitatively compared

to maps of lesion prevalence. In addition, a time-averaged transverse wall shear

stress was introduced.

A geometric analysis of the dataset of rabbit thoracic aortas revealed a signif-

icant change with age in the degree of aortic taper. The geometric changes could

explain age-related differences in flow characteristics, in particular in the extent of

Dean-type vortical structures into the descending aorta and the strength of a dorsal

streak of high shear. The comparative analysis of shear and lesion distributions

did not unequivocally support the theory that lesions occur in regions of low shear.

The novel haemodynamic metric, in combination with current metrics, enabled an

improved identification of zones of multi-directional disturbed flow.

In conclusion, this thesis adds to the understanding of the relation between blood

flow and early atherosclerosis, and provides tools for use in future studies.
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encouraged me to do what I like and I greatly appreciate their unwavering love

and genuine interest in what I do. Also the numerous FaceTime, Skype and Viber
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Chapter 1

Introduction

Cardiovascular disease, a collective noun for a number of disorders of the heart and

blood vessels, is the number one cause of death globally: an estimated 30 % of all

deaths in 2008 were due to cardiovascular disease and it is projected to remain the

major killer until at least 2030 (WHO, 2011). In view of reducing the social and

economic burden cardiovascular disease presents, the World Health Organization,

amongst others, urges for initiatives aimed at prevention and control of the dis-

ease. A good understanding of the factors involved in the onset and progression of

cardiovascular disease is essential in this light.

Since cardiovascular disease is very often the consequence of an underlying

condition called atherosclerosis, this thesis takes the view that the unravelling of

atherosclerosis can provide the key to the design of new prevention, diagnosis and

treatment strategies for cardiovascular disease. This first chapter provides a general

introduction to the topic.

Section 1.1 explains the basic mechanisms involved in atherosclerosis and indi-

cates what aspects of the disease are not yet understood. It will emerge that blood

flow is believed to play an important role in the development of atherosclerosis. Sec-

tion 1.2 therefore introduces the field of haemodynamics. Outstanding issues in the

understanding of atherosclerosis will define the research aims of the thesis, which

are stated in section 1.3. Finally, in section 1.4 the thesis structure is laid out and

the content of each chapter is summarised.



1.1 Atherosclerosis

1.1.1 From atherosclerosis to cardiovascular event

According to the dominant insudation theory, which is schematically illustrated in

figure 1.1(a), low-density lipoproteins (LDL) that are circulating within the blood

can enter the arterial wall (Anitschkow, 1933; Hansson et al., 2006). The LDL con-

centration in the intima, which is the interior layer of the arterial wall, increases with

increasing plasma concentrations. Within the intima the LDL particles are modi-

fied to the inflammatory form oxidised LDL. The presence of oxidised LDL causes

endothelial cell1 activation, a process comprising functional and morphological cell

changes including increased expression of leukocyte adhesion molecules (Bijl, 2003).

Raised glucose levels, as observed in diabetic patients, enhance this effect (Bui et al.,

2009).

Monocytes in particular adhere to the adhesion molecules and subsequently pene-

trate the endothelial surface guided by chemokinetic stimuli. Once in the intima, the

monocytes differentiate into macrophages, take up the available oxidised LDL and

mediate the modification of LDL; cholesterol is formed. If the cholesterol production

exceeds the cells’ export capabilities, macrophages turn into lipid-laden foam cells,

resulting in an initial atherosclerotic lesion. The cascade of events is illustrated in

figure 1.1(b). When one or more layers of foam cells are present, a fatty streak has

developed. These early lesions do not affect the flow of blood in the artery and are

therefore clinically silent (Stary, 1992).

Lesions progress into advanced atheromatous plaques when extracellular lipids,

left behind by dying macrophages, pool together into a lipid core. A fibrotic cap,

composed of smooth muscle cells and collagen, may delineate the region between the

lipid core and the endothelial cell layer. Some advanced lesions become mineralised

(calcified lesions), while some others consist almost entirely of scar collagen (fibrotic

lesions). If the advanced plaque significantly reduces the luminal cross-section, clin-

ical symptoms such as stable or effort angina (for plaques in coronary arteries) can

1The endothelium is the collection of cells which line the interior surface of blood vessels.
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(a) Endothelial activation

ANRV268-PM01-12 ARI 8 December 2005 20:5

300 Hansson · Robertson · Söderberg-Nauclér
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(b) Macrophage activation

Figure 1.1: The onset of atherosclerosis is characterised by lipid accumula-

tion in the intima. Atherogenesis comprises of endothelial (a)

and macrophage activation (b). After Hansson et al. (2006).

occur (Stary, 1992).

When a plaque erodes or fissures, the contents of the lipid core come into contact

with the circulating blood, resulting in the formation of a blood clot or thrombus.

This thrombotic material can build up over the plaque, or detach to form an embolus.

The latter can lead to acute cardiovascular events such as myocardial infarction, if

blood supply to the heart is impeded, or stroke, if the brain runs short of blood

supply. Since plaques with a large lipid core but only thin fibrotic cap are more

prone to rupture, they are referred to as vulnerable plaques (Shah, 2009).

1.1.2 Disease with a focal nature

1.1.2.1 Apparent paradox

According to the World Health Organization, the most important behavioural risk

factors for cardiovascular disease are an unhealthy diet, physical inactivity, tobacco

use and excessive alcohol consumption. Effects of these risk factors may show up in

individuals as metabolic risk factors such as hypertension, diabetes mellitus, hyper-

cholesterolaemia and obesity. Other determinants of cardiovascular disease include

poverty, stress and family history (WHO, 2011). A common characteristic of the
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listed risk factors is their systemic nature: they affect the whole body, implying a

uniform effect on the entire vascular system.

This contrasts with the development of atherosclerosis which is non-uniform

within the arterial system, as was already noted in the nineteenth century (von

Rindfleisch, 1872). The prevalence of atherosclerotic lesions varies both between and

within vessels. In particular, lesions develop predominantly in large and medium-

sized central arteries, such as the aorta and carotid, vertebral and coronary arteries

(Mitchell and Schwartz, 1965). The periphery is much less affected, and veins and

the pulmonary circuit are unaffected under normal conditions. Within vessels, the

prevalence of lesions varies particularly around branch openings (or ostia) and in

regions of high curvature (von Rindfleisch, 1872). Detailed lesion maps have been

obtained for the most atherosclerosis-prone regions of the human arterial system,

including the aorta (Sinzinger et al., 1980; Cornhill et al., 1990; Sloop et al., 1998),

carotid bifurcation (Ku et al., 1985) and coronary arteries (Svindland, 1983).

As in humans, atherosclerosis develops non-uniformly within the arterial system

of animals. Lesion distributions have been studied in a range of mouse strains

(McGillicuddy et al., 2001; Maeda et al., 2007) and in minipigs (Cornhill et al.,

1985), but most extensively in rabbits (Cornhill and Roach, 1976; Zeindler et al.,

1989; Cremers et al., 2011). Whereas in human studies of disease localisation the

most atherosclerosis-prone regions were investigated, in animals the focus was often

on the aorta, in order to better understand the distribution in the vicinity of branch

openings. This vessel features an almost regularly arranged sequence of intercostal

branch ostia, followed by a range of larger side branches and abdominal branches,

before bifurcating into two iliac arteries. The aorta of a rabbit with its major

branches is shown in figure 1.2.

The focal nature of atherosclerosis demonstrates that its development is not

only affected by the well-known systemic risk factors, but also by local factors. The

influence of these local risk factors must be powerful: the protected regions can

remain essentially free of disease even when disease-prone sites have developed it to
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Figure 1.2: The aorta of a rabbit, with its major branches (LCCA: left

common carotid artery; RCCA: right common carotid artery;

LSA: left subclavian artery; BCT: brachiocephalic trunk).

a life-threatening extent, making the search for local risk factors a worthwhile cause

(Weinberg, 2004).

1.1.2.2 Hypothesised mechanisms

If we can understand why some blood vessels seem naturally protected against car-

diovascular disease, we can apply this knowledge to identify arteries that are at risk

and design more effective treatment strategies. A variety of mechanisms explaining

the spatial heterogeneity of atherosclerosis have been hypothesised. Already in the

nineteenth century von Rindfleisch (1872) argued: “... there are many grounds for

thinking that a mechanical irritation of the vascular wall may be at least one of

the causes to which the morbid changes are due. For these are chiefly found at

such points as are exposed to the full stress and impact of the blood ...”. We now

recognise that two factors in particular may vary from one location in the vascular

tree to another:

• Blood flow and its effects on the arterial wall;

• Arterial wall properties.

Blood flow could play a role in the atherogenic process through two different

mechanisms. On the one hand, spatial differences in blood flow characteristics

lead to differences in the state of mixing of the blood. Since the rate of trans-

endothelial LDL transport increases with increasing endothelial exposure to LDL
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(Nielsen, 1996), these differences in mixing could be responsible for the patchiness

of atherosclerosis (Vincent et al., 2010).

On the other hand, the varying blood flow characteristics result in a non-uniform

distribution of the mechanical forces exerted by the flowing blood on the vessel wall

(Asakura and Karino, 1990; Kazakidi et al., 2009). The stresses on the vessel wall

can be decomposed into pressure, normal to the vessel wall, and shear stress, tan-

gential to the vessel wall2. Both components have been suggested to be involved in

atherosclerosis. Pressure-related theories include the effect on arterial permeability

of increased static pressure from turbulence (Wesolowski et al., 1965) and Bernoulli-

type reductions in static pressure (Texon, 1986). Although in absolute terms pres-

sure dominates over shear stress, with pressures being several orders higher than

shear stress magnitudes, in the relative sense local variations in shear stress are

dominant over local variations in pressure. It has therefore been argued that shear

stress plays the major role in the focal development of atherosclerosis. The nature

of this role, however, has been the subject of debate since the late 1960s. While

Fry (1969) suggested that high flow rates lead to endothelial damage and a sub-

sequent pathological response, Caro et al. (1971) stated that low wall shear stress

(WSS) may inhibit or disturb local mass transfer and instigate atherosclerosis. In

the 1980s flow reversal was indicated as a key factor in the atherogenic process (Ku

et al., 1985). The low/oscillatory shear theory is currently viewed as the consensus

hypothesis.

Spatial differences in the properties of the arterial wall could also be the driving

mechanism for the focal nature of atherosclerotic disease. It has been speculated

that increased collagen production, resulting from pulsatile wall stretch owing to

the pulse pressure, may induce vessel wall injury, and also intramural stresses have

been suggested to correlate with the disease distribution (Thubrikar et al., 1990).

In addition, differences in wall permeability might lead to variations in transport

of proteins and other blood components (Sebkhi and Weinberg, 1994, 1996; Forster

and Weinberg, 1997; Ewins et al., 2002; Staughton and Weinberg, 2004).

2The wall shear stress is more formally introduced in section 1.2.2.

27



It is not unlikely that changes in blood flow and arterial wall properties inter-

act with each other. Local differences in the properties of the arterial wall might

influence blood flow characteristics; think for example of how changes in wall stiff-

ness can affect blood flow. The reverse reasoning holds equally well; wall stresses

resulting from blood flow might modify the behaviour of endothelial cells, thereby

changing the wall permeability.

1.1.3 Age-dependency of lesion patterns

1.1.3.1 Apparent paradox

Understanding the distribution of atherosclerotic lesions in the vicinity of branch

ostia, which are preferred targets of the disease, may eventually lead to the devel-

opment of new diagnostic tools and treatment strategies. Lesions around various

branches were mapped by different research groups, but interestingly the distribu-

tions were not always consistent.

Caro et al. (1971) found that the region downstream of branch openings in the

aorta of humans shows least signs of disease, and also Sloop et al. (1998) reported

cases in which lesions developed predominantly at the upstream side of ostia. How-

ever, Sinzinger et al. (1980) could not confirm this observation and concluded that le-

sions preferentially occurred downstream of ostia. This apparent paradox, strength-

ened by the fact that these studies all used human subjects, could be solved when

taking the age of the subjects into account (Weinberg, 2004). Athero-prone regions

move from downstream of branch ostia in young humans (Sinzinger et al., 1980) to

more lateral and upstream locations in adults (Sloop et al., 1998).

Since animals are often used in studies of atherogenesis, Weinberg (2002) inves-

tigated if a similar shift occurred in other species. Although there was no evidence

for a change from a downstream to an upstream distribution with age in pigeons

(Richards and Weinberg, 2000), the distribution did switch in rabbits. In imma-

ture rabbits lesions predominantly occur downstream of the branches and are often

constrained to an arrowhead-shaped area below the ostium (Barnes and Weinberg,
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Figure 1.3: Lesion patterns in the descending thoracic aortas of 4 immature

(left) and 4 mature (right) cholesterol-fed rabbits. The luminal

surface of each segment, opened ventrally, is shown en face.

(The aortas are divided at the third pair of intercostal ostia,

which was removed for a different study.) This is a subset of

the data from Cremers et al. (2011), showing cases that were

most different from each other.

1998, 1999; Forster et al., 1996; Weinberg, 2002). With ageing the most lesion-prone

zones move laterally (Barnes and Weinberg, 1998, 1999, 2001).

Cremers et al. (2011) performed an extensive study of age-related changes in the

localisation of early atherosclerotic lesions in the descending aorta of hypercholes-

terolaemic rabbits. Figure 1.3 shows a subset of their results. The study confirmed

that early lesions predominantly develop in a triangular region downstream of aor-

tic branch orifices in immature rabbits, while this region is largely spared of lesions

in mature rabbits3. Furthermore, they found that lesions occur as longitudinal or

spiral stripes away from branches, and that this pattern is more obvious in mature

than in immature vessels.

3Rabbits are sexually mature around 6 months of age (Berger et al., 1982).
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1.1.3.2 Hypothesised mechanisms

As was argued in section 1.1.2.2, differences in arterial wall properties and/or blood

flow characteristics are thought to be responsible for the focal nature of atheroscle-

rosis. Changes with age in the focal distribution provide an additional challenge for

theories of atherogenesis. It is interesting to investigate if differences in arterial wall

properties or blood flow are age-dependent, for this would considerably strengthen

the evidence. A few studies have been devoted to the unravelling of this apparent

paradox.

Studies which have investigated potential changes with age in arterial wall prop-

erties, have often focused on intercostal branching regions in the aorta of rabbits.

In particular, mass transport through the endothelium has been compared for im-

mature and mature animals. Age-related changes in albumin uptake, as a model

for LDL uptake, have been observed (Sebkhi and Weinberg, 1994, 1996; Forster and

Weinberg, 1997; Ewins et al., 2002; Staughton and Weinberg, 2004). A more accu-

rate picture of variations in mass transport could be obtained by imaging the full

aorta using en face confocal microscopy.

If, as these studies suggest, arterial wall uptake changes with age, the ques-

tion still remains why this is the case. A potential answer to this problem could

once more be that also blood flow characteristics change with age. This hypothesis

was investigated by Bond et al. (2011), who examined endothelial cell and nuclear

elongation in aortas of young and old rabbits. Under the assumption that these pa-

rameters are shear-dependent (Flaherty et al., 1972), their data suggested a positive

correlation of WSS with lesion prevalence, in contrast to the current low/oscillatory

shear consensus which was introduced in section 1.1.2.2. However, it can be argued

that nuclear morphology reflects factors other than WSS. For example, endothelial

cells elongate in response to cyclic stretch as well as shear (Zhao et al., 1995), and

the elongatory effect of shear can be amplified by flow pulsatility (Helmlinger et al.,

1991).
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1.1.4 Animal models of atherosclerosis

A range of species have been used to further our understanding of atherosclerosis,

from mice (Nakashima et al., 1994) and rabbits (Cremers et al., 2011) to dogs (Fry,

1968) and pigs (Koskinas et al., 2010). High-fat diets are often administered to

induce or accelerate the disease process. For example, spontaneous lesion formation

in rabbits is rare (Barnes and Weinberg, 1998, 2001), but lesions can be induced

by a cholesterol-enhanced diet (Forster et al., 1996; Barnes and Weinberg, 1999).

Mice can be genetically modified to develop well-advanced and widely-distributed

lesions on Western or normal mouse diets, while avoiding prolonged administration

of high-cholesterol diets with toxic additives (McGillicuddy et al., 2001). Commonly

used murine models of atherosclerosis have apolipoprotein E (ApoE-/-) or low den-

sity lipoprotein receptor (Ldlr-/-) null mutations. Smaller laboratory animals are

particularly popular because of their relatively low cost of purchase and mainte-

nance, ease of breeding and the relatively rapid progression of atherosclerosis in

these animals (Getz and Reardon, 2012).

Although animal models of atherosclerosis are certainly useful, it is important to

keep in mind that pathologic mechanisms may differ between species. This applies

to smaller laboratory animals in particular. Allometric arguments show that haemo-

dynamic parameters, such as the heart rate and local Reynolds numbers (defined

in section 1.2.1), depend on body mass and are hence different in small animals

compared to humans (Weinberg and Ethier, 2007). However, these parameters are

thought to influence atherogenesis, as will be argued in the thesis presented here.

1.2 Haemodynamics

It follows from section 1.1 that local differences in blood flow provide at least one

possible mechanism that could explain the focal nature of atherosclerotic disease.

With this explanatory potential in mind, a large number of research groups have

studied haemodynamics, the dynamics of the flow in blood vessels. This section

introduces some concepts which are essential in the field of haemodynamics.
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1.2.1 The Navier-Stokes equations

The motion of fluids is governed by the continuity equation, which describes con-

servation of mass, and the Navier-Stokes equations, which describe conservation of

momentum:

∂ρ

∂t
+∇ · (ρu) = 0 (1.1)

ρ
(∂u

∂t
+ u · ∇u

)
= ∇· ↔τ +f (1.2)

with

↔
τ = −p

↔
δ +2µ

↔
S

↔
S =

1

2

(
∇u + (∇u)T

)
− 1

3

(
∇ · u

) ↔
δ

where ρ represents the density of the fluid, t the time, u the velocity vector,
↔
τ

the stress tensor, f the body forces, p the pressure,
↔
δ the unit tensor, µ the dynamic

viscosity and
↔
S the rate of strain tensor.

The equations can be simplified for blood flow. Firstly, at physiologically re-

alistic flow velocities blood can be considered as an incompressible fluid (constant

ρ). Moreover, at high shear rates it is reasonable to assume that blood acts as a

Newtonian fluid, i.e. µ is constant (Johnston et al., 2006)4. Finally, the effect of

body forces can be neglected. The governing equations can therefore be reduced to:

∇ · u = 0 in Ω (1.3)

∂u

∂t
+ u · ∇u = −1

ρ
∇p+ ν∇2u in Ω (1.4)

where Ω represents the vascular geometry in which the blood flows and ν =µ/ρ

is the kinematic viscosity. The left-hand side of equation (1.4) contains a time-

dependent contribution and a non-linear convective term, while the right-hand side

contains a pressure and a viscous, diffusive term.

4In regions of slow flow, the use of a Newtonian approximation in combination with the shear-

thinning behaviour of the blood results in a slight underestimation of the WSS (Johnston et al.,

2004).
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A final assumption that was implicitly made here is that blood may be treated

as a homogeneous fluid, which is justified by the orders of magnitude difference in

the length scales of large arteries such as the aorta versus red blood cells. Steinman

(2011) noted that this presumes that the length scales of the flow features are sim-

ilarly large, an implicit assumption that may well be violated under conditions of

pathological flow.

The set of equations (1.3)-(1.4) is complemented by corresponding boundary con-

ditions, which directly or indirectly prescribe the solution on the boundary ∂Ω. In

general, this boundary is not fixed as arterial walls can move and deform throughout

the cardiac cycle. Initial conditions describe the flow field at t = 0. The solution to

this complex problem dictates the velocity and pressure of the flowing blood, but a

generic analytic solution is not available.

The Navier-Stokes equation can be non-dimensionalised using characteristic ref-

erence magnitudes for the velocity u0, length D0 and time T :

1

Ured

∂u∗

∂t∗
+ u∗ · ∇∗u∗ = −∇∗p∗ +

1

Re
(∇∗)2u∗ (1.5)

where the asterik indicates the non-dimensional form of the variables. Two non-

dimensional parameters emerge: the Reynolds number Re and the reduced velocity

Ured.

The Reynolds number Re is defined as:

Re =
ρu0D0

µ
(1.6)

and is a measure of the ratio of inertial forces (ρu2
0) to viscous forces (µu0/D0). For

high Re flows, inertial forces are dominant; the flow becomes turbulent when Re

exceeds a critical value. Viscous forces are significant only at low Re; this is called

laminar flow. Although blood flow is mostly laminar, instabilities and transition

to turbulence may occur under certain conditions, for example in severe stenoses

(Sherwin and Blackburn, 2005). Allometric arguments show that Re is dependent

on animal size (Weinberg and Ethier, 2007), making turbulent effects more likely in

larger animals. Given the focus on flow in rabbit aortas, the work presented here is

limited to the investigation of laminar flow conditions.
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The second dimensionless parameter in the non-dimensional Navier-Stokes equa-

tions is the reduced velocity, which is defined as:

Ured =
u0T

D0

(1.7)

For harmonic pulsatile flows the use of the Womersley parameter Wo is often pre-

ferred (Womersley, 1955). This parameter is defined as:

Wo =
D0

2

√
ω

ν
(1.8)

where ω(=1/T) represents the frequency of the oscillation. Wo relates to the reduced

velocity through the following expression:

Ured =
π

2

Re

Wo2 (1.9)

The use of this parameter is explained in section 1.2.3.1.

1.2.2 Wall shear stress and related parameters

The wall shear stress vector τw is the tangential force per unit area exerted by the

flowing blood onto the vessel wall. For a Newtonian fluid, shear stress is proportional

to the gradient of the velocity (shear rate), and τw is consequently defined by:

τw =
[
µ(∇u) · n

]
wall

(1.10)

where n represents the vector normal to the vessel wall. Since blood flow is pulsatile,

τw is both space- and time-dependent. Various metrics related to τw have been

shown to influence endothelial cell behaviour (Flaherty et al., 1972; LaMack et al.,

2010; Chakraborty et al., 2012). In a steady-state sense the magnitude of τw (WSS)

has been considered to be physiologically relevant. Time-integrated metrics that

have been used extensively to characterise the flow field are the time-averaged wall

shear stress (TAWSS), the oscillatory shear index (OSI) and the relative residence
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time (RRT):

TAWSS =
1

T

∫ T

0

|τw|dt (1.11)

OSI =
1

2

(
1−

∣∣ ∫ T
0
τwdt

∣∣
∫ T

0
|τw|dt

)
(1.12)

RRT ∼ 1

TAWSS
(
1− 2OSI

) (1.13)

The TAWSS can be regarded as the time-integrated version of the WSS magnitude

and is insensitive to the direction of the WSS vector. The OSI, which was originally

defined in a two-dimensional sense (Ku et al., 1985) and only later extended to the

three-dimensional case (He and Ku, 1996), is a measure for the oscillatory charac-

ter of the flow. The RRT, finally, expresses the importance of the residence time

of solutes and formed elements of the blood in the neighbourhood of vascular en-

dothelium (Himburg et al., 2004). It is a relative concept, because all non-adherent

particles in the flow are moving and therefore have zero effective residence time at

any location.

1.2.3 Flow in idealised geometries

Arteries have three-dimensional tortuous geometries and the dynamics of the flowing

blood inside them can be highly complex. Many research groups have used simplified

models to gain a better understanding of the relevant flow mechanics (Friedman

et al., 1975; Lou and Yang, 1992; Kazakidi et al., 2009). The current section gives

a few examples to illustrate the basic fluid dynamic principles.

1.2.3.1 Straight pipe

Steady-state flow Laminar flow in a long straight pipe is known as Poiseuille flow

and has a parabolic axial velocity profile. This can be understood from the following

reasoning. When a flow with uniform velocity enters a rigid-walled cylinder, the

velocity profile is originally plug-like, as is illustrated in figure 1.4(a). Since the flow

has to conform to the no-slip condition, which states that the velocity at the wall is

zero relative to the wall, a viscous boundary layer will start to grow; the near-wall
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(a) Straight pipe (b) Tapered pipe

(c) Bifurcation (d) Curved pipe

Figure 1.4: Illustrations of velocity profiles for steady laminar flow in 4 ide-

alised geometries. In (a) a uniform velocity profile is assumed

at the pipe inlet, while in (b)-(d) the inlet velocity profile is

parabolic.
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fluid progressively decelerates, while the flow near the axis of the tube accelerates to

conserve the flow rate (equation (1.3)). After a certain entrance length, estimated

at 0.03ReD0 (Parker and Caro, 1993), the flow reaches its fully-developed state with

a constant parabolic velocity profile and zero in-plane flow (due to axisymmetry).

The WSS, which is originally elevated, gradually reduces and becomes equal to:

WSSfully-developed =
32µQ

πD3
(1.14)

where Q is the volume flow rate through the pipe and D the local pipe diameter.

Pulsatile flow Due to the contractions of the heart, blood flow in arteries is pul-

satile. For low frequencies, the flow can be considered quasi-steady: the velocity

preserves its parabolic profile throughout the cardiac cycle. However, for higher

frequencies a quasi-steady assumption is no longer justifiable. The Womersley pa-

rameter Wo, which was introduced in section 1.2.1, is used to evaluate how the

profile will change. The quasi-steady behaviour occurs for Wo < 1. When Wo is

large (> 10), the velocity profile flattens; there is not enough time in the cycle for the

velocity profile to develop. For larger Wo, the maximum velocity no longer remains

on the axis of the pipe throughout the cycle. Whereas the near-wall fluid, which has

a low velocity and hence low momentum, remains in phase with the driving pressure

gradient, the fluid closer to the axis with higher velocity does not.

1.2.3.2 Tapered pipe

Fully-developed flow in a tapered pipe is called Jeffery-Hamel flow (Jeffery, 1915;

Hamel, 1916). Due to conservation of mass (equation (1.3)) the average axial velocity

in a tapered pipe varies as 1/D2. The axial velocity profile is more blunt compared

to the parabolic profile in a straight pipe. This is illustrated in figure 1.4(b). The

flow also has a radial in-plane component, pointing towards the axis of the pipe.

The WSS in a converging tapered pipe increases along the pipe in line with the

increasing average velocity and, due to the blunted velocity profile, the WSS will be

higher than the value determined by equation (1.14) at any cross-section.
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1.2.3.3 Bifurcation

Figure 1.4(c) illustrates that, when flow from a straight pipe with a fully-developed

profile encounters a bifurcation, the velocity profile will no longer be parabolic down-

stream of the bifurcation. The blood arriving at the flow divider hits the inner walls

of the bifurcation, resulting in a region of high WSS, while the outer walls are ex-

posed to low WSS. At high initial velocities and sharp bifurcation angles the flow

may even separate along the outer walls; a recirculation zone has developed.

The velocity profile in the daughter branches is skewed towards the inner wall,

as is illustrated in figure 1.4(c). New boundary layers develop and, after a certain

entrance length, a Poiseuille flow type re-establishes in both daughter branches.

1.2.3.4 Pipe with curvature and torsion

The curvature and torsion of a pipe describe the 3D bending of the pipe and twisting

of its plane of curvature respectively. The influence of curvature on fluid flow in a

pipe can be characterised by the Dean number De, which is defined here as:

De = Re

√
D0

2Rc

(1.15)

where Rc represents the radius of curvature, or κ = 1/Rc the curvature of the pipe.

Note that different definitions of De are in use (Dean, 1927, 1928). For a straight

pipe De is zero, and De increases with increasing curvature.

The physics of fluid motion in pipes with curvature and torsion is detailed in Alas-

truey et al. (2012). The introduction of curvature gives rise to centrifugal forces,

which point away from the centre of curvature. Interaction between the centrifugal

forces and an in-plane pressure gradient gives rise to secondary motion, as is illus-

trated in figure 1.4(d). At the start of the bend, the in-plane pressure gradient is

centripetal (toward the centre of curvature) and smaller than the centrifugal force

in the core flow, and circumferential and greater than the centrifugal force near the

wall. The resulting convective acceleration is centrifugal in the core flow and has a

spiral pattern near the lateral walls. Moving downstream, both regions of spiral con-

vective acceleration are gradually transformed into two regions of radial convective
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acceleration, generating circular secondary motions. The pair of counter-rotating

vortices that form, are called Dean vortices.

A curvature-dependent Coriolis force accelerates the fluid particles with a cen-

tripetal velocity and decelerates fluid particles with a centrifugal velocity, shaping

the velocity profile from circular (parabolic) to crescent shapes. As a consequence

the peak velocity is displaced toward the outer curvature of the pipe, as is shown in

figure 1.4(d). Because of the skewed velocity profile, WSS is higher along the outer

curvature of the pipe and lower along the inner wall.

Geometries with non-zero torsion are intrinsically non-planar. The introduction

of torsion breaks the symmetry of the Dean vortex pair, either by making one vortex

more dominant or by completely obliterating the second vortex, depending on the

values of De and torsion-related parameters (Doorly and Sherwin, 2009).

1.2.4 Flow in arteries

The vascular system is an assembly of bifurcating arteries with varying curvature,

torsion and cross-section. All fluid dynamic effects explained in section 1.2.3 are

therefore present and can interact with each other. In addition, arteries are not

necessarily circular in cross-section. The hydraulic diameter is often used to describe

non-circular shapes. This parameter is defined as:

D0 =
4A0

P0

(1.16)

where A0 represents the area and P0 the perimeter of the cross-section. For a circular

cross-section, the hydraulic diameter is equal to the diameter.

Calculation of the WSS in arteries requires accurate velocity measurements close

to the wall to estimate the near-wall shear rate. This can be done in vivo (Jones

et al., 1992; Irace et al., 2011) or in vitro using experimental set-ups (Caro et al.,

1971; Ahmed and Giddens, 1984). However, even with state-of-the-art equipment,

velocity measurements are not very well resolved (Steinman, 2004), although recent

improvements in MRI techniques are likely to instigate its use for in vivo WSS mea-

surements (Stalder et al., 2008). To overcome difficulties in velocity measurements,
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WSS was often estimated by assuming simplified laws for the velocity profile, such

as Poiseuille flow (Simon and Levenson, 1990). Since the complex flow in arteries

is difficult, often even impossible to capture using such laws, this strategy does not

always lead to accurate results.

This justifies the need for alternative ways to assess blood flow characteristics

and WSS. Computational fluid dynamics (CFD) is widely used in the field of bio-

engineering to compute arterial WSS (Friedman et al., 1975; Cheer et al., 1998;

Knight et al., 2010; Hoi et al., 2011). Numerical methods are employed to approx-

imate the equations for fluid flow since an analytic solution is not available except

in simple cases. CFD has the advantage of providing three-dimensional flow fields,

enabling the calculation of haemodynamic factors such as WSS on the entire arterial

wall. For the rabbit aorta, CFD has been used to study flow in an idealised model

of a single intercostal artery branching off the thoracic aorta (Kazakidi et al., 2009,

2011) and in a geometrically accurate model of one (mature) rabbit thoracic aorta

(Vincent et al., 2011), but has not yet been applied to evaluate age-related changes

in blood flow characteristics.

1.3 Research aims

The thesis presented here aims to further our understanding of atherosclerosis, the

condition underlying most cardiovascular diseases, as a first step towards the de-

sign of new prevention, diagnosis and treatment strategies of cardiovascular disease.

Given the localisation of atherosclerotic lesions in branching regions and curved ves-

sels, the thesis works from the hypothesis that the initiation of atherosclerosis is

flow-dependent. The ultimate goal is to identify haemodynamic markers that are

involved in the atherogenic process and act as local risk factors.

Recognising the vast amount of literature on the relation between blood flow

and atherogenesis, the first research aim of the thesis is to evaluate the evidence for

a correlation between early atherosclerosis and WSS. The findings of this system-

atic review are the starting point for the design of a novel study investigating the
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relation between blood flow and age-dependent atherogenesis in the rabbit aorta.

Since blood flow characteristics are heavily dependent on vascular geometry, a sec-

ond research aim is to identify age-related changes in the geometry of the rabbit

aorta. The reliable reconstruction of the subject-specific rabbit aorta is important

for this analysis. Thirdly, blood flow is simulated in the individual geometries using

computational fluid dynamic tools, and age-related differences in flow features are

analysed. Finally, the potential of haemodynamic metrics to predict the distribu-

tion of atherosclerotic lesions in the rabbit aorta is assessed. The fourth research

aim is to assess the explanatory potential of traditionally used metrics, while the

fifth research aim is to develop and assess new tools to characterise physiologically

relevant flow features.

The research aims of the thesis presented here can be summarised as follows:

1. To understand the current view on the relation between blood flow and athero-

genesis;

2. To identify age-related changes in the geometry of the rabbit aorta;

3. To identify age-related changes in blood flow characteristics in the rabbit aorta;

4. To assess the potential of traditional haemodynamic metrics to predict the

distribution of atherosclerotic lesions in the rabbit aorta;

5. To develop and assess new tools for the characterisation of physiologically

relevant flow features.

1.4 Outline

At the core of this thesis is a comparative study of age-related changes in lesion

distribution and blood flow characteristics in the aorta of rabbits. The work is

presented in a series of chapters; chapters 2 to 6 each address one of the research

aims introduced in section 1.3. The study design is schematically illustrated in figure

1.5.
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Figure 1.5: Outline of the thesis presented here. The numbers in black

circles indicate the chapters in which each part of the study is

detailed.
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Since the concept that blood flow plays a role in early atherosclerosis has been

around for more than a century (von Rindfleisch, 1872), chapter 2 presents a review

of articles investigating this relationship. To increase the rigour of the review, it is

conducted in the systematic fashion used for assessing clinical trials. The methods

used to compare distributions of atherosclerotic disease with flow-related parameters

are discussed in detail, and conclusions are drawn on the current status of our

knowledge regarding the character of the relation between early atherosclerosis and

blood flow.

Chapter 3 presents a geometric analysis of the rabbit aorta, as a first step towards

the integrated haemodynamic study. Advantages and drawbacks of techniques for

geometry acquisition are discussed and a dataset of aortic geometries of immature

and mature rabbits is presented. In line with the second research aim, age-related

differences in the aortic geometries are investigated. Finally, the accuracy of the

dataset is analysed and potential consequences for the conclusions of the geometric

analysis are assessed.

Chapter 4 first introduces the numerical methods used as part of the thesis pre-

sented here to simulate blood flow in vascular geometries. These methods are then

applied to the rabbit aortic dataset obtained in the previous chapter, and distribu-

tions of flow-related parameters such as the WSS are calculated. Simulations of flow

in idealised geometries are used to gain a better understanding of the governing flow

features and age-related differences in the anatomically representative geometries.

The comparative study culminates in chapter 5, in which the patterns of WSS

are compared to distributions of atherosclerotic lesion prevalence in immature and

mature rabbit aortas from the literature. This is done first qualitatively, and after-

wards a statistical technique is designed and applied to quantitatively correlate the

distribution maps.

Chapter 6 investigates the haemodynamic results from a different angle: the

chapter questions if metrics traditionally used in the field of haemodynamics can

correctly identify different flow fields. Novel ways to better characterise disturbed
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flows are introduced and applied to the pulsatile flow in idealised and anatomi-

cally realistic geometries. The physiological relevance of these techniques are also

discussed.

Research conclusions are presented in chapter 7, together with suggestions for

further work.
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Chapter 2

Atherogenesis and blood flow:

a systematic review

The non-uniform distribution of atherosclerotic lesions in the arterial system had

been noted and attributed to variation in blood flow characteristics as early as the

nineteenth century (von Rindfleisch, 1872). Today, the concept that local haemody-

namic factors account for the patchiness of the disease has become almost universally

accepted by researchers in the field (Steinman, 2004). This acceptance emerged after

a period of several decades during which the nature of the flow features that drive

atherogenesis was the subject of considerable debate. While Fry (1969) suggested

that high WSS leads to endothelial damage and a subsequent pathological response,

Caro et al. (1971) proposed that high WSS was protective, lesions instead occurring

in regions of low WSS. In the 1980s flow reversal was identified as another key factor,

and the OSI was introduced by Ku et al. (1985) to quantify it. This index has the

time-averaged magnitude of wall shear stress in the denominator, so high OSI tends

to be associated with a low mean shear; the low and oscillatory shear theories have

become fused to some extent.

Other haemodynamic theories, which have attracted less attention, involve in-

creased static pressure from turbulence (Wesolowski et al., 1965), Bernoulli-type

reductions in static pressure (Texon et al., 1965), fluctuations of pressure in con-

junction with moderate shear stress (Blackshear et al., 1982), small excursions of



WSS during the cardiac cycle (Friedman et al., 1981), high harmonic content of

variations in WSS (Himburg and Friedman, 2006), steep spatial gradients in WSS

(Lei et al., 1995) and multidirectional shear (McMillan, 1985).

In their review of fluid dynamics at arterial bifurcations, Lou and Yang (1992)

noted, “The theory of low shear stress prevails at the moment, although the correla-

tion between high-atherosclerosis probability areas and expected regions of low wall

shear stress is far from perfect. It is, therefore, not prudent to accept one theory

over another.” Twenty years later, the low and/or oscillatory WSS hypothesis has

become the consensus mechanism for the initiation of atherosclerosis (Cecchi et al.,

2011). Some studies even rely on the theory for the development or assessment of

potential diagnostic or treatment strategies (Sawchuk et al., 1999; Redaelli et al.,

2004). This chapter aims to ascertain if the literature really does justify the consen-

sus. A literature review was conducted in a systematic fashion. Since, as highlighted

in section 1.2.4, CFD-based methods currently provide the most reliable WSS es-

timates, articles that compared CFD-derived metrics with lesion distributions were

identified. Their methods and findings were assessed to gauge the strength of the

evidence for the consensus view of the relationship between WSS and atherosclerosis.

Section 2.1 presents criteria for in- or exclusion of articles in the review. An

overview of the literature search is provided in section 2.2. Findings are presented

in section 2.3, and critically assessed in section 2.4.

2.1 Inclusion and exclusion criteria

A systematic search was conducted on the PubMed database (pubmed.com). The

search was restricted to primary research articles published online before 21 March

2012. Articles were selected if at least one keyword from each of the following three

groups appeared in their abstract and/or title:

• athero, atheroma, atheromata, atheromatous, atherosclerosis, atherosclerotic,

atherogenesis, atherogenic, intima-media thickness, intimal thickness, wall

thickness;
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• shear;

• CFD, computational, computation, compute, computed, computing, numeri-

cal, calculation, calculate, calculated, calculating, simulation, simulate, simu-

lated, simulating.

The abstracts of these articles were evaluated against a set of inclusion and exclusion

criteria. To be included, compliance with the following criteria was required:

• The presented work was an original contribution;

• CFD was used to simulate blood flow in one or more vascular geometries;

• At least one of the vascular geometries used as an input for the CFD analysis

was anatomically realistic. A geometry was considered anatomically realistic

if it was based on measurements or images, represented a sufficiently extended

vascular region and included all the features necessary to capture the physio-

logically relevant 3D flow dynamics;

• The localisation of atherosclerotic lesions in the region of interest was based

on the distribution of an established marker of the disease, presented either as

an original contribution in the article, in a companion paper from the same

group, or in a cited article from a different research group. In all cases, the

species used for the disease localisation study and CFD analysis had to match;

• The patterns of shear-related parameters in the region of interest were shown

or described in detail, and compared with the localisation of disease in the

same region;

• The relation between blood flow and the initiation of atherosclerosis was dis-

cussed.

If compliance with these criteria could not be determined from the abstract, the

article was hand-searched.

Explicitly excluded from the review were:
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• Studies that performed CFD on severely stenosed geometries and compared

the resulting WSS maps with the spatial distribution of occlusion in these

geometries. With such advanced disease, it cannot be assumed that variations

in shear are a cause rather than an effect of the lesion;

• Studies in which the geometries for the CFD analysis were obtained after

angioplasty or endarterectomy in the region of interest, since these techniques

cannot guarantee an accurate reproduction of the original “healthy” vascular

geometry;

• Studies in which a stent, cuff, graft or other foreign object was introduced

in the region of interest, since contact with the foreign material or stresses

induced by the presence of the object may trigger mechanisms unrelated to

normal atherogenesis; studies in which the geometry of the vascular region of

interest was itself surgically altered, e.g. by anastomosis, were also discarded

since effects related to the surgery may act as confounding factors;

• Studies in which the disease was mechanically induced, e.g. by denudation

of the endothelium. Although these studies may help us understand the pro-

gression of the disease, they do not replicate the normal initial stages of the

disease process;

• Studies in which gene expression, white blood cell density or LDL permeability

were used as surrogates for lesions, since these properties are not established

markers of the disease.

2.2 The available literature

A flow chart of the literature search is shown in figure 2.1. The initial search

produced 406 articles, spanning 37 years of research. Excluding reviews and articles

that did not concern atherosclerosis or its relation to blood flow left 360 articles.

231 of those used CFD to simulate blood flow and calculated WSS in one or more

vascular geometries. Many papers that were excluded in this step calculated WSS

48



PUBMED: 
•  Atherosclerosis (or related term) 
•  Shear 
•  CFD (or related term) 

+

Not anatomically realistic+

Not on atherogenesis+

Reviews, abstracts etc.+

Unrelated topic+

No in vivo CFD/shear+

No disease comparison+

Final selection+

406 

27 

13 

71 

45 

33 

129 

88 

Figure 2.1: Flow chart of the search strategy for the selection of articles to

be included in the review.

from velocity measurements, often by assuming fully developed (Poiseuille) flow.

Some of the excluded articles focused on CFD in relation to in vitro experiments,

rather than providing an insight into the in vivo haemodynamics. Another 159

papers were discarded because they did not compare their CFD results in detail with

the localisation of atherosclerotic lesions in the relevant species, or did not relate

their results to the initial stages of the disease. 45 articles were dismissed because

the geometries employed in the CFD analysis were considered to lack anatomical

details that could be relevant to the 3D flow dynamics. (A paper by Krams et al.

(1997) was not rejected even though results were presented for a vascular region

that had undergone angioplasty, because the authors noted that their conclusions

remained unchanged when only the vessel segment upstream of the angioplasty was

analysed.)

The remaining 27 articles were included; they originated from 15 different insti-

tutions (based on the affiliation of the corresponding author). A full list is provided

in table 2.2. Besides human blood vessels, porcine, rabbit and murine models were
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Table 2.1: Species and vascular regions of interest in the final selection of

articles.
PPPPPPPPPPP
Vessel

Species
Human Porcine Rabbit Murine

Coronary arteries 12 4 - -

Carotid bifurcation 5 - - -

Aorta 1 - 2 2

ICA 1 - - -

used (table 2.1). Coronary arteries were the most popular region of interest, but

the carotid bifurcation, aorta and internal carotid artery were also studied. In the

animal studies, interventions were often required to initiate or accelerate the disease

process: all animals were cholesterol-fed, mice had an ApoE-/- or Ldlr-/- mutation,

and in one case the flow conditions were modified by surgical induction of aortic

valve regurgitation (Hoi et al., 2011).

Most of the selected articles presented the localisation of the disease as an original

contribution; in two cases this aspect was published separately (with at least one

author in common with the article in the selection; Zhu et al. (2009) - Maeda et al.

(2007); Hoi et al. (2011) - Zhou et al. (2010); and four articles compared their

CFD results with disease distributions reported by other research groups (Perktold

and Resch (1990), Perktold et al. (1991) - De Syo (1990); Taylor et al. (1998) -

Cornhill et al. (1990); Suo et al. (2008) - Svindland (1983)). Buchanan et al. (1999,

2003) referred to previous work from their own (Herrmann et al., 1994; Malinauskas

et al., 1995) and other (Zeindler et al., 1989) research groups but, because of the

last exclusion criterion, only the comparison with the lesion distribution of Zeindler

et al. (1989) is reviewed here.

2.3 Findings

Section 2.3.1 uncritically presents the results for the association between blood flow

and atherosclerosis given in the reviewed articles. Subsequent sections also con-

sider the methods that were used to obtain this evidence. Since different research
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Table 2.2: Final selection of articles: references in chronological order, to-

gether with the affiliation of the corresponding author (or first

author if no corresponding author was indicated) at the time of

publication, species and vascular region of interest.

Reference Affiliation Vessel Species

Perktold and Resch (1990) Technical University Graz Carotid Human

Perktold et al. (1991) Technical University Graz Carotid Human

Krams et al. (1997) Thoraxcenter Erasmus MC Coronary Human

Taylor et al. (1998) Stanford University Aorta Human

Buchanan et al. (1999) North Carolina State University Aorta Rabbit

Steinman et al. (2002) John P. Robarts Research Institute Carotid Human

Goubergrits et al. (2002) Humboldt University Berlin Carotid Human

Wentzel et al. (2003) Thoraxcenter Erasmus MC Coronary Human

Buchanan et al. (2003) North Carolina State University Aorta Rabbit

Joshi et al. (2004) University of Toronto Coronary Human

Wentzel et al. (2005) Thoraxcenter Erasmus MC Coronary Human

Gijsen et al. (2007) Thoraxcenter Erasmus MC Coronary Human

Augst et al. (2007) Imperial College London Carotid Human

Chatzizisis et al. (2008) Harvard Medical School Coronary Porcine

Suo et al. (2008) Georgia Institute of Technology Coronary Human

Olgac et al. (2008) ETH Zürich Coronary Human

Olgac et al. (2009) ETH Zürich Coronary Human

Zhu et al. (2009) Duke University Aorta Murine

van der Giessen et al. (2010) Thoraxcenter Erasmus MC Coronary Human

Koskinas et al. (2010) Harvard Medical School Coronary Porcine

Knight et al. (2010) ETH Zürich Coronary Human

Hoi et al. (2011) University of Toronto Aorta Murine

Chatzizisis et al. (2011) Harvard Medical School Coronary Porcine

Samady et al. (2011) Emory University School of Medicine Coronary Human

Siogkas et al. (2011) Biomedical Research Institute, Ioannina Coronary Porcine

Zhang et al. (2012) Beihang University ICA Human

Rikhtegar et al. (2012) ETH Zürich Coronary Human
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groups applied different levels of data reduction, section 2.3.2 investigates how data-

processing methodologies differed between articles. Given the high sensitivity of

blood flow to geometric changes, section 2.3.3 details at what stage of the disease

process blood flow was characterised. Finally, section 2.3.4 gives an overview of the

different techniques used to assess disease location. In each of these three sections,

implications for the evidence concerning the role of blood flow in early atherosclerosis

are discussed.

2.3.1 Many but not all articles interpret their results as

supporting the low/oscillatory shear theory

2.3.1.1 Studies of steady flow

Based on the investigation of steady-state flow, a total of nine papers (33.3%) con-

cluded that their results confirm the theory that low WSS promotes atherogenesis:

• Krams et al. (1997) and Wentzel et al. (2003, 2005) reported an inverse corre-

lation between wall thickness and (steady) WSS;

• Goubergrits et al. (2002) saw a good visual correlation between locations of

fibrous plaques and regions of low WSS;

• Chatzizisis et al. (2008) found that fibroatheromata and intermediate lesions

develop in vascular segments with lower baseline WSS than segments with

minimal lesions;

• Koskinas et al. (2010) observed a greater increase in maximum intima-medial

thickness in vascular segments with low baseline WSS compared to vascular

segments with high baseline WSS;

• Although Olgac et al. (2008) focused on the relation between atherosclerosis

and LDL concentration, they reported a region of low WSS coincided with the

location of a plaque;
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• Siogkas et al. (2011) noted the largest plaque formation in a region of low

WSS;

• Chatzizisis et al. (2011) found that lipid accumulation was enhanced in seg-

ments with low baseline WSS.

In contrast, a quantitative comparison by Gijsen et al. (2007) did not result in an

overall relationship between WSS and wall thickness, and van der Giessen et al.

(2010) could not establish a correlation between WSS and plaque thickness in a

mildly diseased artery.

2.3.1.2 Studies of time-varying flow

The first papers which reported on time-varying flow, by Perktold and Resch (1990)

and Perktold et al. (1991), concluded that the observed locations of atherosclerotic

plaques correlated with the extent and location of a recirculation zone (and accom-

panying low shear regions) occurring during part of the cardiac cycle. However, most

research groups who studied time-dependent dynamics focused their investigations

on time-integrated effects.

Articles which discuss their results in terms of time-averaged wall shear stress

(TAWSS), defined as the temporal average of the magnitude of the wall shear stress

vector, are discussed first. Afterwards the focus is on articles which also considered

other time-integrated, shear-derived metrics.

Time-averaged wall shear stress Three papers (11.1%) concluded that low

TAWSS co-located with atherosclerosis or that its magnitude correlated inversely

with its rate of progression:

• Suo et al. (2008) concluded that low TAWSS was co-located with an increased

incidence of lesions,

• Zhu et al. (2009) compared TAWSS magnitudes in two mouse strains and

found lower values in the strain having greater athero-susceptibility,
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• Samady et al. (2011) found that plaque area increased over time in vascular

segments with low TAWSS, but decreased in intermediate- and high-TAWSS

segments.

In contrast to these articles, one study did not support the low TAWSS theory:

Joshi et al. (2004) could not find a significant correlation between intimal thickness

and WSS or TAWSS in 3 out of 4 arteries.

Other shear-derived metrics The OSI, first proposed by Ku et al. (1985) to

characterise flow pulsatility and later generalised to three-dimensional flow (He and

Ku, 1996), was computed alongside TAWSS in many of the reviewed papers, in

order to investigate the influence of the oscillatory character of the blood flow on

atherogenesis.

The conclusions for TAWSS and OSI were in agreement in four papers (14.8%),

but there was inconsistency between the papers about whether these indices corre-

lated with markers of early atherosclerosis:

• Taylor et al. (1998) and Buchanan et al. (1999, 2003) noted that regions of

low TAWSS and high OSI both coincide with a high probability-of-occurrence

of early atherosclerotic lesions;

• Although Olgac et al. (2009) focused on the relation between atherosclerosis

and LDL concentration, they reported a region of low TAWSS and high OSI

coincided with the location of a plaque;

• Steinman et al. (2002) could not find a quantitative general relationship be-

tween TAWSS or OSI and wall thickness.

In other cases the conclusions for TAWSS and OSI disagreed, or at least were

not in strong agreement:

• Augst et al. (2007) computed TAWSS, OSI and wall shear stress angle gradi-

ents (WSSAG). They reported a significant relationship between WSS or WS-

SAG and intima-medial thickness in the common carotid artery immediately
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Table 2.3: Overview of the various conclusions presented by the articles

which satisfied all criteria of the systematic search.

Theory Correlation No correlation

Low steady WSS 9 2

Low instantaneous WSS 2 0

Low TAWSS 3 1

TAWSS and OSI 4 1

TAWSS or OSI or RRT 4 1

proximal to the carotid bifurcation, but not in the carotid sinus. Intima-medial

thickness was unrelated to OSI in both regions;

• Hoi et al. (2011) concluded that the OSI and the RRT could explain changes

in plaque distribution as a result of changes in flow conditions whilst TAWSS

could not;

• According to Zhang et al. (2012), both TAWSS- and OSI-based risk factors

were good predictors of subsequent stenosis, but the OSI-based risk factor was

more effective;

• Knight et al. (2010) and Rikhtegar et al. (2012) found that the largest number

of plaque locations could be predicted using a low TAWSS threshold, but that

the OSI and RRT produced fewer false negatives.

Table 2.3 provides an overview of the conclusions presented in the selected arti-

cles. Most stated that their results were in agreement with the low/oscillatory shear

theory, but five (18.5%) could not find a significant overall relationship between

a flow-related metric and early atherosclerosis (Steinman et al., 2002; Joshi et al.,

2004; Gijsen et al., 2007; Augst et al., 2007; van der Giessen et al., 2010).
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2.3.2 Different and sometimes conflicting levels of data re-

duction were required to reach a conclusion

2.3.2.1 Descriptive analysis

In the two earliest papers that satisfied all selection criteria, by Perktold and Resch

(1990) and Perktold et al. (1991), the comparison of flow and disease was essentially

descriptive: differences in plaque location in carotid bifurcations with different bi-

furcation angles (De Syo, 1990) could be explained by differences in the extent and

location of a recirculation zone. Such an analysis does not provide any statistical

evidence for the relation between WSS and atherogenesis. De Syo et al. (2005) later

presented a slightly more quantitative argument.

2.3.2.2 Visual comparison of maps

Many articles provided maps of flow-related parameters and of disease indicators (or

explicitly referred to figures in companion papers for the latter), and then visually

compared these distributions (Taylor et al., 1998; Goubergrits et al., 2002; Buchanan

et al., 1999, 2003; Gijsen et al., 2007; Olgac et al., 2008, 2009; Suo et al., 2008; Zhu

et al., 2009; van der Giessen et al., 2010; Hoi et al., 2011). This approach generally

led to a conclusion in favour of the low/oscillatory shear theory. In many cases,

however, not all the information available in these maps was used:

• Goubergrits et al. (2002) reported a good correlation between locations of

wall alteration and regions of low WSS but their maps show a far from perfect

agreement; plaques can also be seen in regions of high WSS (e.g. figure 1 -

flow dividers of 7L and 22R), and many low WSS regions appear plaque-free

(e.g. figure 1 - 1R);

• The images in Buchanan et al. (1999, 2003) also suggest that a one-to-one

correlation does not exist. A spatial coincidence of low TAWSS and high

OSI with early atherosclerotic lesions was noted, but (for example) a patch of

lesions upstream of the coeliac branch seems to correspond to a region of high

TAWSS and low OSI;
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• Although Hoi et al. (2011) advocated the use of RRT as a surrogate marker

of atherosclerosis, they conceded this metric failed to predict the absence of

plaques in the proximal descending thoracic aorta of Lldr-/- mice;

• It should also be noted that in the study of Suo et al. (2008), the labelling of

branches was inadvertently transposed in one map but not in the other (per-

sonal communication); clearly the degree of correlation needs re-examination.

It cannot be overemphasised that approaches which single out some observations

whilst disregarding others may oversimplify the relation between flow and disease.

2.3.2.3 Point-by-point comparison

Quantitative point-by-point comparison is a more rigorous form of analysis. Stein-

man et al. (2002), Joshi et al. (2004), Wentzel et al. (2005), Gijsen et al. (2007) and

Augst et al. (2007) performed point-wise comparisons of WSS with intimal, intima-

medial or wall thickness. Spatial resolution varied from summary measures for each

1.5 mm-wide rectangular patch (Augst et al., 2007) to one data point per node on

the surface of the finite element mesh (Steinman et al., 2002). Importantly, none of

these studies found a significant correlation.

2.3.2.4 Axial averaging

A study by Wentzel et al. (2005) was one of those in which a point-by-point com-

parison did not yield the expected inverse relationship between wall thickness and

WSS. The authors went on to average the data in the axial direction. They argued

that this approach should be used in studies (such as theirs) where WSS is com-

puted for the geometry of the diseased vessel but used to explain the initiation of

disease, since it will reduce the effect of variations in luminal shape or size which

would not have occurred in the disease-free vessel. An inverse relation between WSS

and disease was obtained.

This technique also resulted in a significant inverse WSS-intimal thickness rela-

tion for Krams et al. (1997), but not for van der Giessen et al. (2010). In a related
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technique, Joshi et al. (2004) eliminated axial variation by normalising the data

per cross-section; as already noted, they found a significant inverse WSS-intimal

thickness correlation in only one out of four cases.

2.3.2.5 Circumferential averaging

Although Wentzel et al. (2003) advised against the use of circumferential averaging

of the data, since it obscures curvature-induced circumferential variations in WSS,

Chatzizisis et al. (2008), Koskinas et al. (2010) and Samady et al. (2011) obtained

a significant inverse correlation using this technique.

2.3.2.6 Selective analysis

A number of articles limited their analysis to a subset of the data. Details of their

exclusion criteria are crucial in determining the implications of this selectivity. The

pre-selection was based either on geometrical features or on values of shear- or

disease-metrics.

• Augst et al. (2007) only measured intima-medial thickness along the posterior

wall of the carotid bifurcation, and their analysis was therefore limited to this

region. It is unclear if this would have influenced the results;

• Wentzel et al. (2003, 2005), Chatzizisis et al. (2008, 2011) and Koskinas et al.

(2010) excluded data from regions of branching;

• Zhang et al. (2012) visually preselected locations of low TAWSS and high OSI,

and then performed a more quantitative analysis on the subset;

• Chatzizisis et al. (2008, 2011) and Koskinas et al. (2010) analysed only seg-

ments with uniform intima-medial thickness and WSS.

In these cases, the pre-selection will have restricted variation in shear stress or in

disease severity and may therefore have obscured important aspects of the relation

between WSS and disease.
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2.3.2.7 Thresholding

Although most articles did not specify a threshold below or above which a haemody-

namic factor was believed to promote atherosclerotic disease, five articles presented

their haemodynamic results in such a categorical sense. (Note this is different from

the approach of Zhang et al. (2012), described above, who used thresholding to

include or exclude data, rather than for the analysis itself.)

• Koskinas et al. (2010), who studied flow in porcine coronary arteries, fixed the

WSS threshold at 1.2 Pa, a value previously used in a study of flow in human

coronaries (Stone et al., 2007). However, since allometric arguments show that

WSS depends strongly on body weight (Weinberg and Ethier, 2007), it may

be unwise to use the same WSS threshold across species;

• In a second paper by the same group Chatzizisis et al. (2011), once again using

porcine coronary arteries, a slightly different threshold (1 Pa) was chosen;

• Samady et al. (2011), in a study in human coronary arteries, defined “low

TAWSS” as < 1 Pa and “high TAWSS” as ≥ 2.5 Pa, with “intermediate

TAWSS” in between, on the basis of “previous cell culture, experimental, and

human data”.

The concern with such studies is that the significance of the result could depend on

the choice of threshold, and that no strong a priori case exists for any particular

value. A better approach might be that of Knight et al. (2010) and Rikhtegar

et al. (2012) who dichotomised haemodynamic variables by balancing the number

of correctly predicted plaque locations and false positives for ten patients. This is a

sensible approach if no other information is available to estimate the threshold level.

To summarise, straightforward point-by-point comparisons did not yield the ex-

pected results. Although averaging did tend to produce significant results, averaging

techniques advised against by some groups were essential for others’ analyses. Pre-

selection of data may have restricted the range of shears and disease severities that

were considered and hence have limited the validity of the conclusions. Thresholding
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of haemodynamic parameters needs to be based on objective criteria; furthermore,

the categorical approach and the continuum approach represent different interpre-

tations of the low shear theory - only mechanistic studies can determine which (if

either) is correct.

2.3.3 Blood flow was assessed at different stages in the dis-

ease process

Small changes in geometry can induce significant alteration of WSS (Cheer et al.,

1998; Vincent et al., 2011). The validity of studies which investigate arterial blood

flow therefore depends on the anatomical fidelity of the reconstructed vascular ge-

ometry.

2.3.3.1 Subject-specific studies

Single geometry per subject Studies of human vessels have often used the same

geometry for the assessment of disease and for the computation of WSS. Obviously,

lesions have to be present in the segment in order to allow such an investigation. In

some cases, the geometry was obtained from individuals who were free of cardiovas-

cular symptoms or, post mortem, from individuals whose primary cause of death was

not cardiac-related (Steinman et al., 2002; Joshi et al., 2004; Augst et al., 2007).

On the other hand, many studies used subjects with known atherosclerosis, such

as patients who went to clinic with a lesion requiring physiological evaluation or

treatment (Krams et al., 1997; Goubergrits et al., 2002; Wentzel et al., 2003, 2005;

Gijsen et al., 2007; van der Giessen et al., 2010).

In studies of this type, there is an explicit or implicit reliance on compensatory

remodelling (Zarins et al., 1987) to ensure that the presence of lesions did not al-

ter the disease-free geometry (Feldman et al., 2006). In the absence of compen-

satory remodelling, this approach could obscure an inverse correlation between early

atherosclerosis and WSS since a narrowed lumen leads to an increase in velocity (for

the same flow rate).
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Virtual plaque removal The concept of removing plaques virtually from dis-

eased geometries is attractive. Olgac et al. (2008, 2009), Knight et al. (2010) and

Rikhtegar et al. (2012) used an image-based approach for virtual plaque removal

but acknowledged the potential for under- or overestimating the size of the healthy

lumen. They also pointed out that a validation study would not be trivial, with one

of the challenges being the registration and establishment of point-to-point corre-

spondence in datasets acquired several years apart, possibly on different scanners.

Longitudinal studies Samady et al. (2011) were the only authors in the final

selection to report a longitudinal study in human subjects: they rescanned each

person 6 months after the first examination. However, this study focused on pro-

gression rather than initiation of disease: the baseline geometries were taken from

patients rather than healthy volunteers. Longitudinal studies are easier in animals,

but again the focus has been on progression rather than initiation (Chatzizisis et al.,

2008, 2011; Koskinas et al., 2010).

2.3.3.2 Multiple group studies

A different option is to abandon the patient- or animal-specific approach. Instead,

the lesion distribution is assessed in a group of diseased vessels, blood flow is sim-

ulated in geometries obtained from a group of healthy vessels, and the comparison

is performed between group means. Each group needs to have a large enough size

to make inter-subject variation unimportant. In most of these studies, however, the

haemodynamic group was limited to just one geometry (Perktold and Resch, 1990;

Perktold et al., 1991; Taylor et al., 1998; Buchanan et al., 1999, 2003; Suo et al.,

2008; Hoi et al., 2011); only Zhu et al. (2009), using mice, performed a full statistical

comparison.

In summary, there have been no longitudinal studies that examined the initiation

of disease in people. Instead, researchers have focused on progression, or have made

assumptions about the nature of vascular remodelling, about how to remove lesions

virtually, or about inter-subject variation. The high sensitivity of WSS to geometry
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makes the validity of these assumptions critical. All five studies that failed to find a

relation between flow metrics and early lesions used the diseased geometry for flow

mapping. However, not all studies using this technique failed to find a relation.

2.3.4 Disease localisation was assessed at different stages in

the disease process

Atherosclerosis was mapped through the identification of one or more of its con-

stituents or by measuring geometric anomalies in wall and/or luminal dimensions.

Some studies investigated the likelihood that lesions will occur at a particular level

of WSS whereas others investigated the severity of the disease in relation to shear.

2.3.4.1 Disease assessment based on lesion composition

Lipid staining Recognising that the onset of atherosclerosis is characterised by

lipid accumulation in the inner wall (Anitschkow, 1933), a number of research groups

made use of lipid staining with oil red O or Sudan IV to identify the earliest stages

of the disease. This technique was applied in the studies of Taylor et al. (1998),

Goubergrits et al. (2002), Suo et al. (2008), Chatzizisis et al. (2008, 2011) and Hoi

et al. (2011) or their companion studies. However, it has been argued that not all

fatty streaks identified using this technique, turn into atheromatous plaques.

Calcium scoring As the disease progresses, other plaque components appear.

Olgac et al. (2008, 2009), Knight et al. (2010) and Rikhtegar et al. (2012) focused

on the calcium content of the wall, which they obtained by Computed Tomography

(CT). Disadvantages of this method are that it cannot locate non-calcified plaques

and that the calcified areas may not exactly match the locations where the disease

was initiated because of the continuous interaction between flow and the develop-

ment of the disease. In addition, calcification without atherosclerosis is possible;

confirmation of automatically identified plaques by an experienced clinician, as was

carried out in the studies by Knight et al. (2010) and Rikhtegar et al. (2012), is

therefore important.
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2.3.4.2 Disease assessment based on geometric changes

The companion papers of Perktold and Resch (1990), Perktold et al. (1991) and

Buchanan et al. (1999, 2003) focused on luminal narrowing, identified by surgical

observation or from vascular casts, respectively. However, early wall thickening

might be invisible to these techniques, due to compensatory remodelling. Hence,

a large number of the selected articles opted to use intimal, intima-medial or wall

thickness as a measure of disease. Joshi et al. (2004), Zhu et al. (2009) and Chatz-

izisis et al. (2011) or their companion papers made use of post mortem preparations,

sometimes in combination with histological stains such as Verhoff elastic-trichrome

to assess thickness.

Imaging techniques such as Magnetic Resonance (MRI; Steinman et al. (2002);

Zhang et al. (2012)), ultrasound (US; Augst et al. (2007)) and intravascular ul-

trasound (IVUS; Krams et al. (1997); Wentzel et al. (2003, 2005); Gijsen et al.

(2007); Chatzizisis et al. (2008); van der Giessen et al. (2010); Koskinas et al.

(2010); Samady et al. (2011); Siogkas et al. (2011)) can be used for the same pur-

pose in vivo, allowing subject-specific studies of the relation with flow. There are

disadvantages, however. With intima-medial and wall thickness, it is not possible

to distinguish between intimal thickening due to atherosclerosis and medial thick-

ening in response to elevated blood pressure (Augst et al., 2007). Adaptive intimal

thickening unrelated to atherosclerosis and medial thinning under lesions may also

cause problems.

2.3.4.3 Probability-of-occurrence versus plaque severity

Studies of the relation between flow and disease have variously investigated whether

or not atherosclerotic lesions occur in certain haemodynamic environments (Buchanan

et al., 1999, 2003; Goubergrits et al., 2002; Olgac et al., 2008, 2009; Hoi et al., 2011;

Siogkas et al., 2011), or how likely it is to find lesions in these regions (Taylor et al.,

1998; Suo et al., 2008; Knight et al., 2010; Zhang et al., 2012), or have interpreted

the low/oscillatory shear theory in a dose-dependent way by asking whether dis-

ease is more advanced in these regions (Krams et al., 1997; Steinman et al., 2002;
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Wentzel et al., 2003, 2005; Joshi et al., 2004; Gijsen et al., 2007; Augst et al., 2007;

Chatzizisis et al., 2008, 2011; van der Giessen et al., 2010; Koskinas et al., 2010; Zhu

et al., 2009; Samady et al., 2011).

For completeness it should be noted that an additional category of articles have

addressed a slightly different question by asking if certain haemodynamic conditions

can protect against the disease (Knight et al., 2010; Rikhtegar et al., 2012).

In summary, a variety of techniques were used to assess the localisation of

atherosclerotic disease. Whereas lipid staining will have picked up early signs of

atherosclerosis, this is not the case for approaches involving calcium scoring or lumi-

nal narrowing. Moreover, measurements of intimal, intima-medial and wall thickness

cannot specifically identify intimal thickening due to atherosclerosis; the five articles

which did not find a correlation between WSS and atherogenesis used these methods,

although some articles using these methods (e.g. Krams et al. (1997) and Wentzel

et al. (2003, 2005)) did find a relation. Finally, it is not clear if the low/oscillatory

shear theory should be interpreted in terms of the frequency or severity of disease,

or whether both measures are satisfactory.

2.4 Discussion

The low shear stress theory was heterodox when first proposed. It challenged the

prevailing high shear stress theory, which appeared to account for the pattern of

disease observed in various non-human species and which was associated with the

intuitively-appealing mechanistic hypothesis that high shear stress damages the en-

dothelium, allowing excessive entry of plasma lipoproteins into the wall.

The involvement of oscillatory shear emerged from the studies of Ku et al. (1985),

who examined lesion distributions in post mortem human arteries and used laser

Doppler anemometry to measure velocity profiles in anatomically-accurate mod-

els of those arteries. Indeed, the relation between intimal thickness and OSI was

much stronger than that between intimal thickness and mean shear. Today the
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low/oscillatory shear theory is widely regarded as having been established, and it is

contrary views that are regarded as heterodox.

The present systematic review considers whether the evidence justifies that con-

sensus. It has focused on studies that employed CFD to assess patterns of wall shear

because these are currently the most reliable methods. (Recent improvements in the

accuracy of flow measurement by MRI (Stalder et al., 2008) and other techniques

(Poelma et al., 2012) may change this in the near future.)

Despite the robust methodology, it is not impossible that some relevant papers

were overlooked. Nevertheless, reliable conclusions can be drawn from those that

were reviewed. First, not all studies supported the low/oscillatory shear theory. Sec-

ond, some found the same relation to disease for low WSS and OSI, but others did

not. Third, although many claim that their results do support the low/oscillatory

shear theory, they interpret the theory in different ways: a variety of metrics have

been used to represent the disease distribution; they have been compared to a

range of haemodynamic factors; data reduction techniques used by different research

groups contradict each other and limit the range of shears or disease severities under

consideration; and WSS has been treated as a continuous or a categorical variable.

The theory may very well be true but - taken together - the evidence for it is less

clear-cut than might at first appear.

The five studies that failed to find a significant relation between low WSS and

disease are naturally of particular interest. They all used a single geometry to assess

both disease severity and flow, and they all used wall thickness-related metrics as

an index of disease severity. It is tempting to discount them on these grounds,

but other studies using these methods did find a correlation. It could equally be

claimed that these five are methodologically the best studies because they used a

quantitative, point-by-point comparison between the two variables, thus avoiding

subjective visual assessment, cherry picking of particular shear or lesion areas, or

unwarranted averaging.

A number of issues will need to be addressed by future studies in order to improve
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and refine the existing evidence.

2.4.1 Are we capturing the relevant flow metrics?

Do the conventional metrics - WSS, TAWSS, OSI and RRT - capture physiologically-

relevant features of the flow? And do they quantify the essence of the expression

disturbed flow that is so commonly used in the biological literature? Or should we

explore other parameters, such as the directional oscillatory shear index suggested by

Chakraborty et al. (2012)? The use of in vitro models investigating the response of

endothelial cells to various flow conditions (Potter et al., 2011; Chakraborty et al.,

2012) and in vivo models with modified flow conditions (Cheng et al., 2006; Hoi

et al., 2011) can provide valuable insights into this issue.

A number of authors have suggested an indirect link between flow and disease

that depends on flow affecting fluid-phase mass transport of solutes (oxygen, LDL)

near the wall, rather than direct effects of flow on the wall itself (Ma et al., 1997;

Olgac et al., 2008, 2009, 2011). WSS and transport are related, but idealised models

show that their patterns need not be identical (Coppola and Caro, 2008; Van Door-

maal and Ethier, 2010).

2.4.2 What level of data reduction is required and justifi-

able?

The use of different levels of data reduction complicates the evaluation of the evi-

dence for shear-related theories of atherosclerosis. Since the nature of the relation

between early atherosclerosis and blood flow is still not fully understood, authors

should make it possible for readers to evaluate results after minimal processing, for

example by providing figures that allow a visual comparison, even when statistics

are applied only to reduced measures.

Point-by-point comparisons represent an ideal. Nevertheless, there remain lim-

its to the spatial resolution that can be attained. In particular, cross-correlation
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between adjacent data points must be minimised to prevent over estimation of sta-

tistical significance. Errors in image registration are also limiting.

2.4.3 Are subject-specific studies introducing errors?

Studies of the effects of WSS on the initiation of atherosclerosis should compute flows

using geometries that represent the disease-free vessel. However, the large effect that

small changes in geometry can have on WSS patterns suggests that haemodynamic

theories of disease are best investigated in a subject-specific manner. Currently,

these two requirements are hard to reconcile: they require either that effects of dis-

ease on geometry are negated naturally (by compensatory remodelling) or removed

artificially (by hard-to-validate “virtual” techniques), or that longitudinal studies

are carried out over periods of years.

These problems could be resolved by the development of techniques that allow

disease to be mapped at a stage before intimal thickening occurs, and by meth-

ods that could ethically be used in such minimally-affected subjects. Until such

techniques are available, it may be more appropriate to drop the subject-specific

approach and instead use different study groups: a diseased one for the assessment

of lesion patterns and a disease-free one for the assessment of flow. The essential re-

quirement of sufficiently large samples in the haemodynamic group has been fulfilled

in only one study of those reviewed, and in none of those that considered human

vessels.

2.4.4 Have all disease distributions been considered?

What is not readily apparent from the articles discussed in this review is that disease

distributions reported in the literature sometimes seem mutually contradictory from

a haemodynamic point of view. This for instance led to the original debate between

the high and low shear theories: Fry (1969) observed aortic lesions at the downstream

margin of side branches, a site that Caro et al. (1971) found to be spared of disease.

As both theories assumed that this site is characterised by high WSS, the debate

concerned the distribution of lesions rather than the characteristics of blood flow.
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Since the high shear theory was predicated on the distribution seen in animal

models while the low shear theory was based on a study in human post mortem

specimens, the discrepancy was attributed to differences in plasma cholesterol levels

(Caro et al., 1971; Getz and Reardon, 2012). However, it has emerged that lesion

patterns change with age in rabbit and human aortas, and in a parallel way (Wein-

berg, 2002); the discrepancy might better be explained by such changes. Lesions

can also show different patterns in one species at a single age. In the mouse, they

occur upstream of branches originating in the aortic arch, all around branches of the

thoracic aorta, and downstream of branches in the abdominal aorta (McGillicuddy

et al., 2001; Nakashima et al., 1994).

The different patterns provide an additional challenge for haemodynamic theories

of atherogenesis, as do a number of unexpected experimental observations. For

example, occluding a renal artery, which should essentially abolish its effect on

aortic WSS, did not affect the lesions seen downstream of the branch ostium in

cholesterol-fed rabbits (Roach and Fletcher, 1976); these can instead be suppressed

by placing a cuff around the aorta, to prevent its normal cyclical stretch (Thubrikar

et al., 1990).

2.5 Conclusion

Low and/or oscillatory wall shear stress is widely assumed to play a causal role in

the initiation and development of atherosclerosis. However, a systematic review of

papers which compare the localisation of atherosclerotic lesions with the distribu-

tion of haemodynamic indicators, shows that, although many articles claim their

results conform to the theory, it has been interpreted in different ways. A range

of metrics have been used to characterise the distribution of disease, and they have

been compared to a range of haemodynamic factors. Several studies, including all

of those making systematic point-by-point comparisons of shear and disease, failed

to find the expected relation. The various pre- and post-processing techniques used

by different groups to reduce the level of complexity are often mutually incompat-

ible. Finally, such studies have investigated only a subset of the known patterns

68



of disease. Taken together, the evidence for the low/oscillatory shear theory is less

robust than commonly assumed. Further longitudinal studies starting from the

healthy state, or the collection of average flow metrics derived from large numbers

of healthy vessels, both in conjunction with point-by-point comparisons using ap-

propriate statistical techniques, are necessary to improve our understanding of the

relation between atherogenesis and blood flow.
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Chapter 3

Geometric analysis of the rabbit

aorta and association with age

Small changes in vascular geometry can considerably affect the characteristics of

blood flow and resulting distributions of WSS (Cheer et al., 1998; Vincent et al.,

2011). When studying the relationship between atherosclerotic disease and WSS by

means of CFD, geometric accuracy of the vascular geometries in which the simula-

tions are performed is therefore crucially important. Since this thesis involves the

analysis of blood flow in thoracic aortas of immature and mature rabbits, the current

chapter presents the development of a dataset of anatomically realistic immature

and mature rabbit thoracic aortic geometries. Geometric differences between the

two age groups are analysed, and the accuracy of the dataset and resulting findings

are investigated.

Section 3.1 starts with an overview of techniques that can be used to acquire

three-dimensional vascular geometries. The methods used as part of the work pre-

sented here to capture the aortic geometry of immature and mature rabbits are

detailed in section 3.2. Section 3.3 subsequently compares the aortic geometries of

the two age groups, since differences may affect the governing flow dynamics in the

respective age groups. Section 3.4 discusses the results, assesses the advantages and

drawbacks of the applied reconstruction technique and suggests ways to evaluate or

address potential deficiencies. Finally, section 3.5 investigates artefacts which may



affect the geometric accuracy of the reconstruction approach adopted for this thesis.

3.1 Acquisition of 3D vascular geometry: overview

Methods for acquiring vascular geometries can be subdivided into two categories:

• In vivo imaging;

• Post mortem techniques.

Popular in vivo imaging modalities yielding structural and morphological infor-

mation are computed tomography (CT), which exploits differences in absorption of

X-rays to characterise tissues, ultrasound (US), which uses high-frequency sound

waves to view soft tissues, and magnetic resonance imaging (MRI), which uses a

magnetic field to align the nuclear magnetisation of hydrogen atoms in the body

(Giordana, 2004). In vivo imaging by CT is considered inherently dangerous due

to the subject’s exposure to radiation, which increases the risk of cancer. While US

can be done non-invasively, the invasive Intra-Vascular variant (IVUS), for which the

US probe is inserted in the vessel of interest via a catheter, yields higher-resolution

images of less superficial vessels such as coronary arteries. (Using this technique

imaging of the pullback, e.g. by angiography, is required to obtain 3D information.)

MRI is also non-invasive, but is very costly (Giordana, 2004).

Post-mortem techniques for vessel reconstruction include pressure fixation, which

terminates any ongoing biochemical reactions while maintaining the physiological

pressure, and in situ vascular casting, which involves the injection of a curing mate-

rial into the subject’s vascular system. The post mortem preparation is subsequently

scanned to obtain an in silico model. As pressure fixation does not perfectly fix the

dimensions of the blood vessels, casting is generally preferred (Moore et al., 1999).

However, a cast is not necessarily an exact representation of the vascular geometry

either, since its dimensions can be affected by inappropriate transmural pressures,

active changes in vessel dimension due to cellular elements and shrinkage of the

casting material (Kratky et al., 1989).
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Although at first sight in vivo techniques seem preferable since they allow follow-

up (Moore et al., 1999; Vandeghinste et al., 2011) and do not suffer from effects such

as resin shrinkage, in vivo methods too have disadvantages. Firstly, the obtained

resolution is limited because of interference from surrounding tissues and artefacts

caused by subject movement (due to the long scanning times), breathing and the

heartbeat. Moore et al. (1999) used voxels with in-plane dimensions of 312.5 µm and

an out-of-plane dimension of 1000 µm for their in vivo MR images, whereas their

post-mortem preparations were reconstructed using CT with isometric voxels of 100

to 200 µm. Pro- and retrospective cardiac and respiratory gating have been used to

enhance image quality (Vandeghinste et al., 2011).

The image contrast is generally worse with in vivo compared to ex vivo scanning.

The use of contrast agents can improve the quality of the scans, but the required

volume of contrast agent can be very large in physiological terms, especially in the

case of small laboratory animals, leading to hypervolaemia, stretch of the vessels

and hence unrealistic geometric models. As an example, Vandeghinste et al. (2011)

noted that the minimal dose of CT contrast agent (Fenestra VC-131, Advanced

Research Technologies Inc., Saint Laurent, Canada) needed to obtain sufficient con-

trast accounted for 25% extra blood volume in mice. Finally, in animals, the use of

anaesthesia introduces (unknown) changes in blood pressure and vessel resistance

(Lukasik and Gillies, 2003). In the knowledge that blood pressure fluctuations of

44 mmHg cause aortic diameter changes of 11.3% in healthy adults (Yap et al., 2008),

anaesthetising a subject will undoubtedly affect its arterial dimensions.

In conclusion, none of the currently available methods for 3D vascular recon-

struction is perfect. In the work presented here, the casting approach was chosen

to acquire the aortic geometry of immature and mature rabbits. In addition, the

accuracy of the casting technique was investigated in detail (section 3.5).
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3.2 Methods

The aortic geometries of immature and mature rabbits were reconstructed by micro-

CT of vascular corrosion casts, and the characteristics of the two age groups were

subsequently compared. This section details the approach for vascular reconstruc-

tion and describes the methods for geometric characterisation and comparison.

3.2.1 Animals

A total of seven immature and six mature male New Zealand white rabbits (HSDIF

strain; Harlan, Bicester, Oxford, UK) were used in this study, but results from only

five immature and five mature rabbits were included in the geometric analysis, for

reasons detailed below. These numbers include the mature animal for which flow

data were presented by Vincent et al. (2011). Ages and weights of the individual

animals are listed in table 3.1. All animal procedures complied with the Animals

(Scientific Procedures) Act 1986 and were approved by the local ethical review panel

of Imperial College London.

3.2.2 Vascular corrosion casting

Each rabbit received heparin (2000 USP units, intravenously/IV) and was subse-

quently euthanised with an overdose of sodium pentobarbitone (Euthatal; Rhône

Mérieux, Harlow, Essex, UK, 0.8 ml/kg, IV). After placing the animal in a supine

position, the thorax was opened midline along the sternum and the pericardium was

perforated. A cannula, connected to a 50 ml syringe and a manometer, was inserted

in the left ventricle of the heart and the arterial system was flushed through with

0.9% w/v saline. A Batson’s #17 methyl methacrylate resin mixture (Polysciences,

Inc.) of the following composition was prepared:

• 2x50 ml monomer base solution

• 20 ml catalyst

• 12 drops of promoter
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A small amount of pigment was added to give the resin a deep red colour. After

35 minutes of intermittent stirring the resin mixture was hand injected through the

cannula into the vascular system. The infusion pressure was kept at 90 mmHg for

immature and 100 mmHg for mature rabbits, corresponding to mean physiological

blood pressures for these age groups (Owen, 1986). During the procedure tap water

was trickled into the chest cavity to provide cooling for the exothermic reaction.

Resin was injected until it was no longer possible to inject any more resin or up to

a maximum of 100 ml, after which the cannula was clamped. The cast was then left

to cure overnight. After curing, the rabbit was submerged in a 25% w/w KOH bath

to corrode for a period of 2 weeks. The cast was subsequently rinsed with water. If

a large number of bone particles remained on the cast, the cast was sprinkled with

a 20% HCl solution and left for a minimum of 4 hours, and subsequently rinsed

with water. Otherwise, remaining bone particles were removed manually. The cast

was washed with a strong alkaline detergent (Decon 90, Decon Laboratories Ltd)

and rinsed again with water. Two casts were rejected because the injection pressure

could not be maintained, and a third cast because of the presence of a large air

bubble on the luminal surface of the descending aorta. Larger veins and distal

arteries were removed from the cast so as to make the specimen fit into a �9 cm

cardboard tube. This was done using a range of cutting tools and a Dremel 400

Series (cut-off wheel 22 × 0.06 mm). Finally, the cast was washed once more with

water.

3.2.3 Micro-CT scanning

Each cast was mounted in a �9 cm cardboard holder and scanned using a Metris

X-Tek HMX-ST CT Scanner (Natural History Museum, London), with the aorta

approximately in line with the rotation axis of the scanning manipulator. The

ascending aorta, the aortic arch with at least its first generation of branches and the

descending thoracic aorta with at least five intercostal branch pairs were selected

as the region of interest. A voxel size of 50 µm was targeted, since a close-up scan

of an intercostal branching region at half this voxel size did not reveal any smaller
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geometric details. The exact voxel dimensions for each cast can be found in table

3.1. Each scan produced 3142 projections of the region of interest. The scan data

were reconstructed using CT-Pro (Nikon Metrology, Tring, UK), with automatic

calculation of the centre of rotation, and extracted as DICOM files using VGStudio

Max 2.1 (Volume Graphics GmbH, Heidelberg, Germany). This resulted in a stack

of approx. 2000 DICOM images with 2000 × 2000 pixels. Each stack corresponded

to approx. 9 GB of data.

3.2.4 Image segmentation

After cropping to the region of interest, the image stacks were thresholded according

to the following protocol. For four images in each stack, distributed evenly along

the stack, grey values on a line intersecting a vessel of interest were plotted using

ImageJ, a Java-based image processing software (Rasband, 1997-2011). An example

is shown in figure 3.1. For all eight edges the middle grey value was determined.

The average of these values was selected as the threshold value for the complete

image stack. Note that in general, the transition region covered approx. 2 to 4

pixels (approx. 100-200 µm), determining the spatial resolution of the image.

Once the threshold value was determined, the DICOM images were segmented

using Amira 5.2.2 (Visage Imaging, Inc.). Only the region including the ascending

aorta, the aortic arch with at least its first generation of branches and the descend-

ing thoracic aorta with five intercostal branch pairs was retained. (Note that in

some cases only a single intercostal artery was present instead of the most proximal

intercostal pair.) Artefacts introduced during the casting procedure, such as the

presence of bubbles and bone particles, were corrected at this stage by changing the

fate of the corresponding voxels.

In order to assess the accuracy of the thresholding method, a phantom with

known bore dimensions (�2.00±0.02 mm) was scanned together with a cast that was

made from the same resin mixture batch. After reconstruction of the phantom using

the thresholding protocol and a marching cube algorithm (Lorensen and Cline, 1987)

with constrained smoothing (Amira 5.2.2; Visage Imaging, Inc.), the bore diameter
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Figure 3.1: Determining the segmentation threshold value: (a) Close-up of

an aortic cross-section in a DICOM image obtained from scan-

ning a vascular corrosion cast; (b) plot of the grey values along

the line indicated in (a).

was estimated at 1.984 mm. Measurements were performed using Rhinoceros 4.0

(Robert McNeel & Associates, Seattle, USA). As the error (16 µm) is smaller than

the voxel size of the 3D image (approx. 50 µm for each scan, table 3.1), the test

suggests that the thresholding method does not introduce any errors. However,

scanning artefacts influence grey values locally and might therefore still benefit from

a locally varying rather than global threshold value.

Sensitivity of the cast dimensions to the threshold choice was further estimated

by computing and comparing the hydraulic diameters of vessel segments for a range

of threshold values. Three vessel segments of the cast denoted VPADP100209 were

selected:

• Segment 1: the aortic segment between the fifth and sixth intercostal pairs;

• Segment 2: a segment of the left common carotid artery;

• Segment 3: a segment of the left superior intercostal artery.

Note that the segments are sorted by decreasing mean hydraulic diameter. The value

of the threshold was varied within a range (TV1 = 13915 to TV4 = 14715) around
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Table 3.2: Sensitivity of the absolute hydraulic diameter of cast vessels to

the threshold value used for segmentation. The hydraulic diam-

eter calculated using the original threshold TV was compared

to the hydraulic diameter calculated using the threshold values

TV1-TV4. For each segment the table gives the number of slices

in which the difference between both diameters is larger than

50 µm, together with the total number of slices in that segment.

The locations of the segments are listed in the text.

Segment ID TV1 TV2 TV3 TV4

1 4/145 0/145 0/145 5/145

2 0/96 0/96 0/96 0/96

3 0/29 0/29 0/29 0/29

Table 3.3: Sensitivity of the relative hydraulic diameter of cast vessels to

the threshold value used for segmentation. The hydraulic diam-

eter calculated using the original threshold TV was compared

to the hydraulic diameter calculated using the threshold values

TV1-TV4. For each segment the table gives mean (maximum)

differences as a percentage of the original hydraulic diameter.

The locations of the segments are listed in the text.

Segment ID TV1 TV2 TV3 TV4

1 0.48% (1.7%) 0.30% (1.5%) 0.38% (1.3%) 0.49% (1.9%)

2 0.96% (3.6%) 0.58% (2.5%) 0.61% (3.2%) 0.88% (3.6%)

3 0.17% (0.61%) 0.10% (0.37%) 0.10% (0.37%) 0.16% (0.74%)

the original threshold value TV (= 14315) corresponding to the uncertainty resulting

from the threshold value calculation. The results are summarised in tables 3.2 and

3.3. Table 3.2 shows that the deviation in diameter outweighed the uncertainty

introduced by the voxel size only seldomly. Table 3.3 shows that the relative changes

in diameter due to variations in the actual threshold were limited and are therefore

unlikely to affect WSS patterns.
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3.2.5 In silico reconstruction

The thresholded luminal surface was extracted using the modified marching cube

algorithm (Lorensen and Cline, 1987) with constrained smoothing in Amira 5.2.2

(Visage Imaging, Inc.), followed by an additional Taubin smoothing step1 using the

Vascular Modeling Toolkit (Antiga, 2010). The surface mesh was then truncated by

trimming terminal branches at right angles. Finally, the mesh quality was improved

by re-triangulation in Gambit 2.4.6 (ANSYS, Inc.) without changing the overall

resolution.

3.2.6 Geometric characterisation and comparison

A vessel can be characterised geometrically by its centreline, a cross-sectional mea-

sure such as the hydraulic diameter at the aortic root, and the variation of this

measure along the centreline.

For all geometries the centreline of the aorta was traced using VMTK (Antiga

et al., 2003). The centreline was resampled using a spline filter (VMTK) to ensure

that the centreline definition was given by a set of points with an inter-point spacing

of D0/4. A moving average smoothing filter was also applied to the set of centre-

line points to limit high-frequency noise in the distributions of centreline curvature

and torsion. Curvature and torsion of each centreline were computed at the sam-

pling points using VMTK. For statistical analysis of curvature and torsion between

age groups, geometric centrelines were combined by matching consecutive sampling

points, using the branching point of the brachiocephalic trunk (as determined with

VMTK; Antiga and Steinman (2004)) as a datum.

To analyse tapering of the aortas, the radii of maximum inscribed spheres were

computed at the aortic root, near the first intercostal branch pair (or corresponding

1A common method for smoothing meshes is Laplacian smoothing, a process which is also

known as diffusion. Following this concept the vertices of a mesh are incrementally moved in the

direction of the Laplacian. However, meshes subjected to Laplacian smoothing shrink. Taubin

smoothing, also known as the λ|µ algorithm, relies on the use of two diffusion steps, one inwards

and one outwards, to approximately preserve the volume of the mesh (Bray, 2004).
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single branch), and near the fifth intercostal branch pair (VMTK). Taper between

two locations, which is a measure for the rate of change of radius, was calculated as

the arctangent of the difference in radii divided by the distance between the slices,

measured along the aortic centreline.

3.2.7 Statistics

Unless stated otherwise, data are presented as means with their standard errors

(SEM), which is the standard deviation of the sample-means estimate of a population

mean. Evaluation of outliers was done using Chauvenet’s criterion, which states that

data points are rejected if the probability of obtaining their deviation from the mean

is less than 1/(2ssmp), where ssmp is the sample size. For comparisons, P < 0.05 was

used as the criterion of significance.

3.3 Results

3.3.1 Reconstruction of aortic geometries

Figure 3.2 shows an example of a vascular cast. The image illustrates that the resin

entered a vast number of vessels, e.g. the vasculature of kidneys and lungs are clearly

visible and also part of the venous side of the vascular system was cast. The quality

of the casts can be assessed from the DICOM images, which were reconstructed

from the CT projections. Figure 3.3 gives an example of a particularly problematic

section. The speckled grey area represents a section through the cast. An air bubble,

trapped between the setting resin and the vessel wall, has left its trace along the top

edge of the section. The brighter spot on the DICOM image is the trace of a bone

particle which stuck to the cast during scanning. As mentioned in section 3.2.4 such

artefacts were corrected by hand in the segmentation phase.

Figure 3.4 shows the luminal surface reconstructions of the five immature and five

mature rabbit aortas. All vessels are shown to the same scale. This was achieved by

aligning the geometries in a common coordinate system by rigid image registration

(IRTK, Ixico Ltd).
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Figure 3.2: Vascular corrosion cast of rabbit AAEH091110.

Figure 3.3: Example of a problematic DICOM image created by micro-CT

of a vascular cast.
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The reconstruction approach preserved small-scale features of the geometry, such

as sharp branching angles and the cusp near the attachment site of the ligamen-

tum arteriosum. Figure 3.5 shows close-ups of these features for the cast denoted

VPADP091210.

3.3.2 Anatomic variability in aortic branching anatomy

The aortic branching anatomy varied between rabbits. Most striking was the vari-

ation in the branching configuration of the aortic arch: in 50% of the casts only

the brachiocephalic trunk (BCT) and the left subclavian artery (LSA) originated

from the aortic arch; in one geometry the left common carotid artery (LCCA) and

the left vertebral artery (LVA) were also aortic arch branches; and the remaining

casts had 3 aortic arch branches (LCCA or LVA in addition to the BCT and LSA).

This is schematically shown in figure 3.6. Smaller arteries, which were sometimes

be observed, were omitted here.

Anatomic variation is also apparent in the arrangement of the most proximal

dorsal intercostal arteries, which did not always form the first intercostal branch

pair on the descending aorta. This was the case for two animals (VPADP100324a

and AAEH091110).

3.3.3 Geometric characterisation

Each aorta is characterised geometrically by its centreline, with varying curvature

and torsion, the hydraulic diameter at its aortic root (D0) and its taper.

Curvature of all aortas increased steadily from the aortic root into the aortic

arch, reaching its maximum just after the branching point of the BCT, as is shown in

figure 3.7A. The maximum curvature was (0.946± 0.062)/D0 (animal-specific values

of D0 are given in table 3.1) and there was no significant difference in maximum

curvature between immature and mature rabbits (P = 0.14). At the distal end of

the aortic arch, at a distance of 5D0 from the first aortic branch measured along the

centreline, the aorta was almost straight in some cases, whereas in the descending

thoracic aorta curvature was small but generally non-zero.
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Figure 3.5: Reconstruction of the rabbit aorta denoted VPADP091210. (a)

Close-up of the cusp near the attachment site of the ligamentum

arteriosum; (b) Close-up of sharp-edged aortic arch branching

sites; (c) Cranial view; (d) Left lateral view; (e) Dorsal view.
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(a) 50% of all cases (b) 20% of all cases

(c) 20% of all cases (d) 10% of all cases

Figure 3.6: Aortic arch branching configurations and their relative occur-

rence in the dataset of rabbit aortas. RCCA: right common

carotid artery; LCCA: left common carotid artery; LVA: left

vertebral artery: BCT: brachiocephalic trunk; LSA: left subcla-

vian artery; AA: aortic arch.
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Figure 3.7A also shows the evolution of torsion along the centreline. A common

feature was a peak in torsion proximal to or near the branching point of the BCT. For

the descending aorta the concept of torsion is less meaningful because of the small

curvature values. As can be appreciated from figure 3.7A, which concentrates on the

aortic arch (the range is indicated in figure 3.7B), there were no clear age-related

differences in the evolution of curvature and torsion.

The inlet hydraulic diameter (D0), listed for each animal in table 3.1, was 3.96±
0.430 mm for immature rabbits and 5.23± 0.431 mm for mature rabbits (P = 0.07).

However, the geometry of one immature aorta (figure 3.4E) was more similar to

the geometries of the mature group. This geometry was identified as an outlier in

the immature group using Chauvenet’s criterion based on D0. After excluding this

outlier, the inlet diameter for the immature aortas was 3.55 ± 0.143 mm (P = 0.01

on comparison with the mature group).

Figure 3.7C illustrates the taper of the immature and mature vessels. On av-

erage, aortic arches of mature rabbits were more tapered than those of immature

rabbits: taper from the aortic root to the first intercostal pair was 0.12± 0.174◦ for

immature but 0.57± 0.104◦ for mature rabbits (P = 0.058 for all rabbits; P = 0.003

without the immature outlier). This difference remained when comparing the fifth

intercostal pair with the aortic root (P = 0.13 for all rabbits; P = 0.018 without

the immature outlier), although taper angles were similar for the descending aortic

segment between the first and fifth intercostal pairs (P ≈ 0.5 with and without the

immature outlier).

3.4 Discussion

A dataset of rabbit aortic geometries was obtained by micro-CT of vascular corrosion

casts. The dataset showed marked variations in the branching configuration of the

aortic arch. While most aortic arches had only 2 branches (BCT and LSA), the

LCCA and/or the LVA sometimes also branched off the aortic arch. This observation

is in agreement with a report by Baldwin (1920), who found that about 20% of 106
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rabbit aortic arches differed in branching configuration from what is considered

normal.

In humans, the configuration with 3 branches, the BCT, LCCA and LSA, is

more common; 30% of human aortic arches have a different configuration (Putz and

Pabst, 2006).

Geometric analysis of the rabbit aortas showed inter-individual anatomical vari-

ation, but no significant age-related changes, in the curvature and torsion of the

aortic arch. With the Dean number De defined by equation (1.15), the maximum

non-dimensional curvature of approx. 1 (cfr. figure 3.7) results in a maximum De of

approx. Re/
√

2.

The hydraulic diameter at the aortic root D0 increased significantly with age

(after removal of the outlier in the immature group). Although this is an obvious

fact, it is still important to point out from a fluid mechanical point of view. The

aortas of mature animals tapered more than those of immature animals, particularly

in the arch region. Note that there was one outlier in the immature group which was

more similar to the mature animals, but this geometry was identified as an outlier

based on its D0.

The change in taper with age has, to our knowledge, not previously been observed

in rabbits. Data on the evolution of diameter along the aortic centreline of younger

and older men (Casteleyn et al., 2010) suggest that this age-related difference also

holds for the aortic arch of humans: the mean aortic diameter of younger men (25-29

years old) decreased by 17.2% from the ascending aorta into the aortic arch, but by

25.0% in older men (84-85 years old).

As small changes in geometry can induce significant deviations in WSS (Cheer

et al., 1998; Vincent et al., 2011), particular attention was paid to the reconstruction

of anatomically realistic definitions of the luminal surface. In the study presented

here, a post mortem approach combining vascular corrosion casting with micro-

CT was used. This has advantages and disadvantages compared to imaging the

lumen in vivo, as detailed in section 3.1. Given the high resolution of the micro-CT
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scans (isometric voxel sizes of approx. 50 µm), inaccuracies introduced in this step

are considered negligible for the investigation of blood flow inside the geometries

at the macro-scale. Moreover, a higher resolution close-up scan (half the voxel

size) of an intercostal branch region did not reveal any smaller geometric details.

The question then remains how accurately the casting process represents the actual

vascular geometry. Two issues require consideration.

Firstly, since casts are static objects they cannot capture geometric variations

due to the heartbeat. Secondly, a number of research groups have reported on the

shrinkage of resin during vascular casting. Kratky and Roach (1984) showed that

a mixture of Batson’s #17 and methylmethacrylate resulted in 20 ± 0.7% volume

shrinkage in femoral arteries of sheep, compared to 15.8 ± 0.4% in rigid syringes.

For different methylmethacrylate-based resins, Weiger et al. (1986) measured the

combined shrinkage of all but the largest vessels of the rat (8.0± 0.8% in volume).

However, to the author’s knowledge, non-linear shrinkage properties have not fully

been investigated. Since this is key to the geometric accuracy of casts, a validation

study was performed as part of the work presented here. This study is the subject

of the following section.

3.5 Validation of the vascular casting technique

This section presents an investigation of the non-linear shrinkage behaviour of Bat-

son’s #17 resin. Such an investigation can provide a better insight into the accuracy

of the dataset introduced in section 3.3, but the results can also be applied in a

broader context. Indeed, the reconstruction of vascular geometry is an important

step in many studies related to the cardiovascular system, from the complex mi-

crovasculature (Leiser et al., 1997) up to the largest arteries (Shahcheraghi et al.,

2002), and vascular casting is the preferred method amongst post mortem tech-

niques. Casting materials can be based on silicone rubbers, such as Microfil (Flow

Tech Inc., Carver, MA, USA; Hoi et al. (2011)), epoxies, such as araldite (Hanstede

and Gerrits, 1982), or methacrylate, such as the Batson’s #17 resin which was used

for this thesis.
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A method was developed to monitor shrinkage of Batson’s #17 resin during

setting. The method was applied in vitro in rigid syringes and flexible tubing and

subsequently in situ in aortas of rats and rabbits. The majority of experiments

were performed and processed by a UROP student, Miss K. C. J. Shih, under this

author’s supervision.

3.5.1 Methods

3.5.1.1 General experimental setup

Batson’s #17 resin casts were prepared in rigid syringes and flexible tubing of various

sizes and in arteries of rats and rabbits. The resin mixture was prepared using a

60:13:3 weight ratio for monomer base solution, catalyst and promoter respectively,

and a minimum batch volume of 25 ml. Weight instead of volume ratios (as in section

3.2.2) were used to ensure greater consistency with each repetition of the experiment.

A small amount of red or blue pigment was added until the mixture was uniformly

blended. Red pigment was used in the majority of the syringe tests for optimal

contrast against a white background. For experiments in arteries, blue pigment was

preferred because of improved visibility through the vessel wall and contrast against

the surrounded tissue. The mixture was left undisturbed for approximately one

minute prior to injection, allowing air bubbles to surface.

Shrinkage characteristics were determined by high-resolution photography (Canon

EOS 500D SLR or a Sony MVX35i, both with f:3.5-5.6 zoom lens). Images were

taken immediately after the resin was injected into the recipient, and after the resin

was completely solidified. For a number of samples, including all experiments in

arteries, the complete shrinkage process was tracked by taking consecutive images

every minute (for approximately one hour) while the camera remained stationary.

Each image consisted of 3200 × 4700 pixels (file size of ∼ 6MB) or 4600 × 3000

pixels (file size of ∼ 3MB) for the Canon and Sony cameras respectively. Images

were processed using ImageJ (Rasband, 1997-2011). The amount of shrinkage in

diameter was calculated according to the following formula:

Dfinal −Dinitial

Dinitial

× 100 (3.1)
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Table 3.4: Materials and initial diameters of recipients used for casting, and

the number of experiments in each type of recipient. For casts

in flexible tubing and arteries the infusion pressure is also given.

Recipient Initial diameter (mm) # experiments

1 ml syringe 4.78 22

2 ml syringe 8.92 22

5 ml syringe 12.06 1

10 ml syringe 14.50 2

20 ml syringe 19.13 2

50 ml syringe 26.70 4

3 mm PVC tubing (50 mmHg) 3.01 1

3 mm PVC tubing (100 mmHg) 3.25-3.37 2

5 mm PVC tubing (50 mmHg) 6.16-6.23 2

1/4 inch RAUMEDIC tubing (50 mmHg) 7.71-7.74 2

1/4 inch RAUMEDIC tubing (100 mmHg) 8.92 1

Rat aorta (100 mmHg) 1.56-2.46 9

Rabbit aorta (100 mmHg) 2.52-3.63 3

where Dinitial and Dfinal are the cast diameters before and after resin setting respec-

tively. A similar formula was used for length-wise shrinkage. Measurements were

verified using vernier calipers (resolution: 0.01 mm).

3.5.1.2 Casting in rigid syringes (in vitro)

Polypropylene syringes (Becton, Dickinson and Company) of 1 to 50 ml in volume

were used in these experiments. The number of experiments for each syringe size is

listed in table 3.4. Prior to the experiment a camera was secured onto a tripod and

set on the same horizontal plane as a syringe stand. Once the resin had been pre-

pared as described previously, the mixture was drawn into the syringe. The syringe

tip was subsequently sealed using a cap or stopper; the plunger was removed. The

syringe was placed in the syringe stand in a vertical position (tip facing downwards)

and left there, allowing the resin to set. For image processing, the outer diameter

of the syringe (see table 3.4, according to the manufacturer’s product information)
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was used as a length reference.

The setting of the resin is an exothermic process (Polysciences, Inc. Technical

Data Sheet 105). For seven experiments with various syringe sizes, a thermocouple

temperature probe (Lascar Electronics) was inserted in the resin mixture immedi-

ately after the resin was drawn into the syringe. Temperature was measured every

30 s for approximately 70 min. The ambient temperature was 21-22 ◦C. Time was

recorded from the moment the resin components were combined, until the resin

visibly shrunk in diameter. This duration is defined here as the setting time.

3.5.1.3 Casting in flexible tubing (in vitro)

Polyvinyl chloride (PVC) tubing (RAUMEDIC AG Tubing, ECC no-DOP) was used

in these experiments, with internal diameters ranging from 3.00 to 6.35 mm. A total

of 8 experiments were conducted; details are listed in table 3.4. A piece of tubing

was placed horizontally on a flat surface. Resin was prepared and injected into the

tube via a three-way tap, which was also connected to a manometer. Once a segment

of approx. 20 cm was filled, the tubing was clamped and the pressure of the closed

system was brought up to 50 or 100 mmHg, depending on the experiment. Pressure

was maintained until the resin had set completely and shrinkage visibly occurred.

Multiple photographs were taken after initial injection of the resin, and after com-

plete setting of the resin. In most experiments, a ruler was placed next to and at

the same level as the tubing, for use as a reference length in the image-processing

step. Alternatively, the outer diameter of the tube was measured immediately after

resin injection.

3.5.1.4 Casting in arteries in situ

All animal procedures complied with the Animals (Scientific Procedures) Act 1986

and were approved by the local ethical review panel of Imperial College London.

A total of 11 rats and 3 rabbits were used in this study, but 2 rats were discarded

due to leakage in the system or an unusual calcification of the arterial wall. Rats

were euthanised by CO2 inhalation following the 20% rising concentration principle.
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The rabbits were euthanised with an overdose of sodium pentobarbitone (Euthatal,

0.8 ml/kg, IV) after receiving heparin (2000 USP units).

Prior to the experiment a camera was secured onto a clamp stand, facing down-

wards. The animal was placed in the supine position and its thorax and abdomen

were opened along the midline. The descending aorta was exposed and manually

cleared of adherent connective tissue to ensure a good delineation of the exterior of

the vessel wall. A retrograde cannula was then inserted into the abdominal aorta.

After flushing the vascular system with a 0.9% w/v saline solution for rabbits or a

heparin (2000 USP units, IV) and saline solution for rats, resin was injected at a

pressure of 100 mmHg. The infusion was continued, maintaining the pressure, until

the resin started to solidify and no more resin could be added. A plastic reference

piece, measured using vernier calipers (resolution: 0.01 mm) and placed next to and

at the same level as the aorta, served as a length scale during the image-processing

step. Since the vessel diameter varies along the aorta, shrinkage was computed for

three points along the vessel (inter-point spacing of approx. 10 mm) in seven rats.

Due to the abundance of fat tissue around one rat aorta and all rabbit aortas, only

two points were taken for these animals.

3.5.1.5 Statistics

Data are presented as means with their standard deviations (SD). Differences be-

tween data sets were analysed by Student’s unpaired t-test, using P < 0.05 as the

criterion of significance. Coefficients of determination (r2) were calculated where

appropriate.

3.5.2 Results

3.5.2.1 Casting in rigid syringes

When Batson’s #17 resin was left to set in a rigid syringe, it shrunk both in diameter

and in length. The resulting resin casts were circular in cross-section. For 1 ml

syringes, which are closest in size to the largest arteries of rats and rabbits, shrinkage

was 3.38±1.48% in diameter and 14.64±3.10% in length. Figure 3.8(a) summarises
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Figure 3.8: Percentage shrinkage in diameter measured during casting in

four types of recipient.

the amount of diameter shrinkage in syringes of various sizes. Diameter shrinkage in

1 ml syringes was significantly different from the diameter shrinkage in 2 ml syringes

(6.51±2.25%, P = 3×10−6), indicating non-linear shrinkage behaviour. (Not enough

experiments were conducted in larger syringes, which have diameters beyond the

range of arterial diameters considered here, to justify a comparative analysis.)

The evolution of resin temperature and shrinkage with time is shown in figure 3.9

for an experiment in a 1 ml syringe. Temperature started to rise slowly once all resin

components were combined. While the diameter remained constant at this stage, the

resin height dropped drastically. After approx. 30 min the resin had shrunk in length

by 12.16%. The temperature then started to increase rapidly, to peak around 55◦C.

After this peak, the temperature decreased as the resin solidified. The majority

94



20 30 40 50 60 70
Time (min)

0

10

20

30

40

50

60

R
e
si

n
 t

e
m

p
e
ra

tu
re

 (
0

C
)

D: 0.0%
 L: 0.0%

D: 0.0%
 L: 5.2%

D: 0.0%
 L: 12.2%

D: 6.0%
 L: 12.8%

D: 6.9%
 L: 16.1%

Figure 3.9: Evolution of resin temperature during casting in a 1 ml syringe

as a function of time. Resin components were mixed at time

t = 0 min. The amount of shrinkage in diameter (D) and length

(L) are indicated for various points during the process.

of the shrinkage in diameter occurred around the peak in temperature. Once the

temperature reached 30◦C, the change in temperature slowed for the remaining

period of the experiment.

The relation between the setting time and the maximum temperature reached

during setting is shown in figure 3.10(a). Overall, the resin set faster when its

temperature reached higher values. Figure 3.10(b) shows that the peak resin tem-

perature depended linearly on the syringe diameter (r2 = 0.94, P = 0.006).

3.5.2.2 Casting in flexible tubing

The resin casts made in flexible tubing were approximately oval rather than circular

in cross-section. Hence, shrinkage was calculated based on caliper measurements

in two directions perpendicular to each other. For example, in the tubing with in-

ner diameter of 6.35 mm (which is beyond the range of arterial diameters of rats

and rabbits), shrinkage was 23.80 ± 0.97% in the direction with minimal shrink-

age but 30.76 ± 5.57% in the orthogonal direction. To enable comparison between

tubing sizes, shrinkage values for the two directions were averaged. Figure 3.8(b)

summarises the amount of shrinkage in diameter for experiments in tubing under

pressure. Shrinkage was markedly higher than in syringes of similar diameter. Be-

cause of the flexibility of the walls, initial diameters were higher for higher infusion
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Figure 3.10: (a) Setting time versus peak resin temperature during casting

in syringes (r2 = 0.52, P = 0.067); (b) Peak resin temperature

during casting in syringes showed a strong linear correlation

with syringe diameter (r2 = 0.94, P = 0.006).

pressures, and this was also the case for the final cast dimensions. The results did

not suggest any differences in shrinkage with infusion pressure.

3.5.2.3 Casting in arteries

The diameter of arteries varied along their length. Taken as an average of the

diameter for three points along the vessel (measured from the photographs taken just

after the start of the resin injection), the rat aortic diameters ranged between 1.56

and 2.46 mm. Casts of rat aortas shrunk by 20.58± 3.33% in diameter. There was

no significant linear relationship between the artery diameter and percent diameter

shrinkage (P = 0.12, figure 3.8(c)).

The stills in figure 3.11 illustrate how the aorta straightened during resin curing.

The intercostal branching region shows that branching angles increased during the

setting process.

Diameters of the rabbit aortas, taken as an average of 2 points along the vessel,

ranged between 2.52 and 3.63 mm. Shrinkage for this species was 8.05 ± 3.98% in

diameter, which is lower than the average shrinkage seen in rat aortas. The results

are shown in figure 3.8(d).
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(a) Before resin setting (b) After resin setting

Figure 3.11: Stills before (a) and after (b) resin setting in a rat aorta,

showing how the aorta straightened during the setting process.

Branching angles of intercostal arteries increased over time.

3.5.3 Discussion

Geometric changes of Batson’s #17 resin casts during setting were monitored over

time. Based on the digital camera pixel resolution the smallest difference in diameter

that could be resolved was 0.5% in 1 ml syringes and 1.1% in arteries. A comparison

of the final cast dimensions measured using image processing and calipers showed

differences of maximum 2% in diameter.

The results show that shrinkage does affect the geometry of vascular casts. Casts

differed from their original counterparts not only in diameter, as reported previously

(Kratky and Roach, 1984; Kratky et al., 1989), but also in cross-sectional shape,

vascular curvature and branching angles.

Diameter Shrinkage measurements in 1 ml syringes (3.38 ± 1.48% in diameter

and 14.64± 3.10% in length) were within the range reported by Kratky and Roach

(1984) for the same recipient but different compositions of Batson’s #17-based resin.

Additionally the results presented here indicate that shrinkage in syringes was non-

linear, with significantly more shrinkage in 2 ml syringes (8.92 mm internal diameter)
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compared to 1 ml syringes (4.78 mm internal diameter). An overall trend with size

was not determined since diameters of larger syringes were far beyond the range of

arterial diameters considered here.

Shrinkage values were also dependent on the recipient characteristics. (Interest-

ingly, the Batson’s #17 mixtures did not set in silicon-based recipients.) Diameter-

wise shrinkage in flexible tubing was higher compared to shrinkage in similar-sized

rigid syringes, and again different in arteries, leading to the hypothesis that the

flexibility of the recipient wall plays a role in the shrinkage behaviour. In the rabbit

aorta, shrinkage in diameter was 8.05±3.98%, compared to as much as 20.58±3.33%

in the rat aorta. This large difference could be explained by differences in arterial

properties between species, with rat arteries being the more compliant (as is the

case for carotid arteries; Cox (1978)). Additionally, differences between in vitro and

in situ experiments could in part be due to a difference in set-up: in vitro syringe

experiments used open systems, and in vitro experiments in tubing used closed sys-

tems; however, the in situ experiments in animals had leakage from the region of

interest that were limited only by the high resistance of peripheral vessels.

As noted previously by Kratky et al. (1989), the infusion pressure is also a crucial

determinant of the final cast dimensions.

Cross-sectional shape Caliper measurements on the casts made in flexible tub-

ing revealed that their cross-sections were approximately oval rather than circular,

implying directional variation in in-plane shrinkage characteristics. Since this was

not the case for the syringe experiments, this phenomenon is likely to be a gravi-

tational effect: while the tubing was placed horizontally, the syringes were clamped

in a vertical position. Differences in in-plane shrinkage could not be measured in

arteries, since the real cross-sectional shape of the arteries is unknown. Three-

dimensional imaging of the setting process would be required to quantify this effect

in situ.

Overall shape Length-wise shrinkage of the resin in situ caused distortion of the

overall geometry: curved vessel segments tended to straighten and branching angles
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changed over time during setting. This observation might also be responsible for the

discrepancies in the iliac bifurcation angle measured from MR images and vascular

casts of rabbits (Moore et al., 1999).

Temperature measurements during casting in syringes showed that the resin set

faster if higher temperatures were reached. This is not surprising given the exother-

mic nature of the resin polymerisation reaction. The linear correlation between re-

cipient diameter and temperature is likely to be a volume effect. Resin temperatures

up to 152.5◦C were measured during the casting in rigid syringes. This contrasts

with observations by Levesque et al. (1979), who came to the conclusion that tem-

peratures remained within the physiological range. However, their measurements

were done in rabbit aortas; higher temperatures measured here in syringes may be

explained by lower heat diffusion through the plastic syringe walls.

The results suggest that supra-physiological infusion pressures could be used to

compensate for shrinkage-induced changes in diameters, curvature and branching

angles. The pressure should ideally be determined based on a pilot experiment for

the animal model and vascular section of interest, in which geometrical changes

during resin injection and setting are monitored. However, it should be noted that

the cross-sectional shapes might remain unphysiological.

The rabbit aortas from the dataset presented in section 3.3 were cast at mean

physiological pressures. Nevertheless, translating the findings of the current section

to this dataset, the reconstructed aortas are more representative of the geometries

at lower pressures as in the diastolic phase.

3.6 Conclusion

In view of the simulation of blood flow in the rabbit aorta and recognising the

importance of vascular geometry for flow dynamics, an anatomically realistic dataset

of immature and mature rabbit aortas was developed. A literature study showed that

none of the methods currently available for the acquisition of 3D vascular geometries

is perfect. In this thesis, a combination of vascular corrosion casting and micro-CT
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was used to obtain the rabbit aortic geometries. An investigation of the accuracy of

the casting technique suggests that the reconstructed geometries best represent the

aortas in the diastolic state. A geometric analysis showed marked inter-individual

variation in the branching configuration of the aortic arch. Moreover, there was a

notable increase in the degree of aortic taper with age, particularly in the aortic

arch region.
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Chapter 4

Blood flow in immature and

mature rabbit aortas: steady-state

and time-averaged pulsatile

characteristics

The aim of this chapter is to investigate the characteristics of blood flow within

the aorta of rabbits. This fits in with the central goal of the thesis presented here,

which is to unravel the relation between atherogenesis and blood flow. Flow fields are

predicted in the geometries of the dataset presented in section 3.3. This is done using

numerical techniques (CFD), because in vivo measurements of blood velocity are not

well resolved (Steinman, 2004). Since age-related differences have been observed in

the atherosclerotic lesion distribution in the rabbit aortic model (Cremers et al.,

2011), and it was shown in chapter 3 that the rabbit aortic geometry evolves with

age, flow features in aortas of immature and mature animals are compared.

In line with the literature, the focus of this chapter is on steady-state and time-

averaged effects. There is indeed no biological evidence (yet) that would suggest that

features occurring during a particular part of the cardiac cycle are more important.

Moreover, this chapter only discusses traditional metrics to capture potentially phys-

iologically relevant flow features. A more in-depth analysis of pulsatile flow features



is covered in chapter 6.

Section 4.1 describes the pre- and post-processing techniques used for the CFD

analysis. Pre-processing involves the generation of meshes based on the geometries

from section 3.3, the choice of boundary conditions and a flow solver. Post-processing

steps include the calculation of flow-related metrics and the mapping of flow results

of different geometries onto a common grid.. The results of the analysis are shown

in section 4.2. Age-related changes in the characteristics of the aortic blood flow

are also identified in this section. In section 4.3 idealised models are developed to

gain a better understanding of the governing flow dynamics. Flow is simulated and

analysed in these models and the results are interpreted with reference to the results

in the anatomically realistic geometries. Finally, section 4.4 discusses the validity

and implications of the observations.

4.1 Methods

As mentioned in section 1.2.1, the motion of fluids is governed by the continuity

equation and Navier-Stokes equations which, for blood flow in large arteries, can be

reduced to equations (1.3)-(1.4). The problem is complemented by corresponding

boundary conditions on ∂Ω and initial conditions at t = 0. Since in general no

analytic solution is available, numerical techniques (CFD) are commonly used to

approximate the solution (u, p) in the computational domain. Input to the solver

are a mesh of the computational domain and a set of boundary and initial conditions.

This section therefore details not only the flow solver, but also mesh generation and

the choice of boundary and initial conditions.

Simulations of flow enable the calculation of flow-related metrics, which are de-

fined in this section. In addition, techniques for mapping the flow results of different

geometries onto a common two-dimensional grid are described.
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4.1.1 The spectral/hp element method

4.1.1.1 General concept

Equations (1.3)-(1.4) are a set of non-linear partial differential equations. Four

traditional numerical methods exist to approximate their solution: finite difference,

finite volume, finite element and spectral methods (Ferziger and Peric, 2002). The

spectral/hp element method, which was employed for the thesis presented here, can

be thought of as a high-order finite element method or a multi-domain spectral

method (Karniadakis and Sherwin, 2005).

The finite element method subdivides the computational domain into subdo-

mains or elements. This is called spatial or h-type discretisation, where h represents

the characteristic size of the elements. The solution within each element is approx-

imated using a low-order, often linear polynomial expansion. By reducing the size

of the elements, or h-type refinement, algebraic convergence can be achieved.

For a spectral method, the solution is approximated by a global higher-order

expansion within the entire computational domain. This is called spectral or p-type

discretisation, where p refers to the order of the expansion. Increasing the number

of modes in the expansion, or p-type refinement, results in exponential convergence.

While finite element methods exhibit greater geometric flexibility, as the size of

the elements can vary within the computational domain, spectral methods exhibit

superior convergence properties and higher accuracy. Spectral/hp element methods

aim to combine these advantages by decomposing the computational domain into

elements which broadly capture the geometry of the problem, while obtaining high

spatial resolution by representing the solution within each element using a high-order

polynomial expansion.

An in-house implementation of the spectral/hp element method, Nεκταr (Kar-

niadakis and Sherwin, 2005), was used to perform the flow simulations presented

here.
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4.1.1.2 hp discretisation

The set of equations (1.3)-(1.4) can be rewritten in the more general form of a

differential problem, with equations of the form:

E(u) = 0 in Ω (4.1)

where u represents a component of u or p. The spectral/hp element method looks

for a solution of the form:

uδ(x, t) = u0(x, t) +

Ndof∑

i=1

ûi(t)Φi(x) (4.2)

where x denotes the spatial position, Φi(x) are analytic functions called trial or ex-

pansion functions, ûi(t) are the Ndof unknown coefficients, and u0(x, t) is selected to

satisfy the initial and boundary conditions. Substitution of (4.2) into (4.1) produces

a residual R:

E(uδ) = R(uδ) (4.3)

According to the method of weighted residuals, the following restriction is en-

forced on R in order to determine ûi(t):

〈vj(x), R(x)〉 = 0 for j = 1,...,Ndof (4.4)

where vj(x) are test or weight functions and the Legendre inner product 〈., .〉 is

defined as:

〈f, g〉 =

∫

Ω

f(x)g(x)dx (4.5)

In the Galerkin approximation, the test functions are chosen to satisfy: vj = Φj.

For h-type discretisation the computational domain is subdivided into Nel non-

overlapping elements. (The mesh generation is detailed in section 4.1.2.) Within

these elements the solution is approximated using a polynomial expansion. In other

words, the global expansion basis Φi(x) is constructed from a combination of local

expansion modes φep(x) defined within each element:

uδ(x, t) = u0(x, t) +

Ndof∑

i=1

ûi(t)Φi(x) = u0(x, t) +

Nel∑

e=1

Po∑

p=0

ûep(t)φ
e
p(ξ) (4.6)
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where Po represents the polynomial order of the expansion.

The choice of the local expansion basis strongly affects the numerical implemen-

tation and efficiency of the spectral/hp element method. In general, local expansions

can be classified as nodal or modal expansions. Nodal expansions evaluate the ap-

proximate solution at a fixed set of points (nodes); the coefficients ûep then represent

the value of the solution at a given node. Modal bases on the other hand are hi-

erarchical in nature: a higher order modal basis can be constructed from lower

order basis modes. The reader is referred to Karniadakis and Sherwin (2005) for

a detailed discussion on the advantages and drawbacks of various options. In the

Nεκταr implementation a modal C0 continuous expansion basis is used.

As there are more local expansion coefficients ûep than global expansion coeffi-

cients ûi, further conditions are required to relate the local and global definitions

of the solution uδ. The continuous Galerkin method requires that the solution uδ is

C0 continuous across elements. This condition is equivalent to imposing continuity

at the boundaries of internal elements. The discontinuous Galerkin method takes

a different approach; for advective terms coupling between elements is ensured by

equating fluxes across elemental boundaries (Sherwin, 2003).

4.1.1.3 Temporal discretisation

The solution of the set of equations (1.3)-(1.4) can be obtained using a dual splitting

scheme (Karniadakis and Sherwin, 2005):

û−
Ji−1∑
q=0

αqu
n−q

∆t
= −

Je−1∑

q=0

βq(u
n−q · ∇un−q) in Ω (4.7)

∇2pn+1 = ∇ ·
( û

∆t

)
in Ω (4.8)

(
∇2 − γ0

ν∆t

)
un+1 = ∇pn+1 − û

ν∆t
in Ω (4.9)

with consistent boundary conditions for Eq. (4.8):

∂pn+1

∂n
= −n ·

[∂un+1

∂t
+ ν

Jp−1∑

q=0

βq(∇× ω)n−q +
Je−1∑

q=0

βqN(un−q)
]

on ∂Ω (4.10)
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where un, pn and ωn represent the velocity, pressure and vorticity fields at t = tn

and ∆t = tn+1−tn. The parameters αq, βq and γ0 are the weights for mixed explicit-

implicit integration of advection-diffusion equations using stiffly-stable integrators

(table 5.2 of Karniadakis and Sherwin (2005)), and Je, Ji and Jp are the orders

of integration. Since the advection term is treated explicitly, ∆t needs to satisfy

a Courant-Friedrichs-Lewy (CFL) condition to guarantee the stability of the time

scheme.

For a matrix formulation of the problem the reader is referred to Karniadakis

and Sherwin (2005) and Grinberg et al. (2009).

4.1.1.4 Application in aortas of rabbits

The spectral/hp element method was applied to simulate blood flow in the ge-

ometries of the dataset presented in section 3.3, with the exception of geometry

VPADP110713a since this geometry was identified as an outlier in the immature

group (section 3.3.3). For the simulations of flow, solutions within each mesh ele-

ment were approximated using 5th order polynomials. Convergence of the solutions

was verified for selected configurations using up to 7th order polynomials. The dif-

ference in average aortic WSS when increasing the polynomial order from 3 to 5 was

below 0.8% for all steady-state simulations with inflow Reynolds number Rein = 300.

Steady simulations were solved using a Galerkin projection with a discontinuous sub-

stepping method (Sherwin, 2003), while a continuous Galerkin method was chosen

for pulsatile simulations. Time integration was of first order, with typical normalised

time steps of 0.002 (×D0/u0).

4.1.2 High-order mesh generation

As mentioned in section 4.1.1.2 the spectral/hp element method involves h-type dis-

cretisation. Consequently, the fluid volume needs to be subdivided into elements,

a process called mesh generation. As part of the work presented here, meshes were

generated for the set of geometries obtained by micro-CT of vascular corrosion casts

(cfr. section 3.3.2). Mesh generation for each geometry was performed in a total
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three steps. First, the surface of the volume was triangulated. Afterwards, the

volume was filled with tetrahedral and prismatic elements. This two-step strategy -

surface meshing followed by volume meshing - is commonly used to generate meshes

for finite element applications. However, in contrast to finite element meshes, the

meshes generated here were deliberately made relatively coarse since high-order

polynomials can represent the solution more accurately inside the elements. On the

downside, coarse straight-sided meshes generally do not conform well to the bound-

aries of complex geometries. A third step was therefore added to the procedure, in

which the surface elements were curved to better represent the boundary geometry.

Spectral/hp elements allow elements to be curvilinear.

The three steps of the high-order mesh generation process are now described in

greater detail.

4.1.2.1 Surface meshing

In a first step, flow extensions terminating with a circular cross section were added to

the intercostal arteries, aortic arch branches and descending aorta of the geometries

using VMTK. These extensions facilitate the application of boundary conditions

away from the region of interest, as explained in section 4.1.3.

The surface of each geometry was re-triangulated using curvature size functions

(Gambit 2.4.6, ANSYS, Inc.). Curvature size functions enforce a limit on the angle

between the outward-facing normals of any two adjacent mesh elements. Conse-

quently, the size of the triangles of the resulting mesh is curvature-dependent, with

small triangles in regions where the surface is highly curved. The newly obtained

mesh was subsequently smoothed using the VMTK-implementation of the Taubin

algorithm, a volume-preserving variant on Laplacian smoothing (see footnote in sec-

tion 3.2.5). Smoothing essentially moves each vertex to a new position, defined by a

weighted sum of the locations of its neighbouring vertices (Bray, 2004), and there-

fore predominantly acts upon larger elements. Since the size of the elements in the

base mesh was curvature-dependent, small-scale geometric features in highly curved

areas were retained in this smoothing step. The change in volume introduced in

this step was 0.45% (for geometry VPADP100209), corresponding to a change in
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Figure 4.1: High-order volume mesh of the aortic geometry of rabbit

VPADP100209.

diameter of 0.23% (assuming a cylindrical geometry with constant diameter). The

resulting mesh will be referred to as the high-definition surface mesh.

As spectral/hp element methods can deal with coarse meshes, the number of

surface elements was reduced in a last surface meshing step. Once more, curvature

size functions were used, but this time the lower and upper limits on the size of the

triangles were increased. The surface mesh of an aortic arch is shown in figure 4.1

(top).

4.1.2.2 Volume meshing

The volume meshes were generated in two steps: a prismatic layer, containing el-

ements with an aspect ratio of 5, was first extruded from the surface mesh, and

the remaining inner volume was then filled with tetrahedral elements. Both steps

were performed using TGrid 4.0.24 (Ansys, Inc.). The cut-away of a mesh section

in figure 4.1 shows the triangular faces of the internal tetrahedral elements and

quadrangular faces of the prismatic elements adjacent to the arterial wall. The
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Table 4.1: Total number of volume elements in the meshed geometries (Nel)

and inflow Reynolds number (Rein) for the simulations with

u0 = 0.199 m/s. Lettering corresponds to table 3.1. Note that ge-

ometry E was not included in the haemodynamic analysis. Sim-

ulations for geometry F are discussed in Vincent et al. (2011). In

the geometries indicated with an asterik both steady-state and

pulsatile dynamics were simulated.

Rabbit ID (short) Rabbit ID (long) Nel Rein

A* VPADP100209 81164 172

B VPADP100324a 81504 204

C* VPADP100426b 72685 176

D VPADP110713a 65988 177

F AAEH081013 79847 300

G* VPADP091210 95337 222

H AAEH091110 98376 230

I VPADP091214 101356 254

J* VPADP100713 91997 339

prismatic elements were used to accurately capture the boundary layer. Moreover,

the curvature-dependent surface mesh ensured that the tetrahedral elements just

below the prismatic layer fit inside the available space. Because of the geometric

complexity of the aortic shapes, including sharp branching angles and subtle surface

undulations, unstructured meshes were preferred, despite their weaker numerical

performance compared to structured meshes (De Santis et al., 2010).

The total number of volume elements per mesh was approx. 105; details per mesh

can be found in table 4.1. Combined with 5th order polynomials this corresponds, in

terms of degrees of freedom, to meshes of approx. 107 linear tetrahedral elements.

For example, the volume mesh for geometry VPADP100209 consisted of a total of

102 786 elements, which is equivalent to a linear tetrahedral mesh with 19 727 166

elements.
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CHAPTER 2. Numerical Methods 48

imates a curved polygon of n vertices by blending n spherical surfaces orthogonal

to the n vertex normals at the n vertices. The blending functions are chosen to

guarantee C0 and C1 across patches. The process of constructing a SPHERIGON

patch is outlined below.

Consider a triangle with vertices P1, P2 and P3 and vertex normals N1, N2 and

N3. Let Pp be an arbitrary point within such triangle, and Np the Phong normal

at the point Pp defined as:

Np =

3�
i=1

riNi

||
3�

i=1

riNi ||
,

where ri are the barycentric coordinates of the point P (i.e. Pp =
3�

i=1

riPi). Further,

let �Pp be the Phong projection of Pp onto the SPHERIGON patch (see Fig. 2.7).

N1

(a) (b)

Figure 2.7: Phong normals distribution (a) and Phong projection (b). The

SPHERIGON patch (blue) provides a curvilinear approximation

of a polygonal element given its vertices Pi and vertex normals

Ni.

The SPHERIGON patch at the point Pp (�Pp) is constructed by blending the three

spheres Si orthogonal to Ni at Pi and orthogonal to the line defined by Pp and Np.

Let Qp
i be the point where the sphere Si intersects the line defined by Pp and Np,

as illustrated in Fig 2.8. It can be shown [147] that

Qp
i = Kp

i +
(Pi − Ki)Ni

1 + NpNi

,

(a)
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where Kp
i is the orthogonal projection of Pi onto the line defined by Pp and Np

given by

Kp
i = Pp + ((Pi − Pp)Np)Np.

Figure 2.8: Construction of a sphere Si orthogonal to Ni at Pi and ortho-

gonal to the line defined by Pp and Np.

The point �Pp can now be determined by the blending of the points Qp
i . Thus

�Pp =
3�

i=1

fp
i Q

p
i

where fp
i are blending functions chosen to guarantee C0 and C1 across patches [147]

defined by:

fp
i = r2

i

� r2
i−1(Q

p
i−1 − Pp)2

(Qp
i−1 − Pp)2 + (Qp

i − Pp)2
+

r2
i+1(Q

p
i+1 − Pp)2

(Qp
i+1 − Pp)2 + (Qp

i − Pp)2

�
,

where i is cyclic index.

Since the points Pp are arbitrary, they can be chosen to be the nodes x(ξ̄j) of the

nodal expansion hp(ξ̄). Therefore the nodal coefficients fk(ξ̄j) can be approximated

by �Pp. Hence

x(ξ̄j) = Pp, f(ξ̄j) = �Pp.

2.2.2.2 Vertex normal approximation

Given a straight-sided mesh, the normal Ni at the vertex Vi can be approximated

by averaging the face normals Nj of the elements Ωj connected to such vertex Vi

(c)

Figure 4.2: Construction of SPHERIGON patches: (a) Distribution of

Phong normals in an element; (b) Phong projection; (c) Con-

struction of a sphere Si orthogonal to Ni at Pi and orthogonal

to the line defined by Pp and Np. With permission reproduced

from Plata (2010).

4.1.2.3 Curving the surface

The third step in the generation of a high-order volume mesh consists of curving

the surface elements. This was done here following a method developed by Plata et

al. (submitted to J. Numeric. Methods Fluids, Plata (2010)). The method employs

so-called SPHERIGON patches to define the curvature of the triangular surface

elements. In general, the SPHERIGON patch can provide a curvilinear approxi-

mation of a polygonal element given its vertices and vertex normals by blending

spherical surfaces orthogonal to the vertex normals of the element (Volino and Mag-

nenat Thalmann, 1998).

Consider a triangular surface element with vertices P1, P2 and P3 and vertex

normals N1, N2 and N3, as illustrated in figure 4.2(a). Let Pp be an arbitrary point

inside this triangle. In the application presented here, the points Pp are the nodes

of the polynomial expansion. The Phong normal Np at point Pp is defined as:

Np =

3∑
i=1

rbar
i Ni

||
3∑
i=1

rbar
i Ni||

(4.11)

where rbar
i are the barycentric coordinates of point Pp (i.e. Pp =

3∑
i=1

rbar
i Pi). The

goal is now to find the location of point P̂p, which is the Phong projection of point
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Pp onto the SPHERIGON patch. This is illustrated in figure 4.2(b). Let Si be the

sphere through Pi, orthogonal to Ni in Pi and orthogonal to the line defined by Pp

and Np. Let point Qp
i be the point of intersection of sphere Si and the line defined

by Pp and Np, as is illustrated in figure 4.2(c). It can then be shown that (Volino

and Magnenat Thalmann, 1998):

Qp
i = Kp

i +
(Pi −Kp

i )Ni

1 + NpNi

(4.12)

where Kp
i is the orthogonal projection of Pi onto the line defined by Pp and Np.

The SPHERIGON patch at point Pp is determined by blending the points Qp
i :

P̂p =
3∑

i=1

fpi Q
p
i (4.13)

where the blending functions fpi can be chosen to guarantee C0 and C1 continuity

across patches (Volino and Magnenat Thalmann, 1998) of the SPHERIGON ap-

proximation which is not a polynomial space (Plata et al., submitted to J. Numeric.

Methods Fluids).

The construction of SPHERIGON patches requires an accurate estimate of the

vertex normals Ni of the (coarse) surface mesh. These were calculated here according

to the algorithm developed by Plata (2010). Consider a straight-sided coarse mesh

M and a corresponding straight-sided high-definition surface mesh M̄. Let Pi be

an arbitrary vertex in M and P̄j
i (j = 1...Nv) the Nv vertices in M̄ closest to Pi.

Ω̄j (j = 1...Nv) are the Nv elements constructed from the vertices P̄j
i and Pi.

The normal Ni at vertex Pi is then approximated by averaging the face normals

N̄j of the elements Ω̄j:

Ni =
1

Nv∑
j=1

Āj

nv∑

j=1

N̄jĀj (4.14)

where Āj is the face area of element Ω̄j.

When curving one side of a volume element, it is possible that the element

becomes invalid. An example is given in figure 4.4(a), in which the curved side

P1P2P3 of the element protrudes into the opposite side P4P5P6. Although the
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Figure 4.3: The normal Ni at vertex Pi can be computed by area-averaging

the face normals of the elements Ω̄j, which are shown as blue

triangles. After Plata (2010).

(a) (b)

Figure 4.4: (a) Example of an invalid prismatic element; (b) Illustration of

a correction technique.

combination of a curvature-based surface mesh and a reasonable aspect ratio of the

underlying prismatic elements ensured that most prismatic elements remained valid,

there were a few exceptions in highly concave regions.

Here an algorithm to correct invalid prismatic boundary elements is proposed.

The method is illustrated in figure 4.4(b). Let points Pi (i = 1...6) be the vertices of

a prismatic boundary element, and the side defined by the vertices Pi (i = 1...3) be

curved using the SPHERIGON patch technique. First the centroids C123 and C456

of the (planar) triangles P1P2P3 and P4P5P6 are determined. The vertices P1,

P2 and P3 are then shifted away from P4, P5 and P6 respectively in the direction

defined by C456 and C123 and over a distance equal to 0.5% of the distance between

C456 and C123. The procedure is repeated until the element is no longer invalid. An

alternative approach could be to curve both triangular elements of the problematic
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prismatic elements.

4.1.3 Boundary conditions and model parameters

4.1.3.1 General modelling assumptions

Assumptions were made to limit the number of model parameters for the simulation

of blood flow. In particular:

• The governing equations were reduced to the set of equations (1.3)-(1.4) under

the assumption of a homogeneous, incompressible, Newtonian blood model.

The blood density was taken to be 1044 kg/m3 (Kenner et al., 1977) and the

blood dynamic viscosity 4.043 g/ms (Windberger et al., 2003);

• Arterial wall compliance and motion were neglected. The validity of these

assumptions is addressed in section 4.4;

• At the aortic root the axial inflow velocity profile was assumed to be plug-like,

and no in-plane flow component was applied. This is an approximation, since

flow from the left ventricle is likely to be skewed and possess an in-plane com-

ponent. To assess the effect of the axial velocity profile, parabolic and skewed

profiles were also considered for one of the geometries (VPADP100209). In ad-

dition, a simulation with an in-plane inflow velocity component was performed

to assess the influence of secondary flow at the aortic root;

• Flow splits to the various branches emanating from the aorta were based on

experimental measurements where available in the literature, and estimated

elsewhere. The flow splits are detailed in section 4.1.3.2. Further flow divisions

to the individual branches were calculated using Murray’s law (Murray, 1926),

which states that the cube of the mother vessel’s radius equals the sum of cubes

of the daughter vessels’ radii (ri). When translating this law to flow rates using

the continuity equation (equation (1.3)), the following expression is found for
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the average speed u1 in a branch with radius r1 and outlet area A1:

u1 = fbr
Q

A1

r3
1

Nbr∑

i=1

r3
i

(4.15)

where fbr is the percentage of the total flow (Q) going to all branches and Nbr

is the number of branches. The use of Murray’s law is an approximation; the

law has been debated by a number of research groups (Reneman and Hoeks,

2008; Trachet et al., 2011).

4.1.3.2 Simulations of steady flow

Steady flow was simulated in all geometries shown in figure 3.4, except for the outlier

in the immature group (geometry E). Two simulations, with different boundary

conditions at the aortic root, were performed in each geometry.

Aortic root In both sets of simulations, the axial inflow velocity profile was as-

sumed to be plug-like, and no secondary inflow was applied.

• For the first set of simulations, an average velocity of u0 = 0.199 m/s was

assumed at the aortic root on the basis of experimental mean flow rate mea-

surements (Avolio et al., 1976) and the observation that mean aortic blood

velocity is independent of body mass (Weinberg and Ethier, 2007). Rein for

each of those simulations is listed in table 4.1.

• To study the influence of geometry on the flow, a second simulation was run

using Rein = 300, which corresponds to an average inflow velocity of 0.199 m/s

for rabbit AAEH081013.

Aortic arch branches Flow splits to the aortic arch branches were based on

experimental measurements, with 14.7% (Barakat et al., 1997b) of the flow in the

ascending aorta going to the first branches of the aortic arch (the BCT, LCCA

and their branches) and 7.1% (Barakat et al., 1997b) to the LSA and its branches.

Further flow divisions to the individual branches were calculated using Murray’s
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law, as detailed above. Fully developed parabolic velocity profiles were assumed at

the outlets of the branches. This is a reasonable assumption since flow extensions

were added to the branches during mesh generation (section 4.1.2.1).

Intercostal arteries A total of 2% of the descending aortic flow was assumed to

enter the 9 or 10 intercostal arteries, based on an estimate by Vincent et al. (2011).

Further flow divisions to the individual branches were calculated using Murray’s

law, as detailed above. Note that flow splits to human intercostal branches, mea-

sured using US, have been reported by Koyanagi et al. (2009), but were considered

physiologically unrealistic. Parabolic velocity profiles were assumed at the outlets

of the branches. This is a reasonable assumption since flow extensions were added

to the branches during mesh generation (section 4.1.2.1).

Distal descending aorta At the outlet of the descending aorta below the fifth

pair of intercostal branches, a zero velocity gradient boundary condition was ap-

plied. This is a reasonable assumption since the outlet was extended during mesh

generation (section 4.1.2.1). A zero pressure reference was placed at the outlet.

Aortic wall A no-slip condition was prescribed at the arterial wall.

4.1.3.3 Simulations of pulsatile flow

Time-dependent flow dynamics were simulated in two immature and two mature

aortic geometries (figure 3.4, geometries A, C, G and J).

Steady-state boundary conditions at the aortic root (Rein = 300) and branches

were modulated using a time-varying velocity waveform. This waveform, shown in

figure 4.5, was computed by Dr. Jordi Alastruey using a pulse wave propagation

model, which simulated pulse wave propagation in the largest arteries of the systemic

circulation of a rabbit using the one-dimensional equations of blood flow in compliant

vessels (Alastruey et al., 2009). The waveform for use in the simulations was selected

at the proximal descending aorta, since the purpose was to accurately model flow

in the descending aorta.
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Figure 4.5: Velocity waveform at the aortic root for time-dependent simu-

lations, here for u0 = 0.199 m/s.

4.1.3.4 Initial conditions

A zero velocity field was chosen as the initial condition for simulations of steady as

well as pulsatile flow. To damp transients related to this choice of initial condition

in time-dependent simulations, two cardiac cycles were simulated and results were

analysed for the second cycle.

4.1.3.5 Sensitivity analyses

For geometry VPADP100209 additional simulations were run to assess the influence

of the choice of inlet conditions on the flow.

To analyse the effect of the inflow velocity profile, parabolic and skewed profiles

were considered, as shown in figure 4.6. The parabolic profile is a fully developed

profile for steady-state flow in straight pipes with circular cross-section and is not

physiologically realistic at the inlet of the ascending aorta (Vincent et al., 2011).

The skewed inflow profile was chosen to represent a more physiologically realistic

condition, with skewing towards the inner curvature of the aortic arch based on

unpublished MRI measurements in the porcine ascending aorta (A. De Luca, 2011).

To analyse the effect of secondary inflow, a 20% in-plane inflow component point-

ing away from the centre of curvature was included. Its direction and magnitude

were based on extreme conditions in pigs (unpublished data, A. De Luca, 2011).
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Figure 4.6: Axial inflow velocity profiles (×u0) applied to geometry

VPADP100209: blunt (left), parabolic (middle) and skewed to-

wards the inner curvature of the aortic arch (right).

4.1.4 Flow-related metrics

4.1.4.1 Coherent vortical structures

Coherent vortical structures were captured using the λ2-criterion (Jeong and Hus-

sain, 1995). This criterion defines a vortex in an incompressible flow in terms of

the eigenvalues of the symmetric tensor (
↔
S∇u)2 + (

↔
Ω∇u)2, where

↔
S∇u and

↔
Ω∇u re-

spectively represent the symmetric and antisymmetric parts of the velocity gradient

tensor ∇u, so that:

∇u =
↔
S∇u +

↔
Ω∇u . (4.16)

Concretely, the criterion defines a vortex core as a connected region with at least two

negative eigenvalues of
↔
S

2

∇u +
↔
Ω

2

∇u. In this way local pressure minima associated

with the axis of a swirling motion are identified. However, since not all pressure

minima correspond to vortex cores and vice versa, the criterion does not simply

look for pressure minima, but:

• The pressure at a point that satisfies the λ2-criterion does not have to be a

minimum in all directions at that point, it only has to be a minimum in a

plane perpendicular to the vortex axis;

• When looking for the minima, viscous effects are disregarded, as they could

eliminate the pressure minimum in a flow with vortical motion;

• The effect of unsteady straining, which could create a pressure minimum with-

out involving a vortical motion, is disregarded when looking for the minima.
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For a mathematical derivation of the λ2-criterion, the reader is referred to Jeong

and Hussain (1995).

4.1.4.2 Shear-related metrics

For simulations of steady-state flow, the WSS magnitude was computed on the

boundaries of the computational domain, according to equation (1.10).

For simulations of time-varying flow, the TAWSS and OSI were computed on the

boundaries of the computational domain, according to equations (1.11) and (1.12)

respectively.

4.1.5 Haemodynamic mapping

4.1.5.1 3D to 2D mapping

Mapping the 3D arterial surface onto a plane allows comparison between flow results

and lesion distributions and facilitates statistical analysis of the flow results for the

different age groups. The most straightforward parametrisation uses the curvilin-

ear abscissa (along the centreline) and angular position of each point around the

centreline. Antiga and Steinman (2004) presented a slightly modified method for

mapping branches which are topologically equivalent to a cylinder. The approach

allows point-by-point comparison between non-identical branching regions and is

implemented in VMTK. As this mapping approach requires the geometry to be

a topological cylinder, all rabbit aortas were pre-manipulated using VMTK and a

purpose-written MATLAB R2009 (The MathWorks, Inc.) script. The manipulation

steps are illustrated in figure 4.7 for an arterial segment containing one intercostal

branch pair.

First, aortic branches were removed. This is illustrated in figure 4.7(a) and

4.7(b). The holes created during this procedure were closed and the correspondingly

generated nodes tagged. After calculating the longitudinal and circumferential coor-

dinates, the aortas were virtually opened up. The periodicity of the circumferential

coordinate was interrupted by removing elements with nodes on either side of the

cutting line, i.e. angular coordinates on either side of the spectrum. The cutting line
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(a) (b) (c)

(d)

Figure 4.7: Procedure for mapping of the arterial lumen onto a 2D patch:

(a) An arterial segment; (b) The branches are cut to create

a topological cylinder; (c) The segment is cut open; (d) The

segment is unfolded (en face view).
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Figure 4.8: Location of the cutting line for 3D to 2D mapping, shown here

for geometry VPADP100209 (ventral view).

naturally followed the curve of the vessel and is shown in figure 4.7(c) for the sample

section and in figure 4.8 for an entire aorta. The cutting line was positioned on the

ventral side and ensured that the locations of the intercostal ostia were similar to

those in en face lesion maps of rabbit aortas (Cremers et al., 2011). Finally, the

branch ostia were reopened by disregarding all tagged nodes. The 2D map of the

sample section is illustrated in figure 4.7(d).

4.1.5.2 Maps around intercostal ostia

Around each intercostal branch opening a region of 2.4 × 3.6 mm was selected and

WSS values in this region were mapped onto a 20× 30 grid. To obtain the average

distribution near the branches, maps were combined using the centre of the ostium

as a datum. Squares close to the ostium were not calculated if they lacked data from

more than 25 branches (as a consequence of the presence of the branch openings);

these grid squares are coloured white.

4.1.5.3 Maps of thoracic aortas

For entire aortic segments, WSS, TAWSS and OSI values were mapped onto a

coarser 20 × 140 grid. Values in corresponding grid squares were averaged for all

animals within each age group to obtain the averaged maps. Averages were not

calculated when data from more than two animals were lacking (as a consequence

of the presence of branch ostia); these grid squares are coloured white.

120



4.1.6 Statistics

Data are presented as means with their standard errors (SEM) unless stated other-

wise. Comparisons of aortic WSS between age groups were analysed by Student’s

unpaired t-test. One-way nested ANOVA was used to assess age-related differences

in WSS around intercostal ostia. Nesting accounted for the fact that each animal

contributed nine or ten intercostal ostia to the data. P < 0.05 was used as the

criterion of significance.

4.2 Results

4.2.1 Changes in flow characteristics with age

In all aortas the plug-like axial velocity profile became crescent-shaped in the aortic

arch, and was skewed to one side in the descending aorta. Two Dean-type vortices of

unequal magnitude formed in the aortic arch. For mature animals these continued

to propagate down the thoracic descending aorta, consistent with observations by

Vincent et al. (2011) for a single mature rabbit aorta. However, in immature rabbits

the aortic flow characteristics were different. In particular, although Dean-type

vortical structures still formed in the aortic arch, they did not extend into the

descending aorta. Representative cases from each age group are shown in figures

4.9A and 4.9D, using the λ2-criterion to define the coherent vortical structures.

4.2.2 WSS around intercostal branch ostia

Figure 4.10A (top) shows the mean WSS distributions around intercostal ostia in

immature and mature rabbits for the simulations with u0 = 0.199 m/s. WSS was

highest in a triangular region downstream of the ostium, and was also increased

proximally. The evolution of WSS along the longitudinal centreline through the

branch, corresponding to the average of the two central columns of squares in the

maps, is shown in figure 4.11. The percentage difference between the peak WSS on

the downstream side compared to the peak WSS on the upstream side along this

line was not significantly greater for mature (51.5%, range: 11.5 − 99.9%) animals
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Figure 4.9: Coherent vortical structures for the following simulations: A:

immature geometry with u0 = 0.199 m/s; B: immature geom-

etry with Rein = 300; C: immature geometry with Rein = 300

and zero net flow to the arch branches; D: mature geometry

with Rein = 300; E: mature geometry with Rein = 300 and zero

net flow to the arch branches; F: idealised mature geometry

with taper (Rein = 300); G: idealised mature geometry without

taper (Rein = 300). The immature and mature geometries are

VPADP100209 and AAEH081013 respectively.
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Figure 4.10: Averaged maps of WSS in immature and mature geometries

around a branch ostium (top) and in the thoracic aorta (bot-

tom), as computed from simulations with u0 = 0.199 m/s (A)

or Rein = 300 (B). In B, the white spots correspond to loca-

tions where ostia were optimally aligned. The luminal surface

of each segment, opened ventrally, is shown en face. Net aortic

flow is from top to bottom.

than for immature (41.4%, range: 6.94-81.9%) animals (P = 0.10). WSS was lower

in a ring around the ostium and to its sides. The average WSS in the 2.4× 3.6 mm

region around immature ostia was 2.43 Pa (range: 1.38-3.30 Pa), compared to 2.71 Pa

(range: 1.81-4.32 Pa) around mature ostia (P = 0.43).

The mean immature and mature WSS distributions around ostia based on the

simulations with Rein = 300 are shown in figure 4.10B (top). Patterns were similar

to those described above, but the difference in magnitude between immature and

mature geometries was more pronounced. The average WSS, non-dimensionalised

using ρu2
0, was 0.0417 (range: 0.0229-0.0595) around immature ostia and 0.0637

(range: 0.0403-0.1194) around mature ostia (P = 0.055).
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Figure 4.11: WSS (Pa, mean+1SEM) along the longitudinal line through

the centre of the intercostal branch ostia.

4.2.3 WSS in the thoracic aorta

Figure 4.10A (bottom) shows the mean WSS distributions in thoracic aortas of

immature and mature rabbits for the simulations with u0 = 0.199 m/s. WSS was

low along the greater curvature of the ascending aorta, on the distal inner wall of

the aortic arch and, particularly for immature rabbits, proximal to the superior

right intercostal artery. Zones of high WSS were found at the aortic root, where

the originally plug-like velocity profile changed rapidly, and distal to the aortic

arch branches. In mature animals the latter region extended further down into the

descending aorta, resulting in a dorsal streak of high WSS. A similar streak formed

more distally in the immature animals. The average WSS was 2.38± 0.23 Pa in the

immature thoracic aortas and 2.47± 0.17 Pa in the mature aortas (P > 0.5).

The mean immature and mature WSS distributions in the thoracic aorta based

on the simulations with Rein = 300 are shown in Figure 4.10B (bottom). Patterns

were qualitatively similar to those for the simulations with constant inflow velocity.

The average non-dimensional WSS was 0.0405 ± 0.0041 in the immature thoracic

aortas, and 0.0576± 0.0061 in the mature aortas (P = 0.06).
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Figure 4.12: Averaged maps of TAWSS and OSI for time-dependent simu-

lations in two immature and two mature aortas (Rein = 300).

The corresponding averaged maps of steady WSS are also

shown. The luminal surface of each segment, opened ventrally,

is shown en face. Net aortic flow is from top to bottom.

4.2.4 Pulsatile flow characteristics

Unsteady blood flow was simulated in a subset of geometries, two from each age

group, to study the effect of flow pulsatility. The resulting averaged maps of TAWSS

and OSI are shown in figure 4.12. With adjusted scaling for each metric, time-

averaged patterns were very similar to their steady equivalent. The most notable

differences could be found in the proximal part of the descending aorta, where some

unsteady (rather than quasi-steady) phenomena occurred: during early diastole

there was more secondary flow than with steady-state dynamics in this region. In

addition, the range of OSI (but not WSS or TAWSS) values in the descending aorta

was substantially larger than corresponding values in the aortic arch.
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Figure 4.13: Influence of the velocity profile at the aortic root on WSS

(×ρu2
0) in the aortic arch of rabbit VPADP100209 (caudal

view). The skewed inflow profile was skewed towards the inner

curvature of the aortic arch.

4.2.5 Sensitivity of flow to assumptions and boundary con-

ditions

A number of additional simulations were run in the aorta of rabbit VPADP100209

to evaluate the sensitivity of the results to modelling assumptions and boundary

conditions. In all cases, Rein was kept at 300.

First, the effect of the inflow velocity profile was investigated. When a skewed

parabolic profile (skewing towards the inner curvature of the aortic arch) was applied

at the aortic root, the coherent vortical structure on the anatomical right-hand side

developed earlier due to the higher velocity gradient. For this case, as well as with a

parabolic inflow profile, the coherent vortical structures were slightly larger than for

the original plug-like profile. However, the WSS distribution was hardly influenced

by the changes in inflow profile: patterns were essentially unaltered throughout the

aorta, although some minor quantitative changes could be seen in the ascending

aorta and aortic arch. This is shown in figure 4.13.

Secondary inflow was generally disregarded. When this assumption was relaxed,
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Figure 4.14: Influence of secondary inflow at the aortic root on WSS (×ρu2
0)

in the aortic arch of rabbit VPADP100209 (cranial view). For

the case with secondary inflow an in-plane inflow component of

20%, pointing away from the centre of curvature, was applied.

WSS increased on the outer wall of the aortic arch, as is shown in figure 4.14, but

once more WSS patterns and the extent of the coherent vortical structures remained

largely unchanged.

To study the effect of flow into branches of the aortic arch, flow splits to these

branches were set to zero. This resulted in an increase in the extent of the vortical

structures, as the difference between figures 4.9B and 4.9C indicates. Moreover, the

higher flow split towards the descending aorta caused an increase in the magnitude

of the dorsal streak of high WSS. The location of the streak, however, was not

affected.

4.3 Influence of centreline geometry and taper on

flow in idealised geometries

Idealised models of the rabbit aorta were generated to gain insight in the governing

flow dynamics. Concretely, tapered and non-tapered geometries were constructed

based on the centreline of geometry AAEH081013.

This section starts with a description of the methods used to generate the ide-

alised geometries, simulate blood flow inside them and analyse the flow dynamics
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by transformation to a centreline-specific coordinate system. Subsequently, relevant

flow features are discussed. Results in the geometry without taper are analysed first,

focusing on the effects of curvature and torsion on the flow and resulting WSS. The

influence of taper is discussed afterwards.

4.3.1 Methods

4.3.1.1 Idealised geometries

Idealised geometries were constructed based on the centreline of geometry AAEH081013.

Two configurations were considered:

• Non-tapered geometry: A circular section with a radius equal to the maximum

inscribed sphere radius at the aortic root of the original geometry, was swept

along the centreline (Rhinoceros 4.0). The resulting geometry had the same

centreline as the original aortic geometry, but constant cross-section and no

side branches;

• Tapered geometry: A non-branching geometry with circular cross-sections was

generated by sweeping a circular section through a series of circles along the

centreline of the original geometry (Rhinoceros 4.0). The circles were derived

from the original geometry, using corresponding maximum inscribed sphere

radii at regular intervals (D0/4 between adjacent circles).

4.3.1.2 Mesh generation and boundary conditions

Mesh generation was performed as detailed in section 4.1.2. The resulting volume

mesh for the non-tapered geometry consisted of 1437 elements (562 prismatic and

875 tetrahedral elements), and the tapered geometry had a total of 1469 elements

(594 prismatic and 875 tetrahedral elements). These numbers are significantly lower

than those for the anatomically realistic geometries (table 4.1) because of the absence

of sharp branching angles in the idealised models. A high number of degrees of

freedom was achieved by using a higher order for the polynomial approximation

(section 4.3.1.3).
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Both cases were solved using a velocity inlet and zero velocity gradient boundary

outlet. Rein was set at 300, corresponding to the simulations in the anatomically

realistic counterpart.

4.3.1.3 Numerical methods

Steady-state flow was calculated in the two idealised geometries using a spectral/hp

element method, as detailed in section 4.1.1. Solutions within each element were

approximated with 7th order polynomials. Convergence was verified using up to 9th

order polynomials.

Techniques detailed in section 4.1.4 were used to locate vortical structures and

calculate WSS distributions.

4.3.1.4 Decomposition of local momentum

To analyse the individual roles of inertial forces, viscous forces and pressure gra-

dients, forces and accelerations were transformed from the Cartesian coordinate

system (x, y, z) in which the flow-governing equations were solved, to an orthogonal

Germano coordinate system (s, r, θ) (Germano, 1982). The orientation of the latter

is indicated in figure 4.15 for a cross-section located at R(s), where:

φ(s) = −
∫ s

s0

τ(s′)ds′ (4.17)

with τ(s) the torsion, and s0 an arbitrary value. The Germano coordinate system

follows the centreline of the non-branching vessel, which can have varying curvature

κ(s) = |d2R/ds2| and torsion τ(s). Each point P with Cartesian coordinates x

is expressed using its local coordinates (s, r, θ). Conversion formulae for position,

velocity, its first and second derivatives, and the pressure gradient are provided in

appendix A.

The terms in the momentum balances of the Navier-Stokes equations (1.4) can be

projected onto the tangential, normal and binormal axes, T, N and B respectively

(figure 4.15), to arrive at:

CAT = Co + PGT + VFT , (4.18)
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FIG. 2. Illustration of our centreline analysis. (a) The curvature-dependent centrifugal force, CFN, always yields accelerations
in the direction of the local normal, N, away from the centre of curvature, C, from axial (in the direction of the local tangent
T) motions with velocity u. The local binormal is B. (b) The torsion-dependent force, TF, couples the normal and binormal
components of secondary motions: it has normal, TFN, and binormal, TFB, components that depend on the binormal, VB, and
normal, VN, velocities, respectively, generated by CFN. (c) The curvature-dependent Coriolis force, Co, links normal motions
to axial accelerations through the cross product −! × VN, where ! is the angular velocity of the axial motions about C.
(d) In local coordinates we can study the individual effect on the flow and wall stresses of the inertial (CFN, TFN, TFB, and
Co), pressure gradient (PG), and viscous (VF) forces in each cross section using the same orientation; i.e., cross sections can
be thought of being aligned in a straight centreline, with the curvature and torsion of the vessel centreline (in dashed lines)
replaced with the inertial forces.

We use Germano’s orthogonal coordinate system (s, r, θ ), which is defined uniquely for r ≤ 1/κ ,
where r and θ are polar coordinates centred on the point R(s) in the plane normal to the centreline
(Fig. 3). Any Cartesian position vector x can be uniquely expressed in these coordinates as20

x = R − r sin (θ + φ)N + r cos (θ + φ)B, φ(s) = −
∫ s

s0

τ (s ′)ds ′, (3)

where s0 takes an arbitrary value. The unit vectors parallel to the local coordinate directions are
defined as

as = T, ar = cos (θ + φ)B − sin (θ + φ)N, aθ = − sin (θ + φ)B − cos (θ + φ)N.
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FIG. 3. Germano’s coordinate system (s, r, θ ) along the centreline of a generic vessel.20

Figure 4.15: Germano coordinate system (s, r, θ) along the centreline of a

vessel (Germano, 1982). With permission reproduced from

Alastruey et al. (2012).

CA′N = CFN + TFN + PGN + VFN , (4.19)

CA′B = TFB + PGB + VFB, (4.20)

where the abbreviations CA, Co, CF, TF, PG and VF denote the convective ac-

celeration and Coriolis, centrifugal, torsional, pressure gradient and viscous forces

per unit of mass respectively. The subscripts indicate the direction of the force

components, and primes indicate a modification compared to the equivalent force

expressed in the Germano coordinates (s, r, θ). Concretely, torsion-dependent com-

ponents were subtracted from CAN and CAB, giving rise to the terms TFN and TFB

on the right-hand sides of equations (4.19)-(4.20). Consequently, TF is non-zero only

in geometries with non-zero torsion, while CF and Co only exist in geometries with

non-zero centreline curvature.

It can be shown that CoT = −Ω × VN, where VN represents the velocity

component in the direction of N and Ω = uκh−1B about the local centre of curvature

C (hκ−1 is the distance from C of the vessel centreline to the projection of the point

into the plane spanned by T and N). Hence, Co is half of the usual Coriolis force

per unit of mass.

The derivation of equations (4.18)-(4.20) starting from the Navier-Stokes equa-

tions in the Cartesian coordinate system can be found in appendix A and Alastruey

et al. (2012).
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Figure 4.16: Cross-sectionally averaged normal (left) and binormal (middle)

accelerations and forces along the centreline of the non-tapered

idealised geometry. Overlines indicate cross-sectional averages

of the corresponding quantities. The geometry is shown on the

right. After Alastruey et al. (2012).

4.3.2 Findings

4.3.2.1 Effect of curvature and torsion

It was found in section 4.2.1 that Dean-type vortical structures developed in all

rabbit aortic arches. This observation can be understood by analysing the effects

of inertial, viscous and pressure gradient forces in the idealised geometry without

taper. The most notable results of this decomposition are shown in figures 4.16 and

4.17.

As already indicated in section 1.2.3.4, the interaction between centrifugal forces

and an in-plane pressure gradient gives rise to secondary motion. This interaction

occurs in the ascending aorta of the idealised geometry without taper (figure 4.16,

left). The counterplay between CFN , which pulls the bulk flow away from the centre

of curvature, and the opposing in-plane PG, which makes the flow return along

the lateral sides, results in the formation of a pair of counter-rotating Dean-type

vortices. The flow symmetry is broken by the torsional force TF, which expands

the vortex of positive axial vorticity ωs (figure 4.17, bottom left) and accelerates

the core flow in the direction of B up to s = 4D0 (as indicated by TFB > 0 in

figure 4.17, middle). TF rotates the positions of the two vortices in the clockwise

sense and yields asymmetric pressure gradients that rotate the bulk of the axial flow
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Figure 4.17: Magnitude contours of the following local quantities at 3 loca-

tions along the centreline of the non-tapered idealised geome-

try: (top left) axial velocity with secondary-flow streamlines;

(top right) torsional force per unit of mass, TF, overlaid with

its directions; (bottom left) axial vorticity ωs, with overlaid di-

rections of the in-plane convective acceleration CA′; (bottom

right) full Coriolis force per unit of mass, 2Co. With permis-

sion reproduced from Alastruey et al. (2012).

clockwise.

In the second half of the aortic arch, the positions of the two vortices start to

rotate anticlockwise. The vortex of positive ωs moves toward the centre of the cross-

section (figure 4.17, bottom left, s = 6D0), generating a dominant anticlockwise

swirling flow. From the end of the arch, TF helps to recover flow axisymmetry in

the descending aorta by expanding the vortex of negative ωs and contracting the

vortex of positive ωs.

Another notable observation in section 4.2 was the presence of a streak of high

WSS on the dorsal side of the descending thoracic aorta. Figure 4.18 (left) shows that

the maximum axial WSS (WSSs,peak) in each cross-section correlates well with the

local radial offset of the peak axial velocity (dpeak). In addition, the circumferential

angles at which the axial velocity and WSS magnitudes reach their maximum are

similar, as is shown in figure 4.18 (right). This is because a greater dpeak yields

greater velocity gradients ∂u/∂r at the wall next to where the peak axial velocity is

attained.
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Figure 4.18: Left: The maximum axial WSS (WSSs,peak, non-

dimensionalised using its maximum value) and radial

offset of the peak axial velocity (dpeak, non-dimensionalised

using D0) have a similar evolution along the centreline; Right:

Circumferential angles of the locations of the peak axial

velocity (open circles) and WSSs,peak (dots), measured as

indicated on the diagram. After Alastruey et al. (2012).

4.3.2.2 Effect of taper

In the anatomically realistic geometries the extent of the vortical structures towards

the descending aorta was found to be age-dependent. In a similar fashion, the vor-

tical structures extended significantly further downstream in the tapered idealised

geometry (figure 4.9F) than in the geometry without taper (figure 4.9G). This phe-

nomenon can be interpreted using the ballerina effect: when a rotating body moves

closer to the axis of rotation (as when a pirouetting ballerina draws in her arms),

it will spin faster in order to conserve angular momentum. Since an age-related

change in the degree of taper was observed in the dataset of rabbit aortic geome-

tries (chapter 3) this exercise demonstrates that the age-related geometric change

has an influence on the flow dynamics in the two age groups.

Corresponding changes in the strength of the high WSS streak on the dorsal side

of the descending aorta are primarily a consequence of conservation of mass, which

enforces an increase in velocity magnitudes along the centreline in the tapered geom-

etry compared to the geometry without taper. Additionally, as was highlighted in

section 1.2.3.2, velocity profiles in Jeffery-Hamel flow are intrinsically more blunted

than those in Poiseuille flow.
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4.4 Discussion

Simulations of blood flow were performed in aortas of immature and mature rabbits,

in order to gain a better understanding of the haemodynamics in this animal model

and to identify potential age-related differences. Two simulations of steady-state

flow were run in each anatomically realistic rabbit aortic geometry:

• Simulation with Rein = 300: When matching the ratio of inertial to vis-

cous forces, as indicated by Re, at the inlets of different arterial geometries,

differences in flow characteristics further downstream can be exclusively at-

tributed to differences in the vessel shape. Consequently, when analysing non-

dimensional quantities, the simulations with constant Rein provide an insight

into the direct effects of geometry on blood flow;

• Simulation with u0 = 0.199 m/s: This boundary condition is more physiolog-

ically realistic, since measurements and allometric arguments show that the

mean aortic blood velocity is constant with animal size across at least three

orders of magnitude of body weight (Weinberg and Ethier, 2007). The average

aortic inflow velocity was based on experimental flow measurements in rabbits

(Avolio et al., 1976).

Dean-type vortical structures developed in all aortic arches, and a streak of

high WSS was found on the dorsal side of the descending thoracic aortas. These

observations were explained through the analysis of the individual roles of inertial,

viscous and pressure gradient forces in an idealised geometry without taper.

Differences in flow dynamics were observed between immature and mature ani-

mals: the coherent vortical structures and associated offset axial flow, generated by

the curvature of the arch, extended further into the descending aorta in the latter.

Differences between animals in cross-sectional shape, inlet conditions or nominal

flow splits towards the arch branches could not explain these age-related changes.

Only removing taper from a mature model drastically reduced the extent of the

vortical structures, making it similar to the immature case. This result is consistent

with the age-related change in the degree of taper, which was observed in the rabbit
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aortic dataset (chapter 3). Geometric taper accelerates the axial flow and promotes

a stretching of the vortical structures. Equivalently, this phenomenon can be inter-

preted using the ballerina effect: when a rotating body moves closer to the axis of

rotation, it will spin faster in order to conserve angular momentum. In the same

way, the greater geometric taper of the mature vessel causes the vortical structures

to rotate faster and hence extend further into the descending aorta.

As mentioned in section 4.2.1, the simulation results for the mature aortas were

in good agreement with Vincent et al. (2011). There are however discrepancies

between the WSS results presented here and the results of Bond et al. (2011), who

used endothelial nuclear elongation as a surrogate for WSS magnitude. Although

both studies indicated elevated WSS downstream of immature branch ostia, only

the CFD also indicated elevated WSS upstream, and only the nuclear morphology

suggested a reversal in the pattern of WSS with age. The studies were in better

agreement away from branches: both sets of data were consistent with counter-

rotating helical flows and a dorsal streak of high shear in the descending thoracic

segment. One possible explanation for the observed discrepancies is that nuclear

morphology reflects factors other than WSS. For example, endothelial cells elongate

in response to cyclic stretch as well as shear (Zhao et al., 1995), and the elongatory

effect of shear can be amplified by flow pulsatility (Helmlinger et al., 1991). A

second potential explanation for the discrepancy is that the assumptions underlying

the CFD modelling are incorrect. A sensitivity analysis was therefore performed to

consider whether relaxation of the assumptions could change the WSS patterns.

A first simplification was the assumption of Newtonian rheology. As quanti-

tative changes introduced by this simplification are only modest (Johnston et al.,

2006), relaxation of this assumption would not influence the conclusions of the work

presented here.

Secondly, MRI flow measurements in mice and pigs have revealed that secondary

flow is non-zero even at the aortic root and that the velocity profile at this location is

skewed rather than plug-like (Van Doormaal (2010); unpublished data A. De Luca,

2011). The sensitivity analysis in the present study showed that more physiologically
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realistic inflow conditions do not substantially alter the WSS patterns.

Aortic wall motion was not considered in the work presented here. Only a few

studies have included this factor in their CFD models. They reported differences in

WSS of less than 0.5 Pa (Suo et al., 2003), implying that the assumption of rigid walls

is justifiable. Moreover, a study of the effects of flow pulsatility and wall compliance

on haemodynamics in a mature rabbit aorta (unpublished data A.M. Plata, 2011)

did not reveal any significant change in patterns of time-averaged flow-dependent

metrics.

Finally, many recent experimental studies have highlighted the importance of

flow reversal as an initiating factor for atherosclerosis (Cheng et al., 2006; Conway

et al., 2010; Halliwill and Minson, 2010), suggesting that the pulsatility of the flow is

decisive for the development of particular disease patterns. Also, an increasing num-

ber of computational studies compare lesion distributions against time-dependent

flow metrics (Knight et al., 2010; Hoi et al., 2011). However, the patterns of TAWSS

and OSI derived here from the simulations of unsteady flow in four aortic geometries

were very similar to the steady WSS patterns.

4.5 Conclusion

The spectral/hp element method was used to simulate blood flow in a set of anatom-

ically realistic geometries. In all aortas a pair of coherent vortical structures domi-

nated the flow in the aortic arch, and a streak of high WSS was present on the dorsal

side of the descending aorta. Both features were subject to age-related changes,

which could be attributed to an age-dependent difference in the degree of aortic

taper. The results were not sensitive to the modelling assumptions, including the

velocity profile at the aortic root and flow pulsatility.
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Chapter 5

Comparison of disease localisation

and wall shear stress

This chapter aims to assess the capability of traditional haemodynamic metrics to

predict the distribution of atherosclerotic lesions in the rabbit aorta. Concretely,

averaged WSS distributions in aortas of immature and mature rabbits, described

in chapter 4, are compared with lesion prevalence maps in similar study groups,

obtained by Cremers et al. (2011). Since the findings from chapter 2 underscored the

importance of evaluating the relation between WSS and lesion maps after minimal

processing, the respective distributions are first compared qualitatively. Afterwards,

a technique for quantitative comparison of the image pairs is proposed. Changes in

the lesion distribution with age are used as a tool to validate the spatial correlation

between the localisation of atherosclerotic lesions and haemodynamic metrics.

Section 5.1 explains how Cremers et al. (2011) generated rabbit aortic lesion

maps, which are used here as a representation of the disease localisation. The

section also introduces techniques for comparison of lesion maps with distributions

of haemodynamic metrics. In section 5.2 the results of the comparative analysis are

presented. Regions in which a correlation between lesion prevalence and steady WSS

exists, are identified and the nature of this correlation is investigated. Finally, in

section 5.3, conclusions are drawn for the relation between WSS and atherogenesis,

taking into account age-related differences.



5.1 Methods

5.1.1 Disease localisation

Maps of lesion prevalence in descending aortas of immature and mature rabbits were

obtained previously by Cremers et al. (2011). Relevant procedures of this study are

included here (smaller font; with permission from Dr. S. G. Cremers).

5.1.1.1 Animals and diet

Eight immature (approx. 9.1 weeks old) and nine mature (approx. 6.1 months old) male New

Zealand White rabbits (HSDIF strain; Harlan, Bicester, Oxford, UK) were used for the part

of the study relevant in the scope of this thesis. The animals were fed 75 g/day of a normal diet

supplemented for 8 weeks with 1% w/w cholesterol. Compared to the group used for geometric and

haemodynamic analysis (table 3.1) and given rabbits reach sexual maturity around 6 months of

age, the mature animals used in the study by Cremers et al. (2011) were still relatively young.

5.1.1.2 Surgical procedures

The animals were euthanised, aortas were cannulated below the origin of the superior mesenteric

artery, flushed by retrograde perfusion with Ringer’s solution, and then fixed with 10% buffered

formalin for 10 min. Subsequently the aortic section from the point of cannulation to the descending

part of the aortic arch was excised, cleansed of loose adventitial tissue and divided into descending

thoracic and upper abdominal segments. The third pair of intercostal branches was removed for a

separate study. Only the descending thoracic segment is relevant in the scope of this thesis.

5.1.1.3 Staining and imaging

The tissue of interest was equilibrated with phosphate buffered saline (PBS), stained for 1 h in a

1% w/v solution of Oil Red O in 60% v/v triethyl phosphate, destained for 30 min in 60% triethyl

phosphate and re-equilibrated with PBS. It was then counterstained with 0.003% w/v Evans blue

for 1 h and destained for 30 min in PBS. The segments were subsequently opened along the ventral

wall, placed on a flatbed scanner with the luminal side facing downwards and scanned at a nominal

resolution of 3200 dpi. The lesions appeared red against a blue background.

5.1.1.4 Lesion mapping

The distribution of lesions was quantified with a frequency-mapping technique. Lesion frequency

was analysed at a high resolution around the branches and at a lower resolution in the whole aortic
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segments (including the same branches). For the regions around the branches, areas of the scanned

images equivalent to 2.4 × 3.6 mm before magnification and centred on the branch ostium, were

selected. For the whole segments, the entire scanned image was used.

Each image or sub-image was imported into spreadsheet software using a grid of 20×30 squares

for the branches (equivalent to 120 µm in length) and a coarser grid (equivalent to 600 µm in length)

for the whole descending thoracic segments. The presence of lesions was recorded by manually

selecting the grid squares that had lesions covering more than 50% of their area.

A subset of the lesion maps is shown in figure 1.3.

Mean frequencies were calculated around the intercostal branches and for the entire thoracic

segment, and this for both age groups. To obtain the average distributions near the branches, maps

were combined using the centre of the ostium as a datum. To obtain the average distributions

for the entire thoracic segments, maps were combined using alignments that gave the best super-

imposition of the branch points. Since the segments had been excised with slightly different lengths,

this procedure resulted in the summary map for each group lacking data from increasing numbers

of rabbits towards its proximal and distal ends. When calculating the mean frequencies, such

regions were not included if they lacked data from more than two animals. The aortic segments

also had slightly different widths. This variation was too small to warrant correction.

5.1.2 WSS distributions

Maps of WSS in the thoracic aorta and around intercostal ostia of immature and

mature animals were used. Only distributions of steady WSS were considered, given

patterns of time-averaged metrics were not distinctly different (section 4.2.4). De-

tails on the animals used for the haemodynamic analysis are summarised in table

3.1. For details on how the WSS maps were obtained, the reader is referred to

section 4.1. For the purpose of the current chapter, WSS maps were regenerated to

match the resolution of the corresponding lesion maps. Consequently, the numbers

of pixels per map differed between the proximal and more distal segments of the

thoracic aorta.

5.1.3 Comparative analysis

For intercostal branch regions as well as the descending thoracic aorta of immature

and mature animals, the summary maps of lesion prevalence were compared visually
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with the averaged maps of WSS. Additionally, the maps of lesion prevalence and

averaged WSS were subjected to a more quantitative comparative analysis.

Initially, a straightforward pixel-to-pixel analysis was performed using a linear

regression approach, as was also adopted by Joshi et al. (2004), Wentzel et al.

(2005) and many other research groups. However, such an analysis is based on a

number of assumptions. In particular, its use requires linearity of the relationship

between the dependent and independent variables (WSS and lesion prevalence in

this application), which is not necessarily justifiable. Figure 5.1 shows scatter plots

of the [lesion prevalence, WSS] pairs in the various aortic segments of immature

and mature animals. The linear regression lines clearly do not represent the data

accurately: the relationship between the two variables is not linear and the data

are not normally distributed. For example, a large number of data points away

from the immature intercostal ostia have WSS values of around 2.4 Pa, but varying

lesion prevalence. These points are grouped around the 2.4 Pa line in figure 5.1(a).

Points with high WSS and high lesion prevalence in the upper right corner of the

scatter plot represent points downstream of the ostia, while the smaller set of pixels

with increased WSS but low lesion prevalence are located upstream of the ostia.

For mature intercostal ostia (figure 5.1(b)) the points grouped around the 2.6 Pa

line originate from the lateral sides of the ostia. The deviation of this line to higher

WSS levels at low lesion prevalence is a result of the region of increase WSS upstream

of the ostia. The zone of high WSS downstream of the ostia has medium to high

lesion prevalence and covers the right hand side of the scatter plot. At the low WSS

end, points located closer to the ostia can be found. In the thoracic aortic maps

there are fewer levels of lesion prevalence since the prevalence was calculated for

a smaller number of samples (number of aortas instead of number of ostia). As a

consequence horizontal lines are visible on the scatter plots of figures 5.1(c)-5.1(f).

The linear regression lines do not represent these datasets very well either.

A novel technique for quantitative comparison of the WSS and lesion maps is

proposed. The technique was designed to test if two images - i.e. a WSS map

and corresponding lesion distribution - are correlated, without pre-imposing any

140



(a) Intercostal ostia (immature) (b) Intercostal ostia (mature)

(c) Proximal thoracic aorta (immature) (d) Proximal thoracic aorta (mature)

(e) 4th-5th intercostal pairs (immature) (f) 4th-5th intercostal pairs (mature)

Figure 5.1: Scatter plots of lesion prevalence versus averaged WSS, and lines

of linear regression showing how inappropriate a linear analysis

is for these data.
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requirements (such as linearity) on the nature of the correlation. The algorithm,

which will now be explained, is summarised in figure 5.2. At the core of the technique

(red box in the figure) is a surrogate data analysis (Theiler et al., 1992). The

surrogate data analysis is used to assess how likely it is to obtain a [lesion prevalence,

WSS] pair, given two lists of data with the same mean and standard deviation as the

lesion prevalence and WSS datasets under investigation, but in which the ordering

of one of the datasets has been randomised. The method is illustrated in figure 5.3.

Concretely, a discriminating statistic (which will be defined later) is calculated for

the original [lesion prevalence, WSS] data, taking pairs of corresponding pixels in the

lesion prevalence and WSS maps. This is schematically indicated in figure 5.3 (left).

The pixels of one of the images are then shuffled randomly and the discriminating

statistic is recalculated (figure 5.3, top right). The randomisation procedure and

subsequent discriminating statistic calculation are repeated nsur times (figure 5.3,

right). In this way, a histogram of discriminating statistics can be generated (figure

5.3, bottom). For high enough nsur the histogram is insensitive to nsur. In a final step,

the percentile of the discriminating statistic calculated for the original datasets, is

determined in the histogram of discriminating statistics. This percentile is a measure

for the correlation between the lesion prevalence and WSS maps.

Any discriminating statistic which relates the two maps to each other can be

used in the data analysis. Here, the sum of the absolute differences between both

images (which have non-negative pixel values) was chosen. The images were nor-

malised first, turning them into probability density functions. This definition of

the discriminating statistic is best-suited for monotonic correlations; in such cases,

the discriminating statistic for the original dataset falls in the left-hand side if the

correlation positive (e.g. histogram in figure 5.3) and in the right-hand side if the

correlation is negative. More involved statistics could be based on, for example,

Pearson’s correlation coefficient or mutual information (Maes et al., 1997).

Returning to the point-wise comparisons shown in figure 5.1, for all segments ex-

cept the mature intercostal ostia a significance test of zero regression and correlation

resulted in a rejection of the null hypothesis, often with very low P-values, despite
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Figure 5.2: Flow diagram of a novel technique for quantitative comparison

of WSS and lesion prevalence data.

143



Original distributions 
isur = 1 

isur = 2 

isur = 3 

Surrogate pairs 

Lesions WSS Lesions 

WSS - surrogate 

Discriminating statistic 

Histogram 

Figure 5.3: Illustration of the surrogate data analysis. The images on the

left represent 3 × 2 maps of lesions and WSS. Corresponding

pixels in the two maps are marked with matching numbers of

dots. Three sets of surrogate data, generated by shuffling the

pixels from the WSS map, are shown (nsur = 3). This results in

3 surrogate data pairs, as shown on the right. A discriminating

statistic is calculated for each of the surrogate pairs, resulting in

a histogram in which the percentile of the discriminating statis-

tic calculated for the original pair can be determined (bottom,

the histogram shown here is only illustrative). The dotted line

indicates the statistic calculated for the original data; its posi-

tion on the histogram determines the P-value.
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of the poor visual correlation. The resolution of the maps influences the statistical

power of the analysis: in the case of the immature intercostial ostia, for example,

the P-value increased from 4.63× 10−34 for the (30× 20) maps, to 1.42× 10−10 for

(15× 10) maps or 2.85× 10−8 for (8× 5) maps. This is a consequence of the spatial

autocorrelation in the image pairs, which for example makes that pixels close to a

pixel with a high lesion prevalence are more likely to contain lesions as well. The

level of autocorrelation depends on the resolution, or number of pixels of the map: if

the map is coarse relative to the gradients in the actual distribution of the variable,

neighbouring pixels are less dependent on one other. For this reason, and because

the number of pixels smap (= m×n) influences the statistical power of the analysis,

the resolution of the map is important.

The surrogate data method does not solve this problem, but a workaround can

be built in. As the flow diagram in figure 5.2 indicates, the surrogate data analysis

can be applied to selections of pixels, or samples, one at a time rather than to all

pixels at once. This is also illustrated in figure 5.4. The sample selection introduces

a second level of randomisation: nsmp random samples are chosen (figure 5.4, left)

and the surrogate data analysis is performed on each of these samples (figure 5.4,

right). The median percentile P of all surrogate data analyses is then taken as a

measure for the correlation between the lesion prevalence and WSS maps. The null

hypothesis, which states that the maps are uncorrelated, is rejected if P < 0.05.

Using this approach it is the sample size (ssmp) which determines the significance

of the test. The sample size should be chosen so that the average distance between

pixels in the sample matches the average distance at which pixels in the original map

become de-correlated. With ldec the de-correlation length, the sample size could then

be calculated as:

ssmp =
smap

ldec
2 . (5.1)

A number of techniques have been proposed in the literature to estimate the

degree or length scale of the spatial autocorrelation in an image, including the

use of Moran’s I (Moran, 1950) or the Euler characteristic (Brett et al., 2003).

Here, a tailored approach is suggested to estimate ldec. First, for each pixel (except
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isur = 2 

isur = 1 

isur = 2 

ismp = 1 

ismp = 2 

Surrogate sample pairs 
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Discriminating statistic 

Histogram 
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Figure 5.4: Illustration of the surrogate analysis on samples of [lesion, WSS]

data. Samples of the original dataset (indicated by the grid

squares outlined in bold lines) are selected (left, nsmp = 2),

and a surrogate data analysis (nsur = 2) is applied on each of

these samples (right). The median of the results of all surrogate

data analyses is taken as a measure for the spatial correlation

between the lesion and WSS maps.
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Figure 5.5: The average distance at which pixels become de-correlated was

determined based on summary statistics on the correlation be-

tween pixels and their direct neighbours (left), their diagonal

neighbours (middle left), pixels at a distance of 2 pixels lengths

(middle right), pixels at a distance of 2
√

2 pixels lengths (right),

and so on, up to an inter-pixel distance of 4.

those at the border) the four neighbouring pixels are selected. This is schematically

illustrated for one pixel (coloured black) in figure 5.5 (left). A sample Z-score for

the central pixel is calculated based on the five pixel values:

Z =
xcnt − µ5

σ5

(5.2)

where xcnt represents the central pixel value, and µ5 and σ5 the mean and standard

deviation for the five pixel values. A sample Z-score with a high absolute value

implies that the central pixel has a value that is very different from its neighbours,

while a sample Z-score with a low absolute value can indicate a uniform field or

opposing gradients which average out. Since a sample Z-score is calculated for each

pixel of the image (except those at the border), an average sample Z-score over

the image can be determined, resulting in a summary statistic for the correlation

between pixels and their immediate neighbours. The procedure is repeated for the

four pixels diagonal to the central pixel, as indicated in figure 5.5 (middle left),

then for an inter-pixel distance of two pixel lengths (figure 5.5, middle right), and

so on, up to a maximum inter-pixel distance of four. (Beyond these distances,

pixels were considered intrinsically uncorrelated.) A maximum inter-pixel distance,

or equivalently a minimum sample size, was set to avoid the problem of under-

resolving the image. The smallest distance corresponding to the maximum average

sample Z-score is now chosen as the average distance at which pixels are no longer

correlated, ldec.

The technique was successfully verified on block pattern images, identifying a
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de-correlation length of 1 pixel size for a 1 × 1 checkerboard pattern, 2 pixel sizes

for a 2 × 2 checkerboard pattern, etc. A line pattern containing alternate rows (or

columns) of zero and non-zero values resulted in a de-correlation length of
√

2 pixels,

which is again intuitively correct since pixels are correlated in the horizontal (verti-

cal) direction but not in the perpendicular direction. For uniform images or images

with a uniform gradient the technique does not suggest a de-correlation length.

Since the presence of noise influences the de-correlation length, the technique was

applied to the WSS maps, which are less prone to noise than the lesion prevalence

maps. The de-correlation length ldec was 2
√

2 pixels for the maps around mature

intercostal ostia and at the level of the fourth and fifth intercostal pairs, 4 pixels for

the map around immature intercostal ostia, and 3
√

2 pixels for all other maps.

5.2 Results

This section describes the results of the comparative analysis of WSS and lesion

prevalence maps. The findings of the visual, qualitative analysis are discussed first,

followed by an overview of the results of the novel quantitative approach. Figures

5.6 and 5.7 summarise the results for the intercostal branch regions and descending

thoracic segments respectively.

5.2.1 Qualitative analysis

In immature animals the most diseased region was a triangular zone downstream

of the ostium, where the WSS reached its maximum. There was more variation in

the distribution of near-branch lesions in mature animals. Although mean lesion

maps indicated that the lateral margins of ostia are the most athero-prone regions,

lesions also developed upstream or downstream in some animals (figure 1.3). This

contrasts with the mature WSS distribution: the pattern - high WSS downstream

and to a lesser extent upstream of the ostium - was similar to the immature one,

and was very consistent.

At the level of the first to fourth pairs of intercostal arteries, lesions away from

the branches in the descending thoracic aorta were located mainly on the dorsal side.
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This trend was particularly pronounced in mature animals, although outliers exist in

both age groups. The dorsal location corresponds to the location of a streak of high

WSS. This streak was more pronounced in the mature animals. Further downstream,

a shift to the ventral side was observed in the maps of lesion prevalence (particularly

so in mature animals), but not in the distribution of the WSS.

5.2.2 Quantitative analysis

As appears from figure 5.6, there was no correlation between lesion prevalence and

WSS around intercostal ostia of mature rabbits (P = 0.42), while there was a trend

for the lesion prevalence and WSS maps to be correlated around intercostal ostia of

immature animals (P = 0.052).

Figure 5.7 shows that a good correlation between lesion prevalence and WSS was

found in the proximal descending aorta (P = 0.0005 in immature and P = 0.005

in mature animals), but the correlation was not maintained further downstream

(P = 0.09 in immature and P = 0.11 in mature animals). Since the correlation

changed from a positive to a (non-significant) negative one in the mature animals,

the discriminating statistic for the original dataset moved from the left-hand tail to

the right-hand tail of the histogram.

5.3 Discussion

As discussed in detail in chapter 2, it is often regarded an established fact that

lesions occur in areas of low WSS. The results of this chapter do not support the

low shear theory. Around intercostal ostia of immature rabbits lesions even seemed

to occur more frequently in zones of high WSS. This observation, however, was only

borderline significant due to the absence of lesions in the region of increased WSS

immediately upstream of the branch opening. Moreover, the change in pattern with

age in lesion prevalence was not matched by a change in the WSS distribution,

resulting in uncorrelated lesion prevalence and WSS maps around intercostal ostia

of mature rabbits.
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Figure 5.8: Reconstruction of the ascending aorta, aortic arch and descend-

ing aorta (down to the renal branches) of animal VPADP091214.

Note that the first intercostal branch pair is not visible.

For the coarser descending thoracic maps a good, albeit not simply linear, cor-

relation was found in the proximal descending aorta. Once more visual observation

showed a better colocation of high lesion prevalence with high rather than low shear,

and this on the dorsal side of the vessel. Further downstream a shift to the ventral

side was observed in the lesion prevalence maps, particularly for mature animals.

This shift was not present in the WSS maps, and as a consequence no spatial cor-

relation was found in this region for both age groups. Since the shift in the lesion

pattern occurred towards the end of the aortic section considered in the CFD sim-

ulations, a section extending further downstream was scanned at a lower resolution

for one of the animals (voxel size of 91.2 µm). The reconstructed geometry is shown

in figure 5.8. No abrupt geometric changes were observed immediately downstream

of the fifth intercostal branch pair. Changes in aortic curvature at the level of the

coeliac artery and the flow towards these branches will affect the aortic flow, but are

not expected to have a significant effect as far upstream as the region of the fourth

and fifth intercostal branch pairs.

As the conclusions presented here are not in agreement with the general consen-

sus theory, it is instructive to consider why this is the case, accepting that the maps

of lesion prevalence were obtained in a rigorous fashion (Cremers et al., 2011) and

that the WSS patterns were insensitive to modelling assumptions (section 4.4).

Firstly, it should be noted that the concept that lesions would develop in regions

of high WSS is not new: an early theory of localising factors in atherosclerosis also

suggested that lesions develop in regions of high WSS (Fry, 1969). However, neither

this theory nor the current general consensus theory have taken into account the

age-related changes in lesion location that are now known to occur, not only in
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rabbit but also in human aortas (Weinberg, 2002).

Secondly, as highlighted in section 2.4, there are important inconsistencies in the

levels of data reduction used in the literature. In the present work a rigorous method

for detailed quantitative comparison was proposed and applied, while results were

also evaluated after minimal processing. The method proposed here, which is derived

from techniques used to test for non-linearity in time series data (Theiler et al., 1992)

and functional imaging analysis (Brett et al., 2003; Nichols and Holmes, 2002), avoids

unjustified assumptions made, often implicitly, in previous analyses. In particular,

the assumption of a linear relation between disease severity and WSS magnitude is

avoided. Moreover, the method overcomes the effects of the frequently-overlooked

dependency between data points without having to choose arbitrary thresholds to

dichotomise the data (Chatzizisis et al., 2008; LaMack et al., 2010) or average over

large patches.

Finally, translation of results from one species to another might not be straight-

forward. However, since lesions are also reported to occur downstream of intercostal

branches in immature human aortas (Sinzinger et al., 1980) and to be most preva-

lent on the dorsal wall of the descending thoracic segment of mature human aortas

(Svindland and Walløe, 1985), the present data cannot a priori be regarded as rele-

vant only to experimental atherosclerosis in laboratory animals; the relation between

WSS and lesions at these locations in people requires further investigation.

5.4 Conclusion

A comparative analysis of lesion prevalence and WSS in aortas of immature and ma-

ture rabbits was presented. Maps were compared visually, and a novel method for

quantitative comparison was developed to avoid the requirement of certain assump-

tions (such as linearity) on the nature of the relationship. Randomised sampling

was used to ensure the independence of data points, another basic assumption of

commonly-used statistical methods that is often disregarded. The results did not

support the low shear theory of atherosclerosis. In the proximal descending aorta

lesions even occurred more frequently in regions of high WSS. This was also the
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case around intercostal ostia in immature animals, although the correlation did not

reach the significance level here. Age-related changes around branch ostia were not

explained by the flow patterns.
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Chapter 6

A novel technique to characterise

multi-directional flow

CFD simulations of blood flow in arteries have been widely used to investigate the

relation between disease and WSS and, owing to decreasing computer power:cost

ratios, more and more realistic configurations can be considered (Xiong et al., 2011;

Rikhtegar et al., 2012). Over the years haemodynamic metrics of increasing com-

plexity have been suggested to be of physiological importance. However, a selection

of metrics has been favoured. This chapter questions if the traditional metrics do

indeed have the potential to elucidate the most relevant aspects of the flow field.

Section 6.1 considers three different flow environments and investigates if the

most commonly used haemodynamic metrics can distinguish between these flow

environments. Based on the results of this analysis, a novel metric is introduced

in section 6.2. The metric is subsequently applied to pulsatile flow in an idealised

branching geometry and in aortas of immature and mature rabbits. Distributions of

the various metrics are presented in section 6.3. Section 6.4 discusses implications

for the study of cardiovascular disease.



6.1 The importance of flow multi-directionality

Without attempting to be exhaustive, the introduction of chapter 2 provided an

overview of haemodynamic metrics that have been suggested to link blood flow and

atherosclerosis. Whereas initially the literature focused on the the steady-state or

time-averaged magnitude of the wall shear stress (WSS or TAWSS), the OSI was

introduced later “to describe the shear stress acting in directions other than the

direction of the temporal mean shear stress vector” (Ku et al., 1985). This was

done to explore the effects of flow pulsatility on haemodynamic forces acting on the

endothelial surface, and because it was realised that both low mean shear stress

and oscillatory shear stress contribute to an increased fluid residence time. An

increase in residence time may in turn result in modification of the mass transport

of atherogenic substances between lumen and wall or in interference with endothelial

metabolism (Ku et al., 1985).

Since the introduction of the OSI, biological evidence has indeed shown that

endothelial cells react to conditions of flow reversal (Chien, 2008). Moreover, en-

dothelial cells behave differently when exposed to flow without a definite direction,

in contrast to shear with a clear direction (whether resulting from steady or pul-

satile flow). For example, porcine aortic endothelial cells cultured under oriented

shear stress are more elongated and less compliant than cells grown under static

conditions or under shear stress with no preferred orientation (Potter et al., 2012).

Although the OSI was introduced to quantify the extent of disturbed flow and has

been used frequently for this reason, it should be emphasised that neither the OSI nor

other similar metrics are able to distinguish between simple uniaxial flows (which can

be purely forward flowing or reversing) and multi-directional flows. To illustrate this,

figure 6.1 shows three different flow environments endothelial cells could be exposed

to: purely unidirectional flow without reversal, unidirectional flow with reversal, and

multi-directional disturbed flow1. The examples have been chosen to yield identical

TAWSS, implying that the TAWSS cannot capture the differences between the three

1The time-harmonic aspect of the flow could also be of interest (Himburg and Friedman, 2006),

but is not covered here.
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Three different flow environments: 
transverse WSS 

Multi-directional  
disturbed flow 

Pulsatile flow  
with reversal 

Purely forward 
flow 

TAWSS: 2.5 2.5 2.5 
OSI: 0 0.367 0.367 

RRT~ 1 3.76 3.76 
TransWSS: 0 0 1.1547 

!"

Figure 6.1: Three different flow environments to which an endothelial cell

could be exposed. The black arrows represent WSS vectors at

various times in the cardiac cycle. The grey arrows indicate

their evolution with time. The table lists TAWSS (Pa), OSI (-),

RRT (relative to purely forward flow) and transWSS (Pa) for

the three environments.

flow environments. Indeed, recalling the definition of the TAWSS in equation (1.11),

the TAWSS does not have this potential since all directional information in the

instantaneous WSS vector τw is lost by taking the vector magnitude.

The definition of the OSI, equation (1.12), ensures that purely forward flow as in

figure 6.1 (left), is identified with OSI = 0. The OSIs of the two other cases in figure

6.1 are both non-zero, indicating that the flow changes direction or sense. However,

the OSI is not a suitable metric for identifying the multi-directional case since it is

not capable of separating it from the unidirectional flow with reversal (OSI = 0.367

for both cases). A similar reasoning holds for the RRT, which is also listed in the

table at the bottom of figure 6.1.

The fact that traditional metrics cannot identify the multi-directional character

of a flow field may hamper our understanding of disturbed arterial flow and its

role in the initiation of atherosclerosis. A method that has this potential could

complement existing metrics, thereby helping investigations of the importance of

flow directionality.
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Temporal mean 
WSS vector 

Direction 
perpendicular 
to mean flow 

Transverse WSS 
components 

Indication of flow 
multi-directionality: 

transWSS 

Time-average 

Figure 6.2: Schematic diagram of the calculation of the time-averaged trans-

verse WSS. To the left, black arrows represent WSS vectors at

various times in the cardiac cycle, and grey arrows indicate their

evolution with time. The meaning of other arrows and lines are

indicated on the diagram.

6.2 Methods

As traditional metrics cannot fully characterise multi-directional flow, a new metric

that has this capacity when used in combination with existing metrics, is introduced

in this section. Idealised and physiologically realistic environments in which the

metric was applied, are also set out.

6.2.1 Time-averaged transverse WSS

A characteristic of multi-directional disturbed flow is that τw does not remain par-

allel to a single axis throughout the cardiac cycle. Hence, only such flows have

non-zero WSS components in the direction normal to the temporal mean vector.

The calculation of the time-average of the magnitudes of these components results

in the time-averaged transverse WSS (transWSS) and is schematically depicted in

figure 6.2. Mathematically, this leads to the following definition:

transWSS =
1

T

T∫

0

∣∣∣τw ·
(
n×

T∫
0

τwdt

|
T∫
0

τwdt|

)∣∣∣dt (6.1)

The transWSS can take any value between 0 and its theoretical maximal value,

which is equal to TAWSS, so long as there is a preferred flow direction. A low

transWSS indicates that the flow, which can be steady, pulsatile or oscillatory,
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remains approximately parallel to a single axis throughout the cardiac cycle. A high

transWSS indicates large changes in flow direction, smaller changes in direction but

over a larger portion of the cardiac cycle, or small changes in direction of a high-

speed near-wall flow. As the examples in figure 6.1 suggest, transWSS does not

differentiate between purely forward and reversing unidirectional flow. It therefore

does not replace TAWSS, OSI or RRT, but rather complements them.

6.2.2 Applications in arterial flow

The transWSS was calculated for the idealised models of pulsatile flow in an inter-

costal branch region presented by Kazakidi et al. (2011), and for pulsatile flow in

four rabbit aortas.

The computational domain from Kazakidi et al. (2011), is shown in figure 6.3.

Three combinations of boundary conditions at the aortic inflow and side-branch

outflow were considered:

• Case I: Steady aortic flow with pulsatile but non-reversing side-branch flow;

• Case II: Steady aortic flow with pulsatile reversing side-branch flow;

• Case III: Pulsatile aortic flow that reversed near the wall but not at the cen-

treline, with pulsatile non-reversing side-branch flow.

At the aortic inlet and along the lateral planes of the computational domain, a

parabolic velocity profile was imposed, with its peak velocity at the bottom plane

of the domain (opposite to the aortic wall). For pulsatile flow conditions this profile

was complemented by a time-dependent component, consisting of a single sinusoidal

harmonic. For more details on the imposed velocity profiles, the reader is referred

to Kazakidi et al. (2011). The (mean) inflow Reynolds number Rein was 500 for all

cases. A flow split of 0.79%, based on the average inflow rate, was applied at the

side branch outlet, where a Womersley profile was imposed. At the aortic outlet a

zero pressure gradient was specified, and the no-slip condition was applied on the

aortic and side-branch walls.
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Figure 6.3: Computational domain representing an intercostal artery

emerging perpendicularly from the thoracic aorta. The aortic

inlet is located at x = 0. After Kazakidi et al. (2011).

For details on the simulations of pulsatile flow in rabbit aortas, the reader is

referred to section 4.1.3.3. Briefly, pulsatile flow with Rein = 300 was simulated in

the aortic geometries of two immature and two mature rabbits.

6.3 Results

6.3.1 Pulsatile flow in an idealised geometry

The distributions of the TAWSS, OSI, RRT and transWSS for the 3 simulation cases

are visualised in figure 6.4. The TAWSS and OSI distributions were discussed in

detail by Kazakidi et al. (2011). (Note that there is some ambiguity regarding the

distribution of the OSI for case II.) RRT was increased in regions of low and oscilla-

tory shear, and there were no distinct differences in its pattern between cases. For

all three simulations transWSS was increased in a circumscribed region downstream

of the ostium, colocating with the zone of increased OSI, and to the lateral sides

of the ostium. Whereas for cases I and III the latter zones reached their maximum

transWSS away from the branch opening, for case II the two zones started at the

branch rim, forming lobes on either side of the ostium.

160



Figure 6.4: Distributions of four haemodynamic metrics on the aortic wall

of the idealised branching geometry presented by Kazakidi et al.

(2011). The different rows represent different sets of boundary

conditions: steady aortic flow with non-reversing (case I) or

reversing (case II) side-branch flow, or pulsatile aortic flow with

non-reversing side-branch flow (case III). Net aortic flow for

each plot is from top to bottom. TAWSS* and transWSS* were

normalised using the TAWSS at the aortic inlet; RRT* was

normalised using the RRT at the aortic inlet.
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Figure 6.5: Two-dimensional WSS vector traces (Pa) for four points in the

aorta of rabbit VPADP100209. Locations of the four points are

indicated on the TAWSS map in figure 6.6: point a is located

along the outer curvature of the ascending aorta, point b in the

inner curvature of the aortic arch, point c on the dorsal side of

the proximal descending aorta, and point d on the ventral side

of the descending aorta.

6.3.2 Pulsatile flow in rabbit aortas

The directionality of the near-wall flow and of the corresponding wall shear stress

varied greatly with location in the aorta. Figure 6.5 shows the trace of the WSS

vector for four points in the aorta of rabbit VPADP100209. Whereas in the distal

thoracic aorta the flow was unidirectional with flow reversal, more variation in the

direction normal to the mean flow occurred in the proximal region. In the aortic

arch region the flow was truly multi-directional.

The distributions of TAWSS and OSI, averaged for two immature and two mature

animals, were compared in section 4.2.4. It was concluded that both time-averaged

patterns were very similar to their steady equivalent. In figure 6.6 the distribu-

tions of the TAWSS, OSI, RRT and transWSS are shown for the aorta of rabbit

VPADP100209. TAWSS was low, and OSI and RRT were high along the greater

curvature of the ascending aorta, on the inner wall of the aortic arch and along two

162



Figure 6.6: Distributions of four haemodynamic metrics in the aorta of

rabbit VPADP100209. The luminal surface of each segment,

opened ventrally whilst preserving tapering, is shown en face.

The colour scale of the TAWSS map was inverted for ease of

comparison. The letters on this map refer to the selection of

points used in figure 6.5. Net aortic flow is from top to bottom.

separate stripes in the descending aorta proximal to the first intercostal branch pair.

The latter regions were narrower on the OSI map than on the TAWSS and RRT

maps. The regions identified by the transWSS as regions of multi-directional flow

were in similar areas, although displaced with respect to those characterised by low

and oscillatory shear. In particular, transWSS was also high on the lateral sides

of the aortic arch but the stripes proximal to the first intercostal branch pair were

replaced by a single dorsal stripe. In the descending thoracic aorta, multi-directional

flow was found along the left dorsal side, and was most pronounced at the level of

the most proximal intercostal ostium. A close-up of this region is shown in figure 6.7.

Away from the immediate vicinity of the ostia in this figure, TAWSS and OSI were

again essentially inversely related. Around the left ostium, however, the simple rela-

tion between the indices broke down. TAWSS was low and OSI high in a ring closely

surrounding the left ostium, implying slowly moving, oscillatory near-wall flow, but

further downstream, where the boundary layer reestablishes, OSI was not strikingly
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Figure 6.7: Distributions of 4 haemodynamic metrics around the proximal

left intercostal branch ostium of rabbit VPADP100209. The

colour scale of the TAWSS map was inverted for ease of com-

parison.

low even though TAWSS reached a maximum. The distribution of the RRT was

in agreement with these observations. TransWSS was high in an arrowhead-shaped

region downstream and to the sides of the ostium. This area encloses the zone of

maximal TAWSS, but TAWSS was less elevated elsewhere within this area, implying

greater changes in flow direction.

Figure 6.8 shows transWSS distributions in aortas of two immature and two

mature animals. The map on the left corresponds to the TAWSS map in figure 6.6

for animal VPADP100209. In the three aortas on the right, two streaks of increased

transWSS are clearly visible in the descending section. The two streaks appeared

to start more upstream in mature than in immature rabbits. The interaction of the

streaks with the intercostal ostia gave rise to a range of different patterns around

the ostia. In contrast with near-ostial zones of elevated TAWSS, which were found

immediately downstream of the ostia, patterns of transWSS were generally skewed

with respect to the aortic centreline. To analyse differences in patterns, the distribu-

tions around selected ostia are shown with adjusted colour scaling in figure 6.9. An

arrowhead-shaped zone of high transWSS developed below and to the sides of some

ostia, as is shown in figure 6.7. In these cases, transWSS reached its maximum in a

circumscribed region downstream of the ostium, as can be appreciated from figure

6.9b. In other cases, for example for the ostium shown in figure 6.9c, the region of

elevated transWSS was confined to a zone close to the downstream lip of the ostium.
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Figure 6.8: Distribution of transWSS (×ρu2) in aortas of two immature

and two mature rabbits. The luminal surface of each segment,

opened ventrally whilst preserving tapering, is shown en face.

Letters refer to the intercostal ostia shown in figure 6.9.
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Figure 6.9: Distribution of transWSS (×ρu2) around four intercostal ostia.

The selected ostia are indicated in figure 6.8. The colour scale

range was adapted to the maximal transWSS for each ostium

individually.

Alternatively, two lobes of increased transWSS existed in the region downstream or

to the lateral sides (figure 6.9a and 6.9d). For the ostium shown in figure 6.9a, one

of these lobes was dominant.

6.4 Discussion

The concept that disturbed blood flow plays a role in atherosclerosis is well estab-

lished in the bioengineering community. At the same time, however, researchers

acknowledge the imprecise nature of the term (Lee et al., 2009). Investigations to

better characterise disturbed flow have often focused on a limited set of aspects of

disturbed flow, in particular low shear magnitudes and the unidirectional oscillatory

behaviour. This narrow view may hamper our understanding of disturbed flows and

its role in atherosclerosis.

In the eighties McMillan (1985) argued that the contradiction between the high

shear theory of Fry (1968) and the low shear theory of Caro et al. (1969) could be

explained by a “multi-directional stress atherogenesis model”. The hypothesis was

substantiated using conceptual biological and fluid mechanical arguments but was,

to this author’s knowledge, never explored in further detail.

Only recently, a growing interest in the multi-directional disturbed character of

arterial flows and its relation to atherosclerosis has emerged.
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Gallo et al. (2012) aimed to link the amount of helicity in the bulk flow to tra-

ditional risk factors in atherosclerosis. However, using this strategy circumferential

variations in the lesion distribution remain unexplained.

Also, Chakraborty et al. (2012) developed a novel directional oscillatory shear

index (DOSI) “to quantify the directionality of oscillating shear”, and successfully

correlated its distribution to the cellular elongation in an orbital shaker model.

The DOSI focuses on the relative oscillatory character of the flow in two directions

perpendicular to each other, in contrast to the more straightforward definition of

the transWSS, which was introduced in this chapter.

The definition of the potential aneurysm formation index (AFI), introduced by

Mantha et al. (2006), is more closely related to the definition of the transWSS.

However, since the cosine of the angle between the instantaneous WSS and the

time-averaged WSS vector is taken, the AFI is completely independent of the WSS

magnitude in contrast to the transWSS. Moreover, Mantha et al. (2006) did not

consider the time-averaged quantity.

In its current definition, the transWSS is undefined if the flow environment does

not have a flow dominant direction. Although in such cases a random direction will

be selected due to numerical errors in practical calculations, the definition could be

modified to eliminate this mathematical incompleteness. Concretely, an equivalent

principal axis could be found based on a principal component analysis, as suggested

by Chakraborty et al. (2012).

Evaluation of the transWSS in an idealised branching geometry shows that pat-

terns of transWSS differ from the patterns of traditional haemodynamic metrics.

Moreover, the patterns are influenced by the boundary condition imposed at the

side branch: for pulsatile but non-reversing side-branch flow transWSS reached its

maximum away from the branch opening, whereas the maximum was on the branch

rim for reversing side-branch flow. By combining the information available in the

maps of TAWSS, OSI and transWSS, the governing flow environment in the different

regions of the branching geometry can be characterised. Downstream of the ostium

a circumscribed region of multi-directional flow exists (low TAWSS, high OSI and
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high transWSS); this is where flow stagnation occurs during at least part of the

cycle as explained by Kazakidi et al. (2011). To the lateral sides of the ostium the

near-wall flow oscillates around its mean direction without reversing (high transWSS

but low OSI).

Also in anatomically realistic thoracic aortas patterns of transWSS showed dis-

tinctive differences compared to those of traditional metrics. Whereas patterns of

traditional haemodynamic metrics around intercostal ostia did not vary notably be-

tween ostia, a range of different near-branch transWSS patterns was found. This

is encouraging, since lesion distributions also vary from ostium to ostium within

the same subject and with age. In the study presented here no age-related differ-

ence in transWSS patterns was observed. This finding may however change when

considering more realistic intercostal flow splits, which may well be age-dependent.

In the descending aorta the transWSS maps were dominated by a pair of streaks,

which were not present on the TAWSS, OSI and RRT maps. Interestingly, the dou-

ble streaks show a resemblance to patterns seen in maps of albumin uptake in this

region (unpublished data, L. A. Clarke, 2012).

Although the transWSS was introduced here as a tool to further our understand-

ing of multi-directional flow environments, the parameter also has a physiological

interpretation, which may be relevant to the initiation of atherosclerotic disease.

In vitro studies have shown that endothelial cells and their nuclei align with

the predominant flow direction and elongate with increasing shear stress (Levesque

and Nerem, 1985; Potter et al., 2011). For example, in an orbital shaker model

endothelial cells are randomly oriented at the centre of the well, but elongated in

the periphery. Although the time-averaged WSS is approximately constant across

the well, CFD analysis has shown that the radial and tangential shear components

are balanced in the centre, but not in the periphery where there is more unidirec-

tional flow (Potter et al., 2011). The relationship between cell/nucleus shape and

WSS also appears to hold in vivo (Flaherty et al., 1972; Bond et al., 2011). These

observations, in combination with the popular low shear theory, have led to the

concept that endothelial cells in atherosclerosis-prone areas are more rounded or
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polygonal-shaped than elsewhere. It is argued here that the length-to-width ratio

of endothelial cells and their nuclei may also depend on the local transWSS: if a

preferred flow direction exists, and the endothelial cell/nucleus aligns with this di-

rection, the transWSS expresses how much the cell/nucleus is tugged sideways. In

this sense, the interpretation of the transWSS is related to theories involving spatial

WSS gradients (Lei et al., 1995; Barakat et al., 1997a; Buchanan et al., 1999).

However, before transWSS patterns can be compared rigorously to lesion maps,

more physiologically realistic pulsatile flow conditions should be considered (keeping

the averaged velocity at the aortic root rather than the inlet Reynolds number con-

stant across animals, cfr. section 4.4). Additionally, the influence of the modelling

assumptions, such as the flow rates imposed at the intercostal branches, on the dis-

tribution of the transWSS should be investigated in greater detail. The latter can be

done in idealised geometries using an approach analogous to Kazakidi et al. (2009),

who studied the influence of Re and flow division under steady flow conditions.

6.5 Conclusion

Metrics of disturbed flow traditionally used in haemodynamic studies cannot distin-

guish pulsatile and oscillatory unidirectional flows from multi-directional flow. The

transverse WSS (transWSS), a metric that has this potential which was introduced

here, showed patterns different from those seen with traditional haemodynamic met-

rics. Since near-branch patterns of transWSS vary between intercostal ostia even

within the same subject, as is the case for lesion distributions, and transWSS pat-

terns are dependent on the flow conditions in the side-branch (which could change

with age), the metric may lead to improved understanding of atherogenesis and its

relation with age.

169



Chapter 7

Conclusions

The research presented in the previous chapters supports the following thesis:

A causal role for disturbed flow in early atherosclerosis is widely accepted

in the bioengineering community. However, the evidence in literature for

the consensus low and/or oscillatory shear theory of atherogenesis is less

clear-cut than often assumed, at least partly owing to differences in study

design and data processing techniques. The age-dependent localisation

of lipid-rich lesions in aortas of cholesterol-fed rabbits is not in agreement

with a linear low shear theory of atherogenesis, but does correlate with

distributions of wall shear in the proximal descending thoracic segment.

The analysis of different aspects, including the multi-directional charac-

ter, of disturbed flow may help elucidate the relation between blood flow

and early atherosclerosis.

In addition, the work presented here offers tools and guidelines for use in future

studies.

Key findings are summarised in sections 7.1, and additional insights and tools are

highlighted in section 7.2. Section 7.3 concludes with suggestions for future research

directions.



7.1 Summary of key findings

Corresponding to the five research aims stated in section 1.3, five key findings are

highlighted here.

Firstly, although a low and/or oscillatory shear theory is becoming largely ac-

cepted in the bioengineering community, a systematic literature review performed as

part of the work presented here underscores that there is still no unequivocal answer

on what aspect of the flow, if any, initiates atherosclerotic disease. This confirms

the complexity of the problem, but is also in part due to substantial differences be-

tween studies in terms of study design (e.g. choice of species and disease assessment

strategy) and data processing techniques (e.g. averaging or selective analysis). The

outcome of the review emphasises the need for detailed longitudinal studies from the

healthy state or average flow metrics derived from large numbers of healthy vessels.

Secondly, geometric analysis of a set of immature and mature rabbit aortas, re-

constructed by micro-CT of vascular corrosion casts, revealed an age-related increase

in the degree of aortic taper, particularly in the aortic arch region. No significant

changes with age were observed in the curvature and torsion of the aortic centrelines.

Furthermore, computational simulations of steady-state and pulsatile blood flow

dynamics in the reconstructed geometries showed age-related differences in the ex-

tent of Dean-type vortical structures into the descending aorta and the strength of

a streak of high shear on the dorsal side of the aorta. The changes with age in blood

flow characteristics were related to the observed geometric changes.

A qualitative and quantitative comparative analysis of wall shear stress and

lesion prevalence distributions in aortas of immature and mature rabbits did not

unequivocally support the low shear theory of atherogenesis and thereby added to

the complexity of the relation between blood flow and early atherosclerosis. In

the proximal descending aorta lesions even occurred more frequently in regions of

high WSS. Age-related changes around branch ostia were not explained by the flow

patterns.
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Finally, recognising the importance of the multi-directionality of disturbed flow,

a novel haemodynamic metric was defined which can distinguish between uni- and

multi-directional flows. Application in idealised and anatomically realistic geome-

tries showed that this metric, in combination with current metrics, gives a better

characterisation of arterial flow and may lead to improved understanding of athero-

genesis.

7.2 Additional insights and tools

On top of answering a number of research questions, as described in section 7.1, the

work presented here has led to the development of tools and guidelines that can be

applied in future studies. Four achievements are highlighted here.

In the first place, a dataset of vascular corrosion casts of immature and mature

rabbits, including high-resolution reconstructions of the thoracic aortic segment,

has been constructed. The reconstructed aortas best represent the geometries in

the diastolic phase.

Further insight has been obtained into the non-linear shrinkage behaviour of

Batson’s #17 resin. The analysis suggests that supra-physiological infusion pressures

should be used to compensate for shrinkage-induced changes in diameters, curvature

and branching angles. The pressure should ideally be determined based on a pilot

experiment for the animal model and vascular section of interest.

Many studies investigating the relation between blood flow and atherosclerosis

lack a rigorous method of comparison between distributions of flow- and disease-

related metrics. A statistical method has been developed here to assess the correla-

tion between image pairs. The method does not require any assumptions (such as

linearity) on the nature of the relationship and overcomes effects of the frequently-

overlooked dependency between data points.

Finally, a novel haemodynamic metric has been introduced to allow a better

characterisation of multi-directional disturbed flow.
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7.3 Recommendations for future directions

The following studies could further our understanding of the rabbit aortic model of

atherosclerosis, multi-directional disturbed flow and the relation between blood flow

and atherosclerosis in general.

7.3.1 The rabbit aortic model of atherosclerosis

The rabbit aortas used in the geometric and haemodynamic analyses set out in this

report were reconstructed by micro-CT of vascular corrosion casts. An investigation

of the shrinkage properties of the resin used for vascular casting demonstrated the

limitations of this technique. Although none of the methods currently available for

the acquisition of 3D vascular geometries is perfect, the reconstruction of a similar

dataset using a different technique, e.g. in vivo MRI scanning, could provide useful

insights. In addition, such a study could be combined with the in vivo measurement

of flow rates and waveforms in the aortic arch branches to investigate potential age-

related differences. Flow rates and waveforms to the intercostal arteries are also

unknown, but obtaining the required resolution with state-of-the-art technology is

likely to be the limiting factor here.

Aortic wall motion was not considered in the work presented here, because a

separate study of the effects of wall compliance on haemodynamics in a mature

rabbit aorta did not reveal any significant changes in patterns of time-averaged

flow-dependent metrics (unpublished data A. M. Plata, 2011). However, particu-

larly in the ascending aorta, that study may have underestimated the amount of wall

movement as a result of the choice of computational strategy, which was formulated

in a fixed grid (Figueroa et al., 2006). A deformable wall strategy may therefore be

required. The amount of in vivo wall movement, and potential age-related differ-

ences, could once more be investigated using MRI. In addition, the effect of arterial

compliance on the multi-directional character of rabbit aortic flow has not been

investigated.

Since the endothelium is more permeable to water than to LDL, an LDL-rich
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layer forms adjacent to the endothelial surface. Local variations in the LDL concen-

tration of this layer are considered to play a role in atherosclerotic plaque formation

(Vincent et al., 2009). It would therefore be interesting to model this effect in

the rabbit aorta and compare LDL concentration patterns to those of shear-related

metrics and lesion prevalence.

Finally, only a limited segment of the rabbit aorta was investigated here. Since

lesion prevalence and albumin uptake maps are also available further downstream

(Cremers et al. (2011); unpublished data, L. A. Clarke, 2012), simulations of blood

flow in entire rabbit aortas could directly be used in a more extensive comparative

analysis. In particular, it would be interesting to investigate the distribution of

transWSS in other segments of the rabbit aorta.

7.3.2 Multi-directional disturbed flow

The effect of Re and flow division on patterns of transWSS and other time-averaged

haemodynamic metrics can be studied in an idealised branching geometry, similar to

the analysis of Kazakidi et al. (2009) who investigated the effect of both parameters

on steady WSS. Using this knowledge the distributions of the haemodynamic metrics

in the rabbit aortas can be re-analysed. In addition, more physiologically realistic

pulsatile flow conditions should be considered in the rabbit aortas.

On the experimental side, in vitro studies investigating the effects of disturbed

flow on endothelial cell behaviour have often been limited to unidirectional flow

environments, an exception being the orbital shaker model (Potter et al., 2012).

Cell culture devices that can operate regimes of controlled multi-directional flow

could provide useful insights on the behaviour of endothelial cells in truly disturbed

flow. Cuffs similar to the one introduced by Cheng et al. (2005) could be used to

generate more idealised flow conditions in vivo.
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7.3.3 The relation between blood flow and atherosclerosis

In a more general scope, detailed longitudinal studies in animal models as well

as in humans will be crucial for the investigation of the relation between blood

flow and atherosclerosis. These should combine qualitative techniques with proper

quantitative tools to compare disease distributions with maps of flow-related metrics,

as illustrated in the work presented here.
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Appendix A

From Cartesian to Germano

coordinates

A.1 Momentum balances

The unit vectors parallel to the axes of the Germano coordinate system (s, r, θ) are

defined as:

as = T, ar = cos (θ + φ)B−sin (θ + φ)N, aθ = − sin (θ + φ)B−cos (θ + φ)N.

Angles and axes are shown in figure 4.15. The continuity and Navier-Stokes equa-

tions (1.3)-(1.4) can be expressed in the Germano coordinate system as:

1

h

∂u

∂s
+
∂v

∂r
+

1

r

∂w

∂θ
+
v

r
+
κ

h
[v sin (θ + φ) + w cos (θ + φ)] = 0, (A.1)

CAs = Co + PGs + VFs, (A.2)

CAr = CFr + PGr + VFr, (A.3)

CAθ = CFθ + PGθ + VFθ, (A.4)

where u, v and w represent the velocity components in the Germano coordinate

directions, h = 1 + rκ sin(θ + φ) (hκ−1 is the distance from the local centre of

curvature C of the vessel centreline to the projection of the point into the plane



spanned by T and N), and
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Since as = T (equation (A.1)), equations (A.2) and (4.18) are equivalent. The

centrifugal and torsional forces are obtained by projecting the quantities appearing in

equations (A.3)-(A.4) onto N and B. This results in the following set of expressions:
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h
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CFN = −κu
2

h
, CFB = 0, (A.7)
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, (A.8)

Definition of the local torsional force components as:

TFN =
τu

h
VB, TFB = −τu

h
VN , (A.9)

leads to the modified convective accelerations CA′N and CA′B:
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and eventually results in equations (4.19)-(4.20).

A.2 Velocity and pressure gradients

Given the velocity vector Ṽ = (ũ, ṽ, w̃) in Cartesian coordinates (x, y, z), V =

(u, v, w) can be determined by projection onto the directions as, ar and aθ. Using

the Frenet-Serret formulae (Frenet, 1852; Serret, 1851) the following expressions can

be obtained for the first partial derivatives of u, v, w in Germano coordinates from

the corresponding derivatives in Cartesian coordinates:
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∂Ṽ

∂s
·T + κṼ ·N,
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∂θ

are related to the Cartesian partial derivatives of ũ, ṽ and w̃

through the chain rule; i.e.

∂Ṽ

∂s
= J

∂x

∂s
,

∂Ṽ

∂r
= J

∂x

∂r
,

∂Ṽ

∂θ
= J

∂x

∂θ
,
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with
∂x

∂s
= hT,

∂x

∂r
= ar,

∂x

∂θ
= raθ,

J =




∂ũ

∂x

∂ũ

∂y

∂ũ

∂z

∂ṽ

∂x

∂ṽ

∂y

∂ṽ

∂z

∂w̃

∂x

∂w̃

∂y

∂w̃

∂z




=




Jũ

Jṽ

Jw̃



. (A.12)

The second partial derivatives take the form

∂2u

∂s2
=
∂2Ṽ

∂s2
·T + 2κ

∂Ṽ

∂s
·N + κṼ · (τB− κT) +

dκ

ds
Ṽ ·N,

∂2u

∂r2
=
∂2Ṽ

∂r2
·T, ∂2u

∂θ2
=
∂2Ṽ

∂θ2
·T,

∂2u

∂s∂r
=
∂2Ṽ

∂s∂r
·T + κ

∂Ṽ

∂r
·N,

∂2u

∂r∂θ
=
∂2Ṽ

∂r∂θ
·T,

∂2u

∂θ∂s
=
∂2Ṽ

∂θ∂s
·T + κ

∂Ṽ

∂θ
·N,

∂2v

∂s2
=
∂2Ṽ

∂s2
· ar + 2κ sin (θ + φ)

∂Ṽ

∂s
·T

+

[
dκ

ds
sin (θ + φ)− τκ cos (θ + φ)

]
Ṽ ·T + κ2 sin (θ + φ)Ṽ ·N,

∂2v

∂r2
=
∂2Ṽ

∂r2
· ar,

∂2v

∂θ2
=
∂2Ṽ

∂θ2
· ar + 2

∂Ṽ

∂θ
· aθ − Ṽ · ar,

∂2v

∂s∂r
=
∂2Ṽ

∂s∂r
· ar + κ sin (θ + φ)

∂Ṽ

∂r
·T, ∂2v

∂r∂θ
=
∂2Ṽ

∂r∂θ
· ar +

∂Ṽ

∂r
· aθ,

∂2v

∂θ∂s
=
∂2Ṽ

∂θ∂s
· ar +

∂Ṽ

∂s
· aθ + κ

[
cos (θ + φ)Ṽ + sin (θ + φ)

∂Ṽ

∂θ

]
·T,

∂2w

∂s2
=
∂2Ṽ

∂s2
· aθ + 2κ cos (θ + φ)

∂Ṽ

∂s
·T

+

[
dκ

ds
cos (θ + φ) + τκ sin (θ + φ)

]
Ṽ ·T + κ2 cos (θ + φ)Ṽ ·N,

∂2w

∂r2
=
∂2Ṽ

∂r2
· aθ,

∂2w

∂θ2
=
∂2Ṽ

∂θ2
· aθ − 2

∂Ṽ

∂θ
· ar − Ṽ · aθ,

∂2w

∂s∂r
=
∂2Ṽ

∂s∂r
· aθ + κ cos (θ + φ)

∂Ṽ

∂r
·T, ∂2w

∂r∂θ
=
∂2Ṽ

∂r∂θ
· aθ −

∂Ṽ

∂r
· ar,

∂2w

∂θ∂s
=
∂2Ṽ

∂θ∂s
· aθ −

∂Ṽ

∂s
· ar + κ

[
− sin (θ + φ)Ṽ + cos (θ + φ)

∂Ṽ

∂θ

]
·T,

where the second partial derivatives of Ṽ in local coordinates are related to the

Cartesian first and second partial derivatives of ũ, ṽ and w̃ through the chain rule;

202



i.e.

∂2ũ

∂i∂j
=

[
∂x

∂i

]T

Hũ
∂x

∂j
+ Jũ

∂2x

∂i∂j
,

∂2ṽ

∂i∂j
=

[
∂x

∂i

]T

Hṽ
∂x

∂j
+ Jṽ

∂2x

∂i∂j
,

∂2w̃

∂i∂j
=

[
∂x

∂i

]T

Hw̃
∂x

∂j
+ Jw̃

∂2x

∂i∂j
, i, j = s, r, θ,

with

∂2x

∂s2
=

[
dκ

ds
r sin (θ + φ)− τκr cos (θ + φ)

]
T + hκN,

∂2x

∂r2
= 0,

∂2x

∂θ2
= −rar,

∂2x

∂s∂r
= κ sin (θ + φ)T,

∂2x

∂r∂θ
= aθ,

∂2x

∂θ∂s
= κr cos (θ + φ)T,

Hũ =




∂2ũ

∂x2

∂2ũ

∂x∂y

∂2ũ

∂x∂z

∂2ũ

∂y∂x

∂2ũ

∂y2

∂2ũ

∂y∂z

∂2ũ

∂z∂x

∂2ũ

∂z∂y

∂2ũ

∂z2




, Hṽ =




∂2ṽ

∂x2

∂2ṽ

∂x∂y

∂2ṽ

∂x∂z

∂2ṽ

∂y∂x

∂2ṽ

∂y2

∂2ṽ

∂y∂z

∂2ṽ

∂z∂x

∂2ṽ

∂z∂y

∂2ṽ

∂z2




,

Hw̃ =




∂2w̃

∂x2

∂2w̃

∂x∂y

∂2w̃

∂x∂z

∂2w̃

∂y∂x

∂2w̃

∂y2

∂2w̃

∂y∂z

∂2w̃

∂z∂x

∂2w̃

∂z∂y

∂2w̃

∂z2




,

and Jũ, Jṽ and Jw̃ as defined in equation (A.12).

Given the Cartesian pressure gradient ∇p =
(
∂p
∂x
, ∂p
∂y
, ∂p
∂z

)
and using the chain

rule, the components of the pressure gradient in local coordinates can be calculated

as
∂p

∂s
= ∇p · ∂x

∂s
,

∂p

∂r
= ∇p · ∂x

∂r
,

∂p

∂θ
= ∇p · ∂x

∂θ
,

with ∂x
∂s

, ∂x
∂r

and ∂x
∂θ

given by equation (A.12).
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Appendix B

Publications

Parts of the work presented here have been presented previously, in written or in

oral form. An overview is provided here.

B.1 Journal articles

Effect of aortic taper on patterns of blood flow and wall shear stress in

rabbits: association with age

V. Peiffer, E. M. Rowland, S. G. Cremers, P. D. Weinberg, S. J. Sherwin

Atherosclerosis, 223/1:114-121 (2012)

Reducing the data: Analysis of the role of vascular geometry on blood

flow patterns in curved vessels

J. Alastruey, J. H. Siggers, V. Peiffer, D. J. Doorly, S. J. Sherwin

Physics of Fluids, 24:031902 (2012)

B.2 Conference contributions

The presenting author is denoted by an asterik.

Characterisation of multi-directional flow

V. Peiffer*, P. D. Weinberg, S. J. Sherwin



Oral presentation. Bioengineering 12, 6-7 September 2012, Said Business School,

Oxford, United Kingdom

The wall shear stress vector: methods for characterising truly disturbed

flow

V. Peiffer*, P. D. Weinberg, S. J. Sherwin

Oral presentation. ASME 2012 Summer Bioengineering Conference, 20 - 23 June

2012, Fajardo, Puerto Rico, U.S.A.

Age-related differences in haemodynamics of the rabbit aorta and com-

parison with average maps of atherosclerotic lesion prevalence

V. Peiffer*, E. M. Rowland, S. G. Cremers, P. D. Weinberg, S. J. Sherwin

Oral presentation. ASME 2012 Summer Bioengineering Conference, 20 - 23 June

2012, Fajardo, Puerto Rico, U.S.A.

CFD Challenge: Solutions using an in-house spectral element solver,

Nεκταr

V. Peiffer*, S. J. Sherwin

Oral presentation. ASME 2012 Summer Bioengineering Conference, 20 - 23 June

2012, Fajardo, Puerto Rico, U.S.A.

Wall shear stress and atherosclerosis: Age-related variations in a study

of rabbit aortas

V. Peiffer, P. D. Weinberg, S. J. Sherwin*

Oral presentation. Computational Fluid Dynamics (CFD) in Medicine and Biol-

ogy in conjunction with the 7th International Biofluid Mechanics Symposium, 25-30

March 2012, Dead Sea, Israel

Reducing the data: Analysis of the role of vascular geometry on blood

flow patterns in curved vessels

J. Alastruey*, J. H. Siggers, V. Peiffer, D. J. Doorly, S. J. Sherwin

Poster presentation. Computational Fluid Dynamics (CFD) in Medicine and Biol-

ogy in conjunction with the 7th International Biofluid Mechanics Symposium, 25-30
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March 2012, Dead Sea, Israel

Arterial blood flow and macromolecular transport phenomena across

scales

P. D. Weinberg*, V. Peiffer, S. J. Sherwin

Oral presentation. Multiscale Methods and Validation in Medicine and Biology I:

Biomechanics and Mechanobiology (USACM), 13-14 February 2012, San Fransico,

California, U.S.A.

Effect of aortic taper on blood flow and wall shear stress in rabbits: as-

sociation with age

V. Peiffer*, E. M. Rowland, S. G. Cremers, P. D. Weinberg, S. J. Sherwin

Poster presentation. 5th Cardiovascular Technology Network Symposium, 8 Febru-

ary 2012, London, United Kingdom

Age-related changes in geometry and blood flow in the rabbit aorta

V. Peiffer*, M. Rowland, P. D. Weinberg, S. J. Sherwin

Poster presentation. Bioengineering 11, 12-13 September 2011, Queen Mary, Uni-

versity of London, United Kingdom

Reducing the data: Analysis of the role of vascular geometry on blood

flow patterns in curved vessels

J. Alastruey*, J. H. Siggers, V. Peiffer, D. J. Doorly, S. J. Sherwin

Oral presentation. Bioengineering 11, 12-13 September 2011, Queen Mary, Univer-

sity of London, United Kingdom

Comparison of flow features in an immature and a mature rabbit aorta

V. Peiffer*, A. M. Plata, P. E. Vincent, P. D. Weinberg, S. J. Sherwin

Oral presentation. Physiological Fluid Mechanics Conference, 14-15 July 2011,

Brunel University, United Kingdom

Haemodynamic study of the rabbit aorta

V. Peiffer*, P. D. Weinberg, S. J. Sherwin
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Oral presentation. International Society of Biomechanics 2011, 3-7 July 2011, Brus-

sels, Belgium

Database of rabbit aortic geometries for use in computational flow studies

V. Peiffer*, M. Rowland, P. D. Weinberg, S. J. Sherwin

Oral presentation. ASME 2011 Summer Bioengineering Conference, 22 - 25 June

2011, Farmington, Pennsylvania, U.S.A.

Unraveling atherosclerosis: Characteristics of steady and pulsatile blood

flow in the immature rabbit aorta

V. Peiffer*, P. D. Weinberg, S. J. Sherwin

Oral presentation. Transnational Access Meeting 2011, 8 - 9 June 2011, Barcelona,

Spain

Arterial blood flow and macromolecular transport phenomena at the mi-

croscale

P. D. Weinberg*, V. Peiffer, S. J. Sherwin

Oral presentation. Workshop on Microscale Modeling in Biomechanics and Mechanobi-

ology, 30 May - 1 June 2011, Ericeira, Portugal

Understanding flow features in an immature rabbit aorta

V. Peiffer*, P. D. Weinberg, S. J. Sherwin

Oral presentation. 23rd International Conference on Parallel Computational Fluid

Dynamics 2011, 16 - 20 May 2011, Barcelona, Spain

Aortic geometry and haemodynamics in immature and mature rabbits

V. Peiffer*, M. Rowland, A. M. Plata, P. D. Weinberg, S. J. Sherwin

Oral presentation. BHF Centre of Research Excellence Postgraduate Student Sym-

posium in Cardiovascular Research 2011, 7 April 2011, Imperial College London,

United Kingdom

Geometric characterisation of immature and mature rabbit aortas for use

in haemodynamic studies

V. Peiffer*, P. D. Weinberg, S. J. Sherwin
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Poster presentation. BHF Mid-Term Review, 22 March 2011, Imperial College Lon-

don, United Kingdom

High-fidelity representation of immature and mature rabbit aortas

V. Peiffer*, P. D. Weinberg, S. J. Sherwin

Oral presentation. Medical Physics and Engineering Conference/Bioengineering 10,

14-16 September 2010, Nottingham, United Kingdom

In silico reconstruction of the rabbit aorta: anatomical variability

V. Peiffer*, P. D. Weinberg, S. J. Sherwin

Poster presentation. 4th Cardiovascular Technology Network Symposium, 8 July

2010, London, United Kingdom
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