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Abstract

Atherosclerotic lesions develop non-uniformly throughout the arterial system and

their distribution around branches changes with age. This thesis investigates whether

multidirectional blood flow, characterised by the transverse wall shear stress metric

(transWSS), is related to the initiation of atherosclerosis.

The spectral/hp element method was used to simulate pulsatile blood flow in

immature and mature rabbit aortic geometries obtained by microCT of vascular

corrosion casts. Bootstrapping was used to quantitatively correlate spatial maps

around intercostal branch ostia, and found that the low/oscillatory shear theory did

not correlate with disease, and could not account for age-related changes in mac-

romolecule uptake. However, evidence for the multidirectional theory was found:

transWSS related strongly and positively with disease at both ages and with wall

permeability in young rabbits.

The pulsatility of the blood is necessary for the existence of multidirectionality,

yet the precise nature of the cardiac waveform did not dominantly influence both the

large- and small-scale pattern of transWSS. Simulations in partially-idealised vessels

revealed that geometry instead was crucial. Vessel curvature was responsible for a

Dean vortex pair, whose changing strength over the cardiac cycle created changes

in the shear direction at the wall, resulting in two large-scale axial streaks of high

transWSS. Vessel torsion determined the asymmetry in their strengths and spatial

locations over the descending aorta.

Two distributions of transWSS resembling the age-dependent lesion patterns

were identified at the individual-branch level, but which arose equally in both age
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groups. The small-scale patterns were found to depend on the branch’s location

with respect to the large-scale streaks, and therefore primarily on torsion, for which

no statistically significant difference between age groups was found.

Multidirectional flow relates well to disease at the aggregate-level and may ex-

plain age-dependent lesion patterns. The importance of geometry was highlighted,

and calls into question how accurately it is captured.
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Φi Trial or expansion functions

φep Local expansion mode

Ω Computational domain

Ωe Elemental computational domain

Ωst Standard elemental computational domain

ω Angular oscillation frequency

ω Vorticity

A0 Cross-sectional area at the aortic root (inlet)

Ai Cross-sectional area of branch i

B Unit binormal vector of the Frenet frame

cv Coefficient of variation

D Local hydraulic diameter

D0 Hydraulic diameter at the aortic root
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Dp Damping coefficient

De Dean number

E Differential problem

F Damping momentum forcing function

fb Body forces

fbr Percentage of flow going to branches in an arterial branching geo-
metry

J Order of integration

ldec Decorrelation length

m Effective sample size

N Unit normal vector of the Frenet frame

Nbr Number of branches in an arterial branching geometry

Ndof Number of degrees of freedom

Nel Number of elements

n Sample size

nboot Number of bootstrap samples

n Unit normal vector to the vessel wall

P Local perimeter

P0 Perimeter at the aortic root

Po Polynomial order

p-value The statistical hypothesis testing p-value

p Pressure

p∗ Non-dimensional pressure

Q Volume flow rate

R Residual

Re Reynolds number

Rein Reynolds number at the aortic inlet

r Spearman’s rank correlation coefficient

r Centerline curve
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ri Radius of branch i in an arterial branching geometry

S0 Step function

s Curvilinear abscissa

T Time period of cardiac heart beat

T Unit tangential vector in the Frenet frame

t Time

t∗ Non-dimensional time

Ured Reduced velocity

u Solution unknowns

u Velocity vector

u∗ Non-dimensional velocity vector

u|∂Ω Prescribed velocity vector on upstream boundary of absorption
layer

uδ Approximation to unknowns u

u0 Solution selected to satisfy initial and boundary conditions

u0 Average inlet flow velocity at aortic root (characteristic velocity
scale)

ui Average flow velocity in branch with radius ri

ûi Unknown coefficient to Φi

ûep Unknown coefficient to Φe
p

vj Test or weight function

x Spatial position vector
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Chapter 1

Introduction

According to the World Health Organisation, WHO, cardiovascular disease is the

leading cause of death globally each year, and is predicted to remain so for at

least the next two decades (WHO, 2016). Understanding the underlying cause of

most cardiovascular diseases, a condition called atherosclerosis, is then essential and

can provide the impetus for the design of new prevention, diagnosis and treatment

strategies.

Speculation on the role of blood flow in the initiation and progression of ath-

erosclerosis began as early as the late 19th century (Rindfleisch, 1872). In recent

decades it has become widely accepted as a crucial factor (Giddens et al., 1993).

However, there is still much uncertainty surrounding the nature of the relationship

between blood flow and disease, and the mechanisms involved in atherogenesis1,

with the current low/oscillatory shear consensus under contention (Peiffer et al.,

2013a), and a rising interest in multidirectionality (Gallo et al., 2016; Mohamied

et al., 2014). This thesis aims to contribute towards elucidating these uncertainties.

Since it remains difficult to obtain a detailed and quantitative understanding of the

blood flow in vivo, computational fluid dynamics (CFD) techniques are predomin-

antly employed.

This chapter presents the motivation for this thesis, a review of relevant similar

1Term given to describe the initiation of atherosclerotic plaques.
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approaches and some fundamental fluid dynamic principles. It begins with an over-

view of atherosclerosis, including hypothesised pathological mechanisms by which

the disease develops, the focal and age-dependent characteristics of the disease and

potential local risk factors and mechanisms that account for these characteristics.

The latter includes spatial differences in arterial wall properties specifically per-

meability to macromolecules, and spatial differences in blood flow mechanics and

in the relation between mechanical forces exerted on the wall by the flow of blood

and disease.

This role of mechanical forces is further reviewed, in particular an overview

of the historical development of the current low/oscillatory shear theory is given.

Challenges to the consensus are presented and a possible solution suggested in the

emerging multidirectional shear theory. The range of metrics proposed over the last

three decades, from the established to the little-known, that characterise disturbed

flow are subsequently introduced. Lastly, basic principles of fluid dynamics in sim-

plified geometries are presented and the case made for the use of computational

fluid dynamic models.

The research aims and outline of this thesis can be found at the end of this

chapter.

1.1 Atherosclerosis

1.1.1 Overview of atherosclerosis

Atherosclerosis is characterised by a progressive narrowing and hardening of the

arterial wall resulting from the formation of lipid-containing lesions within the in-

tima. This is the first of three layers that make up the arterial wall: intima, media

and adventitia. The intima starts with the endothelium, a single layer of cells that

lines the luminal surface of the vessel and hence is in direct contact with the blood.

It acts as a selective barrier between the luminal blood flow and arterial wall tissue.
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The subendothelial intimal layer consists of connective tissue and is separated from

the much thicker media by the internal elastic lamina (IEL). The IEL is a perforated

membrane layer of elastic tissue. The media is a porous heterogeneous medium con-

sisting of an extracellular matrix embedded with circularly arranged elastin sheets

and smooth muscle cells (SMCs). The adventitia is the outermost layer comprised

of loose connective tissue, capillaries (vasa vasorum) and lymphatic vessels.

A key feature of atherosclerosis is that it involves an inflammatory response

by the arterial wall, noted as early as the mid 19th century (Virchow, 1856). Two

dominant theories exist concerning the trigger of this inflammatory response and

thus the initiation of atherosclerotic lesions: the insudation theory (Anitschkow,

1933; Hansson et al., 2006), and the response-to-injury theory (Libby et al., 2002;

Ross, 1993; Ross et al., 1977). Central to both is the pro-atherogenic plasma mo-

lecule, low-density lipoprotein (LDL), which is the primary carrier of cholesterol

in the blood. The insudation theory hypothesises that the disease initiates with

LDL crossing the endothelium and accumulating within the intima. It is then mod-

ified in the intima, possibly into an oxidised form, and it is this which triggers

the inflammatory response and subsequent cascade of processes that result in an

athersclerotic plaque. The response-to-injury theory, however, varies in that inflam-

mation is triggered prior to infiltration of LDL into the wall, and indeed is a cause

rather than a result of LDL uptake into the wall. It postulates that the disease

initiates with endothelial damage or activation of pro-inflammatory genes which

results in an inflammatory response of the wall leading to increased permeability

to white blood cells. The increased wall permeability is a hallmark of inflammation

and would result in elevated LDL uptake. When first formulated by Ross et al.

(1977), damage to the endothelial layer was considered the initiating factor, hence

the name, but it was later shown that lesions are capped by an intact endothelial

layer (Stary et al., 1994; Taylor et al., 1989) and so the theory was modified to

implicate endothelial dysfunction instead (Ross, 1993).

The insudation theory owes its rationale to the work by Anitschkow in the early

20th century, who was the first to demonstrate a spatial correlation between lesions
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and lipid macromolecule uptake in rabbits; plasma lipid levels were elevated by

feeding rabbits a cholesterol-rich diet (Anitschkow, 1933). It is supported by much

clinical evidence linking high plasma concentrations of LDL with high incidence

rates of cardiovascular disease (Kannel et al., 1979). The response-to-injury theory

is supported by evidence that shows early lesions (termed fatty streaks, see below)

are present in humans regardless of plasma LDL levels (Wissler, 1991).

Irrespective of the particular details of why and how an inflammatory response

is triggered, the subsequent cascade of hypothesised events are the same and can

be crudely summarised (Libby et al., 2009): LDL undergoes a series of modifica-

tions within the intima, resulting in the creation of foam cells which have a foamy

appearance when looked under a microscope, hence the name. High-density lipo-

protein (HDL) molecules also enter into the wall and are able to export some of the

accumulated lipid within the foam cells. However, the number of foam cells will

increase if the rate at which cholesterol infiltrates the wall is greater than the wall’s

export capabilities. The lipid-rich foam cells accumulate resulting in an early stage

atherosclerotic lesion, commonly referred to as a fatty streak.

Following a period of growth and other processes, such as remodelling and

complex inflammatory responses, these lesions will have progressed into plaques

consisting of a lipid-laden core and a fibrous cap. These plaques, if sufficiently

advanced, can significantly reduce the luminal cross-section of the blood vessel.

Such stenosis leads to ischemic symptoms, such as angina for plaques developed in

the coronary arteries.

Plaques with very thin fibrous caps and a large lipid core are referred to as

unstable or vulnerable plaques (Shah, 2009). These are prone to rupture, resulting

in the contents of the lipid core and thrombogenic material from the plaque and

wall coming into contact with the blood. A blood clot subsequently forms, which

may build up over the plaque, may cause sudden and complete occlusion of the

vessel at the point of rupture, or may detach from the wall, form an embolus and

block vessels further downstream. The latter two consequences of plaque rupture
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cause heart attacks or strokes when blood supply is prevented to the heart or brain

respectively.

1.1.2 Characteristics of atherosclerosis

Focal nature

Atherosclerosis is tied to many risk factors, the most important ones being: high

blood concentration of LDL, low blood concentration of HDL, high blood pressure,

genetic disposition, male gender, age and excess stress. According to WHO (2016),

some of the most important behavioural risk factors are an unhealthy diet, lack

of exercise, smoking, and excessive alcohol consumption. All of these risk factors

share a common feature: a uniform effect on the entire vasculature.

However, the systemic nature of these risk factors is at odds with the propensity

of the disease to develop non-uniformly. Noted as early as the 19th century (Rind-

fleisch, 1872), sites of atherosclerotic plaque formation vary both between and within

vessels. Lesions preferentially develop in large and medium-sized arteries such as

the aorta and the coronary, vertebral and carotid arteries (Mitchell and Schwartz,

1965). Veins and the pulmonary circuit, however, remain unaffected. Within ves-

sels, lesions preferentially develop in regions of arterial branching, bifurcations and

high curvature (DeBakey et al., 1985).

This focal and patchy nature of atherosclerosis indicates that there are powerful

local risk factors, which play a crucial role in atherogenesis alongside the well-

known systemic risk factors. The importance of local risk factors is apparent when

considering that even when athero-prone sites have developed to a life-threatening

extent, immediately adjacent protected regions can remain almost free of disease.

The search for local risk factors, and the advancement in our understanding of their

effect on the initiation of atherosclerosis are therefore worthwhile causes to study

(Weinberg, 2004).
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Age-dependent nature

Several studies by different research groups have mapped lesions around branch

openings (or ostia), and gave different and conflicting results. In the early 70s, Caro

et al. (1971) found that in the human thoracic aorta, the development of lesions

is inhibited in the region downstream of intercostal ostia. Confirming this was the

study by Sloop et al. (1998), where lesions were found to develop predominantly

upstream of the branch opening, although they also reported two cases of lesions

occurring at the lateral margins of ostia, extending axially. However, Sinzinger et al.

(1980) reported the conflicting result that lesions preferentially form downstream

of ostia.

This contradiction among results, made more confusing since these studies all

used human subjects, can be resolved when accounting for the ages of the subject

(Weinberg, 2002): the study by Sloop et al. (1998) was on adults, and that of Sin-

zinger et al. (1980) on children. There is an age-dependent mechanism influencing

the progression and maturation of atherosclerotic lesions: lesions progress from an

arrowhead pattern downstream of ostia in infancy to a lateral and then upstream

streak pattern in adulthood.

1.1.3 Animal models

Alluded to earlier is the seminal work by Anitschkow demonstrating that a high-

cholesterol diet in rabbits initiated lesion development. Since then, hypercholes-

terolaemic animal models of atherosclerosis have been widely used to further our

understanding of the disease in humans, particularly since the patchy nature of le-

sion development is present also in animals. Lesions have been induced and studied

across a range of species: in several mice strains (Maeda et al., 2007; McGillicuddy

et al., 2001; Nakashima et al., 1994), in minipigs (Cornhill et al., 1985), in dogs (Fry,

1968), in pigs (Koskinas et al., 2010), and in rabbits (Cornhill and Roach, 1976;

Cremers et al., 2011; Zeindler et al., 1989). Smaller animals are especially popu-

28



lar for practical reasons associated with experimental procedures; low cost, ease of

breeding and rapid progression of disease (Getz and Reardon, 2012), however, too

small and handling procedures during experimental protocols can become difficult.

Naturally occurring lesion formation under normal diets is rare in many of these

species. This has been shown in rabbits (Barnes and Weinberg, 1998, 2001), which

nonetheless can be induced to develop atherosclerotic lesions if fed a cholesterol-

enhanced diet (Barnes and Weinberg, 1999; Forster et al., 1996), and which manifest

high plasma levels of LDL within a few days of the diet commencing (Bocan et al.,

1993).

The aortic arch and thoracic aorta have been the focus of most studies in rabbits,

unlike human studies of lesion localisation, which tend to be clinically motivated to

investigate the most fatal athero-prone regions. In particular, the distribution of

lesions in the vicinity of branch openings is of interest since it is in these locations

that an age-dependent change in the lesion patterns were observed. Intercostal

arteries, which supply the region of tissue between successive ribs, branch from

the descending thoracic aorta in an almost regularly arranged sequence of pairs.

The shift in lesion pattern and location with age that was observed around branch

ostia in humans was similarly observed in rabbits around these intercostal branch

ostia (Figure 1.1). As in young people, lesions in immature rabbits predominantly

developed downstream of branch ostia in an arrowhead-shaped pattern (Barnes

and Weinberg, 1998, 1999; Forster et al., 1996; Weinberg, 2002). Similarly, as in

older humans, lesions in mature rabbits developed lateral to branches (Barnes and

Weinberg, 1998, 1999, 2001).

Animal models of atherosclerosis exhibit the focal characteristic of the disease,

and specifically rabbit models exhibit the age-dependent nature, replicating the

human patterns. The rabbit model of atherosclerosis therefore provides a useful tool

with which possible mechanisms that explain these features may be investigated.
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(a) Immature (b) Mature

Figure 1.1: Patterns of lesions around intercostal branch ostia induced in an (a) imma-
ture and (b) mature cholesterol-fed rabbit. Flow is from top to bottom. Disease (stained
red) develops in an arrowhead-shaped triangular pattern downstream of the branch in im-
mature rabbits, and develops upstream and on the lateral sides of the branch in mature
rabbits, with the downstream triangular region spared of disease (Barnes and Weinberg,
1999).

1.1.4 Possible mechanisms

The patchy nature of atherosclerosis has prompted the search for possible mech-

anisms that explain locally elevated uptake of LDL into the wall as in the in-

sudation theory, and/or explain localised endothelial dysfunction and activation of

pro-inflammatory genes as in the response-to-injury theory. As previously men-

tioned there exists several risk factors; however, two factors in particular have been

recognised to vary spatially, and which are by no means unrelated:

• Arterial wall properties, such as wall permeability;

• Blood flow via its mechanical effect on the wall, and its effect on mass trans-

port mechanisms of atherogenic species into the wall.

Spatial differences in wall permeability may be responsible for localised elevated

LDL uptake into the wall and thus a localising role for macromolecule transport.

This was first suggested by Anitschkow (1933) who observed lesions developing

downstream of branch ostia in the rabbit aorta, which coincided with elevated

uptake of dye-labelled plasma proteins in frogs (Petroff, 1922), and subsequently in

pigs (Somer and Schwartz, 1971).
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In more recent decades, this local variability in permeability was further invest-

igated in intercostal branch ostia in rabbits to assess whether areas of increased

permeability also change with age. Macromolecule transport through the endothe-

lium was compared for immature and mature rabbits, using albumin uptake as a

model for LDL, and age-related changes were observed (Ewins et al., 2002; Forster

and Weinberg, 1997; Sebkhi and Weinberg, 1994, 1996; Staughton and Weinberg,

2004), including the shift from the downstream arrowhead pattern around branch

ostia in young species to lateral streaks in older species (Bailey et al., 2015). Dif-

ferences in arterial wall permeability both spatially and across age groups may be

a telling mechanism for elevated uptake of LDL. However, it is still unclear what

gives rise to these differences. Indeed, it may be that they are a consequence of

an altogether different mechanism. One possible candidate is spatial differences in

blood flow mechanics.

The most noticeable disease-prone regions are those of arterial branching and

high curvature. These regions are exposed to complex blood flow patterns, which

prompted the postulation that the dynamics of blood flow play an important role.

Indeed, one of the earliest proponents was von Rindfleisch who in 1872 stated that

atherosclerotic lesions formed in locations “exposed to the full stress and impact of

the blood” (Rindfleisch, 1872). The dynamics of blood flow can relate to the initi-

ation of atherosclerosis via two mechanisms: mechanical forces directly influencing

the arterial wall, and flow-dependent mass transport of atherogenic species within

the lumen towards the wall.

Mechanical forces on the wall can directly modify the behaviour of endothelial

cells; this is explored more fully in the following section. Briefly, however, it has

been shown that endothelial activation of pro-inflammatory genes is dependent on

the frictional forces exerted on the wall by the flow of blood (Gimbrone et al.,

2000). Wall permeability could therefore be regulated via a mechanotransduction

mechanism. The inner and outer curvature of the mouse aortic arches are re-

spectively considered athero-prone and athero-protective regions (Nakashima et al.,

1994) with different flow environments (Assemat et al., 2014; Huo et al., 2008).
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Endothelial cells on the inner curvature have demonstrated higher concentrations

of NF-κB, implicated in inflammation, than those on the outer curvature (Hajra

et al., 2000), providing further evidence for a localised endothelial activation by

mechanical forces.

On the other hand, it has been shown that increasing the exposure of endothelial

cells to LDL, in effect increasing near-wall concentrations, will lead to an increase

in the rate of transendothelial LDL transport (Nielsen, 1996). Spatial differences

in blood flow characteristics can lead to differences in lumenal concentrations of

macromolecules (Vincent et al., 2010), and can influence concentrations at the wall

via a phenomenon called concentration polarisation (Wada and Karino, 2002a,b;

Wada et al., 2002). See Vincent and Weinberg (2014) for a more comprehensive

review.

Spatial differences in blood flow are a likely candidate as a local risk factor,

prompting studies investigating if blood flow characteristics, namely the resulting

mechanical forces exerted on the wall, change with age. Under the assumption that

endothelial cell morphology is shear-dependent (Flaherty et al., 1972; Langille and

Adamson, 1981; Levesque et al., 1986), Bond et al. (2011) examined endothelial cell

and nuclear elongation in the aorta of immature and mature rabbits. They reported

that elongation was most pronounced downstream of intercostal branch ostia in

immature rabbits, but most pronounced upstream in mature rabbits. However,

endothelial cell morphology is not only affected by shear; morphology may reflect

other factors such as cyclic strain (Zhao et al., 1995). Therefore, in order to directly

test whether there is an age-related change in blood flow dynamics, Peiffer et al.

(2012) carried out fluid dynamic simulations in, and geometrical analysis of, the

aortas of immature and mature rabbits. They found the degree of taper in the

aortic arch increased with age, which subsequently strengthened secondary flow

structures that develop in the arch and extend into the descending aorta. This

geometric-related change in blood flow may be able to explain the age-dependency

of aortic patterns of atherosclerosis.
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The relation between mechanical forces on the wall and lesion localisation, how-

ever, is under contention (Peiffer et al., 2013c), and its relation with macromolecule

transport has not previously been investigated in detail. This project is focused on

the localising role of mechanical forces in atherogenesis.

1.2 Role of mechanical forces in atherogenesis

The fluid mechanical stress on a vessel wall consists of the components normal and

tangential to the wall, which are pressure and shear stress respectively. Although

pressure values are several orders higher than shear stress magnitudes, spatial vari-

ations in shear exceed those of pressure, and while blood vessel pressure is borne

by the entire arterial wall, the endothelium predominantly bears the imposed shear

stresses. Therefore, it has come to be accepted that the shear stress rather than

the pressure plays the dominant role in the focal nature of atherosclerosis.

1.2.1 Flow and endothelial cells

Central to all hypothesised mechanisms of how shear stress influences susceptibility

to disease is the endothelium. Since it acts as a selective barrier between the luminal

blood flow and arterial wall tissue, it is likely to play a crucial role (van Hinsbergh,

1997). It has been demonstrated that vascular endothelial cells are able to sense

and respond to applied shear forces (Chien, 2007; Davies, 1995; Wang et al., 2013),

such as the observed alignment of the endothelial cells with the direction of flow

(Langille and Adamson, 1981; Levesque et al., 1986), a significant point to bear in

mind for future discussions.

Shear stress is thought to have an effect on transport pathways through the

endothelium, such as leaky junctions, (Tarbell, 2010), thus affecting endothelial

transport properties. Furthermore, it has been suggested that low wall shear stress

inhibits the release of factors from the endothelial cells that inhibit coagulation,

migration of leukocytes, and smooth muscle proliferation, all of which are processes
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involved in atherogenesis (Shaaban and Duerinckx, 2000). The effects of shear stress

are thought to manifest themselves through endothelial gene expression and through

localisation of inflammation (Cheng et al., 2004). These are a few examples of a

broad debate regarding precisely how endothelial cells respond to applied forces, of

which a detailed review is beyond the scope of this thesis.

1.2.2 Historical shear theory

The nature of the role played by shear stresses has been the subject of much debate

since the late 1960s. One theory proposed in the 1960s to explain the correlations

between flow and disease was that local flow-induced endothelial damage resulted

in local increases in wall permeability to atherogenic species, and hence increased

susceptibility to disease (Scharfstein et al., 1963). This led to the suggestion by Fry

(1969) that regions exposed to high flow rates, and by extension high shear stress,

were predisposed to develop atherosclerotic lesions. However, in the late 1960s and

early 1970s, Caro et al. (1969, 1971) suggested areas of disease corresponded with

regions exposed to low shear stress. In the two decades that followed, it became

evident that direct correlations between lesion sites and wall shear stress magnitudes

was too simplistic. The study by Ku et al. (1985) indicated that flow oscillation

was a key factor. It is now widely accepted that low/oscillatory shear patterns

increase a region’s susceptibility to disease (Davies, 1995; Traub and Berk, 1998),

although a precise understanding of the mechanism by which low/oscillatory shear

stress induces disease is not yet fully developed.

1.2.3 Challenges to the current consensus

Despite the established consensus of low/oscillatory shear stress as atherogenic, the

theory still faces challenges. In mice, lesion development is particularly difficult to

reconcile with the theory. Within the arch, the low/oscillatory shear theory shows

good agreement with disease: the inner curvature is more prone to lesion formation

than the outer curvature (Nakashima et al., 1994), and endothelial morphology
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suggests the inner curvature is subject to a lower shear stress (Hajra et al., 2000).

Moreover, regions upstream of the aortic arch branches develop lesions unlike regions

downstream (Nakashima et al., 1994), which fits a classical fluid mechanics principle

of low shear stress upstream vs. high shear stress downstream of branches (Caro

et al., 1971). However, in branches in the descending thoracic aorta, lesions often

develop both upstream and downstream of branches (McGillicuddy et al., 2001), and

develop predominantly downstream of large abdominal aortic branches (Nakashima

et al., 1994).

Lesion prevalence downstream of branch ostia is similarly seen in young rab-

bits, as noted previously, replicating the pattern seen in young humans. Bond

et al. (2011) demonstrated endothelial nuclear elongation (a surrogate for high shear

stress) was greater downstream of intercostal ostia in immature rabbit aortas than

upstream. This was corroborated by Peiffer et al. (2012), where blood flow was nu-

merically computed in immature rabbit geometries of the thoracic aorta, and high

wall shear stress was found downstream of intercostal ostia.

The low/oscillatory shear theory has also been found insufficient to explain the

age-dependency of atherosclerosis: Peiffer et al. (2012) also numerically computed

blood flow and shear stress in mature rabbits, and found the distribution of high

shear stress, as well as low oscillatory shear, downstream of the branch ostia did not

change with age between young and old rabbits, despite the lesion pattern shifting

to lateral streaks (Cremers et al., 2011). Shear stress magnitude alone does not

explain changes in rabbit intercostal lesions with age, and indeed in the case of

young rabbits, provides evidence for a high shear stress theory.

The robustness of the low/oscillatory shear theory has also been drawn into

question by several studies in recent years. Peiffer et al. (2013a) carried out a

systematic review of papers that compared atherosclerotic lesion sites with the dis-

tribution of haemodynamic wall parameters representing the low/oscillatory shear

theory, obtained using computational fluid dynamics. They found that several stud-

ies (Augst et al., 2007; Gijsen et al., 2007; Joshi et al., 2004; Steinman et al., 2002;
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Van Der Giessen et al., 2010) did not find a significant correlation between early

lesions and low/oscillatory shear stress, all of which used a quantitative point-by-

point comparison method to avoid a qualitative, visual comparison which can be

subjective. Indeed, it was only as data reduction increased that studies increasingly

concluded a confirmation of the theory (Peiffer et al., 2013a).

These studies shed light on the imprecise nature of the currently dominant

low/oscillatory shear stress theory. It is unable to account for the age-dependent

nature of the disease in rabbits, and thus presumably in people, and does not

explain the localised lesion development in both the mouse and rabbit descending

and abdominal aorta. It may be that the mechanical trigger changes on moving

distally along the aorta, or that the low/oscillatory shear stress characterisation

of mechanical forces is insufficient, and there exists another feature of mechanical

forces that is not being captured. What is clear is that a more complex relationship

exists between early stage atherosclerotic plaques and blood flow.

1.2.4 Emerging multidirectional shear theory

There has been a growing interest in disturbed flow with a multidirectional nature.

The earliest suggestion of this was put forward by McMillan (1985) in a conceptual

multidirectional shear stress model of atherogensis. This was during the years when

low shear stress and high shear stress theories were being debated, but the concept

was not investigated further itself and consequently became obsolete. A decade

and a half later, the directionality of the shear stress over the cycle rose to focus by

Kleinstreuer and colleagues, who recognised that no attempt thus far had been made

to quantify it (Kleinstreuer et al., 2001). Endothelial cells in more complex flow

fields were shown to be irregularly rounded and polygonal shaped with increased

intercellular permeability (Hyun et al., 2000a; Ku et al., 1985). Hyun et al. (2000b)

hypothesised that endothelial dysfunction may be indicated by multidirectional

shear stress.

Only recently has the multidirectional nature of shear stress and near-wall blood
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flow gained attention again, with attempts to characterise it being suggested by

Mantha et al. (2006), Chakraborty et al. (2012), Peiffer et al. (2013b), Morbiducci

et al. (2015) and Arzani and Shadden (2016). The response of the endothelial cell

to multidirectional stress has also received attention and fueled the very recent

surge of interest: Wang et al. (2013) showed that the direction of flow relative to

the cytoskeletal axis of endothelial cells determined their biochemical response, with

activation of the pro-inflammatory marker, NF-κB, shown to be maximal when flow

was directed transversally across the aligned axis of the cell. Altered expression of

pro-atherogenic genes under multidirectional stress was also shown by Chakraborty

et al. (2016) in an orbital shaker model.

The relative novelty of introduced parameters that capture multidirectional

flow means there are very few validation studies of the theory which assess the

co-localisation of multidirectional shear stress with in vivo measures of atheroscler-

osis. This has been carried out quantitatively with macrophage infiltration in the

mouse carotid arteries (De Wilde et al., 2016a),with advanced coronary plaques in

minipigs (Pedrigi et al., 2015), and only a brief suggestion of visual similarities with

atherosclerotic lesions in the descending thoracic aorta of rabbits (Peiffer et al.,

2013b).

1.3 Characterising mechanical forces

It is widely accepted that the focal nature of atherosclerosis is related to local

disturbances in the blood flow (Giddens et al., 1993; Steinman, 2004), with much

evidence suggesting the processes involved in the initiation and progression of the

disease is influenced by this disturbed flow (Chien, 2008). This term, despite its

current widespread use in the larger atherosclerosis community, is very imprecise, as

noted by Himburg and Friedman (2006). It describes a flow pattern that differs from

well-behaved pulsatile flow in relatively straight arterial segments, which is often

generally axially-aligned, unidirectional or minimally reversing. Haemodynamic

wall metrics are used to characterise the near-wall blood flow providing a better

37



understanding of its behaviour. They are derived from the mechanical forces applied

to the arterial wall by the flow of blood. It is important to note, however, that these

metrics do not identify whether or not the near-wall flow is “disturbed”. Rather, it

is abnormalities in these metrics - deviations from what is considered to be normal

physiological levels - that can be used to identify disturbed flow.

Over the last three decades a plethora of metrics has been proposed that may

capture a near-wall fluid mechanical environment relevant to atherogenesis and

endothelial dysfunction. Although the low/oscillatory shear theory has garnered

most attention, several other shear-related theories have been proposed over the

decades but have received less attention. These metrics broadly fit into the following

categories:

• Classical magnitude-based metrics;

• Gradient-based metrics;

• Harmonic-based metrics;

• Multidirectional flow metrics.

1.3.1 Classical magnitude-based metrics

The tangential force per unit area that the flow of blood exerts onto the luminal

wall of a vessel is known as the wall shear stress vector, τw, defined mathematically

in the following chapter. The magnitude of this vector for steady-state flow is the

commonly referred to wall shear stress (WSS). For pulsatile flow, τw varies with

time, and so the time-averaged wall shear stress (TAWSS) is used to quantify the

average magnitude of shear stress the wall is exposed to during the cardiac cycle.

Note that this is different to the magnitude of the temporal mean wall shear stress

vector, τ̄w, for flow which is not strictly unidirectional (mathematically this can be

stated as |τw| 6= |τ̄w|). Consider the case of a shear stress of a given magnitude

acting in a given direction for 1 s, and reversing to act in the opposite direction with

equal magnitude for another 1 s. In this case, the TAWSS is simply the magnitude
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of the vector, whereas the magnitude of the temporal mean wall shear stress vector

will be zero since the vectors cancel each other out when averaged.

In pulsatile flow, τw may oscillate and change direction during the cycle. This

is characterised using the oscillatory shear index (OSI), a dimensionless parameter

which represents the extent to which the wall shear stress vector changes direction

during the cycle; 0 representing unidirectional flow and 0.5 representing flow which

has no dominant flow direction. It is related to the ratio between the TAWSS and

the magnitude of the temporal mean WSS vector. It was originally introduced by

Ku et al. (1985), and later formalised into a mathematical expression for three-

dimensional flow by He and Ku (1996) (see § 2.5.1).

Shortly following this, Himburg et al. (2004) proposed the relative residence

time (RRT) of a particle of fluid, which is the time that a fluid particle, fully-

entrained and located at a small distance from the wall, spends travelling during

the cardiac cycle. It has direct relevance regarding pro-atherogenic solute deposition

and near-wall solute concentration.

The low/oscillatory shear theory introduced earlier is characterised by low WSS

or TAWSS and high OSI, and since RRT is inversely proportional to a combination

of both, it is often also used to represent the theory (Peiffer et al., 2013c). A

detailed review of the many studies investigating the effects these metrics have

on endothelial mechanotransduction, gene expression and signalling pathways are

beyond the scope of this thesis. However, the reader is directed to Peiffer et al.

(2013c), who systematically reviewed numerical studies on the relation between

markers of atherosclerosis and these metrics, and since which, there have been only

a few further works assessing the credibility of these metrics in predicting athero-

prone regions (De Wilde et al., 2016a; Mohamied et al., 2014; Pedrigi et al., 2015;

Timmins et al., 2014).
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1.3.2 Gradient-based metrics

Based on the wall shear stress vector, further metrics have been proposed that in-

volve computing temporal or spatial gradients. The first of these was the wall shear

stress temporal gradient (WSST) introduced by Ojha (1993, 1994) as a possible

factor in anastomotic intimal hyperplasia2. It is the maximum absolute temporal

gradient of the wall shear stress magnitude over the cardiac cycle.

A related metric, proposed two decades later, is the peak temporal wall shear

stress gradient (PTWSSG) (Van Wyk et al., 2014), which despite the name differs

by identifying the largest magnitude of the temporal gradient of the wall shear stress

vector. It is the maximum rate of change in the WSS vector over the cardiac cycle

and was shown to coincide with known plaque locations in an idealised bifurcation

model (Van Wyk et al., 2014) and has been suggested to enhance endothelial cell

proliferation (DePaola et al., 1999; White et al., 2001).

The spatial gradient of the wall shear stress (WSSG) was first suggested by Lei

et al. (1995) as characterising tensile and compressive forces to which the endothelial

cell may be subjected due to spatial changes in the WSS vector. It is calculated

by time-averaging the magnitude of the WSS gradient tensor components perpen-

dicular and parallel to the temporal mean WSS vector. It has been implicated in

intimal thickening (Kleinstreuer et al., 2001) and has been shown to correlate with

intimal macrophage density and wall permeability in the rabbit abdominal aorta

(Buchanan et al., 1999). It has also been shown to co-locate with numerically simu-

lated monocyte deposition which resemble in vivo patterns (Buchanan et al., 2003).

Studies have since used it to understand near-wall fluid mechanics (Farmakis et al.,

2004; Huo et al., 2007; Soulis et al., 2007; Xie et al., 2014).

Not long after the WSSG was suggested, the WSS angle gradient (WSSAG)

was proposed by Longest and Kleinstreuer (2000). Although it is a gradient-based

metric, it is also a multidirectional flow metric as it is a means of characterising

2This is where the intimal layer of the vessel wall thickens as a response to the surgical procedure
of connecting two blood vessels.
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directional changes in shear. It is reviewed fully further below alongside other

multidirectional flow metrics.

Lastly, and most recently, with the aim of identifying susceptible regions at

which a cerebral aneurysm is likely to be initiated, the gradient oscillatory number

(GON) was proposed by Shimogonya et al. (2009), defined as the temporal gradient

of the WSSG. Since spatial gradients of the WSS vector subject the endothelial

cells to tension and compression, Shimogonya et al. (2009) hypothesised that large

temporal fluctuations in these forces have an adverse effect on the endothelial cells.

However, it has not gained much attention since.

1.3.3 Harmonic-based metrics

Only within the last decade was it suggested that the harmonic content of WSS

for pulsatile flows be a potential marker of disturbed flow. Himburg and Friedman

(2006) proposed a Fourier decomposition of the time-varying WSS (considered now

a “signal”) and defined the Dominant Harmonic (DH) as the harmonic component

with the highest amplitude. Soon after, they related the DH to frequency-dependent

gene-expression responses of endothelial cells (Himburg et al., 2007).

In the same year that the DH was proposed, Blackman and colleagues proposed

the Harmonic Index (HI), as a measure of the relative contribution of dynamic

intensity to the overall WSS signal intensity (Gelfand et al., 2006). HI takes a

minimum value of 0 for a steady non-zero WSS, and a maximum value of 1 for

purely and equally oscillating WSS vector where the time-averaged WSS vector is

zero.

The harmonic content of the WSS over the cycle has not gained attention since,

and to the author’s knowledge there has only been continued work by Blackman

and colleagues recently, demonstrating that the frequency spectrum of WSS is a

significant factor and regulator of inflammation (Feaver et al., 2013).
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1.3.4 Multidirectional flow metrics

The defining characteristic of multidirectional disturbed flow is that the WSS vector

does not remain in one single direction throughout the cardiac cycle. Kleinstreuer

and colleagues were one of the first, in the early 2000s, to attempt to quantify the

directional changes in shear over the cycle as a possible predictor of endothelial

dysfunction. They recognised that the then-existing metrics (and so far reviewed

metrics) quantified local magnitude, spatial and temporal changes in the shear

stress, but there existed no measure of directional changes in shear (Kleinstreuer

et al., 2001).

To this end, Hyun et al. (2000b) initially proposed the WSS angle deviation

(WSSAD), defined as the average angle between the TAWSS at a spatial point of

interest and the TAWSSs of neighbouring points over the cycle, with an additional

factor that emphasised the potential significance of approaching flow. It was sug-

gested as a means of indicating abnormal morphology of the endothelial cell as well

as particle deposition at the wall due to the additional factor. Kleinstreuer and col-

leagues subsequently modified the metric and renamed it as the WSS angle gradient

(WSSAG) with a slightly more complex definition (Kleinstreuer et al., 2001; Longest

and Kleinstreuer, 2000): first computing the angle between the now instantaneous

WSS vector at the location of interest and a reference direction which was selected

as the average of the neighbouring WSS vectors (i.e. the average WSS vector over

each boundary control volume face), and second computing the spatial gradient of

this scalar field. This determines the degree of WSS vector changes over a unit

area. The WSSAG is then the time-average of this spatial variation. It essentially

describes how the WSS vector at a point differs from surrounding WSS directions

over the cycle.

Since its inception, the WSSAG has not gained much traction, as compared

to the WSSG for example. Kleinstreuer et al. (2001) carried out a comprehensive

review of its relevance to intimal thickening, in the context of atherogenesis and

intimal hyperplasia. Buchanan et al. (2003) showed it to correlate with monocyte
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deposition in the rabbit abdominal aorta, and most recently, Augst et al. (2007)

found a relation with intimal thickening in the human common carotid artery, al-

though not in the carotid bulb.

A similar, but conceptually much simpler, metric is the potential aneurysm

formation index (AFI) proposed by Mantha et al. (2006); named “potential” to

highlight the tentative suggestion that the metric may predict where aneurysm

development is initiated by capturing the effect of the instantaneous WSS vector

fluctuation on endothelial cells. It is defined simply as the cosine of the angle

between the WSS vector and the temporal mean WSS vector (rather than a local

spatial mean WSS vector as with the WSSAG). Based on the supposition that

endothelial cells are aligned to the temporal mean WSS vector, the AFI measures

the degree to which the WSS vector at a particular point in the cycle is aligned

with the cell regardless of its magnitude. If high, there is little deviation, and the

converse is true if low.

Chakraborty et al. (2012) introduced a modified version of the OSI, the dir-

ectional oscillatory shear index (DOSI) which attempts to measure the relative

oscillatory character of flow in two directions. Their application of the metric was

to assess the ratio of oscillations of the WSS vector, and therefore flow, in the radial

and tangential directions of an orbital shaker. This is an in vitro model that invest-

igates the effect of swirling flow on cultured endothelial cells. Soon after they showed

changes in the DOSI, and not in WSS, altered expressions of pro-atherogenic genes,

thus indicating the significance of shear directionality in regulating gene expression

(Chakraborty et al., 2016).

Following this, Peiffer et al. (2013b) proposed the transverse wall shear stress

(transWSS), defined as the time-average of the WSS vector component perpendic-

ular to the temporal mean WSS vector direction. Recall that this is the direction

with which endothelial cells are conventionally assumed to align (Chien, 2007; Hahn

and Schwartz, 2009). TransWSS can therefore be considered as a measure of the

transverse cross-shear that an endothelial cell is subjected to, as well as a measure of
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the multidirectional nature of flow. The author along with colleagues, subsequently

showed that the transWSS correlated with atherosclerotic lesion maps in the rabbit

descending aorta (Mohamied et al., 2014). This was based on preliminary work and

is addressed in detail in the following chapter.

Most recently, Morbiducci et al. (2015) presented a framework to understand the

WSS vector by employing two local non-arbitrary orthogonal directions related to

the vessel geometry. They proposed decomposing the WSS vector into components

parallel and normal to the local centerline tangent, termed the axial and secondary

WSS vector, WSSax and WSSsc respectively. They also proposed the quantity R

defined as the time-average of the ratio of the secondary WSS magnitude to the

axial WSS magnitude, which characterises which vector components predominates

over the cardiac cycle. Moreover, they proposed ratios that characterise the degree

of oscillation within these respective orthogonal directions, rWSSax and rWSSsc

respectively.

At the same time that the WSSax and WSSsc and its associated parameters

were proposed, Arzani and Shadden (2016) proposed a near-identical approach in

decomposing the WSS vector to better elucidate multidirectional near wall beha-

viour, with particular emphasis on aneursymal flow. Their approach also depends

on the vascular geometry, namely the centerline tangent, however they differ by pro-

jecting the WSS component to a direction that is mostly aligned with the centerline

path, but not directly, and to a direction that is normal to the surface, as opposed to

normal to the centerline. In this way the WSS vector is decomposed into compon-

ents that lie in the local surface tangent plane, unlike WSSax and WSSsc, which do

not. They also explored a range of temporal and spatial gradient parameters, which

they have left unnamed, many of which are repeat definitions of existing metrics.

1.3.5 Too many metrics?

The increasing number of proposed parameters over the years to capture disturbed

flow begs the question whether some may have very similar spatial distributions,
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thus from the practical standpoint of capturing a disturbed flow environment,

be considered redundant. Lee et al. (2009) quantitatively compared a range of

magnitude-, gradient- and harmonic-based metrics against each other in the nor-

mal carotid bifurcation, and found that many of these metrics correlate to one

another, providing essentially the same information about the distribution of dis-

turbed flow. De Wilde et al. (2016a) and Gallo et al. (2016) also performed a

comparative analysis between metrics, although not as extensively as Lee et al.

(2009).

TAWSS, OSI and RRT were all found to correlate strongly to one another in

all three studies. Lee et al. (2009) found that spatial and temporal gradients were

strongly correlated to the TAWSS, and called into question their general usefulness

considering that they are also based on differential and not integrated quantit-

ies which have noisier distributions and greater sensitivity to uncertainty. Gallo

et al. (2016) demonstrated that HI and DH were not greatly different to one an-

other, and that HI related well with TAWSS, RRT, OSI and transWSS. They also

found that transWSS did not co-localise with TAWSS and OSI, and that transWSS

and WSSax and its associated parameters, captured near-wall dynamics that the

magnitude-based metrics did not. De Wilde et al. (2016a) confirmed this, finding

the worst relation to be between transWSS and collectively, TAWSS, OSI and RRT.

It appears that multidirectional metrics, specifically the transWSS, are quantifying

an environment that other metrics do not.

A remark on the OSI: it is predominantly thought to capture flow-reversal for

any non-zero value, and is used in this context throughout the literature. However,

this is not strictly true. Since it is related to the ratio between the magnitude

of the temporal mean WSS vector, and the time-average of the WSS magnitudes

(TAWSS), any change in direction of the WSS vector over the cycle from the dir-

ection of the temporal mean WSS vector will result in these two quantities being

unequal and consequently a non-zero OSI value. This can arise when the WSS

vector remains forward-aligned throughout the cardiac cycle, and only oscillates

laterally by less than 90°, i.e. there is no flow-reversal. In fact, a maximum value of
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0.5 represents the case where there is no dominant flow direction, which can arise

not only when the flow is unidirectionally oscillating, but also when it is uniformly

multidirectional (the WSS vectors would trace a perfect circle over the course of

the cycle). The OSI is essentially a multidirectional flow metric that quantifies

any fluctuation of any sort of the WSS vector, however, it is this broad capability

of capturing every possible multidirectional environment that perhaps lessens its

informative capability. TransWSS, which quantifies the components of oscillations

occurring exactly at 90° can be thought of as a specialised OSI.

The DOSI aims to quantify the relative oscillation in two directions, however, it

is conceptually and mathematically difficult to grasp, particularly since it relies on

projecting the WSS vector into two seemingly arbitrary directions, which are not

strictly enforced to be orthogonal to one another. Only the time-average of the dot

product of the two vectors is enforced to be zero, not the dot product of the two

vectors itself. The approach by Morbiducci et al. (2015), using the ratios rWSSax

and rWSSsc is a superior alternative. These parameters are conceptually very

similar to the OSI in that they measure the ratio of the magnitude of a temporal

mean vector to the time-average of the instantaneous magnitude; recall for a vector

a, |a| 6= |ā|. If 1, the corresponding WSS vector component varies only in magnitude

over the cycle but remains in the same forward or backward direction throughout.

If 0, it is unidirectionally oscillating equally backwards and forwards, and thus

there is no predominant direction over the cycle. These ratios are conceptually and

mathematically more sound than the DOSI, and unlike the OSI or any other metrics

thus proposed, these ratios truly capture unidirectional flow reversal.

Many of the multidirectional metrics use the concept of a reference vector to

quantify changes in direction, which is inherently a relative measure. Both the AFI

and transWSS use the temporal mean WSS vector, whereas WSSAG uses a spatial

average of neighbouring points, and those of Morbiducci et al. (2015) and Arzani

and Shadden (2016) use the geometric centerline. The AFI and transWSS have a

direct biological hypothesis associated with them, since the temporal mean WSS

vector is assumed to be the direction to which endothelial cells align. The WSSAG
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would be suggesting that the endothelial cells are concerned with the direction of

flow that neighbouring cells are exposed to. And the final, most recent parameters

based on geometric centerline have no biological mechanism associated to them,

since in many regions the flow of blood is not necessarily axially aligned with the

geometry; consider for example, the swirling Dean vortices in the arch. However,

they are useful in characterising multidirectional flow when there is no dominant

flow direction, such as aneurysmal flow, in which case the transWSS is poorly

defined (Peiffer et al., 2013b). Lastly, both the WSSAG and AFI are a measure of

changes in WSS directions only, irrespective of the WSS magnitude; however, the

transWSS considers both the magnitude of the oscillation and its direction.

1.4 Haemodynamics

1.4.1 Flow in reduced models

Some of the basic principles of fluid dynamics is here presented for idealised reduced

models, as a first approach to understanding the complex mechanics of blood flow

in the arterial network. These generally follow the descriptions of Caro et al. (1978),

Caro et al. (1985) and Nichols et al. (1992).

Flow in a straight pipe

Consider the case of steady-state flow entering a straight pipe with a uniform velo-

city profile (Figure 1.2a). The no slip condition states that the velocity of a fluid

particle at a solid surface is zero relative to the surface. At the wall, the velocity

of fluid particles will be zero and so a velocity gradient normal to the wall is im-

mediately generated resulting in a viscous boundary layer that continues to grow

downstream. Along the pipe, the boundary layer progressively decelerates near-wall

fluid, while bulk fluid near the central axis of the pipe accelerates in accordance

with mass continuity (flow rate is conserved). This continues until the thickness of
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the boundary layer has grown to half the pipe’s diameter, at which point a constant

parabolic velocity profile is established with zero in-plane (secondary) flow due to

the pipe’s axi-symmetry. This steady state fully-developed laminar flow is well-

known as Poiseuille flow. The distance into the pipe necessary for the parabolic

velocity to fully develop is known as the entrance length, and is proportional to

the Reynolds number (a dimensional parameter that characterises flow, see § 2.1.2)

(Parker and Caro, 1992).

(a) Flow in a straight pipe (b) Flow in a tapered pipe

(c) Flow through a bifurcation (d) Flow around a bend

Figure 1.2: Laminar steady velocity profiles for flow in four idealised vessels. (a) shows
the development of a steady-state fully-developed parabolic velocity profile assuming a
uniform velocity profile at the inlet. (c-d) shows the influence of geometry on this fully-
developed profile. After Peiffer (2012).
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Flow in a tapered pipe

Consider now the introduction of a converging taper into the straight pipe (Figure

1.2b). As the cross-sectional area reduces, the average axial velocity will increase

as 1/D2, where D is the local diameter, so as to maintain conservation of mass.

This fully-developed flow is known as Jeffery-Hamel flow (Jeffery, 1915), which

compared to Poiseulle flow, has a blunter axial velocity profile and a radial in-plane

component. The wall shear stress in the straight pipe is constant once the fully-

developed profile is established, whereas in a tapered pipe, the wall shear stress

increases along the pipe in accordance with the increasing velocity. Moreover, since

the profile is blunted, at all distances along the pipe the wall shear stress will be

higher than in the straight pipe.

Flow through a bifurcation

The arterial system is composed of bifurcations as parent vessels branch into daugh-

ter vessels. Figure 1.2c depicts the impact this has on the fully-developed parabolic

velocity profile in a 2D simplification of a bifurcation. As the flow reaches the flow

divider it is forced to follow one of the two daughter branches. The pressure gradi-

ent cannot immediately displace the fast moving flow into the axial directions which

results in skewed profiles immediately downstream of the bifurcation in each of the

daughter vessels. Eventually, Poiseulle flow is re-established in the daughter vessels

further downstream. The inner walls of the bifurcation will typically see a high

shear stress, and the outer walls a relatively lower shear stress, since near-wall fluid

in the parent vessel has much less inertia and is more easily deflected. In certain

cases where the parent vessel velocity is very high and at sharp bifurcating angles,

the flow may separate from the outer wall and reverse, forming a recirculation zone,

or separation bubble, often characterised by a low wall shear stress.
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Flow around a bend: pipe with curvature and torsion

Curvature and torsion of a pipe describe bending and twisting of the plane of

curvature respectively. Consider the simple case of flow around a planar bend (Fig-

ure 1.2d). The introduction of curvature in the pipe creates a centrifugal force which

interacts with an in-plane pressure gradient resulting in secondary motion of the

flow. As the bend begins, in the core flow the centrifugal force is greater than the

in-plane centripetal pressure gradient, whereas near the wall, the in-plane pressure

gradient is circumferential and stronger than the centrifugal force. This results in a

core flow dominated by a centrifugal acceleration, with spiralling near-wall lateral

flow. As the flow progresses downstream, these regions of spiralling acceleration

transform into two well-defined regions of radial convective acceleration. This cir-

cular secondary motion of a pair of counter-rotating vortices are known as Dean

vortices (Dean, 1927). The velocity profile transforms from parabolic to crescent

shaped, and consequently the peak velocity is displaced toward the outer curvature

giving a high shear stress whereas the inner curvature sees a lower shear stress.

The introduction of torsion into the geometry increases the complexity of the

flow behaviour. Briefly, the symmetry of the Dean vortex pair is broken by the

non-planarity since the core vorticity of the flow is rotated within the cross-section

due to the twisting and rotation of the pipe. This leads to one of the pairs possibly

being reinforced and subsequently dominating the other, or being annihilated if it is

re-aligned in a way that it becomes encircled by opposing valued near-wall vorticity

induced by the Dean vortex pair. The particular fluid dynamics of tortuous vessels,

and further detail on the mechanics of flow in pipes with curvature are given by

Doorly and Sherwin (2009) and Alastruey et al. (2012).

Pulsatile flow in a straight pipe

The contractions of the heart render the blood flow in the arterial network pulsatile

and unsteady. This brings additional complexity to the fluid dynamics of blood

flow. The Womersley number (α, defined in § 2.1.2) is a dimensionless parameter
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used to characterise the behaviour of unsteady flows, and can be considered as

a frequency parameter. Consider flow in a steady pipe driven by a sinusoidally

oscillating pressure gradient. For low frequency, α < 1, the flow is quasi-steady; the

parabolic velocity profile is preserved throughout the cycle and remains in phase

with the oscillating pressure gradient. At higher frequencies, α > 10, the flow

cannot be considered quasi-steady. Faster moving flow has higher inertia and is

unable to keep pace with changes in the high frequency pressure gradient. A phase

lag consequently arises between the velocity and pressure waveforms and the flow is

unable to maintain the parabolic velocity profile, instead becoming plug-like in the

core with possible flow-reversal at the wall. More comprehensive details are given

by Parker and Caro (1992) and Loudon and Tordesillas (1998).

1.4.2 Flow in physiological geometries and the need for

computational fluid dynamics

The arterial cardiovascular system is a network of vessels, with varying degrees of

curvature, torsion and taper, bifurcating and branching from one another with vari-

ation in the bifurcation and branch angles. The resulting flow is a highly complex

interaction of the afore-mentioned basic fluid dynamic principles in three-dimensions

(Kazakidi, 2008; Peiffer et al., 2012; Sherwin et al., 2000; Vincent, 2009). Vessels

are also distensible and blood flow is non-Newtonian. While idealised models are

convenient for detailed experimental in vitro velocity measurements, they will not

provide sufficiently useful results when extrapolated to patient-specific cases. An

analytic solution to the Navier-Stokes equations for this complex system is not cur-

rently available, and using simplified laws to determine the velocity profile, such as

Poiseuille flow, is unable to capture the complex flow present.

Experimental computation of the wall shear stress within anatomically realistic

arteries requires accurate measurements of the near wall velocity profile and gradi-

ent, which can be done both in vitro or in vivo. However, the practical difficulties

associated with obtaining these measurements in vivo as well as the insufficient
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resolution of results obtained by either means, currently renders experimentally ob-

tained wall shear stress results insufficient to draw reliable conclusions (Steinman,

2004).

On the other hand, the advances of high-resolution medical imaging, vessel

segmentation and reconstruction algorithms, and high-performance desktop work-

stations, have now made possible the construction of anatomically and increasingly

physiologically realistic computational fluid dynamic (CFD) models. CFD is able to

provide highly resolved three-dimensional flow fields, permitting the computation

of haemodynamic wall metrics, such as wall shear stress, over the entire wall.

1.5 Research aims

The overarching aim is to further our understanding of atherosclerosis and the role

of mechanical forces exerted by the flow of blood in its initiation. This thesis works

from the hypothesis that multidirectional flow, characterised using the transWSS

metric, may be a significant haemodynamic marker of disease, and may resolve the

challenges faced by the current low/oscillatory shear stress theory of atherogen-

esis, including explaining the age-dependent nature of the disease. Since this age-

dependency is more clearly seen around intercostal branch ostia, the focus through-

out is on the rabbit descending thoracic aortic model of atherosclerosis.

The first research aim was to evaluate the merit of both the low/oscillatory

shear theory and the multidirectional theory in relating to previously-obtained age-

dependent lesion localisation and localised macromolecule transport into the wall.

This requires the selection of reliable statistical methods to assess the significance

of the correlation between two spatial datasets, the development of pre- and post-

processing utilities for a computational fluid dynamics model of blood flow, and

the use of this model to simulate time-dependent blood flow in individual rabbit

geometries. The second aim was to develop an understanding of the near-wall mul-

tidirectional fluid mechanics that the transWSS metric captures on a large-scale,
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and the dependence of the near-wall mechanics on geometry and inflow and outflow

conditions. Finally, the last aim was to assess age-related changes in multidirec-

tional blood flow characteristics and assess whether localised age-related changes in

disease patterns can be explained by a fluid mechanical phenomenon involving the

transWSS.

These aims are summarised as follows:

1. To develop pre- and post-processing utilities for a computational fluid dynam-

ics model of time-dependent blood flow;

2. To select a reliable statistical approach to evaluate the significance of a cor-

relation between spatial datasets;

3. To evaluate the merit of different shear theories in relating to early lesion

formation and macromolecule transport;

4. To understand the near-wall multidirectional flow environment in the rabbit

aorta, and its dependence on geometry and modelling parameters;

5. To assess age-related changes in multidirectional flow and explain age-dependent

changes in atherosclerosis using the transWSS metric.

1.6 Outline of thesis

Following this introduction is a series of chapters addressing the research aims

outlined above. Chapter 2 presents the CFD model employed throughout this thesis

to carry out time-dependent blood flow simulations. It reviews the governing laws

of haemodynamics and the concepts underlying the spectral/hp element method

employed to solve them. Pre-processing and post-processing tools used, and in

some cases implemented, are presented.

Chapter 3 addresses aims 2 and 3 and begins with a review of statistical tech-

niques and their associated challenges in determining the statistical significance

of spatial correlations. The CFD tool described in Chapter 2 is used to simulate
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time-dependent blood flow in the aortae of four immature and five mature rabbit

geometries to obtain measures of TAWSS, OSI and transWSS around intercostal

branch ostia. These are quantitatively compared against published lesion prevalence

and arterial wall permeability maps, and a range of sensitivity tests and comparisons

are described. Age-related changes in lesion prevalence and arterial wall permeabil-

ity maps are assessed alongside changes in geometrical characteristics of the rabbit

aorta with age, specifically, curvature, torsion and taper of the vessel.

As will be shown, the results of Chapter 3 indicate that multidirectional flow,

characterised by transWSS, is worth investigating further. Chapter 4 accomplishes

this and addresses aim 4. Further simulations are carried out with modifications

made to the inflow and outflow boundary conditions, as well as in partially-idealised

geometries with the aim of isolating effects of curvature, torsion and taper. The

large scale distribution of shear metrics over the aorta from the root to past the fifth

pair of intercostals is presented and discussed, and the evolution of the distributions

over the cardiac cycle are analysed.

Chapter 5 subsequently uses numerical simulations carried out in Chapters 3

and 4 to address aim 5 with a focus on the small-scale distributions of shear met-

rics around the intercostal branch ostia. Age-related changes in shear metrics are

quantitatively assessed initially on the aggregate level, and more extensively on the

individual branch level. This chapter employs the unconventional use of a survey

method to avoid inherent subjectivity during analysis that aims to relate the small-

scale patterns of multidirectional flow to large-scale patterns in order to explain

age-related changes in disease. Lastly, the chapter also investigates the depend-

ence of small-scale patterns of transWSS on geometry and on inflow and outflow

modelling conditions.

Conclusions from the three previous chapters are related to one another and

presented in Chapter 6, with subsequent suggestions for further directions and in

some cases, associated preliminary work.
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1.6.1 Published work in this thesis

The assessment and comparison of various statistical methods to spatially correlate

datasets was carried out predominantly in collaboration with Dr Ethan Rowland,

and while only briefly presented in Chapter 3, the reader is directed to Rowland

et al. (2015) for the full study.

Time-dependent simulations in a subset of the rabbit geometries used in this

thesis have been carried out previously by Peiffer et al. (2012), however, as Chapter

3 explains, there was a need to repeat these, as well as simulate flow in a larger set

of geometries. Preliminary work which quantitatively compared shear metrics from

these previously published simulations with lesion prevalence maps only, has been

published but is not presented here (Mohamied et al., 2014). Chapter 3 presents

the comprehensive study and the rationale behind its need.

All work presented in Chapter 4 has been published recently and can be found

in (Mohamied et al., 2017).

Lastly, during the course of this thesis project, there was various involvement

in a collaborative effort in developing the in-house spectral/hp element framework

Nektar+ +, which is used throughout this thesis and which is briefly introduced in

Chapter 2. A far more comprehensive overview of the open source tool is presented

in Cantwell et al. (2015).

These publications can be found in Appendix B.
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Chapter 2

Methods: The CFD pipeline using

Nektar++

This thesis is focused on elucidating the relationship between flow and atherogenesis,

hypothesising an important role of multidirectional flow as a localising risk factor.

Blood flow is investigated throughout using numerical techniques, since in vivo

blood velocity measurements, such as magnetic resonance imagine (MRI), are not

yet sufficiently resolved (Steinman, 2004). The Navier-Stokes and mass continuity

equations describe the motion of fluids, which for certain modelling assumptions

for blood flow in large arteries, can be reduced to simpler forms and solved for

boundary and initial conditions particular to the problem of interest. However,

analytic solutions are not available except for the simplest of cases which cannot be

used to describe blood flow in large arteries. Thus, numerical methods are used to

approximate solutions to the equations within a domain of interest.

This chapter describes the governing equations and pre- and post-processing

techniques that make up the pipeline of this CFD study, some of which have

been developed during this PhD project. Pre-processing includes choice of ap-

propriate modelling assumptions and a flow solver, surface definition of the domain

and generation of meshes, and lastly choice of boundary and initial conditions.

Post-processing includes computing haemodynamic shear stress metrics, and map-
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ping the resulting metrics defined on the wall of the domain onto a common two-

dimensional parametric space for all the different three-dimensional domains. This

last step necessitates geometrical characterisation, which is subsequently used for a

geometrical analysis of different geometries in the following chapters.

2.1 Numerical modelling

2.1.1 Modelling assumptions

Blood rheology Blood plasma acts as a Newtonian fluid where the viscosity is

constant. However, due to the cellular content in blood, taken as a whole, blood

behaves as a shear-thinning non-Newtonian fluid at low shear rates (less than ap-

proximately 100s−1) (Chien et al., 1966). In large arteries, such as the aorta, the

shear rates are large, particularly at the endothelial surface, and so non-Newtonian

effects can be expected to be small (Friedman et al., 1992; Johnston et al., 2006;

Liepsch, 1990; Perktold et al., 1991). In this thesis, the blood is modelled as a New-

tonian fluid. Blood density ρ was taken to be 1044 kg/m3 (Kenner et al., 1977), and

blood dynamic viscosity µ taken to be 4.043 g/ms for rabbits (Windberger et al.,

2003).

Rigid walls The effects of wall compliance on local velocity profiles are generally

assumed to be secondary, and in this thesis, the assumption of rigid walls is made

and wall motion was not taken into account.

Homogeneity The length scale of red blood cells, which are the largest solid

constituent in blood, are several orders of magnitude smaller than the length scales

of larger arteries, such as the aorta. As a result, an accepted assumption is that

blood may be treated as a homogeneous fluid.
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2.1.2 Governing equations

The governing laws of the motion of fluids are the continuity equation and the

Navier-Stokes equations. These describe the conservation of mass and momentum

respectively. At physiologically realistic flow velocities in large arteries, blood flow

can be considered to be incompressible. The governing equations for incompressible,

homogeneous, viscous, unsteady three-dimensional fluid are defined as:

∇ · u = 0 in Ω
∂u

∂t
+ u · ∇u = −1

ρ
∇p+ ν∇2u in Ω,

(2.1)

where u is the velocity vector, ρ the fluid density, t the time, p the pressure, ν the

kinematic viscosity, and Ω the domain in which the fluid flows, i.e. the lumen of

the vascular segment of interest for blood flow.

The incompressible Navier-Stokes equation consists of a time-dependent velocity

term and a non-linear convective term on the left-hand side, and contains a pres-

sure and a viscous, diffusive term on the right-hand side. Together with the mass

continuity equation, these form a set of non-linear partial differential equations,

for which an analytic solution (velocity and pressure) is not available. Numerical

methods are therefore necessary to obtain an approximate solution.

Non-dimensionalisation

Using characteristic reference magnitudes for the velocity u0, length D0, and time

T , Eqn 2.1 can be non-dimensionalised to:

∇∗ · u∗ = 0
1

Ured

∂u∗

∂t∗
+ u∗ · ∇∗u∗ = −∇∗p∗ +

1

Re
∇∗2u∗.

(2.2)

The characteristic velocity, u0, is the spatially and temporally averaged inlet

velocity at the aortic root, and the characteristic time scale, T , is the duration of
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one cardiac cycle (or heart beat). The characteristic length scale, D0 is the aortic

inlet diameter, which in cases where this is non-circular, becomes the hydraulic

diameter, defined as:

D0 =
4A0

P0

. (2.3)

where A0 represents the area, and P0 the perimeter of the cross-section.

In Eqn 2.2, two non-dimensional parameters arise: the Reynolds number Re,

and the reduced velocity Ured (Sherwin and Blackburn, 2005). The Reynolds number

is a ratio of the inertial forces to the viscous forces. The inertial forces dominate

for high Re flows, and if Re is high enough, transition to turbulence occurs. The

viscous forces are only significant at low Reynolds numbers, and this regime is called

laminar flow. Under most physiological conditions, blood flow is laminar, however,

transition to turbulence may occur under certain conditions, such as severe stenosis.

Re is defined as:

Re =
ρu0D0

µ
. (2.4)

The reduced velocity is defined as:

Ured =
u0T

D0

. (2.5)

It represents the length in aortic diameters that the mean bulk velocity travels

over one cycle. It is related to the Womersley number, which for oscillatory pulsatile

flows is often the preferred second dimensionless coefficient, and represents the ratio

of unsteady inertial forces to viscous forces. The Womersley number, α, is defined

as:

α =
D0

2

√
ω

ν
, (2.6)

where ω is the angular frequency of the oscillation (ω = 2π/T ). The Womersley
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number and reduced velocity are related by:

Ured =
πRe

2α2
. (2.7)

2.2 Spectral/hp element method

2.2.1 The concept

There are four main categories of numerical methods that can be used to approx-

imate the solution to a set of non-linear partial differential equations (PDE): finite

difference (Strikwerda, 2004), finite volume (LeVeque, 2002), finite element (Zien-

kiewicz et al., 2005) and spectral methods (Gottlieb and Orszag, 1977). Throughout

this thesis project the spectral/hp element method is used, which can be thought

of as a hybrid of the finite element and spectral element methods, or alternatively

as a high-order finite element method (FEM) or a multi-domain spectral method

(Karniadakis and Sherwin, 2005).

The spectral method and finite element method share a similar central idea,

that of approximating the solution to the PDEs by an expansion (usually polyno-

mials), i.e. writing out the differential equations as a sum of certain basis functions

with control over the coefficients of the basis functions to best satisfy the PDEs.

They differ in how they apply this idea, with spectral methods taking on a global

approach, and finite element methods taking on a local approach.

The spectral method takes a high-order polynomial expansion and uses it to

approximate the solution over the entire computational domain, whereas the finite

element method takes a linear or low-order polynomial expansion and uses it to

approximate the solution within smaller subdomains or elements. The former is

known as spectral or p-type discretisation, and the latter as spatial or h-type dis-

cretisation, where p and h refer to the order of the expansion and the size of the

elements respectively. By increasing the number of basis functions in the expansion

(i.e. the modes in the expansion, or the order of the expansion), exponential conver-
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gence can be achieved for sufficiently smooth problems. Similarly, by increasing the

number of elements in the domain (i.e. reducing the size of the elements), algebraic

convergence can be achieved. This is known as p-type and h-type refinement.

As the size of the elements can vary within the computational domain, the finite

element method offers much greater geometric flexibility than the spectral method.

However, the spectral method offers superior convergence rates with excellent error

properties, due to the exponential convergence achieved with p-type refinement.

The spectral/hp element method aims to combine the favourable properties of both

methods, by splitting the computational domain into elements which roughly cap-

ture the geometry, and using high order polynomial expansions to approximate the

solution within each element, thereby achieving high spatial resolution. By em-

ploying both p-type and h-type refinement simultaneously, an optimal convergence

strategy can be formed.

All flow simulations presented here were performed using the incompressible

Navier-Stokes solver of the open-source in-house spectral/hp element framework

Nektar++ (Cantwell et al., 2015).

2.2.2 Mathematical formulation

The method of weighted residuals using the Galerkin formulation is typically used to

derive the weak form of the PDE in question in finite element methods. Nektar++

also adopts the classical Galerkin formulation. This begins by writing the governing

equations in the general form of a differential problem, E(u), where u is a vector of

the unknowns:

E(u) = 0 in Ω. (2.8)

The exact solution, u(x, t), is represented by the approximate solution, uδ(x, t),

of the form

uδ(x, t) = u0(x, t) +

Ndof∑
i=1

ûi(t)Φi(x), (2.9)
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where x is the spatial position, Φi(x) are analytic functions called the trial or

expansion functions, ûi(t) are the Ndof unknown coefficients, and u0(x, t) is selected

to satisfy the initial and boundary conditions. Substituting the approximation (2.9)

into (2.8) produces a nonzero residual R:

E(uδ) = R(uδ). (2.10)

In order to determine the coefficients, ûi(t), a restriction must be placed on

the residual R which will reduce Eqn (2.10) to a system of ordinary differential

equations (ODEs) in ûi(t). The coefficients can then be determined directly from

the solution of the system of ODEs. Employing the method of weighted residuals,

the restriction on R takes the following form:

〈vj(x), R(x)〉 = 0 for j = 1, ..., Ndof, (2.11)

where vj(x) are the test or weight functions, and the Legendre inner product 〈., .〉

is defined as:

〈f, g〉 =

∫
Ω

f(x)g(x)dx.

The restriction placed on R in Eqn (2.11) is therefore that the inner product

of the residual with respect to a weight function is equal to zero. The weighted

residual is then said to be zero. For the Galerkin approximation, the test or weight

functions are chosen to be the same as the trial or expansion functions, such that

vj = Φj.

Note that the expansion functions, Φj, are global expansion modes. With h-

type discretisation, where the domain is subdivided into Nel elements, Φj will be

zero over the majority of elemental regions. To consider the expansion in Eqn

(2.9) in terms of global modes will therefore be very uneconomical. To circumvent

this problem, the global modes can be represented in terms of the local elemental

expansion modes, φep(ξ), by mapping a standard element, Ωst, to each elemental
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domain Ωe. The approximate solution can then be re-written as:

uδ(x, t) = u0(x, t) +

Ndof∑
i=1

ûi(t)Φi(x) = u0(x, t) +

Nel∑
e=1

Po∑
p=0

ûepφ
e
p(ξ), (2.12)

where Po is the polynomial order of the local expansion within one element.

For h-type FEM, the polynomial order, Po, is fixed, and convergence is achieved

by reducing the size of the elements, i.e. increasing Nel, which aids in geometric

flexibility. For p-type FEM, a fixed mesh size is used (constantNel), and convergence

is achieved by increasing Po, which results in rapid exponential convergence for

smooth problems. If the whole domain is considered as a single element (Nel = 1),

then the p-type method becomes a spectral method. The spectral/hp method is

thus a combination of both these approaches.

The choice of the local expansion, φp(ξ), will influence the numerical implement-

ation, efficiency and approximation properties of the spectral/hp element method.

They can be categorised as either nodal or modal expansions. Nodal expansions

will approximate the solution at a fixed set of points (nodes), thus the coefficients,

ûep, take on a physical interpretation as they represent the approximate value at

a given node. On the other hand, modal expansions are hierarchical; lower order

modal basis are a set within higher order model basis. See Karniadakis and Sherwin

(2005) for further discussion on their respective advantages and disadvantages.

For unstructured elements, we have adopted a modal expansion basis, specific-

ally a C0 continuous expansion basis. This is to ensure the solution, uδ, is C0

continuous across the elements; a condition of the continuous Galerkin method.

Since there are more local expansion coefficients, ûep, than global coefficients, ûi,

this condition is necessary to relate the local and global definitions together.
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2.2.3 Velocity correction scheme

The velocity correction scheme is a useful tool in Nektar++ which solves the govern-

ing equations (Eqn 2.1) by means of a splitting scheme that decouples the velocity

matrix system and the pressure. Splitting schemes are favoured for their numer-

ical efficiency since the velocity and pressure are now handled independently (for a

Newtonian fluid). A multi-step stiffly-stable time integration is applied:

û−
∑J−1

q=0 αqu
n−q

∆t
= −

∑J−1
q=0 βq (un−q · ∇) un−q in Ω,

∇2pn+1 = ∇ ·
(

û

∆t

)
in Ω,(

∇2 − γ0

ν∆t

)
un+1 = ∇pn+1 − û

ν∆t
in Ω,

(2.13)

with consistent Neumann boundary conditions for the pressure, given as:

∂pn+1

∂n
= −n ·

[
∂un+1

∂t
+ ν

J−1∑
q=0

βq (∇× ω)n−q +
J−1∑
q=0

βq
(
un−q · ∇

)
un−q

]
, (2.14)

and setting pn+1 = 0 on the outflow boundary.

The terms un, pn and ωn represent the velocity, pressure and vorticity fields at

t = tn respectively, and ∆t = tn+1 − tn. The terms αq, βq and γ0 are the weights

for the explicit-implicit integration of the advection-diffusion equations (Table 5.2

of Karniadakis and Sherwin (2005)) and J is the order of integration. In the first

step of Eqn 2.13, the non-linear advection terms are explicitly advanced. In the

second step, a pressure Poisson problem is solved. Finally in the third and final

step a Helmholtz problem enforces the elliptic viscous terms implicitly and also

enforces the velocity boundary conditions. The explicit treatment of the advection

term requires ∆t satisfy the Courant-Friedrichs-Lewy (CFL) condition to ensure

the time-scheme is stable.
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2.2.4 Influx of kinetic energy at an outflow boundary con-

dition

Modelling the flow of blood through large arteries of the cardiovascular system

necessitates the use of the cardiac waveform, which includes reverse flow during

early diastole. This will lead to an influx of kinetic energy into the computational

domain through the outflow boundary, which poses a challenge for ensuring the

stability of the simulation. One approach to circumvent this problem is to use a large

outflow region to ensure effects of reverse flow at the inflow boundary and general

domain of interest are sufficiently dissipated before reaching the outflow boundary.

However, even in the simple case of a one-dimensional advection-diffusion system

with the basic Neumann outflow condition, this leads to outflow lengths that must

scale linearly with the Reynolds number to ensure good accuracy of the solution

(Dong et al., 2014). This is a clear limitation to computational efficiency.

Two alternatives were considered that would allow for truncated domains; a

recently proposed high-order Dirichlet boundary condition (Dong et al., 2014), and

an absorption layer, otherwise known as a sponge filter (Israeli and Orszag, 1981).

High-order boundary condition

Dong et al. (2014) designed an outflow boundary condition that prevents an un-

controlled growth of energy influx into the domain through the outflow boundary,

thereby maintaining stability of the computation. It is given as:

pn+1 = ν
J−1∑
q=0

∇un−q · n− 1

2

∣∣∣∣∣
J−1∑
q=0

un−q

∣∣∣∣∣
2

S0

(
n ·

J−1∑
q=0

un−q

)
− fn+1

b · n, (2.15)

with a step function defined by:

S0 (n · u) =
1

2

(
1− tanh

n · u
u0δ

)
,

where u0 is the characteristic velocity scale, δ is a non-dimensional positive constant
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chosen to be sufficiently small and fb is a forcing term. If analytical conditions are

not known explicitly, the forcing function is set to zero, i.e. fb = 0.

This was implemented in Nektar++ and tested in a simple case of a two-

dimensional channel flow with the cardiac velocity waveform applied at the inlet,

resulting in an influx of kinetic energy across the entire outflow boundary. However,

the condition was not able to ensure the stability of the simulation and the solution

at the outflow quickly diverged. While Dong et al. (2014) showed the condition to

robustly and accurately neutralise pockets of influx of energy at the outflow due to

vortices, it may be the case that when the influx of energy is across the entire out-

flow boundary, as arises during bulk flow reversal in the cardiac cycle, it is unable

to control the energy growth within the domain.

Absorption layer

A convenient solution was found in the absorption layer, or sponge filter proposed by

(Israeli and Orszag, 1981). In this approach, disturbances pass out of the region of

interest into a smaller limited region immediately upstream of the outflow boundary.

They are then dissipated by means of a damping momentum forcing function added

to the Navier-Stokes equations, F = −Dp(u − u|∂Ω), where u|∂Ω is the prescribed

velocity on the upstream boundary of the layer, and Dp is the damping coefficient,

which is non-zero only within the absorption layer.

Throughout this thesis, the absorption layer was used for all time-dependent

simulations where there was an influx of kinetic energy into the domain at the out-

flow boundary. The downstream boundary of the layer coincided with the outflow

boundary domain, where Neumann boundary conditions were used for the velocity.

The damping coefficient was set to Dp = 100, and the thickness of the layer set

to 0.75D0 where D0 is the diameter (or hydraulic diameter in event of non-circular

boundary) at the inflow boundary (aortic root).

It is possible that the absorption layer will have an effect on the solution further

upstream, which may propagate far enough into regions of particular interest affect-
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ing the accuracy of the solution. To ensure that the sponge layer was adequately

thick to dampen out disturbances but not large enough for the upstream solution to

be affected, simulations were carried out in one rabbit aortic geometric (see § 3.3.1)

with and without the absorption layer by running only the first third of the cardiac

cycle before any reverse flow occurs. Centreline velocities and pressures at selected

instants in time were then extracted and the percentage difference computed.

Percentage differences greater than 1% of the three velocity components did

not exist more than 1.5D0 upstream of the absorption layer. This is sufficiently

downstream of regions of interest, thus an absorption layer thickness of 0.75D0 is

justified.

2.3 The computational domain

In this thesis, numerical simulations were carried out in rabbit aortic geometries.

The following section describes the acquisition of the anatomical subject specific-

surfaces, and the procedure for generating a mesh.

2.3.1 Obtaining subject-specific surfaces

In general methods of obtaining vascular geometries can be categorised as either in

vivo imaging or post-mortem techniques. Three of the most common in vivo ima-

ging techniques are computed tomography (CT), ultrasound (US) and magnetic

resonance imaging (MRI). These involve the use of X-rays, high-frequency sound

waves, and magnetic fields respectively to characterise soft-tissue, in this case the

arterial wall. Post-mortem techniques include in situ pressure fixation and in situ

vascular casting. These involve the cessation of ongoing biochemical reactions while

maintaining a physiological pressure, and injection of a curing material into the vas-

cular system respectively, with subsequent scanning of the post-mortem preparation

to produce an in silico model.
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In vivo techniques allow for follow-up studies, which is their main advantage,

however, their disadvantages include limited resolution due to interference from

neighbouring tissue, presence of image artefacts due to the breathing, heart beat

and movement of the subject, and worse image contrast and quality compared to

ex vivo scanning (Moore et al., 1999; Vandeghinste et al., 2011).

Pressure fixation has been shown to preserve vessel dimensions poorly (Kratky

et al., 1989), and although intuitively vascular casting is expected to yield the most

accurate replica (Moore et al., 1999), this may not be the case due to possible

shrinkage of the casting material and inappropriate transmural pressures.

No method is free from possible errors in replicating the vascular geometry,

however, the vascular corrosion casting technique was selected as the most appro-

priate and has been used previously to produce highly detailed surface definitions

(Vincent et al., 2011).

The surface definitions of all rabbit geometries presented in the following chapter

was carried out previously by V. Peiffer with the exception of one geometry which

was obtained by P. E. Vincent. All followed the procedure described by Vincent

et al. (2011), summarised briefly below (smaller font; with permission from P. D.

Weinberg).

Casting

Animals received heparin (2000 USP units, intravenously) and were subsequently euthanised with

an overdose of sodium pentobarbitone. A cannula was inserted into the cardiac left ventricle and

secured. This was used to flush the arterial system with saline and subsequently to infuse with

a methacrylate casting material (Batson’s N. 17, Polysciences, Inc.). This was injected into the

system at a pressure of 95-100 mmHg until the casting material hardened and could no longer be

injected (this resulted in approx. 70 mL). During the exothermic stage of the curing process, cold

water was trickled into the subject to dissipate heat. The cast was left to cure overnight, and the

following day the carcass was submerged in a 30% w/v potassium hydroxide solution and left to

corrode for two weeks. After this time, the cast was placed in a detergent solution for 24 h and

subsequently gently washed with warm water.
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Imaging

The casts were scanned using a Metrix X-Tek HMX-DT micro-CT scanner. This was carried out

at the Natural History Museum (London, UK) using isotropic voxel sizes of approximately 50µm.

Surface definition

The resulting DICOM data from the micro-CT scans were segmented using Amira v.5.2.0 (Visage

Imaging, Inc.) resulting in the extraction of an intensity isosurface. The Vascular Modelling

ToolKit (VMTK) was used to crop unwanted arteries, and to extrude flow extensions from each

outflow vessel that terminate in circular cross-sections for the application of boundary conditions.

The surfaces were subsequently smoothed using VMTK.

2.3.2 Volume mesh

As § 2.2 made clear, the spectral/hp element method (a high-order FEM) requires

a computational domain which is subdivided into a mesh of elements. Within

each element the solution is approximated using a high-order polynomial expansion.

Each element thus contains within it several degrees of freedom which allow the

volume mesh to be coarse compared to typical linear or quadratic finite element

meshes.

The first step is to triangulate the surface based on its curvature, i.e. the size

of the surface elements are curvature dependent with regions of higher curvature

meshed with smaller triangles. The second step is to extrude the surface of the

geometry inwards in order to create a prismatic layer adjacent to the surface, and

to fill the remaining inner volume with tetrahedral elements. Although structured

meshes fair better with regards to numerical performance, because of the complex

nature of the geometries, unstructured meshes were preferred (Karniadakis and

Sherwin, 2005). The prismatic layer is required in order to sufficiently capture the

boundary layer. These steps are carried out using STAR-CCM+ (CD-adapco).

The coarse meshes were then converted from ASCII format into a high-order

mesh in XML format using the mesh converter utility in Nektar++. This pre-
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processing tool also performs the third step of generating a high-order mesh, which

is to curve the surface elements using so-called SPHERIGON patches (Volino and

Thalmann, 1998). These patches blend spherical surfaces orthogonal to the vertex

normal of an element and thus create a curvilinear approximation of a polygonal

element. Nektar++ also allows the user to provide the vertices and vertex normal

information from the original high-resolution surface definition, as opposed to the

coarse volume mesh. In highly concave regions, the surface is curved into the

element, thus it is possible that the element becomes invalid. The curved face

of the element can protrude into the opposing face, leading to a collapsed self-

intersecting element. The curvature-based surface mesh as well as an adequate

prism layer thickness is sufficient to ensure that this does not occur.

2.4 Boundary conditions

The following section outlines how certain boundary conditions were defined and

applied. Particular values specific to the rabbit geometries are given in Chapter 3.

Flow splits

Flow splits to the branches of the aortic arch and the total flow split to all intercostal

branches were based on experimental measurements obtained from the literature.

Further flow divisions to individual branches were estimated using Murray’s Law

(Murray, 1926), which equates the cube of the parent vessel’s radius to the sum

of cubes of the daughter vessels’ radii. Using the continuity equation to translate

Murray’s law to flow rates results in the following expression for the spatially-

averaged velocity magnitude, u1 for a given branch:

u1 = fbr
Q

A1

r3
1∑Nbr

i=1 r
3
i

(2.16)

where r1 and A1 are the radius and outlet cross-sectional area of the branch in

question, Q is the total flow in the parent vessel, fbr is the percentage of the total
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flow going to all branches, and Nbr is the number of branches.

Velocity profiles

At the aortic root, a blunt velocity profile was assumed with no in-plane secondary

flow components. At all branch outlets, full-developed parabolic velocity profiles

were analytically defined given the perfect circular cross-section of the extruded

flow extensions. The flow extensions also justify the assumption of a fully-developed

profile.

Cardiac velocity waveform

To carry out pulsatile simulations, the velocity profiles at the aortic root and branch

outlets were modulated using a time-varying velocity waveform. The waveform was

obtained from a one-dimensional pulse wave model of the rabbit systemic circulation

(Alastruey et al., 2009). The waveform was imported into MATLAB R2014a (The

Mathworks, Inc.) and a discrete Fourier Transform applied from which the first 30

samples are used as the coefficients in the Fourier series of the curve. In this way a

periodic analytic expression of the waveform was created to allow multiple cardiac

cycles to be simulated.

When the velocity profile cannot be described analytically, for example in the

case of non-circular boundaries, Nektar++ allows the user to specify that the Dirich-

let boundary condition be read from a given file. Although not used in this thesis, a

modification to the Dirichlet boundary condition implementation was made, where

both a file and an analytic expression could be specified simultaneously, and the

inputs from both multiplied together. This is useful when the numerical velocity

profile needs to be modulated by the analytic expression of the time-varying velocity

waveform.
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2.5 Post-processing tools

2.5.1 Haemodynamic wall metrics

For all prism elements, the velocity gradients for all the degrees of freedom (quadrat-

ure points) within the element were computed and the stress tensor obtained, which

was then projected to the surface. After multiplication with the dynamic viscosity,

this gives the wall shear stress vector. This vector, τw, is the tangential shear the

luminal wall experiences due to the viscous flowing blood. For a Newtonian fluid it

is proportional to the velocity gradient normal to the wall:

τw = [µ (∇u) · n]wall , (2.17)

where n is the unit vector normal to the wall, and µ the dynamic viscosity.

The physiologically relevant wall shear stress (WSS) discussed across the lit-

erature is the magnitude of this vector, |τw|, and is generally used to characterise

steady-state flow. τw, however, is both time- and spatially-dependent, thus the os-

cillatory shear index (OSI) (He and Ku, 1996; Ku et al., 1985), and time-averaged

wall shear stress (TAWSS) are frequently used to characterise pulsatile flows. The

recently introduced transverse wall shear stress (transWSS) (Peiffer et al., 2013b),

characterises the time-dependent multidirectional nature of WSS. Post-processing

utilities were developed in Nektar++ to compute these haemodynamic wall metrics.

They are defined as:

TAWSS =
1

T

∫ T

0

|τw| dt; (2.18)

OSI =
1

2

1−

∣∣∣∫ T0 τw dt
∣∣∣∫ T

0
|τw| dt

 ; (2.19)

transWSS =
1

T

∫ T

0

∣∣∣∣∣∣τw ·
n×

∫ T
0
τw dt∣∣∣∫ T0 τw dt

∣∣∣
 dt

∣∣∣∣∣∣ , (2.20)

where n is the direction normal to the surface.
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2.5.2 Geometrical characterisation

The centerline of a vessel is a convenient way of characterising the geometry, and can

be obtained using the Vascular Modelling Toolkit (VMTK) (Antiga and Steinman,

2004). The deviation of the centerline from a straight line is described by curvature,

κ, which is the inverse of the radius of the local osculating circle, and the rotation

of the osculating plane is described by torsion, τ . Both are closely related to the

definition of the Frenet frame for a curve in space, elaborated on in Chapter 4.

For the curve r(s), parametrised by the curvilinear abscissa, s, curvature and

torsion are defined respectively as:

κ(s) =
|r′(s)× r′′(s)|
|r′(s)|3

, (2.21)

τ(s) =
[r′(s)× r′′s)] · r′′′(s)
|r′(s)× r′′′(s)|2

. (2.22)

The abscissa, curvature and torsion can all be computed using VMTK. The

curvature and torsion are dependent on the first, second and third derivatives of the

curve and are therefore very sensitive to noise in the centerline curve that may not be

appreciably noticeable in the centerline itself. Figure 2.1a shows the curvature of a

non-smoothed centerline and demonstrates the noise present. A common approach

and one carried out by Peiffer et al. (2012), is to resample the centerline at fewer

points, and run the centerline through a Laplacian smoothing filter in VMTK before

computing the curvature and torsion. The curvature and torsion, however, were

found by the author to be heavily sensitive to the degree of smoothing which in

turn is dependent on the degree of resampling and the smoothing factor applied.

This cast doubt on the accuracy of the curvature and torsion, obtained via this

approach, in characterising the centerline and vessel.

An alternative approach was decided on where the centerline was imported into

MATLAB (The Mathworks, Inc.) and appropriate smooth curves were fit to the x,

y, and z spatial data points respectively. Various options were trialled, including
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Figure 2.1: The (a) non-smoothed curvature along the centerline, (b) curvature and (c)
torsion obtained using curve fitting and Laplacian smoothing in VMTK, and (d) local
hydraulic diameter along the vessel (black) and 2 × maximum inscribed sphere radius,
obtained using VMTK.

smoothing splines, Gaussian functions, polynomials and finally rational functions

which were found to be the most appropriate in preserving the centerline. A rational

function is any algebraic function where both the numerator and denominator are

polynomials. Rational functions with polynomials of order 5 in both the numerator

and denominator fit the centerline curve the best.

Figure 2.2a shows the non-smoothed original centerline (black), the VMTK

smoothed centerline (red) for a smoothing factor of 0.1 and a resample length of

0.25D0, and lastly for the rational curve fitted centerline (blue). It is clear that the

curve fitted centerline much better preserves the original centerline than the VMTK

smoothed centerline. The curvature and torsion of these two smoothed centerlines

are shown in Figures 2.1b and 2.1c. These show much smoother behaviours of both
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κ and τ for the curve-fitted centerline compared to the oscillatory behaviour of the

VMTK smoothed centerline.

All subsequent centerlines presented in this thesis are smoothed by fitting ra-

tional functions, and curvature and torsion computed directly in MATLAB (The

Mathworks, Inc.) according to Eqns 2.21 and 2.22.

Lastly, the taper along the centerline with respect to the aortic root diameter,

is another means of characterising the vessel. Taper, θ, is defined as:

θ = arctan

(
D0 −D
2(s− s0)

)
(2.23)

where s0 is the abscissa value at the point at which taper is computed with respect

to, i.e. the aortic root, s is the local abscissa value, D is the local hydraulic diameter,

and D0 is the hydraulic diameter at the point of reference, i.e. the aortic root.

Peiffer et al. (2012) computed taper using the maximum inscribed sphere radius

obtained via VMTK in lieu of the hydraulic diameter in Eqn 2.23. This is the radius

for the largest possible sphere that can be contained within the vessel walls at a

given point along the centerline. However, it has no fluid mechanical relation, unlike

(a) Entire vessel (b) Arch

Figure 2.2: Vessel centerlines over the enter geometry (a), and close-up over arch (b).
Black corresponds to original unsmoothed centerline, blue to curve-fitted centerline using
rational functions, and red to Laplacian smoothing using VMTK.
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the hydraulic diameter which is related to mass continuity. Figure 2.1d shows the

hydraulic diameter along the centerline (black) and 2× the maximum inscribed

sphere radius (red). It is clear that a much larger change exists in D between the

arch (s ≈ 0.25D0) and the descending aorta (s ≈ 10D0) than for the maximum

inscribed sphere radius. This would affect estimates of taper. In this thesis, the

hydraulic diameter was therefore used as the more appropriate measure of taper.

2.5.3 Mapping a 3D manifold to a 2D space

Antiga and Steinman (2004) presented a method for mapping three-dimensional

surfaces, which are topologically equivalent to a cylinder, to a rectangular para-

metric space. Their method is based on a parametrisation that uses the curvilinear

abscissa and the angular position of each point around the centreline, and is imple-

mented in VMTK.

A three-dimensional manifold surface is the output of the post-processing utilit-

ies implemented in Nektar++ to compute the WSS and associated haemodynamic

wall metrics. The surface required pre-processing before being mapped, to remove

the aortic arch and intercostal branches, and cap the resulting holes formed in the

surface. This is to fulfil the requirement of the surface being toplogically equivalent

to a cylinder. The protocol outlined by Antiga and Steinman (2004) also requires

the vessel centerlines as an input, and the smoothed centerline according to the

method in the preceding section was used.

The resulting longitudinal and circumferential coordinates of the rectangular

parametric space were used to “cut” and “open” the surface in a purpose-written

MATLAB (The Mathworks, Inc.) script. This involved breaking the periodicity of

the circumferential coordinate (a function of π) by removing elements with nodes

on either side of a user-defined cutting line. A new co-ordinate system based on

the modified circumferential co-ordinates thus allowed the surfaces to finally be un-

wrapped to a 2D space. These 2D en face maps of the shear distributions facilitate

analysis and comparison between different cases.
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Chapter 3

Spatial correlation of shear stress,

disease, and macromolecule

transport in the rabbit thoracic

aorta

The robustness of the low/oscillatory shear theory has been called into question

by the findings of Peiffer et al. (2013c). Indeed, as early as 1992, Lou and Yang

(1992) cautioned against accepting the theory too readily: “The theory of low shear

stress prevails at the moment, although the correlation between high-atherosclerosis

probability areas and expected regions of low wall shear stress stress is far from

perfect. It is, therefore, not prudent to accept one theory over another.” There has

been growing interest in the role played by multidirectional flow in atherogenesis.

The transWSS was suggested to be the relevant metric to capture this type of

near-wall behaviour (Peiffer et al., 2013b) but its relationship with disease has not

yet been quantitatively assessed. This chapter is concerned with using rigorous

statistical analysis to assess the validity of the current low/oscillatory shear theory

as well as the significance of multidirectional flow characterised by transWSS in

explaining the focal and age-dependent nature of atherosclerosis.
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CFD was used to simulate time-dependent flow in four immature and five ma-

ture rabbit aortic geometries to obtain maps of TAWSS, OSI and transWSS. These

were quantitatively compared against previously published data on atherosclerotic

lesion prevalence (Cremers et al., 2011) and arterial wall permeability (Bailey et al.,

2015) specifically around intercostal branch ostia in immature and mature rabbit

aortae. The statistical analysis was carried out using a bootstrapping approach

which overcomes many of the challenges associated with identifying the significance

of the correlation between two maps. The rabbit aortic geometries in this work are

reused from Peiffer et al. (2012) and time-dependent flow re-simulated. This was

necessary as previous time-dependent flow simulations were carried out in only four

of the nine available geometries, and convergence tests (see § 3.3.4) indicate that

these simulations may have been carried out at an insufficient mesh resolution.

Specifically this chapter addresses the following questions:

1. Does the current low/oscillatory shear theory, characterised by TAWSS and

OSI, significantly correlate with disease and permeability measures, account-

ing for the age-related nature of atherosclerosis?

2. Is multidirectional near-wall flow significantly correlated with atherogenesis,

and does it explain age-related changes in the disease? Is the transWSS a

potential local risk factor?

3. Do maps of lesion frequency and arterial wall permeability correlate to each

other?

4. How sensitive are distributions of shear metrics to variations in inflow condi-

tions (Reynolds and Womersley numbers)?

5. Are there age-related changes in the geometry of the rabbit aortic arch and

descending thoracic aorta that may account for changes in flow?
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3.1 Background

The systematic review carried out by Peiffer et al. (2013c) assessed all studies that

used CFD in at least one anatomically realistic geometry in order to compare the

pattern of shear with a marker of disease. The review found that as studies became

more quantitative in their comparisons, the less likely they were to confirm the

theory, and that several studies that did report a correlation performed qualitative

visual comparisons only, which can lead to subjective analysis and cherry-picking

of data. Of the 27 studies reviewed, 5 used point-by-point comparisons; all failed

to find a significant correlation. This is striking considering that point-by-point

analysis tends to overestimate correlation coefficients and significance (see below).

The review highlighted the need to rigorously quantify the association and its sig-

nificance between disease and haemodynamic shear theories.

Quantitative comparisons have been carried out previously by Wentzel et al.

(2005), Gijsen et al. (2007) and Augst et al. (2007) using linear regression analysis

which assumes a linear association, and assumes that data points are independent

of one another, neither of which can be justified. The association between shear and

disease may not be linear, and spatial autocorrelation nullifies the assumption of

independent data points (see below). Joshi et al. (2004) avoided the assumption of

linearity by computing the Spearman’s rank correlation coefficient, but also did not

take into account spatial autocorrelation. To the author’s knowledge only Peiffer

et al. (2013a) attempted to account for spatial autocorrelation when assessing the

significance of the association between steady WSS and disease maps in the rabbit

aorta. However, as outlined in § 3.2.2, problems exist in the statistical method they

used.
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3.2 Introduction to spatial correlation

3.2.1 Hypothesis testing

In this work, we seek to quantify the association between maps of any two variables

around a sample of rabbit intercostal branch ostia taken from the total real pop-

ulation. Each map has a total of n pixels, and both have identical pixel locations

such that we have n pairs of observed values. Correlation coefficients are a means of

quantifying this association. However, the observed correlation (or any given stat-

istic) for the sample obtained in a study is alone insufficient to allow conclusions to

be made for the entire population. An observed correlation may have come about

by chance. It is not possible to know whether the population, nor even a second

sample in a repeat study, would show the same effect, but it is possible to compute

probabilities.

The p-value, often reported across the biological and bioengineering literature, is

this probability: starting with the assumption that in reality there is no correlation

(known as the null hypothesis), the p-value is the likelihood of obtaining as large a

correlation (or any statistical measure) as observed in the study just by the chance

of random sampling. Should the p-value be smaller than a threshold value, the

result is considered sufficiently unlikely to have occurred by chance that the null

hypothesis can be rejected. The result is said to be statistically significant. Should

it be larger than a threshold value, the result may more easily have occurred by

chance and so the null hypothesis is not rejected, but crucially nor is it accepted. It

is simply not possible with the evidence at hand to say whether the real correlation

is zero or whether the observed sample value is a valid estimate of it. In this case

the result is said to be statistically non-significant. In essence the p-value indicates

the statistical strength of the study and the credibility only of the results obtained.

Since hypothesis testing is centred around probabilities, errors in interpretation

are possible. A type I error arises when the null hypothesis is rejected when it should

not be, i.e. when there truly is no correlation but we are misled by a small p-value

80



into believing that the rare observed sample correlation was real and not down to

chance. A type II error is to falsely draw a scientific conclusion of no correlation (or

no effect) from a non-significant result. It arises when we misunderstand hypothesis

testing and misinterpret a large p-value as meaning the null hypothesis is true and

that there is no correlation.

3.2.2 Challenges associated with p-values

Spatial autocorrelation

Determining the significance of a correlation between two spatial maps, however,

is not a trivial task due to the presence of spatial autocorrelation, which is a well-

recognised problem in ecology (Lennon, 2000; Marie-Josée Fortin, 2002). Spatial

autocorrelation is the correlation between pairs of points within the same map. It

is the phenomenon that neighbouring regions are more likely to have similar values

(positive correlation) than would occur by chance alone. As the distance between

points increases, the dependency and correlation between them decreases (Lennon,

2000).

This poses the problem that data points cannot be considered as independent,

the assumption inherent in standard statistical tests, which if not satisfied, results

in false rejection of the null hypothesis (Student, 1914). From the Student’s t-test

for significance, the p-value is proportional to the number of degrees of freedom

(i.e. the sample size), thus using n as the sample size in the presence of auto-

correlation is an overestimate of the number of degrees of freedom. This leads to

observed correlations appearing more significant than they truly are. Lennon (2000)

demonstrated this, reporting that using regression analysis to determine significance

results in an inflation of type I error for spatial datasets with high levels of spatial

autocorrelation.

There are two approaches to take with spatially autocorrelated data. The first

is to calculate an effective sample size (m < n) at which the data points become

81



independent, and either replace n with m in the Student’s t-test to determine sig-

nificance (Clifford et al., 1989; Dutilleul et al., 1993), or resample at a lower resolu-

tion and construct a null distribution (Peiffer et al., 2013a). Rowland et al. (2015)

demonstrated that the computationally costly and conceptually complex method

proposed by Peiffer et al. (2013a) gave identical values to the modified t-test of

Dutilleul et al. (1993). Both these methods, however, rely on just one decorrelation

length, or spatial length scale, at which data points become independent, giving

only one effective sample size m. If multiple autocorrelation length scales exist in

the spatial data it is inaccurate to assume only one. If the largest length scale is

chosen, then features at smaller scales are lost, and conversely if the smallest length

is assumed then spatial autocorrelation is still present in the data (Fortin, 1999;

Rowland et al., 2015).

The second approach is to incorporate the degree of spatial autocorrelation

into the null hypothesis using restricted randomisation tests (Deblauwe et al., 2012;

Fortin and Jacquez, 2000; Lennon, 2000; Marie-Josée Fortin, 2002; Rowland et al.,

2015). In these tests, surrogate maps that preserve the level of spatial autocorrela-

tion are randomly generated from one of the spatial maps and then correlated with

the second spatial map to obtain the null distribution (Manly, 2007). This can be

achieved by the toroidal shift method (Upton and Fingleton, 1985) which constructs

a 2D torus (a doughnut shape) by connecting edges of the spatial map together and

subsequently shifting one map over the other creating surrogate maps which have

the original spatial structures. Another method is to generate surrogate maps with

the same estimated degree of spatial autocorrelation using variations of the Fourier

and Wavelet transforms, such as the Iterative Amplitude Adjusted Fourier Trans-

form (IAAFT) and Dual-Tree Complex Wavelet Transform (DT-CWT) (Deblauwe

et al., 2012; Kingsbury, 2000). While these methods account for spatial autocorrel-

ation with multiple length scales, Rowland et al. (2015) has shown they still suffer

from type I errors at high levels of autocorrelation. Lastly, the branch ostia present

in the maps of this study complicate the procedure of generating random surrogates

(Rowland et al., 2015).
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The ecological fallacy

The purpose of this and other studies is to develop an understanding about the

relation between two variables at the individual level, i.e. within the same vessel.

However, biological and/or biomechanical variables are often obtained via destruct-

ive post-mortem methods. Indeed it is impossible to otherwise generate lesion maps

and although geometries for CFD simulations can be obtained by in vivo methods

such as MRI, their accuracy and resolution is not as reliable as postmortem corro-

sion casting (see § 2.3.1 for more of a discussion). The use of post-mortem methods

renders it impossible to obtain individual paired-data - the ideal case - where more

than one variable is measured in the same vessel. Across the literature, the conven-

tion is therefore to obtain samples of individual-level data for two or more variables

and compute averages over a common anatomical feature such as a bifurcation

apex, or an intercostal branch ostium as in this study. The correlation between the

averages is then assessed, which is known as an ecological correlation (Robinson,

1950).

However, it is the association between individual-data not aggregate-data that

is of interest. The assumption that there is a correspondence between the two was

shown to be incorrect in the seminal work by Robinson (1950). Aggregating data

reduces the variance and biases results towards stronger correlations: two variables

at the individual level may have a negative correlation and yet at the aggregate

level display a strong positive correlation. Drawing conclusions on the existence

and strength of individual-level associations from aggregate data is an ecological

fallacy, a term later coined by Selvin (1958). Ecological correlations are not valid

substitutes for individual correlations, and although they are used in cases where

individual correlations are not possible, it should be made explicitly clear to which

level of data the correlations and conclusions relate.

The significance of the correlation between the two aggregate maps via methods

so far proposed is dependent on the effective number of pixels in the map (m), not

the number of sample individual maps from which the average map is computed.
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However, intuitively, the likelihood of the observed correlation occurring by chance

should be more dependent on the number of individual maps, than the number of

pixels and should decrease with an increase of the former.

p-values vs confidence intervals

Recall that the p-value is in essence a measure of how well a study is able to obtain

statistical measures that are not down to chance. It gives no information about the

scientific importance of the results, for example, whether a correlation is strong or

weak. Gardner and Altman (1986) provide a strong argument against the use of

p-values and null hypothesis testing, claiming the concepts behind them are con-

fusing and result in their widespread misinterpretation and misuse. They argue its

importance is over-inflated, and that it is mistakenly believed that obtaining stat-

istically significant results should be the aim of any study, as opposed to obtaining

scientifically interesting and significant results. They point out that the excessive

use of hypothesis testing had reached such a degree that in some studies the p-value

alone was reported in the body text with no mention of the scientific result (be

it a correlation, or a difference between means, etc.). The conflation of statistical

significance and scientific significance leads to type II errors. Hypothesis testing is

never able to accept the null hypothesis, and can never conclude that there is no

correlation, which is often how studies conclude a p > 0.05 result, itself an arbitrary

threshold value. As the title of the statistics note by Altman and Bland (1995) put

it “absence of evidence is not evidence of absence”.

Recall also that a study is only able to compute a statistic based on a sample,

and not the total population. It is therefore more useful to present the results as

estimates of what the true population value would be, in effect accounting for the

lack of precision of the sample result. This can be achieved with confidence intervals

(CI), first advocated by Rothman (1978). A confidence interval is a range of possible

values of the true population statistic and evidently gives more information than a p-

value regarding the uncertainty around the sample estimate (Gardner and Altman,
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1986; Wood, 2005). Moreover, CIs still allow us to carry out hypothesis tests: should

the CI include the value 0 (the value examined under the null hypothesis), the result

is said to be non-significant. Crucially, we can also accept the null hypothesis and

conclude there is a high likelihood of no correlation, the degree of which is dictated

by the level of the CI. For example, a 95% CI is able to estimate with 95% certainty

what the range of the true population value is, and thus be 95% certain that there

is no correlation with p < 0.05 if it includes the value of 0.

The merits of CIs are so numerous that Gardner and Altman (1986) concluded

in their discussion of p-values and CIs that the CI “should become the standard

method for presenting the statistical results of major findings.”.

3.2.3 Estimating confidence intervals with bootstrapping

To compute the CI of a statistic, we first form the sampling distribution of the

population of the statistic. This requires repeating experiments to obtain many

samples of size n from the original population. However, Efron (1979) showed

that rather than taking more samples to directly form the sampling distribution,

it can be estimated using the faster and more cost-effective resampling technique

of bootstrapping. This method generates resample average maps from the original

sample of individual maps, and uses the distribution of the resample statistic (known

as the boostrap distribution) to estimate the variation in the sample statistic due

to random sampling from the population.

The bootstrapping approach circumvents the problems association with spa-

tial autocorrelation, since all resamples will have similar degrees of autocorrelation

(Rowland et al., 2015). It also takes into account the importance of the number of

individual maps (the sample size n) when estimating significance. Significance is

related to the width of the CI (the wider it is the more likely it will include a value

of 0), which in turn is dependent on the number of individual maps. The method

also has fewer requirements that need to be met, such as large sample sizes and

normal population distributions (Hesterberg et al., 2005).
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The bootstrapping technique is used throughout this chapter and in Chapter

5 to estimate CIs and perform significance tests of correlations between disease

and biomechanical variables around aggregated intercostal branch maps. In the

bootstrapping technique, the original sample now represents the population. The

bootstrap resamples obtained from this original sample (now population) are there-

fore the equivalent to what we have if more samples are taken from the population.

The bootstrap distribution of a statistic based on these resamples is therefore an es-

timate of the sampling distribution of the statistic based on many samples from the

true population. The data obtained in a study are used twice: first to compute the

sample statistic as an estimate of the true population value, and second to estimate

its variation, i.e. the range that the true population value can take. The spread of

the distribution gives a rough idea of variation among the resample statistics, and

thus of the sample statistic. It dictates how wide the CI will be. Hesterberg et al.

(2005) provide a broader and more detailed overview of the method.

3.3 Methods

3.3.1 Geometries

Four immature and five mature rabbit geometries were reconstructed from micro-CT

of vascular corrosion casts and presented in Peiffer et al. (2012). These anatomically

realistic rabbit proximal thoracic aortae are shown in Figure 3.1. Peiffer et al.

(2012) carried out time-dependent flow simulations in rabbits A, C, G and J, and

steady simulations in all but rabbit E. Geometry E was excluded from the study,

and is excluded again here, since it was identified as an outlier in the immature

group based on its hydraulic diameter using Chauvenet’s criterion. All the other

rabbit geometries were used to carry out time-dependent flow simulations here using

Nektar++ (details in § 2.2), and Table 3.1 gives their ages, weights and hydraulic

diameters.
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Figure 3.1: Surface reconstructions of the aortic arch and descending thoracic aorta of immature (A-E) and mature (F-J) rabbits. Geometry
F was taken from Vincent et al. (2011) and the rest from Peiffer et al. (2012). With permission reproduced from Peiffer (2012).
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Rabbit ID Age Weight (kg) D0 (mm)

A 11.1 w 1.83 3.35

B 9.9 w 1.85 3.97

C 11.3 w 1.83 3.51

D 9.3 w 1.58 3.45

F 18 m 3.25 5.84

G 9.5 m 3.24 4.32

H 7.6 m 3.85 4.38

I 9.1 m 3.76 4.94

J 8.7 m 4.27 6.60

Table 3.1: Details of the animals used in this work. Age is expressed in weeks (w) or
months (m). D0 is the hydraulic diameter at the aortic root. Rabbits A-D are immature
and rabbits F-J are mature.

3.3.2 Boundary conditions

§ 2.4 details the general boundary conditions applied in the CFD model used

throughout this thesis. Briefly, rigid walls are assumed with a no-slip condition,

blunt axial inflow profiles are applied at the aortic root and fully-developed para-

bolic velocities are applied at the branch outlets. A zero velocity gradient Neumann

boundary condition is specified at the descending aorta outlet, and an absorption

layer (see § 2.2.4) is defined immediately upstream. Lastly, a zero velocity field

was selected as the initial condition. Here we present specific values relevant to the

rabbit aorta.

Branch outlets Flow splits to the arch branches were obtained from experi-

mental measurements (Barakat et al., 1997): 14.7% of the ascending aorta flow to

the brachiocephalic trunk (BCT), left common carotid artery (LCCA) and their

daughter vessels, and 7.1% to the left subclavian artery (LSA) and its daughter

vessels. The nine or ten intercostal arteries received a combined total of 2% of the

descending aortic flow. This assumption was based on the velocity measurements

by Sloop et al. (1998).
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Cardiac waveform The velocity profiles applied at the aortic root and at all

branch outlets, and prescribed in the absorption layer, were all modulated with the

velocity waveform shown in Figure 3.2. This was computed previously using a 1D

pulse wave propagation model of the largest arteries of the systemic circulation of a

rabbit (Alastruey et al., 2009). The waveform corresponds to that of the flow at the

proximal descending aorta, immediately downstream of the aortic arch. This was

selected since the flow in the descending aorta and in the vicinity of the intercostal

branch ostia were of primary interest in this study.

Figure 3.2: Physiologically realistic velocity waveform applied at the aortic root and
branch outlets for time-dependent simulations. u0 = 0.199m/s.

3.3.3 Mesh and simulation details

Two sets of simulations are carried out in this study:

1. Constant Reynolds and Womersley numbers (α) for all geometries. Termed

“Re300” simulations.

2. Constant inflow velocity (u0) for all geometries and constant time periods (T ),

i.e. heart rates, within each age group. Termed “physiological” simulations.

The “Re300” simulations are carried out for Rein = 300 as the name implies,

corresponding to an average inflow velocity of 0.199 m/s (Avolio et al., 1976) for

rabbit F, and for α = 3.76, which was computed based on a constant reduced

velocity of Ured = 33.3 corresponding to a time period of 0.32 s in rabbit A. In
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this way the effect of geometry alone on patterns of shear metrics is investigated.

The period of the waveform (and therefore cardiac heart beat) and the spatially

and temporally averaged inflow velocity (u0) vary across the geometries due to the

variation in their hydraulic diameters. These are given in Table 3.2.

The assumption of a constant inflow velocity in the “physiological” simulations

is based on experimental measurements of mean flow rates (Avolio et al., 1976) and

the evidence that peak aortic blood velocity is independent of body mass (Weinberg

and Ethier, 2007). These are carried out for u0 = 0.215 m/s and physiological values

of T = 0.24 and 0.32 s for immature and mature rabbits respectively (E. L. Bailey

and P. D. Weinberg, unpublished observations). The corresponding inflow Reynolds

numbers, Womersley numbers and reduced velocities are given in Table 3.2.

Coarse meshes were generated as described in the method outlined in § 2.3.2.

Tetrahedral element meshes with a 0.02D0-thick prismatic element boundary layer

were generated. Minimum and average element size were approximately 0.007D0

and 0.25D0 respectively, giving ≈ 150000 total elements. This is the equivalent to

Rabbit ID Nel

Re300 Physiological

u0 (m/s) T (s) Rein α Ured

A 151 644 0.347 0.32 186 4.36 15.4

B 151 873 0.292 0.45 220 5.17 13.0

C 152 664 0.331 0.35 195 4.56 14.7

D 150 646 0.337 0.34 192 4.48 15.0

F 199 917 0.199 0.98 324 6.57 11.8

G 152 090 0.269 0.53 240 4.87 15.9

H 133 855 0.265 0.55 243 4.93 15.7

I 154 418 0.235 0.70 274 5.57 13.9

J 175 529 0.176 1.25 366 7.44 10.4

Table 3.2: Details of the simulation parameters for “Re300” and “physiological” simu-
lations: spatially and temporally average inlet velocity u0, time-period of a cardiac cycle
T , inflow Reynolds number Rein, Womersley number α and reduced velocity Ured. Also
given is the total number of elements in the coarse mesh. Rabbits A-D are immature,
and rabbits F-J are mature.
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approximately 50M linear tetrahedral elements using fifth-order polynomial expan-

sions (p = 5). The precise number of elements is given in Table 3.2.

3.3.4 Convergence tests

Rabbit C was used to carry out mesh refinement and convergence tests, and to

compare with data from Peiffer et al. (2012) obtained using an old implementation

of the spectral/hp element method, ηεκταr, but with identical boundary conditions.

The following simulations were carried out:

• h-refinement: meshes with 72684, 141970 and 202889 elements were generated.

These are labelled 73k, 140k and 200k respectively. The first was obtained

from Peiffer et al. (2012) and converted into a compatible format for Nek-

tar++. The latter two were generated according to § 2.3.2. All simulations

were carried out for p = 5 and were run for two cardiac cycles.

• p-refinement: for the 140k mesh, simulations were run at p = 3 and 5 for one

cardiac cycle.

• cycle-to-cycle: The 140k mesh with p = 5 was run for 3 cardiac cycles.

The median spatial value of WSS at peak systole differed by 0.13% using poly-

nomial orders 3 and 5, and two cardiac cycles was found to be sufficient for cycle-

to-cycle convergence from history point analysis.

The velocity vector and pressure at the centerline points of the geometry were

extracted at peak systole for the three simulations carried out in the h-refinement

study as well as for the previously published dataset. These are shown in Figure

3.3. In general meshes 140k (red) and 200k (blue) had very similar values, whereas

there were clear and noticeably large differences between the 140k and 73k (black)

solutions, for all four variables. Indeed, the median spatial value of WSS at peak

systole differed by 27% between the 73k and 140k meshes. The 73k mesh showed

very similar values to the ηεκταr (green) simulation (Peiffer et al., 2012), unsur-

prising considering the meshes are identical. The results indicate that meshes with
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Figure 3.3: Non-dimensional velocity components (u∗, v∗, w∗) and pressure (p∗) along
the centerline at peak systole for simulations using Nektar++ for three different h-
refinement mesh resolutions, ≈ 73k (black), 140k (red) and 200k (blue) elements, and
for the simulation using ηεκταr (green) in the same mesh as the ≈ 73k one (black).
Values were normalised by the value at the aortic root (abscissa = 0). p = 5 for all
simulations, and values were obtained from the second cardiac cycle. These simulations
were carried out for rabbit C.
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≈ 73,000 elements are not mesh-independent, and increasing the mesh resolution

further causes non-negligible changes in the solution. This also indicates that the

results obtained in Peiffer et al. (2012) may not have been carried out for sufficiently

fine meshes.

In this study, a fifth-order polynomial expansion (p = 5) is used in meshes with

approximately 150,000 elements, and simulations were run for two cardiac cycles.

3.3.5 Haemodynamic WSS metrics

The wall shear stress vector was computed (see § 2.5.1) at 100 time-points over the

cardiac cycle. From these, the time-averaged haemodynamic metrics, time-averaged

wall shear stress (TAWSS), oscillatory shear index (OSI) and transverse wall shear

stress (transWSS), were calculated. The resulting three-dimensional manifold for

each geometry was processed (branches clipped, and capped) and mapped onto a

rectangular parametric space using VMTK (§ 2.5.3).

3.3.6 Atherosclerotic lesion localisation

Lesion frequency data around intercostal branch ostia of immature and mature

rabbits were obtained previously by Cremers et al. (2011). Below is a brief summary

of the relevant procedures (smaller font; with permission from P. D. Weinberg).

Animals

For the relevant part of this study, eight immature (approx. 9 weeks old) and nine mature (approx.

6 months old) male New Zealand White rabbits (HSDIF strain; Harlan, Bicester, Oxford, UK)

were used. They were fed 75g/day of a normal diet suppliment for eight weeks with 1% w/w

cholesterol.

93



In vivo protocol

The animals were euthanised and the aortae were cannulated below the origin of the superior

mesenteric artery. They were flushed with Ringer’s solution via retrograde perfusion, and sub-

sequently fixed with 10% buffered formalin for 10 min. The section of the aorta from the point of

cannulation to the start of the descending aorta, after the arch, was excised, cleaned of remain-

ing adventitial tissue and further divided to extract the descending thoracic segment. The third

pair of intercostal branches were removed for a separate study and are not included here. All

other branches, from the first to the seventh, eighth or ninth pair were included depending on the

animal.

Imaging

The descending thoracic tissues were equilibrated with phosphate buffered saline (PBS) and

stained for 1 h in a 1% w/v solution of Oil Red O in 60% v/v triethyl phosphate. They were

subsequently destained for 30 min in 60% triethyl phosphate and equilibrated again with PBS.

0.003% w/v Evans blue was then used to counterstain for 1 h followed by PBS for 30 min to des-

tain. The tissues were then cut open along the ventral wall and scanned using a flatbed scanner

at a nominal resolution of 3200 dpi with the luminal side facing downwards. Regions with a lesion

appeared red against a blue background.

Lesion quantification

This part of the study was carried out a second time by Dr. E. L Bailey after loss of the individual

branch maps originally obtained by Dr. S. G. Cremers. Areas sized 2.4× 3.6 mm centred on the

intercostal branch ostium were selected. Each image was imported into MATLAB with a grid of

20 × 30 pixels overlaid (each pixel therefore 120 × 120µm in size). The presence of a lesion was

recorded manually by selecting pixels which had lesions present for > 50% of its area. The result

was binary maps recording presence of a lesion as 1, and lack of a lesion as 0.

3.3.7 Arterial wall permeability

Arterial wall permeability around intercostal branch ostia of immature and mature

rabbits were obtained previously by Bailey et al. (2015). Below is a brief summary

of the relevant procedures (smaller font; with permission from P. D. Weinberg).
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Animals

Immature (approx. 9 weeks old), mature (approx. 6 months old), and exbreeder (16-22 months

old) male New Zealand White rabbits (HSDIF strain, Specific Pathogen Free, Harlan, UK) were

used for the relevant part of this study. They were housed individually in pens and fed a standard

laboratory diet (SDS) with tap water ad libitum.

In vivo protocol

Rhodamine-labelled albumin (150 mg/kg was administered via the marginal ear vein to animals

while conscious and left to circulate for 10 min. Via the same route, Heparin (2000 units) was

administered 8 min after the tracer and at 10 min the animal was euthanised with an overdose of

sodium pentobarbitone. A retrograde cannula was inserted into the aorta at the diaphragm level

and used to flush the thoracic segment with saline for 30 s, followed by 15% formaldehyde. After

approx. 1 min the aortic arch was clamped and after 30 min of in situ fixation, the aorta was

excised.

Imaging

The excised descending thoracic aorta was opened along its ventral side, pinned to a silicon gel and

lastly postfixed in 15% formaldehyde overnight. The segment was mounted luminal side facing

upwards onto a microscope slide using mowiol-glycerol mounting medium and left to set overnight.

Areas of the aorta encompassing at least the second to fourth pairs of intercostal branch ostia was

scanned en face using an inverted Leica SP5 laser scanning confocal microscope. Autofluorescence

in the tissue and fluorescence from the rhodamine-labelled albumin were excited at 458 and 561

nm and detected at 465-515 and 585-620 nm respectively. The voxel size was 6 × 6 × 1µm in x,

y and z directions respectively, corresponding to aortic axis (x), circumferential direction (y) and

depth into the wall (z).

Tracer uptake quantification

Using in-house software, each confocal data file of voxel intensities were imported into MATLAB,

and a flatfield correction applied to remove spatial biases in sensitivity. The luminal surface was

located by intensity thresholding according to the method of Otsu (1979). Intensities were summed

over a depth of 10µm from the surface into the tissue resulting in two-dimensional maps of uptake

in the inner wall.
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3.3.8 Statistical analysis

The maps

To keep statistical analyses of the co-localisation of shear metrics with disease, and

shear metrics with permeability measures, comparable, constant map sizes were

selected within each age group. The largest region of interest (ROI) possible was

constrained by the permeability data to 1.92× 1.92 and 2.4× 2.4 mm for immature

and mature intercostal branch ostia, respectively. For all datasets, each map was

centred on the individual branch ostium, which was selected as a datum to average

all individual maps within each dataset. Where a pixel was located in the branch

ostium of that individual map it was given an NaN value, and when averaged was

excluded in the total count of branches.

Each voxel was sized 120× 120µm and 6× 6µm for the lesion and permeability

data respectively. For the immature rabbits this gave maps 16× 16 and 320× 320

pixels for lesion and permeability respectively, and for the mature rabbits, 20× 20

and 400 × 400 pixels respectively. Shear data were interpolated using a purpose-

written MATLAB script to match the resolutions of each of the other variables. A

circular branch ostium corresponding in diameter to approx. a third of the map

was then overlaid centrally on the averaged maps.

Data
Immature Mature

n Age (w) n Age (m)

CFD 37 10.4 49 10.6

Lesion (120µm) 106 9 115 6

Permeability (6µm) 18 9 31 -

Table 3.3: Summary of sample sizes and ages of the rabbit CFD shear, lesion and
permeability datasets.

Table 3.3 summarises the data from the CFD, lesion, and permeability studies,

giving n number of individual branches, and the average ages. For the shear data,

all available branches from the geometries were included with the exception of the

fifth intercostal pair from rabbit C which were positioned so close to one another
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that they encroached into each other’s map. Note also that one of the five mature

rabbits (F) was aged 18 m; if excluded the average age is 8.7 m. The shear data from

this geometry was not noticeably different to the other four mature geometries.

For the lesion data, branch pairs one up to and including nine were obtained

with the exception of the third pair for all rabbits. The ages quoted above are

the average animal ages at the start of an eight week cholesterol feeding diet, after

which the animals were sacrificed and data collected. The individual branch maps

are also binary which gives discontinuous pixel values in the average map. The

Spearman’s rank correlation coefficient accommodates discontinuous data.

Lastly, the mature permeability data is a combined pool of branches obtained

from 6 month old mature rabbits (n = 17) and 16-22 month old exbreeder rabbits

(n = 14). Only pairs two to five were obtained during the confocal microscopy

scanning procedure.

Summary of relations investigated

The following relations are assessed in this study:

• Shear metrics from both “Re300” and “physiological” simulations with lesion

frequency data for immature and mature groups.

• Shear metrics from both “Re300” and “physiological” simulations with wall

permeability data for immature and mature groups.

• Immature “physiological” metrics with immature lesion where the ROI was

resized to 2.4× 2.4 mm, matching the mature map.

• “Physiological” shear metrics with lesion frequency data where only the first

to fifth branch pairs were included for both age groups. n = 59 and 69

respectively.

• “Physiological” mature shear metrics with the exbreeder and the 6 month old

mature permeability branches separately.
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• Lesion with permeability for both age groups, and for mature lesion with the

exbreeder and the 6 month mature permeability data separately.

• Between immature and mature lesion maps and between immature and ma-

ture permeability maps (in other words a cross-correlation between the two

age groups for both datasets).

These relations were quantified to assess the sensitivity of the results to factors

such as number of branch pairs included, the effect of ROI, and whether differences

in the age of the mature rabbits used for permeability data was important.

Spatial correlation

Much of the identification of a suitable method and testing of various statistical

methods for assessing significance of a correlation between two lattice datasets was

carried out collaboratively with Dr E. Rowland. Rowland et al. (2015) presents a

comprehensive assessment of various methods discussed in § 3.2. The author of this

thesis carried out all statistical analysis presented throughout.

As briefly alluded to in the introduction, a Spearman’s rank correlation coef-

ficient, r, assumes a monotonic relation only and so circumvents the assumption

of a linear relationship. It works by ranking each variable’s pixels from lowest to

highest intensity and prescribing each a rank ID. The Pearson’s correlation coeffi-

cient is then computed between the ranked ID maps.

To test for significance we compute CIs using bootstrapping. The protocol

carried out using MATLAB is outlined below and shown schematically in Figure

3.4:

1. Randomly sample with replacement individual maps from variable 1 (m in-

dividual maps) and randomly again from variable 2 (n individual maps) to

create two new bootstrap samples of size m and n respectively.

2. Compute the average maps for the two new bootstrap samples, and overlay

the correct branch mouth size as described above.
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3. Compute r between the two bootstrap average maps using the built-in MAT-

LAB function, excluding branch pixels in the process.

4. Repeat steps 1-4 nboot times to generate the bootstrap distribution of r.

5. Find the 2.5% and 97.5% percentiles of the bootstrap distribution, which gives

the lower and upper bounds of a 95% CI.

Figure 3.4: Schematic diagram of the bootstrap method to evaluate significance of
correlation coefficients between two spatial datasets. Sample average maps (A′ and B′)
are created by sampling with replacement from the set of individual branch maps for each
variable (A and B). Correlation coefficients are computed for each new pair of sample
average maps. Repeating this nboot times forms the bootstrap distribution which has
the same characteristics as the sampling distribution, and from which 95% confidence
intervals can be found. With permission modified from Rowland (2016).

Nearly all the variation in the bootstrap distribution arises from the variation

in randomly selecting the original sample from the population. The random res-

ampling process in step 1 has a small influence on the variation of the bootstrap

distribution (Hesterberg et al., 2005). As a result bootstrap distributions based

on small samples can be very variable. Wood (2005) suggested samples of size 20

(m and n) to be sufficient. They also suggested the number of repetitions to be

nboot = 10, 000, however, in their study this took only 20 s, whereas 100 bootstrap

samples takes 32 s in this study. Nonetheless, nboot = 10, 000 was adopted here for

the sake of accuracy. In future this number should be study-specific; optimised for
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accuracy and computational cost.

The correlation coefficient is said to be significant if the CI excludes r = 0.

Should the CI not include r = 0, i.e. for small p-value, then there are three possible

interpretations. The first is if the CI contains only trivial r values, indicating a high

likelihood of a weak correlation. The second is if the CI contains only large r values

indicating a strong correlation. Lastly, the third is if the CI ranges from a large

value to a trivial one. In this last case a strong conclusion can not be reached. It

is 95% certain that there is a correlation, but it is unclear if that is strong or weak.

Should the CI include r = 0, then there are two possible interpretations. The

first is if the CI ranges from a trivial negative r to a trivial positive r, which is an

informative negative result. Either there is no correlation or the correlation is so

small it can be considered scientifically unimportant.The second is if one or both

bounds of the CI is a large value, in which case a strong conclusion cannot be made.

3.3.9 Geometrical analysis

§ 2.5.2 outlines how the curvature, torsion and taper of a vessel are estimated.

Briefly, for each of the nine rabbit geometries in this study, the centerline was ob-

tained using VMTK (Antiga et al., 2003), and was smoothed using rational functions

in MATLAB to prevent noise in the results, and the three geometrical characterist-

ics were obtained for 1000 equidistant points.

To quantitatively compare the immature and mature vessels, a two-sample Stu-

dent’s t-test was carried out to identify the significance of the difference between the

immature and mature mean values. This was performed for five selected locations

of interest shown in Figure 3.5; immediately upstream of the first branch of the

aortic arch (i.e. the ascending aorta), at the point of maximum curvature (which

generally occurred directly opposite the origin of the second branch mouth of the

arch), the start of the descending aorta (just downstream of the ductus arteriosus

scar), and at the first and fifth intercostal pairs.
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1 - Ascending aorta

2 - Maximum curvature

3 - Descending aorta

4 - First intercostal pair

5 - Fifth intercostal pair

Figure 3.5: Five selected locations for geometrical analysis between immature and ma-
ture rabbit aortic geometries; 1) ascending aorta, 2) point of maximum curvature, 3) start
of the descending aorta, and 4) first and 5) fifth intercostal pairs.

3.4 Results

3.4.1 WSS metrics around intercostal branch ostia

The average maps of transWSS, TAWSS and OSI around intercostal branch ostia

for the two sets of simulations and at both age groups are shown in Figure 3.6.

Consider the results for the “physiological” cases (bottom row of Figures 3.6a and

3.6b). Both immature (Figure 3.6a) and mature (Figure 3.6b) averaged maps of

TAWSS had a region of high TAWSS immediately downstream of the branch ostia

and a region with a moderately high value upstream of the branch ostia relative

to the background value. In both, the lateral sides of the branch had the lowest

values of TAWSS. OSI also shows similar distributions for both age groups: a ring

of high OSI was present immediately around the branch with the exception of the

downstream edge where a large low-valued patch was present.
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Figure 3.6: En face (a) immature and (b) mature average maps of transWSS, TAWSS
and OSI around intercostal branch ostia (white) obtained from “Re300” and “physiolo-
gical” simulations. Flow is top to bottom. transWSS and TAWSS given in Pascals.

102



For transWSS in both age groups, the region upstream of the branch had low

values, and in patches on the lateral and downstream sides of the branch, transWSS

was high. Relative to the downstream lip of the respective branch ostia, the lateral

sides had higher values in the immature map than the mature map leading to a

more downstream “arrowhead” pattern. Since the Reynolds numbers and therefore

averaged inflow velocities for the mature “physiological” cases are higher than those

of the immature cases, the absolute values in the mature transWSS and TAWSS

maps were higher, with OSI showing similar values for both age groups.

Between the metrics and regardless of age group, it is noticeable that the OSI

and TAWSS maps showed similar but inverse patterns. The transWSS map, how-

ever, had a different distribution to the other two metrics. This is more clearly

shown in Figure 3.7 where the average maps are presented with their absolute val-

ues replaced with their rank ID. These maps, where each pixel is ranked from lowest

intensity to highest intensity, give a better visual understanding of the Spearman’s

rank correlation coefficients.

The results from the “Re300” cases (top row of Figures 3.6a and 3.6b and

Figures 3.7a and 3.7b) are now compared to the “physiological” results (bottom

rows). All three metrics showed very similar distributions and patterns between

the simulation cases and for both age groups. The TAWSS and OSI maps showed

almost indistinguishable patterns for both simulation types. For transWSS, the

defined tip of the downstream arrowhead pattern in the “Re300’ immature map

appears to have developed a split in the respective “physiological” map (more clearly

observed in Figure 3.7a). The mature transWSS pattern (column 1 in Figures

3.6b and 3.7b) also showed patterns which were not as identical to one another as

those of the other two metrics. However, these differences are slight. The values

themselves are different (note the different axis of the colorbars in Figure 3.6).

The OSI showed similar values for both cases, but the TAWSS and transWSS for

the immature “Re300” maps had nearly double the values in Pascals compared

to the “physiological” maps, which reflects the difference between the range of

Reynolds numbers in the “physiological” case ([190, 220]) and Rein = 300. TAWSS
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Figure 3.7: Averaged maps in Figure 3.6 with absolute values replaced by the rank
order ID of pixels.
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and transWSS for the mature maps, however, had similar values to the respective

“Re300” simulations since the range of Re was ([240, 370]).

Hence, all three metrics were similar between the simulation types, but the

transWSS appeared to be the most sensitive to the changes in inflow conditions.

The maps for individual branches generally showed near-identical patterns for both

simulation types (see Figures A.13 and A.14 in Appendix A.2). Figure 3.8 quantifies

this similarity for the individual maps. The correlation coefficients (r) for the

relation between the two cases for each map (i.e. paired-data) are presented in the

form of histograms. The median r values for transWSS, TAWSS and OSI are 0.87,

0.93, 0.83 and 0.89, 0.99 and 0.94 for immature and mature branches respectively.

The most frequent values are those in the range [0.9, 1] for all metrics at both ages.

Of the three, TAWSS showed the least spread, whereas OSI and transWSS showed

a greater spread in the r values, indicating an increased sensitivity to the change

in inflow conditions and implying that directionality of the flow rather than the

magnitude of the shearing forces may be more sensitive.
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Figure 3.8: Histograms of the correlation coefficients for the relation between “Re300”
and “physiological” simulations at the individual-branch level for both age groups and for
transWSS, TAWSS and OSI.
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3.4.2 Qualitative comparison of WSS metrics with lesion

and permeability maps

The averaged immature and mature lesion frequency maps using all branches from

pairs one through to (in some cases) nine are presented in Figure 3.9 (columns 1

and 3 respectively, top row). The immature map showed a downstream arrowhead

pattern around the branch ostia and the mature map showed the presence of two

lateral lobes slightly downstream of the ostial “equator” and a lower frequency than

the immature map. The ranked maps are also presented (bottom row).

Similarly, the averaged maps for the arterial wall permeability to rhodamine-

labelled albumin are presented in Figure 3.10 (columns 1 and 2 respectively, top

row) as well as the ranked maps (bottom row). The immature map showed an

Pairs 1-5

IMMATURE

All pairs Pairs 1-5

0 40%20

MATURE

All pairs

Figure 3.9: En face averaged maps of lesion frequency around intercostal branch ostia
(white) in immature (column 1 and 2) and mature (columns 3 and 4) rabbits. Averaged
maps based on all individual branches from pairs one to nine shown (“all pairs”) as well
as averaged maps based on branches from pairs one to five (“pairs 1-5”). Top row shows
maps with absolute pixel values (%), and bottom row shows ranked maps. Flow is top to
bottom.
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arrowhead pattern as in the immature lesion map, however the pattern was not as

dominantly downstream of the branch ostia: the immediately lateral sides of the

branch ostia had as high values as the region downstream of the branch, which

differed from the lesion map, where there was a larger region downstream of the

branch that had higher values than the lateral regions. The mature map had two

lobes of high fluorescence intensity on the lateral edges of the branch ostia, but

these were not as downstream of the ostial “equator” as the lesion patterns.

Comparing these maps with the shear maps for the “physiological” simula-

tions (Figures 3.6 and 3.7, bottom rows) reveals that for the immature maps, the

transWSS pattern most resembled the arrowhead pattern in both lesion and per-

meability maps. In the maps of TAWSS and OSI, the lack of an arrowhead pattern

(where there is a continuous region of high TAWSS and/or low OSI from the imme-

diately lateral sides of the branch ostia to its downstream lip) disrupts the similarity

of these maps with the lesion and permeability immature maps.

MatureImmature Mature 6M Mature Exbreeder

700 13001000500 1300900

Figure 3.10: En face averaged maps of arterial wall permeability for immature (column
1), all mature (column 2), 6 month old (column 3), and exbreeder (column 4) rabbit
intercostal branch ostia. Top row shows maps with absolute pixel values (fluorescence
intensity units), and bottom row shows ranked maps. Flow is top to bottom.
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For the mature shear maps, it is not immediately obvious that any of the met-

rics resembled either lesion or permeability distributions. Although the mature

transWSS pattern was high downstream of the branch ostia, it was also low over

the entire upstream region and high on the lateral edges of the branch ostia as well

as downstream of these lateral regions, which bears some similarity with the lesion

map. The generally high transWSS values over the bottom half of the map were at

odds with the low permeability values in that region. Neither the TAWSS nor the

OSI showed much resemblance to the lesion map. For the permeability map, they

showed similar distributions, with high OSI on the lateral sides around the branch

ostia and on the left and right borders of the map, but low OSI immediately down-

stream of the branch matching similar distributions of high and low permeability

values. TAWSS showed an inversely similar distribution to permeability.

Column 2 and 4 of Figure 3.9 and columns 3 and 4 of Figure 3.10 are discussed

further on.

3.4.3 Quantitative comparison of WSS metrics with disease

markers

The relations between the shear maps and lesion and permeability maps in the

preceding section are quantified here. Tables 3.4a and 3.4b give the Spearman’s

rank correlation coefficients for the relation between the three shear metrics and

lesion and permeability, respectively, for each age group, and for both simulation

types. The focus, however, is on the relationships with the “physiological” shear

data.

For the immature lesion map, the transWSS correlated most strongly (and pos-

itively, r = 0.85) and with a high value for the lower bound of the CI. TAWSS had

a small coefficient with a CI spanning weak positive values. OSI weakly negatively

correlated. For the mature lesion map, transWSS again had the strongest coeffi-

cient values (and positively, r = 0.60), although not as strong as for the immature

maps. The TAWSS had a near-zero negative r value, with a CI that spanned r = 0
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indicating the negative relationship is non-significant. The small upper and lower

bounds indicate a 95% likelihood of no correlation with the mature lesion map. The

same can be said of OSI which had a small negative value, and a CI including r = 0.

For the immature permeability map, transWSS again correlated most strongly

(and positively, r = 0.64). However, the CI was wide, and the small value of the

lower bound weakens this result. The TAWSS was weakly negatively correlated,

with a negative upper bound (-0.05) marginally different to r = 0. OSI was weakly

positively correlated and with a CI including r = 0 indicating a non-significant

result. For the mature permeability map, the transWSS did not give the strongest

correlation unlike all previous analyses. It was weakly positively correlated with a

wide CI that included r = 0 indicating a 95% possibility of no correlation. Both

TAWSS and OSI strongly negatively and positively correlated with permeability

respectively, although the bounds of their respective CIs suggest possibly more

modest correlations for the true population mean maps.

The results from Tables 3.4a and 3.4b confirm the visual analysis that transWSS

resembled disease best at both age groups and resembled permeability best in im-

mature rabbits, whereas OSI and TAWSS showed little resemblance to disease or

to the immature permeability map, but did resemble the mature permeability map.

Furthermore, only transWSS showed a consistent (strongly positive) relationship

with disease across age. The CIs of the three metrics for every relationship invest-

igated do not overlap which makes comparisons of the three metrics reliable.

The correlations with the shear maps from the “Re300” simulations are briefly

considered. With the exception of the immature lesion relationship with transWSS,

which gets stronger, all other correlations with lesion maps are unaffected by the

simulation type. Similarly the correlation with permeability is negligibly affected.

Despite the visual observation that the transWSS is sensitive to the inflow condi-

tions, the changes made in this study are not sufficient to affect the relationship

with lesion and permeability maps.
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Metric

Physiological Re300

Immature Mature Immature Mature

r CI r CI r CI r CI

transWSS 0.85 [0.76, 0.86] 0.60 [0.42, 0.66] 0.93 [0.86, 0.93] 0.62 [0.46, 0.67]

TAWSS 0.17 [0.13, 0.22] -0.06 [-0.2, 0.11] 0.20 [0.15, 0.24] -0.06 [-0.20, 0.10]

OSI -0.32 [-0.37,-0.25] -0.11 [-0.26, 0.03] -0.29 [-0.35, -0.19] -0.10 [-0.25, -0.04]

(a) Lesion frequency

Metric

Physiological Re300

Immature Mature Immature Mature

r CI r CI r CI r CI

transWSS 0.64 [0.37, 0.66] 0.19 [-0.06, 0.34] 0.61 [0.38, 0.65] 0.12 [-0.11, 0.30]

TAWSS -0.17 [-0.25, -0.05] -0.70 [-0.69, -0.39] -0.21 [-0.28, -0.08] -0.71 [-0.69, -0.42]

OSI 0.19 [-0.002, 0.26] 0.74 [0.43, 0.69] 0.24 [0.02, 0.28] 0.71 [0.41, 0.68]

(b) Wall permeability

Table 3.4: Correlation coefficients (r) and 95% confidence intervals of the relation between (a) lesion frequency and (b) arterial wall
permeability and the three shear metrics, for simulation types “physiological” and “Re300”.
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Sensitivity of quantitative analysis

The sensitivity of the correlation between the shear metrics and the lesion maps

to map size and the choice of branch pairs in the lesion data, is now assessed (see

§ 3.3.8). Figure 3.9 presents the average lesion maps based on using lesion data

from pairs one through to five only, to better match the shear data (simulations are

run in aortic geometries that include only the first five pairs of intercostal arteries).

Reducing the branch pairs in this way had very little effect on the immature lesion

map, and similarly for the mature map, although from the ranked maps (column 4)

it appears that the lateral values upstream of the mature branch increased slightly

and the peak values shifted further downstream. The larger box size (region of

interest, ROI = 2.4 × 2.4 mm) of the immature map (column 1, top row) did not

introduce a change to the observed pattern.

Table 3.5 gives the correlation coefficients and 95% CIs for the investigation

of these sensitivities. The larger ROI (row 1) had nearly no effect on the r values

for the relation with all three metrics, and likewise the CIs were unaffected with

the exception of those for transWSS, which widened. Similarly the correlation

coefficients for the “pairs 1-5” lesion maps did not change noticeably for TAWSS

and OSI at both ages and for immature transWSS. The correlation with mature

transWSS did weaken.

Lesion map
transWSS TAWSS OSI

r CI r CI r CI

Im
m

at
u

re 2.4 × 2.4 mm 0.82 [0.65, 0.85] 0.16 [0.11, 0.23] -0.31 [-0.40, -0.22]

All pairs 0.85 [0.76, 0.86] 0.17 [0.13, 0.22] -0.32 [-0.37, -0.25]

Pairs 1-5 0.80 [0.67, 0.83] 0.19 [0.14, 0.25] -0.29 [-0.35, -0.22]

M
at

u
re All pairs 0.60 [0.42, 0.66] -0.06 [-0.20, 0.11] -0.11 [-0.26, 0.03]

Pairs 1-5 0.43 [0.22, 0.51] -0.14 [-0.29, 0.05] -0.08 [-0.24, 0.09]

Table 3.5: Correlation coefficients (r) and 95% confidence intervals of the relation
between the three shear maps and variations of the lesion frequency maps: 2.4 × 2.4 mm
(larger box size), all pairs (presented in 3.4a) and pairs 1-5 (averaged maps using branches
from pairs one to five only).
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3.4.4 Correlation coefficients between maps of disease and

permeability

The mature permeability maps discussed previously were obtained using branches

from mature (6 m old) as well as exbreeder (16−22 m old) rabbits. Average maps

of the branches from these two age groups are presented separately in Figure 3.10

alongside the original “mature” permeability map that is an average of all branches

from both ages. The 6 month map had nearly the same pattern (ranked maps,

bottom row) to the mature map, but with higher absolute values (top row). Con-

versely, the exbreeder map had much lower values, as well as a different pattern.

The lateral streaks of high permeability ran from the top of the map to its bottom

and are not as immediately adjacent to the branch as in the 6 month map. The

total averaged mature maps (column 2) resembled the 6 month distribution more

than that of the exbreeder, because of the higher values in the 6 month map.

Table 3.6 shows the correlation of lesion frequency maps with arterial wall

permeability. For immature rabbits, the correlation is strongly positive, but there

is a small lower bound of the CI, i.e. a strong conclusion can not be made. For all

mature rabbits, the correlation is weak and positive, with a wide CI that includes

r = 0 implying non-significance but the large upper and/or lower bounds prevent a

strong conclusion of no correlation being made. For rabbits aged up to 6 months,

the correlation with lesion changed sign, but again had a wide CI with r = 0. The

relation with the exbreeder map was a modestly strong positive correlation, but the

wide CI again included r = 0.

Permeability
Lesion

r CI

Immature 0.60 [0.33, 0.66]

All mature rabbits 0.10 [-0.26, 0.37]

6 months -0.25 [-0.43, 0.15]

Exbreeder 0.45 [-0.1, 0.55]

Table 3.6: Correlation coefficients (r) and 95% confidence intervals of the relation
between lesion frequency maps and arterial wall permeability for immature, all mature,
6 month old mature, and exbreeder mature rabbits.
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Table 3.7 shows the statistical analyses for the three shear metrics with the vari-

ous mature permeability maps (combined mature, 6 months and exbreeder maps).

The correlation with transWSS (both r and CI) hardly changes. For TAWSS, the

correlation weakens for the rabbits aged up to 6 months, although it remains reas-

onably unaffected for the exbreeder rabbits (the CIs are similar despite the lower

r). Lastly, for OSI, the correlation weakened for both 6 month and exbreeder maps,

and the CIs became wider.

Permeability
transWSS TAWSS OSI

r CI r CI r CI

All rabbits 0.19 [-0.06, 0.34] -0.70 [-0.69, -0.39] 0.74 [0.43, 0.69]

6 months 0.14 [-0.14, 0.34] -0.49 [-0.58, -0.20] 0.61 [0.27, 0.63]

Exbreeder 0.16 [-0.1, 0.28] -0.57 [-0.60, -0.33] 0.49 [0.25, 0.54]

Table 3.7: Correlation coefficients (r) and 95% confidence intervals of the relation
between variations in the mature arterial wall permeability maps and three shear maps.

3.4.5 Changes in lesion and permeability maps with age

A quantitative analysis of how the immature shear maps differ from their respective

mature maps was carried out but is discussed in Chapter 5 as part of another study.

The cross-correlation of the immature with the mature maps for both lesion and

permeability data was also assessed and is presented here.

The correlation coefficient and 95% CIs for the permeability data are r = 0.51,

CI = [0.27, 0.53], and for the lesion data are r = 0.44, CI = [0.24, 0.51]. Both lesion

and permeability maps gave modestly high correlation values, but in both cases,

the lower bounds of the CI are small, at approximately r = 0.25, indicating the

95% likelihood of much weaker correlations. No strong conclusions can be made

from these wide CIs. This matches the qualitative observation of different maps

with age, but with regions that are affected at both ages.
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3.4.6 Changes in geometry with age

Figure 3.11 shows the curvature, torsion and taper values of the vessel geometries

grouped by age, presented for the entire vessel as well as for close-up plots covering

the arch. For curvature, both age groups exhibited a high peak (corresponding

to the arch) which tapered off to near-zero values over the descending aorta. The

mature geometries tended to peak at higher values than the immature geometries.

The results for torsion showed no difference between the age groups, nor showed

any consistent trend for each age group along the vessel, particularly over the arch.

The troughs that spike to high negative values occur where curvature was zero,

and should be ignored since the concept of torsion loses meaning for a non-curved

geometry.

The taper angle decreased over the arch relative to the aortic root (i.e. the

vessel increased in hydraulic diameter), but thereafter increased over the descending

aorta, where the values remained reasonably constant. Both age groups behaved

in a similar fashion, although the taper angles were generally larger for the mature

geometries than for the immature geometries over the descending aorta. Over the

arch the values often overlapped.

Table 3.8 gives the averaged values of curvature, torsion and taper for the two

age groups at the five selected locations of interest, along with standard deviations

and p-values for the difference between means. Three results were found to be

statistically significant (p < 0.05) and are highlighted in bold. For curvature, only

the maximum curvature mean value was significantly different (a difference of 0.25,

p = 0.04), confirming the observation that the mature branches have a higher

peak. For all locations except the fifth pair the mature geometries had larger mean

curvature value, but all were non-significant.

There were no statistically significant results for torsion, and the standard de-

viations were particularly large, in some cases double the mean value (mature fifth

pair, and immature descending aorta). Neither age group had consistently larger
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Figure 3.11: Geometry characterisations of all rabbit geometries over (a) the entire vessel centerline, and (b) the arch segment. Curvature
(top), torsion (middle) and taper (bottom) given. Black and red lines represent immature and mature geometries respectively. Taper in
degrees, and curvature and torsion non-dimensional.
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Location
Curvature (/D0) Torsion (/D0) Taper (°)

I M p I M p I M p

Ascending aorta 0.67± 0.20 0.73± 0.12 0.61 0.62± 0.27 0.73± 0.37 0.63 −1.61± 0.59 −0.93± 0.42 0.08

Max curvature 0.81 ± 0.13 1.06 ± 0.16 0.04 0.10± 0.15 0.10± 0.09 0.99 −0.34± 0.45 0.15± 0.61 0.23

Descending aorta 0.03± 0.03 0.07± 0.05 0.26 −0.76± 1.31 −0.43± 0.57 0.62 0.35± 0.27 0.80± 0.31 0.06

First intercostal pair 0.04± 0.01 0.06± 0.02 0.10 −0.04± 0.05 −0.20± 0.24 0.23 0.15 ± 0.18 0.60 ± 0.21 0.01

Fifth intercostal pair 0.02± 0.004 0.01± 0.005 0.09 0.006± 0.16 −0.04± 0.08 0.64 0.18 ± 0.13 0.43 ± 0.15 0.03

Table 3.8: Average curvature, torsion and taper values for immature (I) and mature (M) geometries, with standard deviations and p-values
for significant differences. Analysis done for five selected points of interest: just upstream of first arch branch (ascending aorta), point of
maximum curvature, start of the descending aorta at the ductus aerioles scar, and at the first and fifth intercostal pairs.
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mean values.

Regarding taper, over the ascending aorta and arch there were no statistically

significant results, but the mature geometries were significantly more tapered at

the first intercostal pair: a four-fold increase from 0.15° for immature to 0.60° for

mature, p = 0.01. This persisted to the fifth pair which was also statistically

significant. Not shown in the table is the taper at the fifth pair relative to the

first pair which was 0.213 ± 0.12° and 0.215 ± 0.13° for immature and mature

geometries respectively, with p = 0.98. Within the descending aorta the difference

in taper between the two age groups was statistically non-significant, but despite

the near-identical mean values and standard deviations, we cannot conclude that

there is no difference.

3.5 Discussion

This study is focussed on the co-localisation of atherosclerotic disease frequency

maps, wall permeability to albumin, and haemodynamic shear metrics at different

ages in the region around intercostal branch ostia in the rabbit descending aorta

using quantitative spatial correlation methods. The choice of intercostals as the

region of interest may seem strange in the light of its clinical irrelevance: an ad-

vanced plaque that may form at the ostium will not cause a stenosis with fatal

consequences nor will it cause a vessel blockage that leads to mortality if it erupts

and forms an embolus. Despite its lack of obvious importance, the change in the

distribution of the disease around the intercostal ostia with age (Weinberg, 2002)

combined with the ability to cost-effectively obtain several tens of samples makes

the intercostal region a convenient and apt case study to probe the relationship

between haemodynamic shear metrics and factors involved in the age-dependent

development of atherosclerosis.

Confidence intervals (CIs) are more informative than the sample r value alone

as they indicate with 95% certainty where the true value lies. When discussing the
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strengths and existences of relations, the CI is primarily used. We begin by first

clarifying how a statement of strong, modest, weak or no or negligible correlation is

decided upon. |r| ≈ 0.25 was considered to be sufficiently small to be a scientifically

unimportant correlation. If both bounds of the CI did not exceed this value, it

was considered conclusive evidence for no correlation (or potentially a very weak

correlation). Where both bounds were greater than |r| ≈ 0.4, the relation was

considered to be strong. Modest correlations arose when one or both bounds fell in

the range of [0.3, 0.4] or [-0.3, -0.4]. And lastly when both bounds were within the

range [0.2,0.3] or [-0.2,-0.3], this was considered a weak correlation. In this study,

no relations fell in the latter category. These scenarios were considered conclusive

results, which all but one result were. The one inconclusive result is discussed

further on.

3.5.1 The relations between haemodynamics, disease and

macromolecule transport

We start by assessing whether the current low/oscillatory shear theory, as character-

ised by TAWSS and OSI, is confirmed by the data presented here. TAWSS showed

no correlation (or potentially very weak positive correlation) with both immature

and mature lesion patterns, and OSI was weakly-to-modestly negatively correlated

with immature lesions and not correlated (or potentially very weakly negatively)

with mature lesions. Both TAWSS and OSI showed no correlation with immature

permeability (or potentially very weak negative and positive relations respectively).

However, they correlated strongly (negatively and positively, respectively) with ma-

ture permeability.

The correlation with disease is a decisive disagreement with the current low/os-

cillatory shear theory. No correlation was found at either age group. If indeed the

border-line weak correlations were considered, the results still do not agree, and in

fact would weakly affirm the reverse relation: a high WSS and low oscillatory shear

theory. Similarly, the correlations with immature permeability do not agree (or
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potentially weakly agree) with the current accepted shear theory. Only the results

for mature permeability showed a reliably strong affirmation of the low/oscillatory

theory.

In contrast to these results, the transWSS, characterising the multidirectional

shear theory, was strongly and positively correlated with lesion patterns at both

ages, and with immature permeability, although the latter was comparatively weak

compared to the relation with lesion maps. However, the relation between mature

transWSS and permeability was inconclusive: the result was non-significant, and

the upper bound had a moderate value (r = 0.34), indicating a possibility of no cor-

relation, weak correlation or modest correlation. This is the second case described

in § 3.3.8 for interpreting a CI which is non-significant.

The correlation with disease agrees with the multidirectional theory and lends

substantial quantitative evidence for it for the first time. The correlation with

immature permeability also supports it, but the result with mature permeability is

inconclusive. We cannot rule out a zero correlation or a modest agreement.

The confidence intervals do not overlap for each set of relations between the

three haemodynamic shear metrics, for a given in vivo variable and at a given

age. This allows reliable comparisons to be made between the metrics. In general,

the strongest correlation (by far) with lesion maps at both ages, and immature

permeability is the multidirectional theory. In fact, none of the relations with

these variables agreed with the current low/oscillatory shear theory. The mature

permeability most strongly agreed with the current theory, with similar strengths as

the agreement with the multidirectional theory (the exception being the immature

transWSS and lesion relation which was strongest). The multidirectional theory

takes the age-dependent nature of atherosclerosis into account, both in terms of

disease patterns, but also for transport properties (reliably for immature patterns,

and inconclusively as of yet with mature patterns). Strikingly, the current theory

failed entirely to agree with lesions and could not relate to permeability distributions

for both ages.
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Recall from § 3.2.3 that the spread of a bootstrap distribution dictates the width

of the CI which in turn captures the variability of the sample and the variability in

the true unknown correlation coefficient. The wider the CI the less consistent the

data and the less reliable or conclusive the results. Of the twelve relations assessed,

eight had widths in the approx. range of [0.2, 0.3]. Three had widths of approx. 0.1,

corresponding to the relations between all three shear metrics and immature lesion.

The final relation had a width of 0.45 corresponding to the transWSS relation with

mature permeability. These are respectively the most and least reliable datasets

and consequently, conclusions. It is interesting that one of the most reliable results

is for one that disagrees with the current shear theory, and more so since this

relation agreed with the reverse of the theory. Similarly, the least reliable result

is for the one inconclusive result that breaks the consistency of the claim that the

multidirectional theory is superior to the current low/oscillatory shear theory in

co-localising with disease and permeability measures at different ages in the rabbit

descending aorta. Although the relation with mature permeability strongly agrees

with the accepted theory, this relation with mature transWSS may still prove to

agree, albeit modestly, with the multidirectional theory.

We take a closer look at this relation of shear metrics with the mature permeab-

ility map. The ages of the mature rabbits used to obtain different variables were

not in complete agreement with one another (Table 3.3). Shear data was obtained

from CFD carried out in geometries casted from animals aged 10.6 m (the mean),

or 8.7 m if excluding the exbreeder rabbit F. Lesions were obtained from animals

aged 6.1 m at the start of a high cholesterol diet, although the data was collected

eight weeks later, which better matches the age of the CFD rabbits. Permeability

was obtained from a near 50:50 split of animals aged 6 m and those aged 16−22 m

(considered exbreeders), neither of which match the ages of the rabbits for CFD

and lesion data. Rabbits reach sexual maturity at around 6 months of age (Berger

et al., 1982), indicating the 6 month permeability dataset are from animals that are

still relatively young.

The exbreeder mature permeability dataset differs the most from the shear
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dataset with regards to age of the rabbits. We expect these correlations to be

the weakest, and indeed for transWSS and OSI the CI reflects this (Table 3.7).

However, this weakened relation with the exbreeder mature permeability map may

simply be a result of the smaller samples sizes as n < 20 (Wood, 2005), since the CI

widths increased relative to the relations with the combined mature permeability

map. In fact, small sample sizes may also be responsible for the weaker 6 months

old relations, whose CI widths were the largest. The mature permeability dataset is

clearly not ideal. The distributions of permeability for 6 month and exbreeder age

groups are different to one another, the permeability data may be highly variable

within each age group, and the sample sizes, n, are too small for bootstrap results

on the separated groups to reliably shed light on the true correlations. There may

also exist large variations in the individual branches of the mature transWSS maps

which is responsible for the inconclusive result. This may have been obscured in

other relations with transWSS by the consistency of the second variable, unlike with

the large spread of the mature permeability map.

The large variability of the mature permeability datasets is also reflected in

their relationships with the mature lesion map (Table 3.6). The CIs for all mature

permeability map relations with lesion were very wide (on the order of 0.6). The

results were all non-significant, and the direction of the association (or at least

the dominant side of the CI since it spans across r = 0, i.e. either negative or

positive) fluctuated for the different relations (negative for 6 months, positive for

exbreeder). Visually, there is a noticeable difference between the combined mature

permeability and the lesion map. The lateral lobes of high frequency in the lesion

maps are further downstream of the ostial equator. Barnes and Weinberg (1999)

mapped lesion patterns around intercostal ostia in rabbits aged 19-32 m, which

better matches the age of the exbreeder permeability rabbits here. The distribution

of lesion frequency they present have the lateral lobes positioned further upstream

centered around the branch ostial equator as in the mature permeability maps of

Figure 3.10. It may be that the mature lesion maps were from rabbits that were

too young relative to those of the permeability maps, as pointed out above.
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To summarise, it is difficult to make any conclusive points regarding the rela-

tions of the mature permeability map with lesion frequency and transWSS. Ideally,

more permeability data would be obtained, from a wider range of pair locations,

and an increased number from both 6 month and exbreeder age groups, and also

at a new age group, eight months old, to better control for age when comparing

against shear metrics and lesion frequency which were both obtained in animals

aged eight months old.

A short sensitivity analysis was carried out into the relation between the shear

metrics and the lesion frequency maps. When matching the branch pair locations

included in the average map between the two variables, only the mature transWSS

relation with mature lesions was affected (the correlation weakened as the CI became

wider with smaller lower bounds). The TAWSS and OSI showed negligible or no

change for both age groups, as did the immature transWSS relation with immature

lesion maps. This again reinforces the possibility that the mature transWSS dataset

is inconsistent and heavily spread. While there was visually little difference between

the “all pairs” and “pairs 1-5” maps (Figure 3.9), the differences do not seem great

enough to warrant such a change in the results, for which the lower bound of the

CI for mature transWSS with lesion reached r = 0.22, i.e. a weak or negligible

correlation. The changes in the ROI (region of interest) on the other hand resulted

in nearly no difference in the CI bounds nor the sample r values. The differently

sized maps for the immature and mature relations (which were constrained by the

data available for the immature permeability maps) should therefore have no effect

on the results and do not prevent comparisons being made across the age groups.

In general, the conclusions were robust to these changes, with the exception of the

mature transWSS map.

This study has in large part addressed the relation between two haemodynamic

shear theories and early initiation of atherosclerosis in a quantitative manner. It

demonstrated the potential relevance and significance of the multidirectional theory,

as characterised by the transverse wall shear stress metric. The increasing interest

in multidirectional near-wall flow in recent years has led to alternative indices being
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proposed (Arzani and Shadden, 2016; Gallo et al., 2016; Morbiducci et al., 2015).

However, no systematic study assessing their relation with disease-related data has

yet surfaced. A recent study by Pedrigi et al. (2015) also assessed transWSS, finding

a low correlation with advanced coronary plaques in minipigs. However, p-values

should be treated with caution due to the small sample size (n = 5), the lack of

discussion about spatial autocorrelation and the use of a linear mixed-effect model

to test for correlation and significance.

Since the systematic review by Peiffer et al. (2013c), to the author’s knowledge,

there has been only one other study, recently carried out by De Wilde et al. (2016a),

which quantitatively correlated transWSS with markers of atherogenesis (the extent

of macrophage infiltration) in the carotid arteries of apoE-/- mice. The study per-

formed individual-level correlations between paired-data sets. The study accounted

for spatial autocorrelation and stated explicitly the scope of their conclusions with

regard to the ecological fallacy. Their sample size was too small for reliable use

of bootstrapping (n = 7), and so they used the method by Peiffer et al. (2013a)

with the correction for the decorrelation length (ldec) proposed by (Rowland et al.,

2015). However, they report that for the majority of cases, the necessary plateau for

an accurate ldec estimate (which represents the dissimilarity between neighbouring

pixels) could not be found. This implies multiple length scales exist within their

spatial data, and as discussed previously (§ 3.2.2), the method by Peiffer et al.

(2013a) could be unsuitable for such data. Nonetheless, they found that two of

the seven individual-level correlations were statistically significant and had correla-

tion coefficients of 0.203 and 0.384, which would be considered weak and modestly

correlated, respectively, in this study.

3.5.2 Biological significance of transWSS

Alongside studies into the correlation between multidirectional flow and disease

markers, the biological response of endothelial cells to multidirectional flow has also

recieved attention. Wang et al. (2013) showed that the direction of flow relative
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to the cytoskeletal axis of cultured endothelial cells, determined the endothelial

cell’s biochemical response. In aligned cells, the pro-inflammatory marker, NF-κB,

was maximally activated when flow was directed 90° to the cytoskeletal axis and

undetected when flow was directed at 180° . Recall that the transWSS is defined

as the time-average of the components of the WSS vector over the cycle that act

perpendicularly (or transversely) to the direction the cells are aligned to, which is

conventionally assumed to be the temporal mean WSS direction. The results by

Wang et al. (2013) therefore show that the transverse direction to the aligned cell

direction (determined by its morphological and cytoskeletal axis) may be crucially

involved in atherogenic endothelial cell responses.

transWSS

0.2 0.50.35

transWSSmin

(a) Averaged

transWSS transWSSmin

0 0.50.25

(b) Individual branch

Figure 3.12: TransWSS and transWSSmin around the intercostal branch ostium for
the average of all individual branches (a) and for a representative individual branch (b).
Values in Pascals.

Ghim et al. (2016) (unpublished data under review) also assessed the effect of

multidirectional flow on endothelial cells. They investigated pathways for macro-

molecule transport across cultured endothelial cells and determined, using orbital

shakers and CFD analysis, how different flow environments affected these pathways.

They found endothelial cells subject to shear were aligned close to a direction that

resulted in a minimised shear acting across their long morphological axis, i.e. trans-

versally at 90° . This is a direction that if the cell is aligned to, would result in

the minimum possible value of transWSS the cell would experience. This min-

imum value of transWSS was subsequently termed transWSSmin. They showed

that the rate of paracellular transport (transport via bicellular junctions between
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cells of albumin-sized molecules) correlated with transWSSmin, and that the cells

were aligned to the reference direction that results in transWSSmin as opposed to

the temporal mean WSS vector.

Figure 3.12 shows transWSSmin and transWSS for the average mature map

(Figure 3.12a) and for an example individual map (Figure 3.12b). It is clear for es-

timated in vivo flow1 that transWSSmin and transWSS are essentially identical; the

reference direction that minimises transWSS is the temporal mean WSS direction.

The hypothesis is therefore that cells may a priori sense transWSS, find it athero-

genic, and so re-orient themselves in a way to minimise it, which in vivo happens

to be the temporal mean WSS direction, but in cultured cells in orbital shakers is

an altogether new direction. Because of their identical nature, only transWSS is

discussed throughout the remainder of the thesis.

3.5.3 Sensitivity of shear metrics to inflow conditions

Consideration is given to the two sets of simulations carried out in this chapter. Re-

call from § 3.4.1 that all three shear metrics had similar distributions between the

simulation types, although not quite identical for transWSS and OSI. Slight observ-

able differences in transWSS were reflected in the analysis done on the individual

maps, where the spread of individual-level correlations between the two simulations

for each branch was higher for transWSS and OSI than for TAWSS. It may be that

directionality of the flow rather than the magnitude of shearing forces may be more

sensitive to changes in inflow conditions and parameters such as Re and α. Despite

this, the changes in inflow conditions made in this chapter were not sufficient to

affect the relationship with lesion and permeability maps (§ 3.4.3). However, it is of

interest to investigate this sensitivity further. The following chapter seeks to gain

a greater understanding of the near-wall flow that transWSS captures and to what

extent the metric is sensitive to inflow conditions. It also assesses the influence of

geometry.

1In vivo by virtue of the anatomically realistic geometry, and physiologically realistic waveform
and boundary conditions, but still using numerical methods to compute the flow.
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3.5.4 Geometrical analysis

In this study we aimed to identify whether there were geometrical differences

between immature and mature rabbits. Visually, no clear differences could be

identified in torsion and curvature between the two age groups, with the excep-

tion of a higher maximum normalised curvature value with respect to aortic root

diameter in mature animals. No consistent trend in the torsion along the centerline

could be identified either. Quantitatively, the vast majority of differences were non-

significant, and no conclusive statements can therefore be made. There may well

be differences in torsion and curvature along the centerline with age but this study

is unable to identify them due to small sample sizes (n = 4 and 5 for immature

and mature respectively). The differences that were significant were the maximum

normalised curvature value which increased by 30.9% from immature (0.81 ± 0.13)

to mature (1.06 ± 0.16), and taper at the first and fifth pair of the descending aorta

which for the former increased by a striking 300% from immature (0.15° ± 0.18) to

mature (0.6° ± 0.21).

It is yet unclear to what extent the differences in maximum curvature and taper

in the descending aorta at the position of the first intercostal pair will have on the

distribution of transWSS, nor even how transWSS is affected by geometry. It has

already been shown how seemingly small changes in geometry can result in marked

changes in WSS (Vincent et al., 2011). The following chapter considers this in the

light of transWSS.

To the author’s knowledge, no other study has assessed the taper, torsion and

curvature of the rabbit arch and descending aorta and how it changed with age,

except for Peiffer et al. (2012), from which these geometries originate. The curvature

and torsion were computed by improved methods here. The smoothing of the

centerline was carried out using rational functions and care was taken to accurately

preserve real trends in the second and third order derivatives of the centerline.

This was shown in § 2.5.2 to preserve the original centerline better than the VMTK

smoothing functions used in Peiffer et al. (2012), and to give more reliable estimation
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of the curvature and torsion. The taper was also computed here using the hydraulic

diameter which is related to the mass flow rate as opposed to the maximum inscribed

sphere radius in Peiffer et al. (2012) which has no fluid mechanical association.

Peiffer et al. (2012) reported no statistics for curvature and torsion, and it

is unclear if this was carried out for torsion. The conclusion for torsion remains

unchanged although perhaps more reliably made here. Regarding curvature, Peiffer

et al. (2012) only reported the non-significant p-value for maximum normalised

curvature, whereas actual values would have been of more interest, and made a

type II error concluding that there was no difference in maximum curvature; it is

shown here that there is a statistically significant difference between the two age

groups, perhaps due to the more accurate method of obtaining the curvature.

Regarding the conclusions for taper, these remain unchanged. Peiffer et al.

(2012) reported the same finding that the taper at the first pair of intercostal

branches (relative to the root) is significantly larger in mature than immature rab-

bits, with values that differ little to those presented here. However, a type II error

was made again from a non-significant p-value where they conclude that there was

no difference in taper within the descending aorta, that is at the fifth pair relative

to the first. In this study the difference is shown to be very small (0.002) with

p = 0.98, which simply means the data are inconclusive and we cannot know if

the difference is real or not. In some sense, a significant p-value would have been

an informative negative result that the small and potentially negligible difference

is real. This relates back to the discussion on the misuse and misunderstanding of

p-values (§ 3.2.2).

Other studies have assessed the change in length of the entire aorta, finding it

lengthens in older humans with each passing decade (Hickson et al., 2010; Sugawara

et al., 2008), but only Redheuil et al. (2011) is known to have comprehensively

assessed changes in aortic arch geometry in healthy humans. They used MRI in

100 subjects to assess differences between those aged under 30 years old and those

aged over 70 years old. They found the average dimensional curvature over the
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arch to decrease with age. This is curvature that has not been normalised with

respect to aortic root diameter as done here. We are interested in the changes in

curvature of the vessel without the added effect of changes in aortic root diameter,

which justified the analysis on normalised curvature. We anticipate that had non-

dimensional curvature values been assessed by Redheuil et al. (2011), they may

have reached a similar result that the normalised curvature increases with age, since

mature vessels have larger aortic root diameters. The difference in taper may also

be present in humans: Casteleyn et al. (2010) presented diameters along the aorta

in young (25-29 years old) and old (84-85 years old) men. They do not explicitly

identify whether there was a significant difference, but their average data show a

decrease of the aortic arch diameter relative to the ascending aorta by 17.2% in

young and by 25% in old men.

3.5.5 Limitations

There were several limitations to the present study. The most important is the use

of aggregated data to make statistical assertions about relationships. This limits

the scope of the conclusions drawn to that of the relationships between averaged

variables, which cannot be extended to the individual level. Paired data is the

ideal dataset; however, this would require in vivo velocity measurements which is

associated with challenges of insufficient resolution.

Other limitations concern the assumptions of homogeneity, of non-Newtonian

flow and of rigid walls in the computational fluid dynamics model. Blood was

treated as a homogeneous fluid which is based on the assumption that the length

scales of the flow features are of the same order as the vessel geometry (Steinman,

2012), which in turn is several orders of magnitude larger than the length scales

of red blood cells. This may not be the case in flow fields under diseased con-

ditions, however for the purpose of this study, where healthy vessels and healthy

physiological flow conditions are imposed, the assumption of homogeneity is justi-

fied. Similarly, it is widely accepted that the non-Newtonian nature of blood has
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little or secondary effect on flow phenomena and patterns of WSS in large arteries

(Friedman et al., 1992; Johnston et al., 2006; Lee and Steinman, 2007; Liepsch,

1990; Perktold et al., 1991).

The effects of wall compliance on near-wall velocity profiles are also generally

assumed to be secondary (Perktold and Rappitsch, 1995). Suo et al. (2003) found

differences of less than 0.5 Pa between a model including wall-motion and another

assuming rigid walls, and De Wilde et al. (2016b) found normalised WSS to be

virtually the same between a rigid wall model and a fluid-structure interaction (FSI)

model. De Wilde et al. (2016b) also reported a non-significant correlation between

OSI values in the two models and concluded from the non-significant result that

there is no correlation, since r = 0.03.

The assumption of rigid walls made here may also have implications for the

outflow boundary conditions applied at the intercostal branches. The waveform

applied at the aortic root is also applied at the intercostal branches, however, the

pulsation of the aorta may influence the flow and velocity waveform at the inter-

costal branches. Our assumption was based on the finding of Sloop et al. (1998),

where Doppler ultrasound velocity data obtained in vivo showed the waveform at

the aorta to be similar to that at the intercostal artery. Furthermore, in this model,

sufficiently large flow extensions were attached and it is unlikely that the outflow

will affect shear patterns around the branch ostia. Indeed, in Chapter 5, the flow

out the intercostal branch is removed and this causes very little effect on the shear

patterns.

Lastly, another assumption regarding boundary conditions in the model is the

blunt inflow profile imposed at the aortic root. Van Doormaal et al. (2012) showed

using MRI that mice have non-zero secondary flow and a skewed velocity profile at

the aortic root. Peiffer et al. (2012) consequently carried out a sensitivity study

using both blunt and skewed profiles as inlet conditions and found they did not

substantially alter WSS patterns further downstream in the descending aorta.
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3.6 Conclusion

The spectral/hp element method was used to simulate time-dependent blood flow

in anatomically realistic immature and mature geometries of the rabbit aortic arch

and descending thoracic aorta. A bootstrapping approach was used to assess the

relations between atherosclerotic lesion frequency, arterial wall permeability and

three shear metrics obtained from CFD - TAWSS, OSI and transWSS - taking into

account spatial autocorrelation, and aggregate data. Lastly, geometrical differences

between immature and mature rabbit aortae were assessed.

A series of questions was presented at the start of the chapter outlining its

purpose. The conclusions are presented as their answers:

1. This study disagreed with the current low/oscillatory shear theory of ather-

osclerosis. Disease did not consistently correlate with either TAWSS or OSI.

Weak-to-modest correlations were found between OSI and immature lesion,

but this was a negative relation, further disagreeing with the theory. While a

strong relation was found between the theory and mature permeability, imma-

ture permeability did not correlate with TAWSS or OSI. The low/oscillatory

shear theory could not account for age-related changes.

2. Evidence has been put forward for the multidirectional shear theory as char-

acterised by transWSS. The theory correlated strongly with disease at both

age groups, as well as with wall permeability in young rabbits. An incon-

clusive result was obtained for the relation between transWSS and mature

permeability, potentially as a result of insufficient data, and data obtained at

unmatched ages.

3. Lesion frequency and arterial wall permeability correlated to each other in

young rabbits. Inconclusive evidence was found for the relation in mature

rabbits.

4. Distributions of TAWSS, OSI and transWSS did not differ between the sim-

ulation cases “Re300” and “physiological” to such an extent that their cor-
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relations with disease and permeability measures were significantly altered.

TransWSS and OSI showed some slight changes, indicating directionality of

flow may be more sensitive to these changes and may respond more strongly

to larger changes. This is investigated further in the next chapter.

5. The maximum curvature of the aortic arch, and the taper in the descending

aorta relative to the aortic root increased with age. Differences in curvature

and taper elsewhere, as well as torsion along the entire geometry, were found

to be inconclusive. The effect of geometry is investigated further in the next

chapter.
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Chapter 4

Multidirectional flow in the rabbit

aorta

The previous chapter has demonstrated evidence for the multidirectional flow theory

of atherogenesis, characterised by the transverse wall shear stress metric. TransWSS

is the average over the cardiac cycle of WSS components perpendicular to the tem-

poral mean WSS vector, with which endothelial cells are assumed to align (Chien,

2007). This provides the biological hypothesis that endothelial cells may be ad-

versely affected by cross-flow, and indeed direct in vitro evidence supports this

view (Wang et al., 2013).

However, little is understood about the metric. The transWSS is a time-

averaged quantity which obscures features of the near-wall flow that contribute

to it over the cardiac cycle. High transWSS may arise from large fluctuations in

direction of a small shear vector, small fluctuations in direction of a large shear

vector, or small fluctuations of an average shear vector over a larger portion of the

cardiac cycle, to name but three examples. The nature of the arterial flows captured

by transWSS and the sensitivity of transWSS to waveform and geometry are not

understood.

This chapter is concerned with the large-scale features of transWSS in rabbit

aortic geometries. Specifically this chapter addresses the five following questions:
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1. What near-wall fluid mechanics does the transWSS capture?

2. How does the transWSS in the rabbit aorta evolve over the physiological

cardiac cycle?

3. To what extent are large-scale features of transWSS sensitive to the velocity

waveform?

4. To what extent are large-scale features of transWSS sensitive to the Womers-

ley number?

5. Do curvature, torsion and taper of the vessel influence the distribution of

transWSS?

4.1 Methods

4.1.1 Numerical simulations

Time-dependent simulations were carried out using the spectral/hp element frame-

work Nektar++ (Cantwell et al., 2015). § 2.2 gives an overview of the method. The

following simulations were carried out in this study:

• Investigating the effect of waveform: three simulations carried out with a

physiological waveform, a waveform with reverse flow removed, and a non-

physiological sinusoidal waveform. These are termed “physiological”, “non-

reversing” and “sinusoidal” respectively.

• Investigating the effect of Womersely number: two simulations carried out

with α = 4.4 and α = 8 .

• Investigating the effect of geometry: three simulations carried out, one in a

partially idealised geometry where taper was removed from an anatomically

realistic geometry, the second where taper and torsion were removed resulting

in a purely planar geometry, and the third where outflow to all branches in the

associated anatomically realistic geometry was removed, to control for mass
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flow rate and allow comparison with the previous two cases. These are termed

“non-planar”, “planar”, and “no branch flow” respectively.

4.1.2 Geometries

Simulations investigating the effect of Womersley number (α) were carried out in

immature rabbit A from Chapter 3 (Figure 3.1). All remaining simulations were

carried out in immature rabbit C, with the exception of the two partially idealised

cases, which were constructed from the centerline of rabbit C using SolidWorks.

As described in § 2.5.2, the centerline of rabbit C was obtained using VMTK

(Antiga et al., 2003), and smoothed by curve-fitting with rational functions in MAT-

LAB (The Mathworks, Inc.). Curvature, κ, and torsion, τ , are defined respectively

as the deviation of the centerline from a straight line, and the twisting of the plane

of curvature. From the smoothed centerline, curvature and torsion were computed

(Eqns 2.21 and 2.22) using MATLAB (The Mathworks, Inc.). They are related to

the Frenet-Serret formulae; a system which defines the three unit vectors of the

Frenet frame (tangent T, normal N, and binormal B):

dT

ds
= κN, (4.1)

dN

ds
= −κT + τB, (4.2)

dB

ds
= −τN. (4.3)

These, together with the definition of the tangent, T =
dr

ds
, allow a system of linear

first-order differential equations to be solved for τ = 0, which gives the centerline

curve for the planar geometry.

Meshes were subsequently generated for the newly created geometries accord-

ing to § 2.3.2, with approximately 150,000 elements, and the meshes previously

generated in Chapter 3 for rabbits A and C were reused here.
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4.1.3 Boundary conditions

§ 2.4 details the general boundary conditions applied and the method of application.

Briefly, all simulations were carried out with assumptions of Newtonian rheology

and rigid walls. Unless stated otherwise, the axial inflow velocity was assumed to

be plug-like. Fully-developed parabolic velocity profiles were applied at all branch

outlets. A no-slip condition was defined for the wall, and a zero velocity Neumann

boundary condition was specified at the geometry outlet, with an absorption layer

(§ 2.2.4) defined immediately upstream. § 3.3.2 gives specific details of the branch

flow splits.

For the “no branch flow” case, zero-velocity gradient conditions were applied

to all branch outlets. The inflow and, where specified, Dirichlet outflow velocity

boundary conditions in all simulations except “non-reversing” and “sinusoidal” were

modulated with the physiological waveform presented in Chapter 3 and shown again

here in Figure 4.1a. For all simulations using rabbit C, as well as the partially ideal-

ised geometries, the inflow averaged Reynolds number, and the Womersley number

were 300 and 3.76 respectively. For all simulations in rabbit A, Rein = 186, and

α = 4.4 and 8. This is the equivalent of heart rates of approx. 250 and 840 bpm, and

reduced velocities of 15.4 and 4.6 respectively. These two cases represent a physiolo-

gical and non-physiological heart rate respectively. For cases “non-reversing” and

“sinusoidal”, the waveforms in Figures 4.1b and 4.1c respectively were used. The

non-reversing waveform was created by removing the reverse flow portion of the

cycle and using splines and curve-fitting in MATLAB to connect the remaining two

segments.

Note that the “physiological” simulation in rabbit C is in fact from the set of

“Re300” simulations presented in Chapter 3, and is named here “physiological” by

virtue of the waveform applied. Similarly, the α = 4.4 simulation in rabbit A is

taken from the set of “physiological” simulations.
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Figure 4.1: Aortic flow waveforms applied at the aortic root diameter (inlet) and branch
outlets in cases where branch flow was modeled. Five phases of the cycle that were
investigated further are delineated by dotted lines (a); the five time-points (numbered)
representing each phase are circled.

Haemodynamic WSS metrics

The wall shear stress vector, τw, was computed according to § 2.5.1 at 100 equally

spaced time-points over the cardiac cycle. Time-averaged WSS (TAWSS) and

transWSS were computed from τw varying over time, and since they are integ-

rated quantities, instantaneous values at the ith time-point can also be computed,

defined as:

WSS = |τw,i|, (4.4)

transWSS i =

∣∣∣∣∣∣τw,i ·
n×

∫ T
0
τwdt∣∣∣∫ T0 τwdt

∣∣∣
∣∣∣∣∣∣ , (4.5)

where n represents the surface normal.

A novel parameter, named the cross-flow index (CFI), was also computed. The

instantaneous value (CFI i) at the ith time-point is defined as:

CFI i =
transWSS i

WSS i
=

∣∣∣∣∣∣ τw,i|τw,i|
·

n×
∫ T

0
τwdt∣∣∣∫ T0 τwdt

∣∣∣
∣∣∣∣∣∣ , (4.6)

and represents the direction of WSS compared to the mean flow direction over the

cycle, with no account taken of magnitude. More specifically, it is the sine of the
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angle between the temporal mean WSS vector and the instantaneous WSS vector.

It differs from the aneurysm formation index (Mantha et al., 2006), which is the

cosine of this angle. The CFI is the time-average of these instantaneous components,

defined as:

CFI =
1

T

∫ T

0

∣∣∣∣∣∣ τw|τw| ·
n×

∫ T
0
τwdt∣∣∣∫ T0 τwdt

∣∣∣
 dt

∣∣∣∣∣∣ , (4.7)

The shear metrics were computed on the luminal surface, i.e. a three-dimensional

manifold. These surfaces are processed (branches clipped and capped) and mapped

onto a rectangular parametric space using VMTK (see § 2.5.3). Two-dimensional

en face maps of the shear distributions were thus generated to facilitate analysis

and comparisons between cases.

4.2 Results

4.2.1 Time-averaged physiological WSS metrics

Time-averaged metrics for an anatomically realistic geometry with physiological

boundary conditions are shown in Figure 4.2. The maps of TAWSS and CFI bear

little resemblance to each other, hence highly multidirectional flow was not con-

sistently associated with either a high or a low mean shear stress. The map of

transWSS more closely resembles the map of CFI than that of TAWSS; differences

between them are evident chiefly in the segment between the branches in the arch

and the first intercostal branches but even there they are subtle.

Since instantaneous transWSS is equal to WSS × CFI i, the product of TAWSS

and CFI is also shown in Figure 4.2. It resembles the CFI map in the descending

segment: there are few places where a relatively low or high TAWSS appears to

cause a noticeable decrease or increase in TAWSS × CFI. Proximal to the first

branch in the arch and on the right lateral wall proximal to the first intercostal

ostia, however, the pattern of TAWSS × CFI does show influences of the TAWSS.
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Figure 4.2: Distributions of WSS metrics on the unwrapped luminal surface, viewed
en face, for the anatomically and physiologically realistic simulation. TAWSS, transWSS
and the product of time-averaged WSS and cross-flow index are given in Pascals. Flow
is from top to bottom, from the aortic root, over the arch (with two branch holes) and
past the fifth intercostal pair. Anatomical left and right correspond to the right and left
of each map, respectively. Note the different colour bars.

138



The pattern of TAWSS × CFI is also similar to that of transWSS, but there are

discrepancies between them in the same regions, and, most strikingly, the values of

TAWSS × CFI are approximately twice as high as the values of transWSS.

These complex interrelations between the time-averaged metrics indicate that

temporal changes in WSS and CFI i during the cardiac cycle must be important

determinants of transWSS; to understand the build up of transWSS, instantaneous

distributions must be analysed.

4.2.2 Different determinants of instantaneous transWSS pat-

terns

Figure 4.3 shows WSS, CFI i and transWSS i at three instants in the cardiac cycle,

chosen to illustrate contrasting scenarios. In Figure 4.3a, the WSS pattern is spa-

tially uniform and non-zero, and it acts as a scaling function to the spatially varying

CFI i, with the pattern of transWSS i therefore resembling that of the CFI i (scen-

ario a). In Figure 4.3b, WSS is near-zero, which precludes any pattern of transWSS i

even though CFI i has high and variable values (scenario b). In Figure 4.3c, where

WSS is non-zero and spatially varying, the distribution of transWSS i is not merely

a scaled version of the CFI i pattern but a modulated version (scenario c); this

difference between transWSS i and CFI is particularly noticeable in the arch.

4.2.3 Components and values of transWSS i over the car-

diac cycle

We next consider how these different scenarios contributed to the transWSS av-

eraged over the cardiac cycle. Five distinctive phases were observed. During the

acceleration phase of systole (phase 1 in Figure 4.1a, column t1 in Figure 4.4), WSS

was spatially uniform and high, and CFI i showed some of its highest values over the

cycle as, consequently, did transWSS i, and with a similar pattern. As the acceler-

ation continued, WSS increased, CFI i decreased, and transWSS i values remained
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Figure 4.3: Maps of instantaneous WSS, CFI and transWSS for the physiological case that demonstrate the decomposition of the
instantaneous transWSS vector into its magnitude (WSS) and direction (CFI i) components. Three points in the cardiac cycle (a-c)
represent three scenarios: (a) where WSS is spatially uniform and non-zero, (b) where WSS is near 0, and (c) where WSS is non-zero and
varies spatially. WSS and transWSS i are in Pascals.
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reasonably constant (not shown).

As the flow reached peak systole and remained at a high plateau (phase 2 in

Figure 4.1a, column t2 in Figure 4.4), WSS attained its maximal values and CFI i

was at its lowest. TransWSS i values decreased compared to phase 1. All three

metrics remained reasonably unchanged over the systolic plateau (not shown). As

the flow began to decelerate towards zero (phase 3 in Figure 4.1a, column t3 in

Figure 4.4), CFI i steadily increased but WSS decreased more, relative to phase 2,

and thus transWSS i values were lowered.

As the flow reached stagnation and reversed (phase 4 in Figure 4.1a, column t4

in Figure 4.4), WSS was still non-zero (although lower than before) and uniform,

while CFI i was maximal; in combination, this gave transWSS i values approaching

those seen in the acceleration phase of systole (column t1 in Figure 4.4). Finally,

the nearly stagnant flow during diastole (phase 5 in Figure 4.1a, column t5 in Figure

4.4) gave near-zero WSS values and hence negligible transWSS i, despite high CFI i

values.

Of the five phases, phases 1, 3 and 4 developed transWSS i values according

to scenario (a) described in Figure 4.3, where WSS was broadly spatially uniform

so that transWSS i became a scaled version of the CFI distribution. Peak systole

(phase 2) was the only part of the cycle where scenario (c) dominated; WSS was

non-uniform and the resulting transWSS i patterns were a complex hybrid of both

WSS and CFI. Lastly, scenario (b) dominated during the long diastolic part (phase

5).

4.2.4 Temporal mean WSS vector

The influence of the five phases on the temporal mean WSS vector is assessed next;

Figure 4.5 shows the normalised temporal mean WSS vectors (Figure 4.5a) and

the instantaneous WSS vectors (Figures 4.5b-e) at the same five time-points as in

the previous section, focusing on the arch as an example. The helical behaviour
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(a) Mean WSS vector (b) t1 Acceleration

(c) t2 Peak systole (d) t3 Deceleration

(e) t4 Reversal (f) t5 Diastole

Figure 4.5: WSS vectors over the arch for the physiological case. (a) Temporal mean
WSS vectors, (b)-(f) instantaneous WSS vectors for the five time-points shown in Figure
4.1a. Note that arrows point in the reverse direction to the flow.
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of the shear vectors during peak systole (Figure 4.5c) were the strongest over the

cycle and most influenced the temporal mean WSS vector. Although the vectors

reversed direction in late systole/early diastole (Figure 4.5e), their strengths were

not sufficient to compete with those during phases 1-3. During diastole (Figure

4.5f), the flow was near stagnant and shear vectors consequently had negligible

magnitudes.

4.2.5 Influence of aortic inflow waveform

Figure 4.6 shows the distribution of transWSS obtained with the different inflow

waveforms shown in Figure 4.1. Removing the reverse flow portion of the waveform

had little effect on the magnitude or distribution of transWSS in the descending

aorta. In the arch, the magnitude was reduced but the pattern was almost un-

changed (Figure 4.6a vs. 4.6b).

The sinusoidal case (Figure 4.6c) was different to the physiological case. Values

in the arch were increased and there was accentuation of the central and left-hand

longitudinal streaks seen proximal to the first intercostal pair and extending to the

second pair. Nevertheless, the overall distribution of transWSS still resembled the

physiological case, despite the significantly different waveform.

Comparing cases with physiological and non-physiologically high Womersley

numbers (Figure 4.6d vs. 4.6e, in rabbit A), the distribution of transWSS was

significantly disrupted by high α, with the longitudinal streaks fragmented and

magnitudes in the arch and descending aorta increased.

4.2.6 Influence of outflow and geometry

To provide a baseline against which to compare simulations in idealised geometries

without branches, the physiological case (Figure 4.7a) was run with no outflow to

branches (Figure 4.7b). This increased the magnitude of transWSS at locations

from the first branch onwards, which is expected since the volumetric flow rate in
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0 0.5 1 1.5

(a) Original (b) Non-reversing (c) Sinusoidal (d) α = 4.4 (e) α = 8

0 0.5 1 0 1 2

Figure 4.6: Distributions of transWSS (Pa) for different inflow waveforms: (a) the
physiological case, (b) the physiological case with reverse flow removed and (c) a sinusoidal
waveform. (d) and (e) give transWSS for physiological waveforms at a physiological
Womersely number of 4.4 and a non-physiological value of 8, respectively. (The latter
two simulations were run in rabbit A.)

the descending aorta will have increased. The large-scale pattern remained fairly

consistent, but there was a disproportionate increase in the inner curvature of the

arch; presumably flow into the branches of the outer curvature produced a partic-

ularly slow near-wall flow in this region.

In the anatomically realistic geometry, the hydraulic diameter increased from
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(a) Original (b) No branch 
flow 

(d) Planar(c) Non-planar 

Figure 4.7: Distributions of transWSS (Pa) for: (a) the original anatomical geometry,
(b) the original geometry with flow out all branches removed for better comparison
with the idealised, branch-less cases, (c) an idealised non-tapered case with torsion and
curvature of the original geometry preserved (“non-planar”) and (d) an idealised non-
tapered case with torsion removed and only curvature preserved (“planar”).
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the root to the arch and then decreased at the start of the descending aorta, eventu-

ally becoming smaller than at the root; it remained constant thereafter (see Figure

3.11). The absence of taper after the arch therefore reduced transWSS values in

the distal arch and descending aorta (Figure 4.7c).

In the planar case (Figure 4.7d), two well-defined symmetrical streaks of high

transWSS developed in the arch and continued downstream. The asymmetry in the

location and strengths of the streaks in the descending segment seen in all previous

cases was eliminated. Interestingly, the streaks still weakened at the distal end of

the arch, and then became stronger once more, suggesting that local curvature in

the descending aorta is an important factor.

4.3 Discussion

TransWSS is the average over the cardiac cycle of the instantaneous product of

CFI i and WSS. The present study demonstrated that although it has a similar

pattern to TAWSS × CFI (i.e. to the product of the two cycle-averaged metrics)

there are discrepancies and, strikingly, it has only half the magnitude, implying that

it is important to examine the instantaneous interactions of CFI i and WSS. The

largest values of instantaneous transWSS (transWSS i) arose during acceleration

towards peak systole and during flow reversal. However, both these periods are

of short duration and the build-up over the longer peak systolic and deceleration

periods gave comparable contributions to transWSS, despite transWSS i having

smaller magnitudes.

At those parts of the cycle where transWSS i built up, the spatial distribution

of transWSS was predominantly determined by the spatial distribution of CFI i

because WSS was relatively uniform. Note also that CFI i was at its lowest in

parts of the cycle where the WSS was highest: that is because CFI i is defined by

the deviation of the instantaneous WSS vector from the cycle-averaged WSS vector

and it is those portions that most define the mean WSS vector, and thus where the
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instantaneous WSS vector deviates least from it.

Negligible differences in the pattern of transWSS were seen on removing the

reverse flow portion of the waveform, although magnitudes were reduced. This por-

tion of the cycle does not significantly influence the pattern because its duration is

short and because it generates the same distribution of transWSS as the accelera-

tion phase (compare columns t1 and t4 in Figure 4.4). Sloop et al. (1998) showed in

human aortas that flow reversal is present in young adults but not in older subjects.

The present study suggests that this change may not have a significant effect on

transWSS, at least at the large scale, and at least as long as the aortic and branch

flows are in phase.

Even for a sinusoidal waveform, the fundamental pattern of transWSS remained

unchanged. Only the use of a high Womersely number disrupted the streaks of high

values normally present in the descending aorta. This effect can be understood if we

consider an alternative dimensionless parameter, the reduced velocity Ured, which

represents the length in aortic diameters that the mean velocity travels during one

cycle. For α = 4.4 and 8 (≈ 250 and 840 bpm), Ured = 15.4 and 4.6 respectively, i.e.

for higher α, the mean velocity travels fewer diameters in length over the cycle, so

flow structures generated during one cycle do not propagate far before the next cycle

begins, leading to interaction of vortical structures and, crucially for transWSS,

more complex and different flow behaviour. The effect of Womersley number on

large-scale flow structures and near-wall vorticity (but not transWSS) has been

addressed previously (Doorly and Sherwin, 2009; Pitt, 2006). The knock-on effect

on transWSS has been first addressed here. An example of such instantaneous

vortical structures in the anatomically realistic geometry is shown in Figure 4.8,

by means of isocontours of the Q-criterion (Hunt et al., 1988), and gives a broad

qualitative characterisation of the flow.

The influence that vortical structures have on transWSS is most evident when

we consider how the pattern of transWSS was sensitive to changes in geometry. In

the planar idealised geometry, where taper and torsion were removed, two streaks
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(a) Original (b) No branch flow (d) Planar(c) Non-planar 

Figure 4.8: Isocontours of the Q-criterion showing vortical structures at time-point t3 in Figure 4.1a for the geometrical cases described
in Figure 4.7. Two viewpoints are shown for the idealised “non-planar” and “planar” cases.
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of high transWSS (Figure 4.7d) appeared to reflect a Dean vortex pair that develop

due to the primary curvature of the arch and which are reinforced by local curvature

in the proximal descending segment (Figure 4.8d).

When torsion was re-introduced into the idealised geometry, the streaks of high

transWSS in the arch became disconnected from the two in the descending aorta

(Figure 4.7c), suggesting that they arise from two different primary curvatures, one

in the arch and one in the distal segment. The streaks in the descending aorta

also became asymmetric in magnitude and shifted towards the anatomical right of

the map. Non-planarity broke the symmetry of Dean vortex pairs (Figure 4.8c),

as previously described (Caro et al., 1996; Lee et al., 2008; Sherwin et al., 2000).

Vortices may be reinforced by merging with the wall vorticity layer, or annihilated

if encircled by opposing-valued wall vorticity (Doorly and Sherwin, 2009; Zabielski

and Mestel, 1998). The evolution of the vortex pair for the non-planar case explains

the different transWSS patterns obtained.

Finally, the presence of taper did not alter fundamental patterns of transWSS

(Figure 4.7b), but accentuated the magnitude of the streaks in the descending

aorta, presumably due to increased WSS and, as previously speculated (Peiffer

et al., 2013b), the extension of the vortices.

The Dean number (De) is directly proportional to the bulk axial velocity, which

peaks in systole. At maximum curvature in the aortic arch, De averaged over

the cycle was 350, whereas at peak systole it was 1400. The Dean vortex pair is

consequently at its strongest and it is the flow structures during this portion of

the cycle that dominate the mean WSS vector (Figure 4.5c), leading to low values

of the CFI i. Streaks of high transWSS arise not from any lateral motion of the

vortical structures but simply due to variation in the near-wall secondary flow (and

secondary vorticity) that results from the vortex pair growing and decaying over

the cycle.

The study has a number of limitations. Assumptions in the CFD such as rigid

walls, Newtonian rheology, and the inflow velocity profile are addressed extensively
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in § 3.5. A potentially more serious limitation arises out of the finding that geometry

is crucial to the global pattern of transWSS. The vascular corrosion casts of the

rabbit aorta used in this study were obtained by placing the rabbit flat on its back,

an unnatural posture that may introduce artificial extension to the spine. Thoracic

vertebrae of human contortionists are capable of extension angles of up to 8° for the

first few vertebrae, and 3° for intermediate ones (Peoples et al., 2008), so there is a

possibility that the supine posture influences the geometry obtained for the aorta

even within the thoracic region. To capture the patterns and values of transWSS

that occur in vivo on the time scale over which endothelial cells align to flow, a

characterisation of the average geometry would be preferable.

4.4 Conclusions

In this study, numerical methods were used to obtain a deeper understanding of the

behaviour of large-scale near-wall flow that the transWSS captures for the first time.

The evolution over a physiologically relevant cardiac cycle was investigated, and

the sensitivity of the metric to the cardiac waveform as well as to its frequency was

identified. Lastly the influence of curvature, taper and torsion on the distribution

of transWSS was studied for the first time.

Without the pulsatile nature of blood flow there would be no variation in near-

wall velocity with time and the endothelial cells would never experience cross-flow.

The pulsatility of the blood is clearly necessary for the existence of multidirection-

ality, yet the precise nature of the aortic waveform does not dominantly influence

the pattern of transWSS. Instead, the pattern is primarily dependent on geometry.

In particular, it is the curvature of the arch and the proximal descending aorta that

is responsible for the global features of transWSS, and the non-planar nature of the

aorta that is responsible for the differences between the streaks and for the more

complex patterns seen in vivo. The taper over the vessel determines how far the

streaks of high transWSS propagate down the aorta.

151



Chapter 5

Near-wall flow around rabbit

intercostal branches

This chapter is concerned with the small-scale individual patterns of shear metrics,

in particular transWSS, in the region around intercostal branches. The results

of previous chapters indicate that transWSS may be a potential local risk factor

in atherogenesis accounting for age-related changes in the disease unlike existing

metrics. However, this previous work was concerned with averaged maps only, which

may obscure more subtle relationships and conclusions. In this chapter, differences

in shear metrics with age are assessed in more depth by analysing individual branch

patterns as well as by developing an understanding of the near-wall haemodynamics

that give rise to these small-scale patterns.

Specifically this chapter addresses the three following questions:

1. Do the averaged TAWSS, OSI and transWSS maps change with age, and are

there different patterns present at the individual branch level?

2. Is there a large-scale fluid dynamic mechanism that explains different small-

scale patterns of transWSS around intercostal branches?

3. To what extent are small-scale local patterns of transWSS sensitive to and

dependent on inflow and outflow conditions as well as vessel geometry?
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5.1 Methods

5.1.1 Numerical simulations

The averaged maps of shear metrics around intercostal branches of immature and

mature rabbits obtained and presented in § 3.4.1 and the maps around the indi-

vidual branches (see Appendix A.1) were re-used here to address questions 1 and

2. The maps obtained from the set of simulations termed “physiological” were

chosen in particular, where the spatially averaged peak inflow velocity was 1 m/s,

giving variable Rein ranging from approximately 190 to 220 for immature rabbits

and approximately 240 to 370 for mature rabbits.

To investigate the sensitivity of transWSS to inflow and outflow conditions

and geometry (question 3), further simulations were carried out in two immature

rabbit geometries (A and C). Unless otherwise stated, these further simulations are

a subset of those detailed in § 4.1.1, and were carried out for a constant Rein = 300.

Briefly, in rabbit C, sensitivity of the local patterns to the waveform was as-

sessed using the non-reversing waveform, the non-physiological sinusoidal waveform

and the original physiological1 waveform all shown in Figure 4.1. Flow out of the

intercostals only was removed to assess the effect outflow has on the local pattern

and lastly the arch was clipped and a flow extension added to the descending aorta

with a blunt profile imposed at the inlet to investigate the effect of arch geometry

on the local pattern. For the “descending” aorta only simulation, the spatially and

temporally averaged inflow velocity was set to be identical to that of the descend-

ing aortic velocity in the full rabbit geometry with Rein = 300 applied at the aortic

root, in order to maintain constant flow rates and facilitate comparison between

cases. The “no intercostal” outflow and the “no arch” simulations have not been

presented previously in this thesis.

In rabbit A, the effect of Womersley number (α) was investigated with simula-

1Although the latter simulation was termed “physiological” it is actually from the “Re300”
subset of simulations in Chapter 1 and is named physiological here not for the inflow velocity, but
for the use of the physiological waveform.
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tions carried out for α = 2 and α = 8 alongside those from the “physiological” set

of simulations with α = 4.36 2. All but the α = 2 case in rabbit A have been been

presented in Chapter 4. These were carried out for Rein = 186.

Regarding the first question, the WSS, OSI and transWSS metrics are presented

whereas only transWSS is discussed for simulations concerning the second and third

questions.

5.1.2 Statistical analysis

A constant box size of 2.4× 2.4 mm was taken around both immature (n = 37) and

mature (n = 49) branches in order to create new groups using branches from both

age groups (see below), and to facilitate correlation between maps. The correlation

between aggregate maps was assessed using the Spearman’s rank correlation coef-

ficient (r), and its 95% confidence interval (CI) estimated using a bootstrapping

approach. Details of the statistical analysis are given in § 3.3.8.

Variation in patterns of the individual branch maps was assessed by computing

the coefficient of variation which is defined as the ratio of the standard deviation to

the mean. It represents the extent to which the individual map patterns vary with

respect to the average map. Correlation between individual maps was also assessed

to identify whether individual immature and mature branches showed consistently

different patterns. For each metric, the Spearman’s rank correlation coefficient was

computed for each immature branch against each mature branch, giving n = 1813

r values in total. The absolute values (|r|) were subsequently presented in the form

of a histogram.

2This latter simulation is again termed here as “physiological” by virtue of the waveform
applied.
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5.1.3 Survey

It was clear from previous inspection of the individual branch maps (Appendix A.1)

that patterns of transWSS resembling immature and mature lesion patterns were

seen in rabbits of either age. To identify whether there were common haemodynamic

causes of the two patterns, irrespective of actual rabbit age, branches were grouped

based on their pattern of transWSS.

A survey of n = 10 people was used to carry out this alternative identification

and grouping of the individual maps based on the resemblance of the pattern of

transWSS to typical atherosclerotic lesion distributions around intercostal branches

in immature and mature rabbits (Weinberg, 2002). Each participant was presented

with four immature and five mature examples of individual lesion maps (Figure 5.1).

They were then presented with every individual branch map of transWSS (with

no knowledge of which age group it belonged to) along with a map of its ranked

(a) Immature

(b) Mature

Figure 5.1: Example lesion maps (lipid staining) around individual branches from (a)
immature and (b) mature rabbits, given as reference to survey participants. Red denotes
early lesion development.
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values and asked to note whether the distribution of transWSS more resembled an

immature or mature lesion, selecting “young” or “old” respectively.

The participants were subsequently asked to identify whether a branch lay

within one of the two large-scale longitudinal streaks of high transWSS addressed in

length in the previous chapter. Each participant was presented with the unwrapped

en face distribution of transWSS on the luminal surface of the descending aorta for

each rabbit geometry (Figures 6.3 and 6.4) and asked to note whether the branch

lay encompassed within a streak (termed “middle”), or on the edge of, or remote

from, a streak. These latter two types were combined and termed “edge”.

The pair-wise and longitudinal location was subsequently identified for branches

where ≥ 6 or ≥ 8 of the 10 survey respondents were in agreement about the pattern

and location with respect to streak. The primary aim of using a survey method was

to avoid the subjectivity inherent with the author of the study alone attempting to

identify the pattern and location with respect to streak of each branch. Participants

who had no understanding of the aims of the study were deliberately chosen.

5.2 Results

5.2.1 Change of shear metrics with age

Figure 5.2 shows the averaged distributions of transWSS, TAWSS and OSI around

intercostal maps (n = 37 for immature, and n = 49 for mature branches) for

simulations with a constant inflow velocity (“physiological”). The mature shear

maps are reproduced from Figure 3.6 and the immature shear maps are modified

by increasing the map size from 1.92 × 1.92 mm to match the mature map size

of 2.4 × 2.4 mm. These have been addressed in detail in § 3.4.1. Here, we bring

attention to the comparison between the age groups only. The TAWSS distribution

(middle column) showed similar distributions in both age groups, as did OSI (third

column). The same maps are presented in Figure 5.3 with the absolute metric values
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replaced with their rank ID. It shows that the TAWSS and OSI differed immediately

around the branch: a ring of low TAWSS and high OSI persisted nearly all around

in the mature map but not in the immature map.

The distribution of transWSS (first column in Figures 5.2 and 5.3) also showed

reasonably similar patterns. Figure 5.3 shows that the immature map resembled

the downstream arrowhead pattern more, but nonetheless the patterns were not

strikingly different.

This lack of difference is reflected in the quantitative comparison of the maps.

Table 5.1 gives the Spearman’s rank correlation coefficient (r) and its 95% CIs

for the correlation between the immature and mature maps for each metric. Of

the three metrics, the immature and mature branches correlated most strongly for
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Figure 5.2: En face averaged maps (2.4×2.4 mm), from simulations with the “physiolo-
gical” inflow velocity conditions, of the three shear metrics around intercostal branches
(white) in descending aortas of immature (top row) and mature (bottom row) rabbits.
Flow is from top to bottom.
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Figure 5.3: Averaged maps in Figure 5.2 with absolute values replaced by the rank
order ID of pixels.

transWSS: r = 0.92 compared to r = 0.61 and r = 0.69 for TAWSS and OSI

respectively. The CI, which represents the bounds within which there is a 95%

chance the true population r value lies, also had the highest lower and upper bounds

for transWSS. However, the lower bound of the transWSS CI falls within the CI of

TAWSS and OSI (which are both similar), so it is possible that all three metrics

may have similar true population r values. The correlation coefficients for all three

metrics are quite high, and in the case of transWSS very high, reflecting the strong

similarity of the immature and mature averaged maps.

Metric r CI

transWSS 0.92 [0.64, 0.92]

TAWSS 0.61 [0.42, 0.68]

OSI 0.69 [0.51, 0.74]

Table 5.1: Correlation coefficients (r) and 95% confidence intervals for the relation
between averaged immature and mature maps of the three shear metrics shown in Figure
5.2.
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5.2.2 Individual-level differences in patterns

Although results from the preceding section indicate the immature and mature

maps of each metric, in particular transWSS, are very similar, this is for averaged

maps. This section looks at maps at the individual branch level.

To gain an understanding of the variation of each metric across the individual

branches, the coefficient of variation (cv) for each average map of Figure 5.2 was

computed (Figure 5.4). The higher the value of cv at a particular location, the

greater the variation of the metric at that location across the individual branches

with respect to the mean value. It is clear that cv across the map was lowest for

TAWSS for both age groups. For OSI, cv increased compared to TAWSS particularly

for the immature map, and for transWSS at both age groups, cv was highest.

The first column in Figure 5.5 shows histograms of the absolute Spearman’s

rank correlation coefficient between each individual immature and mature branch

(n = 37× 49 = 1813). |r| ≈ 0.5 was the most frequently occurring value for TAWSS,

whereas for transWSS this was |r| ≈ 0. OSI generally showed a uniform distribution
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Figure 5.4: Coefficient of variation (cv) for the averaged maps in Figure 5.2.
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Figure 5.5: For each shear metric, histograms of the n = 1813 individual-level absolute
correlation coefficients (|r|) for the relation between each individual immature and mature
branch (left), and two example individual immature and mature branch pairs that gave
|r| < 0.1. TransWSS and TAWSS given in Pascals.
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of |r| values. Of all three metrics, however, transWSS had the highest proportion

of individual branch pairs that had near-zero correlation coefficients, i.e. that were

dissimilar. Lastly, despite a very small frequency, the transWSS distributions did

give the highest correlation values close to |r| = 1.

Figure 5.5 also shows two example individual branch pairings for each metric

that gave |r| < 0.1. Although the maps had near-zero correlation coefficients, the

TAWSS and OSI representative branches qualitatively had very similar patterns

and show similar distributions in the immediate vicinity around the branch. For

TAWSS (Figure 5.5b), both the immature and mature branches have a region of

high TAWSS downstream of the branch and a less intense high region upstream.

The difference between the maps is the size of these high-valued regions. The

branch mouths themselves are smaller in the immature maps reflecting the smaller

sizes of the rabbit geometries at the younger age. Similarly for OSI (Figure 5.5c),

both groups had a region of low value downstream, and a ring of high OSI around

the branch. The differences between the maps are in the distribution of OSI at the

borders of the map; OSI was high on the left-hand side of the first immature branch

whereas it was high on the right-hand side of the first mature branch (column 1),

and the converse is true for the second pair (column 2).

However, for the example individual branch maps of transWSS (Figure 5.5a),

two distinctly different patterns in the near-branch vicinity can be seen; an arrow-

head downstream of the branch, reminiscent of the immature lesion pattern in § 3.9,

and a two-lobed lateral pattern more resembling the mature lesion pattern. From

henceforth these two different patterns are termed “young” and “old” respectively.

5.2.3 Survey-defined transWSS groups

Following on from the previous section where two distinctly different patterns of

transWSS were identified that resembled age-dependent lesion maps, 10 participants

in a survey were asked to identify which of the two patterns (“young” or “old”) the

transWSS distribution around each branch resembled, irrespective of the real age
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Figure 5.6: The breakdown of participant-identified patterns of all immature (left) and
mature (right) branches with selection criteria of (a) 8/10 participants agreeing and (b)
6/10 participants agreeing.

of the rabbit. Figure 5.6a shows the breakdown of patterns identified for the im-

mature and mature (real ages) set of branches for branches where there was a ≥

8/10 rate of agreement among participants. (Note some were classified as unidenti-
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fied). There was consistent agreement among participants for just under half of the

immature branches and two-thirds of the mature branches indicating “young” and

“old” patterns that strongly resembled the representative lesion maps against which

participants compared transWSS patterns. Of the identified immature branches,

44% were considered to have a “young” pattern and 56% to have an “old” pattern.

For the mature branches this was reversed, i.e. 56% were identified as “young” and

44% as “old”. When the selection criterion by which branches were considered to

be reliably identified was relaxed to ≥ 6/10 participants (Figure 5.6b), the number

of unidentified branches decreased to small proportions for both age groups, and

the approximately 50-50 split of patterns in Figure 5.6a was preserved.

New averaged maps based on these pattern-identified groups were computed and

are shown in Figure 5.7 for both ≥ 6/10 and ≥ 8/10 participant agreement rates
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Figure 5.7: Averaged maps of transWSS around immature and mature branches for
the real age groups (column 1) and averaged maps of transWSS of participant-identified
“young” and “old” patterned branches at both 6/10 and 8/10 selection criteria (column
2 and 3). TransWSS given in Pascals. Flow is from top to bottom.
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and alongside the original real-age groups for comparison. The average “old” map

showed nearly no changes when the selection criterion was adjusted, however, when

the more stringent criterion of ≥ 8/10 was used, the average “young” map changed

to better resemble the young lesion map with an arrowhead pattern. Regardless

of selection criteria, the “young” map had a more well-defined arrowhead pattern

than the average map of the real immature group (particularly with a continuous

high-transWSS region downstream of the branch). Similarly, the “old” pattern had

a distinctly separated two-lobed pattern compared to the average map of the real

mature group.

Table 5.2 statistically quantifies this qualitative analysis. The Spearman’s rank

correlation coefficient and its 95% CIs are given for the correlation of the “young”

and “old” maps with each other (“Cross-correlate ages”) for both selection criteria

as well as with the immature and mature lesion maps respectively. The results

of the statistical analysis for the transWSS distribution in the real age groups is

also given for comparison. r considerably decreased from 0.92 to 0.48 for the cross-

correlation between age groups for the ≥ 8/10 selection criterion compared to the

real age groups, confirming the visual difference between the two maps. Although

not as low, r also decreased for the ≥ 6/10 selection criterion. The CI of the real

age maps and the patterned 8/10 maps also do not overlap so it is 95% definite

that the difference in their r values is real. With regards to the correlation with

the lesion maps, neither the r values nor the CIs strongly changed when correlating

Cross-correlate ages Immature lesion mature lesion

transWSS r CI r CI r CI

Real age 0.92 [0.64, 0.92] 0.82 [0.65, 0.84] 0.60 [0.42, 0.66]

Pattern 6/10 0.70 [0.48, 0.77] 0.89 [0.75, 0.90] 0.63 [0.48, 0.69]

Pattern 8/10 0.48 [0.27, 0.62] 0.84 [0.70, 0.87] 0.56 [0.41, 0.63]

Table 5.2: Correlation coefficients (r) and 95% confidence intervals for the relation
between transWSS and lesions at each real age group as well as for the relation between
the two age groups (row 1). The results for the relations between the participant-identified
“young” and “old” patterned groups and the respective lesion age maps are also given
alongside the correlation of the “young” map against the “old” map for both selection
criteria (rows 2 and 3).
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with the real age groups, or the participant-selected patterned groups. This is

particularly true for the mature lesion map, whereas for the immature lesion map a

slight increase in both the bounds of the CI and r was seen when correlating with

the 6/10 patterned map, and to a lesser degree with the 8/10 patterned map.

5.2.4 Branch location of survey-defined transWSS patterns

In §5.2.2, a possible relationship between the characteristic pattern of transWSS

around a branch and that branch’s location within the aorta was alluded to. Having

characterised each branch as either “young” and “old”, it is possible to investigate

this further.

Figure 5.8a shows the breakdown of patterns in the first and second branch

pairs, and in the fourth and fifth branch pairs, with selection criteria of ≥ 8/10

participants agreeing. The majority of classified branches in the first and second

pairs were identified as having a “young” pattern (13/17 ≈ 75%), whereas the

majority of classified branches in the fourth and fifth pairs were identified as having

an “old” pattern (12/19 ≈ 65%). Figure 5.8b similarly shows the breakdown of

patterns along the body right-hand side and body left-hand side of the descending

aorta to identify whether there was a connection with the longitudinal location

of a branch. Again, of the classified branches, on the BRHS a stronger majority

(compared to the pair-wise results) were identified as having a “young” pattern

(22/27 ≈ 80%) and on the BLHS an “old” pattern (19/23 ≈ 83%).

Participants were also asked to identify whether a branch lay within a streak

of high transWSS or on the edge or far removed from it. Figure 5.9a shows the

breakdown of branch location with respect to the streaks for branches identified as

having a “young” and “old” transWSS pattern. Only branches that had an ≥ 8/10

participant agreement rate for both pattern identification and streak location were

included. The majority of branches with a “young” pattern lay within the middle

of a streak (87%), whereas branches with an “old” pattern only ever lied on the

edge of or far removed from a streak. Conversely this can be stated as branches
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encompassed within a streak only ever have a “young” pattern. This is a striking

result considering the n number of 23.

13
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Figure 5.8: The breakdown of participant-identified branches for (a) all branches in
pairs 1 and 2 (left) and in pairs 4 and 5 (right), and (b) all branches on the body right-
hand side of the aorta (left) and body left-hand side of the aorta (right), irrespective of
the real age of the rabbit. Branches were selected using the ≥ 8/10 participants agreeing
criterion.
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Figure 5.9: For each set of participant-identified branches having a “young” pattern and
an “old” pattern, the ratio of branches lying within a streak (“middle”) or on the edge of
or far from a streak (“edge”) are given for selection criteria (a) ≥ 8/10 and (b) ≥ 6/10.
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Figure 5.10: The breakdown of the (a) pairwise location, either pairs 1 and 2 or 4 and 5
and (b) longitudinal location, either on the body right-hand side or body left-hand side,
of branches identified as lying in the middle of a streak or on the edge of or removed from
a streak of high transWSS. These branches are selected using the ≥ 8/10 participants
agreeing criterion.
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Figure 5.11: The breakdown of participant-identified branches as in Figure 5.8 but with
branches selected using the ≥ 6/10 participants agreeing criterion.

169



15
71%

6
29%

Middle of  streak

Pairs 1-2 Pairs 4-5

14
33%

28
67%

Edge of  streak

Pairs 1-2 Pairs 4-5

(a) Pairwise location

23
85%

4
15%

Middle of  streak

Right Left

19
36%

34
64%

Edge of  streak

Right Left

(b) Longitudinal location

Figure 5.12: The breakdown of participant-identified branches as in Figure 5.10 but
with branches selected using the ≥ 6/10 participants agreeing criterion.
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The pairwise and longitudinal location of branches identified as lying within

or on the edge or removed from a streak is subsequently assessed in Figure 5.10.

A strong majority of branches lying within a streak were of the first and second

branch pairs (80%) and located on the body right-hand side (94%). Although a

weaker majority, those on the edge or removed from a streak were predominantly

of the fourth and fifth branch pairs (74%) and located on the body left-hand side

(67%).

Relaxing the selection criterion to ≥ 6/10 participants agreeing still maintained

the relationships outlined above (Figures 5.9b, 5.11 and 5.12). The more reliable

and stringest classification of ≥ 8/10 participants strengthened the relationships

and with still very high n numbers, indicate quite reliable results.

5.2.5 Influence of aortic inflow waveform

As in Chapter 4, the effect of the pulsatile nature of the flow was investigated,

this time on the local, small-scale distribution of transWSS around the intercostal

branch ostia. Since this chapter has a focus on the individual branch maps, only

these are shown and not averaged maps. Figure 5.13 shows four example branches

from rabbit C with distributions of transWSS obtained from simulations where the

physiological waveform, the waveform with reverse flow removed, and the sinusoidal

waveform described in Chapter 4 were applied. All ten branch ostia can be found

in Appendix A.2 (Figures A.11 and A.12).

In general, removing the reverse flow portion of the waveform had negligible

effect on the pattern of transWSS, and on its magnitude. The distribution of

transWSS appeared nearly identical between Figures 5.13a and 5.13b. This was

the case for all the branches.

The use of the sinusoidal waveform showed a comparably greater, though still

small, influence. For nearly all branches, the distribution of transWSS did not

markedly change; for example, the fourth pair on the BRHS (third row of Figure
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Figure 5.13: En face distributions of transWSS (Pa) for different inflow waveforms
around the first and fourth pair of intercostals, where BRHS and BLHS correspond to
branches on the anatomical body right-hand side and left-hand side respectively. (a) The
physiological waveform, (b) the physiological case with reverse flow removed, and (c) a
sinusoidal waveform. These were carried out in rabbit C for Rein = 300.
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Figure 5.14: En face distributions of transWSS (Pa) for different Womersley numbers,
i.e. time period of the cardiac cycle, around the second and fourth pair of intercostals,
where BRHS and BLHS correspond to branches on the anatomical body right-hand side
and left-hand side respectively. Different α values correspond to (a) α = 2, (b) the
physiological value of 4.36, and (c) the non-physiological α = 8. These were carried out
in rabbit A for Rein = 186 .
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5.13) shows slight differences downstream of the branch between the sinusoidal and

physiological cases, and similarly for the branches on the first and last row of Figure

5.13 where the general pattern remains the same. However, for the branch of the

first pair on the BLHS (second row), the pattern changed substantially.

The influence of the Womersley number was also investigated. Figure 5.14 shows

the distributions of transWSS around four example branches from rabbit A. The

physiological value, α = 4.36 corresponds to a cardiac cycle duration of 0.24 s and

a heart rate of 250 bpm. These results are shown in Figure 5.14b. The results for

two non-physiological values, α = 2 and 8, correspond to an unrealistically long and

short cycle respectively; 1.14 s (approximately 50 bpm) and 0.07 s (approximately

840 bpm) respectively (Figures 5.14a and 5.14c).

With increasing α, the magnitudes of transWSS increased, despite the Reynolds

number remaining constant for all three simulations. Compared to the physiolo-

gical case (Figure 5.14b), decreasing α did not change the general distribution of

transWSS around the branch (Figure 5.14a). However, increasing the Womersley

number did have a substantial effect on the patterns of transWSS, particularly for

the branches further upstream (see all branches in Figure A.10 in Appendix A.2).

Regardless of the original distribution for the physiological case, increasing α tended

to change the distributions into a four-lobed “butterfly” pattern (Figure 5.14c).

5.2.6 Influence of outflow and geometry

Figure 5.15 shows the effect on small-scale patterns of transWSS when removing flow

out of the intercostal branches and when removing the effect of the arch geometry

on the flow down the descending aorta. Again this is shown for four example branch

ostia from rabbit C; the results for all branch ostia are shown in Figures A.11 and

A.12 in Appendix A.2.

Removing the flow out of the intercostal branches (effectively a 0% flow split)

appeared to have nearly no effect on the distribution of transWSS (Figure 5.15b).
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Figure 5.15: En face distributions of transWSS (Pa) around the first and fourth pair
of intercostals, where BRHS and BLHS correspond to branches on the anatomical body
right-hand side and left-hand side respectively, for the following cases: (a) The original
waveform and geometry from “Re300” set of simulations in Chapter 3, (b) the preceeding
case with flow out the intercostal branches removed, and (c) the reduced descending aortic
geometry with a blunt inflow velocity profile and with the influence of the arch removed.
These were carried out in rabbit C for Rein = 300.
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This was the case for all branches. Although the magnitude of transWSS was

reduced in certain locations the general patterns remained almost identical. This

contrasts with the large effect that removing the arch geometry had on the small-

scale local pattern of transWSS (Figure 5.15c). The magnitude was reduced, and

the distribution changed to become the four-lobed butterfly pattern seen previously

when the Womersley number was increased to a non-physiological value.

5.3 Discussion

This study assessed the numerically-obtained haemodynamic shear metrics in maps

of individual intercostal branch ostia in an attempt to better understand the po-

tential relationship between transWSS and atherogenesis and also to uncover the

mechanism leading to different small-scale, local patterns of transWSS which often

arose within the same aortic geometry.

This focus on the individual maps was prompted by the finding that the aver-

aged maps of the shear metrics - TAWSS, OSI and transWSS - were not signific-

antly different between immature and mature rabbits. The maps of TAWSS and

OSI showed nearly no visual difference between the two age groups, and transWSS

marginally so. This was also quantitatively shown with all three metrics showing

strong positive correlations between their immature and mature maps. The bounds

of the CI for the TAWSS and OSI relations were lower than that of the transWSS

which was unexpected considering the visual observations. This may be explained

by the same-size branch mouths imposed on the maps, discussed further on. The

upper bound of the transWSS cross-correlation was particularly high which indic-

ates there may be individual maps in both age groups that are very similar to one

another. Although Chapter 1 indicated that the multidirectional theory, character-

ised by transWSS, accounted for the age-dependent nature of atherosclerosis, the

distributions themselves did not differ between the age groups; at least not for the

averaged maps, and high r values are generally symptomatic of aggregating data

(De Wilde et al., 2016a; Robinson, 1950; Rowland et al., 2015). It is thus necessary
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to examine data at the individual level.

A cursory glance across all the individual maps for both age groups (Appendix

A.1) immediately makes it apparent that the general pattern of TAWSS did not

significantly change between the age groups at the individual-level, nor between

branches within an age group and even within a rabbit. The same can be said for

OSI although perhaps to a lesser degree. This was reflected in the quantitative

analysis also: the maps of TAWSS and OSI showed less variability compared to

transWSS within their respective age groups (Figure 5.4). Moreover, there were

fewer individual branch pairings of the immature and mature maps that gave very

small correlation coefficients (Figures 5.5b, and 5.5c). These individual branch

pairings often showed very similar patterns at both ages for TAWSS and OSI (see

the examples in Figures 5.5b and 5.5c). They only appear to be scaled, as though the

mature map is a close up of the immature map. This is not surprising considering

that the immature rabbits have smaller aortic root diameters than mature rabbits

making it reasonable to assume that they also have smaller aortic geometries, and

therefore smaller intercostal branch mouths. When correlating the two individual

maps to one another (the same can be said of the averaged maps) identical branch

mouths are imposed which will give a false result of the patterns being different.

In hindsight, when comparing the two age groups against each other, it may have

been more accurate to rescale the maps to have branch mouths of the same size.

The maps of transWSS, however, did show quite variable patterns from branch

to branch, even within a rabbit. The coefficient of variation was highest for transWSS

in both immature and mature rabbits, and the individual immature vs. mature

correlations had the greatest proportion of small correlation coefficients, |r| < 0.1.

Patterns of transWSS that were very dissimilar arose between the two age groups

(Figure 5.5a), but interestingly, so did patterns that were very similar, which con-

sequently produced bootstrap sample average maps that were very similar due to

sampling with replacement, as the high upper bound of the CI for the aggregate cor-

relation showed. This was also shown by the presence of individual branch pairings

that had |r| > 0.95 for transWSS (and not for TAWSS or OSI).
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The dissimilar maps of transWSS tended to resemble the distributions of dis-

ease in immature and mature rabbits (Figure 3.9), with branches often having a

downstream “arrowhead” pattern (“young”), or a lateral two-lobed pattern (or but-

terfly pattern) of high transWSS around the branch ostium (“old”). The analysis

of results from a survey appeared to confirm this: participants categorised each in-

dividual branch map of transWSS as resembling either of these patterns (i.e. either

of the disease patterns), and if ≥ 8/10 participants agreed, the branch was regarded

as reliably and consistently identified. Generally half of the immature branches and

two-thirds of the mature branches were reliably identified, and if the selection cri-

terion was relaxed to ≥ 6/10 participants, this increased to > 95% of the branches.

Moreover, the averaged maps of these “young” and “old” distributions were more

weakly correlated to one another compared to the average maps based on the real

rabbit ages (column 2 and 3 in Table 5.2), confirming their dissimilarity.

Thus, unlike the TAWSS and OSI branch patterns, which appeared to have

one distribution that didn’t resemble either disease patterns, the transWSS varied

from branch to branch, exhibiting patterns that resembled disease and which were

dissimilar to one another. However, the different patterns did not consistently arise

in either age group. Within both the immature and mature rabbits, there was an

approximately 50:50 ratio between the “young” and “old” patterns, which explains

the large CI upper bound of the aggregate cross-correlation of the original real

age average maps. The question now is what causes the small-scale distribution of

transWSS, and what is causing the different distributions.

Although both the “young” and “old” patterns are seen in both age groups,

for the representative maps given in Figure 5.5a, both the immature and mature

branches with the “young” pattern are of the second pair of intercostal branches in

their respective rabbits, and the branches with the “old” pattern are of the third

pair (immature branch, column 1) and fifth pair (mature branch, column 2). This

is suggestive of a possible connection between the distinctly different patterns of

transWSS and their branch location in the descending aorta. Results from the

survey analysis shed further light on this. There were three main findings that can
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be summarised:

• The majority of branches from pairs 1 and 2 and the majority of branches

on the anatomical body right-hand side (BRHS) had a “young” pattern. The

majority of branches from pairs 4 and 5, and the majority of branches on the

BLHS had an “old” pattern.

• The majority of branches that were identified as being located within a large-

scale streak of high transWSS were from pairs 1 and 2 and BRHS branches.

The majority of branches that were located on the edge of a streak or apart

from one, were from pairs 4 and 5 and BLHS branches.

• The majority of branches with a “young” pattern were also identified as lying

within a large-scale streak of high transWSS. All branches with an “old”

pattern were only ever located on the edge of, or distant from, a streak.

Taking these points together, there appears to be a direct connection between

the arterial fluid mechanics, the characteristic branch patterns, and their spa-

tial location. The arterial fluid mechanics that result in large-scale features of

transWSS (Chapter 4) explain different local, small-scale distributions around in-

tercostal branch ostia that resemble characteristic lesion patterns. When streaks

encompass a branch the branches exhibit the “young” pattern, and if not they ex-

hibit the “old” pattern. They also explain the physical location of branches with

these patterns: streaks more often encompass branches further upstream of the

descending aorta compared to further downstream, and encompass those on the

body-right side more often than those on the body-left side, resulting in “young”

patterns in the former and “old” patterns in the latter. From the previous chapter,

the existence and location of these large-scale streaks has been linked to the rabbit

aortic geometry, in particular torsion. This is discussed further in Chapter 6.

As noted above, the distribution of transWSS was found to change from branch

to branch, whereas TAWSS and OSI did not. TransWSS is therefore capturing some

fundamental near-wall flow that current existing metrics are not. Kazakidi et al.

(2009) showed that the computational steady WSS pattern in an idealised domain
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representing the intercostal branch and aorta did not change when the geometry

of the idealised branch was modified. They also showed that the TAWSS and

steady WSS patterns were the same, which was also verified in anatomically realistic

geometries by Peiffer et al. (2012). It is reasonable to conclude that intercostal

branch geometry does not affect the distribution of TAWSS, which is consistent

with the results of this study where patterns remained the same from branch to

branch. The same argument may be applied to OSI. However, it cannot be applied

to transWSS, since this did differ between branches.

However, we can conclude branch geometry does not influence transWSS by

looking at the results of the “descending” case, in which the arch geometry was

removed, a flow extension applied to the inlet, and a blunt inflow profile imposed.

For all ten branches, regardless of the original distribution, the pattern of transWSS

became a four-lobed butterfly pattern. The fact that the pattern was reasonably

similar for all branches indicates that local branch geometry is not responsible for

the local transWSS patterns.

The local transWSS distribution is also not a result of the flow driven down the

intercostal branch due to a pressure gradient. Removing flow out of the intercostal

arteries had nearly no effect on the patterns of transWSS; a remarkable result, and

discussed it its own right further below.

Although Sloop et al. (1998) showed in human aortas that flow reversal is

present in young adults but not in older subjects, the results here suggest that

the reverse flow in the waveform has no significant effect on the local distribution of

transWSS. The simulation was carried out in an immature rabbit geometry in this

study (Figure 5.13). Although not shown here, a simulation using the waveform

without reverse flow was also carried out in a mature rabbit geometry and again

no effect was seen on transWSS. Distributions around intercostal branch ostia for

this simulation are presented in Appendix A.2. Even when modifying the waveform

to an extreme case - a non-physiological sinusoid - the general local patterns were

not significantly affected, with the exception of one branch, located on the BLHS
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of the first pair, which was entirely altered. A closer inspection reveals that the

pattern changed because of the effect of the waveform on the surrounding large-

scale patterns of transWSS. Figure 4.6c in Chapter 4 shows the unwrapped map

of the descending aorta, and shows how the large-scale streaks of high transWSS

upstream of the first pair of branches were altered by using the sinusoidal wave-

form, whereas for the remainder downstream segment the large-scale distributions

remained unaltered.

Decreasing the Womersley number from α = 4.36 to α = 2 (equivalent to in-

creasing the time period of the cardiac cycle) also had no effect on the pattern of

transWSS. However, increasing α to a non-physiological value, α = 8, did result in

marked changes in the local pattern of all branches. This can again be understood

in light of the effect that increasing α has on the large-scale patterns, described and

discussed in Chapter 4. Since we are interested in age-related changes, a similar α

sensitivity study was carried out in a mature rabbit geometry (transWSS distribu-

tions presented in Appendix A.2), where the physiological value of α = 5.57 was

increased to the same value as the immature rabbit: α = 8. However, transWSS

around the branches was not as significantly altered by this increase, nor were the

large-scale features. This is because the relative increase of the Womersley number

relative to the physiological value was not the same. Consider an alternative but

related dimensionless parameter: the reduced velocity Ured, which represents the

length in diameters that the flow travels during one cycle. For the immature geo-

metry, Ured was decreased from 15.4 to 4.6, whereas for the mature geometry, this

was from 13.9 to 6.7. It may just be that Ured = 6.7 in the mature geometry was

still sufficiently large enough to avoid interaction of vortical structures from cycle

to cycle, the phenomenon that led to the altered large-scale patterns of transWSS

described in Chapter 4.

As briefly mentioned above, in the “descending” case, removing the arch flow

profoundly affected the transWSS patterns. The effect on the large-scale pattern

(not shown) explains this, as the streaks were weakened and positioned further

apart, far from the intercostal branches.
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All of these results provide strong evidence, alongside the survey study, that

the local, small-scale pattern of transWSS around a branch ostium is strongly de-

termined by that branch’s spatial location with respect to large-scale streaks of high

transWSS. Characteristics of the pulsatility of the blood flow do not influence local

patterns directly, and are only significant if they have an influence on the large scale

features.

Similarly, aortic geometry influences the local patterns via its effect on the

large-scale distributions. Intercostal branch geometry and pressure-gradient driven

flow through the intercostal branch do not directly influence the transWSS patterns

nor indirectly as they do not determine the large-scale patterns either. This calls

into question the significance of any physiologically realistic outflow condition. The

pattern of transWSS is independent of the flow split and waveform applied at the

intercostal branch outlet. Aortic flow would induce reverse counter-rotating vortices

in the branch mouth which may have been sufficient to induce a transverse wall shear

stress. It is the mere presence of the branch alone, and the distortion of the aortic

luminal surface that lends the region susceptible to a local pattern of transWSS.

Peiffer et al. (2013b) post-processed pulsatile flow fields, obtained using CFD

with different branch outflow conditions by Kazakidi et al. (2011), to compute the

transWSS around a branch emerging at 90° from a rectangular computational do-

main representing an intercostal artery emerging perpendicular from the thoracic

aorta. The distribution of transWSS in this case was sensitive to the outflow con-

dition, showing differences between cases where the side-branch flow was reversing

and non-reversing. The flow split to the branch in the study was 0.79%, far greater

than the approximately 0.2% used throughout this thesis. Figure 5.16 shows the

transWSS distribution in the same computational domain obtained from Kazakidi

et al. (2011), for the reversing side-branch flow boundary condition with pulsatile

aortic flow, for flow splits 0.79% and 0.1%. The former is a repeat simulation of the

previously published data, and the latter has not been carried out before.

In this idealised scenario, transWSS was dependent on the flow split, and there-
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Figure 5.16: Distributions of normalised transWSS on the aortic wall of an idealised
branching geometry (Kazakidi et al., 2011, 2009) with pulsatile aortic flow and reversing
side-branch flow for a (a) 0.79% and (b) 0.1% velocity flow split. TransWSS normalised
using the TAWSS value at the aortic inlet, to be comparable with Peiffer et al. (2013b).

fore outflow boundary conditions at the intercostal branch. Reducing the flow split

did not affect the distribution, but did markedly affect the magnitude. The parallel

was not seen in the anatomically realistic geometry in this study when removing

the flow down the branch entirely. However, in the anatomically realistic case, the

flow split was reduced from the physiologically realistic estimate of 0.2% to 0%,

whereas in the idealised case, it is reduced from 0.79% to 0.1%. It may just be that

at the non-physiological flow split value of 0.79% the driving flow into the branch

is sufficiently large to influence the near-wall flow on the aortic luminal surface,

and thus transWSS is dependent on outflow boundary conditions (Peiffer et al.,

2013b), whereas for physiologically realistic values, it is sufficiently small enough

that outflow boundary conditions are non-influential.

5.4 Conclusion

This study addressed in detail the small-scale individual patterns of transWSS

around intercostal branch ostia obtained using computational fluid dynamics. Changes

with age were assessed and revealed that TAWSS and OSI do not change with age

nor from branch to branch, whereas transWSS does, tending to exhibit one of two

patterns that resemble characteristic lesion maps in immature and mature rabbits.
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A survey method was adopted to investigate the existence of these two character-

istic patterns of transWSS and identify a mechanism explaining them. Simulations

were carried out assessing the influence of geometry, inflow and outflow boundary

conditions on the small-scale pattern of transWSS.

A series of questions was presented at the start of the chapter outlining its

purpose. The conclusions are presented as their answers:

1. Averaged maps do not change with age around intercostal branches for all

three shear metrics, TAWSS, OSI and transWSS. TAWSS and OSI do not

show differences at the individual branch level between ages nor from branch

to branch within an age group, unlike transWSS, which exhibited two types

of distributions that resembled the two age-dependent characteristic lesion

maps. These were found equally across the age-groups.

2. The “young” transWSS pattern arises when a large-scale streak of high transWSS

encompasses a branch, and the “old” transWSS pattern arises when the

branch is located far from or on the edge of a large-scale streak. The “young”

patterns tended to occur further upstream of the descending aorta and on the

BRHS and the “old” patterns further downstream and on the BLHS, suggest-

ing at torsion being indirectly responsible for the differences between the two

metrics via its direct influence on large-scale streaks.

3. Inflow and outflow conditions, and intercostal branch geometry do not play

a role in determining the distribution of transWSS, and in the case of the

pulsatile characteristics of the blood flow, only influence the patterns via

their influence on large-scale distributions. Aortic arch geometry is critical to

the development of two different distributions downstream of the arch around

intercostal branches, via the significance of the arch and vessel geometry on

the large-scale fluid dynamics.
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Chapter 6

Discussion

The work described in this thesis investigated the role played by multidirectional

near-wall flow, characterised by the transWSS metric, in atherogenesis. Summar-

ising the main threads of this study, the first was the quantitative assessment of the

relation between the established low/oscillatory and recent multidirectional shear

theories with early lesion development and macromolecule uptake into the wall. Fol-

lowing this, the transWSS was probed to understand the near-wall flow it captures

in vivo, and to understand its sensitivity to modelling parameters such as boundary

conditions and geometrical definition. Lastly, a possible fluid mechanical explana-

tion of the age-dependent nature of disease was developed using transWSS and its

characterisation of multidirectional flow. This was primarily achieved using numer-

ical methods to simulate pulsatile blood flow in the anatomically realistic aortae

of four immature and five mature rabbits, as well as partially-idealised geometries.

The emphasis throughout has been on disease, permeability and shear patterns and

their age-dependent nature around intercostal branch ostia, at both the aggregate

and individual level.

In Chapter 3, the bootstrapping method was used to make assertions on the

strengths and statistical significances of correlations between averaged spatial data-

sets. The relation between shear metrics - TAWSS, OSI and transWSS - and early

lesions and wall permeability was assessed, and it was found that at the aggregate
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level the low/oscillatory shear theory related to permeability in mature rabbits,

unlike the multidirectional theory. However, the reverse was true for young rabbits,

indicating the low/oscillatory shear theory could not consistently explain distribu-

tions of permeability across age. The low/oscillatory shear theory was also unable

to account for age-related changes in lesion patterns in the rabbit aorta and was

unable to relate to either immature or mature lesion maps. This was in contrast to

the multidirectional theory, using transWSS as its marker, which related strongly

to lesions in both age groups, as well as permeability in young rabbits. The main

findings of Chapter 3 indicated that the transWSS metric, and multidirectional

near-wall flow, is a worthwhile local risk factor to investigate further, and promp-

ted the work in the following chapters.

The focus of the study in Chapter 3 on aggregate data limits the extent to

which conclusions can be drawn. Fundamentally, it is the pairwise relationships

at the individual level, which are of interest. Chapter 5 made an effort towards

assessing whether multidirectional fluid mechanics can explain the age-dependency

of the disease at the individual level, despite the lack of individual-level paired

data. Although averaged transWSS maps relate to lesion frequency maps at both

age groups, one of the findings of Chapter 5 was that the patterns of the averaged

transWSS maps themselves did not change with age. However, at the individual-

level there were distinctly different patterns in transWSS, which moreover resembled

the different disease patterns with age. This relied on visual analysis, so a survey

method was used to avoid subjectivity. Participants characterised each individual

branch map of transWSS as resembling either the immature or mature disease

pattern, labelled either “young” or “old”. It was found that these occurred across

the range of rabbit geometries, irrespective of age. This was in contrast to both

TAWSS and OSI individual-level patterns, which had a consistent pattern across

branches and across age groups. Identifying why there were two different patterns

of transWSS became the subsequent aim.

Several further simulations were carried out: modified inflow conditions (non-

reversing and sinusoidal waveforms), modified pulsatility characteristics (Womersley

186



numbers), modified outflow conditions (the pressure gradient driving flow out of

the intercostal branches was removed), and modified geometry (the influence of the

arch geometry on the flow downstream in the descending aorta was removed). With

the exception of the cases with a non-physiological Womersley number and modified

geometry, the local small-scale distribution of transWSS around branches was found

to be quite robust to these changes in boundary conditions. The distinctly different

distributions cannot be attributed to any of these factors. Particularly noteworthy

is that, although Sloop et al. (1998) observed that the flow-reversal in the waveform

was present in young but not in older humans, this change in the velocity waveform

was not responsible for any changes in the pattern of transWSS. In the case where

the aortic arch was removed, the distribution of transWSS around the branches

became very similar to one another, which indicated that the distinctly different

patterns of transWSS were also not due to differences in branch geometry. In both

this case, and the non-physiological α case, the large-scale distribution of transWSS

was modified: changes were observed in two longitudinal streaks of high transWSS

running down the length of the aorta.

Results from the survey analysis indicated that the large-scale distribution of

transWSS is in fact crucial in determining the type of small-scale pattern around a

branch. Where branches were encompassed within a large-scale streak they always

had an immature pattern of disease, and where branches were on the edge of or

removed from a large-scale streak, they mostly displayed a mature pattern of dis-

ease. The branches with a transWSS pattern that resembled the immature lesion

pattern, tended to occur further upstream of the descending aorta and on the body

right-hand side (BRHS) and those with a pattern resembling the mature lesion pat-

tern tended to occur further downstream and on the body left-hand side (BLHS).

However, it was not the physical location in the descending aorta that was directly

responsible for the different patterns; it was the effect of the large-scale patterns of

transWSS and the spatial disparities in the streaks over the descending aorta. An

understanding of what causes the large-scale patterns of transWSS, what near-wall

flow is being captured by the transWSS, and how they arise over the cardiac cycle
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is therefore important to understand the distinctly different small-scale patterns

of transWSS that resemble age-dependent disease patterns, and why they did not

manifest exclusively in either age group.

Chapter 4 solely addressed the large-scale distribution of transWSS, and found

that the two large-scale streaks of high transWSS that develop are a result of the

presence of curvature in the aortic geometry, primarily the arch, which consequently

results in a Dean vortex pair developing over the arch that persists downstream into

the descending aorta. The transWSS is a time-averaged quantity and so it is an

accumulation over the cycle of the complex instantaneous near-wall changes in the

WSS vector in both its magnitude and its direction relative to the temporal mean

WSS vector. Because of the pulsatile nature of the cardiac cycle, the strength of

the Dean vortices fluctuates over the cycle, reaching peak strength over systole and

weakening to non-existence over late diastole. The Dean vortex pair combined with

the axial bulk flow creates a swirling helical flow over the arch, whose pitch changes

with the strength of the vortices and by extension, the stage in the cardiac cycle. It

is this change in the helicity of the flow, manifesting in changes in the WSS vector

direction over the cycle, which is the primary source of the two large-scale streaks

of high transWSS.

Modifying characteristics of the pulsatility of the blood flow via the waveform

and the Womersley number did not noticeably change the large-scale patterns of

transWSS so long as the behaviour of the Dean vortices over the cycles was un-

affected. This was the case for all sensitivity tests except non-physiological high

Womersley numbers. In that case, the frequency of the cardiac waveform was so

high that Dean vortices from successive cycles did not have sufficient time to travel

far enough downstream and thus interacted with one another. This significantly

disrupted the near-wall flow behaviour and transWSS distributions.

While the pulsatility of the blood flow is necessary for the existence of multi-

directionality, its exact nature (within the physiological range) does not dominantly

influence the pattern of transWSS. Rather, it was found that the pattern is primar-
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ily dependent on geometry. Simulations were carried out in partially idealised geo-

metries in order to isolate the effects of taper, torsion and curvature. As noted,

curvature is crucial for the development of Dean vortices and thus existence of the

two large-scale streaks. Taper was found to affect the magnitude of the streaks

of high transWSS, but not the pattern of transWSS. It is the torsion present in

the vessel, which was found to determine the asymmetry in both the strengths and

spatial locations of these streaks in the descending aorta.

Chapter 4 only investigated the effect of geometry on transWSS in one rabbit

geometry. Figures 6.1 and 6.2 show the distribution of dimensionless transWSS

over the en face unwrapped luminal surface of the four immature and five mature

rabbit aortic geometries respectively. These correspond to the “Re300” simulation

case, which have constant inflow Reynolds number of 300 for all geometries. Dif-

ferences in the distributions of transWSS, therefore, only reflect the differences in

geometry between rabbits. In general, the streak of high transWSS on the BRHS

was more dominant than the streak on the BLHS. Between age groups, the pat-

terns remained fairly similar, with only the magnitude of the streaks increasing in

the mature rabbits. This is most likely due to the statistically significant higher

maximum curvature at the arch and increased taper in the descending aorta in the

mature rabbits compared to the immature rabbits found in Chapter 1. However,

as noted, it is the torsion of the vessel, which influences the spatial location and

asymmetry of the large-scale pattern of transWSS, and no statistically significant

differences in torsion could be found. The values of torsion in this particular sample

of rabbit geometries overlapped between the two age groups. In Chapter 5, the spa-

tial location of the large-scale streaks with respect to the branch ostia was the

explanation for distinctly different patterns of transWSS that resemble disease. It

is perhaps because of the similarity in the torsion along the vessel between the two

age groups, and the consequently similar effect on the large-scale streaks, that there

were no overall differences in individual level patterns of transWSS around inter-

costal branch ostia between age groups, and that both “young” and “old” patterns

arose equally in both age groups.
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Figure 6.1: Immature rabbits: en face maps of dimensionless transWSS in the un-
wrapped aortae of four immature rabbit geometries, from aortic root to descending aorta
just downstream of the fifth intercostal pair. Rein = 300 for all geometries. Flow is top
to bottom.
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Figure 6.2: Mature rabbits: en face maps of dimensionless transWSS in the unwrapped
aortae of five mature rabbit geometries, from aortic root to descending aorta just down-
stream of the fifth intercostal pair. Rein = 300 for all geometries. Flow is top to bottom.
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It is important to note that in Chapter 1 the very small differences in torsion

between the two age groups were found to be statistically non-significant. It may be

that with a larger sample, statistical significance could be achieved, which given the

very small difference, would be sufficient to state torsion does not change with age.

Or conversely, it may be that the random sample does not reflect real differences in

torsion that occur in the population with age. The existence of differing patterns

of transWSS from branch to branch, unlike TAWSS and OSI, and the similarity of

these patterns with age-dependent patterns of lesion maps, points to a potential link

between transWSS and disease. Yet this is seemingly contradicted by the finding

that the distinctly different patterns of transWSS seem to be independent of the age

of the rabbit to which the branch maps belong. As Chapter 5 concluded, geometry

is crucial, which calls into question whether we are capturing geometry accurately.

Post-mortem vascular corrosion casting was used to obtain these geometries. Dur-

ing the procedure, the rabbits were placed flat on their backs, in an unnatural

supine posture, which may have introduced artificial extension to the spine. The

simulations have been carried out for a static geometrical definition of the vessel,

whereas there may be an influence on geometry and consequently transWSS, by

possible natural posture changes on a time scale over which endothelial cells align

to flow. Thus, a characterisation of the average geometry would be preferable.

Throughout this thesis, comparison of transWSS metrics with disease has been

restricted to the area around intercostal branches. If the value of transWSS around

the branch ostia is high enough to be a risk factor for disease, it is reasonable to

hypothesise that the same is true for the large-scale streaks of transWSS, which

have similar magnitudes. Figures 6.3 and 6.4 show the distribution of transWSS in

Pascals, over the en face unwrapped luminal surface of the four immature and five

mature rabbit aortic geometries of this study respectively. These correspond to the

“physiological” simulation case, which as the name implies, have more physiolo-

gically realistic inflow conditions, and thus are more suited for comparison with

disease. Figures 6.5 and 6.6 show the lesion patterns in the descending thoracic

aortae from eight immature and nine mature cholesterol-fed rabbits obtained previ-
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Figure 6.3: Immature rabbits: en face maps of transWSS (Pa) in the unwrapped aortae
of four immature rabbit geometries, from aortic root to descending aorta just downstream
of the fifth intercostal pair. These are from the “physiological” set of simulations from
Chapter 1. Flow is top to bottom.
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Figure 6.4: Mature rabbits: en face maps of transWSS (Pa) in the unwrapped aortae
of five mature rabbit geometries, from aortic root to descending aorta just downstream
of the fifth intercostal pair. These are from the “physiological” set of simulations from
Chapter 1. Flow is top to bottom.
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Figure 6.5: Immature rabbits: lesion patterns in the descending thoracic aortae of eight immature cholesterol-fed rabbits. Each vessel
was opened ventrally and is presented en face. They were also divided into two segments at the third pair of intercostal branches which are
not present. Data from Cremers et al. (2011). Flow is top to bottom. Red indicates oil red O staining of lipids in early lesions.
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Figure 6.6: Mature rabbits: lesion patterns in the descending thoracic aortae of nine immature cholesterol-fed rabbits. Each vessel was
opened ventrally and is presented en face. They were also divided into two segments at the third pair of intercostal branches which are not
present. Data from Cremers et al. (2011). Flow is top to bottom. Red indicates oil red O staining of lipids in early lesions.
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ously by Cremers et al. (2011). The vessel has been opened ventrally and is shown

en face. Each rabbit aorta was split into two segments in the original study. These

figures show, firstly, that streaks of early lesions are present in the disease maps, and

secondly that they are present more frequently in mature rabbits than immature

rabbits. For a cursory analysis, this matches the increased magnitudes of the two

streaks of high transWSS in the mature set of geometries compared to the imma-

ture geometries. This gives initial credibility to the significance of the large-scale

patterns of transWSS. Unfortunately, Cremers et al. (2011) did not preserve the

aortic arch for each rabbit as this region was not the focus of the study, and thus

comparisons made for this region are not possible.

6.1 Future directions

6.1.1 TransWSS in the mouse aortic arch

The work in this thesis suggests that the transWSS correlates with atherosclerotic

lesions and macromolecule transport in the wall of the descending aorta of rabbits.

However, other studies in the coronary arteries of pigs (Pedrigi et al., 2015) and in

the carotid arteries of mice (De Wilde et al., 2016a) have shown low correlations

of transWSS with markers of the disease. While Gallo et al. (2016) did not relate

shear metrics to disease, they also found that transWSS was high at the bifurcation

apex in human carotid arteries which is not a commonly observed location for

atherosclerosis. Unfortunately, comparisons with disease in the rabbit aortic arch

could not be made in this study, however a possible future direction is investigating

the relation transWSS has with both disease and macromolecule transport in other

regions of the arterial system, and for other species.

Mouse models of atherosclerosis are used extensively to further our understand-

ing of atherogenesis, particularly the apolipoprotein E (apoE-/-) mouse model,

which has been genetically modified to develop disease on a cholesterol rich diet.

The mouse aorta is a particularly interesting region of the vasculature to study.
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Lesions develop upstream of branches in the aortic arch (Nakashima et al., 1994),

but in the descending thoracic aorta they develop both upstream and downstream

of branches (McGillicuddy et al., 2001), and in the abdominal aorta they develop

predominantly downstream of branches (Nakashima et al., 1994). However, WSS is

generally high downstream of branches and low upstream (Caro et al., 1971). The

change in lesion formation with respect to branch ostia moving distally down the

aorta might perhaps be explained by multidirectionality, and where WSS is unable

to explain the change, transWSS might. It would be worthwhile investigating mul-

tidirectionality in the mouse aorta. During the course of this thesis, preliminary

work began towards this effort, and is briefly summarised below.

Preliminary work

Lesion frequency maps in the inner and outer curvature of the aortic arches of

thirteen apoE-/- mice were obtained by Dr Zahra Mohri, following a similar pro-

cedure to that previously outlined for rabbits (see § 3.3.6). They were placed on a

cholesterol-rich diet at 4 weeks of age and sacrificed at 24 weeks.

Subject-specific surface definitions of the aortic arch from four wild-type (C57BL/6)

and four apoE-/- mice were obtained by microCT of vascular corrosion casts follow-

ing a method similar to that used for rabbit aortic geometries, outlined in § 2.3.1.

These procedures were carried out by Dr Ethan Rowland.

The author subsequently carried out numerical simulations of pulsatile blood

flow in these eight mice aortic arch geometries using the CFD tool described in this

thesis. Apart from the different geometry, the model was almost identical to the

rabbit one with the exception of the different physiological values for mouse-specific

boundary conditions. These can be briefly summarised as:

• A blunt inflow velocity profile was applied at the aortic root with peak inflow

velocity for all mice set to 1 m/s (Weinberg and Ethier, 2007).

• Flow splits to the BCT, LCCA and LSA were 15.3%, 7.1% and 6.4% (Feintuch
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Figure 6.7: (a) Average lesion frequency (%) maps of the inner curvature (IC) and
outer curvature (OC) of the mouse aortic arch at 24w of age. Flow is top to bottom. The
star in both maps denotes the datum to which all maps are aligned during averaging,
and corresponds to the point downstream of the first branch for the OC map and the
corresponding point opposite it for the IC map. (b-d) transWSS (Pa), TAWSS (Pa) and
OSI isocontours in one representative mouse geometry.
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et al., 2007).

• The velocity waveform was reconstructed from averaged MRI-derived velocit-

ies in five mouse ascending aortae with a heart rate of 520 bpm (Van Doormaal

et al., 2012).

Figure 6.7 shows the distribution of transWSS, TAWSS and OSI over the three-

dimensional aortic arch for one representative mouse geometry, alongside the aver-

aged lesion frequency maps along the inner curvature (IC) and the outer curvature

(OC). Lesions predominantly developed along the IC, as reported previously by (Na-

kashima et al., 1994) whereas the luminal surface of the OC was generally spared of

disease; however, lesions did develop within the branch mouth near the upstream

margin of the arch branches. The transWSS was low both upstream and down-

stream of branches, and although not shown in Figure 6.7, it was also low on the IC.

On the other hand, TAWSS was high downstream of branches and low upstream,

as well as on the IC. OSI showed inverse distributions to TAWSS. Qualitatively,

both the OSI and the TAWSS distribution correlated better with lesion frequency

than did the transWSS, on both the IC and OC.

Figures 6.8 and 6.9 show the distribution of transWSS over the unwrapped

luminal surface of all 8 mouse geometries, with the IC and OC, respectively, centred

in the maps. The method of unwrapping a 3D manifold surface to a 2D space used

an adaptation of the VMTK approach (see § 2.5.3). Briefly, the method avoided the

assumption that the vessel was topologically equivalent to a cylinder and thus took

into account the distortion of the vessel caused by curvature; consider the vessel

as a beam under bending and torsion and the deformation this will introduce.

Intuitively, a curve running down the length of the outer curvature is longer in

length than a similar curve down the length of the inner curvature. These are

forced to be identical in the approach that VMTK uses, unlike the adapted method

here, which preserves these differences. When comparing to in vivo measures on

the anatomical surface, such as lesion frequency here, it is more appropriate to use

an unwrapped surface that better represents the original surface.
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(a) IC of ApoE-/- mice
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Figure 6.8: Averaged transWSS maps in the inner curvature of the mouse aortic arch
for (a) apoE-/- mice and (b) wildtype C57BL/6 mice.
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Figure 6.9: Averaged transWSS maps in the outer curvature of the mouse aortic arch
for (a) apoE-/- mice and (b) wildtype C57BL/6 mice.
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The distributions of transWSS in individual mice are very similar to one an-

other, varying only in the magnitude of the shear metric. Two large streaks of high

transWSS develop in the lateral walls of the arch and persist into the start of the

descending aorta. TransWSS was higher neither in the IC nor the OC, and does

not appear to resemble disease patterns. However, its pattern is very similar to the

distribution of transWSS observed in the aortic arches of the rabbit geometries (see

Figures 6.3 and 6.4). Presumably, this reflects the same near-wall fluid mechanics

involving the growth and decay of the Dean vortices over the cycle.

Still to be carried out are sensitivity tests into the inflow boundary conditions:

applying a skewed velocity profile instead of the current blunt profile, and including

secondary flow components. A blunt profile may be an unjustifiable assumption.

Furthermore, quantitative comparison with the lesion frequency maps and with

macromolecule transport in the aortic arch would be worthwhile future directions.

6.1.2 Understanding transWSS around intercostal branch

ostia

The preliminary work comparing transWSS to disease in the aortic arch of mice

suggests the transWSS, and by extension multidirectional flow, does not relate to

atherosclerosis, at least in that species and in that region of the arterial system. The

distributions of transWSS were similar to those in the rabbit aortic arch. It may

be the case that different multidirectional flow environments are being captured by

transWSS between the aortic arch and the intercostal branch ostia regions. Recall

that high transWSS may arise from many different near-wall flow behaviours. For

example, high transWSS may represent large fluctuations of a small shear vector,

small fluctuations of an average shear vector over a larger portion of the cardiac

cycle, or small fluctuations of a large shear vector.

This thesis developed an understanding of the multidirectionality that transWSS

captured in the rabbit aortic arch and in the large-scale patterns of transWSS over

the descending aorta (Chapter 4), but this was not similarly carried out for the
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small-scale local patterns of transWSS around individual branch ostia, particularly

for the two distinctly different patterns of transWSS that were identified.

It would be worthwhile investigating the small-scale patterns of transWSS in

the descending aorta by analysing the interaction between instantaneous vector and

magnitude components of WSS over the cardiac cycle, as well as the evolution of the

temporal mean WSS vector and vortical structures over the cycle. This may provide

answers to why transWSS relates well to disease around intercostal branches, but

not in the aortic arch according to preliminary analysis. It would also develop an

understanding of what near-wall behaviour is different between the “young” and

“old” transWSS patterns identified in Chapter 5.

6.1.3 A parametrised model of aortic geometry

In this study, the effects of taper, torsion and curvature were investigated by isolat-

ing their effects from one another. However, anatomical values along the centerline

were still used. A possible future direction would be to develop a parametric model

of the aortic geometry by parametrising all three geometrical characteristics. This

would allow detailed investigation into the effect of geometry on the distribution

of transWSS. As concluded earlier, it would be preferable to obtain an averaged

geometrical definition of the aorta, but this poses its own technical challenges. By

using a parametric partially-idealised model of the aorta, the sensitivity of the

transWSS and multidirectional flow to geometry could be analysed, which would

allow conclusions to be made on whether the current geometrical definition is suf-

ficient. Investigating the isolated effects of torsion, taper and curvature, as well as

their combined effects, would be interesting in identifying whether a hypothetical

geometry could be created that had only “young” or “old” patterns of transWSS

around all intercostal branches.

The partially-idealised gemetries studied in Chapter 4 did not include intercostal

or arch branches, which could be a possible addition to a parametric geometrical

model. Their positions around the vessel could be modified to assess, for example,
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whether the anatomically correct spacing between intercostal branch pairs has some

significance with regards to the pattern of transWSS and its relation to disease. The

conclusion made in Chapter 5 that branch geometry is not crucial in determining the

local transWSS pattern could be further affirmed by generating idealised intercostal

branches with varying bifurcation angles.

6.1.4 Concentration polsarisation of LDL and transWSS

Introduced briefly in Chapter 1 (see § 1.1.4), spatial differences in blood flow can

be an indirect local risk factor in atherogenesis via its influence on luminal concen-

trations of atherogenic macromolecules, particularly low density lipoprotein (LDL).

Haemodynamics influence LDL concentrations via a phenomenon called concentra-

tion polarisation. An interesting direction of further study would be to investigate

the role, if any, that multidirectionality has on LDL transport and surface concen-

trations.

Concentration polarisation is a phenomenon that occurs when fluid carrying a

solute flows through a permeable membrane. In the context of arterial mechanics,

this is blood plasma carrying LDL, with the flux of water molecules and LDL across

the endothelium into the wall. Flow carrying LDL is advected towards the luminal

arterial wall. The endothelium offers a higher resistance to LDL than it does to

water molecules, thus the later is transported across at a faster rate than LDL. This

leads to an accumulation of LDL at the wall, which sets up a diffusion gradient,

with LDL diffusing away from the wall. A steady-state solution is achieved when

the diffusion of LDL away from the endothelium, and the LDL transport across

it, balance the convection of the LDL towards the wall. In this steady-state, the

concentration of LDL on the luminal surface of the wall remains higher than that

of the bulk concentration. This layer of increased concentration is known as the

concentration polarisation layer.

The thickness of the concentration polarisation layer and the concentration of

the solute within it, are dependent on the local blood flow characteristics. They

205



depend on the extent to which the layer has evolved in the direction normal to the

wall, which is related in turn to spatial differences in local near-wall blood flow

patterns, particularly the local WSS.

Three main types of geometrical models are used to investigate the transport of

macromolecules across the arterial wall. Prosi et al. (2005) has categorised them,

in order of increasing complexity, as: wall-free, homogenous-wall (also known as

fluid-wall), and multi-layer wall models. As the name implies, the wall-free model

does not include the wall in the model, and accounts for it by means of a filtration

velocity boundary condition imposed at the wall (Wada and Karino, 2002b; Wada

et al., 2002; Wei et al., 2006). In the homogeneous-wall model the arterial wall is

included as a single simple homogeneous layer (Ethier, 2002; Stangeby and Ethier,

2002a,b). Lastly, the multi-layer wall model attempts to model the intimal, medial

and adventitial layers of the arterial wall as homogeneous porous layers (Khakpour

and Vafai, 2008). For any first attempt at computing concentration polarisation,

developing a wall-free model is a reasonable starting point.

Most studies modelling the transport of LDL use anatomically realistic human

geometries, such as the carotid arteries (Soulis et al., 2010), the coronary arteries

(Filipovic et al., 2011), and the aortic arch (Lantz and Karlsson, 2012; Liu et al.,

2011; Soulis et al., 2009). Only one study has modelled the entire aorta, again in a

human (Liu et al., 2009). However, these studies have only visually compared maps

of LDL concentration to maps of WSS. Furthermore, there has yet to be either

qualitative or quantitative comparisons between lesion maps of atherosclerosis and

numerical maps of luminal LDL concentration.

Worthwhile directions from this study, as a first step, are to develop and perform

wall-free mass transport simulations in the rabbit aorta, and investigate the rela-

tionship between LDL surface concentration and multidirectional near-wall flow.

The relation with the low/oscillatory shear theory, disease and arterial wall per-

meability could also be investigated. TransWSS may relate to patterns of surface

concentrations of LDL, which would provide a mechanism for how multidirectional

206



flow is significant in atherogenesis. Should patterns of LDL surface concentration

compare well to disease maps, a strong relation with transWSS would suggest that

localised elevated uptake of LDL may be due to the effect multidirectional near-wall

flow has on the concentration polarisation layer, and therefore the concentration of

LDL to which endothelial cells are exposed.

Preliminary work

Very preliminary work has been carried out towards developing a wall-free model

using the spectral/hp element method in a segment of the descending aorta from one

of the rabbit aortic geometries. As a first basic step, the flux of LDL through the wall

was not included in the model, i.e. there was a zero non-dimensional concentration

imposed at the wall, and a non-dimensional concentration of 1 imposed in the bulk

flow as boundary conditions. The preliminary model, therefore, did not model the

concentration polarisation phenomenon.

The governing equation to be solved in mass transport models is the advection-

diffusion equation, which requires an advecting velocity. This was obtained from

the solution of the Navier-Stokes solution in a coarse mesh. As described in § 2.3.2,

the mesh is composed of one prismatic layer adjacent to the surface, and tetrahedral

elements filling the interior volume. For mass transport simulations, the prismatic

layer needs to be refined, because of the very small diffusion coefficient of LDL,

O(10−12), which results in predominantly advective transport. This leads to the

development of a thin boundary layer, requiring a fine mesh in order to be captured.

This also means that the concentration of LDL at the inner wall of the prismatic

layer represents the bulk concentration, and thus the remaining internal volume of

tetrahedral elements are not necessary in the model.

The in-house CFD framework, Nektar++, allows the user to delete the tetra-

hedral elements, and refine the mesh in the prism layer using a post-processing

utility which splits the prism elements into a user-defined number of new prism

elements, creating new layers. This is shown in Figure 6.10a. Initial results of the
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(a) Meshing

(b) Surface concentration gradient

Figure 6.10: (a) The domain in which mass transport simulations are carried out, which
no longer requires the entire lumen, but which does require a much refined boundary layer.
(b) Preliminary results of the concentration gradient at the luminal surface, with no flux
of LDL into the wall included in the model.

gradient of the scalar concentration field - the solution to the advection-diffusion

equation - are shown in Figure 1.10b. Since the concentration at the wall is zero,

the gradient represents the thickness of the boundary layer, which is shown to vary

over the domain.

The model would need to be modified in Nektar++ to use a Robin boundary

condition to account for the flux across the wall. Furthermore, it would be inter-

esting to expand the domain to the entire aorta. However, even for this reduced

segment, extremely high mesh resolution is required, which raises the computa-

tional cost. Lastly, with a developed model, the relationships with LDL surface

concentrations outlined above could be quantitatively assessed.
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6.1.5 Possible redundancies in the range of metrics pro-

posed

A final possible direction in which to take this study would be to investigate pos-

sible redundancies in the plethora of metrics proposed over the last three decades.

A review of these metrics was carried out in Chapter 1 as well as a review of studies

that have compared metrics against one other. Lee et al. (2009) investigated this,

but recent multidirectional metrics, which had not then been proposed, were not

included in the study,. Gallo et al. (2016) and De Wilde et al. (2016a) did com-

pare multidirectional metrics against other metrics, but neither were comprehensive

studies investigating all metrics.

Data obtained in this thesis could be reprocessed to compute the metrics re-

viewed in Chapter 1, and could be quantitatively compared against one another, as

well as against disease patterns as in Chapter 3.
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Appendix A

Individual branch haemodynamic

maps

The transWSS, TAWSS and OSI distributions around the 39 immature and 49

mature individual intercostal branch ostia maps are presented in § A.1. Each figure

corresponds to a rabbit geometry, and maps are laid out in a manner corresponding

to their physical location on the unwrapped en face luminal surface: each row

corresponds to a pair-wise location, and the maps on the left-hand and right-hand

sides of the figures correspond to the branches on the anatomical body-right and

body-left sides respectively. Lastly, the maps of transWSS that were characterised

as a “young” or “old pattern with the ≥ 6/10 selection criteria (see Chapter 5), are

denoted with a ∗ or ∗∗ respectively below the map.

In § A.2, only the distribution of transWSS is shown around individual branch

ostia in rabbits A, C and I, for the various cases explained in Chapter 5.
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A.1 Shear metrics around individual branches
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Figure A.1: Immature rabbit A. TransWSS and TAWSS given in Pascals. Flow is top
to bottom. Each row corresponds to a pair-wise location.
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Figure A.2: Immature rabbit B. TransWSS and TAWSS given in Pascals. Flow is top
to bottom. Each row corresponds to a pair-wise location.
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Figure A.3: Immature rabbit C. TransWSS and TAWSS given in Pascals. Flow is top
to bottom. Each row corresponds to a pair-wise location.
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Figure A.4: Immature rabbit D. TransWSS and TAWSS given in Pascals. Flow is top
to bottom. Each row corresponds to a pair-wise location.
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Figure A.5: Mature rabbit F. TransWSS and TAWSS given in Pascals. Flow is top to
bottom. Each row corresponds to a pair-wise location.
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Figure A.6: Mature rabbit G. TransWSS and TAWSS given in Pascals. Flow is top to
bottom. Each row corresponds to a pair-wise location.

235



transWSS TAWSS OSI

0.1 1.0 2 12 0.02 0.2

transWSS TAWSS OSI

0.1 1.0 2 12 0.02 0.2

Anatomical Body Right Side Anatomical Body Left Side

*

**

**

**

**

**

*

*

Figure A.7: Mature rabbit H. TransWSS and TAWSS given in Pascals. Flow is top to
bottom. Each row corresponds to a pair-wise location.
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Figure A.8: Mature rabbit I. TransWSS and TAWSS given in Pascals. Flow is top to
bottom. Each row corresponds to a pair-wise location.
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Figure A.9: Mature rabbit J. TransWSS and TAWSS given in Pascals. Flow is top to
bottom. Each row corresponds to a pair-wise location.
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A.2 Effect of BCs on transWSS

Wo = 2 Wo = 4.4 Wo = 8
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Figure A.10: TransWSS (Pa) around branches in rabbit A for simulations with α = 2,
4.4 and 8. Flow is top to bottom. Each row corresponds to a pair-wise location.
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Figure A.11: TransWSS (Pa) around branches on the anatomical body right side of
rabbit C for simulations with a sinusoidal waveform (a) a waveform with reverse flow
removed (b) and the original physiological waveform (c) applied. Case (c) is from the
“Re300” set of simulations in Chapter 1. Flow out of the intercostal branches were
removed (d), and the arch was removed and flow in the descending aorta only simulated
with a blunt inflow velocity profile. Rein = 300 for all. Flow is top to bottom. Each row
corresponds to a pair-wise location.
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Figure A.12: As Figure A.11 but for intercostal branch ostia of the anatomical body
left side of rabbit C.
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Figure A.13: TransWSS (Pa) around branch ostia of the anatomical body right side of
rabbit I for simulations with a waveform with reverse flow removed (a) and the original
physiological waveform (b) applied, Rein = 300. Case (b) is from the “Re300” set of
simulations in Chapter 1. Rein = 274 in cases (c) and (d) which have Womersley numbers
5.57 and 8 respectively. Case (c) is from the “physiological” set of simulations in Chapter
1. Flow is top to bottom. Each row corresponds to a pair-wise location.
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Figure A.14: As Figure A.14 but for intercostal branch ostia of the anatomical body
left side of rabbit I.
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Change of direction in the biomechanics of atherosclerosis

Mohamied Y., Rowland E. M., Bailey E. L., Sherwin S. J., Schwartz M. A.,

Weinberg P. D.

Annals of Bioengineering, 43(1):16-25, (2014).

Comparison of statistical methods for assessing spatial correlations between

maps of different arterial properties

Rowland E. M., Mohamied Y., Yean Chooi K., Bailey E. L., Weinberg P. D

Journal of Biomechanical Engineering, 137(10):101003, (2015).

Nektar++: An open-source spectral/element framework
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Computer Physics Communication, 192:205-219, (2015).
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